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Abstract

Photonic nanocavities are wavelength-scale dielectric structures that possess remark-

able properties due to their intrinsic small sizes and high quality factors. Simply by

modifying the device materials and optical properties, one can realize nanocavities

for diverse applications ranging from lasers to quantum optics and even biosensing.

In this dissertation work, two drastically different functions of nanocavities are pre-

sented, both of which make them more practical for real-world adoption.

The first part of this dissertation will focus on engineered optical devices for

interconnect applications in computing and communications. We have shown that

heavily doped germanium on silicon can be used as a CMOS-compatible light source

with peak emission at 1.5 µm. Microdisk resonators were fabricated and shown to

sustain cavity resonances through both photoluminescence (PL) and electrolumines-

cence (EL) measurements. To access these microresonators, we developed a coupling

process using a tapered optical fiber and further showed the versatility of these fibers

by using them to tune the cavity wavelength.

High performance optical sources were then demonstrated in a gallium arsenide

platform containing embedded quantum dots (QDs). We have developed a new plat-

form for efficiently driving photonic crystal (PC) cavities using a lithographically

defined, lateral p-i-n junction. With our lateral junction we have demonstrated a

world record low threshold laser with a threshold power of only 208 nW at 50K. At

room temperature we find that these same devices behave as ultra-fast light-emitting

diodes which can be directly modulated at up to 10 GHz with operational energies

below 1 fJ/bit. Additional active photonic devices incorporating a lateral junction

such as electro-optic modulators and photodetectors were also created using this same
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platform.

The second part of this dissertation describes the demonstration of a whole new

class of tools geared towards biomedical photonics that marry PC cavities to the tips

of optical fibers. The form factor of the optical fiber lends itself to operation of the tool

in exotic environments never before accessible to a nanocavity. Fiber-cavity hybrid

devices were constructed using a custom epoxy-based assembly procedure which suc-

cessfully relocates the small semiconductor templates containing nanocavities. The

completed device, called a fiberPC, was then used as a sensor to detect gold nanopar-

ticles through optical readout. We have used our probes to interrogate single human

prostate cells with internalized PC cavities showing, for the first time, resonant pho-

tonic modes inside biological cells. The beams can be loaded in cells and tracked for

days at a time, with cells undergoing regular division and migration. Furthermore,

we present in vitro label-free protein sensing with our probes as a path towards quan-

titative, real-time biomarker detection in single cells. The developed tool may find

future applications in drug screening, cancer detection, and fundamental cell biology.
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tical transmission spectra for the resonator diode (measured through

evanescently coupled fiber taper) under continuous pump current. The

spectra are offset by 0.4 units for clarity. (b) Cavity mode wavelength

and quality factor for peak no. 2 versus continuous pump current. . . 74

3.12 EL spectra from the Ge resonator diode under different pump levels.

(a) EL spectrum of the device under continuous 0.5 mA pump current.

Peaks labeled 1 and 2 are the same peaks obtained from transmission

(b) PL spectrum of the device under 3 mA pump current. . . . . . . 76
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4.1 (a) Schematic of the electrically driven photonic crystal cavity devices.

The p-type doping region is indicated in red, and the n-type region

in green. The width of the intrinsic region is narrow in the center

to direct current flow to the cavity. The doping profile is tapered to

ensure proper electrical injection. A trench is added to the sides of

the cavity to reduce leakage current. (b) Tilted SEM of a fabricated

laterally doped structure. A faint outline of the doping regions is visible. 80

4.2 Schematic illustration of the fabrication process (a) The starting ma-

terial is a 220 nm thick membrane of GaAs with embedded InAs QDs.

(b) Si and Be ions are implanted through a silicon nitride mask pat-

terned by electron beam lithography. (c) The implanted dopants are

activated by annealing at 850 ◦C for 30s with a nitride cap which is

subsequently removed by dry etching. (d) The photonic crystal pattern

is defined in a resist by electron beam lithography and transferred into

the GaAs membrane by dry etching. (e) The AlGaAs sacrificial layer

is removed with wet etching. (f) The p and n contacts are deposited

by photolithography and liftoff. . . . . . . . . . . . . . . . . . . . . . 82

4.3 (a) AFM topography image of the fabricated device without a photonic

crystal. The scale bar is 5 µm. (b) SCM image of the region in (a).

The p-side of the device is in the lower left corner and the n-side in

the upper right. The trench is etched at the device centre, showing

the precision of the alignment of the doping regions. ‘SCM data’ is

a combination of the phase and amplitude of capacitance data, where

the strength of the signal is directly proportional to the intensity of

doping in the local region under the tip [89]. The scale bar is 5 µm. . 84
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4.4 (a) Typical I-V curve for a lateral junction fabricated without proper

isolation trenches. The magnitude of the current is exceptionally high

because of the large leakage pathway through the entire top GaAs

membrane. The shape of the I-V curve does not resemble an ideal diode

and is more characteristic of linear resistive behavior. (b) Diagram

of the leakage current. Yellow squares are metal contacts and black

rectangles are trenches. Most of the current is directed away from the

cavity device region as seen by the orange arrows. . . . . . . . . . . . 85

4.5 (a) Simulated current density plot (in A/cm2) of the L3 photonic crys-

tal cavity design with a 400 nm intrinsic region width and a 5 µm outer

mirror spacing. (b) Simulated I-V plots of the device with a 400 nm

intrinsic region spacing and no holes (green), a 400 nm intrinsic region

spacing with holes (red), and a device with only one large 5 µm wide

intrinsic region with holes (blue). (c) Calculated eletron density map

(in cm−3) for a device with a 400 nm intrinsic region biased at 1.2 V.

Inset shows a zoom-in of a hole region several periods away from the

cavity. (d) Calculated hole density map (in cm−3) for a device with

a 400 nm intrinsic region biased at 1.2 V. Inset shows a zoom-in of a

hole region several periods away from the cavity. . . . . . . . . . . . . 88

4.6 (a) L3 device current-voltage characteristics for devices with PC hole

sizes ranging from to r = 0.2a to r = 0.40a, where r is the hole radius

and a is the lattice parameter. Note that r = 0.4a corresponds to hole

diameters equal to 80% of the hole center-to-center distance. (b) Series

resistance plotted against hole radius. Dashed line indicates expected

series resistance due to removal of GaAs. (c) Doping region design for

increased carrier injection. Dashed lines indicate the original design.

(d) Increase in hole injection densities compared to the original doping

layout, calculated by taking the quotient of the injected densities in

the new and the original designs, plotted against device bias current. 90
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4.7 (a) IR camera image of a room temperature LED with only a wide, 5

µm intrinsic region spacing. The doping is outlined in yellow dashed

lines and trenches are shown by black rectangles. The emission, while

weak, is still visible at the n-type region boundary. (b) IR camera

image of a similar LED but with a tapered doping profile and with

cavity intrinsic region separation of 400 nm. The EL is much brighter

at the cavity compared to the n-type region boundary due to more

efficient electrical injection. (c) Comparison of the I-V curves for the

wide intrinsic region LED (blue trace) and the narrow intrinsic region

LED (red trace). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.8 (a) Optical microscope image of a complete device showing large metal

contact pads along with the connecting wire bonds. The PC diode is

located in the center between the contact pads. (b) SEM image of a

fabricated laser diode device. The p-side of the device appears on the

top of the image, and the n-side on the bottom. The scale bar is 10 µm.

(c) SEM image of the photonic crystal cavity (zoom-in of the central

region of (b)). The scale bar is 300 nm. . . . . . . . . . . . . . . . . . 93

4.9 (a) Experimental current-light characteristics for the laser at 50 K (blue

points) and 150 K (green points). The black lines are linear fits to the

above threshold output power of the lasers, which are used to find the

thresholds. The inset is a far field radiation pattern of the laser at a

current of 3 µA. (b) I-V plot for the laser device. The initial hump

is leakage current not flowing through the cavity. The red line shows

the current that is flowing through the device. Inset shows the lasing

spectrum above threshold. . . . . . . . . . . . . . . . . . . . . . . . . 95
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4.10 Schematic of electrically pumped photonic crystal cavity devices. (a)

Tilted scanning electron microscope image of a device. The doping

profile is partially visible in the picture. (b) Vertical cross-section lay-

out of device structure. Quantum dots are represented as triangles. (c)

Top-down SEM view of a photonic crystal membrane highlighting the

approximate boundaries of the doping areas. The figure is oriented 90

degrees clockwise compared to (a). The inset is the fundamental cav-

ity mode electric field amplitude as calculated from FDTD. (d) Diode

current-voltage plot measured for the device from Figure 4.11. . . . . 97

4.11 Optical properties of LEDs under DC bias. (a) Spectrum of the cavity

for a forward bias current of 10 µA. (b) Current-light output plot

for both the fundamental cavity mode at 1,259 nm and uncoupled

background spontaneous emission. (c) Peak wavelength of the cavity

mode versus injection current. (d) Fundamental mode quality factor

versus injection current. . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.12 Optically pumped time-resolved measurements of annealed sample. (a)

Bulk QD photoluminescence spectrum under continuous wave pump-

ing for post- (left) and pre- (right) annealed samples. (b) GaAs band

edge emission at 870 nm from the photonic crystal region. The vertical

arrow represents the optical pump pulse and the solid line is a fit to

the experimental data giving a 6 ps dominant exponential decay term.

(c) Quantum dot lifetime at 1,100 nm under equivalent excitation as in

(b). The grey box indicates the QD emission intensity that is greater

than 10%, giving an effective pulse duration of 33 ps. (d) QD lifetime

at 1,250 nm, exhibiting an 18 ps fall time. (e) Spectrum of room tem-

perature lifetime data for the broad range of QD emission wavelengths.

To clarify the data due to the poor sensitivity of the detector for longer

wavelengths, intensities have been normalized in 3 nm bins. Vertical

dashed lines indicate slices from which (c) and (d) have been taken. . 101
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4.13 Experimental setup and results for electrical modulation of the nano-

LED. (a) Schematic for the direct modulation experiments. For a single

pulse time-resolved measurement only the function (FCN) generator is

used (black path) while for multiple pulses a pulsed pattern generator

(PPG) is also used (grey path). Inset shows the emission spectrum for

the cavity used in direct modulation experiments. The filled in peak is

the isolated mode at 1,100 nm. (b) The output optical pulse measured

when the LED is driven by the pulse shown in (c). (c) Driving voltage

and current pulses for the measurement in (b). The peak power is only

2.5 µW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.14 Direct electrical modulation of photonic crystal LED. Diode response

for two different bit sequences in top and bottom panels. The applied

electrical voltage and current are shown on the right and the LED

optical output is on the left. . . . . . . . . . . . . . . . . . . . . . . . 105

4.15 (a) Zoomed out and tilted SEM image of a pair of nanobeam devices.

The metal contact pads are seen away from the cavity region and the

diagram indicates approximately where electrical probes are placed.

The N-type doping is seen as darker grey and the P-type doping is

outlined in white dashed lines. (b) Zoomed in SEM of the yellow box

region in (a). The beam is deflected down by a small amount likely

due to strain from the GaAs/AlGaAs interface. (c) Top view SEM of a

nanobeam cavity. The scale bar is 1 µm. (d) FDTD calculated cavity

mode electric field magnitude for the designed structure. . . . . . . . 110
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4.16 (a) Current-voltage plots of nanobeam structures for a 5 µm intrinsic

region with holes (red), 400 nm intrinsic region with holes (green), and

a 400 nm intrinsic region without holes (blue). Experimental results

are given by the solid lines and the simulation results are shown with

symbols. (b) Simulated steady-state injected electron (e) and hole (h)

density of carriers for a lengthwise cross section slice 150 nm from the

central cavity axis for a diode bias of 1.2 V. (c) 2D map of the hole

carrier density (in cm−3). Non-radiative recombination was modeled

as acceptor-type traps at surfaces and hence there is slight hole accu-

mulation at the edges. (d) 2D map of the electron carrier density (in

cm−3). (e) 2D map of the total current density (in A/cm2). . . . . . . 112

4.17 (a) EL spectrum for a nanobeam device at a forward bias of 5 µA.

The cavity fundamental mode is the sharp peak at 1,255 nm and the

background QD emission is the broad spectrum below. (b) A zoom-in

spectrum of the cavity peak in (a) along with a Lorentzian fit, giving

a Q-factor of 2,900. (c) IR camera picture of the nanobeam cavity

emission. An outline of the cavity is seen by the yellow lines and

the scale bar is 5 µm. The cavity emission is bright at the center as

expected and there is slight EL scattered out at the nanobeam edges.

(d) Plot of the cavity output power and Q-factor versus injection current.114

4.18 (a) Plot of the cavity peak wavelength versus injection current. (b) 2D

map of the change in temperature (in ∆K) of the nanobeam device for

a bias voltage of 1.2 V. The cavity center only heats by about 3.3K. . 115
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4.19 (a) SEM image of a fabricated laterally doped PIN photonic crystal

diode. Dashed lines indicate the approximate boundaries of the doped

regions. The scale bar is 1 µm. (b) Experimental setup for probing the

cavity DC transmission characteristics (green path) as well as RF mod-

ulation performance (blue path). OSA is optical spectrum analyzer,

PD is photodiode, and Pol. C. is polarization controller. The cavity

is outlined in the yellow box at the center of the optical picture of the

setup and a fiber taper of 1 µm in diameter is seen aligned vertically.

DC and RF voltages are applied to the metal contact pads to the left

and right of the cavity. The scale bar is 10 µm. . . . . . . . . . . . . 118

4.20 (a) Optical transmission of the fiber-coupled PC cavity for several DC

current magnitudes. Data is taken by sending broadband unpolarized

light from an LED array and detecting the transmission with an optical

spectrum analyzer. (b) Position of the cavity resonance versus injected

current. The cavity blueshifts monotonically with increasing injection

level reaching a 110 pm shift at 200 nA. The inset is the I-V plot of

the cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.21 (a) Operation of the modulator at 2 kHz using a 0 to 1 V square wave

function. A low noise photodetector was connected to an oscilloscope

for voltage visualization. (b) 100 MHz modulation from a -1.5V to

1.5V signal using a photodetector with an RF amplifier connected to

the oscilloscope. (c) 1 GHz modulation with the device in the same

configuration as (b). The detector is at its -3 dB point and so the

signal is distorted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.22 Lifetime of gallium arsenide band edge PL as detected by a streak

camera. The sample is pumped locally at the PC cavity defect by 3 ps

Ti:Sapphire laser pulses. The decay consists of a fast component (PC

cavity) and slower background component. . . . . . . . . . . . . . . . 123
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4.23 (a) Schematic for the fiber-coupled photodetector. The taper is aligned

as previously and the photocurrent is monitored as a laser is fed into

one end of the fiber. The cavity region is outlined in the red box. The

scale bar is 10 µm. (b) Photocurrent IV plots for several input laser

powers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.24 (a) Tilted SEM picture of a fabricated triple cavity device. The inde-

pendent contact pads are seen along with the isolation trenches. (b)

Zoom-in SEM of (a). The doping profile is partially visible. (c) Top-

down SEM of a device with doping regions labeled and delineated by

dashed lines. The scale bar is 2 µm. (d) Transmission spectrum for a

fiber taper coupled to a set of three cavities. The fundamental mode

was designed to be at a unique wavelength for each cavity. Independent

tuning of each mode is possible. . . . . . . . . . . . . . . . . . . . . . 128

5.1 Illustration of evanescent field sensing. The optical mode is mostly

confined inside the semiconductor slab, but leaks out in both directions

in the form of an exponentially decaying evanescent field. When new

material (biological or chemical) is deposited within this field region,

the cavity mode will sense this increase in refractive index and redshift

in wavelength accordingly. . . . . . . . . . . . . . . . . . . . . . . . . 133

5.2 Schematic of the combination of an optical fiber with a single photonic

crystal cavity into a new type of device. . . . . . . . . . . . . . . . . . 137

6.1 (a) SEM image of an Omniprobe tip welded to the corner of a PC

cavity and lifting the small square (about 10 microns on a side) out of

the substrate. (b) Relocation of the same PC cavity overtop an upright

optical fiber. (c) Welding the corners of the membrane onto the silica

fiber facet. (d) Final assembled device after removal of the Omniprobe. 140

xxvii



6.2 (a) Optical microscope picture of an assembled fiber-cavity device

facet. The central glow is illumination from light coming out of the

fiber core. The cavity can be seen to the upper right of the core, cov-

ered with various junk overtop. The bring glow at the bottom is the tip

of the Omniprobe that was cut off and removed. (b) Color microscope

picture of a similar device at an angle. . . . . . . . . . . . . . . . . . 141

6.3 (a) SEM image of an array of cavities in GaAs, some of which were

imaged with a focused ion beam and some of which weren’t. The ones

that were imaged, even only briefly are outlined in a darker shade of

grey, indicating damage. (b) Zoom-in of a single cavity on a Si chip,

showing similar dark grey outline and damage. . . . . . . . . . . . . . 142

6.4 (a) Schematic of using a protective mask layer to absorb the gallium

ion damage. (b) Side angle SEM of a chip coated with ZEP resist to

act as a protective layer. (c) SEM image of same ZEP resist which was

unsuccessfully etched away after FIB exposure. (d) Optical microscope

picture of a PC membrane that was protected with chrome, but which

wasn’t adequately etched away. . . . . . . . . . . . . . . . . . . . . . 143

6.5 (a) Image of a fiber facet and large probe tip. (b) Same fiber after one

glob of epoxy has been deposited. (c) Image of same fiber after two

globs of epoxy have been deposited. . . . . . . . . . . . . . . . . . . . 145

6.6 Process flow for the first iteration of device preparation. Fiber tips

are ’painted’ with epoxy with a sharp tungsten tip, then inverted and

pressed into contact with a semiconductor template. The fiber is then

pulled away carrying with it the original membrane. . . . . . . . . . . 146

6.7 (a) SEM of center of template showing array of uncoupled cavities.

Scale bar 5 µm. (b) Zoom-in showing single L3 cavity. Scale bar 500

nm. (c) SEM of completed fiberPC. (d) Zoom-in of (c). . . . . . . . . 147

6.8 Pictures of two fiberPC devices that were built using the first iteration

assembly method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.9 (a) First iteration fiberPC square template. (b) Second iteration cir-

cular template for fiberPC devices. . . . . . . . . . . . . . . . . . . . 150
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6.10 (a) Two small epoxy drops are deposited on the chip near to where the

cavity template is below. The arc-shaped distortions in the template

are due to the in-plane strain which causes the membrane to bow in

and out of plane. (b) An overhead fiber pointing down is pressed down

on the two epoxy drops. (c) The fiber is lifted and repositioned over the

template and then is pressed down. (d) The fiber is retracted, carrying

away the semiconductor template. (e) Picture of the same spot after

the fiberPC is removed showing that the template is no longer there. 152

6.11 Tilted angle SEM of a fiberPC device. The fiberPC was sputter coated

in gold to prevent electron beam charging. The template has only a

few micron offset from perfect center. The faded spots in the pictures

are where the epoxy has smoothed out the template slightly. Only a

small amount of epoxy is seen squeezing up out of the holes. . . . . . 153

6.12 (a) Close-up of a fiberPC device illustrating how folds or wrinkles oc-

casionally form. (b) The edge of another fiberPC highlighting the

smoothness of most membranes. . . . . . . . . . . . . . . . . . . . . . 155

6.13 (a) Schematic of the fiber taper transmission measurement. Light from

a broadband source (BBS) is sent through the fiber taper and the cavity

transmission is recorded by an optical spectrum analyzer (OSA). OL

is objective lens. (b) Optical image of the fiber taper touching a cavity

for a vertically oriented fiberPC. The notches every 90 degrees are from

tabs used to suspend the released membrane. The scale bar is 25 µm.

(c) Transmission spectrum for the taper pictured in (b). (d) Zoom-in

of the fundamental cavity mode, revealing a loaded Q of 2400. . . . . 157

6.14 (a) Schematic of the cross-polarized reflectivity measurement. Polar-

ized light from a broadband source (BBS) illuminates the cavities at-

tached to the fiber and is reflected back to a spectrometer. OL is

objective lens. (b-c) Cross-polarized reflectivity spectra of Si cavities

for two different fiber positions, both showing multiple modes. . . . . 158

xxix



6.15 (a) Schematic for the CCA transmission experiment. Light from the

broad-band source (BBS) is internally coupled to the fiberPC fiber and

the transmitted signal is detected on the other side with a confocal

microscope setup. (b) SEM image of a small subset of a larger CCA

square. The scale bar is 1 µm. (c,d) Absolute transmission spectra of

the CCA fiberPC for two unique spot locations. . . . . . . . . . . . . 159

6.16 (a) Schematic of the PL experiment. Quantum dots in GaAs cavities

are pumped by a laser through the fiber while emission is collected

with a free-space setup. (b) IR camera image of the QD PL when

pumped internally. The fiber core is brightly seen in the center as well

as nearby PC cavities. (c) PL spectrum of one cavity within the 5

x 5 uncoupled array before PC membrane transfer. (d) PL spectrum

of a different cavity within the original array now bound to the fiber

showing similar results. (e) Close-up of the fundamental cavity mode

from (d) along with a Lorentzian fit giving a Q of 3700. . . . . . . . . 160

6.17 (a) Schematic of the ‘all-fiber’ PL collection experiment. An 830 nm 2

x 2 directional coupler is placed in between the laser diode and fiberPC,

with one return end sent to the spectrometer. (b) PL spectrum of the

fiberPC emission that is collected back into the fiber, giving a similar

response to the free-space measurement. . . . . . . . . . . . . . . . . 162

6.18 Microscope picture of the side of an in-line fiberPC device (left). The

gap in the center is where the epoxy is. The PC membrane is glued

to the top of this gap and was originally connected to the top fiber.

A regular picture of the fiber device is shown on the right. The PC

membrane position is imperceptable with the naked eye. . . . . . . . 163

6.19 (a) Schematic of the two optical experiments performed, transmis-

sion using broadband light and photoluminescence using a laser diode

pump. (b) Transmission spectrum for a silicon CCA (shown in inset).

(c) PL spectrum for a GaAs membrane with QDs embedded and an

L3 cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
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7.1 Diagram of how a fiberPC could measure NPs and correspondingly

detect tumors in the body. The cavity signal from one fiberPC device

can be monitored the whole time when it is scanning over tissue. If it

encounters metal NPs, the measured cavity peak should broaden due

to an increase in metal absorption. . . . . . . . . . . . . . . . . . . . 168

7.2 (a) Tilted SEM images of a completed GaAs fiberPC device. The two

small blurry circles are where epoxy has been applied. The circular

semiconductor template consists of an outer release region surrounding

a central photonic crystal of size 20 x 25 µm. At the center of the PC

is an L3 defect cavity as seen in the second inset. (b) Schematic of

the optical setup for measuring nanoparticles. Pump light from a laser

diode is sent to the fiberPC tip through a custom 830/1300 nm WDM

where it is absorbed above band by the GaAs semiconductor. Internal

QDs embedded in the GaAs membrane emit PL both outward from

the device and back into the fiberPC core where it can be subsequently

detected by a spectrometer. . . . . . . . . . . . . . . . . . . . . . . . 170

7.3 (a) Picture of a fiberPC and corresponding spectrum before anything.

(b) Picture of same fiberPC with an electrical probe touching the tip

and the corresponding PL spectrum, showing the elimination of the

cavity modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.4 Sequence of spectra for a fiberPC probe inside a NP solution over a five

minute span. As time goes on the cavity peaks progressively blueshift

until they degrade and disappear. . . . . . . . . . . . . . . . . . . . . 173

7.5 From left to right we see the fiberPC spectra when the device is in air

(before testing), in a 2 nM aqueous solution of gold NPs, and back in

air (after testing). The bottom pictures show images of the fiberPC

facet before and after NP submersion. . . . . . . . . . . . . . . . . . . 174

7.6 Diagram of why the fiberPC doesn’t sense NPs ordinarily in a free

solution. For typical nanomolar concentrations of nanoparticles the

number of particles interacting with the cavity is very low. . . . . . . 175
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7.7 (a) PL spectrum of a fiberPC device in air and prior to testing when

pumped at 250 µW. Optical image on the right shows the fiber tip face

before testing. Arrows indicate epoxy droplets. (b) PL spectrum of

the same sensor now in a 12.5 nM gold NP solution. The cavity funda-

mental mode has redshifted, increased in quality factor, and dropped

in intensity. (c) PL spectrum in air again after the device has been

retracted with the pump laser turned off during retraction. The spec-

trum is almost identical to that in (a) and the fiber tip image shows

only a slight circular deposition of NPs on the outer rim. (d) PL spec-

trum in air of the same device but after having retracted the fiber tip

with the laser pump turned on. The cavity modes are almost com-

pletely removed from the spectrum and a large circular aggregation of

nanoparticles (indicated by the arrow) is seen in the microscope image 177

7.8 (a) SEM images of a fiberPC sensor with a metal NP aggregation on

the cavity. Inset shows a close-up image. (b) Schematic model of the

nanoparticle aggregation effect. A solution droplet on the fiber tip

begins to evaporate as indicated by the outward flowing arrows (the

contact angle of the droplet here is exaggerated for clarity). Mean-

while, part of the optical pump transmits through the thin photonic

crystal membrane. Water and nanoparticles in the weak focus absorb

the pump laser light, raising the local temperature of the water and

setting up hydrothermal gradients. Combined with evaporation, the

hydrothermal gradients create Marangoni convective flow which circu-

lates fluid in a toroidal pattern (shown by the circles). This circulation

propels NPs into the center of the droplet where they begin to aggre-

gate most likely due to photochemical processes. Eventually, all the

water in solution evaporates and only a deposition of NPs on the cavity

remains. During this whole process, the quantum dot PL back-coupled

into the fiber is observed with a spectrometer. . . . . . . . . . . . . . 178
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7.9 Reversible sensing of metal NPs. Shown are optical microscope images

of a fiberPC tip after retracting from an NP solution with the pump

laser turned on and off during retraction. As seen when the pump

laser is on an aggregate forms and when it is off no aggregate forms.

Corresponding optical spectra verify sensing and no sensing, respectively.180

7.10 (a) Contact angle measurement for a water droplet on a GaAs sur-

face indicating low wetting of the semiconductor. (b) Contact angle

measurement for a water droplet on a glass surface. . . . . . . . . . . 182

7.11 (a) Pump-power dependent wavelength shift of the fiberPC sensor from

Fig. 2 now in a 0.8 nM solution of metal NPs. (b) Concentration

dependent wavelength shift of a different sensor when the pump power

is held at 2.45 mW. (c) PL spectrum of a different device before testing

and associated optical microscope image. (d) PL spectrum of the same

device as in (c) after retraction with a 12 µW pump laser turned on in

a 25 nM metal NP solution and associated image. . . . . . . . . . . . 183

7.12 (a) PL spectrum of a fiberPC device and the associated optical image

of the fiber face prior to testing with ferumoxytol. (b) PL spectrum of

the sensor after retraction from a 400 µg/mL solution of ferumoxytol

with a 1.75 mW pump. The spectrum changes are similar to those

caused by metal NPs with a large redshift, reduction in Q-factor, and

reduction in peak intensity. The optical image shows a circular aggre-

gate at the fiber center as seen previously. (c) Close-up SEM image of

a ferumoxytol aggregate. The scale bar is 2 µm. . . . . . . . . . . . . 185

7.13 Picture of the agar gel phantom loaded with gold nanoparticles which

are seen as dark streaks across the gel. . . . . . . . . . . . . . . . . . 186

7.14 Picture of a test tube with cell growth medium and the associated

image of a fiberPC facet coated in particulates (left). Similar pictures

but for PBS solution (right). . . . . . . . . . . . . . . . . . . . . . . . 187

7.15 Schematic of a fiberPC which has been chemically treated to have a

specific capture monolayer for targeting gold NPs. . . . . . . . . . . . 188
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8.1 (a) Schematic of the nanocavity probe device test setup illustrating

a nanoprobe connected to a fiber pigtail that is manipulated by a 3-

axis stage while imaged with a microscope setup. (b) The nanoprobe

consists of a semiconductor template attached to the fiber facet. A

membrane consists of a long needle bridge with a PC cavity at the tip.

The cavity is the single-hole defect at the center of the tip outlined

in black. The needle is thin enough (400 nm wide) to insert into a

cell membrane without cytotoxic effects. (c) Illustration of a sensing

experiment in which laser emission from a functionalized cavity is de-

tected with the microscope objective lens. Molecules that attach will

modify the lasers wavelength by changing the local refractive index. . 194
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in image of the epoxy bond joint where the membrane is attached to
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of the membrane showing MBE-grown oval defects as well as the three

embedded QD layers. (d) Intermediate zoom image of a device. (e)
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clean construction. (f) Zoom-in of (e), showing the nanobeam portion
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8.9 Laser oxidation of cavity inside a cell. Sequence of spectra for a

nanoprobe that was not coated with a nanolaminate inside a cell for

various time points. (a) Initial spectrum of cavity inside cell. (b) Spec-

trum of cavity one minute after insertion. (c) Spectrum of cavity two

minutes after insertion. The fringes on the background emission are

from Fabry-Perot reflections off of the fiber face. . . . . . . . . . . . . 205

xxxvi



8.10 Optical characterization of photonic crystal cavities inside single cells.
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micromanipulator positions the probe such that the GaAs membrane

(shown in black) flexes and rests against the substrate. A zoom lens

tube contains beam splitters for laser pump and white light illumina-

tion, as well as image capture. OL is objective lens. Not shown is the

liquid level, which submerges the optical fiber but does not reach the

objective lens. (b) PL spectrum of a single nanoprobe cavity measured

in air. The QD emission uncoupled to the cavity is the small back-

ground spreading from 1,150 nm to 1,350 nm and the cavity mode is

the sharp peak at 1,319 nm. (c) Illustration of the alumina/zirconia

nanolaminate used to coat the entire device, protecting it from photo-

induced oxidation. Stacks alternated between 1 nm and 2 nm per layer

thicknesses, and total stack thicknesses of 7-15 nm. (d) PL spectrum

of the same cavity from (b) now in a cell (teal) and its surrounding

medium (red). There is negligible wavelength difference between the

two spectra; however the collection intensity inside the cell (teal) is

slightly lower, likely due to scattering from the plasma membrane. In-

set shows a close-up of the cavity mode which has a Q-factor of 2,000.

(e) Corresponding white light image of the probe and cell for which

data in (d) were taken. (f) Corresponding IR image of the probes QD

emission and a circular outline of the approximate cell location. Scale
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calcein viability dye for the corresponding cells pictured in (a) and (b).
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the viability of both poked and loaded cells. In (d) it is even possible

to see the outline of the loaded beam in the cell by an absence of color.

(e), (f), Red fluorescence from the ethidium homodimer viability dye

for the corresponding cells picture in (a) and (b). The emission is very

weak and uniform across all cells indicating the cell membranes were

not compromised. Scale bars, 20 µm. . . . . . . . . . . . . . . . . . . 209
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8.14 (a)-(c), Bright field images of a loaded cell prior (a), during (b), and

after (c) cell division. Images were taken 30, 42, and 46 hours after

loading the cell with the nanobeam, respectively. The red box indi-

cated the position of the original scratch mark created during beam
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tracking period. Orientation tracking of a single cell with a nanobeam

inside it. This cell is different from the one in (a)-(c). The nanobeam

is seen to rotate at various time points. Times are at 30, 51, and 54
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only partially penetrating the cell. (h) Same cell three hours later. The

beam has been completely internalized by the cell. (i) Same cell 4.5

days after initial beam loading. The cell is undergoing a second mi-

totic division. The cell has also migrated considerably from the initial

loading location and the reference scratch mark is visible to the right.
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Chapter 1

Introduction

1.1 Background to optical interconnects

Optical interconnects in next-generation computing promise major performance en-

hancements and vast reductions in system power consumption. The growing field of

optical interconnects is spurred by the fact that computation and information are

becoming increasingly more costly from an energy standpoint. In contemporary com-

puting, it turns out that the majority of energy is consumed in the interconnects,

which shuttle the bits back and forth, and not simply in the transistors. For the 130

nm node technology in 2002, it was estimated that approximately 50% of a micropro-

cessors power is consumed by the chip interconnects, with this percentage projected

to rise up to 80% [1]. The consequence of all this associated power expenditure is that

data centers consume roughly 2% of the entire US power (in 2010), much of it because

of the interconnects [2]. With the expected trend that internet traffic will increase

exponentially in the future along with hefty power consumption, the semiconductor

community is beginning to realize that large changes need to be made.

The current standard of copper electrical interconnects for communications is run-

ning into fundamental physical limitations in terms of power dissipation and band-

width. This is because of elementary capacitive charging and discharging energy

losses along with resistive-capacitive time delays. As a natural result of the general

trend to integrate circuit elements at ever higher densities, the amount of signaling

1
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information that is required to flow through interconnects is increasing rapidly. For

example, the total I/O bandwidth for a processor is predicted to jump to 230 Tb/s by

2022 (ITRS 2007 roadmap) with over 3000 signaling pins required for this information

transfer. At the same time, the power density dissipated as heat over the small area

of a chip is in the range of 100 W/cm2, which is essentially an upper limit set by

device failure temperatures [3].

The performance of electrical interconnects depends directly on their length, as

their physical properties scale monotonically with this parameter. Naturally, the

shorter electrical lines are faster and less lossy, whereas the longer global interconnects

are slower and more power hungry. Meanwhile, optical communications requires only

a fixed source and detector so that the performance and power consumption are

nearly invariant of the interconnect length. There is a break-even point where to

send information with light becomes more advantageous than to send information

with electricity [4]. Depending on the assumptions this length can be anywhere from

100 µm to 10 cm. At the long extreme of many kilometers, we use fiber optics and

light due to the very low loss of glass and the high bit rates that can be achieved

through advanced modulation and multiplexing formats. At the short extreme of

several millimeter distances for intra-chip signaling, we prefer metal only due to the

good performance of short electrical lines and the simplicity of integrating metal in

the first few interconnect layers of the chip.

Historically, optical communications were limited to long-haul networks while elec-

trical interconnects took care of the last mile and all subsequent shorter distances.

The shorter distances include all the connectivity within data centers, board-level

communications, and intra-chip signaling. For the reasons mentioned above, how-

ever, optical links have presented themselves as compelling alternatives in the last

decade and are currently the standard for rack-to-rack and board-to-board commu-

nications in data centers. Pushing more aggressively into backplane and on-board

optical interconnects will require significant improvements in present active optical

devices such as laser sources and modulators. This is because the assortment of optical

sources used for current optical interconnects, namely vertical-cavity surface-emitting
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lasers and edge-emitting lasers, are too large and power hungry. Other necessary ac-

tive components such as electro-optic modulators also consume too much power to

be useful to move forward. In order to be competitive with future copper intercon-

nectswhich currently operate at several pJ/bit level, the combined energy budget for

an optical link should aim to be at or below 10 fJ/bit [5]. To satisfy the projected

bandwidth requirement for optical links, channels should operate in the tens of GHz

speed. There are numerous ingredients in an optical interconnect which must work

properly together for useful information signaling. These elements will be discussed

in the next section.

1.2 Optical interconnect components and technolo-

gies

The most basic ingredients for an optical interconnect link are the modulated source,

connecting waveguide, and photodetector. Electrical bit information can be encoded

onto the optical carrier wave through modulation, direct or external, and amplitude

or phase [6]. External modulation is accomplished through a dedicated active device

called an electro-optic modulator which typically shutters the transmission of light

so that the signal carries high and low intensities corresponding to bits 1 and 0.

Direct modulation is an alternative where the optical source itself is cycled on and

off at high speed and the output intensity can thus be alternated in high and low

patterns. There are various advantages to either technique depending on the ultimate

application. Direct modulation is clearly a simpler process involving only one active

device (the source) and therefore the total energy expenditure can be much lower. In

addition, spectral matching of the source with the modulator bandwidth is no longer

a concern. Speeds of directly modulated VCSELs can be up to 50 GHz [7], but for

more suitable lower power laser sources the speeds demonstrated are only around 20

GHz [8]. External modulation, though more complex, allows for more flexibility and

higher bandwidths than does direct modulation. Higher bandwidths can be achieved

because the device footprint and capacitance can be quite small, and modulation
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bandwidths over 70 GHz demonstrated [9]. The flexibility aspect comes into play

because with external modulation the output from an individual source can be split

into multiple channels, each of which can be modulated independently. Depending

on the specific interconnect requirements, either method may be suitable.

After modulation, light from the source is sent along the optical waveguide, typ-

ically a dielectric ridge waveguide, routed through switches, multiplexed with other

wavelengths, and ultimately detected at a distant location by a photodetector. There

are numerous device ingredients in this whole process, some active and some passive

which must in sum be suitably low power and fast. Much progress has been made

in germanium-on-silicon photodetectors which have been shown to support high data

rates and integrate well with CMOS electronics at low power [10]. The primary

power hogs in current optical interconnects are the optical sources and electro-optic

modulators which consume the lion′s share of the link power.

The fundamental reason these devices consume a lot of power is because their

active volumes are too large. Controlling such a large volume of material, be it

for inverting a semiconductor to create gain in a laser, or for changing the material

dispersion for electro-optic modulation, scales monotonically with the size of the

device. A larger laser cavity will require more current to stimulate emission for a given

threshold current density than a smaller one, and a larger Mach-Zehnder modulator

will require a greater current to change the refractive index of an arm than a smaller

one. The question is why haven’t devices scaled down to arbitrarily small sizes where

their control energies can be exquisitely low?

The reason is in part need and in part technology. For traditional long-haul

communications where laser output powers are in the tens of mW, having high device

thresholds in the range of several mW is not a big problem since power constraints

are not so important. Therefore the stalwart Fabry-Perot or distributed feedback

lasers were suitable sources, despite their large cavity sizes (in the 100s of µm to

mm) and high thresholds. For optical interconnect applications, however, where an

entire channel might only consume 1 mW of power clearly cannot be served by a

laser which has a threshold greater than this value. The motivation to shrink cavities

down to smaller sizes to reduce thresholds began a while back but the necessary
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techniques in micro- and nanofabrication hadn’t yet been developed. Improvements

in electron-beam and photolithography over the years have allowed the small feature

sizes needed to fabricate contemporary nanophotonic cavities and devices capable of

meeting the stringent requirements for optical interconnects. Numerous components

and processes that were previously unavailable have been unlocked. In particular, the

photonic crystal cavity has shown remarkable advancement in design and performance

for various optical interconnect devices. This nanophotonic element is the subject of

most of the work described in this thesis and will be introduced in the next section.

