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Abstract

Efficient light generation on silicon is desirable for a variety of applications because

of its low fabrication cost relative to III/V semiconductors and because it will enable

monolithic integration with electronic components on the same Si platform. We

studied silicon-rich silicon nitride with emission in the visible and erbium-doped silicon

nitride (Er:SiNx) with emission at 1540 nm. Both of these materials are compatible

with the mainstream complementary metal-oxide semiconductor (CMOS) processing

technology. This thesis discuses our results on using photonic crystal (PC) cavities

to enhance luminescence from these materials. Nano-resonators modify the optical

density of states (DOS) to enhance the emission in a fundamentally different way

than what is accessible through materials engineering. Specifically, photon emission

rate can be enhanced at a particular wavelength because the optical DOS is higher at

the cavity resonance, which in turn improves efficiency and allows faster modulation

rates. We have demonstrated up to 11-fold enhancement at photonic crystal resonance

relative to smooth film at 730 nm and over 20-fold enhancement at 1540 nm. Time

resolved measurements on erbium-doped sample confirmed significant enhancement of

spontaneous emission rate. In addition, we have observed cavity line-width narrowing

with increasing pump power in the erbium-doped sample, resulting from decrease in

ground-state absorption by erbium ions as more of them are excited. We achieved

excitation of up to 31% of Er ions at cryogenic temperature. This is an important

step toward realizing a laser or amplifier based on Er:SiNx in the future.
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Chapter 1

Introduction

Optical interconnects present an attractive alternative to electrical wires to pass in-

formation between electronic devices where high data rates are desired. This has been

well demonstrated by fiber optics use in telecom networks over kilometer distances.

Now, with increasing computational capacities, optical interconnects are becoming

attractive for use over centimeter distances. For example, 10s to 100s Gb/s rates are

desired in a link between microprocessors and bulk memory. Here electrical wiring

will be problematic, but optics can provide a viable solution [1].

Telecom industry uses lasers based on III/V semiconductors that have direct band

gaps and are therefore excellent light emitters. However most electronics is made in

silicon using complementary metal-oxide-semiconductor (CMOS) processing. Unfor-

tunately, silicon (Si) is a poor light emitter due to its indirect band gap. It is challeng-

ing and expensive to integrate III/V semiconductors with CMOS electronics because

molecular-beam epitaxy (MBE) or wafer bonding is required [2], and tools used for Si

CMOS cannot be used on III/Vs to avoid contamination. There is a large effort to fab-

ricate a laser with Si-complementary metal-oxide-semiconductor (CMOS) compatible

processing technology, enabling monolithic integration with electronic components

while keeping the production cost low [3].

The focus of this thesis is on light-emitting devices based on materials that have

promising optical properties, but that can also share fabrication tools with Si-CMOS

1



CHAPTER 1. INTRODUCTION 2

processing without a risk of contamination. We studied light-emitting porous Si, Si-

rich Si nitride (SRN), and Er-doped amorphous Si nitride (Er:SiNx) systems. Porous

Si [4, 5, 6, 7], Si-NCs in SiO2 [8, 9, 10, 11, 12] and silicon nitride [13, 14, 15, 16] are well

studied, and show photoluminescence with wavelengths from 500nm to 1000nm. In

these materials, the emission is enhanced relative to the emission from bulk Si because

of electron-hole localization effects due to either quantum confinement or trapping to

surface states [5]. In addition, significant work has been conducted to study electrical

injection of the Si-NCs in both oxide and nitride systems [17, 18, 19]. We also explore

a material system with Er in amorphous silicon nitride, which emits at the telecom

wavelength of 1540 nm, ideally suited for on-chip Si photonics applications [20, 21].

The limitation of Er as a gain material for on-chip photonics applications is its small

absorption cross-section, which limits its pump rate and gain parameters. However, it

is possible to enhance the pumping of Er ions in amorphous silicon nitride by taking

advantage of an efficient, nanosecond-fast energy transfer from the matrix, which has

four orders of magnitude larger absorption cross-section than direct excitation of Er

ions [21, 20, 22]. Since SRN layers can be electrically injected more efficiently than

oxide-based dielectric matrices [19], it should also be possible to electrically excite Er

ions in this configuration, paving a path to electrically pumped light sources at the

telecom wavelength.

In this work we focus on combining such CMOS compatible materials with small-

volume high-Q resonators to enhance luminescence. Nano-cavities can simultaneously

maximize the emitter-cavity mode coupling and the density of optical modes to en-

hance the emission in a fundamentally different way than what is accessible through

materials engineering. This leads to an enhanced spontaneous emission rate into the

cavity mode through the Purcell effect (∝ Q/Vmode) [23] and redirection of the ma-

jority of spontaneously emitted photons into the single mode. The corresponding

increase in the spontaneous emission rate and coupling factor β can be used to lower

the lasing threshold [24, 25], improve efficiency and allow faster modulation rates [26].