1.3 Photonic crystal cavities

The main theme for optical interconnects is that smaller is better for active devices

and hence the challenge is to engineer new photonic structures which shrink cavity

sizes. For communications applications we want to operate at approximately 1.3-1.5

µm since silicon is transparent in this window and because then we can connect to

traditional fiber networks easily. Diffraction sets a limit on the smallest dimension

we can squeeze light into at this wavelength, to approximately λ/2n, where λ is

the wavelength and n is the material refractive index. For silicon or other high

index semiconductors at telecom wavelengths, n = 3.5, so then light can be localized

into a region as small as 200 nm. For deep subwavelength confinement one has to

use plasmonic materials; however, the metals add absorptive loss and can reduce

device performance. Nonetheless, for pure dielectric materials even 200 nm is quite a

small dimension and a significant improvement from the classical cavities which span

hundreds of optical wavelengths. A typical Fabry Perot (FP) cavity may have a cross

sectional dimension of a few square microns, but will have a longitudinal length of

100 µm to several mm. A typical VCSEL may have an active region of a few hundred

nm but will have lateral dimensions of 5-20 µm [11, 12].

To achieve the necessary size scaling we need to confine light in all three dimensions

to small length scales. An invention which accomplishes this is the planar photonic

crystal (PC) cavity, shown schematically in Figure 1.1 [13]. A PC cavity consists of

a central defect in a periodic lattice of air holes punched through a thin ∼200 nm
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semiconductor membrane. Light is confined to the submicron defect spot size in all

dimensions through two means, distributed Bragg reflection (DBR) in the plane, and

total internal reflection out of the plane [14]. In the plane of the membrane, the

periodic lattice of air holes serves as a DBR in all in-plane directions. Though the

periodicity changes depending on the lattice direction, a photonic bandgap is set up

and light cannot propagate into this forbidden region and is instead reflected back to

the center of the cavity.

Figure 1.1: Schematic of a photonic crystal cavity consisting of a thin
(∼200 nm) membrane with a periodic lattice of air holes surrounding a
central defect (left). Light is confined in the plane via distributed Bragg
reflection, illustrated in the upper right, and via total internal reflection,
illustrated in the lower right.

A typical PC band diagram can be seen in Figure 1.2 for a triangular lattice.

Out of the plane of the membrane, light is confined via total internal reflection, the

same kind that is observed for ordinary waveguides or fibers. The higher refractive

index semiconductor is surrounded by lower refractive index air so cavity modes are

confined below the light line. This is the most basic geometry of a PC cavity, but

in practice almost any similar arrangement of periodic air holes will serve to confine

light in this fashion. Cavities can concentrate light in the solid material or in the

air holes and can also exist in both 1D and 2D structures. Depending on the exact

dielectric structure, the cavity will support multiple localized modes, each with a set
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wavelength and field pattern. Figure 1.3 shows several such modes as simulated by

finite-difference time-domain (FDTD) software.

To characterize cavities there are several mathematical parameters we will fre-

quently encounter. The first is the cavity quality (Q) factor, which is proportional to

the photon lifetime and is inversely proportional to the linewidth of a cavity mode:

Q =
λ

∆λ
. (1.1)

Here, ∆λ is the cavity full width at half maximum linewidth and λ is the cavity

mode central wavelength. Electromagnetic field in the cavity will decay exponentially

according to:

E(t) = E0e
−ω0t/2Q. (1.2)

Where ω0 is the cavity angular frequency and E0 is the initial field magnitude.

Therefore it is clear that cavities that support high Q modes should achieve lower

threshold lasing since the cavity loss rate is lower, and this has been verified in previ-

ous studies [15]. The cavity linewidth is important for the performance of modulators

and sensors. Record Qs in excess of 106 have been demonstrated in passive materials

like silicon [16], while for light-emitting materials like GaAs and InP, the best Q val-

ues are usually lower than 105 [8]. The achievable Q factor is nearly always limited by

fabrication imperfections which deviate the experimental design from the theoretical

maximum values.

The effective size of a cavity mode, or its physical extent, is classified through the

mode volume parameter, given by:

Vm =

∫
dV ε(r)|E(r)|2

max[ε(r)|E(r)|2]
. (1.3)

The calculated volume of Vm is very often similar to the physical size of the cavity

defect, indicating good cavity confinement of the electromagnetic mode. Typical

mode volumes for photonic crystal cavities are as small as 0.7 (λ/n)3, which equates
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Figure 1.2: A calculated band diagram for a triangular lattice photonic
crystal. The bottom axis represents the coordinate in k-space and the
side axis is the normalized frequency of light. Propagating solutions of the
dielectric structure are plotted as open circles and these solutions set up
multiple bands. A forbidden region where no light can propgate through
the PC is evident by the gap in the center where no solutions exist. The
shaded region above the top trace is the area of the dispersion curve above
the light line, for which modes are leaky and radiate away from the slab.
(Figure taken from EE340 course notes)
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Figure 1.3: FDTD simulated images of the mode electric field magnitude
or amplitude for several unique PC cavity designs. Clockwise from left an
H1 caviy, an L3 cavity, and a nanobeam cavity. (Figure taken from EE340
course notes)

to 0.06 µm3 for a GaAs cavity at 1.5 µm [17]. As these cavities are smaller than a

cubic optical wavelength, they satisfy our desire to shrink down our cavity devices to

ultra-small volumes.

An additional consequence of the microcavity is the enhanced spontaneous emis-

sion rate, or the modification of photon lifetime in the cavity. This results due to

interaction between the dipole emitters in the cavity and the photon field. Known

as Purcell enhancement, this enhanced spontaneous emission rate can reduce laser

thresholds and increases modulation rates of optical sources [18]. Mathematically,

the Purcell maximum enhancement factor for an emitter that is spectrally and spa-

tially matched to a cavity field is given by:

Fmax =
3

4π2

λ3

n3

Q

Vm
. (1.3)

PC cavities are fabricated with ordinary nanofabrication techniques involving a

series of top-down processing steps on a starting material. Semiconductors are used

because ultimately we want to integrate these optical devices with electronics and
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because then we can take advantage of the mature processing technology and infras-

tructure already in place. Full details on device processing will be described later

in this thesis but briefly the process starts with e-beam lithography patterning of a

resist spun onto the material. A dry etch step transfers this pattern into the under-

lying material and then a final wet etch step removes a pre-grown sacrificial layer

underneath the active layer, releasing the PC membrane.

Figure 1.4 illustrates a fabricated chip along with the numerous cavities created on

its surface. Because total cavity sizes including the DBR mirrors are less than 10 µm

across, thousands of cavities can potentially be integrated in a very small footprint.

Figure 1.4: A small chip with many fabricated PC cavities. Close-ups
reveal that many devices can be integrated at high densities since the
lateral extent of cavities is around 10 µm

It should also be stated that there are numerous other microcavity technologies

which rely on shared principles of total internal reflection and DBR for light con-

finement. Chief among these methods are micropost and microdisk cavities, both of

which support cavity mode volumes down to a cubic wavelength or smaller [19, 20].

Microdisk cavities will be explored as candidate light sources in part of this thesis.
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1.4 Outline of thesis

The first part of this thesis discusses projects geared towards solving challenges in the

field of optical interconnects. We develop and demonstrate high performance optical

sources, modulators, and other components. To access these devices, we developed

from scratch a fiber coupling technique and used it to interrogate our nanocavities. We

also perform novel materials research to explore interesting alternative light-emitting

materials for silicon photonics.

Chapter 2 is about fiber tapers and their use for coupling, measuring, and manip-

ulating nanocavity systems. We developed a method to pull silica optical fibers down

to sub-micron diameters using a custom heating rig. Using the tiny waveguides, we

are able to show efficient coupling between fiber and photonic crystal cavity systems

in both transmission and collection modes. We demonstrate tuning of the cavities in

both wavelength and quality factor, and even show tunable second harmonic genera-

tion.

In Chapter 3 we discuss the germanium-on-silicon material system and its po-

tential use as a CMOS-compatible light-emitting material. Though intrinsically an

indirect bandgap semiconductor, germanium can be manipulated with band-filling

effects to increase its emission strength and approach direct band character. We

demonstrate studies on germanium photoluminescence and electroluminescence from

fabricated microdisks coupled to fiber tapers.

Chapter 4 is the central result of this part of my thesis. We developed a platform

to electrically drive photonic crystal cavities efficiently using a lateral p-i-n junc-

tion. Using this new platform, we demonstrate world record low threshold lasing

at cryogenic temperatures. We also demonstrate a room temperature LED that is

directly modulated at ultra-fast speeds. Additional active devices such as nanobeam

LEDs, electro-optic modulators using fiber taper waveguides, and photodetectors are

discussed.

Chapter 5 is an introduction to the second part of this thesis which is about

biophotonic probes and sensors. This chapter discusses how PC cavities can be used

as sensors for detecting numerous substances.
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In Chapter 6 we show how we built the first device that consists of a PC cavity on

the tip of an optical fiber. Fabrication details are described as well as experimental

results verifying the good properties of our cavities at the tips of these optical fibers.

In Chapter 7 we use this new device, dubbed a fiberPC, to sense metal nanopar-

ticles in vitro in solution. The experimental results and physical explanation are

explored.

Chapter 8 is the main result of the second part of this thesis. Here we demonstrate

for the first time an optical cavity inside a single biological cell. We discuss the details

behind the device engineering and show how these cavities can be gently inserted into

single human prostate cells. Cavities are shown to function normally in cells and cells

are shown to be minimally harmed by the process. As this device is aimed towards a

real-time single-cell biomarker sensor, we demonstrate in vitro protein detection with

our tool. Applications are discussed.

Chapter 9 discusses future directions and goals for the major projects in both

parts of this thesis.
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Chapter 2

Fiber tapers for coupling

nanophotonics

2.1 Background and theory of fiber taper coupling

Interfacing between the micro- and nano-scale of photonic devices with the macro

scale of laboratory optics is a challenge due to the severe size mismatch between

these components. Whereas experimental equipment is built for free-space Gaussian

optics of mm to cm sizes, integrated photonic devices such as PC cavities have length

scales in the microns. Therefore testing is typically carried out with careful optical

free space coupling within a microphotoluminescence setup or through butt-coupling

to the side of experimental chips. Coupling light into and out of a cavity is generally

a low efficiency process because of the limited focusing abilities of these setups and

due to modal mismatch between Gaussian optics and local electromagnetic fields [21].

Hence, it would be advantageous to use a local coupling element for more efficient

optical injection/extraction as well as to provide a rapid and easy to use diagnostic

tool.

Optical fiber tapers which are ultrathin communication fibers do precisely these

things. They are able to physically contact micro- and nanocavities, efficiently cou-

pling light from waveguide to cavity, and transition to macroscale fiber optics. Prior

to this Ph.D. work, optical fiber tapers had been demonstrated at only a handful of

15



CHAPTER 2. FIBER TAPERS FOR COUPLING NANOPHOTONICS 16

groups around the world [22, 23, 24]. Now, at the time of writing this thesis, fiber

tapers have become ubiquitous and indispensable tools to aid measurements and are

in use in a large percentage of photonics research groups.

The idea behind a fiber taper is quite simple–to narrow a standard optical fiber

down to micro-dimensions while keeping clean adiabatic transitions between the nar-

row waist and ordinary fiber [25]. That way light propagating along the ordinary fiber

will be squeezed down to the micro-scale waveguide at the center and subsequently

interact with any nearby photonic cavities. A typical side-coupling measurement will

behave very similarly to an ordinary integrated waveguide-cavity system. The power

with fiber tapers is that they can be relocated and adjusted as needed for many types

of measurements not limited to the fixed integrated waveguide.

Coupled-mode theory (CMT) very nicely describes the behavior of interacting

taper-cavity systems. The equations described here are taken from [26], but any

formalism will attain similar results. The system that we want to model is a resonator

with a single mode field amplitude denoted by a. In close proximity to this cavity

is a waveguide or bus with a propagating mode field amplitude of s. The incoming

waveguide field of the input arm is s1 and the outgoing field of the output arm is s2.

The resonator and waveguide interact over a length of d. The resonator electric field

will evolve according to:

da

dt
=

(
jω0 −

1

τ0
− 1

τc

)
a+ κs1. (2.1.1)

Where ω0 is the resonant frequency, 1/τ0 is the decay rate due to cavity loss,

and 1/τc is the rate of decay into the waveguide. The input coupling coefficient, κ,

is associated with the forward propagating mode of the waveguide (we ignore input

coupling from the other end of the fiber here since we assume a one-way launch of

light into the waveguide). The decay rate is related to the cavity Q through:

Q0 = ω0τ0/2. (2.1.2)

Power conservation results in this relation for the transmitted waveguide field



CHAPTER 2. FIBER TAPERS FOR COUPLING NANOPHOTONICS 17

amplitude:

s2 = e−jβd(s1 − κ∗a). (2.1.3)

Where β is the propagation constant in the waveguide. The strength of coupling,

κ, is related to the electric field overlap of the propagating mode with the stationary

cavity mode, as:

κ = −jωε0
4

z2∫
z1

dz

∫ ∫
dxdy(n2 − n2

r)e
∗
re+e

−jβ(z−z1) (2.1.4)

Where ε0 is the permittivity of free space, n(x,y) and nr(x,y) are the index distri-

butions of the background and resonator, er is the resonator field in space, e+ is the

waveguide field in space, and z1 and z2 are reference planes over which the coupling

is taking place. From this equation it is clear that the coupling strength is stronger

when fields are in phase and have a large percentage of overlap. The cavity coupling

term can be directly related to the decay rate terms by:

κ =

√
1

τc
ejθ. (2.1.5)

Where θ is an arbitrary phase factor. Substitution of various terms inside the

power conservation equations yields a steady-state solution to the transmission am-

plitude:

t =
s2

s1
= e−jβd

(
1−

1
τc

j(ω − ω0) + 1
τ0

+ 1
τc

)
. (2.1.6)

This equation directly gives insight to the degree of coupling between a waveguide-

cavity system and whether a system is over, under, or critically coupled. The trans-

mission magnitude is the absolute square of this and this gives a general relation
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equation between the transmission and the Q factors of the system:

T = |t|2 =

(
QT

Q0

)2

(2.1.7)

Where QT is the total cavity Q incorporating waveguide loss. This equation

provides a nice relationship between the total cavity Q and the transmission for

experimental verification. Experimentally we have indirect control over the various

coupling parameters. Interaction lengths and distances can be manually changed and

the coupling strength can be tuned via taper position and size (taper size determines

evanescent field extent and correspondingly field overlap).

We aim to make fiber tapers of waist around one micron, because at this size the

waveguide (which now consists of a glass core and an air cladding) becomes single

mode. Multimodal fibers that are larger are less useful because transmission and

coupling signals become difficult to deconvolute due of the multiple interactions and

mode beating. Also, as the fiber narrows near one micron, the fundamental mode

begins to spread out more due to diffraction, and more of an evanescent tail becomes

available for coupling [27].

2.2 Fabrication and testing

Numerous methods have been employed to fabricate fiber tapers of micron dimensions

including scanning flame heating, scanning laser heating, and using a fixed electric

oven. The simplest and most common technique is to use a flame and brush it back

and forth whilst carefully drawing the fiber outward. Due to conservation of volume,

the glass will exponentially decrease in width from the untouched pigtails down to

the micron waist [25]. So long as these transition regions are smooth and not too

sharp, the waveguide will be minimally lossy and will be useful.

We built a fiber tapering rig from scratch which incorporates high precision,

computer-controlled mechanical stages (shown in Figure 2.1). On top of these stages

we mount alignment blocks and magnetic clamps for holding the optical fiber. A

small jewelers torch with a narrow flame tip aperture is mounted perpendicular to



CHAPTER 2. FIBER TAPERS FOR COUPLING NANOPHOTONICS 19

the fiber and used to heat the fiber. The torch uses hydrogen and oxygen gases which

are first sent through regulators and flow meters to ensure a proper mixing ratio. A

section of optical fiber is stripped of protective coating and then the fiber is mounted

into the magnetic clamps after pre-tensioning.

Figure 2.1: (a) Picture of taper rig for pulling fiber tapers. (b) Schematic
of thinned down fiber using a heat source. (c) Depiction of a fiber taper
and how the propogating field extends from the fiber core.

To initiate tapering, the torch is lit and brought very close to the fiber (a few

mm) and then a custom computer-controlled program begins moving the stages. The

two stages holding the fiber move apart while the stage holding the torch sweeps the

flame back and forth across a pre-designated hot zone length which is typically 0.5-1

mm. Whilst pulling, the transmission of a broadband light source through the fiber

is monitored with an optical spectrum analyzer (OSA). Ordinarily, when the fiber

becomes quite thin it begins to experience loss and the overall transmission drops.

At a certain point when the fiber becomes multimodal (initially it is single-mode

but becomes multimode when the core and cladding of the original fiber merge and

the waveguide is now silica core/air clad), clear fringes develop in the transmission

spectrum indicating beating between the fiber modes. At a certain point of pulling

these fringes go away and the transmission spectrum is flat, meaning the fiber is now
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single mode again.

Next the fiber must be retrieved and mounted for testing purposes. The fiber is

with extreme delicacy removed by hand from the magnetic mounts and twisted into

a loop or U shape, and then taped to a glass slide with the U-shape sticking out

from the slide. The fiber can then be spliced into patch cables and used to couple to

cavities. Often, the fiber is annealed by heating under an open flame to re-melt the

glass and smooth out any defects associated with loss.

To test devices, we mount the glass slide onto a block which can be controlled by

both manual and computer-controlled micropositioners. The fiber is moved around

under the field of view of a vertical zoom lens setup and imaged when it comes into

contact with samples of interest. It is necessary to have a short loop so that the taper

has enough tension to be rigid and not stick to sample surfaces. Only then can it be

moved around with fine control in both lateral and vertical dimensions.

2.3 Coupling to silicon nitride PC cavities with

erbium emitters

2.3.1 Background

While much progress has been made with CMOS-compatible modulators and detec-

tors, a suitable light source that is well integrated with a silicon platform remains to

be demonstrated. Due to silicons indirect band gap, light emission from the semicon-

ductor is weak and alternatives methods of light extraction such as through incorpo-

rated emitters are necessary. Recently, it was shown that photonic crystal cavities in

erbium-doped silicon nitride (Er:SiNx) exhibited linewidth narrowing with increased

optical pump power [28], demonstrating that 31% of Er ions can be excited under

optical pumping. The amorphous silicon nitride provides a host for erbium dopants

which luminesce at the traditional telecom wavelength range. Such a material may

be suitable for an on-chip amplifier or laser source in the future. In this section, we

describe the extraction of photoluminescence from Er:SiNx PC cavities using fiber

tapers [21]. We find that a greater collection efficiency can be obtained using the
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evanescent coupling method compared to out-coupling through free space; experi-

mentally, the collection efficiency into a single arm of the fiber taper is increased 2.5

times relative to free space, and theoretically this could be improved by another fac-

tor of 3 by minimizing the scattering losses within the short taper transition regions.

We also demonstrate that a broad tuning range of quality factor (up to 98% of the

intrinsic Q value) is attainable by altering the strength of the coupling and thus the

coupling efficiency.

2.3.2 Cavity design and theoretical analysis

Photonic crystal structures were fabricated in a two layer membrane consisting of a

bottom silicon layer and a top, light emitting, erbium-doped silicon nitride layer, same

as in our previous work [28]. Photonic crystal L3 cavities [17] were patterned with

lattice periodicity set to a = 410 nm, and hole radius was r = 125 nm. Additional

outward shifts of 0.15a and 0.075a for the on-axis holes surrounding the cavity were

made to increase the intrinsic Q of the cavity. Figure 2.2(b) shows a scanning electron

microscope (SEM) image of the tested cavity.

Figure 2.2: (a) Optical microscope image of the fiber taper. (b) SEM
picture of the fabricated SiNx/Si photonic crystal cavity. (c) Calculated
Ey field of the fundamental mode of the photonic crystal.

Finite difference time domain calculations were performed on the cavity structure

with the size parameters of the SEM image above. The computational grid contained

10 mirror periods on each side of the cavity in the y direction and 12 mirror periods

on each side in the x direction. Q-factor calculations were performed by integrating

the power flux through the appropriate boundaries: top and bottom half spaces for
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the vertical Qs, slab walls for the in-plane Q, and fiber facets for the fiber Q. The

fundamental mode profile is shown in Figure 2.2(c).

In order to estimate the percentage of light collected by our microscope objective

(in free space collection), a far-field calculation of the cavity mode was performed

using a two-dimensional Fourier transform to calculate its k-space distribution [29].

This method allows for the accurate prediction of power flow through a particular

geometrical cone of radiation without requiring a massive FDTD space. In the limit

that the full hemisphere of radiation is chosen, the vertical Q would be recovered, in

agreement with FDTD simulations. For this study, the total power radiated within a

0.5 numerical aperture (NA) objective was determined to be 10% of the total emission

into the half space above the slab. The low value is not surprising if one examines

the k-space map for the cavity Ey field shown in Fig. 2.3. The transverse electric-like

(TE-like) fundamental mode is predominantly Ey in character and from the k-space

pattern in Figure 2.3, we see that the magnitude of the components radiated within

the NA cone is much smaller than the sum inside the light cone. By taking account

radiation through the slab and bottom direction, the total efficiency of collection into

the objective is given as 0.1×1/Qtop/(1/Qtop + 1/Q|| + 1/Qbot) = 1.6%, where Qtop,

Q||, and Qbot denote the top, in-plane, and bottom Qs, respectively.

The intrinsic cavity Q for the fundamental mode was found to be 16,000 and

is dominated by the in-plane Q which was only 26,000. Due to asymmetry of the

PC in the vertical direction, the confined TE-like cavity mode couples to TM-like

propagating Bloch states, which suffer from an incomplete bandgap and hence leak

out of the cavity [30]. In contrast, a similar PC structure composed of just the

symmetric silicon layer has an in-plane Q of nearly 900,000 and a net Q of 61,000.

Figure 2.4 shows a plot of the various Q-factors as a fiber taper, represented as a

cylinder of silica (n = 1.45, diameter = 1 µm), is scanned across the surface of the L3

cavity along the yaxis. For zero offset, we see that the fiber Q (Qf ,) is low, indicating

a high decay rate due to the evanescent coupling into the fiber. (We note that Qf

describes the power coupled from the cavity to the fiber taper, and is calculated by

integrating power lost through both ends of the fiber taper). The cavity in-plane Q

(Q||) is also reduced by a factor of two due to the increased vertical asymmetry of the
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Figure 2.3: (a) K-space map for the Ey component of the fundamental
mode, taken just above the PC slab. The white circle is the light cone
while the green circle is the NA = 0.5 cone. (b) Zoomed in image of the
previous plot highlighting the difference between the radiated components
captured and not captured by the objective lens. The magnitude of the
k components inside the NA = 0.5 cone is clearly much lower than those
outside the cone.
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structure. This parasitic decay reduces the total Q (Qtot) beyond the intrinsic limit

of just additional decay into the fiber.

As the taper is shifted to the side of the cavity, several trends can be observed.

First, Qf remains relatively constant up to 350 nm before increasing exponentially

with taper offset. The decrease in coupling strength due to a smaller evanescent

field overlap for the offset taper causes Qf to increase exponentially. Second, there

are points of enhanced parasitic loss at 350 nm and 1 µm as is evidenced by the

reduction in Q|| and Qtot . These points are likely regions where the composite cavity

structure has greatest asymmetry and coupling into leaky TM modes. Finally, as the

taper displacement grows beyond 1.2 µm, all Q values asymptotically approach their

intrinsic limits. We still see that even for large offsets, the fiber taper can couple with

the cavity without inducing parasitic decay. In particular, at 1.2 µm offset, Q|| is close

to its intrinsic limit and the coupling efficiency is given by η = (1/Qf )/(1/Qtot) =

13,000/553,000 = 2.4%. The maximal coupling strength is expectedly seen to occur

when the taper offset is zero. In this case, the coupling efficiency is 25%. Therefore

simulations predict that a much larger (∼16-fold) coupling efficiency can be achieved

into the fiber relative to the coupling to free space and a collection lens of NA = 0.5.

2.3.3 Experimental results

Photoluminescence from fabricated photonic crystal cavities was collected in free

space, in the direction perpendicular to the PC plane, through a 100x (NA = 0.5)

objective lens, directed toward a monochromator, and detected with a liquid nitro-

gen cooled linear InGaAs CCD array. PL from the cavity region was spatially filtered

with an iris in order to minimize the background signal and optimized for greatest

collection efficiency. Samples were pumped with a 980 nm laser diode at 6 mW mea-

sured before the objective lens. Figure 2.5 displays the PL of the L3 cavity showing

the fundamental resonance at approximately 1535.2 nm at the maximum of erbiums

typical emission spectrum. This particular cavity was chosen for testing because its

cavity resonance overlaps with the peak emission of erbium. A higher order mode is

observed at 1480 nm and the features at 1560 nm are likely band edge modes. The
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Figure 2.4: Simulations of the fiber, in-plane, and total Q factors as a
function of taper displacement, d, along the y axis. When the taper is
directly over the cavity, the fiber Q goes down expectedly and the in-
plane Q is parasitically reduced by a factor of two. For large taper offsets,
the Q values approach their intrinsic limits. Inset shows the cross-section
of the FDTD simulated structure. The taper is aligned along the cavity
axis direction and is displaced along the y direction.
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measured Q value of the intrinsic, unloaded cavity was found to be 12,630 as seen by

the fit to a Lorentzian in the inset of Fig. 2.5.

Figure 2.5: PL spectrum of the Er:SiNx on Si PC cavity, collected from
free space in the direction perpendicular to the PC plane (through an
objective lens with NA = 0.5). The fundamental cavity mode corresponds
to the highest peak near 1530 nm, and the background emission has the
expected erbium profile. The inset shows the fundamental peak zoomed
in with a Lorentzian fit.

Transmission measurements were performed by coupling a broadband source into

a fiber taper that was well aligned with an L3 cavity main axis, and by measuring

the spectrum at the output of the fiber with an optical spectrum analyzer (Figure

2.6(a)). Light was not polarized at the input so that all the modes of the cavity could

be excited, thus facilitating the identification of the fundamental mode. The taper

rested on the sample surface.

Figure 2.6(b) shows a full transmission spectrum of the cavity whose PL is shown

in Figure 2.5 The fundamental resonance is clearly seen at about 1530 nm, as in

Figure 2.5, as well as two higher order modes at shorter wavelengths. Four additional

modes were found at wavelengths below 1400 nm. The background loss of 2-5 dB

comes primarily from TM loss in the PC slab.
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Figure 2.6: (a) Experimental setup for measurement of transmission
through the Er:SiNx on Si PC cavities via fiber taper. The fiber taper
is aligned and in contact with the L3 cavity. The output spectrum of a
broadband source at the input of the fiber is measured by an OSA. Inset
shows optical picture of aligned taper. (b) Full transmission spectrum of
the L3 cavity. (c) Multiple transmission spectra for the same cavity but
with different fiber taper offsets along the y axis.
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In Figure 2.6(c), multiple transmission scans are taken for the taper as it is pro-

gressively offset from the main axis in of the cavity in the y-direction. The short pull

length of the taper was necessary for the tension of the fiber to be large enough to

allow this seamless translation, which is otherwise prevented by the Van der Waals

sticking attraction between the fiber and semiconductor. As can be seen in the plot,

as the fiber taper is dragged away from the cavity center, the transmission coupling

magnitude drops and the Q factor increases. This is not surprising since the coupling

coefficient is given by the overlap between the cavity and waveguide modes [26]. As

the taper shifts, this overlap decreases along with the transmission coupling. Like-

wise, since this secondary decay path via the taper decreases with taper offset, the

measured Q value approaches the intrinsic limit. Also worth noting is the red shift

induced by the taper as it moves over the cavity which is due to the increased effective

index of the cavity.

Fiber taper coupling provides a convenient means to extract and collect photo-

luminescence from a cavity mode that would ordinarily radiate non-uniformly into

free space. A well designed cavity (such as the described L3 type) is meant to have

few wave vector components in the light cone in order to maximize the Q (see Figure

2.3) [29]. The fiber taper can, on the other hand, extract those components that are

outside the light cone through evanescent coupling.

PL measurements with a coupled fiber taper were taken under similar conditions

as those for the free space measurement. To do so, a 980 nm laser diode pump with

power 6 mW was focused to a small spot where the fiber taper rested on the cavity.

The output from one end of the fiber was then sent to the same spectrometer setup

as before (Figure 2.7(a)).

When the taper is positioned over the center of the cavity, the PL extraction is

maximized as can be seen in Figure 2.7(b). The non-resonant background PL of

erbium is minimized in this configuration while the integrated intensity of the funda-

mental mode is 2.5 times that collected through free space (in the vertical direction)

and an NA = 0.5 objective lens (Fig. 2.5). Since the taper has a total transmission of

0.16, the transmission of each taper arm is roughly 0.4 assuming symmetric loss. This

means that the PL intensity coupled into one taper arm before loss is actually 2.5/0.4
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Figure 2.7: (a) Experimental setup for outcoupling PL from Er:SiNx on Si
PC cavities via fiber tapers. Pump light is focused on the cavity while PL
emission is collected by the same fiber taper and sent to a spectrometer.
(b) Full PL spectrum for fiber-coupled emission from the PC cavity. The
integrated intensity is 2.5x larger than for the free space measurement and
the peak has a Q of 4,300. (c) A different data point for which the taper
was offset from the cavity so that the cavity was minimally loaded
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= 6.25 times the free space collected PL. Adding the contribution from both taper

arms gives a total enhancement of 12.5 before loss. Since the radiation calculation

revealed that collection through free space is 1.6%, the total fiber coupling efficiency

is 20%, while the total fiber collection efficiency through one arm with loss is 4%.

This lossless efficiency value is pretty close to the result predicted by simulation and

the slight discrepancy could be due to differences in the actual taper size and exact

taper positioning. Such a high extraction efficiency is made possible because the fiber

taper relies on evanescent coupling from the cavity and is not limited geometrically

by the finite extent of an objective lens. It is interesting to note that a large coupling

ratio can be obtained despite the phase matching between the taper and cavity not

being fully optimized. This is a result of the fact that a strongly localized cavity

resonance spans a number of k-vectors, which permits coupling to a taper mode. Ad-

ditionally, the curved taper itself spans a wide k-space [24] as was found out from

separate coupling experiments with waveguides.

Figure 2.7(c) shows the PL of the cavity resonance for the case when the taper is

displaced from the cavity main axis. The Q in this case is found to be approximately

12,350, which corresponds to 98% of the intrinsic Q value. Coupling to fiber tapers

in direct contact measurements is usually associated with high loading of the cavities

due to either direct coupling into the fiber or parasitic loss into other decay paths [31].

As expected, we confirm that by reducing the coupling strength (by decreasing the

mode field overlap), the cavity Q can remain very high. This agrees with simulation

results in Fig. 2.4. The ability to have a control over the cavity Q is important for

PC cavity-based lasers or amplifiers which need to have as low loss as possible.

To more clearly see the relationship between collection efficiency and measured Q

value, a series of spectra were taken for various taper offsets from the cavity as seen in

Fig. 2.8(a). The fiber taper was slowly displaced along y-direction and as expected,

the measured cavity Q increased while the collected intensity decreased. Figure 2.8(b)

shows a few traces at different coupling strengths where the intensity-Q relationship

is seen clearly. This behavior can be described by an efficiency relationship under the

condition that no parasitic loading of the cavity takes place:
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η = 1− Qt

Q0
. (2.3.1)

Figure 2.8: (a) Collected PL intensity and the total cavity Q-factor as the
fiber taper is offset from the cavity along the y-direction. The blue line
is a fit to the data. (b) Several spectra for the data in (a). As the taper
moves away from the cavity the integrated intensity decreases and the Q
increases. The peaks are centered together for easier visualization (but as
shown in Fig. 2.3.6, the cavity resonance redshifts for higher cavity-taper
overlap).

2.3.4 Summary for fiber taper coupling to silicon nitride sys-

tem

In summary, we demonstrate fiber taper coupling and efficient PL extraction from a

CMOS-compatible light-emitting material, Er:SiNx embedded in a Si PC cavity. The

collection efficiency through one arm of the fiber taper was 2.5 times the collection

through free space and an objective lens with NA = 0.5. Better fabrication of short

tapers or using long lossless tapers coupled to cavities on elevated membranes could

improve the collection efficiency into one taper arm by another factor of 3. Larger

collection enhancements are also possible by better phase matching of the fiber and

cavity modes. The loaded quality factor of the coupled cavity can remain very high
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and in the limit of weak coupling can be as high as 98% of its intrinsic value. A

broad tuning range of collection efficiencies and quality factors is made possible by

a variable coupling strength inversely proportional to the taper displacement from

the cavity. The fiber taper provides a convenient platform for linking the nano-scale

on-chip environment with the off-chip interconnect network, which is important for

building devices such as on-chip optical amplifiers. For the promising erbium-doped

silicon nitride material, fiber coupled emission is an easy and efficient way to extract

light and connect to outside systems.

2.4 Tuneable-wavelength second harmonic gener-

ation from GaP cavities

2.4.1 Background

Since nanofabrication techniques frequently produce cavities at wavelengths different

than their intended designs, many attempts have been made to tune cavities post-

processing. Mechanisms of both reversible and irreversible tuning that have been

developed include local temperature control by Ohmic heaters [32], chemical etch-

ing [33], near-field tip perturbation [34]. Most tuning mechanisms provide a small

resonance shift of only a few nanometers and are geared toward spectrally aligning

cavities with quantum dots. On the other hand large resonance shifts of light-emitting

cavities may prove as useful sources of tunable visible or IR light. Here we describe

our results on the broad tuning of a photonic crystal cavity using a fiber taper probe

[35]. In past studies, fiber taper tuning was limited to a few nanometers because the

cavity modes were tightly confined inside the photonic crystal membrane, minimizing

the effects of the silica fiber [21]. In this study, we fabricate our structures in an opti-

cally thin membrane to increase the proximity effect of the fiber taper. Additionally,

fiber-induced deformation of the thin membranes increases the cavity resonance shift.

We use these effects to show that the second harmonic (generated by cavity enhanced

process [36]) signal generated can be tuned by 10 nm, half the cavity tuning range.
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2.4.2 Modeling

Finite-difference time domain simulations were performed to determine the shift in

the cavity resonance frequency produced by the fiber, both from perturbation of the

cavity field and mechanical deformation of the structure. It is assumed that these

two effects can be decoupled and hence can be independently analyzed in simulation.

We first model the GaP cavity without any perturbation as a t = 160 nm thick slab

of refractive index n = 3.1 with lattice constant a = 530 nm and hole radius r =

125 nm. The fundamental mode has wavelength 1581 nm and quality factor of about

16,000.

The effect of the cavity field perturbation by a silica fiber taper, modeled as a

cylinder of refractive index n = 1.45 covering the entire length of the photonic crystal

membrane, is determined by simulating the cavity resonance and Q factor as the

taper is scanned along the y-axis. The cavity resonance wavelength increases linearly

as the taper offset, d, is decreased; on the cavity axis (d = 0), the cavity resonance is

redshifted by 16 nm from the intrinsic value [Fig. 2.9(a)]. This value is much larger

than previously observed taper-induced redshifts [21] because the cavity membrane

is thin, and thus the field has a long evanescent tail in the direction perpendicular to

the membrane. The effective index increase of the cavity is enhanced by the greater

overlap of the cavity field with the silica material in the taper. To illustrate this

effect, additional simulations with slabs thicker than 250 nm exhibited shifts of 3 nm

or less.

Interestingly, Fig. 2.9(b) demonstrates that there is not a monotonic relationship

between taper offset and cavity total Q (Qtot), but rather there appear to be points of

enhanced coupling to the fiber (lower fiber Q, Qf ) at specific offsets. This is due to the

fact that the cavity contains multiple polarization components with different parities

and spatial patterns which couple with different strengths to the fiber depending

on the taper lateral offset. Coincidentally, these points correspond to reduction of

the in-plane Q (Q||) and lossy coupling into leaky TM modes [21]. The maximum

coupling efficiency at an offset of 400 nm is estimated as ηF = Qtot/Qf = 0.75, which

is determined by taking the integrated flux through the fiber facets and comparing
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to the total loss.

Figure 2.9: (a) FDTD simulated behavior of cavity resonance as the fiber
taper is displaced away from the cavity in the y-direction showing a wave-
length shift from around 1597 nm to 1581 nm. The zero offset corresponds
to the taper aligned with the cavity axis. (b) Simulated total Qtot, in-plane
Q||, and fiber Qf cavity quality factors as a function of taper offset. Cou-
pling to the fiber is strongest for a 0.4 µm offset

Physical deformation of the PC membrane creates additional redshifts due to

strain induced elongation and the photoelastic effect [37, 38]. Since the PC mem-

brane is very thin, the force of a fiber taper in contact with its surface can enhance

the bowing of the membrane. From geometrical considerations, the membrane can

elongate by roughly 2% before it touches the GaP substrate below the undercut re-

gion. This elongation is an upper limit since if the PC membrane were to touch

the substrate, cavity confinement would be lost and the resonance would disappear.

FDTD simulations show that if the PC membrane is within 300 nm of the GaP

substrate, the cavity Q drops significantly. Therefore a realistic maximum for the

membrane strain is ∼1%.

Strain was modeled in FDTD as a uniform extension of both the lattice periodicity

and the hole radius since the fiber taper contacts the cavity over a small region and

therefore presses down on the membrane at a central contact point. Simulations

indicate that for a 1% elongation, the cavity resonance shifts by 11 nm, with a linear

relation between shift and elongation for other strain values. It should be noted that
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the curvature of the PC membrane itself produces no observable resonance shift in

FDTD for the geometrically constrained bowing radius of curvature.

A final contribution to the resonance redshift is expected from the strain-induced

refractive index increase of the semiconductor material. Qualitatively, as the mem-

brane expands, the electronic band gap decreases, increasing the absorption and also

the refractive index due to the Kramers-Kronig relations. This behavior is often

modeled as a linear photoelastic effect given by:

∆n = −1

2
n3pε. (2.4.1)

where ε is the applied strain, p is the photoelastic coefficient, n is the refractive

index, and ∆n is the change in refractive index [39]. Each of these constants is a tensor

reflecting the appropriate crystal axes. However, here we take an average value for

p in order to get an approximate average index increase and assume isotropic strain.

For a strain of ε = 0.01, and using an average value of p = 0.11 for GaP [40], we

calculate a refractive index change of ∆n 0.016, corresponding to a 7 nm redshift of

the cavity resonance, which is in good agreement with the frequency-refractive index

relation in [41].

All together, the three effects of fiber taper perturbation of the cavity field, phys-

ical elongation of the PC membrane, and photoelastic refractive increase of GaP sum

together to produce an expected redshift of over 30 nm.

2.4.3 Experiment

Cavities were fabricated using the methodology in [36] and fiber tapers were created

as in [21]. Fabricated cavities were first characterized by free space cross-polarized

reflectivity with a tungsten halogen lamp to measure the intrinsic quality factor and

resonance wavelength. Figure 2.10 shows a reflection spectrum from a cavity, with

the initial resonance wavelength of 1559 nm and the intrinsic Q factor (Q0) equal to

3500.
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Figure 2.10: Experimental setup for performing free space reflectivity mea-
surement and results. Broadband IR light from a halogen lamp is linearly
polarized and sent to the sample through a polarizing beam splitter. Cav-
ity coupled light is reflected off the sample and is allowed to pass through
the beam splitter into a spectrometer where it is detected. The spectrum
shows the resulting fundamental mode reflectivity spectrum at 1559 nm.
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Fiber taper-coupled transmission measurements were performed to study the tun-

ing behavior of the cavity. Fabricated tapers were mounted and aligned as shown in

Fig. 2.11(a) and as described in [21]. A broadband IR source (Agilent 83437a) was

coupled into the fiber, polarized, and its polarization rotated to match the cavity TE

polarization. The output transmission signal was monitored with an OSA.

The fiber taper was first positioned at an offset of d = 2-3 µm and brought into

contact with the PC surface. Initially this caused no change in the transmission

spectrum except a slight scattering loss. Tension was then applied in a direction

perpendicular to the cavity main axis (in the y-direction) and the fiber taper began

to drag towards the cavity axis. When the taper reached an offset of ∼1.5 µm, an

initial coupling dip appeared at 1560 nm [Fig. 2.11(c)]. This signifies weak coupling

and a nearly zero resonance shift since the taper was far away. As the taper was

brought closer to the cavity, the cavity resonance spectrum red-shifted progressively

until a maximum of 1590 nm was reached for a zero offset (i.e., taper aligned with the

cavity axis). The coupling depth follows the qualitative behavior of Fig. 2.9(b), which

predicts maximal coupling for a 0.4 µm laterally offset taper. Also in agreement with

theory is the magnitude of the total redshift which was 30 nm. In the experiment, the

tensioned taper presses down on the PC membrane as it is dragged along the surface.

This effect could be observed while monitoring the microscope image. Therefore, all

the fiber- and strain-induced effects should be taking place for the maximum redshift

attained.

A close-up of the fundamental resonance tuning can be seen in Fig. 2.12, which

plots many intermediate points between the wavelength limits. The data show the

same results from before but with finer resolution. The measured Q values for the

largest taper offset, largest coupling depth, and zero offset taper are 2700, 520, and

1370, respectively. In order to decouple the two effects of taper redshift versus strain

redshift, we repeat the transmission experiment by slowly lowering the taper over the

central axis of the cavity while monitoring the cavity resonance. When the taper-

cavity gap is below 1 µm, the initial cavity resonance appears near the intrinsic

value due to weak loading. As the taper is slowly lowered the cavity resonance

monotonically shifts to longer wavelengths until a maximum shift of 17 nm is obtained
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Figure 2.11: Setup of fiber-coupled transmission experiment. Broadband
IR signal is sent through a fiber aligned along the cavity axis and the
normalized transmission spectrum is measured. The blue double-arrow
indicates the direction of taper scanning and OL is objective lens. (b)
Cross-section schematic of the taper-induced bowing effect. The pink color
indicates the GaP membrane and substrate while the red indicates the
remaining sacrificial AlGaP layer. The approximate dimensions are shown
and the strain, ε, is noted. (c) Transmission spectra for the cavity with
decreasing taper offsets in the direction of the black arrow. Spectra are
vertically offset by 1 for clarity.
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at contact. Since the taper now gently rests on the surface, strain effects are minimized

and the cavity resonance is redshifted because of the higher effective index of the

cavity mode. From this point, the taper was tensioned while still in contact with the

cavity, enhancing the visible bowing of the membrane and causing an additional 13

nm of shift. During tensioning, the contact area of the taper to cavity was unchanged

and the only noticeable difference was an increase in the bowing of the membrane.

Therefore we conclude that the fiber taper and strain effects sum together to produce

a large tuning range for the cavity.

Figure 2.12: Tuning of the fundamental cavity mode resonance by scanning
a fiber taper from large offset in the y-direction (label 1) to zero offset
(label 3). An intermediate point is also shown for label 2, where the
transmission coupling is maximum.

We now show that the ability to tune a resonance in a PC cavity translates into a

large tuning range for the second harmonic generated (SHG) in the cavity. Gallium
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phosphide has a large second order nonlinearity and previous experiments have shown

that the SHG signal from a PC cavity embedded in GaP can be greatly enhanced by

the cavity [36]. For this experiment a different cavity with tuning range of only 20

nm at 1550 nm was used to accommodate the tuning range of the pump laser. The

fiber taper was first coupled to a cavity while monitoring the broadband transmission

spectrum. The input to the fiber was then switched to a tunable infrared laser that

was then scanned through the cavity resonance. As this was done, SHG signal was

both collected at the output of the second arm of the fiber taper and seen optically

on a CCD camera (Fig. 2.13). The scanned output profile matches the expected

Lorentziansquared curve as seen by the fit of the data with a Q of 2200. The second

harmonic generation and collection can be understood as follows: pump light from

the laser first couples into the cavity TE mode from the fiber taper, then circulating

pump light is frequency doubled and coupled to a TM-like Bloch mode of the PC,

finally the TM Bloch mode couples back into the taper and is detected at the fiber

output. Even though the TM mode is delocalized over the full PC membrane, there

is still finite field overlap between it and the fundamental TM fiber mode such that

coupling back into the fiber will take place.

Figure 2.13: (a) Second harmonic signal (around 772 nm) collected from
the fiber as a pump laser is scanned through the cavity resonance. (b)
Visible SHG signal seen from an overhead CCD. The delocalized nature
of the propagating TM Bloch mode can be seen from the scattered light.
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Tuning of the SHG signal is performed by repeating the above process for several

taper positions. At each new cavity wavelength, the pump laser was adjusted to

match the resonance. Figure 2.14 shows a plot of five different SHG signals and a

few matching transmission profiles for resonances between 1540 nm and 1560 nm,

corresponding to a second harmonic tuning range of 10 nm.

Figure 2.14: Tunable second harmonic signal generated from the GaP
cavity and detected through the fiber. Peaks correspond to maxima of
the signal generated when the pump laser is zero detuned from the cavity
resonance. The fiber taper is used to redshift the cavity resonance which
translates into a change of the second harmonic output wavelength. Since
the taper was aligned separately for each measurement there is some vari-
ation in the transmission spectrum background and SHG output signal
strength.

The higher coupling efficiency of pump light into cavity attained via fiber pumping

compared to free space pumping can produce a larger second harmonic signal. From

coupled mode theory [26], the steady-sate cavity energy for a fiber-coupled cavity

is found to be 2ηF (1-ηF )PinQ0/ω0, where ηF is the fiber coupling efficiency (ηF =

Qtot/Qf as above), Pin is the input pump power, Q0 is the intrinsic cavity Q, and ω0

is the cavity frequency. For free space pumping the steady-state cavity energy for a

cavity without a fiber is given by 2ηFSPinQ0/ω0 where ηFS is the free space coupling
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efficiency of focused pump light into the cavity. A typical value of ηFS for this type

of cavity is 5% [36] and is limited by the spatial mode matching of the pump beam

and cavity. As the second harmonic generated is proportional to the cavity energy

squared, the fiber-coupled cavity can produce a signal up to 25 times greater than

the free space pumped cavity for ηFS = 0.05.

2.4.4 Conclusion

We have both theoretically and experimentally demonstrated a 30 nm tuning range

of GaP photonic crystal cavities fabricated for 1550 nm operation. In these thin PC

membranes, the cavity mode evanescent tail extends out farther into the air cladding

and is strongly affected by the fiber taper, which introduces a large effective index

perturbation. The thin membrane also allows for enhanced taper-induced bowing

effects, which deform (stretch) the cavity structure and increases the material refrac-

tive index by the photoeleastic effect. By taking advantage of the χ(2) nonlinearity in

gallium phosphide along with the large tuning effect of the taper, we also demonstrate

second harmonic generation that is tunable over a 10 nm range. By scaling cavity

parameters, the wavelength of the tunable second harmonic can be shifted farther

into the visible since the bandgap of GaP is at 555 nm. Such a source could find

applications in quantum optics spectroscopy, biosensing, and imaging of molecules

[42].

2.5 Coupling fiber tapers to nanobeam cavities

2.5.1 Tuneable nanobeam quantum dot PC cavity laser

One dimensional (1D) nanobeam cavities have been previously designed and fabri-

cated in a variety of passive materials. Very recently, lasing in such cavities incor-

porating quantum well material has been demonstrated [43]. Because of their small

footprint, such 1D PC cavities also have potential as compact light sources for on-chip

optical communications, and proposals for employing nanomechanical properties of
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such structures to build tunable lasers have been made [44]. Much like two dimen-

sional PC cavities, nanobeam cavities have high Q and low Vm, thereby potentially

decreasing the lasing threshold via the Purcell enhancement of spontaneous emis-

sion rate. The nanobeam laser are also suitable for coupling to fiber taper, which is

demonstrated in this work. We employ this coupling to tune the lasing wavelength

by up to 7 nm by controlling the overlap between the cavity and the taper [45].

Fiber taper fabrication details and experimental setup are the same as in [21],

and a fiber taper with a diameter of approximately 1 µm was used in this work. In

this conguration, we are able to both pump the cavity (at 780 nm) and collect the

resulting 1.3 µm emission through the fiber. We observe the cavity spectrum as we

move the fiber to different positions around the cavity, thereby changing the coupling

between the fiber and the cavity. Because the fiber has a higher index of refraction

than air, the effective index of the cavity is increased as the fiber overlaps more with

the cavity mode, leading to a red-shift of the cavity mode [21]. In particular, we move

the fiber along the lateral and vertical directions, and plot the resulting spectra in

Fig. 2.15(a). With the movements in the two directions, we demonstrate tuning of

the cavity mode by over 7 nm. In addition, the Q factor of the cavity is not greatly

deteriorated throughout the movement of the fiber, as the free space measured Q

is 5,500, while the measured Q in the spectra in Fig. 2.15(a) range from 3,800 to

5,400. We simulate the full structure of the cavity with the fiber represented by a

1 µm diameter silica (n = 1.5) cylinder lying horizontally along the nanobeam long

axis [inset, Fig. 2.15(b)]. We find via simulation that the fiber in full contact with

the nanobeam redshifts the cavity resonance by 8.4 nm from the free space resonance

wavelength, while supporting the same cavity mode with Q = 15,000 (Q = 35,000

without the fiber). These theoretical results match the experimental result of minimal

perturbation of the cavity Q in experiment, while the reduced tuning range of 7 nm

could be due to imperfect positioning of the fiber on top of the cavity. If we were to

use thinner membranes, the tuning range of the cavity mode could be even larger,

as the design of the nanobeam cavity with d/a = 0.7 connes the mode well in the z

direction.

We also pump another cavity through the fiber taper and through free space (from
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Figure 2.15: (a) Spectra from a nanobeam cavity as it is tuned by the
movement of a fiber taper in close proximity to the cavity. The free space
spectrum without the fiber taper is shown as a reference, and taper move-
ment in the lateral and vertical directions tunes the cavity mode by over 7
nm. The spectra for the tuned cavity are scaled for clarity. (b) The lasing
thresholds of one cavity pumped from free space (normal incidence) and
through the fiber taper, with collection through the fiber taper in both
cases. The fiber taper position is varied to tune the lasing wavelengths.
A reference case without any fiber tapers is also shown as the data point
with the shortest wavelength. The inset shows the geometry simulated by
FDTD, as well as the |E|2 field of the cavity mode in the presence of the
fiber taper.
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normal incidence) with the 980 nm laser, and with the fiber taper in various positions

near the cavity (in both cases, emission is collected via the fiber taper). We observe

lasing in both cases, with thresholds obtained from a linear fit to the above threshold

behavior, as before [Fig. 2.15(b)]. The data point with the shortest wavelength

represents the experiment without any fiber tapers, and we again observe that the

cavity is red-shifted with the presence of the fiber taper. We also note that the fiber

taper efficiently pumps the cavity, as we observe lower thresholds with the fiber taper

pumping than with free space pumping. This efficient pumping is due to the localized

pumping of the cavity from the fiber taper [22]. Furthermore, the free space pump

case with the presence of the fiber taper has a much higher threshold than any other

case, most likely due to the fiber taper reecting or redirecting the pump away from

the cavity. Finally, we notice that the threshold changes by more than a factor of two

over a small wavelength range as the cavity wavelength is tuned by the movement

of the fiber taper. Such a change is due to the change in pump efficiency, instead of

the change in material absorption with wavelength. The taper is moved farther away

from the center of the cavity as the cavity wavelength blue shifts, leading to reduced

pumping of the cavity region and a higher threshold.

In conclusion, we have demonstrated CW lasing from InAs QDs embedded in 1D

nanobeam PC cavities, with low thresholds of 0.3 µW and 19 µW for 780 nm and 980

nm pumping, respectively. We have demonstrated that the nanobeam cavity laser

can be tuned by over 7 nm by a fiber taper in close proximity to the cavity. The fiber

taper can also serve as a pathway to efficiently pump the cavity.



Chapter 3

Germanium for CMOS-compatible

light sources

3.1 Ge-on-Si LED

3.1.1 Motivation for the Ge-on-Si platform

As discussed earlier, one of the central goals for optical interconnects is to provide an

optical source which is suitably low power and fast. Another important parameter

of that optical source is its material composition and compatibility. The two broad

categories of semiconductor materials are III-Vs and group IV materials, named by

the groups they fall under in the periodic table of the elements. While III-Vs are

the standard materials for optical emission due to their efficient direct band gap

recombination, they are less than ideal in terms of manufacturing compatibility with

silicon CMOS chips. Since III-V elements such as Ga or P act as dopants in silicon

chips, they are painstakingly avoided in the CMOS process flow except where needed

for doping. And because the end result of the field of optical interconnects is to

integrate optical sources with CMOS chips, much research is focused on finding new

material technologies which can be directly grown on, or incorporated with silicon.

The main problem rests with the issue of having a material which is compatible

with conventional CMOS process and has an emission wavelength around 1550 nm for

46



CHAPTER 3. GERMANIUM FOR CMOS-COMPATIBLE LIGHT SOURCES 47

coupling to the optical fiber network [46]. Germanium (Ge) is compatible with silicon

and has a direct band gap of 0.8 eV, corresponding to the required telecommunication

wavelength of 1550 nm. The small difference of 0.134 eV between the direct and

indirect band gaps of Ge suggests the possibility of a direct band gap transition. There

are three main approaches that researchers are taking to fulfill this goal, including

quantum confinement (quantum wells and quantum dots) [47, 48], strain [50], and

high concentration n-type doping [51]. However, until recently, room temperature

electroluminescence (EL) reports at around 1550 nm have only been demonstrated

in Ge/Si quantum dot p-i-n diode [47, 48] and tunnel diodes [53]. By the quantum

confinement effect between Ge and Si bands and the compressive strain applied to Ge

from lattice mismatch, the indirect band gap of Ge is increased to match the required

wavelength of 1550 nm. However, due to the type II junction between Ge and Si,

only confinement of holes can be achieved [49]. Without confining electrons, Ge/Si

quantum dots still preserve the indirect band gap property of Ge and thus the light

emitting efficiency of the dots are limited. Therefore, for higher efficiency devices, a

direct band gap transition is necessary.

Other methods of strain and high n-type doping have been proposed to have the

potential of exhibiting a direct transition behavior. However, when the required 2%

tensile strain is achieved to make Ge a direct band gap material, the corresponding

emission wavelength shifts to 2500 nm [46]. Therefore, only highly-doped n-type Ge

can preserve the original direct band gap separation. Through large concentration

n-type doping, the Fermi energy of Ge will be above the indirect conduction band

(L valley) edge and the probability that electrons occupy the direct Γ valley will

increase. This band filling effect can thus enhance the light emitting efficiency of Ge by

raising the possibility of direct transitions. The higher the doping concentration, the

more direct band-gap-like the material will become. From calculations, the required

doping concentration is 7.6×1019cm−3 for Ge with 0.25% tensile strain to become

a direct band gap material [46]. Recently, the first room temperature direct band

gap EL from a Ge/Si p-i-n diode has been successfully demonstrated [51]. In this

section, we describe our demonstration of the room temperature direct band gap EL

at 1.6 µm from Ge n+/p light emitting diodes (LED) on a Si substrate with further
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discussions on the contribution of electron band filling effect to the device efficiency

under different n-type doping concentrations and the temperature dependence of the

device [52].

3.1.2 Experimental data

An n+/p Ge homojunction light emitting diode on a Si substrate was fabricated

using an in-situ doping method [52]. The isometric and cross-section schematics of

the diode are shown in Fig. 3.1(a) and Fig. 3.1(b), respectively. In-situ doping was

used because it can provide a better definition of the junction profile than traditional

implantation techniques. This is especially important for Ge due to the much higher

diffusion coefficient of the n-type dopants under post annealing and after ion implan-

tation, which make the junction profile difficult to define. The doping concentrations

of phosphorous and boron are 7.5×1018 cm−3 and 3.6×1017 cm−3, as measured by

secondary ion mass spectrometry (SIMS). Either electrical probes or wire-bonding

was used to electrically contact devices with Keithley 2635 sourcemeter. A pump

laser at 633 nm, with 4 mW of incident power focused to an approximately 20 µm

spot was used to produce PL measurements. For low-temperature measurements,

samples were placed in a liquid-He flow cryostat.

Figure 3.1: Design of the Ge-based light emitting diode. (a) Isometric
schematic of the device structure showing the Ge mesa on top of a p-type
Si substrate with Al ring contacts. (b) Cross-section schematic of the
device structure.
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Room temperature EL spectra of the Ge LED with different applied biases are

shown in Fig. 3.2(a). The wavelength of the EL peak is located near 1.6 µm, which

suggests emission from the direct band gap of Ge. The onset of the EL is at 0.75

V, closely matching the indirect band gap (0.66 eV) of Ge. The EL intensity is

significantly enhanced for voltages greater than 2 V, which corresponds to a current

density of 160 A/cm2. Due to the spectrometer detection limit at 1600 nm, we cannot

obtain a complete EL spectrum for this device. The actual peak position is expected

at approximately 1610 nm due to the 0.2% thermal-induced tensile strain from Ge

on Si epitaxy [54].

The current density-to-voltage (J-V) curve of this device in Fig. 3.2(b) shows

typical diode-like behavior. For applied voltages greater than 2 V, the J-V slope of

1.21 implies ohmic conduction from the series resistance of the device. The integrated

EL intensity dependence on drive current is shown in Fig. 3.2(c). This dependence

is also characterized empirically by the relation L∝Jm, where L is the integrated EL

intensity and J is the current density. The exponent m is an important factor used to

understand the emission behavior. For current densities between 36 and 250 A/cm2,

the extracted exponent m is 0.94, indicating a linear relation. However, a superlinear

L-J dependence with m of 1.48 is observed for currents greater than 300 A/cm2.

This implies that the device is more effective when operating under high current.

This phenomenon is contrary to typical LED behavior, which exhibits lower m values

at higher currents due to lower radiative efficiency, caused by effects such as Auger

recombination. We believe that this superlinear effect at high injection currents is

caused by an increase in device temperature by Joule heating, as well as a shift of

the position of the quasi Fermi-level Efn.

From previous reports, the band filling level of the electrons is essential to the

radiative efficiency of Ge [46]. Here we compare two Ge LEDs with n type doping

concentrations of 1.5×1018 and 7.5×1018 cm−3 to understand the importance of the

electron band filling effect. The remainder of the fabrication conditions are the same

for each device. Figure 3.3(a) shows the PL measurement results of these two devices

and a reference sample of undoped epi-Ge on Si. As expected, the 7.5×1018 cm−3

sample has the highest PL intensity, due to increased band-filling. The EL spectra
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Figure 3.2: (a). Electroluminescence spectra of the Ge LED under different
applied biases. (b) Current density-to-voltage (J-V) characteristic of the
device. The J-V curve exhibits a dependence of 1.21 for voltages greater
than 2 V. (c) Integrated luminescence-to-current density L-Jm character-
istics of the device. The factor m is 0.94 between 36-250 A/cm2 and 1.48
for current densities greater than 300 A/cm2.
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for these two devices are shown in Fig. 3.3(b). In order to eliminate the factor of

series resistance for these two devices, the spectra are taken under the same drive

current density of 700 A/cm2. This result shows a similar trend as that of the PL

measurement; the higher doping concentration sample is more radiatively efficient.

The intensity ratio between the 7.5×1018 cm−3 and 1.5×1018 cm−3 samples for PL and

EL are 1.90 and 1.82, respectively. The similar spectral shapes and intensity ratios

of PL and EL measurements suggest that the same luminescence mechanism takes

place in both measurements. From a simple density of states calculation, the Fermi

energy of the 7.5×1018 cm−3 device is only at the edge of the indirect L valley. To

have better radiative efficiency, increased gain, and lower series resistance, improving

the electron band filling technique through increased doping is necessary.

Figure 3.3: (a). PL spectra of undoped, n-type 1.5×1018 cm−3 and
7.5×1018 cm−3 concentrations of Ge. Better radiative efficiency is ob-
tained with higher n-type doping concentration. (b) EL spectra of n-type
1.5×1018 cm−3 and 7.5×1018 cm−3 concentration Ge devices under the
same drive current of 700 A/cm2. A similar emission trend is observed as
that for the PL spectra. The evidence of similar spectra shapes suggests
the same light emitting mechanism.

We conclude from the results shown in Fig. 3.2(c) that a cause of the EL enhance-

ment effect at high current densities is likely due to the increase in electron density in

the Γ valley caused by Joule heating. It is therefore important to further understand



CHAPTER 3. GERMANIUM FOR CMOS-COMPATIBLE LIGHT SOURCES 52

the dependence of EL with temperature. EL spectra from 50K to 300K, taken by

placing the sample in a liquid-He cooled cryostat, are shown in Fig. 3.4. The spectra

are obtained under the same drive current of 250 A/cm2. Unlike the temperature de-

pendence for a normal LED, EL intensity is enhanced as the temperature is increased.

This effect is especially different from the temperature dependent EL reports of Ge

quantum dot and SiGe quantum well devices [53], which show EL quenching at high

temperature. For an n-type doping concentration of 7.5×1018 cm−3 , the Fermi en-

ergy is only at the edge of the in-direct L valley. Therefore, the electron density in

the Γ valley, which contributes to the radiative transition, is highly dependent on

the Fermi-Dirac distribution. At lower temperatures, the Fermi-Dirac distribution

resembles a step function and the probability that electrons occupy Γ valley is de-

creased. Conversely, at higher temperatures the electron distribution is smeared out

and the likelihood of electron occupation in the Γ valley increases. This is the reason

why our temperature dependent EL measurements show a better radiative efficiency

at higher temperatures. Part of the superlinear relation with m=1.48 from the L-J

curve at higher current densities can be interpreted as being caused by Joule heating

which increases the population of the Γ valley and thus the radiative efficiency of the

device. An expected redshift is also observed in the temperature dependence data

due to the direct band gap shrinkage at higher temperature.

3.1.3 Conclusion

We have demonstrated a Si-compatible Ge-based LED at 1.6 µm. This is a significant

step in achieving a Si-compatible laser, which have been studied for over two decades.

The direct band gap transition characteristic of this device and the simple fabrica-

tion process make it attractive for telecommunication applications. The higher light

emitting efficiency at higher temperatures shows the capability of this device to op-

erate at room temperature, which is an important necessity from a practical point of

view. To demonstrate a Ge-based Si-compatible laser using the band filling method,

a higher n type doping concentration of Ge needs to be achieved in order to increase

the radiative efficiency and achieve gain
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Figure 3.4: EL spectra measured at various temperatures. Better radiative
efficiencies are observed for higher temperatures. Redshifts of the EL peaks
at higher temperature are also obtained due to the band gap shrinkage of
Ge.
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3.2 Direct band PL coupled to Ge-on-Si microdisk

resonators

Previously, there have been several reports on the photoluminescence and electrolu-

minescence properties of doped germanium, demonstrating the effectiveness of heavy

n-type doping on emission [52, 51]. Recently, Liu et al. [55] showed an optically

pumped germanium-on-silicon laser utilizing a large FabryPerot cavity structure. For

optical emitters on-chip, it would be preferable to scale down the cavity size to the

micron-scale for dense integration. Microdisk resonators, for example, have the ad-

vantages of a small footprint and a high quality factor that allow for low threshold

lasing with reduced power consumption. Furthermore, microdisks can be efficiently

coupled to output waveguides for routing light on-chip and can be easily electrically

contacted. Microdisks circulate light around the perimeter of the disk edge via total

internal reflection. Light literally bounces off the circular walls of the disk in a re-

peating pattern. Out of plane light is confined by similar total internal reflection as is

observed for PC membranes. In this section we describe our work in germanium mi-

crodisk cavities grown on silicon substrates under various optical pumping conditions

[56].

Microdisk resonators were formed by depositing 1 µm of germanium-on-silicon

substrates in a chemical vapor deposition reactor with multiple deposition and an-

nealing steps [52]. n-type samples were doped in situ by owing phosphine gas during

the deposition and were limited to 1 ×1019cm3 doping levels to avoid reduced crystal

quality at higher levels. Disks were dened using optical lithography and dry etching

before undercutting the Si sacricial layer with potassium hydroxide, forming a germa-

nium disk on top of a silicon pedestal (Fig. 3.2.1a). For these microresonators with

high index contrast and large thickness, numerous TE and TM whispering gallery

modes (WGM) were found from FDTD simulations. A particular TE WGM at 1552

nm with a cavity Q in excess of 105 (neglecting material absorption) is shown in Fig.

3.5a.

The germanium microdisk cavities were rst characterized in transmission using a
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Figure 3.5: (a) SEM image of a fabricated germanium microdisk with di-
ameter of 3.6 µm. The scale bar is 1 µm and the Hz field profile (in the
direction of pedestal) of a simulated WGM (at 1552 nm) is shown to the
right in both top and cross section slices. (b) Experimental setup for fiber
taper probing the microdisks in both transmission (BBS to OSA path) and
photoluminescence (LD to spectrometer path). LD is laser diode, BBS is
broadband source, and OSA is optical spectrum analyzer. The underlying
picture is an optical microscope image of the fiber taper positioned right
next to the microdisk. (c) Transmission spectrum for an undoped 3.6 µm
diameter germanium microdisk with four labeled WGMs. (d) Transmis-
sion spectrum for a 1×1019cm3 n-type disk of the same diameter.
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side-coupled fiber taper of approximately 1 µm in diameter [21](Fig. 3.5(b)). The

transmission spectrum for a 3.6 µm diameter intrinsic microdisk is shown in Fig.

3.5(c). Clear WGMs are seen for wavelengths longer than 1550 nm, with modes

becoming increasingly sharp below the direct gap absorption edge of 1600 nm. Ger-

maniums indirect bandgap absorption limits these Q values to a few thousand, while

the direct bandgap is heavily absorbing and no modes are expected far past the di-

rect band edge (wavelengths below 1550 nm). Four modes in the transition region

between minimal and heavy direct gap absorption are labeled in Fig. 3.5(c). In Fig.

3.5(d), the transmission spectrum for an n-type germanium cavity with a 3.6 µm di-

ameter shows similar behavior as intrinsic Ge; however, due to increased free-carrier

absorption (FCA), the cavity modes have lower Q.

Theoretically we expect material gain to occur for 0.2% tensile strained germanium

when the nominal electron concentration approaches ∼1020 cm3, which can include

contributions from dopant ions as well as injected carriers [55]. To find the steady-

state carrier injection for a given pumping strength and initial doping level we use

the rate equation:

∆N

dt
= G− ∆N

τNR
−RΓ∆P (xΓ∆N)− CN(∆N +N0)(∆N +N0)∆P

−CP (∆N +N0)∆P∆P.

(3.1)

Here ∆ N and ∆ P are the injected electron and hole concentrations, G is the

carrier generation rate, τNR is the non-radiative recombination time estimated as

100 ns, RΓ = 1.3×10−10 cm3 s−1 is the direct gap recombination rate [46], xΓ is the

fraction of electrons in the direct bandgap calculated based on Fermi-Dirac statistics,

CN = 3×10−32 cm6 s−1 and CP = 7×10−32 cm6 s−1 are the electron and hole Auger

recombination rates, and N0 is the n-type doping level. As an estimate, if 100 mW

of 980 nm pump with a spot size of 3 x 3 µm is fully absorbed in a 1 µm thick Ge

disk that is undoped, we find ∆N = 8×1019 cm−3 from the steady state solution to
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the equation. Meanwhile, a sample that is doped only to 1×1019 cm−3 will have a

steady-state ∆N = 7.5×1019 cm−3, for a combined electron level of 8.5×1019 cm−3.

Therefore, because the majority of band filling comes from optical injection and since

the cavity modes of n-type samples are weakly visible in our detector range (which

cuts off past 1600 nm), we focus our analysis on intrinsic Ge disks, although we note

that similar results were obtained for n-type samples.

Optical pumping of the intrinsic germanium cavities was performed with a 980

nm laser diode through an overhead objective lens. Fig. 3.6(a) displays the behavior

of the cavity transmission for increasing continuous wave (CW) 980 nm pumping at

various power levels. As the pump power increases, the band edge shifts to longer

wavelengths, indicating a predominant heating effect. Meanwhile the cavity modes

redshift due to the increase in refractive index caused by the bandgap reduction.

In order to find the time scale by which the cavity thermally relaxes, we perform

pulsed pumping by directly modulating the 980 nm laser. The laser is set to have

a 50% duty cycle and the repetition rate is varied to see its effect on the microdisk

transmission. When the length of the off-cycle is of the order of the thermal relaxation

time, the transmission spectrum is blurred due to a superposition of cavity dips at

different wavelengths, as seen in the bottom two traces of Fig. 3.6(b). When the

off cycle is longer than the thermal relaxation time, the transmission spectrum once

again displays the cavity modes clearly as seen in the top two traces of Fig. 3.6(b).

From the data, we find that heat dissipates on the scale of 2-5 microseconds for this

particular size Ge microdisk.

Photoluminescence from the germanium cavity was collected by feeding one pigtail

of the fiber taper into a spectrometer, where it was detected by a cooled InGaAs

detector array. In Fig. 3.7(a), we see the output spectrum for 750 µW of 980 nm

pump power consists of a small background Ge PL as well as four cavity-enhanced

peaks, corresponding exactly to the four peaks found in transmission. From this

result, we see that germanium microdisk cavities on silicon substrates can indeed emit

resonant PL near 1.55 µm. Emission is possible before the onset of lasing because

these cavity modes are positioned at the edge of the direct gap, where absorption is

still low and resonant modes can be sustained. We attribute the PL to the direct gap
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Figure 3.6: (a). Transmission spectrum for the undoped 3.6 µm diameter
disk under CW 980 nm laser pumping. A broadband source coupled to
fiber taper is used to probe the cavity in transmission, while optical pump-
ing is performed with a CW 980 nm laser in the direction perpendicular
to the chip. Spectra are offset by 0.6 units for clarity. (b) Transmission
spectra of the same disk under 50% duty cycle pulsed pumping with 5 mW
peak power of the 980 nm laser. Legend labels indicate off-cycle duration
and spectra are offset by 0.5 units.



CHAPTER 3. GERMANIUM FOR CMOS-COMPATIBLE LIGHT SOURCES 59

transition due to the similarity of emission properties compared to previous studies

[52]. The two narrow peaks labeled 2 and 3 in Fig. 3.7(a) are located at 1565 nm

and 1575 nm, respectively, and have intrinsic taper-loaded Q factors of 700 and 530

(as measured in transmission) due to the background germanium absorption. As we

increase the pump power, we monitor the change in quality factor and wavelength

position of these two modes as seen in Fig. 3.7(c). For both modes, the Q factor

decreases with increasing power and the wavelength redshifts, in agreement with the

transmission spectra. Fig. 3.7(b) shows a PL spectrum under 2 mW pump power,

confirming this trend.

Figure 3.7: (a) PL spectrum of the germanium microdisk for a 750 µW
CW pump at 980nm. Peaks labeled 2 and 3 are the main emission peaks
analyzed. (b) PL spectrum under 2 mW of CW pump power. (c) Cavity
mode wavelength and quality factor behavior for modes 2 and 3 versus
increasing CW pump power. The zero pump power data point is taken
from transmission measurements.

To reduce the impact of heating, we perform pulsed pumping measurements with
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the directly modulated 980 nm laser. Fig. 3.8(a) shows the effect of reducing the duty

cycle of the pump for a 1 MHz repetition rate and a peak power of 5 mW. As the duty

cycle is decreased from 100% to 2.5%, the Q factor of the cavity modes increases and

the wavelength decreases, approaching the un-pumped value. Therefore we conclude

that pulsed pumping is an effective way of reducing the parasitic heating. Next, we

set the repetition rate at 1 MHz and the pulse width at 50 ns and increase the peak

power (Fig. 3.8(b)). Significant linewidth narrowing or material transparency did

not take place for these pumping conditions. Instead, increasing peak power leads to

a measured Q reduction as well as a blueshift of the cavity modes, even beyond the

intrinsic values. Likely, the measured blueshift and Q-factor reduction are a result of

FCA dominating over material gain. Although our pump laser is powerful enough to

reach the injection levels needed for inversion, as calculated above, the cavity modes

broaden completely before that level can be reached, suggesting that the FCA is too

high for low or undoped samples.

Figure 3.8: (a) Quality factor and wavelength behavior of cavity modes
2 and 3 versus the on-pulse width for a 1 µs repetition period. (b) Q-
factor and wavelength behavior for the same modes as the peak power is
increased for a 50 ns on-pulse and a 1 µs repetition period.
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In summary, optically pumped germanium microcavities on silicon were investi-

gated as emitters for on-chip source applications. Clear cavity WGMs were collected

via fiber taper and analyzed under various pump conditions. Transmission and PL

measurements revealed that heating is a main detriment in preventing lasing by reduc-

ing the material gain. The high pumping conditions necessary to invert germanium

are a direct result of the inability to heavily dope epitaxially grown Ge-on-Si to the

desired ∼1020 cm−3. Although aggressive pumping conditions such as Q-switched

lasers can be used to overcome this hurdle [55], a more practical method must be

developed for real applications. With current progress in co-doped ion implantation

techniques, n-type doping levels in excess of 1020 cm−3 have been demonstrated [57].

We believe that such high doping may be possible to implement in germanium mi-

crocavities, thereby relaxing the pumping conditions, optical or electrical, needed for

lasing to occur.

3.3 Cavity-enhanced direct band EL near 1550 nm

from Ge microdisks

We electrically and optically characterize a germanium resonator diode on silicon

fabricated by integrating a germanium light emitting diode with a microdisk cavity

[58]. Diode current-voltage characteristics show a low ideality factor and a high on/off

ratio. The optical transmission of the resonator features whispering gallery modes

with quality factors of a few hundred. Direct band gap electroluminescence under

continuous current injection shows a clear enhancement of emission by the cavity. At

this stage, the pumping level is not high enough to cause linewidth narrowing and

invert the material. A higher n-type activated doping of germanium is necessary to

achieve lasing.

The cross-section schematic of the Ge resonator diode is shown in Fig. 3.9(a).

An highly-doped p-type (100) Si substrate was used with a resistivity of 0.005 Ω-cm,

corresponding to a doping concentration over 1×1019 cm−3. A 0.9 µm-thick undoped

Ge layer was then deposited on this p+ Si substrate by an Applied Materials reduced
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pressure chemical vapor deposition (CVD) system. The growth process includes two

deposition steps at 400 ◦C and 600 ◦C with the partial pressure of GeH4 at 8 Pa.

Hydrogen annealing at 825 ◦C was done after each deposition step to improve crys-

tal quality. A 200 nm in-situ doped n+ (1×1019 cm−3) Ge layer was subsequently

deposited at 600 ◦C to form the diode junction. To be noticed that we use undoped

Ge instead of n-type Ge as the active layer of this LED for obtaining a more clear

visibility on resonance behavior, which has been discussed in our previous work [52].

Photolithography and a reactive ion etching (RIE) process were applied to form 6

µm-diameter Ge disks. The disks were then passivated with a 30 nm-thick low tem-

perature oxide (LTO) layer at 300 ◦C. After opening contact windows, the top and

bottom aluminum (Al) contacts were deposited by e-beam evaporation.

Figure 3.9: Design of the Ge microdisk resonator diode. (a) Cross-section
schematic of the device structure. The profile of the Hz component of
the simulated whispering gallery mode is shown to the right in both top
and cross section slices. (b) Overhead-view optical image of a fabricated
6-µm diameter resonator diode probed by fiber taper. (c) SEM image of
a fabricated resonator diode.

For such a small disk diameter, directly probing the top contact is difficult. A

connecting wire was thus designed to bridge the top metal and the side probing pad.

To ensure that the injected carriers can spread out to the side of the disk for cavity
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coupling, the Ge microdisk was not undercut. The drawback is a higher optical loss

since the bottom side of the disk is not isolated. However, FDTD simulation shows

that it is still possible to obtain high quality factors in certain modes for this structure.

The inset of Fig. 3.9(a) shows a particular transverse electric whispering gallery mode

at 1630 nm with a Q near 105 (excluding absorption losses). An overhead view optical

microscope image and a scanning electron microscope image are shown in Fig. 3.9(b)

and Fig. 3.9(c), respectively. The width of the connecting wire is minimized to 1 µm

to reduce metal loss.

The diode current-voltage was initially characterized and is shown in Fig. 3.10(a).

The diode exhibits standard rectifying behavior with an ideality factor of 1.25. A

high on/off ratio over 1×106 is found, indicating good epitaxial Ge quality and a

low series resistance. This low series resistance of 16 Ω comes from the high doping

concentrations of the p+ Si substrate and the n+ Ge layer, as well as from small

device dimensions. This allows the diode to be operated at a high current density

of 3×104 A/cm2 (8.7 mA) at 1 V before it reaches the series resistance dominated

region. The optical properties of the resonator diode are studied in transmission

(Fig. 3.10(b)) using a side-coupled fiber taper of approximately 1 µm in diameter

[21]. WGMs were observed at wavelengths above 1550 nm, showing that the modified

cavity structure has optical properties similar to uncontacted disks [56]. Since the

direct band edge is near 1610 nm for epi-Ge on Si with a 0.2% tensile strain [59], the

Q factors of cavity modes below 1610 nm gradually decrease due to increasing direct

band absorption. Two cavity modes near 1550 nm can be identified and labeled as

peak no. 1 and 2. The quality factors of these two modes are 205 and 477 respectively.

The lower Q factors compared to our optically-pumped Ge microdisks indicate that

there is additional cavity loss. This extra cavity loss originates from the combination

of several factors. First, the design without undercut enables photons to preferentially

leak to the bottom Si substrate, thereby reducing optical confinement. Second, free

carriers in the n+ germanium layer and p+ Si substrate cause free carrier absorption

loss. The effect of doping on FCA in Ge microdisks has already been discussed [56].

Finally, the Al wire on the disk edge and top surface can cause significant metal loss.

This excess cavity loss (beyond that due to material absorption) can be extracted
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from the modes located in the indirect band region. The quality factor of the cavity

mode located at 1669 nm (peak no. 3) is 932, corresponding to 160 cm−1 loss. The

reported indirect band absorption [60] loss at this wavelength is 30 cm−1, giving an

excess cavity loss of 130 cm−1. Since the gain of Ge can reach values above 1000

cm−1 under proper band filling condition, our device loss is still small enough to be

overcome.

Figure 3.10: Electrical and optical properties of the resonator diode. (a)
Current-voltage characteristic of the device. (b) Optical transmission spec-
trum of the device (measured through an evanescently coupled fiber taper)
with three resonance modes labeled.

The cavity modes were studied under continuous pump current with a Keithley

2635 source meter. Fig. 3.11(a) shows the behavior of the cavity transmission under

various pumping levels. As the pump current increases, the cavity resonances become

broader and shallower, indicating a drop in the quality factors. This is similar to the

behavior we observed from optically-pumped Ge resonators. The possible causes for

Q reduction in Ge microdisks are heating and FCA. In order to clarify this, the quality

factor and wavelength of peak no. 2 were characterized for increasing pump currents

(Fig. 3.11(b)). As we increase the pump current from 0 to 8 mA (2.8×104 A/cm2),

the quality factor decreases from 477 to 220 and the peak wavelength undergoes a

1.26 nm blueshift. Therefore, the cause of the Q reduction is dominated by FCA

instead of heating which would have resulted in a redshift of both the direct band
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edge and cavity modes. Therefore, this device driven at a current density over 104

A/cm2 generates minimal heat and is a promising design for lasing structures. The

FCA-driven peak broadening effect comes from the carriers in the Ge indirect L valley

and cannot be avoided with the band filling approach[46]. Linewidth narrowing was

not observed at this stage, indicating that a higher band filling level is required for

the resonator to overcome the FCA and reach material gain.

Figure 3.11: The behavior of cavity modes under increasing pump current.
(a) Optical transmission spectra for the resonator diode (measured through
evanescently coupled fiber taper) under continuous pump current. The
spectra are offset by 0.4 units for clarity. (b) Cavity mode wavelength and
quality factor for peak no. 2 versus continuous pump current.

Electroluminescence from the Ge resonator diode was collected by connecting the

fiber taper output to a spectrometer with a cooled InGaAs detector array. Fig. 3.12(a)

shows the output spectrum under a pump current of 0.5 mA. The spectrum consists

of both background and cavity mode EL from the direct bandgap. Two peaks can

be identified which exactly correspond to the labeled cavity modes observed from

transmission (1 and 2). Therefore, we obtained cavity-enhanced direct gap EL near

1550 nm from a Ge resonator diode. As we increase the pump current to 3 mA,

shown in Fig. 3.12(b), the peaks broadened, in agreement with the transmission
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measurement. As discussed above, the injection levels here are too low for direct

band inversion and therefore FCA broadens the mode linewidth.

Figure 3.12: EL spectra from the Ge resonator diode under different pump
levels. (a) EL spectrum of the device under continuous 0.5 mA pump cur-
rent. Peaks labeled 1 and 2 are the same peaks obtained from transmission
(b) PL spectrum of the device under 3 mA pump current.

In summary, we demonstrated the Ge resonator diode on Si by integrating a mi-

crodisk resonator with a Ge LED. The I-V characteristics and optical transmission

behaviors show good electrical and optical behaviors. Cavity-enhanced EL was ob-

served for WGMs near the band edge. The lower Q factors of the modes in this

study compared to those in our optically-pumped Ge microdisk are due to extra loss

from the doping layers and metal contacts. Linewidth broadening was observed un-

der high pumping due to FCA and not heating. A higher activation of the n-type

layer is required to invert the device and overcome FCA. With current progress of

co-implantation and laser annealing, n-type doping levels in excess of 1020 cm−3 have

been demonstrated in Ge [57, 61]. By careful integration of these techniques with a

resonator diode, we believe an electrically-pumped Ge laser can be realized.



Chapter 4

Electrically driven photonic crystal

devices

4.1 Photonic crystal cavity laser background

We now turn to the central results of the first half of this dissertation. In this

chapter, we introduce and demonstrate world record performing optical sources as

well as novel modulators and LEDs using electrically driven photonic crystals [62,

63, 64, 65, 66, 67, 68]. For these sources we use the gallium arsenide platform with

embedded quantum dots for optical emission. In contrast with the group IV materials

discussed in the previous chapter, III-V materials are the de facto standard for most

optoelectronic devices owing to their efficient direct band gap recombination. Though

there is reluctance to incorporate these materials directly on a CMOS platform, a

growing number of industry experts believe a logical alternative is to incorporate

III-V sources off-chip and route light elsewhere. No matter where the source will

eventually be, it will still need to satisfy the requirements of low power and high

speed, and thus research on high performance III-V cavities is described here.

Effective electrical control of high performance photonic crystal lasers has thus

far remained elusive due to the complexities associated with current injection into

cavities. The first experimental demonstration of an optically pumped PC cavity

laser began a wave of research in active photonic crystal cavity devices [69]. PC

67
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nanocavity lasers have advanced remarkably and now represent the state of the art

in low-threshold lasers [70]. In such high Q-factor and small mode-volume cavities

the Purcell factor can be quite high, reducing the lasing threshold and increasing

the modulation rate [71]. Optically pumped PC nanocavity lasers have been demon-

strated to have thresholds of only a few nW, high output powers, and modulation

rates exceeding 100 GHz [15, 72, 18]. Furthermore, they can operate in continuous

wave mode at room temperature and can be efficiently coupled to passive waveguides

for optoelectronic integrated circuit applications [73, 74].

Although sophisticated PC lasers and active devices have been developed, their

corresponding electrical control has lagged tremendously. Because of the challenges

associated with electrical pumping of photonic crystal membranes, all of the afore-

mentioned laser demonstrations relied on impractical optical pumping. There has

been one previous demonstration of an electrically pumped photonic crystal laser

using a vertical p-i-n junction grown within the semiconductor membrane [75]. A

current post is used to inject carriers into the cavity region; however the current

post limits the quality factor of the cavity, restricts the choice of the cavity design,

and requires a complicated fabrication procedure [76]. In addition, a high threshold

current of 260 µA was observed, significantly higher than in optically pumped PC

devices and even exceeding that of good VCSELs [12]. Other groups have used similar

vertical p-i-n designs for electrical pumping of PC LEDs but have not been able to

resolve the complications associated with this inefficient injection platform [77, 78].

Due to the limited current spreading ability of the thin conductive layers, most of the

electroluminescence is not coupled to the cavity, wasting electrical power and heating

the device.

We have therefore devised a new method for electrical control of photonic crystal

cavities employing a lateral p-i-n junction (shown schematically in Fig. 4.1(a) and

visualized in the scanning electron microscope (SEM) image in Fig. 4.1(b)) [62, 63].

The geometry inherent to 2D photonic crystal membranes lends itself more easily

to lateral current injection defined by ion implanted p- and n-type regions. This

device architecture has a simple and flexible fabrication procedure with high control

over the current flow. In addition, arbitrary PC cavity designs with high Q-factors
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can be used along with coupling waveguides for efficient light extraction. Moreover,

doping is introduced only in desired areas, enabling efficient integration of active

and passive devices (as opposed to vertical p-i-n junctions where the doped regions

are defined during growth, and in the entire wafer). While the most immediate

application of our lateral junction is for nanocavity lasers and light-emitting diodes,

the architecture is suitable for any number of applications needing active, integrable

control of photonic crystal cavities. Finally, such a platform offers a new degree of

freedom for electrical control or tuning beyond that demonstrated in prior devices

manipulated by electrostatics or local fields [79, 80].

Figure 4.1: (a) Schematic of the electrically driven photonic crystal cavity
devices. The p-type doping region is indicated in red, and the n-type
region in green. The width of the intrinsic region is narrow in the center
to direct current flow to the cavity. The doping profile is tapered to ensure
proper electrical injection. A trench is added to the sides of the cavity to
reduce leakage current. (b) Tilted SEM of a fabricated laterally doped
structure. A faint outline of the doping regions is visible.

4.2 Lateral junction platform and design

As mentioned above, our solution to the PC cavity electrical injection problem is to

use a lateral junction formed by ion implantation [62]. Lateral current injection (LCI)
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has become routine for silicon-based electro-optic ring modulators in recent years

owing to mature device process knowledge [81]. More recently, a lateral junction in Si

photonic crystals has been demonstrated for compact modulators and detectors [82,

83]. On the other hand, far less attention has been put towards III-V processed lateral

junctions. It is possible to form lateral junctions in III-V materials during molecular

beam epitaxy by incorporating appropriate dopant ions during multiple regrowth

steps. However, this technique is very complicated and requires additional electron-

beam lithography steps [84]. Alternatively, ion implantation has been explored as a

method to form LCI edge-emitting GaAs lasers and more recently electroluminescent

devices in InGaAsP PC membranes [85, 86]. We build off of these works and refine a

technique to form a lateral junction in GaAs with high precision and reproducibility.

We first note the choice of III-V membrane and active gain material, here gallium

arsenide and indium arsenide self-assembled quantum dots (QDs). Quantum dots are

prefered for the gain medium because they can have exceptionally low transparency

carrier densities, allowing for reduced threshold lasing [73]. The low transparency

carrier density also allows for relaxed constraints on the carrier injection levels and

corresponding doping levels. Furthermore, nonradiative recombination of the dots

themselves is improved versus similar quantum well (QW) systems [87].

Figure 4.2 shows a simplified schematic diagram of the lateral junction photonic

crystal fabrication procedure. First, alignment marks were defined on the unpatterned

wafer using electron beam lithography and a thick layer of silicon nitride was deposited

on the sample to serve as a mask for ion implantation of Si. Electron beam lithography

was used to pattern the n-type doping region and Si ions were implanted at an energy

and dose such that the maximum of the doping density was 6 × 1017 cm−3 and the

maximum of the dopant distribution was near the middle of the membrane. Another

nitride mask was used to define the p-type doping region, formed by Be ions and

achieving a doping density of 2.5 × 1019 cm−3. Next, a tensile strained silicon nitride

cap was deposited to prevent As out-diffusion during the subsequent high temperature

anneal. The samples were then annealed in a rapid thermal annealer to activate the

dopants and remove almost all of the lattice damage caused by the ion implantation.

The photonic crystal pattern was defined using electron beam lithography and etched
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into the membrane. Simultaneous with the photonic crystal, trenches were etched to

the sides of the cavity and all the way around each of the contacts; this was found to

reduce the leakage current to reasonable levels. Finally, metal contacts were deposited

in a lift-off process, activated, and the photonic crystal membranes were undercut.

For full fabrication details see [63].

Si and Be ions were chosen because they offer the best combination of low lattice

damage and high activation efficiency [88]. In fact, our p- and n-type region carrier

concentrations of 2.5 × 1019 cm−3 and 6 × 1017 cm−3 are close to the highest expected

values for activated carrier concentrations from Be and Si dopants in GaAs [88]. In

our former study, we used Mg ions for the p region; however, we found activated

carrier concentrations were lower at 3 × 1018 cm−3 [62]. Both the physical layout

and carrier concentration of our devices were found through scanning capacitance

microscopy (SCM) [89], as seen in Figure 4.3. The image shows that we have excellent

control over the doping layout with an accuracy of within 30 nm determined by our

e-beam alignment procedure. By comparing the position of the nitride mask edge

to the measured doping edge, we can determine the distance of dopant diffusion and

therefore control the intrinsic cavity region width. This parameter is very important

for several reasons. Spatial overlap of the cavity mode profile with the heavily doped

regions leads to free carrier absorption and degradation of the Q-factor. In terms of

realizing the best intrinsic Q-factor, the p and n regions would ideally be spaced out

as far as possible. Counteracting this force is the fact that carrier injection into the

intrinsic region goes down drastically as the doping regions are spaced farther apart,

eventually to a value below the inversion condition for the QDs. This happens because

the diffusion length for carriers in GaAs with a high non-radiative recombination

rate is extremely short (200 nm for electrons and 40 nm for holes) [64]. Therefore

a compromise between FCA and carrier injection must be made for a set intrinsic

region width. Lastly, ion implantation degrades much of the QD emission even after

the lattice is annealed so proper alignment of the intrinsic region with the PC cavity

is critical.

Our annealed QDs exhibit a blueshift by about 80 nm and a reduction in room

temperature emission by a factor of ten (cryogenic emission intensity is unchanged).
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Figure 4.2: Schematic illustration of the fabrication process (a) The start-
ing material is a 220 nm thick membrane of GaAs with embedded InAs
QDs. (b) Si and Be ions are implanted through a silicon nitride mask
patterned by electron beam lithography. (c) The implanted dopants are
activated by annealing at 850 ◦C for 30s with a nitride cap which is sub-
sequently removed by dry etching. (d) The photonic crystal pattern is
defined in a resist by electron beam lithography and transferred into the
GaAs membrane by dry etching. (e) The AlGaAs sacrificial layer is re-
moved with wet etching. (f) The p and n contacts are deposited by pho-
tolithography and liftoff.
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Figure 4.3: (a) AFM topography image of the fabricated device without
a photonic crystal. The scale bar is 5 µm. (b) SCM image of the region
in (a). The p-side of the device is in the lower left corner and the n-side
in the upper right. The trench is etched at the device centre, showing
the precision of the alignment of the doping regions. ‘SCM data’ is a
combination of the phase and amplitude of capacitance data, where the
strength of the signal is directly proportional to the intensity of doping in
the local region under the tip [89]. The scale bar is 5 µm.
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Previous reports on annealed InAs quantum dots showed similar results with the

likely conclusion that the QD core and wetting layer intermix [90, 157]. The effect

of material intermixing decreases the QD carrier confinement potential, which has

implications for room temperature operation.

We found that trenches surrounding the metal contact pads are vital in order to

ensure current flows through only the cavity region. Due to light background doping

of the top GaAs membrane, current can spread laterally through the entire membrane,

bypassing the cavity and resulting in poor current-voltage characteristics. An example

I-V plot of one of our former lateral diode devices fabricated without isolation trenches

is shown in Figure 4.4. The quasi-linear current response is unrepresentative of a

working diode and is more likely the result of the resistive membrane. The measured

current level is in the mA range, which is orders of magnitude higher than what is

expected and observed from properly functioning diodes with isolation trenches. As

an alternative to the physical cuts imposed by the isolation trenches, future devices

could potentially employ hydrogen implantation as a current aperture (as in VCSELs)

in order to preserve the mechanical structure of the semiconductor membrane [92].

Two-dimensional finite element Poisson simulations were carried out to predict

the expected electrical behavior of our devices [65]. The structure of the 2D PC

(L3) devices has dimensions 5.91 µm × 8.37 µm × 220 nm l × w × h, and contains a

triangular lattice structure (a = 310 nm, r = 0.275a) with a three-hole linear defect. A

400 nm long intrinsic region is aligned with the cavity to avoid lattice damage-induced

Q degradation. Starting two PC periods from the edges of the defect, the intrinsic

region is expanded to a maximum width of 5 lm to limit leakage current through the

mirror regions. Control membranes did not include the trapezoidal doping regions

and maintained a constant 5 µm intrinsic length. Dopant densities for both structures

are set to experimentally realized values of ND = 6 × 1017 cm−3 and NA = 2.5 ×
1019 cm−3, with a background impurity density of NA,intrinsic = 1015 cm−3. Only the

suspended GaAs device layer was modeled; simulated electrical contacts were placed

where the undercut structure came into contact with the sacricial AlGaAs layer and

GaAs substrate present in previously reported devices.

Previous studies of electrical transport through InP photonic lattices have shown
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Figure 4.4: (a) Typical I-V curve for a lateral junction fabricated without
proper isolation trenches. The magnitude of the current is exceptionally
high because of the large leakage pathway through the entire top GaAs
membrane. The shape of the I-V curve does not resemble an ideal diode
and is more characteristic of linear resistive behavior. (b) Diagram of the
leakage current. Yellow squares are metal contacts and black rectangles
are trenches. Most of the current is directed away from the cavity device
region as seen by the orange arrows.
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that current flow persists even in the presence of etched holes [93]. The transport

is modified by a geometric fill factor that accounts for the reduced membrane cross

section area from the lattice holes and their respective depletion zones caused by

Fermi level surface pinning. Though the exact nature of surface states requires a

detailed analysis of trap energy levels, we approximate traps as acceptor type near

mid-band and obtain good agreement between simulation and experiment. To find

the appropriate trap density to use in simulation, we measure the material free car-

rier lifetime using a time-resolved photoluminescence setup and obtain a value of 6

ps [66]. This extremely short time of carrier relaxation is due to the non-radiative

recombination from etched hole surfaces. From the non-radiative carrier lifetime, we

back out a surface trap density of 5 × 1013 cm−2. Bulk nonradiative recombination in

the devices was modeled with a Shockley Read Hall term using the measured 100 ps

bulk lifetime for both carrier types [67]. Due to the very fast nonradiative recombi-

nation rate measured in the PC regions of these devices, radiative recombination was

deemed negligible in determining overall carrier dynamics. We simulate our device

to produce the current density and steady state electron and hole density plots in

Figure 4.5.

We performed self-heating simulations of the studied devices by using the Sen-

taurus suite to solve the hydrodynamic (energy-balance) carrier transport equations

[65]. Both Joule heating and recombination/generation energies were accounted for.

Thermal contacts at 300 K were placed at the borders of the simulated device areas,

corresponding to the points of contact between the suspended structures and the bulk

of the substrate. Bulk values were used for the thermal conductivity, and any effects

due to thermionic emission were neglected.

For a bias of 1.2 V, Figure 4.5(a) shows that the current flow is primarily through

the L3 cavity region while minimal leakage current travels through the wide intrinsic

mirrors. A unique current crowding effect is also visible around the cavity edges which

approaches a large value of 10 kA/cm2. The diode attains microamp level currents

when biased near 1 V, and has a series resistance of roughly 1 kΩ, dominated by the

air-hole modified sheet resistance at this doping level (Figure 4.5(b)). Meanwhile the

steady state e/h carrier densities saturate at around 1016 cm−3 at the cavity center
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Figure 4.5: (a) Simulated current density plot (in A/cm2) of the L3 pho-
tonic crystal cavity design with a 400 nm intrinsic region width and a 5
µm outer mirror spacing. (b) Simulated I-V plots of the device with a
400 nm intrinsic region spacing and no holes (green), a 400 nm intrinsic
region spacing with holes (red), and a device with only one large 5 µm
wide intrinsic region with holes (blue). (c) Calculated eletron density map
(in cm−3) for a device with a 400 nm intrinsic region biased at 1.2 V. Inset
shows a zoom-in of a hole region several periods away from the cavity. (d)
Calculated hole density map (in cm−3) for a device with a 400 nm intrin-
sic region biased at 1.2 V. Inset shows a zoom-in of a hole region several
periods away from the cavity.
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(Figure 4.5(c,d)). The injection level is far lower than the nearby doping levels due to

the high non-radiative recombination rate. While the above simulations were carried

out at 300 K, we expect similar device electrical performance at lower temperatures

with slightly lower currents and slightly higher carrier injection levels due to slower

non-radiative recombination. Steady-state device temperatures due to self-heating

reach 0.29 K at maximum and correspond to a wavelength shift δλ of only 29 pm.

Injected carrier densities in both devices are limited primarily by the rapid sur-

face recombination. Even a tenfold increase in dopant concentrations (ND = 6 ×
1018 cm−3, NA = 2.5 × 1020 cm−3) results in only a twofold increase in injection

levels. Reduction of the surface trap density by a factor of ten (e.g., through surface

passivation) increases injected carrier densities by a factor of 4 at 1.2 V; however, the

L3 devices become signicantly less resistive above 1.2 V, causing achievable injection

levels at 1.5 V to rise from 8×1016cm−3 (Ntrap = 5×1013 cm−2) to 2×1018cm−3 (Ntrap

= 5×1012cm−2).

Due to the high current densities supported by the doped regions, the addition

of etched PC holes does not substantially affect the IV characteristics of the device;

current-voltage curves for L3 cavity devices with varying hole sizes are presented

in Figure 4.6(a). The IV curves remain mostly unaffected for hole radii up to r =

0.4 × a, at which point the device is operating with an 80% reduced cross-section

in directions perpendicular to the PC lattice vectors. Figure 4.6(b) presents series

resistance values inferred from simulation IV characteristics and normalized to the

r = 0 case. The resistance values are compared to the expected resistance of a PC

membrane, calculated under the assumption of uniform resistivity. For r ≤ 0.3a, the

simulated devices exhibit series resistances below approximately 3 kΩ, in agreement

with experimentally measured values and sufciently small to not signicantly affect

device IV characteristics near the operating voltage of 1.2 V.

Although the doping design for the L3 device already directs nearly two-thirds

of the total current into the cavity, further improvements can be made by reducing

the width of the doping region near the cavity defect, as presented in Figure 4.6(c).

Up to a 45% increase in injected carrier density is obtained under constant bias

current conditions, as shown in Figure 4.6(d). Reduced current leakage through the
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PC mirrors is also observed as 71% of the device current passes through the active

region. Further reductions in the doping region width could be useful in designs using

single-point-defect cavities; narrowing the trapezoidal regions and lengthening the 5

µm portion of the intrinsic region can increase the current through the active region

to 98% of the total. However, doing so also reduces the current-crowding effect and

thereby reduces the maximum injected carrier densities (6 × 1015 cm−3).

To understand the effect of leakage current through the PC mirrors we also simu-

late devices having a wide 5 µm intrinsic region spacing and no taper profile for the

doping. We see in Figure 4.7(b) that a small residual current does flow, but the mag-

nitude is lower by a factor of ten. In Figure 4.7(a) an IR image of the EL from a wide

intrinsic region device shows that indeed a small amount of emission is observed and

is concentrated at the edge of the n-type doping region (this asymmetry in emission

is due to the doping asymmetry and was confirmed via simulation). Even for devices

with a normal tapered doping profile and sub-micron cavity intrinsic region, we ob-

serve finite leakage from the PC mirror intrinsic region sections as evidenced by the

IR emission at the n-type region boundary (Figure 4.7(b)). Simulations show that the

mirror leakage current accounts for about one-third of the total current through the

membrane. The magnitude of the electroluminescence is much smaller at the mirror

boundaries compared to the cavity, however, as seen by the brightness of the signal.

Comparing the I-V curves for these two devices we see that the wide intrinsic region

device has a lower current by over an order of magnitude, as predicted by simulation.

To avoid the PC mirror leakage in future devices, hydrogen implantation could again

be used as a final current aperture, so long as the implantation damage is spaced at

least a few microns away from the cavity.

4.3 Ultralow threshold laser

In this section we present results on our electrically pumped quantum dot PC laser

[63]. Our first attempt to produce such a laser using 900 nm InAs QDs was unsuc-

cessful even at cryogenic temperatures [62]. For these shallow confinement QDs, the

transparency carrier density is in excess of 1017 cm−3. With previous activated dopant
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Figure 4.6: (a) L3 device current-voltage characteristics for devices with
PC hole sizes ranging from to r = 0.2a to r = 0.40a, where r is the hole
radius and a is the lattice parameter. Note that r = 0.4a corresponds to
hole diameters equal to 80% of the hole center-to-center distance. (b) Se-
ries resistance plotted against hole radius. Dashed line indicates expected
series resistance due to removal of GaAs. (c) Doping region design for
increased carrier injection. Dashed lines indicate the original design. (d)
Increase in hole injection densities compared to the original doping layout,
calculated by taking the quotient of the injected densities in the new and
the original designs, plotted against device bias current.
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Figure 4.7: (a) IR camera image of a room temperature LED with only
a wide, 5 µm intrinsic region spacing. The doping is outlined in yellow
dashed lines and trenches are shown by black rectangles. The emission,
while weak, is still visible at the n-type region boundary. (b) IR camera
image of a similar LED but with a tapered doping profile and with cavity
intrinsic region separation of 400 nm. The EL is much brighter at the cav-
ity compared to the n-type region boundary due to more efficient electrical
injection. (c) Comparison of the I-V curves for the wide intrinsic region
LED (blue trace) and the narrow intrinsic region LED (red trace).
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levels in the 1018 range, the injected carrier concentration in the cavity is much lower

than that needed for inversion and gain as per the discussion in section II. Therefore

it is not surprising that stimulated emission was not observed for our former devices.

For our lasing structure, we use a GaAs membrane with three layers of high density

(300 dots/µm2) InAs QDs with peak emission intensity near 1300 nm. These deep

confinement QDs have a much lower transparency carrier density of 5 × 1014 cm−3

and should acheive inversion with our electrical scheme. The parameters of the cavity

are chosen so that the fundamental cavity mode is at a wavelength of 1174 nm at low

temperature, within the ground state emission of the quantum dots. Figure 4.8 shows

optical and electron microscope pictures of a fully fabricated device. Figure 4.9(b) is

an I-V plot of our laser device. From the curve, we observe a dominant exponential

current (the red line) corresponding to current flowing through the cavity along with

a leakage component at low biases. We found that for this set of devices the leakage

was due to an incompletely removed AlGaAs sacrificial layer and subsequent devices

did not have this problem.

Figure 4.9(a) shows the current in-light out properties of our laser at 50K and

150K. We observe a clear lasing threshold for temperatures below 150 K. We find

that the threshold of our laser is 181 nA at 50 K and 287 nA at 150 K (corresponding

to 208 nW and 296 nW of consumed power and threshold current densities of 26

A/cm2 and 42 A/cm2). To the best of our knowledge, this is the lowest threshold ever

demonstrated in any electrically pumped laser. It is three orders of magnitude better

than the 260 µA threshold of previous quantum well PC cavity lasers and more than

an order of magnitude better than the thresholds of metal-clad lasers and micropost

lasers [75, 94, 95]. The low thresholds demonstrated in these lasers are a result of

the optimized lateral current pathway, where charge can be efficiently delivered to

the cavity center. From the collected power data as well as the measured loss in our

setup, we estimate the total power radiated by the laser to be on the order of a few

nW well above threshold. The inset in Figure 4.9(a) shows the experimental far-field

radiation pattern of the cavity above threshold, showing a clear speckle pattern.

At low voltages before the diode has fully turned on we observe leakage current

bypassing the cavity through residual AlGaAs material that was not fully etched
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Figure 4.8: (a) Optical microscope image of a complete device showing
large metal contact pads along with the connecting wire bonds. The PC
diode is located in the center between the contact pads. (b) SEM image
of a fabricated laser diode device. The p-side of the device appears on
the top of the image, and the n-side on the bottom. The scale bar is 10
µm. (c) SEM image of the photonic crystal cavity (zoom-in of the central
region of (b)). The scale bar is 300 nm.
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Figure 4.9: (a) Experimental current-light characteristics for the laser at
50 K (blue points) and 150 K (green points). The black lines are linear
fits to the above threshold output power of the lasers, which are used to
find the thresholds. The inset is a far field radiation pattern of the laser
at a current of 3 µA. (b) I-V plot for the laser device. The initial hump
is leakage current not flowing through the cavity. The red line shows the
current that is flowing through the device. Inset shows the lasing spectrum
above threshold.
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away. Therefore, if the AlGaAs was fully removed for this device, the threshold could

be significantly lower. To find the potential threshold reduction, we fit the current

voltage characteristics to an ideal diode equation to determine the fraction of current

flowing through the entire GaAs membrane (as shown in Figure 4.9(b)). The laser

threshold after this leakage current correction is only 70 nA. If we further consider

that only 64% of the membrane current flows through the just the cavity region, the

ultimate laser threshold at 50K is only 45 nA.

4.4 Ultrafast room temperature LED

4.4.1 Device design and operation

In this section, we present our ultrafast LED modulation results described in [67].

Though our devices do not lase, they exhibit effectively single-mode LED behavior

with QD emission coupled to cavity resonances and can be directly modulated at very

high speeds. Devices were fabricated as described previously with the only difference

being a longer undercut step to eliminate substrate leakage current. Figure 4.10 shows

a schematic of a fully fabricated photonic crystal cavity LED.

The measured current-voltage characteristics for a device is shown in Figure 4.10d.

Our LED has robust electrical properties with over three orders of magnitude on/off

ratio and minimal leakage current. In contrast to the laser diode in our earlier work

[63], we have eliminated the substrate leakage path by oxidizing the sacrificial layer

for a longer time and now all of the current travels through the PC membrane. The

measured series resistance of 1.3 kΩ is mostly due to the sheet resistance of the thin

membrane, modified by the air hole fill factor which decreases the effective current

cross section [93].

A spectrum of the emission for the LED from Figure 4.10 is shown in Figure 4.11a

at a forward bias current of 10 µA and at room temperature. Bright and clearly

defined cavity modes peak well above the background QD emission with the funda-

mental mode centered at 1,259 nm. As the pump current increases, the intensity of

the fundamental mode emission increases superlinearly (Figure 4.11b); however, room
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Figure 4.10: Schematic of electrically pumped photonic crystal cavity de-
vices. (a) Tilted scanning electron microscope image of a device. The
doping profile is partially visible in the picture. (b) Vertical cross-section
layout of device structure. Quantum dots are represented as triangles. (c)
Top-down SEM view of a photonic crystal membrane highlighting the ap-
proximate boundaries of the doping areas. The figure is oriented 90 degrees
clockwise compared to (a). The inset is the fundamental cavity mode elec-
tric field amplitude as calculated from FDTD. (d) Diode current-voltage
plot measured for the device from Figure 4.11.
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temperature lasing can be ruled out because the spontaneous emission (S.E.) intensity

uncoupled to the cavity also follows the same trend, in contrast to our prior reported

laser at low temperature [63]. Possible explanations for the superlinear emission be-

havior are an increase in QD emission efficiency with increasing carrier density [96] as

well as multiexcitonic effects from higher order QD states [97]; considering that the

same superlinear emission behavior is observed at all wavelengths, we believe that

this is a result of the former effect [96]. The peak wavelength of the cavity mode

shown in Figure 4.11c is first seen to blueshift due to free carrier dispersion before

redshifting at high biases. The magnitude of the blueshift (∼40 pm) corresponds

to an injected carrier level of ∼1016 cm−3, in good agreement with simulations and

the slight redshift for higher biases indicates a sample self-heating of at most a few

degrees C. Figure 4.11d shows the cavity quality factor versus injection current and

demonstrates that even at room temperature, a small amount of gain from the quan-

tum dots is observed. The reduction in QD gain at room temperature compared to

cryogenic temperatures is ascribed to modified properties of our quantum dots after

rapid thermal annealing, described in the next section.

4.4.2 Lifetime measurements

In order to better understand the system, we employ a 3-level rate equation model and

experimentally measure various lifetime processes [98]. The coupled rate equations

are as follows:

dNB

dt
=

I

qV
− NB

τNR
− NB

τSP,B
− NB

τC
+
NQD

τE
(4.1)

dNQD

dt
=
NB

τC
− NQD

τE
− FCNQD

τSP,QD
(4.2)
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Figure 4.11: Optical properties of LEDs under DC bias. (a) Spectrum
of the cavity for a forward bias current of 10 µA. (b) Current-light out-
put plot for both the fundamental cavity mode at 1,259 nm and uncoupled
background spontaneous emission. (c) Peak wavelength of the cavity mode
versus injection current. (d) Fundamental mode quality factor versus in-
jection current.
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The free carrier and quantum dot carrier densities are given by NB and NQD,

respectively. V is the active pumped volume and q is the electron charge. Free

carriers are injected into the upper level through a pump current, I, and then decay

either radiatively (rate 1/τSP,B), non-radiatively (rate 1/τNR), or into the quantum

dots (rate 1/τC). The captured carriers in the quantum dots can then either recombine

through Purcell-enhanced spontaneous emission at rate FC/τSP,QD (where FC is the

Purcell factor and 1/τSP,QD is the ordinary S.E. rate) or be reemitted back into the

free carrier upper level at rate 1/τE. We neglect any stimulated emission term in the

rate equations since our diode is non-lasing.

At cryogenic temperatures, the InAs quantum dots have a long (>1 ns) bulk

lifetime due to the trapping of carriers inside the QD confining potential (negligible

NQD/τE rate). Near room temperature, however, the thermal energy of trapped

carriers allows for a non-zero reemission rate (i.e. shorter τE) and a lower overall QD

lifetime of around 100-300 ps due to bulk non-radiative recombination (see Appendix

A). In our devices, the quantum dots undergo a rapid thermal annealing step at

850◦ C in order to activate the nearby implanted dopants. This high temperature

step causes the QD ensemble emission to blueshift by 80 nm and spectrally broaden

(Figure 4.12a). Likely, the QD core intermixes with the wetting layer and there is a

narrowing of the overall QD sizes as seen previously [90]. These effects would suggest

a shallower confining potential and hence a more rapid reemission of carriers from

the quantum dots. If in addition there is fast non-radiative recombination present

(i.e., short τNR resulting from etched GaAs surfaces), the overall lifetime and emission

strength of the quantum dots should be reduced due to thermal escape and quenching.

To confirm this hypothesis, we perform time-resolved photoluminescence mea-

surements of our post-annealed sample using a mode-locked Ti:Sapphire laser for

excitation and a streak camera with an extended range detector unit. The free car-

rier non-radiative recombination rate can be measured by examining the behavior

of the 870 nm GaAs band edge emission in a photonic crystal region. Figure 4.12b

shows that the non-radiative lifetime, τNR, in a PC region is very short at 6 ps due to

the presence of many etched-hole surfaces [87]. Meanwhile the measured QD lifetime

is only 10 ps at 1,100 nm (Figure 4.12c), far shorter than the 100-300 ps result for
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Figure 4.12: Optically pumped time-resolved measurements of annealed
sample. (a) Bulk QD photoluminescence spectrum under continuous wave
pumping for post- (left) and pre- (right) annealed samples. (b) GaAs band
edge emission at 870 nm from the photonic crystal region. The vertical
arrow represents the optical pump pulse and the solid line is a fit to the
experimental data giving a 6 ps dominant exponential decay term. (c)
Quantum dot lifetime at 1,100 nm under equivalent excitation as in (b).
The grey box indicates the QD emission intensity that is greater than 10%,
giving an effective pulse duration of 33 ps. (d) QD lifetime at 1,250 nm,
exhibiting an 18 ps fall time. (e) Spectrum of room temperature lifetime
data for the broad range of QD emission wavelengths. To clarify the data
due to the poor sensitivity of the detector for longer wavelengths, inten-
sities have been normalized in 3 nm bins. Vertical dashed lines indicate
slices from which (c) and (d) have been taken.
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pre-annealed samples (see Appendix A) and thus verifying the rapid carrier escape

prediction. This result means that luminescence from quantum dots can effectively

be turned off in ∼10 ps, with approximately 4 ps attributed to the carrier reemission

time (τE) and 6 ps to the non-radiative surface recombination. For longer wavelength

QD’s, the turn-off time slowly increases monotonically with wavelength indicating

deeper carrier confinement (Figure 4.12d,e). The QD carrier capture time (τC) can

be estimated from the leading edge of the QD emission and is 10 ps. Therefore, the

QD turn on time is approximately the sum of this term plus the rise time for free

carriers (also 6 ps) for a total time of 16 ps. As seen in Figure 4.12c the time duration

for which the QD emission pulse is greater than 10% is only 33 ps. Consequently, our

LED is capable of switching speeds of up to 30 GHz.

4.4.3 Direct electrical modulation

We perform time-resolved direct electrical modulation studies next to determine the

electrical response of our devices. Since our streak camera detector has two orders

of magnitude better sensitivity at 1,100 nm compared to the QD peak gain at 1,230

nm, we examine a different cavity than the one shown in Figure 4.11. Although

this wavelength corresponds to excited states of the quantum dots, the switching

lifetimes are still governed by the same rapid carrier escape effects. The only difference

between QD transitions at 1,100 nm and 1,230 nm is a shallower carrier confinement

at shorter wavelength and therefore slightly faster turn-off time. As seen in the inset

of Figure 4.13a, this cavity has a bright higher order mode at 1,100 nm despite the

low background QD emission in that spectral region. The Q factor for this mode

is lower than for the fundamental mode and is measured to be 250. Similar to the

cavity mode in Figure 4.11, the mode at 1,100 nm also exhibits a superlinear pump

power dependence and minor linewidth narrowing. The experimental setup consists

of the same streak camera detector as before; however, instead of an 80 MHz optical

pump we use an 80 MHz electrical pulse generator to drive the LED directly (Figure

4.13a). For single-shot measurements we use only a regular function generator while

for pulse train measurements a pulse pattern generator is used in conjunction with
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the first function generator. To ensure proper signal referencing of the LED and

detector, the two electrical sources are clocked together. For time resolved electrical

measurements, the devices were contacted by high-speed probes having a 40 GHz

cutoff frequency. An Agilent 8133A function generator was used to drive both the

LED device and streak camera at 80 MHz for single pulse measurements. To perform

pulse train experiments, an Anritsu MP1800A pulse pattern generator was used to

program a bit pattern that was sent to the LED device. This pattern length had a

repetition rate faster than the 80 MHz required by the streak camera for locking. It

was sent to the Agilent function generator where it was divided by an integer number

such that the repetition rate of the new signal was close to 80 MHz. This new signal

provided the proper trigger for the streak camera and was clocked correctly with the

original drive signal.

In Figure 4.13b we see the ultrafast response of our LED when a short electri-

cal pulse is applied. Although the voltage pulse has a full width at half maximum

(FWHM) of over 200 ps, the injected current is highly nonlinear with voltage and

hence the pump current pulse is quite narrow at 60 ps FWHM (Figure 4.13c). The re-

sultant single mode diode response tracks the current pulse nicely after an initial turn

on delay. This result demonstrates that our single mode LED device is indeed capable

of ultra-fast electrical switching at many GHz speed. The entire pulse duration (the

time above 10% of the peak height) is less than 100 ps and therefore the LED switch-

ing speed for a non-return-to-zero signal is approximately 10 GHz. Compared to

previously shown directly modulated photonic crystal single-mode LEDs at cryogenic

temperatures [77], this speed is over an order of magnitude faster with three orders of

magnitude lower power consumption (here only 2.5 µW). It is interesting to note that

the photonic crystal RC time constant does not impact the diode response at these

speeds due to the incredibly small capacitance of the p-i-n junction (see Appendix

A). For this particular cavity at room temperature we do not quantitatively observe

Purcell enhancement due to the dominant carrier escape rate over the spontaneous

emission rate.

Next we directly modulate our diode with a pulse train to observe dynamic be-

havior with a multiple bit sequence. To do this, a programmed bit stream from a
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Figure 4.13: Experimental setup and results for electrical modulation of
the nano-LED. (a) Schematic for the direct modulation experiments. For a
single pulse time-resolved measurement only the function (FCN) generator
is used (black path) while for multiple pulses a pulsed pattern generator
(PPG) is also used (grey path). Inset shows the emission spectrum for
the cavity used in direct modulation experiments. The filled in peak is
the isolated mode at 1,100 nm. (b) The output optical pulse measured
when the LED is driven by the pulse shown in (c). (c) Driving voltage
and current pulses for the measurement in (b). The peak power is only
2.5 µW.
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pulsed pattern generator is applied to the LED while the other function generator

sends a triggering signal to the streak camera. Figure 4.14 shows the light output for

two different bit sequences, along with corresponding pump signal data. The diode

replicates the bit sequences well and behaves very much like the single-shot measure-

ment above. On-pulses are still about 100 ps wide and the bit stream has clearly

resolvable off-pulse sections. Fast electrical data is thereby effectively mapped onto

the single mode carrier of the nanocavity LED, which can be used as the light source

for an optical interconnect link.

Figure 4.14: Direct electrical modulation of photonic crystal LED. Diode
response for two different bit sequences in top and bottom panels. The
applied electrical voltage and current are shown on the right and the LED
optical output is on the left.

4.4.4 Discussion

The results presented here show for the first time GHz speed direct electrical mod-

ulation of a single mode LED at ultra-low energies. In fact, the measured power

consumption for the 10 GHz pulse in Figure 4.13 is only 2.5 µW, indicating an aver-

age energy per bit of only 0.25 fJ. This exceptionally low value indicates significant

improvement over the standard approach of using slow, high threshold lasers and
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external modulator components. For example, typical ‘low’ power ring-based mod-

ulators require an average energy per bit of ∼500 fJ while MZI modulators have pJ

switching energies [99, 100]. Information can just as easily be communicated over

a directly modulated low power source, skipping the external modulator altogether.

Furthermore, chirp is a non-issue for directly modulated LED since optical intercon-

nect distances are so short that dispersion of pulse data can be neglected. This new

paradigm of replacing traditional power hungry lasers and modulators with ultrafast

nanocavity light sources could allow optical interconnects to meet the energy targets

needed for wide scale adoption.

Our PC LED has one of the fastest switching speeds ever demonstrated for an

LED device, either low power and single mode or high power and multimode. Other

researchers have previously demonstrated a record LED -3 dB cutoff speed at 7 GHz

using a bipolar junction to sweep away carriers that do not recombine fast enough

[101]. While we don’t explicitly measure a -3 dB point, a single-pole analysis of the

10 ps turn-off time found above for QD’s at 1,100 nm suggests a very large -3 dB

bandwidth of 16 GHz. The single mode operation of our diode at low power, however,

is far more attractive for on-chip communications than the previously demonstrated

high speed LED [101].

We find the output power for our device to be 10’s to 100’s of pW at µW bias

levels, indicating an efficiency of ∼10−5 (see Appendix A). This result is not surprising

given the fact that the majority of carrier recombination is non-radiative and not

through QD emission. Nonetheless, such low power signals can be detected using

advanced photodetector technologies (although the higher power dissipation of any

amplfying photodetector should be included in a total energy budget calculation).

For example, various nanoscale avalanche photodiodes have been demonstrated in

different material systems that can effectively detect low level (even sub-pW) signals

[102, 10, 103]. Another promising strategy for improving the responsivity of near-

IR photodetectors is via plasmonic concentration of light with resonant antennas or

metallic structures [104, 105].

It has been proposed that single mode LEDs can have very high modulation band-

widths under situations where the spontaneous emission rate is increased through
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Purcell enhancement alone [133]. In this scenario, quantum efficiencies could be

made higher since the predominant recombination process is radiative. Meanwhile,

the modulation bandwidth is boosted by the ability to speed up LED spontaneous

emission through cavity enhancement. We examine the tested device from Figure 4.13

at 10K temperature and perform time-resolved studies on the quantum dot emission

lifetimes. As shown Appendix A, we find that the cavity emission lifetime at 1,100

nm is decreased threefold compared to uncoupled QD emission, corresponding to a

Purcell factor of 5.5. Therefore, our device could utilize Purcell enhancement for fast

switching at cryogenic temperatures where carrier escape and non-radiative recombi-

nation effects are minimized. In contrast, at room temperature, thermal excitation

of carriers depopulates the quantum dots much quicker than does Purcell enhanced

spontaneous emission, and modulation time is thus limited by non-radiative effects, as

a result of material issues. Our experimental studies also shown in the Appendix re-

flect this conclusion, since QD emission off-resonant with the cavity mode decays just

as quickly as does on-resonant emission. This limitation is a fundamental material

constraint for these types of quantum dots inside GaAs and is not due to our fabri-

cation process or device design, as explained in the Appendix. We believe that fast

switching realized by Purcell enhancement alone could be accomplished by shutting

down non-radiative recombination completely, which would require using quantum

dots with deeper confining potentials, combined with sophisticated surface passiva-

tion techniques, or use of a different material system (such as InP-based) with lower

surface recombination rates [130]. We emphasize that despite the device speed not

being Purcell factor limited, the presence of the nano-cavity in our LED has sev-

eral great benefits, including the improvement of the device efficiency (increased light

emission into the cavity mode and channelling of photons in the desired, collection

direction), the reduction in the modulation energy per bit, and single mode operation,

which is critical for optical interconnects applications [5].

In summary we have demonstrated an ultrafast single mode nanocavity LED op-

erating at room temperature with 10 GHz large signal direct modulation speed. A

lateral p-i-n photonic crystal diode provides extremely low modulation energies of

fJ/bit, and can be readily applied to other III-V materials with different gain media
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and surface properties, leading to a large range of possible device characteristics. The

low energy per bit of these optical sources makes them promising for future energy

efficient optical interconnect applications.

4.5 Nanobeam photonic crystal cavity LED

4.5.1 Nanobeam design and simulation

Recently, there has been significant interest in one-dimensional nanobeam PC cavities

due to their smaller footprint and exceptional quality factors, exceeding those of their

two-dimensional counterparts [108]. In addition, 1D nanobeams are well suited for

coupling light to on-chip waveguides [109], as well as for electrostatic tuning [110].

Researchers have been able to exploit these properties to develop low threshold lasers

[170, 45], optomechanic crystals [112], strongly coupled quantum dot (QD) cavity

systems [113], as well as chemical sensors [114].

However, there is a need for efficient electrical injection in active nanobeam de-

vices, which has not yet been addressed. Here we show that our previous lateral p-i-n

junction process can be applied to 1D nanobeam photonic crystal cavities, yielding

room temperature light-emitting diodes at low control powers [?]. In spite of their

narrow cross sections, nanobeams can nonetheless direct current efficiently through

the sidewalls and deliver charge to the central cavities. The results presented here

are a promising step toward practical active nanobeam device architectures.

Electrically contacted nanobeams were fabricated using a similar process flow as

in [63]. We start with a 220 nm thick GaAs membrane with three layers of embedded

high density (300 dots/µm2) InAs quantum dots. Electron beam lithography steps

were used to pattern windows in a deposited silicon nitride mask to implant N-

(silicon) and P- (beryllium) type dopants. A rapid thermal anneal activated the N

and P regions to 6x1017 and 2.5x1019 cm−3 doping densities, respectively, and also

blueshifted the peak of the QD ensemble emission from 1,310 nm to 1,230 nm. E-

beam lithography and dry etching next defined the photonic crystal cavity patterns

along with isolation trenches in the GaAs membrane. We chose a common nanobeam
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cavity design that incorporates a 5-hole linear taper in lattice constant (from a = 322

to a = 266) and hole radius (r = 0.22a) to increase the quality factor [115]. The beam

widths were 500-600 nm across. Metal contacts were then deposited and the beams

were released by removing the sacrificial AlGaAs layer. Figure 4.15(a-c) shows several

scanning electron microscope close-up images of a fabricated nanobeam. From the

tilted image in Figure 4.15(b), it is clear that the beams exhibit a small bowing effect

likely due to strain from the underlying AlGaAs layer. We do not believe this sagging

effect has much of an impact on device performance because of the similarities in

results between beams and non-bowing 2D structures. Figure 4.15(d) shows a finite-

difference time domain simulation of the electric field of the cavity design, with a

theoretical quality factor of 95,000.

Electrical measurements were performed at room temperature using a Keithley

2635 sourcemeter with sub-nanoamp resolution and standard electrical probes. Figure

4.16(a) shows the measured IV characteristics for beams with intrinsic region widths

of 400 nm and 5 µm as well as for a control sample beam with no holes and an

intrinsic region of 400 nm. As expected the current is substantially reduced by two

orders of magnitude when the intrinsic region is large due to the poor diffusion of

carriers across the junction. Interestingly, the current magnitudes are very similar for

both control and regular samples, with a current near 10 µA for a 1.2 V bias. Despite

the reduced current cross sectional area of the beams with holes, the presence of

additional etched surfaces creates a greater recombination current. Therefore the

narrow 100-200 nm conducting sidewalls of the beams are large enough for efficient

carrier flow. The series resistance of 9,000 Ω agrees well with the geometrical sheet

resistance of our structure and is correspondingly larger than the 1,150 Ω measured

in 2D membranes [63]. We perform 2D Poisson simulations of our devices using the

Sentarus package by incorporating measured doping densities, mobilities, and non-

radiative recombination lifetime values [66]. Figure 4.16(a) displays the simulation

current data alongside the experimental data, where reasonable agreement is seen

for all three structures. Recombination current accounts for approximately 95% of

the total current with the remaining portion due to diffusion. The slightly lower

simulation values are likely due to the exclusion of top and bottom device surfaces,
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Figure 4.15: (a) Zoomed out and tilted SEM image of a pair of nanobeam
devices. The metal contact pads are seen away from the cavity region and
the diagram indicates approximately where electrical probes are placed.
The N-type doping is seen as darker grey and the P-type doping is outlined
in white dashed lines. (b) Zoomed in SEM of the yellow box region in (a).
The beam is deflected down by a small amount likely due to strain from
the GaAs/AlGaAs interface. (c) Top view SEM of a nanobeam cavity.
The scale bar is 1 µm. (d) FDTD calculated cavity mode electric field
magnitude for the designed structure.
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for which extra recombination current would be observed. Also, the experimental

intrinsic region width is slightly narrower than the simulated width due to dopant

diffusion, giving rise to greater current. We find that the diffusion length of electrons

(holes) is about 200 nm (40 nm) due to the fast non-radiative recombination in the

structure. In Figure 4.16(b), we see the steady state carrier densities for a 1.2 V

bias along the beam length with a 150 nm offset from the center axis. The injected

electron and hole densities are only 4x1015 cm−3 due to the fast (6 ps) non-radiative

recombination lifetime. Two-dimensional plots of the carrier densities for a 1.2 V

bias are seen in Figures 4.16(c-d), where it is clear that the minority carriers are well

localized to the cavity region. Finally, Figure 4.16(e) shows a map of the current

density at 1.2 V for which high currents are observed in the beam sidewalls at values

up to 10 kA/cm2.

4.5.2 Experimental results

Electroluminescence data was taken at room temperature by forward biasing the

nanobeam diodes and collecting the emission with a spectrometer and liquid nitrogen

cooled InGaAs CCD array detector. Figure 4.17(a) displays the output spectrum for

a nanobeam biased to 5 µA. Bright cavity mode emission is seen superimposed upon

the weaker QD background, indicating successful carrier injection into the nanobeam

cavity. The cavity mode has a quality factor of 2,900 (Figure 4.17(b)), well below the

theoretical value of 95,000. We believe the quality factor is limited both by fabrication

imperfections as well as free carrier absorption by the nearby doping regions. As seen

in Figure 4.17(c), the IR output emission is heavily concentrated to the nanobeam

cavity center with a small amount of scattered emission visible at the nanobeam edges.

We next investigate the properties of the nanobeams as we increase the injection

current. For this experiment, a different cavity than the one seen in Figure 4.17(a)

was used due to accidental device failure. The quality factor of the mode probed in

this cavity is about 500. In Figure 4.17(d), the cavity output emission and Q-factor

are plotted versus injection current. The cavity power output is linear for the entire

range and therefore no lasing is observed. A small amount of room temperature
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Figure 4.16: (a) Current-voltage plots of nanobeam structures for a 5
µm intrinsic region with holes (red), 400 nm intrinsic region with holes
(green), and a 400 nm intrinsic region without holes (blue). Experimental
results are given by the solid lines and the simulation results are shown
with symbols. (b) Simulated steady-state injected electron (e) and hole
(h) density of carriers for a lengthwise cross section slice 150 nm from the
central cavity axis for a diode bias of 1.2 V. (c) 2D map of the hole carrier
density (in cm−3). Non-radiative recombination was modeled as acceptor-
type traps at surfaces and hence there is slight hole accumulation at the
edges. (d) 2D map of the electron carrier density (in cm−3). (e) 2D map
of the total current density (in A/cm2).
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linewidth narrowing was observed as the Q-factor increased with injection current.

Therefore, we believe it is possible to obtain lasing in these important nanophotonic

structures with much higher Q cavities [73].

In order to characterize the heating effects of electrically pumped nanobeams, we

examine the mode peak wavelength as a function of injection current. Figure 4.18(a)

shows that the mode wavelength shifts by less than 1 nm for 5 µA of injection current.

The thermal dependence of the refractive index of GaAs near 1.3 µm is given by dn

= 2.7x10−4dT K−1, where dT is the change in temperature and dn is the change in

material refractive index [116]. Hence the cavity wavelength is expected to shift via

second order perturbation theory as dλ/λ = dn/n, where dλ is the change in mode

wavelength, λ is the cavity peak wavelength, and n is the nominal material refractive

index. For a measured dλ of 0.6 nm, λ = 1,266 nm, and n = 3.5, the calculated

temperature rise is only 6K. For comparison, we calculate the lattice temperature

from a hydrodynamic transport model in Sentaurus and find that the heating is

3.3K at the cavity center. Therefore, our electrical design is very robust against

self-heating despite the large injection current densities.

In summary, we have demonstrated efficient electrically driven photonic crystal

nanobeam cavity LEDs at room temperature. The results here are an extension of

our lateral p-i-n junction design in 2D PCs showing the versatility of the fabrication

technique. Our nanobeams have excellent electrical properties even with their narrow

conducting paths. Future designs could incorporate surface passivation techniques to

slow down non-radiative recombination and hence increase the charge injection level.

Other geometrical modifications such as beam width and hole size could further op-

timize the device performance. The electrical control of nanobeam cavities demon-

strated here is an important step forward in developing practical on-chip devices for

diverse applications such as lasers, sensors, and optomechanics.
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Figure 4.17: (a) EL spectrum for a nanobeam device at a forward bias of
5 µA. The cavity fundamental mode is the sharp peak at 1,255 nm and
the background QD emission is the broad spectrum below. (b) A zoom-in
spectrum of the cavity peak in (a) along with a Lorentzian fit, giving a
Q-factor of 2,900. (c) IR camera picture of the nanobeam cavity emission.
An outline of the cavity is seen by the yellow lines and the scale bar is
5 µm. The cavity emission is bright at the center as expected and there
is slight EL scattered out at the nanobeam edges. (d) Plot of the cavity
output power and Q-factor versus injection current.
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Figure 4.18: (a) Plot of the cavity peak wavelength versus injection cur-
rent. (b) 2D map of the change in temperature (in ∆K) of the nanobeam
device for a bias voltage of 1.2 V. The cavity center only heats by about
3.3K.

4.6 Fiber-coupled electro-optic modulator

4.6.1 Introduction and modulator architecture

The success of future optical interconnects relies heavily on the performance capabili-

ties of compact electro-optic modulators, designed to transfer an electronic bit stream

onto an optical carrier wave. Tremendous progress has been made in this field over

the last decade, with initial large and power hungry Mach-Zehnder based modulators

being replaced by compact and efficient cavity-based designs [100]. Contemporary

microring modulators, for example, are capable of 10s of GHz speed at energies as

low as 50 fJ/bit [99] Typical modulators are fabricated on a silicon on insulator (SOI)

platform, so chosen to match the CMOS standard of integrated circuits. While this

is a natural approach, the ambiguity of whether optical sources will originate on- or

off-chip in a silicon-based or III-V material is still a topic of debate; thus the possi-

bility of combining a III-V modulator with a III-V laser source could be a superior

alternative. Gallium arsenide has a stronger free carrier dispersion coefficient than

silicon by a factor of six and has fast carrier recombination at etched hole boundaries
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[117, 118] In our previous study, we used a vertical p-i-n structure in GaAs to show

modulation inside a photonic crystal cavity [119]. However, this structure suffered

from inefficient electrical injection into the active area as well as large heating effects

due to the high currents needed for operation. Carrier spreading within thin doped

PC membranes is poor and the majority of the electrical current traveled directly be-

tween the contacts. Here we demonstrate an electro-optic modulator in GaAs using

a laterally doped compact photonic crystal cavity coupled to a fiber taper waveguide

[66]. The small mode volume of the cavity of 0.8(λ/n)3, over an order of magnitude

smaller than typical microring resonators, along with efficient electrical injection pro-

vided by the lateral doping layout enable ultra-low power operation at potentially

very high speeds.

The modulator design is based on a waveguide coupled to a cavity, similar to

waveguide coupled SOI ring resonators. In this implementation a fiber taper serves

as an adjustable waveguide and the cavity is formed out of an L3 photonic crystal

defect. Having a fiber taper for the waveguide allows for careful control of the loaded

Q factor and transmission of the signal, as well as enables high power testing since

there is minimal loss in the setup. Finite-difference time domain simulations showed

that fiber taper loaded Q factors can be over 10,000 for cavities at 1500 nm and the

transmission as low as 0.13 at the cavity center wavelength.

Modulator devices were formed out of a 135 nm thick gallium arsenide membrane

grown on top of a 1.35 µm thick sacrificial Al0.9Ga0.1As layer using MBE. Cavities

were fabricated with a lattice constant a = 480 nm and hole radii r/a = 0.23-27. An

SEM image of a completed cavity is shown in Fig. 4.19(a), where the dashed lines

indicate the doping regions surrounding an intrinsic layer about 600 nm wide. The

fiber taper was fabricated as in [21], and had a 1 µm waist for coupling to the PC

cavities. Total fiber loss was less than 3 dB.

4.6.2 Modulation studies

DC modulation was first performed to determine the electro-optic tuning properties

of our device. The fiber taper was aligned along the long axis of the L3 cavity and
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Figure 4.19: (a) SEM image of a fabricated laterally doped PIN photonic
crystal diode. Dashed lines indicate the approximate boundaries of the
doped regions. The scale bar is 1 µm. (b) Experimental setup for probing
the cavity DC transmission characteristics (green path) as well as RF
modulation performance (blue path). OSA is optical spectrum analyzer,
PD is photodiode, and Pol. C. is polarization controller. The cavity is
outlined in the yellow box at the center of the optical picture of the setup
and a fiber taper of 1 µm in diameter is seen aligned vertically. DC and
RF voltages are applied to the metal contact pads to the left and right of
the cavity. The scale bar is 10 µm.
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positioned at a slight offset from the cavity (Fig. 4.19(b)), thus finding a good com-

promise between high Q and transmission. This ability to relocate the fiber taper

to various positions allows easy optimization of the cavity coupling [21] and corre-

spondingly modulator performance. At zero bias the Q of our cavity is 4130, lower

than expected due to free carrier absorption from the nearby doped regions. Other

cavities fabricated on the same chip with no nearby doped regions had consistently

higher quality factors, confirming the source of the loss. This value can be increased

in the future by spacing out the doping regions by another few hundred nm.

DC electrical probes were then applied to the contacts and the cavity resonance

transmission was monitored as the bias current increased. Plotted in Fig. 4.20(a) are

several traces of the cavity transmission (using unpolarized broadband light and an

optical spectrum analyzer) for 0 A, 20 nA, and 200 nA corresponding to voltages of 0,

0.67, and 1 V (inset of Fig. 4.20(b)). As can be seen, the cavity resonance blueshifts

monotonically even for these ultra-low injection levels. In fact, 50% of the blueshift

occurs in the first 20 nA of injection before saturating at approximately 200 nA (Fig.

4.20(b)). Beyond several µA, the cavity mode begins to redshift indicating heating

caused by series resistance. The reason for the saturation behavior is because a

parallel current path was discovered to exist that shunted most of the current beyond a

1 V bias. We believe this parasitic path is located in the AlGaAs layer and reaches into

an unintentionally doped buffer layer that was incorporated during wafer growth. This

effect can be removed with a better MBE growth method as minimal leakage current

was observed for similar devices in [63]. Nonetheless, the total blueshift of 110 pm is

comparable or greater than that found in most other cavity-based modulator designs

[100, 99] and is large enough to observe RF modulation for the present experiment.

Furthermore, the value of 200 nA is over an order of magnitude lower than in previous

studies [120] and promises ultra-low energy operation.

Low speed modulation was accomplished by sending a fiber-coupled tunable laser

through one end of the cavity-coupled fiber taper (Fig. 4.19(b)). An in-line polar-

ization controller was used to maximize the coupling to the fundamental transverse

electric cavity mode and the laser wavelength was adjusted to match the steep slope
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Figure 4.20: (a) Optical transmission of the fiber-coupled PC cavity for
several DC current magnitudes. Data is taken by sending broadband un-
polarized light from an LED array and detecting the transmission with
an optical spectrum analyzer. (b) Position of the cavity resonance versus
injected current. The cavity blueshifts monotonically with increasing in-
jection level reaching a 110 pm shift at 200 nA. The inset is the I-V plot
of the cavity.
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of the resonance for greater contrast. A function generator signal of 2 kHz was ap-

plied to the contacts and the resultant response of a photodiode was recorded on an

oscilloscope. The output modulated light for a positive swing voltage of only 1 V is

seen in Fig. 4.21(a), with a contrast of 10%. As mentioned before, we are limited in

our contrast for this particular sample due to the injection saturation caused by the

parasitic current pathway; however for future devices we should be able to correct

this problem.

Figure 4.21: (a) Operation of the modulator at 2 kHz using a 0 to 1 V
square wave function. A low noise photodetector was connected to an
oscilloscope for voltage visualization. (b) 100 MHz modulation from a -
1.5V to 1.5V signal using a photodetector with an RF amplifier connected
to the oscilloscope. (c) 1 GHz modulation with the device in the same
configuration as (b). The detector is at its -3 dB point and so the signal
is distorted.

To confirm fast switching behavior due to free carriers, we applied a 100 MHz

electrical signal to our modulator and monitor the optical transmission response on a

PIN photodiode with a built-in high frequency amplifier with a cutoff frequency of 1

GHz (Menlo Systems FPD 310) to better see our output. Custom high-speed probes

from Cascade Microtech were used that allowed clearance between the probe tips

for the fiber taper. The result in Fig. 4.21(b) again shows clear modulation by our

device. The swing voltages for this plot are from -1.5V to 1.5V and are larger than

the low frequency experiment in order to better see the signal, as the RF circuit in the

detector has higher noise. Fig. 4.21(c) shows the response at 1 GHz. Even though
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we are at the frequency limit of our detector equipment, we still observe modulation

by our photonic crystal cavity diode. Additionally, we note that we can operate our

modulator with mW laser power levels since our low Q cavity reduces two-photon

absorption which causes additional FCA and cavity linewidth broadening [121].

The maximum speed of our modulator is expected to be limited by the transient

carrier dynamics; namely, the pull-up and pull-down speeds are roughly equivalent

to the total carrier lifetime. In gallium arsenide photonic crystals, carriers recombine

most rapidly due to nonradiative recombination at the etched hole surfaces [87].

To measure the total carrier lifetime we perform time-resolved photoluminescence

measurements of the GaAs band-edge at room temperature. The devices are pumped

by a Ti:Sapphire laser with 3 ps pulses at 80 MHz repetition rate and the PL is

measured with a streak camera as in [67]. As Fig. 4.22 shows, the decay is very fast,

corresponding to a lifetime of approximately 6 ps. This value agrees well with [87],

since the decay rate has a square root dependence on temperature and the measured

value in the former study at 30 K was 35 ps. Therefore, the ultimate speed of this

device should be well in the tens of GHz.

4.6.3 Discussion

The small mode volume of the PC cavity and the high free carrier dispersion in GaAs

result in an extremely low switching energy. For an injection-based modulator, the

total energy per bit can be quantified by summing the DC energy and the transient

switching energy [122]. The DC power is PDC = 0.5(IV), where 0.5 is used because

DC current only flows half the time for a random bit sequence. From above, the

current is 200 nA and the voltage is 1 V, hence the power is 100 nW. For 100 MHz

modulation the energy per bit is thus EDC = 1 fJ/bit and for 1 GHz modulation, EDC

= 0.1 fJ/bit. The transient switching energy is given by the integral of the product

of current and voltage over an injection cycle (weighted by 0.25 since injection occurs

for one out of four bit transitions), or Etrans = 0.25QinV, where Qin is the injected

charge. We can approximate the injected charge by multiplying the mode volume of

the cavity by the required charge density needed for a 110 pm blueshift in GaAs. For
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Figure 4.22: Lifetime of gallium arsenide band edge PL as detected by a
streak camera. The sample is pumped locally at the PC cavity defect by
3 ps Ti:Sapphire laser pulses. The decay consists of a fast component (PC
cavity) and slower background component.
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this L3 cavity the mode volume is 0.06 µm3 and from [117], the carrier density in

GaAs corresponding to such a shift should be 4.4×1016 cm−3. Therefore at 1 V we

find Etrans = 0.1 fJ/bit. Thus our modulator operates clearly at 1.1 fJ/bit for 100

MHz and 0.2 fJ/bit for 1 GHz.

Cavity-waveguide modulator energies are the sum total of switching energy and

heater energy needed for wavelength stabilization in the case of high Q cavities [99].

Our present modulator can be modified to either work with high contrast in either

a high Q or low Q configuration. For high Q operation, the doping regions should

be spaced out farther to prevent free carrier absorption. The above shift of 110 pm

corresponds to a linewidth of the cavity with a Q of 14,000 - the value that should be

reachable on our platform. Such a device would preserve the ∼0.2 fJ/bit switching

energy, but requires a heater for thermal stabilization, which dissipates additional

energy. On the other hand, for the low Q operation regime (such as in this article),

we would need to eliminate the injection saturation caused by the current leakage

path in order to shift the cavity by a full linewidth. This would increase Etrans by a

factor of four, but could eliminate the need for the stabilizing heater (as the linewidth

is much broader, and hence, the system cannot be impacted significantly by thermal

instabilities).

An additional implementation of this laterally doped scheme would be a reverse-

biased diode modulator. Free-carrier removal by increasing the depletion width is

often a faster and lower energy process than carrier injection through forward biasing

[99]. In the current experiment we have not optimized the doping concentrations and

spacing between doped regions for this mode of operation, but this should be easy to

design and implement. Finally, we note that all of the performance parameters could

be improved in either configuration by reducing the series resistance of the diode,

found here to be a few hundred kΩ, dominated by a bad contact resistance. We have

observed diode series resistances as low as 1 kΩ in our former devices [67, 63].

In summary, we have investigated a novel PC electro-optic modulator consisting

of a GaAs cavity coupled to a fiber taper probe. The fiber taper serves as a reconfig-

urable waveguide that can modify the transmission and quality factor of our devices.

Modulation of a probe laser beam was observed at 1 GHz with the ultimate speed of
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the device likely to be in the tens of GHz, due to rapid carrier recombination at PC

hole surfaces. Energy calculations showed that even at 100 MHz the switching energy

per bit is only ∼1 fJ. We believe that simple improvements to the modulator design

could allow high contrast operation at over 10 GHz speed with switching energies well

below 1 fJ/bit.

4.7 Fiber-coupled photodetector

In this section, we describe our demonstration of the lateral p-i-n junction PC cavity

two-photon photodetector [68]. The fiber-taper coupled to an electrically contacted

photonic crystal can be used to demonstrate a cavity-enhanced two-photon photode-

tector. Cavities have been previously used to enhance the responsivity of photodetec-

tors in both the linear and two-photon regimes [123, 83]. Conceptually, a cavity can

provide a longer effective path length (for linear absorption) as well as an increased lo-

cal light intensity (for two-photon absorption (TPA)). Ordinarily, GaAs will have zero

linear absorption near 1.5 µm due to its larger bandgap; however its nonlinear TPA

coefficient is 10 cm GW−1, which is over ten times greater than the TPA coefficient of

silicon [124]. Therefore, two-photon absorption and subsequent photodetection may

be possible in GaAs without the need for extremely high Q-factor cavities.

We perform photodetection measurements on our previously fabricated lateral

junctions at 1500 nm. As before, the fiber taper is aligned and coupled to the L3

cavity (Figure 4.23(a)). The transmission coupling wavelength is noted and a tunable

laser matched to the cavity resonance is fed into one taper end. Current-voltage

traces are then taken for various input laser powers. We see in Figure 4.23(b) that

the device indeed functions as a two-photon detector with photocurrent increasing

proportionally to the input laser power. By incorporating the taper loss as well as

the power coupling ratio into the cavity, we estimate the responsivity to be around

10−3 A/W. Photodetection occurs even with our low Q factors of 1000-2000, and is

seen only when the pump laser is within the cavity bandwidth, confirming resonant

enhancement. The absolute responsivity could be further improved by using cavities

with higher Q-factors.
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Figure 4.23: (a) Schematic for the fiber-coupled photodetector. The taper
is aligned as previously and the photocurrent is monitored as a laser is
fed into one end of the fiber. The cavity region is outlined in the red box.
The scale bar is 10 µm. (b) Photocurrent IV plots for several input laser
powers.

4.8 Interconnected lateral junction devices

We conclude our results by discussing multiply interconnected lateral junction de-

vices. Practical devices in future on-chip networks will need to be multiplexed at

high density, requiring a minimum footprint for all components: lasers, modulators,

and detectors. For high data rates to be possible, wavelength division multiplexing is

necessary, requiring many independent light channels. A recent study illustrated this

concept by multiplexing several independent ring resonator modulators at different

wavelengths to one coupled waveguide [125]. In our devices, we are able to reproduce

this behavior with multiple cavities embedded in the same PC lattice.

For our structures, we fabricate one large PC lattice with three uncoupled cavities

spaced by six or more lattice periods in passive GaAs material (Figure 4.24(a-c)). The

number of linked cavities can be increased further but for the present demonstration

we use three. The local hole radius and lattice constant can be tuned so that the

cavity modes have identical or different wavelengths. An example where different

wavelengths are desirable would be for having multiplexed sources or modulators for
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different channels. Identical wavelengths might be useful for matching a source with

a modulator, a source with a detector, etc. The doping layout is such that large

intrinsic regions separate adjacent cavities (Figure 4.24(c)). This is done so that an

applied bias to one set of contacts does not produce a crosstalk current flow in a

neighboring cavity. Finally, trenches are fabricated to isolate each metal contact pad

to eliminate crosstalk (Figure 4.24(a)).

To couple all three cavities we again use a fiber taper waveguide that is appropri-

ately placed on all three cavities. When positioned properly, we obtain clear transmis-

sion signals for each cavity (Figure 4.24(d)). In this example, the three cavity modes

were fabricated to have unique wavelengths near 1500 nm for modulation studies. As

a forward bias is applied to a single pair of contact pads, the corresponding cavity

mode is seen to shift in accordance to the modulation properties discussed above.

Meanwhile the other two cavity modes are unaffected by the applied bias. This is

repeated with the other two cavity modes with the same result. Therefore, inde-

pendent electrical control without crosstalk can be achieved in a compact platform.

Extensions of this design can easily be made with any number of active components

for dense optoelectronic integration.

4.9 Summary and future work

We have demonstrated a novel platform for the electrical control of active photonic

crystal nanocavity devices. In particular, we have achieved efficient electrical in-

jection into 2D membranes of GaAs containing quantum dots for laser and LED

applications. Our laser operating at 50K has a threshold of only 181 nA, the lowest

of any electrically driven laser ever demonstrated. The lasers operate up to 150K

before transitioning to LEDs due to limited QD gain and high cavity loss.

The principal reason why we do not observe lasing at room temperature is that

the quality factor of our cavities is too low, and hence the cavity loss is too great

compared to the supplied QD gain. Previous reports on InAs quantum dot lasers

showed that room temperature lasing in this material system is quite challenging due

to the low maximum gain provided by high density QDs, quoted as up to 5 cm−1
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Figure 4.24: (a) Tilted SEM picture of a fabricated triple cavity device.
The independent contact pads are seen along with the isolation trenches.
(b) Zoom-in SEM of (a). The doping profile is partially visible. (c) Top-
down SEM of a device with doping regions labeled and delineated by
dashed lines. The scale bar is 2 µm. (d) Transmission spectrum for a
fiber taper coupled to a set of three cavities. The fundamental mode was
designed to be at a unique wavelength for each cavity. Independent tuning
of each mode is possible.
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per layer [73, 126]. In order to realize lasing with such low gain media, the cavity

loss must be exceptionally small with Q-factors in excess of 104. Our devices, on the

other hand, have Q factors ranging from 1000-2000, limited by several fabrication

complexities.

The first is that the doping regions partially overlap with the cavity mode field,

resulting in free carrier absorption. This loss is unavoidable since the p and n re-

gions must be closely spaced in order to ensure proper carrier injection. The second

limitation to the Q-factor we believe is due to some surface roughening of the GaAs

membrane caused by the repeated deposition and etching of the nitride masks. As

a point of reference, we have obtained Q-factors in excess of 10000 using this same

material for undoped GaAs photonic crystal cavities [45]. An additional challenge

to room temperature lasing is that the InAs QDs are strongly affected by the rapid

thermal anneal at 850 ◦C. Their emission intensity goes down by a factor of ten at

room temperature, likely due to reduced carrier confinement in the dots. While it

may be possible to optimize the fabrication process to simultaneously increase the

Q-factor and maintain the original QD gain, it will not be trivial.

Alternative to the GaAs platform, indium phosphide with embedded quantum

wells might prove to be a better material system for achieving room temperature

lasing. QWs have significantly more gain than do QDs and room temperature las-

ing in InP is routinely observed even for low Q cavities [69, 127, 128]. Quantum

wells have even been shown to have increased photoluminescence intensity after rapid

thermal annealing [129]. The main challenge with transferring this platform to InP

is the relatively high transparancy carrier density needed for QW inversion (typically

around 1018 cm−3 [128]). As mentioned before, achieving high carrier densities at the

cavity center is limited by activated doping levels and non-radiative recombination.

Implantation in InP should result in similar activation levels as for GaAs, though the

Si (n dopant) would have a higher activation compared to Be (p dopant) [88]. At the

same time, non-radiative recombination for InP has been shown to be over an order

of magnitude slower due to the positioning of surface trap defects within the bandgap

[130, 131]. Our preliminary Poisson simulations show that it should be possible to

attain inversion in QWs and lasing at room temperature in properly designed InP
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lateral junctions. Very recently, a room temperature, laterally injected InP PC laser

was demonstrated with a low threshold of 24 µm [132], but this included a complex

regrowth of InP active material.

The uniquely modified properties of our quantum dots at room temperature have

allowed us to demonstrate a 10 GHz single-mode LED with sub-fJ/bit energy con-

sumption. While a traditional laser is typically the device of choice for an optical

source, our single-mode LED has all the look and feel of a laser with its high band-

width in a single channel and can be used for practical communications. The cavity

allows light to be efficiently channeled into a well-defined mode that can be further

extracted with a coupled waveguide. The narrow spectral linewidth also allows for

wavelength division multiplexing in densely integrated systems. Low output power

remains an issue in these types of sources relying on non-radiative recombination

alone. A fast, single-mode LED that is also very efficient by having a large Pur-

cell enhancement would require sophisticated engineering of the material system and

careful optimization of cavity parameters [133]. We point out, however, that even

though our LEDs are low power, optical interconnect links could be designed around

such transmitters by using sensitive detector technology.

Finally, we have utilized our lateral p-i-n junction to demonstrate LEDs in 1D

photonic crystal nanobeams and fiber-coupled modulators and detectors. The former

work is an encouraging result in that electrical injection can be surprisingly efficient

for such small structures. Nanobeams have conducting cross-sectional areas of just a

few hundred square nanometers, yet high current densities and carrier injection levels

similar to those of 2D membranes are possible.

Our electro-optic modulator and two-photon photodetector present alternative

functions for the lateral p-i-n structure not related to light emission. Here we show

that a cavity can be controlled through free carrier dispersion and in the process

modulate light output through a coupled fiber taper. Cavity-enhanced TPA and

photocurrent generation open up another avenue for electrical PC cavity control.

Going forward, integrated components such as the triple cavity for wavelength division

multiplexing will be important for full system applications.

In summary, we have developed a technique for both efficient electrical injection
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and electrical control of photonic crystal cavities. Design flexibility is inherent in

our platform and numerous parameters can be easily changed to provide a custom

need. The extra degree of freedom provided through electrical control could lead to

new physics and studies on the interaction between light and matter, as well as in

optomechanics.



Chapter 5

Biophotonic sensing using

nanocavities

The second half of this dissertation encompasses an entirely different theme of use

for photonic crystal cavities as biophotonic sensors. In the previous half of this

dissertation we saw how by scaling microcavities down to wavelength scale dimensions

we are able to reduce control powers of cavities for optoelectronic devices. Here,

we exploit the small size and near-field properties of these cavities for measuring

changes in physical environments. The principle method of sensing here is to use the

evanescent field that extends beyond the semiconductor surface of the cavity [134].

This near-field is an exponentially decaying component of light that falls of rapidly

from the semiconductor boundary and extends several hundred nanometers in length

(see Figure 5.1). The evanescent field is not unique to PC cavities, but exists in

virtually every dielectric cavity or waveguide as a result of Maxwells equations. In

the case of PC cavities, the field decays vertically in the top and bottom directions

and also penetrates the air holes in the plane of the membrane [134]. An advantage of

the employment of PC cavities for biosensing is their small footprint, enabling small

sensor dimensions, as well as sensing of small volumes of analytes.

Sensing is accomplished through monitoring the spectral position of a particular

cavity mode before and after a given action such as immersion in a particular solution.

The change in the local refractive index by whatever fluid, particle, or biomolecule
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Figure 5.1: Illustration of evanescent field sensing. The optical mode
is mostly confined inside the semiconductor slab, but leaks out in both
directions in the form of an exponentially decaying evanescent field. When
new material (biological or chemical) is deposited within this field region,
the cavity mode will sense this increase in refractive index and redshift in
wavelength accordingly.

that is now on the surface of the cavity will result in a spectral shift of the mode

peak. This is because the dielectric environment of the cavity has now been altered

and part of the mode field feels this change in refractive index. The magnitude of

the spectral peak shift can be approximated using second order perturbation theory

[135]:

∆λ

λ
≈ 1

2

∫
∆ε|E|2dV∫
ε|E|2dV

≈ ∆n

n
. (5.1)

Here ∆λ is the change in wavelength, λ is the original mode wavelength, ∆ε is the

change in local refractive index caused by the perturbation, E is the mode electric

field, ∆n is the change in refractive index due to the perturbation, n is the original

refractive index, and the integral goes over all space. As can be seen from the equation,

the change in refractive index is weighted by the overlap with the cavity field intensity.

Thus positions where the field strength is highest have the greatest effect on changing

the spectral position of the cavity mode. Intuitively this makes sense because the

cavity mode feels the refractive index change greater at its antinodes rather than its

nodes. Researchers in the past have fabricated special PC cavities with field maxima

in holes or slots in order to benefit from a greater peak shift [134, 136]
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Typically one cares about a limit of detection, or a minimal discernible concen-

tration of particular analyte that a device can sense. Different standards exist in the

literature but the general idea is that one needs to be able to accurately measure

a spectral peak shift, and this is dependent on both the cavity and the detection

optics. Usually, one requires a complete cavity full width at half maximum shift to

reliably conclude a detection event has occurred, and the amount of analyte that

brings about this change is the detection limit. Therefore, cavities with narrower line

widths (higher Qs), can have much lower detection limits [137]. Some definitions for

detection limit merely require that the spectrometer detect any change in the cavity

central peak position.

There are numerous examples of refractive index sensing using cavities in the lit-

erature. PC cavities have been used to detect different solvents as well as different

proteins [138, 134]. In the former, cavities were simply immersed in a medium of

higher refractive index such as isopropanol and water, causing for large peak shifts

around 30-50 nm. In the latter, a more interesting method of sensing was accom-

plished known as label-free sensing. Here the cavity surface is functionalized with an

organic layer to prepare it for binding to a target molecule of interest such as a protein.

Then when the protein binds to the surface, a thin monolayer of molecules causes a

small spectral peak change compared to the clean cavity. The method is label-free

because the target molecule does not contain a fluorescent label, typically used in

biological imaging. Because monolayers of organics are very thin (a few nanometers),

the spectral changes are very slight (also only a few nanometers in wavelength). For

example, a 2 nm film produces a 2 nm spectral shift in [134]. An approximate calcu-

lation explains this. Say a protein has npro = 1.4, and in air (n = 1), then ∆n = 0.4

and ∆n/n = 0.4. If we say the field overlap with the protein is 0.3%, then the total

shift is related as ∆λ/λ ≈ 0.003×0.4. For a starting λ of 1500 nm, we find that ∆λ

= 1.8 nm. Obviously this is just an approximation and a full wave integration would

be necessary to calculate the overlap, but it nonetheless shows what to expect.

Sensing using this method has had tremendous success for various cavities and

various analytes. Single virus particles were detected using a whispering gallery mode

resonator in [139] and higher concentrations of virus particles in [140]. DNA and
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proteins have been detected in [141] and [134] respectively.

Though photonic crystals have proven to be highly sensitive for biological sensing

applications, the form factor in which they are found greatly limits applications.

To date, the vast majority of work on photonic crystal cavities has centered on the

properties of devices still bound to their original growth substrates. This form factor is

convenient for free space optical testing in the laboratory, but is difficult to integrate

in larger systems consisting of many devices. Coupling light on- and off- chip is

challenging due to severe size mismatch between PC components and external fiber

optics. While certain applications of PCs such as dense all-optical processing may still

require full on-chip integration, other applications of single or few photonic crystal

cavities for sensing may benefit dramatically through a change in platform. We

propose using the end of a cleaved optical fiber as the new platform to integrate PC

cavities with external optics (as seen in Figure 5.2). With cavities bound to fiber tips,

they are: 1) easier to couple to external optics for practical and portable sensing and

2) the sensors can be placed in exciting new biological environments.

Figure 5.2: Schematic of the combination of an optical fiber with a single
photonic crystal cavity into a new type of device.

Recent reports have investigated various ways to functionalize fiber facets with

dielectric or metallic structures [142, 143]. Using imprint transfer and nanoskiving

techniques, researchers were able to successfully deposit plasmonic antennas on fiber

facets for SERS applications [144]. Colloidal photonic crystal lattices have also been

grown on the tips of optical fibers via self-assembly [143]. An efficient method to

extract and relocate a PC semiconductor slab, however, isn’t readily clear due to the

delicate nature of PC membranes. Englund et al. have employed a PDMS stamping

method to extract GaP photonic crystal cavities and position them on top of quartz
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substrates covered with diamond nanoparticles with nitrogen-vacancy centers [145].

Jung et al. developed a process to transfer simple silicon PC membranes on top of

fibers using micromanipulation inside a focused ion beam (FIB) chamber [146]. This

process was adapted from TEM sample preparation and included welding a tungsten

probe to the membrane, releasing the slab through ion milling, repositioning the

sample on top of a fiber tip, and finally welding the sample in place. While this

approach only marginally perturbs the distributed Bloch modes of photonic lattices,

we found that the same technique applied to PC cavities completely destroys any

localized resonant modes.

In this part of the dissertation, we report on an easy and rapid procedure to

transfer PC cavities to optical fiber tips that avoids complicated microfab process-

ing and uses ordinary epoxy as an adhesive layer. Our method can be done with a

microscope-based setup in under an hour and requires minimal precision for align-

ment. Additionally, material-specific recipes are not needed, and many types of active

or passive cavities can be incorporated onto fibers. Using this technique, we func-

tionalize optical fiber tips by successfully transferring Si cavities with resonances at

1500 nm as well as GaAs cavities resonant with InAs quantum dots emitting at 1300

nm. We are able to fabricate devices with cavities located either smoothly on the

fiber facet, or perpendicularly extending from the edge of the fiber tip. This is the

first work to report high Q resonators of any kind affixed to a fiber probe.



Chapter 6

Development of a fiber-coupled PC

probe

6.1 Initial attempts using FIB assembly

As mentioned in the previous chapter, a technique to transfer thin silicon membranes

to the tips of optical fibers using assembly in a focused ion beam chamber has been

demonstrated. In that study, Jung et al. were able to essentially cut out large pieces

of silicon photonic crystal membranes and relocate them to the tips of optical fibers

where they were subsequently welded into place [146]. The silicon membranes were

unperturbed photonic crystalsthat is, there were no cavity defects or other inten-

tional lattice perturbations and the light was distributed over the entire membrane

area. The significance of this is that delocalized modes of light are much more tol-

erant to imperfections or variations in the dielectric material compared to localized

cavity modes. This crucial difference was discovered during our initial attempts at

fabricating fiber-coupled PC devices using the same focused ion beam (FIB) process.

The process of FIB micromanipulation begins with the loading of a special holder

that can mount cleaved optical fibers upright along with standard chips bearing PC

structures. After initial FIB calibration, a sharp tungsten Omniprobe is aligned to the

corner of a PC structure where a bridge connects the membrane to the outer substrate

(Figure 6.1a). Once the Omniprobe is carefully settled on the PC edge, the probe

125



CHAPTER 6. DEVELOPMENT OF A FIBER-COUPLED PC PROBE 126

is welded to the semiconductor with a platinum gas source. We then use a gallium

focused ion beam to mill away or cut the connecting tabs to release the cavity. Now

that the cavity is connected to the Omniprobe it can be relocated manually within

the chamber until it is lowered onto the tip of an optical fiber (Figure 6.1b). Once it

is centered and positioned properly, we use platinum again to weld the corners of the

membrane to the silica fiber facet (Figure 6.1c). Finally, a gallium ion beam is used

to cut away and separate the Omniprobe from the fiber tip and the device is released

(Figure 6.1d).

Figure 6.1: (a) SEM image of an Omniprobe tip welded to the corner of
a PC cavity and lifting the small square (about 10 microns on a side) out
of the substrate. (b) Relocation of the same PC cavity overtop an upright
optical fiber. (c) Welding the corners of the membrane onto the silica fiber
facet. (d) Final assembled device after removal of the Omniprobe.

Figure 6.2 shows optical microscope pictures of assembled devices. As can be

seen, the accuracy is rather poor and the membrane looks like it has undergone

mechanical damage. Even after the laborious serial process of the FIB, it is challenging
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to overlap the micron-sized cavity with the narrow fiber core. We attempted testing

either through photoluminescence or through reflectivity and were unable to resolve

any cavity mode features. Upon closer inspection of tested samples, we observed a

change in color for the regions that were imaged under the focused ion beam (Figure

6.3). This signaled that perhaps the material properties have been modified due to

the impinging gallium ions. Therefore we tested the effect upon cavities before and

after exposure to small and large doses of gallium ions. For all exposures, we found

that ALL cavity features were completely eliminated. This happened for both gallium

arsenide and silicon PC cavities. The primary reason for this effect is that the high

energy gallium ions are responsible for amorphizing a thin (20-40 nm) layer on the

top surface of the semiconductor. Monte Carlo simulation with the SRIM package as

well as previous literature results indicate that this damage is unavoidable for gallium

ion accelerated with a 30 kV extraction voltage [147]. The microscopic variations in

refractive index caused by the amorphous layer turn out to be too severe and the

cavity signal degradation unavoidable.

We attempted to protect our devices from this ion damage by depositing a coating

of resist or chrome on the original cavity chip, the idea being to subsequently remove

this layer from the device after assembly. Then the coating could absorb the damage

and the underlying semiconductor would not be damaged. An image of a thin protec-

tive resist coating is seen in Figure 6.4a. It turns out that the resist becomes hardened

by the gallium ion bombardment and cannot be subsequently removed either by wet

or dry etching. Similarly, the chrome mask could not be adequately removed as seen

in Figure 6.4b. Therefore due to all these dead ends, we decided to abandon the FIB

process and develop a new technique.

6.2 A simple epoxy-based transfer technique

The technique we developed to transfer large semiconductor membranes was inspired

by the observation that we have at our disposal very small electrical probes which

we can manipulate with fine control. From our experience with electrically pumped
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Figure 6.2: (a) Optical microscope picture of an assembled fiber-cavity
device facet. The central glow is illumination from light coming out of the
fiber core. The cavity can be seen to the upper right of the core, covered
with various junk overtop. The bring glow at the bottom is the tip of the
Omniprobe that was cut off and removed. (b) Color microscope picture
of a similar device at an angle.
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Figure 6.3: (a) SEM image of an array of cavities in GaAs, some of which
were imaged with a focused ion beam and some of which weren’t. The
ones that were imaged, even only briefly are outlined in a darker shade
of grey, indicating damage. (b) Zoom-in of a single cavity on a Si chip,
showing similar dark grey outline and damage.

photonic crystal devices, we learned how to use and operate standard tungsten elec-

trical probes in an optical setup and learned how to manipulate them spatially with

high accuracy. The probe tips can range anywhere in size from 200 nm to 10 microns

wide at the endpoint. We therefore conjectured that it might be possible to ’paint’

the tip of an optical fiber with a glue of some sort using a probe tip and then try to

mate that sticky end with a chip-based photonic crystal membrane.

The first iteration process proceeded as such. We first prepared a glue or epoxy

on a sheet of paper and dabbed a tiny droplet ∼nL in size by hand on the tip of an

electrical probe that was mounted to a three-axis micromanipulator unit. We then

took a freshly cleaved optical fiber and mounted it upright so that the facet was visible

under a microscope. Then we positioned the probe overtop the fiber and lowered the

tip until contacted in several locations so that the epoxy could ooze onto the facet

surface. Figure 6.5 illustrates how this process looks. As can be seen, the amount of

glue deposited onto the fiber is quite large and the final position of where the glue

ends up is random. Nonetheless, our goal of laying down a small but sticky enough

amount of epoxy is accomplished and we can then try to pick up chip-bound cavity
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Figure 6.4: (a) Schematic of using a protective mask layer to absorb the
gallium ion damage. (b) Side angle SEM of a chip coated with ZEP resist
to act as a protective layer. (c) SEM image of same ZEP resist which was
unsuccessfully etched away after FIB exposure. (d) Optical microscope
picture of a PC membrane that was protected with chrome, but which
wasn’t adequately etched away.
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membranes.

Figure 6.5: (a) Image of a fiber facet and large probe tip. (b) Same fiber
after one glob of epoxy has been deposited. (c) Image of same fiber after
two globs of epoxy have been deposited.

Figure 6.6 visualizes the next few steps in the process. After the fiber tip has

been coated with epoxy, we quickly invert the fiber so that it is pointing face-down

away from the objective lens and align it to a prepared chip. The chip contains

large membranes between 50-100 µm in size to ease in alignment and retrieval. The

sticky fiber is then pressed down on top of such a membrane, held in contact for a

few seconds, and then pulled back. When it is pulled back, the large semiconductor

membrane is carried away with it.

Figure 6.7c,d shows our first device ever fabricated. We call this device a fiberPC

because it combines a fiber with a photonic crystal. A large square of silicon PC

membrane is crudely attached to the fiber tip with a big rim of epoxy coating the

edge of the fiber facet. Because the silicon template was made as a square, it was

hard to rip out of the chip and thus there are fracture edges to the membrane. To

improve the success of having a cavity overlap the fiber core (9 µm for single-mode

fiber, we fabricated an array of uncoupled cavities as seen in Figure 6.7a. Each

cavity is a typical L3 cavity (Figure 6.7b). This array of cavities is in a single large

photonic crystal which is surrounded by another area of large patterned holes which

are necessary to undercut the larger template structure.

We experimented with numerous glues and epoxies and found that the best per-

forming agent was Devcon 5 minute epoxy from ITW. The ideal glue is one that can

cure in a timely manner (under 10 minutes) and has acceptable viscosity for flowing



CHAPTER 6. DEVELOPMENT OF A FIBER-COUPLED PC PROBE 132

Figure 6.6: Process flow for the first iteration of device preparation. Fiber
tips are ’painted’ with epoxy with a sharp tungsten tip, then inverted and
pressed into contact with a semiconductor template. The fiber is then
pulled away carrying with it the original membrane.
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Figure 6.7: (a) SEM of center of template showing array of uncoupled
cavities. Scale bar 5 µm. (b) Zoom-in showing single L3 cavity. Scale bar
500 nm. (c) SEM of completed fiberPC. (d) Zoom-in of (c).
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over the fiber and chip. If the epoxy is deposited too quickly, it will have a low

viscosity and cover the entire fiber tip smoothly. This is undesirable because then it

will cover the PC holes and potentially spoil the cavity properties. If the epoxy is

deposited too slowly, it will have a high viscosity and flow poorly if not at all.

Although this first iteration of fiberPC production yielded devices that could be

constructed, the quality of assembled products was quite poor. Figure 6.8 shows

pictures of two fiberPC devices, illustrating how uncontrollable the epoxy fixation

process was. In addition, it is apparent that the square template has trouble surviving

the transfer and frequently breaks. In order to solve these problems, we had to modify

our process significantly.

Figure 6.8: Pictures of two fiberPC devices that were built using the first
iteration assembly method.

There were two major process improvements we implemented to have more suc-

cessful fiberPC constuction. The first was to use a circular template that could match

perfectly to the cleaved fiber facet. Since a typical optical fiber is 125 µm in diameter,

the semiconductor template was made 125 µm in diameter as well. Figure 6.9 shows

a picture of the templates before and after. The cirular one has large arc trenches

that will prevent breakage or fracturing of the membrane. Making such large struc-

tures with such large aspect ratios between the lateral and thickness dimensions is

not trivial. In fact, a great deal of optimization of the dry and wet etch times as

well as the e-beam patterning was necessary in order to have a good device yield.
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These membranes have large built-in strain with their sacrificial layer and hence flex

greatly once released. Sometimes the bowing is so significant the membranes touch

the substrate and become stuck through stiction. In terms of the wet undercut, if the

devices are in aqueous solutions for too long, the stiction effect is amplified. If they

are washed for too short a period of time, the AlGaAs crystals are not completely

removed. Therefore an optimum range had to be determined.

Figure 6.9: (a) First iteration fiberPC square template. (b) Second itera-
tion circular template for fiberPC devices.

The second big change in procedure was to not directly ’paint’ the fiber tip. This is

because when the epoxy comes directly off the electrical probe, it flows in very large

quantities and coats a large portion of the fiber unevenly. We decided to instead

deposit this large quantity of epoxy on the chip surface, and then use a second step

to withdraw much smaller droplets (pL size) of epoxy from this resevoir. Rather than

painting the fiber tip, we drew these spots on the chip surface so that the fiber could

then press down on these spots to coat its facet. We draw two spots 80-100 µm apart

on the chip surface so that a large space was available in the center where no glue

would flow or coat the PC cavities. Once the fiber was coated by pressing down, it

could then be relocated to a template of interest and the membrane could be released

as described before. The circular template is also helpful because then the template

cavities can be centered and aligned simply by making sure the fiber and template

overlap well. Even with manual micropositioners we have a lateral accuracy of 2-3
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µm. Once again we want to time this so that the epoxy has the right viscosity for

this action. If the epoxy is too liquidy, it will flow through the template holes and

get trapped beneath the membrane, making removal impossible. If the epoxy is too

firm, it will not stick well with the semiconductor. This whole process is visualized

in Figure 6.10.

Figure 6.10: (a) Two small epoxy drops are deposited on the chip near
to where the cavity template is below. The arc-shaped distortions in the
template are due to the in-plane strain which causes the membrane to bow
in and out of plane. (b) An overhead fiber pointing down is pressed down
on the two epoxy drops. (c) The fiber is lifted and repositioned over the
template and then is pressed down. (d) The fiber is retracted, carrying
away the semiconductor template. (e) Picture of the same spot after the
fiberPC is removed showing that the template is no longer there.

Figure 6.11 shows SEM images of a completed fiberPC device using the second

generation assembly method. The template is made of 220 nm passive silicon and,

as can be seen, smoothly covers the entire fiber tip. The two epoxy droplets that

connect the semiconductor to the fiber tip are seen toward the outer areas away

from the central cavity array. The amount of epoxy is minimal here and only a

tiny amount protrudes through the template holes. The semiconductor membrane is

almost perfectly flush with the facet and is held in place by additional Van der Waals
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forces.

Figure 6.11: Tilted angle SEM of a fiberPC device. The fiberPC was
sputter coated in gold to prevent electron beam charging. The template
has only a few micron offset from perfect center. The faded spots in the
pictures are where the epoxy has smoothed out the template slightly. Only
a small amount of epoxy is seen squeezing up out of the holes.

Figure 6.12a shows a close-up of another fiberPC where the retraction wasn’t so

smooth and hence a fold in the membrane developed. This might be inconvenient

for some sensors or devices, but might be an interesting way to intentionally induce

strain or curved structures in future projects. Figure 6.12b shows a close-up of another

fiberPC edge where the lateral offset was large, showing how flush the thin 220 nm

membrane is with the underlying silica surface. We believe strong Van der Waals

forces are responsible for keeping most membranes flat. It is likely that if the epoxy

is subsequently removed then the membrane will still stick to the fiber facet due to
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these forces. Normal organic solvents are not enough to remove epoxy but commercial

products such as ’Attack’ epoxy remover can do the job. We never attempted this

because for all purposes our devices never needed to have the epoxy removed.

Figure 6.12: (a) Close-up of a fiberPC device illustrating how folds or
wrinkles occasionally form. (b) The edge of another fiberPC highlighting
the smoothness of most membranes.

6.3 Optical testing and characterization of fiberPC

devices

Photonic crystal cavities were fabricated through standard electron-beam lithography,

dry etching, and undercutting. Both Si and GaAs air-bridged membranes were 220

nm thick and the GaAs material contained three layers of high density (300 dots/µm2)

InAs QDs with emission centered at 1300 nm. We use the common PC cavity design

of a modified L3 defect with shifted air holes [17] for high quality (Q) factor cavities

and coupled cavity arrays (CCAs) for large mode area coupling [148]. The L3 cavities

in Si had a triangular lattice constant a = 450 nm and hole radius r = 0.22a while the

cavities in GaAs had a = 330 nm and r = 0.22a. For the Si CCAs we use a = 490 nm

and r = 0.38a and a two hole spacing between cavities in a square lattice [148]. To

facilitate alignment and guarantee that at least one L3 cavity will spatially overlap



CHAPTER 6. DEVELOPMENT OF A FIBER-COUPLED PC PROBE 139

the fiber core (approximately 9 µm in diameter for SMF-28), we generate an array

of uncoupled cavities spaced by no more than 9 µm apart (the cavities themselves

are roughly 1 µm2 in area). Similarly, we pattern a large 25 µm x 25 µm zone for

the CCA lattice. A final outer region of 1 µm diameter air holes surrounding the

cavities was used to release a larger 125 µm diameter circle for easier transfer. We

assemble our devices as prescribed in the previous section for the second generation.

Our fiberPC device is robust and mechanically strong. Preliminary testing in various

solution environments shows no material degradation or membrane detachment. In

addition, the functionalized fiber tip can be forcefully contacted with various hard

surfaces without breaking.

We first investigate the bound cavity properties of our Si L3 device with a fiber

taper transmission measurement of a vertically oriented fiberPC (Fig. 6.13(a,b)) [149].

Fig. 6.13(c) shows the transmission spectrum when the taper is placed on one of the

central cavities of the fiberPC. From a Fano fit of the transmission dip at 1586 nm we

find that the fundamental cavity mode loaded Q-factor is 2400 (Fig. 6.13(d)). Prior to

transfer, these same cavities had measured fiber taper loaded Q-factors of 5000-10000.

The decrease in Q-factor after transfer is most likely due to the lossy oxide cladding,

as predicted by simulation. Therefore we find from these passive measurements that

PC cavities can indeed survive relocation to fiber tips whilst maintaining a high Q. We

also note that it is possible to use alternative oxide-clad cavity designs for ultra-high

Q applications [150].

We next investigate the bound cavity properties of our Si device with a cross-

polarized reflectivity measurement [152]. The fiberPC is mounted on a stage with

the cavities angled 45 degrees to a polarizing beam splitter (PBS) main axis (Fig-

ure 6.14a). Because the cavity mode fields are strongly polarized, the reflection of

broadband IR light that transmits through the PBS will result in peaks at the cavity

mode wavelengths. In Figures 6.14b,c, the broadband reflectivity spectra of two dif-

ferent cavities within the same array are seen, revealing clean cavity mode Lorentzian

profiles. These modes are identified as higher order modes than the fundamental

based on their spectral locations. The fundamental mode is harder to observe in this

measurement setup but is clearly seen in the previous optical transmission study.
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Figure 6.13: (a) Schematic of the fiber taper transmission measurement.
Light from a broadband source (BBS) is sent through the fiber taper and
the cavity transmission is recorded by an optical spectrum analyzer (OSA).
OL is objective lens. (b) Optical image of the fiber taper touching a cavity
for a vertically oriented fiberPC. The notches every 90 degrees are from
tabs used to suspend the released membrane. The scale bar is 25 µm. (c)
Transmission spectrum for the taper pictured in (b). (d) Zoom-in of the
fundamental cavity mode, revealing a loaded Q of 2400.
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Figure 6.14: (a) Schematic of the cross-polarized reflectivity measurement.
Polarized light from a broadband source (BBS) illuminates the cavities at-
tached to the fiber and is reflected back to a spectrometer. OL is objective
lens. (b-c) Cross-polarized reflectivity spectra of Si cavities for two differ-
ent fiber positions, both showing multiple modes.
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Next, we examine the ability to couple light between the fiber and cavities in a

fiberPC using a direct transmission measurement (Fig. 6.15(a)). For this test we use

fiberPC’s with an Si CCA (Fig. 6.15(b)) since the large cavity modes overlap better

with the Gaussian TE fiber modes, producing a stronger transmission resonance sig-

nal. Figures 6.15(c,d) show multiple transmission spectra for the fiberPC for different

collection points 10 microns apart (taken by adjusting the area of collection with a

pinhole). Clear cavity signals are obtained, indicating that it is possible to directly

couple cavity resonances to the fiber. As expected, the transmission lineshape is sen-

sitive to the position of the pinhole, suggesting cavity radiation pattern dependence

on the interference signal [153].

Figure 6.15: (a) Schematic for the CCA transmission experiment. Light
from the broad-band source (BBS) is internally coupled to the fiberPC
fiber and the transmitted signal is detected on the other side with a con-
focal microscope setup. (b) SEM image of a small subset of a larger CCA
square. The scale bar is 1 µm. (c,d) Absolute transmission spectra of the
CCA fiberPC for two unique spot locations.

We turn our attention now to active GaAs fiberPC’s with light-emitting quantum

dots. Fig. 6.16(c) shows the PL spectrum of a single L3 cavity from an uncoupled

cavity array before transfer and still on-chip when pumped by 10’s of µW of 830 nm

light from a laser diode (LD). This same membrane was transferred onto a fiber tip

and pumped through the fiber with the laser diode (Fig. 6.16(a)). As seen in Fig.
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6.16(b), the QD PL is especially bright around the fiber core as well as around nearby

cavities. When one of the cavities is spatially filtered with a pinhole from the full

structure, we see a PL spectrum in Fig. 6.16(d) similar to that prior to transfer. A

Lorentzian fit to the cavity mode gives a quality factor of 3700 (Fig. 6.16(e)), once

again showing that strong resonances can be sustained at a fiber tip.

Figure 6.16: (a) Schematic of the PL experiment. Quantum dots in GaAs
cavities are pumped by a laser through the fiber while emission is collected
with a free-space setup. (b) IR camera image of the QD PL when pumped
internally. The fiber core is brightly seen in the center as well as nearby PC
cavities. (c) PL spectrum of one cavity within the 5 x 5 uncoupled array
before PC membrane transfer. (d) PL spectrum of a different cavity within
the original array now bound to the fiber showing similar results. (e) Close-
up of the fundamental cavity mode from (d) along with a Lorentzian fit
giving a Q of 3700.

As a final measurement of a fiberPC device, we demonstrate PL excitation and

collection in an ‘all-fiber’ package. In this setup, the LD pump at 830 nm is sent

to a 2 x 2 directional coupler before transmitting to the same fiberPC as shown in

Fig. 6.16 (Fig. 6.17(a)). Rather than collecting the PL externally with bulky free

space optics, the cavity PL that is reradiated into the fiber is collected in the return

direction. Though the directional coupler is not optimized for 1300 nm, we still obtain

clear spectra due to a strong PL signal (Fig. 6.17(b)). In this case the spectrum
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has a larger QD background component compared to the individual cavities because

spatial filtering is not used and because the fiber core collects from a large area of

uncoupled QD’s. The fundamental modes of two unique cavities which physically

overlap the fiber core are seen at 1317 nm and 1328 nm (the spectral difference is due

to fabrication inhomogeneities). The cavities’ alignment with the fiber core is likely

to affect the intensity of collection, and additional studies to investigate this effect

are underway. This measurement again proves that light can be coupled back and

forth between PC cavities and a fiber in a monolithic package, far simpler and easy

to use than a complete free space optical setup.

Figure 6.17: (a) Schematic of the ‘all-fiber’ PL collection experiment. An
830 nm 2 x 2 directional coupler is placed in between the laser diode and
fiberPC, with one return end sent to the spectrometer. (b) PL spectrum of
the fiberPC emission that is collected back into the fiber, giving a similar
response to the free-space measurement.

We go one step further in demonstrating that we can integrate a PC membrane

cleanly between two different optical fibers for a complete in-line fiberPC device. The

idea behind this construction is that with this architecture the PC device or optical

component can be seamlessly integrated in any fiber optic network such as long haul

communication systems. We develop this platform by taking a normal fiberPC device

and epoxy on top of that a second optical fiber. Once again, manual micropositioning

is sufficient to match these two fibers with several micron accuracy. Afterwards

we have a monolithic fiber device where the PC membrane is safely embedded in

between the two fibers. Figure 6.18 shows such a completed in-line device, where
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is is almost impossible to even see the microscopic PC membrane even though it is

securely sandwiched between the two fibers. This could quite possibly be the smallest

fiber component ever made and is a significant shrinkage of any packaged or boxed

component.

Figure 6.18: Microscope picture of the side of an in-line fiberPC device
(left). The gap in the center is where the epoxy is. The PC membrane
is glued to the top of this gap and was originally connected to the top
fiber. A regular picture of the fiber device is shown on the right. The PC
membrane position is imperceptable with the naked eye.

We perform simple experiments on Si and GaAs cavities for this in-line archi-

tecture. Figure 6.19 shows results for two experiments performed. The first is an

ordinary transmission experiment with a silicon coupled cavity array membrane, sim-

ilar to that shown in Figure 6.15. We see the expected interference transmission dip

in the spectrum corresponding to the CCA mode. This type of experiment shows

that it is possible to use a simple 200 nm membrane to act as a filter. In this case

we have a partial bandstop filter, but with careful optimization one could create a

whole suite of spectral filters. Furthermore, one could develop these cavities for beam

shaping or steering depending on the coupling conditions between the propagating

and cavity modes. The second experiment is a simple PL collection where we pump
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one end of the fiber with a laser diode and collect resultant emission from the other

end. As can be seen from the figure, the spectrum produced is similar to those for the

ordinary fiberPC device with clearly defined modes present. This application could

be tailored to optically pumped lasers or other emitter sources. Another example of

the power of this approach would be to put nonlinear PC material in between the

two fibers so that frequency mixing or wavelength conversion could take place [36].

This downsizing from bulk nonlinear crystals to microscopic in-line devices could be

beneficial for some applications.

Figure 6.19: (a) Schematic of the two optical experiments performed,
transmission using broadband light and photoluminescence using a laser
diode pump. (b) Transmission spectrum for a silicon CCA (shown in in-
set). (c) PL spectrum for a GaAs membrane with QDs embedded and an
L3 cavity.

In summary for this section, we have demonstrated a technique to functionalize

optical fiber tips with semiconductor photonic crystal cavities. Our simple epoxy-

based transfer process preserves robust cavity properties and can be applied toward

numerous materials and cavity designs. The fiberPC platform enables the exploration
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of useful fiber-coupled PC devices and widely extends the range of possibilities for

practical devices. The single-ended fiberPC is perfectly poised to be used for various

sensing applications due to its convenient form factor. The next section will introduce

a few such demonstrations.



Chapter 7

Nanoparticle sensing for

biomedical applications

7.1 Background of nanoparticles for in vivo sens-

ing

Nanoparticles (NPs) have recently been the subject of much attention for their uses in

nanomedicine [154, 155], molecular imaging [156, 157], and phototherapy [158, 159].

Due to their small sizes (typically less than 100 nm), nanoparticles can infiltrate

cancerous tissue through the enhanced permeability of the vasculature and can act as

markers for imaging tumors [160]. Active targeting of nanoparticles to specific tissue

or cell surface proteins can be accomplished through proper ligand chemistry. Gold

NPs, for example, can be detected through wide-field imaging of covalently linked

Raman reporter molecules and have been used to image small tumors in mice models

[160, 161, 162]. Plasmonic gold nanoshells on the other hand have been used for

photothermal ablation of tumors by locally heating tissue with a laser pump [158].

The problem with many of these techniques is that they use free space optics for

illumination and collection of light. When imaging through the skin, optical pump

powers of 20-200 mW are necessary due to tissue scattering loss and limited penetra-

tion depth [160, 161, 162]. In contrast it would be nice to have a tool that: 1) could

148
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act locally in contact mode and thus not require such high (sometimes dangerous)

pump powers and 2) be compatible with an endoscope such as via an optical fiber.

In this chapter, we explore how our fiberPC can operate as a nanoparticle sensor

for both gold and iron oxide and can even quantitatively determine NP concentra-

tion [163]. In contrast to previous wide-field imaging techniques requiring high pump

powers and bulky optics, our method leads to the structure fully embedded within

the fiber which can be envisioned as an endoscopic tool that requires less than 1 mW.

With this distinct modality, nanoparticles can be detected simply by their proximity

to the cavity, allowing for a unique avenue of NP sensing (e.g., intraoperatively) in

future biomedical studies.

7.1.1 Device design and sensing method

We use a fiberPC device in order to detect gold metal nanoparticles via a change in

cavity Q factor when NPs get adsorbed onto the membrane surface. Figure 7.1 shows

the expected device operation when a fiberPC comes into contact with nanoparticles

either immobilized in a tumor tissue or floating around in a solution. The original

thought was that the metal NPs would be lossy and absorb highly (i.e. like plasmonic

metal coatings) and therefore instantly lower the Q factor of the cavity as illustrated

in the figure. There should also be a cavity redshift due to the higher refractive

index of the NPs. Depending on the concentration and proximity of nanoparticles

the effect should be stronger or weaker. Therefore this method could be a type of

contact measurement or visualization of NP-tagged tumors in the body such as on

the colon.

Devices were fabricated following our previous epoxy transfer methodology [149].

Photonic crystal cavities were made out of a 220 nm thick membrane of GaAs with

embedded high density InAs quantum dots as internal light sources. Modified L3

defect cavities were patterned with a lattice constant a = 330 nm and hole radius

r = 0.22a [17]. In contrast to our former work, we generate just a single cavity at

the center of our circular template rather than an array of many cavities. This is

because we have improved our assembly process to have minimal alignment error (0-3
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Figure 7.1: Diagram of how a fiberPC could measure NPs and correspond-
ingly detect tumors in the body. The cavity signal from one fiberPC device
can be monitored the whole time when it is scanning over tissue. If it en-
counters metal NPs, the measured cavity peak should broaden due to an
increase in metal absorption.
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µm typical lateral offset) and because monitoring just a single cavity is preferable for

sensing. Fig. 7.2(a) shows a scanning electron microscope of a completed fiberPC

device. As in our previous work, the membrane matches and smoothly covers the

optical fiber tip with epoxy regions located away from the PC cavity center.

A schematic of our test setup is shown in Fig. 7.2(b). The fiberPC pigtail is spliced

to a patch cable and connected to a custom made wavelength division multiplexor

(WDM) that is built to combine 1300 nm and 830 nm signals (Micro-Optics Inc.).

We pump our devices with an 830 nm laser diode and collect the return photolumi-

nescence with our spectrometer as we insert our sensors into various solutions. Laser

pump powers ranged from 10 µW to 2.5 mW (measured prior to the fiberPC mem-

brane) and integration times were typically several hundred ms. The brightness of

our signals confirms the good quality of our device design as well as the high efficiency

of collection. For our first experiments we use solutions of 15 nm gold nanoparticles

that are colloid stabilized with carboxylic acid terminated polyethylene glycol.

Figure 7.2: (a) Tilted SEM images of a completed GaAs fiberPC device.
The two small blurry circles are where epoxy has been applied. The circu-
lar semiconductor template consists of an outer release region surrounding
a central photonic crystal of size 20 x 25 µm. At the center of the PC is an
L3 defect cavity as seen in the second inset. (b) Schematic of the optical
setup for measuring nanoparticles. Pump light from a laser diode is sent to
the fiberPC tip through a custom 830/1300 nm WDM where it is absorbed
above band by the GaAs semiconductor. Internal QDs embedded in the
GaAs membrane emit PL both outward from the device and back into the
fiberPC core where it can be subsequently detected by a spectrometer.

We first perform a simple sanity check measurement to see if we can remove the
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cavity resonance by purposefully perturbing the cavity field with a large metal object

such as a tungsten electrical probe. Figure 7.3 shows a before and after image and

spectrum for a fiberPC device when a sharp electrical probe is landed precisely on

the cavity center. The bright cavity peak circled in red in Figure 7.3(a) is essentially

eliminated from the spectrum due to the metal absorption and is hardly visible above

the QD background. Similarly the higher order modes disappear. This process is

reversible and once the probe is released the cavity peak returns.

Figure 7.3: (a) Picture of a fiberPC and corresponding spectrum before
anything. (b) Picture of same fiberPC with an electrical probe touching
the tip and the corresponding PL spectrum, showing the elimination of
the cavity modes.

7.1.2 Nanoparticle sensing results

We next attempt to detect gold nanoparticles in an aqueous solution by immersing

our fiberPC probe in a test tube filled with 2 nM gold NPs and optically pumping

stuctures with 0.25 mW of laser power. Instead of the expected cavity Q reduction

and redshift, we actually observed a gradual blueshift with time of the cavity peaks

accross the entire inhomogenous QD distribution until the peaks disappear (Figure

7.4). We later figured out that this blueshift is due to the continous laser-assisted

photo-oxidation and thinning of the GaAs membrane. In contrast to former studies
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where 10s of mW of laser pump power were required to shift GaAs cavity peaks in

air [164], it turns out that in water the threshold for observing this tuning effect is

orders of magnitude lower and happens for pump powers as low as 50 µW. In [164]

the process is a heat-activated dry oxidation of the gallium arsenide surface, which

consumes the GaAs membrane and converts it to lower refractive index oxide. This

results in a thinning of the membrane which correlates into the blueshift. In our

case, the pump powers are far too low for heat-driven oxidation and therefore we

hypothesize that the process is photo-enhanced and that the wet oxidation proceeds

more rapidly due to photochemistry which lowers the threshold for oxidation. Either

way, this prevents the accurate detection of any nanoparticles.

Appendix B describes a surface encapsulation method to prevent this laser induced

photo-oxidation and was used for the studies in Chapter 8; however, we found another

trick that prevents this material degradation which was used in these nanoparticle

studies. We found that a single immersion and rinse of the fiberPC in a metal NP

solution while keeping the laser on during retraction eliminated subsequent photo-

oxidation. The precise reason for this deserves detailed future study, but we believe

that somehow a tiny fraction of the nanoparticles in solution get incorporated into

the GaAs surface and hinder future oxide formation. Regardless of the explanation,

we were able to subsequently test for NPs in solution. Now that the surfaces are

stable, we can go back and test for nanoparticles in the 2 nM solution.

Figure 7.5 shows the results for testing a 2 nM gold nanoparticle solution with

a fiberPC probe. Initially we see an obvious fundamental cavity mode peak around

1280 nm. Inside the solution, the peak redshifts to about 1290 nm. At first glance

this looks like a successfull sensing of the nanoparticles; however, it turns out that

this shift is due to the water and not the nanoparticles. The same 10 nm of redshift

is observed in just a regular solution of water and no nanoparticles. After retracting

the probe we see that the spectrum returns to the original one pre-testing and upon

visual inspection we see no nanoparticles have collected on the cavity. The reason we

do not sense any nanoparticles in solution is not all that surprising if one calculates

the approximate density of molecules that will be near the cavity in solution. For a 1

nM solution we have 6×1014 nanoparticles per liter. If we assume an even distribution
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Figure 7.4: Sequence of spectra for a fiberPC probe inside a NP solution
over a five minute span. As time goes on the cavity peaks progressively
blueshift until they degrade and disappear.
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Figure 7.5: From left to right we see the fiberPC spectra when the device is
in air (before testing), in a 2 nM aqueous solution of gold NPs, and back
in air (after testing). The bottom pictures show images of the fiberPC
facet before and after NP submersion.
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of nanoparticles in the solution, then one nanoparticle will occupy 2 µm3. Since our

cavity surface area is only about 1 µm2, this means that there is on average about

one nanoparticle within the vicinity of the cavity. Therefore just relying on diffusion

and Brownian motion of nanoparticles is not likely to produce any effect on the cavity

spectral signature since there is essentially zero interaction between the NPs and the

cavity. This is visualized in Figure 7.6.

Figure 7.6: Diagram of why the fiberPC doesn’t sense NPs ordinarily in
a free solution. For typical nanomolar concentrations of nanoparticles the
number of particles interacting with the cavity is very low.

Fig. 7.7(a) shows a PL spectrum of a fiberPC device in air before any testing

when pumped with 250 µW of laser power. A fundamental cavity mode appears at

1278 nm along with several other peaks at longer wavelength which are likely PC

band edge modes. The Q-factor of the fundamental mode is 800 prior to solution

testing. We next insert our device into a 12.5 nM solution of gold nanoparticles as

seen in Fig. 7.7(b). Inside this solution the cavity mode redshifts by 12 nm, increases

in quality factor to 1330, and decreases in emission intensity, all a result of the higher

refractive index cladding provided by the water (versus the original air). Incidentally,
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the Q-factor goes up in this case due to the improved symmetry of the oxide and water

claddings which reduces lossy TE-TM modal conversion [21]. At this stage, metal

nanoparticles are not detected since a control solution of water only has the exact

same effect on our device. When we retract our device from the solution with the

pump laser turned off during the retraction we find that the PL spectrum (observed

10 seconds after retraction with the pump then turned on) replicates the original air

spectrum prior to solution testing (Fig. 7.7(c)). An optical microscope image of the

device shows that the cavity region is not modified and there is a circular coffee-ring

like annulus where a small amount of NPs deposited as a droplet evaporated from

the fiber tip [165] (see Supplementary video S1 for a real-time video of a droplet

evaporating on a fiber tip).

A very interesting and different scenario results when we keep our laser pump on

during the fiberPC sensor withdrawal from the solution (see Supplementary video S2

for a real-time video of a droplet evaporating with the laser turned on). As shown

in the PL spectrum from Fig. 7.7(d), the cavity modes are now almost completely

eliminated. The original fundamental mode is only barely visible now at 1298 nm,

or 20 nm redshifted from air, and the Q-factor has dropped to 650. Examining the

optical microscope picture it is clear that a large aggregation of metal NPs has formed

directly over the cavity, suggesting that these nanoparticles are responsible for the

change in cavity parameters. Likely, NPs cause some absorption of the optical field as

well as perturb the uniform refractive index of the cavity cladding resulting in excess

scattering [166]. In comparison to the large metal probe from figure 7.3 the effect

of the nanoparticles is not quite as strong on the cavity peak. The higher refractive

index of the particles result in a large cavity redshift as well. SEM close-up images

of the metal aggregate are shown in Fig. 7.8(a).

An explanation of these results requires an accurate understanding of the numer-

ous physical mechanisms at play here. Recent studies of nanoparticle aggregation in

evaporating droplet systems both with and without optical illumination have shown

that convection, hydrothermal effects, surface forces, and chemical interactions all

take place [167, 165, 168]. Our proposed model is visualized in Fig. 7.8(b). When a

fiberPC sensor is retracted from a NP solution, a nanoliter sized droplet is formed on
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Figure 7.7: (a) PL spectrum of a fiberPC device in air and prior to testing
when pumped at 250 µW. Optical image on the right shows the fiber tip
face before testing. Arrows indicate epoxy droplets. (b) PL spectrum of
the same sensor now in a 12.5 nM gold NP solution. The cavity funda-
mental mode has redshifted, increased in quality factor, and dropped in
intensity. (c) PL spectrum in air again after the device has been retracted
with the pump laser turned off during retraction. The spectrum is almost
identical to that in (a) and the fiber tip image shows only a slight circular
deposition of NPs on the outer rim. (d) PL spectrum in air of the same
device but after having retracted the fiber tip with the laser pump turned
on. The cavity modes are almost completely removed from the spectrum
and a large circular aggregation of nanoparticles (indicated by the arrow)
is seen in the microscope image
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Figure 7.8: (a) SEM images of a fiberPC sensor with a metal NP aggrega-
tion on the cavity. Inset shows a close-up image. (b) Schematic model of
the nanoparticle aggregation effect. A solution droplet on the fiber tip be-
gins to evaporate as indicated by the outward flowing arrows (the contact
angle of the droplet here is exaggerated for clarity). Meanwhile, part of
the optical pump transmits through the thin photonic crystal membrane.
Water and nanoparticles in the weak focus absorb the pump laser light,
raising the local temperature of the water and setting up hydrothermal
gradients. Combined with evaporation, the hydrothermal gradients cre-
ate Marangoni convective flow which circulates fluid in a toroidal pattern
(shown by the circles). This circulation propels NPs into the center of
the droplet where they begin to aggregate most likely due to photochem-
ical processes. Eventually, all the water in solution evaporates and only a
deposition of NPs on the cavity remains. During this whole process, the
quantum dot PL back-coupled into the fiber is observed with a spectrom-
eter.
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the fiber tip. This droplet begins to quickly evaporate in air, which causes vigorous

convection currents within the droplet [167, 165]. Assisting in these evaporative con-

vection currents is a hydrothermal contribution from the pump laser [167]. Although

the pump laser is meant to provide excitation for just the semiconductor cavity, we

find that 55% of the light is transmitted beyond the membrane. This weakly focused

light will be absorbed by both the water and nanoparticles resulting in a temperature

rise in the center portion of the droplet [167]. Such a small temperature rise can still

have a large impact on enhancing the Marangoni convective currents that circulate in

a toroidal pattern, propelling NPs into the center of the droplet [167, 165]. As for the

QD photoluminescence, we don’t believe it plays a significant role in NP aggregation

since it is orders of magnitude weaker than our pump laser.

The precise manner of NP aggregation is not quite as well understood in the

literature, but several mechanisms are possible. Bahns et al. concluded that high

temperature rises in excess of 100K were responsible for carbon to metal NP wetting

interactions [167]. However, our temperature rises are far too low to allow for gold-

gold interactions. Pure optical trapping via the gradient optical force as observed by

Yoshikawa et al. is ruled out here since our optical field is orders of magnitude too

low for this [169]. Instead we believe that light driven photochemical interactions are

likely responsible for NP aggregation. Laser light could potentially remove repulsive

capping ions from NP surfaces or could even cause ligands to dissociate from the NPs,

allowing nanoparticle-nanoparticle Van der Waals attractive interactions [167, 170].

More detailed studies need to be done to elucidate the precise attractive mechanisms.

We also find that the aggregation process is reversible, and that a subsequent dip of

the fiberPC tip in water or in the original NP solution with the pump laser turned

off results in a clean washing of the NPs. This is illustrated in Figure 7.9, where we

show multiple aggregation and washing steps. Therefore the sensors are not limited

to a one-time use.

As further evidence that droplet evaporation and convection effects play an im-

portant role, we repeat the experiment with a bare fiber having no semiconductor

membrane (see Supplementary video 3 of a droplet evaporating on a bare fiber tip).

We observe a drastically weaker NP aggregation effect on these bare fiber tips. The



CHAPTER 7. NANOPARTICLE SENSING FOR BIOMEDICAL APPLICATIONS161

Figure 7.9: Reversible sensing of metal NPs. Shown are optical microscope
images of a fiberPC tip after retracting from an NP solution with the
pump laser turned on and off during retraction. As seen when the pump
laser is on an aggregate forms and when it is off no aggregate forms.
Corresponding optical spectra verify sensing and no sensing, respectively.

contact angles measured on silica and GaAs surfaces were 10 and 50 degrees (Figure

7.10), respectively, suggesting that the much smaller droplet on silica surfaces like

the bare fiber tip prevent effective convection of NPs into a central aggregate [171].

Therefore not only does a PC cavity provide optical feedback for a sensing measure-

ment, but the semiconductor surface itself is a necessary component for proper NP

concentration.

We next look at the power and concentration dependencies of gold NP aggregation

on fiberPC sensors. Fig. 7.11(a) shows a curve of the wavelength redshift for the same

device as in Fig. 7.7 but now in a very low concentration solution of 0.8 nM gold

NPs. Unsurprisingly the curve is monotonically increasing in wavelength shift with

pump power, suggesting that laser driven convection and aggregation are enhanced

with higher power. Meanwhile, Fig. 7.11(b) shows the wavelength shift of another

fiberPC device when the pump power is held constant at our laser diode’s maximum

of 2.45 mW as the NP concentration is varied. We see a nearly linear dependence

of wavelength shift with NP concentration, indicating that our sensor can be used to
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Figure 7.10: (a) Contact angle measurement for a water droplet on a
GaAs surface indicating low wetting of the semiconductor. (b) Contact
angle measurement for a water droplet on a glass surface.

quantitatively measure NP concentration. Our detection limit for this device is at 100

pM, which corresponds to a 0.7 nm wavelength shift (equal to the cavity half width);

however, we believe the detection limit could easily be improved by using higher pump

powers or cavities with higher Q-factors. In Fig. 7.11(c) we examine the other limit

of a highly concentrated NP solution (25 nM) pumped at an extremely low power of

only 12 µW. Even for this very small pump power, we observe a significant redshift

of 15.2 nm and a Q-factor degradation from 1050 to 650. Judging from the optical

microscope image in Fig. 7.11(d) alone, one would conclude that no NPs had been

detected; however, the fiberPC is sensitive to even miniscule aggregations of NPs that

are not patently visible with the eye.

Finally, we demonstrate the versatility of our sensor by switching detection to iron

oxide NPs. We investigated the ultrasmall superparamagnetic iron oxide compound

ferumoxytol (Feraheme, AMAG Pharmaceuticals Inc.). Ferumoxytol is an FDA-

approved iron supplement that has been used in patients for intravenous treatment of

iron deficiency anemia [172]. Due to its superparamagnetic properties, ferumoxytol

has also been used as a magnetic resonance (MR) contrast agent [173]. Ferumoxytol

NPs have a core diameter of 7 nm and are coated with carboxymethyl dextran for

colloid stabilization. Fig. 7.12(a) and (b) show PL spectra of a fiberPC sensor

before and after submersion into a 400 µg/mL (or 533 nM) concentration solution

of ferumoxytol when pumped at 1.75 mW. We chose this concentration because it is
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Figure 7.11: (a) Pump-power dependent wavelength shift of the fiberPC
sensor from Fig. 2 now in a 0.8 nM solution of metal NPs. (b) Concen-
tration dependent wavelength shift of a different sensor when the pump
power is held at 2.45 mW. (c) PL spectrum of a different device before
testing and associated optical microscope image. (d) PL spectrum of the
same device as in (c) after retraction with a 12 µW pump laser turned on
in a 25 nM metal NP solution and associated image.
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the value used when labeling cells for MR experiments [173]. As seen in Fig. 7.12,

the cavity peaks once again redshift, this time by 21.8 nm and the Q-factor of the

right-most mode decreases from 1000 to 770. The optical microscope picture in Fig.

7.12(b) shows a very similar aggregation at the center, this time from ferumoxytol

NPs rather than gold NPs. A close-up SEM in Fig. 7.12(c) clearly shows the NP

aggregation smothering the cavity. Contours of the aggregation highlight the fluidic

deposition of the NPs much like wet sand dropped on a surface. We speculate that

similar physical processes of convective concentration and photochemical binding are

responsible for these NP aggregations.

7.1.3 Towards nanoparticle sensing for biomedical applica-

tions

The unique method of sensing our nanoparticles means that the technique might

have to be adapted to sense targets in vivo. After demonstrating sensing in vitro we

wanted to see if we could detect gold NPs that were embedded in a tissue phantom,

an agar gel. If nanoparticles could be detected in a tissue phantom then perhaps

they could be detected in a real tissue or animal model for tumor sensing. We inject

the agar gel with streaks of gold NP solutions of various concentrations as seen in

Figure 7.13 and repeat our probing with the fiberPC device. Here we take the fiber

and forcefully puncture the agar surface. This mechanical loading doesn’t harm the

membrane which is firmly bound to the fiber facet. Unfortunately, we are unable to

detect any nanoparticles (through a spectral shift or a change in Q) either from contact

measurements or by retracting the probes and keeping the laser pump on. What this

indicates is that the nanoparticles in the tissue phantom are firmly locked in place

and we are unable to take advantage of the fluid dynamic effects described earlier to

concentrate particles out of solution. Likely in real tissues the NPs will be similarly

bound in place. To combat this in the future perhaps the fiberPC probe could be

incorporated with a secondary device which grinds the tissue and puts the NPs into

suspension so that the ordinary sensing method can take place. Alternatively, the

sensing area of the cavity could be made larger to detect fewer bound NPs.
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Figure 7.12: (a) PL spectrum of a fiberPC device and the associated op-
tical image of the fiber face prior to testing with ferumoxytol. (b) PL
spectrum of the sensor after retraction from a 400 µg/mL solution of fer-
umoxytol with a 1.75 mW pump. The spectrum changes are similar to
those caused by metal NPs with a large redshift, reduction in Q-factor,
and reduction in peak intensity. The optical image shows a circular ag-
gregate at the fiber center as seen previously. (c) Close-up SEM image of
a ferumoxytol aggregate. The scale bar is 2 µm.
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Figure 7.13: Picture of the agar gel phantom loaded with gold nanoparti-
cles which are seen as dark streaks across the gel.

Another potential application of the fiberPC probe is to monitor the uptake of

nanoparticles by cells that are to be labeled with the NPs. Researchers have a hard

time knowing how effective their uptake protocols are and having a tool to sense the

change in NP concentration could possibly measure the uptake directly. We attempt

our sensing protocol with two suspensions of cells in growth medium and phosphate

buffered saline (PBS), which are the two common solutions that one can handle cells

in. The problem which we see in Figure 7.14 is that even without any nanoparticles

in solution the fiber facet concentrates background salts, proteins, and other solutes,

contaminating the measurement. This is not surprising since our method of sensing is

physical in nature and almost any particulates can be concentrated as discussed above.

For example we concentrate both gold NPs and iron oxide NPs without specificity.

In order to impart specificity, we would need to chemically functionalize the device

surface with molcules that only bind to our target NP of interest as shown in Figure

7.15. After this step we should be able to move forward with live sensing.
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Figure 7.14: Picture of a test tube with cell growth medium and the
associated image of a fiberPC facet coated in particulates (left). Similar
pictures but for PBS solution (right).

Figure 7.15: Schematic of a fiberPC which has been chemically treated to
have a specific capture monolayer for targeting gold NPs.
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In summary, we have demonstrated a nanoparticle sensor using a semiconduc-

tor photonic crystal cavity-optical fiber tip device. The cavity-on-a-fiber platform

provides robust optical feedback which can be used to sense changes in its external

environment through wavelength, Q-factor, and intensity information. Nanoparticle

concentrations can be quantitatively determined based on the cavity wavelength shift

as well. In contrast to a sensor built on a large chip substrate, integration of a sen-

sor on a fiber tip with fascile measurement optics could allow for remote testing in

difficult environments such as in the human body. This modality of sensing could

be applied to various areas in biomedicine and nanoscience and is likely to work for

numerous other nanoparticles commonly found in research.



Chapter 8

Single-cell photonic nanocavity

probes

In this main section of the second part of the thesis, we demonstrate for the first

time photonic nanocavities operating inside single biological cells [174]. Here we

develop a nanobeam photonic crystal cavity as an advanced cellular nanoprobe, active

in nature, and configurable to provide a multitude of actions for both intracellular

sensing and control. Our semiconductor nanocavity probes emit photoluminescence

from embedded quantum dots and sustain high quality resonant photonic modes

inside cells. The probes are shown to be minimally cytotoxic to cells from viability

studies and the beams can be loaded in cells and tracked for days at a time, with cells

undergoing regular division with the beams. We present in vitro label-free protein

sensing with our probes to detect Streptavidin as a path towards real-time biomarker

and biomolecule detection inside single cells. The results of this work will enable new

areas of research merging the strengths of photonic nanocavities with fundamental

cell biology.

169
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8.1 Background of single-cell probes in biophoton-

ics

Single-cell interrogation at the nanoscale can take on many forms such as pillars [175],

tubes [176, 177, 178, 179], and wires [180, 181, 182] as probes for gentle insertion into a

cells interior, allowing for studies on single-cell cargo delivery [178], electrochemistry

[177] or electrophysiology [175], and optical signaling [183, 184]. Researchers are

motivated to probe individual cells because then we can learn many new things about

the basics of biology such as cancer progression, drug response, and gene expression.

Typical assays measure large ensembles of thousands to millions of cells and usually

it is difficult to analyze one cell at a time. Even though a single mamalian cell is

quite large (20 µm) and easy to see through a microscope, it isn’t obvious how to

directly access it with mechanical, electrical, or optical devices without damaging

its sensitive structure. Patch-clamp and micro-injection techniques preceeded the

aforementioned nanoscale probes and inspired the idea behind using novel materials

for interrogating single cells. Since those probes consist of relatively large micropipets

which are often cytotoxic to individual cells, initial efforts were to make similar ’tubes’

smaller. Hence, carbon nanotubes [177], boron nitride tubes [178], and nanostraws

[179] were developed which consist of novel nanomaterials which are significantly

smaller. These prove to be much less cytotoxic as expected and allow for more

sophisticated long-term measurements for cargo delivery such as fluorescent labels,

RNAs, and peptides. Example applications include precise transfection with peptides

to inhibit apoptosis or nanoparticles for targeting specific proteins.

Electrical probes have also been investigated as ways to measure action potentials

at the single-cell level for neurons and cardiomyocytes [175, 181]. Normal electro-

physiology measurements utilize remote electrodes that can measure extracellular

potential differences, often leading to distorted or weak signals. Local electrodes that

can puncture a single cell can greatly improve the signal strength and give truer

signals waveforms. As with the mechanical probes, these electrical contacts allow

for cultured cells to survive and proliferate over a long period of time for long-term
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measurements.

When it comes to optical probes for single-cell analysis, however, it turns out that

prior demonstrations are quite simplistic. Prior devices such as nanowires [183] or ta-

pered fibers [184] are passive in nature and have only served as conduits to guide light

into and out of a cell. In [183] authors demonstrate a way to glue a nanowire onto the

tip of an optical fiber and use that nanowire as a waveguide to bring light into cells

with a sub-diffraction limited spot size. This allows for illumination and collection

of light to spots around 100 nm in size, leading to a suggested use of the tool as a

sub-cellular endoscope. Still, the applications of such optical tools are quite limited

in a cellular environment. On the other hand, sophisticated optical resonator cavities

can already perform a variety of active functions at the chip-scale, and may enable

new research if they can interface with single biological cells. Optical nanocavities

are dielectric or hybrid metal-dielectric structures made from various semiconductors

that can confine light to sub-wavelength spot sizes and produce intense local fields.

These characteristics have been exploited in traditional fields of photonics in areas as

diverse as optical interconnects, non-linear optics, cavity quantum electro-dynamics,

and optomechanics. As a label-free biosensing element, photonic nanocavities can

have incredibly low limits of detection due to their high quality factors. Neverthe-

less, realizing these extensive properties in a platform beyond the chip or wafer scale

is challenging because devices are fabricated with standard top-down semiconductor

processing, leaving cavities bound to parent substrates. A method to extract these

nanocavities in a way that allows for facile insertion into single biological cells would

open the door to a great number of novel studies merging the strengths of photon-

ics with biology. Example applications could include real-time label-free sensing of

proteins, DNA, mRNA, or miRNA, photoacoustic sensing at the single-cell level, near-

field optical trapping of biomolecules, and nanolasers completely engulfed by single

cells.

As described in the previous two chapters we have demonstrated an epoxy-based

technique to transfer large semiconductor templates of active material to the tips of

optical fiber facets. Our nanocavity of choice in the past was the two-dimensional
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planar photonic crystal cavity since these devices can be incorporated in a thin mem-

brane that is suitable for attachment to a fiber facet. The design provided both

a stable mechanical handle for the nanocavities, which can then be used in remote

environments, as well as a method to couple the cavity light to a fiber optic net-

work. Moreover, cavities that were transferred and outside their original substrate

environment still exhibited high Q modes and wavelength-scale mode volumes.

Here, by changing our device design to incorporate a bayonet-like semiconductor

template that tapers down into a nanobeam photonic crystal cavity, we are able to

create a new tool for probing single biological cells. Nanobeam cavities are one-

dimensional cousins to traditional planar PC cavities and have only recently emerged

as competitive alternatives. Aside from vertically grown micropost cavities [185]

(which pose a more challenging device construction), nanobeam cavities are the only

dielectric cavity design that has the necessary sub-micron cross-section dimensions to

penetrate cell membranes. In fact, our nanobeams are quite similar in size to well

characterized nanowires and as we show, are minimally cytotoxic to cells while still

providing the advanced functionality of engineered photonic probes.

8.2 Design and fabrication of single-cell photonic

probes

The intial design concept for putting a photonic crystal cavity inside a cell is shown in

Figure 8.1. We wanted to use our prior method of epoxying semiconductor templates

to the fiber facets but modify the template so that it narrows down into the spike

of a nanobeam cavity. The plan was to have such a probe manipulated in position

within a single cell.

We were successful in creating these types of devices (Figure 8.2). The fabrica-

tion of the chips wasn’t as challenging as suspected even though the semiconductor

templates are now over 200 microns long. Care must be taken to properly undercut

the membranes so they don’t get sucked into the chip substrates. Gluing the circular

portion of the template onto the fiber is quite straightforward and minimal alignment
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Figure 8.1: (a) Schematic of the nanocavity probe device test setup illus-
trating a nanoprobe connected to a fiber pigtail that is manipulated by
a 3-axis stage while imaged with a microscope setup. (b) The nanoprobe
consists of a semiconductor template attached to the fiber facet. A mem-
brane consists of a long needle bridge with a PC cavity at the tip. The
cavity is the single-hole defect at the center of the tip outlined in black.
The needle is thin enough (400 nm wide) to insert into a cell membrane
without cytotoxic effects. (c) Illustration of a sensing experiment in which
laser emission from a functionalized cavity is detected with the microscope
objective lens. Molecules that attach will modify the lasers wavelength by
changing the local refractive index.
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is necessary.

Figure 8.2: Angled SEM pictures of a fabricated probe. Here the material
is passive silicon and the image on the right shows a closeup of the picture
in the left.

Not surprisingly this method of attachment does not offer a convenient way to test

samples under guidance of a microscope. If the probe is perpendicular to the fiber then

it will obscure the field of view of any microscope during cellular poking. Therefore

we modified our strategy to attempt to glue templates to the sides of optical fibers so

that beams could be colinear with the fiber handle and thus be inserted more easily

into cells without blocking the picture under a microscope. Nanobeam templates

were fabricated out of a thin (220 nm) membrane of gallium arsenide containing

three layers of high-density indium arsenide quantum dots (see Appendix B). We

choose a standard five-hole taper defect nanobeam as our cavity which supports a

theoretical fundamental mode Q of 95,000. The width of our beams ranged from

400 to 650 nm, dictated by the wavelength of the cavity modes which center around

1,300 nm (the peak gain of the QD ensemble). Templates were 200-300 µm long and

narrowed down to the shown beams at the tip. Fiber tip edges were coated in epoxy

and then pressed against a template handle section to rip away the entire membrane,

and contained small tabs or bridges which connected the templates to the surrounding

substrate. The non-nanobeam portion of the template was perforated with large holes

to allow for the wet etch to release the membrane. Template sizes, shapes, and tabs

were optimized to prevent membrane collapse upon undercutting. Methods to tear
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away the membrane without breaking the structure were also optimized. It should

also be noted that such large undercut structures will exhibit strong bowing effects

due to built-in strain. This causes templates to warp significantly; however once the

templates are torn away the strain is removed and the membranes relax. We used

ITW Devcon 5 minute epoxy for the bonding process. This whole process works

for silicon membranes and is likely to also work for any semiconductor or dielectric

material with expected differences in material flexibility and brittleness. The process

for making devices is shown in Figure 8.3.

Figure 8.3: Illustration of device assembly. Once semiconductor templates
have been fabricated they are aligned underneath a microscope for posi-
tioning. A droplet of epoxy is coated onto the edge of a fiber using a sharp
electrical probe tip (I). The fiber is then aligned parallel to the membrane
using a micropositioner and then lowered into contact with the suspended
membrane (II). After a brief pause to allow for adhesion, the fiber is re-
tracted away, carrying the template with the beam at the tip (III).

Template structures ranged anywhere from 200-300 microns long, with a little

more than half overlapping the fiber for structural support (Fig. 8.4a). Once the

epoxy cured, the structures were very stable and would never detach in solution, a

critical necessity for any kind of chemical functionalization or sensing. Even if the

epoxy swelled in aqueous solution, it was never noticed since the joints are far from

the nanobeam. As seen in Figure 8.4c, our GaAs membrane has numerous pit-shaped

defects which we believe are due to oval defects incorporated during MBE growth of
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the material [186]. These pits are located everywhere and in conjunction with dry etch

surface roughness limit our cavity quality factors to a few thousand. Nonetheless, for

protein sensing with wavelength shifts of 2-4 nm, a quality factor of 1,000 or greater is

more than sufficient for detection. Figure 8.5 shows additional pictures of a fabricated

device along with schematics. We refer to this type of new device as a ’cellPC’ probe,

or a combination of cell and PC.

8.3 Probing single biological cells

Once constructed, the probes can be mounted to a three-axis micropositioner for

careful insertion of nanobeams into biological cells. Figure 8.6 shows a top down

optical micrograph sequence of a nanobeam probing a single PC3 cell, a common

human prostate cancer cell line [187]. We probe these cells by lowering the height of

our device until the GaAs membrane flexes and flattens onto the petri dish surface.

This way we know that the cavity is lying flush against the substrate and will not

slide over the top of a cell.

The process of probing a cell begins by bringing a mounted probe into the field of

view of the microscope. Since the probe is mounted at a 30-40 degree angle from the

substrate, the beam is pointing down when the device is hovering over the substrate.

Therefore the membrane is defocused and it is hard to see any features (Fig. 8.7a).

When the device is lowered, the membrane flexes and smoothly lies on the substrate

surface as shown in (Fig. 8.7b), where now the features of the template are in focus.

The probe can then be slid sideways until it punctures a cell from the side as seen in

Figure 8.6.

We know that our beams go inside rather than on top of the cells by varying the

focus of the image. If we focus on or near to the substrate we see that the beam and

membrane are defined well (Fig. 8.7c); however, when we focus on the top of the cell

we find that the beam is no longer clearly seen (Fig. 8.7d). Experimentally, there are

additional cues for when the beam has successfully penetrated a cell. Upon entry, the

cells typically indent until the beam is inside at which point they elastically relax back

to their original shape. Upon exit, the cell edge protrudes and sticks slightly to the
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Figure 8.4: SEM pictures of constructed probe devices. (a) View of the
backside of the membrane bound to the fiber edge. The membrane lies
flat along the outside of the fiber with minimal bending or undulation. (b)
Zoom-in image of the epoxy bond joint where the membrane is attached
to the fiber. Also seen is a leftover template tab. (c) Close-up of the edge
of the membrane showing MBE-grown oval defects as well as the three
embedded QD layers. (d) Intermediate zoom image of a device. (e) A
second probe device imaged from a different angle, also displaying a clean
construction. (f) Zoom-in of (e), showing the nanobeam portion with
cleanly defined holes with an evident taper defect cavity. Scale bars: 50
µm (a), 2 µm (b), 1 µm (c,f) , 10 µm (d) , 20 µm (e).
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Figure 8.5: Photonic nanoprobe design and single cell interrogation. (a)
Schematic of photonic crystal nanobeam probe for single-cell investiga-
tion. The nanobeam cavity extends from a larger semiconductor template
which is mounted on the side edge of a multimode optical fiber. The in-
set corresponds to the box in the main figure depicting potential sensing
modalities of the cavity such as label-free protein or DNA/RNA detection.
(b) Angled scanning electron microscope pictures of a typical fabricated
device (in false-color). The ripple on the fiber facet is a small fracture
from the fiber cleaver. A close-up of the beam portion is shown in b(ii).
Some light debris from the sputter coating is also visible. The striations
on the side of the beam are the three wetting layers of the self-assembled
quantum dots. (c) Schematic of the MBE material stack. The background
material is GaAs and the quantum dots (shown as triangles) are InAs in-
side an InAs wetting layer. (d) Finite-difference time domain simulation
picture of the electric field magnitude of the fundamental cavity mode for
this photonic structure. Scale bars: 50 µm (b(i)), 1 µm (b(ii)).
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beam until it lets go and elastically relaxes to its original position. These effects can

be seen in Supplementary Video S4. The GaAs material is extremely flexible as seen

in Figures 8.7e-f. For such thin membranes and for such narrow beams, the GaAs

membrane can bend significantly before any breakage. Nonetheless, the material is

stiff enough to penetrate the much softer cells.

Figure 8.6: Sequence of bright-field images of a nanocavity probe pene-
trating a single PC3 cell, viewed from above. The probe is first positioned
outside the cell with the membrane flexed and flush against the petri dish
substrate. It is then maneuvered into the side of the cell and finally re-
tracted. The optical fiber, which is positioned higher than the membrane
is seen defocused in the pictures.
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Figure 8.7: Details of cell probing and beam flexibility. (a) Image of a
nanoprobe hovering above the dish surface. The template is defocused
and it is hard to see details of the membrane (e.g. the through holes).
(b) Image of a nanoprobe with the membrane flush against the petri dish.
The template is in focus and it is possible to see the large one micron-
sized holes. (c) Image of a probe in a cell with the focus placed on the top
surface of the membrane, which is known to be on the substrate. (d) Here
the focus is placed on the top surface of the cell, which is several microns
above the substrate surface. The beam is obscured, indicating the beam
is inside the cell. (e), (f), Flexibility testing of the nanobeam by deflecting
it with a 200 nm wide tip Tungsten electrical probe. Scale bars, 20 µm.
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8.4 Material protection

Having demonstrated that we can insert our nanocavities into live PC3 cancer cells

in culture, we next investigate their optical properties. Naive insertion of GaAs in an

aqueous solution causes destructive photo-induced oxidation, quickly removing any

cavity resonance (see Figures 8.8 and 8.9). We therefore developed a zirconia/alumina

nanolaminate protective coating for our devices which serves as a diffusion barrier

to oxidants. Gallium arsenide has been shown to be susceptible to laser-induced

oxidation in dry air environments [188]. This has been used in the past to fine tune

PC cavity resonances by controlled amounts. Typically for this to occur the laser

pump power must be in the 10s of mW to sufficiently heat the material and catalyze

the oxidation reaction. We found that when our GaAs was submerged in an aqueous

environment, the threshold for observing oxidation was drastically reduced, and even

pump powers as low as 100 µW could significantly oxidize cavities in minutes (Fig.

8.8). As described in the previous chapter, this causes rapid blueshifting of a cavity

wavelength (as seen in Fig. 8.9) since the GaAs is converted into oxide which has a

lower refractive index.

Since heating is unlikely in such a thermally conductive medium and with such low

pump powers, it is likely that some photochemical mechanism promotes the oxidation

reaction. Laser-driven oxidation in water was also observed in [189]. We find that in

other solutions such as isopropanol or acetone, which are devoid of oxidizing water

molecules, material degradation or wavelength shifting is NOT observed, reinforcing

the suggestion that oxidation is the primary factor.

In order to combat this detrimental effect, we first tried using an alumina only

barrier; however we still observed rapid oxidation, in agreement with former findings

of alumina not serving as a barrier to dry oxidation [190]. We turned to the re-

cently developed encapsulation strategy of an alumina/zirconia blend coating. This

alumina/zirconia nanolaminate is superior to neat alumina because it suppresses the

formation of microscopic voids and nanocrystals much more, thereby limiting perme-

ation pathways and serving as a diffusion blocking layer. The nanolaminate coats all

surfaces, including the interior of PC holes, because the plasma ALD deposition is



CHAPTER 8. SINGLE-CELL PHOTONIC NANOCAVITY PROBES 182

Figure 8.8: Laser induced photo-oxidation of GaAs in water. SEM image
of a large GaAs membrane with a central two-dimensional PC cavity. The
sample was submerged in water and irradiated with a continuous wave 830
nm laser with pump power less than 1 mW for ten minutes. The GaAs is
clearly damaged and is flaking off in large chunks in the region where the
laser pump was. Scale bar, 2 µm.

Figure 8.9: Laser oxidation of cavity inside a cell. Sequence of spectra
for a nanoprobe that was not coated with a nanolaminate inside a cell
for various time points. (a) Initial spectrum of cavity inside cell. (b)
Spectrum of cavity one minute after insertion. (c) Spectrum of cavity two
minutes after insertion. The fringes on the background emission are from
Fabry-Perot reflections off of the fiber face.
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conformal [191]. In our application, this diffusion blocking layer prevents the reac-

tion of water molecules with the GaAs surface and prevents laser-assisted oxidation.

Coated cavities can be pumped in water solution for long periods of time with no

degradation (we have tested for several hours and have seen no changes). We also

note that cavities redshift 10-20 nm after the nanolaminate coating is applied de-

pending on the layer thickness.

8.5 Optical testing

Our testing setup is shown in Figure 8.10a, and consists of a custom built upright zoom

lens with multiple ports for laser pumping and image capture. Figure 8.10b shows

a spectrum of a cavity in air prior to cell insertion, showing the fundamental mode

resonance at 1,319 nm with a Q factor of 1,900, limited by fabrication imperfections.

Figure 8.10d displays the nanocavity spectra when the probe is placed in a single cell,

showing for the first time an active optical resonator in such a biological environment.

The cavity peak is now at 1,345 nm and aside from a large redshift (26 nm) from the

greater refractive index environment of the cell, we see that the cavity mode persists

and actually increased in Q value to 2,000, likely due to reduced absorption by QDs

at longer wavelengths. Corresponding optical and IR pictures of the cavity and cell

are seen in Figure 8.10e-f.

Comparison of relative collection efficiencies of light from our fiber probe versus a

standard microphotoluminescence setup shows that we actually have better coupling

of light through the fiber. The probe spectrum in air from Figure 8.10b was pumped

with 150 µW through a 100x objective with a spot size of 2 µm. Meanwhile the

probe spectra in the cell and cell medium were pumped with 450 µW of laser power

through a 20x objective with a 10 µm spot size. Therefore pumping is approximately

25 times more efficient with the microphotoluminescence setup for the micron-scale

cavity. Meanwhile Figure 8.10 shows the collection intensity is about three times

greater for the cavity in air for a pump power that is three times lower (the same

integration time was used). Therefore, after normalizing by the pumping efficiency,

the fiber-based collection is actually 2.8 times greater. This value can likely be easily
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Figure 8.10: Optical characterization of photonic crystal cavities inside
single cells. (a) Diagram of the optical setup used in the experiment. A
three-axis micromanipulator positions the probe such that the GaAs mem-
brane (shown in black) flexes and rests against the substrate. A zoom lens
tube contains beam splitters for laser pump and white light illumination,
as well as image capture. OL is objective lens. Not shown is the liquid
level, which submerges the optical fiber but does not reach the objective
lens. (b) PL spectrum of a single nanoprobe cavity measured in air. The
QD emission uncoupled to the cavity is the small background spreading
from 1,150 nm to 1,350 nm and the cavity mode is the sharp peak at
1,319 nm. (c) Illustration of the alumina/zirconia nanolaminate used to
coat the entire device, protecting it from photo-induced oxidation. Stacks
alternated between 1 nm and 2 nm per layer thicknesses, and total stack
thicknesses of 7-15 nm. (d) PL spectrum of the same cavity from (b)
now in a cell (teal) and its surrounding medium (red). There is negligible
wavelength difference between the two spectra; however the collection in-
tensity inside the cell (teal) is slightly lower, likely due to scattering from
the plasma membrane. Inset shows a close-up of the cavity mode which
has a Q-factor of 2,000. (e) Corresponding white light image of the probe
and cell for which data in (d) were taken. (f) Corresponding IR image
of the probes QD emission and a circular outline of the approximate cell
location. Scale bar, 20 µm.
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increased by using larger multimode fibers, further optimizing the fiber-cavity angle

and distance, or by engineering the radiation emission pattern from the cavity.

The quality factors of our cavities do not seem to be affected by the reduced index

contrast of solution environments, nor by the plastic cell substrate. Ordinarily one

would expect the quality factors to drop in both of these circumstances due to the

smaller photonic bandgap of the cavity in water as well as the leakiness of radiation

into the substrate. In our case, our cavities already have a Q factor of only 2,000 due

to fabrication roughness and QD absorption. Therefore this Q loss dominates the

overall Q factor and the solution/substrate environment does not make a substantial

difference. In fact, as noted, the Q factor slightly increases in the water environment,

likely due to the fact that longer wavelength emission is absorbed less by the wetting

layer and by shorter wavelength QDs. In the future, it may be possible to achieve

ultra-high Q values in this low index environment by using alternative optimized

cavity designs [150].

Also, we only observe a small, 0.2 nm wavelength difference between the nanocav-

ity placed in cell medium versus inside of a cell. The refractive index of cell medium is

1.35, while the refractive index of cytoplasm is between 1.35 and 1.38, depending on

the protein content. Therefore because the refractive index contrast is so low between

the two states we only observe a minor wavelength redshift.

8.6 Cell viability and beam loading

To assess the short-term viability of our PC3 cells after probing we use a stan-

dard fluorometric assay of calcein AM and ethidium homodimer, which produces

a green fluorescence for cells with live esterase activity and a red fluorescence for cells

with compromised plasma membranes [151]. We find that 75% of cells probed by

nanobeams are viable (n = 20) with similar fluorescence intensities as non-probed

cells (Fig. 8.11). In addition to poking cells, we have developed a method to load

cells with entire beam subunits which are cleaved from the original template handle.

Even under such extraordinary conditions we find that the cells can remain viable as

seen in Figure 8.11.
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Figure 8.11: Short-term cell viability results. (a) Phase contrast image of
two cells, one of which was poked by a nanoprobe (shown by the arrow) and
one which was left untouched. (b) Bright field image of two different cells,
one which was loaded with a nanobeam and one which was left untouched.
The nanobeam is the clear dark line in the upper cell. The cells look
different compared to (a) because the microscope settings were changed
to better visualize the cell interior. Also, the two parallel streaks are
reference marks scratched into the petri dish with a metal probe to locate
the treated cell. (c), (d), Green fluorescence from the calcein viability dye
for the corresponding cells pictured in (a) and (b). All cells show similar
levels of green fluorescence intensity indicating the viability of both poked
and loaded cells. In (d) it is even possible to see the outline of the loaded
beam in the cell by an absence of color. (e), (f), Red fluorescence from
the ethidium homodimer viability dye for the corresponding cells picture
in (a) and (b). The emission is very weak and uniform across all cells
indicating the cell membranes were not compromised. Scale bars, 20 µm.
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Images for control dead and alive samples are shown in Figure 8.12. Healthy

cells exhibit a bright green fluorescence and minimal red fluorescence while dead cells

exhibit low green fluorescence and bright red fluorescence, particularly from the nuclei.

For cells probed with a nanobeam cavity, we typically observe that after washing with

reagents, those cells that are dead or dying will detach from the substrate and wash

away. All cells probed or loaded with a nanobeam that remain on the petri dish are

viable, as measured from fluorescence.

The cell loading process is as depicted in Figure 8.13. A tungsten metal probe tip

is used to snap off the beam by applying pressure to the joint where it is connected

to the rest of the template. Since the beam is about half a micron wide, this break is

easy to accomplish. Nanobeams of any size can be inserted or loaded into cells. The

length of the cavity on the beam is about six microns, which is determined by the

number of holes we patterned (20). Therefore much smaller beams can be inserted in

cells. Also, by eliminating a few hole periods or by scaling the wavelength down the

cavity could be made as small as a few microns long.

Inspired by the short-term survival of cells with internalized nanobeams, we per-

form a long-term study by constantly monitoring loaded cells over the course of one

week. We find that cells not only survive over this time period, but can perform

normal cellular functions such as migration and division. Figures 8.14a-c show micro-

scope images of a loaded cell prior to, during, and after cell division. Miraculously,

the nanobeam is passed on to a daughter cell and the two subsequent cells continue

to grow and divide. The implications of this result extend beyond this study and

show that mesoscopic probes, photonic or otherwise, can potentially be incorporated

in cells for monitoring intracellular activity over a long period of time, providing sen-

sor feedback or sending control signals. Future investigations on how these foreign

bodies perturb cell gene expression or proteomics will be necessary to identify any

subtle changes in cell activity.

Unique to our study is the observation that cells can survive and proliferate even

with large nanoprobes inside them. As seen in Figure 8.14, cells can divide and

produce normal new cells with one of the cells containing the beam. We find that

44% (n = 9) of cells that are loaded last three days or more and some as long as eight
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Figure 8.12: Control samples for cell viability. (a) Phase contrast image
of healthy cells that were not modified. (b) Phase contrast image of dead
cells that were treated in methanol for 1 hour. (c)-(d), Greyscale images
of green fluorescence from the respective above panels. (e)-(f), Greyscale
images of red fluorescence from the respective above panels.
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Figure 8.13: Process of loading cells. (a) A beam is inserted into a cell
as normal. Then a second micromanipulator brings a sharp tungsten elec-
trical probe tip into the field of view. (b) Pressure is applied from the
metal tip onto the joint between the nanobeam handle and the nanobeam,
causing the nanobeam to snap off. The triangular mark in the picture
is a scratch mark in the petri dish from the metal tip. (c) The fiber is
retracted revealing the untethered beam. (d), Both probes removed with
the end result of a loaded cell. Scale bars, 20 µm.
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Figure 8.14: (a)-(c), Bright field images of a loaded cell prior (a), dur-
ing (b), and after (c) cell division. Images were taken 30, 42, and 46
hours after loading the cell with the nanobeam, respectively. The red box
indicated the position of the original scratch mark created during beam
loading. This provides a reference mark for seeing how far the cells have
migrated, which we observed to be up to 250 µm during the tracking pe-
riod. Orientation tracking of a single cell with a nanobeam inside it. This
cell is different from the one in (a)-(c). The nanobeam is seen to rotate at
various time points. Times are at 30, 51, and 54 hours post beam insertion
for (d), (e), and (f), respectively. (g) Cell from (a)-(c) immediately after
beam loading on day 1. The beam is only partially penetrating the cell.
(h) Same cell three hours later. The beam has been completely internal-
ized by the cell. (i) Same cell 4.5 days after initial beam loading. The cell
is undergoing a second mitotic division. The cell has also migrated con-
siderably from the initial loading location and the reference scratch mark
is visible to the right. Scale bars, 20 µm.
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days. The question of how normal these loaded cells are requires further investigation

with gene expression profiling. It is likely that some cellular activity is modified by

the presence of the large probe; however, as mentioned above the probe can be shrunk

in size by a factor of 3-5 in the future. In any case, by remaining in the cell the probe

can be a useful reporter of optical information for various sensing applications over a

long period of time.

We also examine the cavity properties after being loaded into a cell, no longer

tethered to the original template and fiber. Figure 8.15a shows a spectrum of a

cavity probe prior to cellular insertion. We then proceed to break off the nanobeam

cavity from the full GaAs template according to the procedure outlined above. We

measure the spectrum of the internalized nanobeam four hours later using the original

multimode fiber as a collection optic. The only change in the nanobeam during this

period is a slight rotation due to cell movement. Figure 8.15b shows this spectrum

revealing once again that our cavity properties remain robust and the only major

change is a redshift due to the higher refractive index water.

Figure 8.15: PL in loaded cells. (a) PL of a cavity probe before loading
a single cell when pumped in air. (b) PL of the same cavity probe after
being broken off and loaded into a cell.

Figures 8.16 show SEM pictures of fixed cells with nanobeams lodged partially in

their interiors, highlighting the penetration of the beams.

Our loaded cells exhibit very similar morphology to non-probed cells. Figure 8.17

show two cells that were not probed for samples that underwent critical point drying
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Figure 8.16: (a) SEM image of a nanobeam probe including part of the
handle tip lodged inside a typical cell. A few flatter cells are seen in
the background. (b) SEM image of another cell pierced by a nanobeam
with connected handle tip. (c) SEM image of a cell that has only a beam
inserted. This cell was not critical point dried and therefore is much flatter
than the cells in (d)-(e). (d) Close-up of the entry point of the nanobeam
into the cell in (e). The holes that make up the cavity are clearly seen as
they transition from fully visible outside of the cell to being hidden under
the cell membrane. Scale bars: 5 µm (a-b), 10 µm (c), 2 µm (d).
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and HMDS drying, respectively. In both cases the cells look very much like those

that were loaded. As expected, the cells dried by HMDS flattened out considerably

compared to those dried by critical point drying. There is significant organic debris

scattered around the GaAs material and this is likely due to the fixing/dehydration

process. For accurate sensing, one would want to minimize the non-specific sticking

of material and this will be possible in future experiments through successive washing

steps.

8.7 Protein detection

Finally, we present in vitro protein sensing results for the well-studied system of

Streptavidin (SA) -biotin binding using our nanoprobes. It turns out that for repeat

measurements in solution the original probe design fails because the GaAs membrane

gets folded onto the fiber facet (Figure 8.18). Nanoprobes consisting of the original

spear or bayonet-shaped GaAs template do not work for chemical or protein sensing

because they are mechanically compromised after one retraction from aqueous solu-

tion. When the probe is pulled out of water, capillary forces cause the membrane to

stick to the fiber facet as the water evaporates as shown in Figure 8.18. Interestingly

enough, the membranes do not break because they are so flexible, but are otherwise

rendered useless for subsequent activity.

We therefore developed a second probe design which consists of wings that extend

from the main arm and curl around the optical fiber, thus providing structural rigidity

and resistance to bending (Figure 8.19a). For our surface functionalization chemistry,

we begin by depositing 2 nm of silica on top of our original nanolaminate using atomic

layer deposition, and then proceed with the standard sequence of aminosilanization,

biotinylation, and protein adsorption (Figure 8.19b) [192, 193].

We measure film thicknesses of each organic coating step by performing ellipsom-

etry on a control chip of silicon that has undergone the same chemical reaction steps

as the GaAs chips and is also terminated in a silica-ALD layer. We model the entire

SiO2/organic layer stack as SiO2 due to the similar refractive indices, and are con-

sistent throughout to get the plot shown in Figure 8.20. Measured thicknesses have
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Figure 8.17: SEM pictures of loaded and normal cells. (a) 45-degree per-
spective of the cell from Figure 8.6.6b. (b), Close-up of (a), showing
nanobeam holes disappearing into the cell. (c) 45-degree perspective of
the cell from Figure 8.6.6a. (d) Close-up of (c). (e) Picture of a normal
cell that was dehydrated by critical point drying. (f) Picture of a normal
cell that was dehydrated by HMDS. Scale bars: 5 µm (a, c, e), 2 µm (b,
d), 20 µm (f).
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Figure 8.18: SEM pictures of a stuck bayonet-type nanoprobe device. The
membrane is seen here bent completely by 90 degrees from fiber edge to
fiber facet. The bumps visible on the membrane are chunks of AlGaAs
from the sacrificial layer which occasionally get stuck to the GaAs during
processing. Scale bar, 50 µm.
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Figure 8.19: Nanoprobe detection of Streptavidin binding. (a) SEM image
of a modified nanoprobe that has extended wings meant to wrap around
the edge of the optical fiber, thus preventing sticking. (b) Illustration of
the surface chemistry for protein detection. The original, nanolaminate-
coated GaAs, is coated with an additional layer of silica which has ter-
minal hydroxyl groups. Aminosilanization with APTES yields an amine-
terminated surface to which biotin binds. Finally Streptavidin specifically
binds to the surface biotin molecules. Scale bar: 50 µm.
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reasonable values ranging from 10-25 Å for the organic monolayers, similar to those

reported in prior literature. For the photonic devices, we can measure the cavity

wavelength after each chemical step and find that the redshift follows proportionally

with the amount of organic deposited (e.g. the redshift after 1 nm of biotin deposition

is about half the value of redshift after 2 nm of SA deposition).

Figure 8.20: Organic layer film thicknesses. Plot of organic layer thick-
nesses as measured by ellipsometry for the chemical reaction steps.

We also perform finite-difference frequency domain simulations to measure the

response upon protein adsorption. From the simulation results in Figure 8.21 we ex-

pect a mostly linear response of wavelength redshift with increasing coating thickness,

typical of other photonic cavities.

Figures 8.22a,b show the cavity signals for specific and non-specific (biotinylation

was skipped) binding for nanobeam cavities attached to a chip substrate. As expected

we see a large wavelength shift of 2.9 nm for the specific binding case and a much

smaller 0.5 nm redshift for the non-specific binding scenario.

We then apply our chemistry and sensing experiment to probe devices that were

individually placed in beakers. For the chemistry, one difference that we did observe

was that the redshift after aminosilanization for the nanoprobe device was significantly

greater than from regular chips. In fact we measure a redshift of about 20 nm for
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Figure 8.21: Finite-difference frequency domain (FDFD) simulation of the
expected wavelength shift as the organic film thickness is increased. The
film was modeled as a uniform layer of refractive index equal to 1.45.

Figure 8.22: (a) Spectra of a chip-bound nanobeam both before and after
SA adsorption, demonstrating a clear and large redshift of the cavity peak.
(b) Non-specific binding of a different beam cavity shows a much smaller
redshift of 0.5 nm.
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nanoprobes versus a few nm for chip devices indicating a much thicker APTES layer.

This is not surprising because APTES tends to polymerize surfaces and grow thicker

layers with either increasing reaction time or faster kinetics [194, 195]. Here we react

for the same time but speculate that the chemical reaction kinetics for the nanoprobe

are much greater than for solid substrates. Likely, there is increased diffusion of silane

molecules to the very exposed probe in solution compared to a flat, two-dimensional

chip surface. Meanwhile, the biotin and SA addition steps did not show an increased

reaction speed for the nanoprobe because these steps are mostly self-limiting to begin

with.

The sensing results for our probes are shown in Figure 8.23. Much like the case

with our planar chip cavities, we find a large (3.6 nm) redshift of the probe cavity upon

Streptavidin binding and a small (0.4 nm) redshift for the non-specific binding case.

Therefore we have shown that our nanoprobes can be used to detect proteins remotely

through optical readout. By adapting the chemistry and combining the method of

cellular insertion it will now be possible to perform many kinds of label-free sensing

experiments inside living cells.

Figure 8.23: (left) Spectra of a nanobeam probe both before and after
SA adsorption, demonstrating a clear and large redshift of the cavity
peak. (right) Non-specific binding of a different beam cavity shows a
much smaller redshift of 0.4 nm.

Figure 8.24 shows the statistics of many devices on two chips for the Streptavidin

detection. Results are very consistent and show similar peak shift values with an
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average of 2.57 nm for specific binding and 0.45 nm for non-specific binding. Values

were calculated by fitting the peaks with Lorenztian profiles.

Figure 8.24: Label-free sensing for many devices. Scatter plot of 12
nanobeams from two GaAs chips that were biotinylated and not biotiny-
lated to test for magnitude of specific and non-specific binding redshifts.

It is very important to have reproducible results in order to accurately determine

wavelength shift information. The majority of label-free sensing from photonic cavi-

ties is in passive transmission measurements, typically in silicon material [193]. There

are no ambiguities about heating or charge-based wavelength shifting since there is no

optical absorption in transparent cavities. In our case, we use an active photolumines-

cence measurement which does involve optical absorption. With regard to heating,

we find that if we keep our laser pump powers at 50 µW or below (measured before

the objective), then heating is a quite negligible. Considering that we have 30% lens

losses, 30% reflection loss, 25% spot size/beam area overlap, and 23% pump absorp-

tion for 220 nm thick GaAs, the total amount of absorbed pump power is only 1.4

µW, which is not expected to cause any device heating [64]. Meanwhile, the steady-

state electron and hole carrier densities is expected to be less than 1016 cm−3 due to

the high non-radiative surface recombination, corresponding to a free-carrier disper-

sion blueshift of less than 0.1 nm [66]. Therefore, neither heating nor charge-carrier
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effects influence our wavelength measurements and our active PL measurement gives

an accurate reading of the cavity refractive index environment for label-free sensing.

The amount of biomolecules captured can be approximately quantified using the

following formula [196]:

σP = δλ
ε0λ

2παex
√
n2
m − n2

s

n2
s

nm

1

S
. (8.1)

Where σP is the surface density of biomolecules, λ is the wavelength of the cavity,

δλ is the cavity wavelength shift, ε0 is the permittivity of free space, αex is the

excess polarizability of the molecule, nm is the sensor refractive index, ns is the

analyte medium refractive index, and S is the bulk refractive index sensitivity of the

sensor. An additional factor accounting for the geometry of the PC resonator could be

included here but the above equation gives an accurate estimate of bound molecules.

For the nanoprobe device measured in Figure 8.7.6, we have λ = 1,254 nm, δλ = 3.7

nm, nm = 3.5, ns = 1 (air), αex = 4πε0(3.2 × 10−21) cm3 (from [193]), and S = 78

nm/RI (from the 26 nm wavelength shift of the cavity in water measured). Equating,

we find the surface density of molecules to be 2 × 1010 mm−2, or one protein molecule

for every 50 nm2. Considering the size of streptavidin [197] to be approximately 5.5

nm, this indicates a fairly good coverage of 60%. Of course, a more thorough surface

study is necessary to confirm the details of protein binding.

In conclusion, we have developed a tool which for the first time places a sophisti-

cated photonic resonator inside an individual living cell. Our nanobeam probes are

optically sound inside single cells and conversely cells with beams inside them can

remain viable and even proliferate long term. We demonstrated protein sensing with

our tool as an avenue towards detailed studies of label-free biomarker detection in

live, single cells which could shed light on complex cellular processes such as gene

expression or drug response. The range of possible applications of this merging be-

tween nanophotonics and cell biology is vast and could yield rewarding studies and

understandings of fundamental cell biology.



Chapter 9

Outlook

In this thesis, several important topics in the areas of optical interconnects and

biosensing have been covered. We have demonstrated progress in the advancement of

silicon germanium as a candidate material for CMOS-compatible light sources. We

have shown breakthrough results in the form of a new platform for electrically driv-

ing photonic crystal cavities for optical interconnects. We have also demonstrated an

entirely different tool derived out of the combination of a photonic crystal resonator

and an optical fiber tip, used to sense both nanoparticles and proteins. This final

chapter summarizes future directions for each of these areas and where the state of

the art work is headed.

9.1 Silicon-germanium light sources

The chief limitation of the band-filling approach that we have taken to create a

germanium-based laser is that free carrier injection and doping are highly lossy and

it takes a tremendous amount of energy to overcome this loss. This is to be expected

and was anticipated in the initial theory work which explains the necessary gain

and loss conditions for either electrically or optically pumped lasing [46]. In order

to fill the indirect valley of germanium, though it is close to the direct band gap,

still requires close to 1020 cm−3 electrons, which is an extremely large number. The

amount of free carrier loss imposed by such a high concentration of electrons is already
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over 600 cm−1. This doesn’t include additional injection-derived free carrier loss nor

cavity photon loss. Nonetheless, it would still be possible to attain lasing using

this approach if a strong enough pump was used. An optically pumped germanium

laser was demonstrated by these means using a ridge waveguide cavity [55]. The

drawback is that this laser required an unreasonably powerful optical pump to invert.

In this case, the experiment required a Q-switched laser operating at 30 kW/cm2

corresponding to 5 µJ per pulse. Again, while this technically did work to produce

a laser, it is by no means a practical solution. In fact, when we repeated the same

experiment to try to get germanium microdisks to lase using a Q-switched laser, we

instead found that the microdisks exploded due to the poor thermal contact of the

pedestal.

Switching the same system over to an electrically driven platform does little to

improve the bottom line result. Recently, an electrically pumped germanium laser

was demonstrated by incorporating a delta-function doping region in the active layer

[198]. Though this is an impressive engineering feat, once again we see that the

requisite threshold is incredibly high. Here the threshold is 300 kA/cm2, orders of

magnitude greater than normal lasers of similar geometry. The total threshold power

is in the range of Watts for an output power of mW. One simply cannot have an

optical source that consumes Watts of power in an optical interconnect that is geared

towards low power circuits. This isn’t only slightly above the desirable limit, but is

many orders of magnitude above.

The other options in this field of germanium photonics are to use strain, alloying,

and heterostructures. Strain and alloying will allow for one to reach true direct band

gap materials that require low powers to cause inversion. But no matter what, these

techniques push the wavelength of the source out to beyond 2 µm, which effectively

render the device useless for optical interconnect applications. Those sources might

find use for IR spectroscopy, but for optical interconnects we truly need our sources to

be shorter than 1.6 µm in wavelength. Meanwhile research on germanium quantum

dots and effective heterostructures is limited and most of those materials are fairly

dim to begin with. Therefore it remains to be seen what new tricks are left to advance

and enhance the state of germanium photonics for optical interconnect applications.
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It may be the case that the best results will be applied to different fields such as

lab-on-a-chip technologies or spectroscopy at alternative wavelengths.

9.2 Electrically driven photonic crystal devices

We demonstrated tremendous advancement in the control and performance of semi-

conductor photonic crystal cavities by connecting them with a lateral p-i-n junction.

By optimizing the process flow we were able to have excellent control over the current

properties of our thin photonic crystal membranes leading to record low threshold las-

ing and high speed LED modulation. Despite these great leaps in progress, there are

many more to be made before this technology is fully practical. The most important

question is whether room temperature lasing is possible and how to achieve it. We

focused on the gallium arsenide material system because we have a lot of experience

in processing this material and know its properties well. The drawback is that gallium

arsenide has high non-radiative recombination loss and low material gain (from InAs

quantum dots). These factors combined are the reasons why our structures do not

lase at room temperature. The loss is great and the gain is too low, even if the electri-

cally driven platform is efficient. In order to make GaAs lase, both of these problems

need to be addressed. It should be possible to use an electronic passivation layer

such as alumina deposited by ALD to reduce the etched hole surface non-radiative

recombination [199]. Not only would this reduce the material loss, it would allow

the ambipolar diffusion length to be greater, allowing for a greater intrinsic region

width. This is important because then the cavity Q could be improved by spacing

the p and n regions farther away. Also the QD gain must be recovered by modifying

or eliminating the high temperature anneal step. This could be done by growing an

asymmetric MBE stack with built in p and n layers that are laterally spaced, thus

avoiding ion implantation and rapid thermal annealing. Otherwise, the 10x reduction

in QD gain will prevent any room temperature lasing.

If one is purely interested in pursuing the high-speed room temperature LED

route, then several steps could be taken to improve its efficiency, which is currently

as low as 10−5. Once again, one might use an electronic passivation layer to slow down
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non-radiative recombination by a small factor. One cannot reduce the non-radiative

recombination entirely because that is the principle of fast switching. Currently the

switching speed is about 33 GHz for a non-raditive lifetime of 6 ps. If one is willing

to make a tradeoff, one could trade speed for output power. A 10x reduction in non-

raditive recombination would mean a 10x slowdown in switching speed, but it would

mean a greater-than 10x boost in output power. This is because carriers are lost both

before they get captured by the quantum dots and once they escape. So by slowing

down the non-radiative rate, more carriers would be funneled into the QDs AND they

would escape slower. Additional improvements may be made by channeling photons

out more efficiently through coupled waveguides.

The most practical improvement in this area is to switch to the InP platform.

As was mentioned earlier in the thesis, the NTT group in Japan has recently demon-

strated an efficient room temperature electrically pumped laser based on our platform

by using a buried heterostructure [132]. This material is superior to GaAs in many

ways because it intrinsically has a low non-radiative recombination rate. In addition,

non-radiative loss is further avoided by placing the active buried heterostructure

away from the etched hole surfaces. Furthermore, the quantum wells in the buried

heterostructure have several orders of magnitude more gain than our InAs quantum

dots. All of these factors combined lead to a very impressive device which has a

threshold of only 24 µW, a high differential quantum efficiency, and can be directly

modulated up to 20 GHz. Going forward, devices like these will likely be the most

relevant for optical interconnect applications.

9.3 fiberPC and cellPC sensors

In the second half of my thesis, I introduced a novel optical sensor which couples pho-

tonic crystal cavities to the tips of optical fibers, and demonstrated early applications

of such a device for the purposes of biomedical sensing in solutions and inside single

biological cells. There are several directions that this type of device can take both for

regular optical communications and targeted towards biomedicine. For communica-

tions, I showed how such a thin semiconductor membrane can be easily incorporated
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in between two optical fibers. This can be the basis behind a multitude of new fiber

components. For example, if one wants to couple two different fiber modes one might

think of using a type of cavity array which supports multiple modes that can couple

between each other and thus deliver efficient power transfer. Or one could modify

the transmission pattern by using a single PC mode. As mentioned earlier, another

neat idea would be to use a nonlinear PC such as GaP or GaAs to mix frequencies

and convert between wavelengths from one fiber to the next. All of these devices

have the advantage of small form factor, much smaller than from discrete and bulk

optical boxes. Somewhat related to this topic would be to pattern gratings or annunal

grooves on the tips of single ended fibers rather than photonic crystals. Then one

could make flat focusing arrays for arbitrary beam steering and remote focusing [200]

I showed how one could go about sensing gold and iron oxide metal nanoparticles

using the single-ended fiberPC device. While this sensor works very nicely to detect

a single analyte for the type of solution removal method, it suffers in distinguishing

multiple analyzes in complex media and at present does not detect particles when

purely in solution. The lack of sensitivity towards a particular analyte is because of the

physical method of particle aggregation that tends to work for many different types

of analytes. As discussed earlier, considerations here are particle size, composition,

and ligand stabilization. In order to allow for more specificity in the future one

would need to learn more about the details of nanoparticle aggregation and learn

which features are most important for collecting at the fiber tip. If particle size is

the biggest differentiation property then perhaps one could design the experimental

conditions (such as laser power and wavelength) to more effectively collect one analyte

but not the other. For in vivo applications one really wants to be able to sense a

material in solution and not have to go in and out of solution many times. For

the physical deposition process this isn’t possible. Therefore one should really use

chemically functionalized surfaces that bind firmly to nanoparticles. One could apply

the surface chemistry to the optical fiber tip to bind only to the nanoparticle ligand

stabilization and nothing else. Then it could be possible to measure selectively and

in a fluid environment.
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Finally, I described the development of a cellPC sensor which allows one to inves-

tigate and interrogate single biological cells with photonic crystal cavities. As this

work is fundamentally a first in the combination of nanocavities with bioloical cells,

there are numerous new things one can do. For the most immediate application of

biomolecule sensing, we need to adapt the chemistry to be able to detect an inter-

esting protein or RNA molecule. For sensing a particular protein, such as prostate

specific antigen, we need to optimize the surface chemistry on the probe devices for

this goal. We will need to use vetted antibodies specific to the biomarker and also

include appropriate blocking chemistry to prevent non-specific binding. While there

are numerous techniques for surface functionalization, the process is extremely com-

plicated because of the new form factor of the small probe device. Reaction conditions

must be modified in terms of duration since chemical kinetics are different for surfaces

compared with probe bodies. For sensing a particular RNA sequence, we will need

to use complementary oligonucliotides that can match to the specific RNA sequence.

Another interesting challenge will be to see what the binding conditions look like

inside a cell. Diffusion may play an important role in bringing the biomolecules onto

the cavity and may have certain nuances. If sensing works properly, then one could

imagine interesting new experiments that allow for the testing of the dynamics of

certain biomolecules such as the active expression of certain proteins or the temporal

silencing of specific genes.

Beyond protein and RNA sensing, one can imagine a whole set of new applications

enabled by this platform. One could use optical trapping inside a focused cavity to

control the spatial position of certain molecules while inside a cell. One could use

nonlinear optics to access wavelengths inside a cell that might be challenging for il-

lumination. Finally one could make either optically pumped or electrically pumped

lasers wholly within cell bodies. An example application could be to use an electri-

cally driven optical source (such as what we built in chapter 4) that is connected to

an RF circuit that can be remotely powered. Then by applying an RF pump to the

electrical circuit, the LED or laser could turn on remotely within the cell, without

any need for illumination optics. Then one could implant these cells deep within the
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body, where optical probing fails due to tissue scattering. RF can penetrate and po-

tentially illuminate the body from within, which would lead to exciting applications.

In summary, the numerous techniques enabled by the cellPC platform will surely yield

exciting results with this merging of photonics and biology.



Appendix A

Ultrafast room temperature LED

analysis

A.1 Bulk lifetime measurements

Low temperature optically pumped lifetime measurements were performed on un-

patterned regions of pre-annealed samples to determine the nominal quantum dot

spontaneous emission lifetime. Figure A.1 shows a spectrum of QD lifetime infor-

mation at 45K, revealing that the quantum dot lifetime is over 1 ns for wavelengths

greater than 1,210 nm. The lifetime decreases monotonically with wavelength as ex-

pected due to shallower carrier confinement and stronger dipole transition strength.

Figure A.2 shows a spectrum of QD lifetime for a room temperature sample that was

not annealed. As described in the main text, the lifetime is 100-300 ps, limited by

defect driven non-radiative recombination in bulk material.

A.2 Diode RC delay

The electrical bandwidth of the device is given by the inverse of the RC time constant:

1

2πτRC

=
1

2πRC
(A1)
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Figure A.1: Time-resolved measurements for optically pumped material
at 45K. Lifetime measurements are shown for a pre-annealed bulk sample
at 45K. Lifetime data was renormalized into 3 nm bins for clarity and the
data on the right is for 1,210 nm as indicated by the vertical dashed line.

Figure A.2: Time-resolved measurements for optically pumped material
at 300K. Lifetime measurements are shown for a pre-annealed bulk sample
at 300K. Lifetime data was renormalized into 3 nm bins for clarity and
the data on the right is for 1,210 nm as indicated by the vertical dashed
line.
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Where τRC is the time constant, R is the series resistance, and C is the junction

capacitance. From measurement we know that R is 1.3 kΩ. The junction capacitance

can be approximated using a simple electrostatic model for a 1D diode (neglecting

fringing capacitance), given by:

C = A

{
qεNAND

2Vbi(NA +ND)

}1/2

(A2)

The junction area, A, is about 1 µm x 220 nm = 2.2x10−9 cm2. The electrical

permittivity of GaAs, ε, is 11.7x8.85x10−14 F/cm. The doping concentrations are

found from our former study [6] as NA = 6x1017 cm−3 and ND = 2.5x1019 cm−3. The

built in voltage, Vbi is approximately 1 V. Therefore we find C = 0.5 fF and 1/2πτRC

= 245 GHz which is well above the bandwidth tested for the experiments.

A.3 LED output power

The output power for the LED can be estimated by calculating optical losses in the

experimental setup and by estimating the fraction of light collected by the objective

lens using a Fourier analysis [29]. When this is done, the output power for devices

is estimated to be 10-32 pW at 2.5 µA, 63-200 pW at 6 µA, and 210-670 pW at 18

µA. These values are consistently lower than the reported lasing output power found

previously [63] as expected for an LED device.

A.4 Purcell enhancement

Studies on the cavity spontaneous emission lifetime reduction were performed in order

to determine the feasibility of Purcell enhancement as a fast switching mechanism.

The same cavity investigated in Figure 4.13 was cooled to 10K and optically pumped

for time resolved PL measurements. We utilize optical pumping and not electrical

pumping at low temperature because our cryostat has a limited electrical bandwidth

of 100 MHz [201]; however the results should be identical since our device is not

limited by RC delay. Figure A.3 shows that at cryogenic temperatures, there is indeed
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a reduction in quantum dot PL lifetime at the cavity mode wavelength (relative to

QD’s uncoupled to the cavity). We find a Purcell-enhanced cavity lifetime of 40 ps at

1,100 nm and a non-resonant QD lifetime of 120 ps. In order to calculate the Purcell

factor we note that our lifetimes can be expressed as follows:

1

τcav
=

FC

τSP,QD

+
1

τleak
(A3)

1

τun
=

1

τSP,QD

+
1

τleak
(A4)

Figure A.3: Time-resolved measurements for optically pumped LED de-
vice at 10K. (A) Photoluminescence lifetime measurements for the directly
modulated cavity mode investigated. Dashed lines indicate wavelengths
where on- and off-resonant lifetimes were taken. (b) Lifetime data and
decay fits for both the cavity mode and nearby uncoupled QD emission
from the photonic crystal. The dominant exponential lifetimes were found
to be 40 ps and 120 ps for cavity and uncoupled emission, respectively.

Here τcav is the lifetime of emission coupled to the cavity (40 ps in this case), τun is

the lifetime of QD’s not coupled to the cavity (120 ps here), and 1/τleak accounts for

all other carrier decay rates including non-radiative recombination and carrier escape.

By subtracting these two equations, we can find that the Purcell factor is given by FC
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= τSP,QD(1/τcav-1/τun)+1. For a measured bulk QD S.E. lifetime, τSP,QD, of 270 ps at

1,100 nm, we calculate a Purcell factor of 5.5 for the cavity mode. This value agrees

well with a similar result obtained in [77] and suggests that Purcell enhanced single-

mode diodes with fast modulation speeds may be possible at cryogenic temperatures

for this material system. Optimization of the spatial and spectral overlap of the

quantum dots with the cavity mode could lead to higher enhancement factors as

well. Purcell enhancement as a mechanism for fast switching, however, is limited to

only cryogenic temperatures for these particular InAs quantum dots. As discussed

in the main text, elevated temperatures cause carriers to escape from their confining

potentials and relax non-radiatively at a rate much faster than any Purcell enhanced

spontaneous emission. For the room temperature emission of the directly modulated

device, we see identical QD lifetimes both on and off resonance from the cavity mode

with the emission tracking the current pulse in both cases.

We repeat PL lifetime measurements for undoped QD samples with pre-annealed

quantum dots to verify that this effect is not due to the fabrication of the electrically

driven sample. Figure A.4 shows lifetime data for a similar cavity that is not elec-

trically contacted at 10K. Indeed, the cavity emission shows a reduced spontaneous

emission lifetime compared to non-resonant QD emission with a calculated Purcell

factor of 2.5. The lifetime values for this sample are longer than those found in

Figure A.3 primarily because of the longer wavelength cavity used here, but Purcell

enhancement is observed in both cases. Meanwhile, in Figure A.5, we see that at room

temperature, the carrier lifetime is short due to non-radiative recombination and is

flat accross the wavelength range. Purcell enhancement is not seen for the cavity

modes at room temperature, in contrast to low temperature, confirming the predic-

tion. Therefore, the demonstration of a Purcell enhanced nano-LED would require

quantum dot material improvements, which is outside the scope of our work. Still, the

presence of the nano-cavity in our LED has several great benefits, including the im-

provement of the device efficiency (increased light emission into the cavity mode and

channelling in the desired, collection direction), reduction in the modulation energy

per bit, and single mode operation.
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Figure A.4: Time-resolved measurements for undoped and pre-annealed
cavity at 10K. (a) Photoluminescence lifetime measurements for a reg-
ular cavity that was undoped and not annealed. Dashed lines indicate
wavelengths where on- and off-resonant lifetimes were taken. (b) Lifetime
data and decay fits for both the cavity mode and nearby uncoupled QD
emission from the photonic crystal. The dominant exponential lifetimes
were found to be 300 ps and 620 ps for cavity and uncoupled emission,
respectively.
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Figure A.5: Time-resolved measurements for undoped and pre-annealed
cavity at 300K. (a) Photoluminescence lifetime measurements for a reg-
ular cavity that was undoped and not annealed. Dashed lines indicate
wavelengths where lifetimes were taken. (b) Lifetime data and decay fits
for the cavity mode and nearby uncoupled QD emission from the pho-
tonic crystal. Purcell enhancement is not observed and the decay lifetime
of 6 ps is seen for all points shown. The lifetime value increases slightly
for longer wavelengths as seen in Figure 4.4.3 but Purcell enhancement is
never observed at room temperature.



Appendix B

Fabrication

B.1 Chip fabrication

Wafers were grown by molecular beam epitaxy as described in [63]. The resultant

stack consisted of a top layer of 220 nm thick GaAs with three layers of embedded high

density (300/µm2) InAs QDs. Below the top GaAs membrane was a 1.5 µm layer of

Al0.8Ga0.2As, which was on top of a GaAs substrate. Electron-beam lithography was

used to pattern a 300 nm mask of ZEP resist after which the pattern was transferred

into the GaAs membrane by dry etching with a BCl3/Cl2 electron-cyclotron resonance

reactive ion etch. Structures were then undercut with hydrofluoric acid wet etching.

Beams were 20 µm long with the last third of the beam patterned with the air holes

that created the optical cavity. The defect cavity had an initial period a = 322 nm

linearly tapered down to 266 nm, with hole radius r = 0.22 a. Ten holes created the

cavity and an additional five holes were patterned on each side of the cavity for a

total of 20 holes.

B.2 Atomic layer deposition

All depositions were performed at 200◦ C in a Cambridge Nanotech Fiji ALD system.

For ZrO2 alternating pulses of tetrakis(dimethylamido)zirconium (TDMA-Zr) and

water were used to deposit ZrO2 at 0.8 Å/cycle. For Al2O3 alternating pulses of

216
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trimethylaluminum (TMA) and water were used to deposit Al2O3 at 1.0 Å/cycle.

For SiO2 a pulse of tris(dimethylamino)silane (3DMAS) was alternated with a remote

O2 plasma to deposit SiO2 at 0.7 Å/cycle. A nanolaminate of Al2O3 and ZrO2 was

formed by depositing either 1 nm or 2 nm of each film in sequence and repeating this

process until the desired thickness was reached.

B.3 Optical Testing

Samples were tested either in a horizontal microphotoluminescence setup or in an

upright custom built zoom lens setup. The horizontal setup consisted of a free-

space path for optical pumping of the sample and collection into a spectrometer. A

thermoelectric cooled and stabilized laser diode (LD) operating in continuous wave

mode at 830 nm was directed through a 100x 0.5 numerical aperture (NA) objective

lens onto the sample. PL was collected by the same objective and detected by a

liquid nitrogen cooled InGaAs charge-coupled device (CCD) inside a spectrometer.

The upright setup consisted of a high magnification zoom lens (Navitar) with a laser

injection port and a 20x 0.4 NA objective lens. PL was collected through a 62.5

µm /125 µm core/cladding graded index fiber that was the handle to the nanoprobe.

Illumination and laser pump were directed through the objective and through the cell

medium onto the specimen. The nanoprobe cavity tested in air was pumped with 150

µW of laser power through the horizontal setup. The same nanoprobe cavity tested

in cells and cell medium was pumped with 450 µW of laser power through the upright

setup. For protein detection, we use a lower pump power of 50 µW to ensure minimal

device heating. Both chip-bound nanobeams and probe nanobeams were measured

using the horizontal setup both before and after the surface chemistry.

B.4 Simulation

Both FDTD and FDFD simulations were carried out on in-house custom code opti-

mized for photonic structures.
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B.5 Cell culture and handling

PC3 cells were grown in FK-12 nutrient mixture supplemented with 10% FBS and 1%

penicillin/streptomycin. PC3 cells were plated at low density (several thousand cells

per 10 cm gridded petri dish) and incubated at 37◦ C. Optics and loading experiments

were performed on cells in an ambient environment for no more than 2 hours before

returning samples to incubation.

B.6 Cell viability

A fluorometric assay of calcein AM and ethidium homodimer was used as per the

suggested protocol (Invitrogen LIVE/DEAD). Cells were probed or loaded and the

positions of those cells were documented by carving out reference marks in the petri

dish using a sharp tungsten probe tip. The cells were then incubated for four hours,

after which they were treated with 4 µM of calcein AM and 4 µM of ethidium ho-

modimer. Fluorescence images were captured with a Zeiss Axiovert 25 fluorescence

microscope with an X-cite mercury lamp source.

B.7 SEM imaging

Cells to be imaged were first fixed in 2% glutaraldehyde with 4% paraformaldehyde

in 0.1 M Na Cacodylate buffer. We do not apply the typical lipid fixative of OsO4 as

we have found out that this chemical corrodes the GaAs semiconductor. Cells were

then dehydrated in ethanol and either hexamethyldisilazane (HMDS) or critical point

drying. Finally, cells were sputter coated with Au/Pd. Fiber probes were just coated

in Au/Pd prior to imaging.

B.8 Surface chemistry

Reagents were purchased stock from Sigma Aldrich. Water used was ultrapure 18.2

MΩ reverse osmosis filtered. All glassware was cleaned in multiple washings in
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acetone, methanol, and water. Experimental chips were first cleaned in acetone,

methanol, and water and then blow-dried in an argon stream. For the aminosi-

lanization step, a solution of 2% 3-aminopropyltriethoxy silane (APTES) in anhy-

drous toluene was prepared. Samples were placed in this solution for 1.5-2 hours and

then rinsed with fresh toluene, acetone, methanol, and water followed by argon blow

drying. Biotinylation was performed by placing samples in a 4 mg/mL solution of

N-hydroxysuccinimide-biotin ester in water for 1 hour, and then rinsed copiously in

fresh water followed by argon blow drying. For Streptavidin adsorption, a solution

of 100 µg/mL of Streptavidin (from Streptomyces avidinii) in phosphate buffered

saline (PBS) was made. Samples were placed in this mixture for 40 minutes and

then washed with fresh PBS and water followed by argon blow drying. Chemistry

performed on fiber-mounted nanoprobes was exactly the same with the exception of

there being no blow drying steps which could potentially break the probes. Fibers

were manually inverted, mounted, and held in the various solutions for the described

time periods.
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