Chapter 2 is devoted to design of high-Q, small mode-volume resonators based on

photonic crystals (PCs) which provide a way to localize light to spaces smaller than

one optical cubic wavelength of light in the material. The theoretical details of how



CHAPTER 1. INTRODUCTION 3

such resonators influence the light emitting materials placed within are presented in

Chapter 3. Fabrication of PC resonators is discussed in Chapter 4. Chapters 5 and

6 present experimental results for PC cavities with Si-nanocrystals for light emission

in the visible and with Er for emission in the infrared respectively.

While previous works have extensively studied Si-NCs and Er-doped materials

coupled to microdisk cavities or Fabry-Perot resonators with distributed Bragg re-

flectors, such cavities have very large mode volumes [27, 28, 29, 12]. PC cavities

have significantly smaller mode volumes while maintaining high Qs, and thus achieve

significant Purcell enhancements.

The work in this thesis is mainly based on the following references:

1. M. Makarova, J. Vuckovic, H. Sanda, and Y. Nishi, Silicon-based photonic crys-

tal nanocavity light emitters, Applied Physics Letters, vol. 89, no. 22, p.

221101, 2006.

2. M. Makarova, V. Sih, J. Warga, R. Li, L. D. Negro, and J. Vuckovic, “En-

hanced light emission in photonic crystal nanocavities with erbium-doped silicon

nanocrystals,” Applied Physics Letters, vol. 92, no. 16, p. 161107, 2008.

3. M. Makarova, Y. Gong, S.-L. Cheng, Y. Nishi, S. Yerci, R. Li, L. D. Negro,
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Chapter 2

Photonic crystal (PC)

nano-cavities

2.1 Photonic crystals

Photonic crystals (PCs) are created when refractive index is modulated periodically

on a length scale of optical wavelength. PCs are analogous to usual crystals, where

electron potential is modulated periodically by atoms in the lattice, but instead they

manipulate photon propagation, and can be made artificially. Light reflecting from

the periodic dielectric interfaces can interfere constructively or destructively depend-

ing on its wavelength and thus the lattice leads to a band structure for photons and

exhibits bands in which photons can propagate, as well as photonic band gaps where

they cannot.

One practical type of a PC is an optically thin (≈ λ/(2n)) slab perforated with

holes arranged in a hexagonal lattice as shown in the Fig. 2.1. Total internal reflection

(TIR) confines light in the slab. Light launched in-plane in the PC experiences

reflections from periodic interfaces and these reflections may interfere constructively

(causing a complete reflection), or destructively (causing transmission through the

PC) depending on the wavelength of light. Thus, only certain wavelengths of light

may propagate in a given direction, and a band structure is created. Hexagonal lattice

has a complete photonic bandgap for TE-like (vertically even) modes shown in Fig.

4
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2.1. TE-like modes have only transverse-electric field components Ex, Ey and Hz in

the center of the PC membrane, and contain all E and H field components away from

the center of the slab due to confinement in the vertical direction. The region shaded

in gray on the band diagram corresponds to the modes that are not confined by TIR

and escape into free space. A PC makes very good mirror for the frequencies of light

within the band-gap and may be used to make very small optical resonators.

Figure 2.1: Top and side views of 2D planar PC structure with hexagonal lattice
and corresponding band diagram for TE-like modes of the membrane with refractive
index n = 2.0, periodicity a, slab thickness t = 0.65a, and hole radii r = 0.3a.
(Γ = 0k̂x + 0k̂y, X= 0k̂x + 2π/(

√
3a)k̂y, J= 2π/(3a)k̂x + 2π/(

√
3a)k̂y)

2.2 Photonic crystal nanocavities

To make a resonant cavity in the PC it is necessary to change refractive index locally.

For example, if a single hole is removed, then the energy of the PC Bloch mode in that

region is slightly lowered and it is now confined to the defect because it falls within

the photonic bandgap. This way very small mode volume resonators can be made,

where the space occupied by the photonic mode is around one cubic wavelength of

light in the material. To achieve high-quality resonators, where photon is confined

for a long time, it is necessary to optimize the size and position of the neighboring

holes. Modification of the neighboring holes changes the resonant mode profile, and
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thus which k-vectors compose the mode. To design high quality-factor resonators the

amount of radiation with k-vectors that are not confined by TIR is minimized [30].

Cavity Q-factor characterizes cavity resonance width ∆ω and the amount of time

a photon spends in the cavity before it is lost τphoton, which are related through the

Fourier transform (τphoton = 1/∆ω). τphoton is the time after which electromagnetic

energy stored in the cavity decays to 1/e of its initial value. Cavity Q-factor is readily

determined experimentally by measuring the resonance width ∆ω (i.e., Q=ω0/∆ω),

or theoretically from the ratio of energy stored inside the resonator, W , to the time

averaged power dissipated by the resonator, P :

Q = ω0/∆ω = τphotonω0 = ω0W/P (2.1)

Another important figure of merit is the volume occupied by a resonant mode

(Vmode). It is calculated theoretically by spatially integrating the electromagnetic

energy of the mode and normalizing by the maximum electric field energy density:

Vmode =

∫∫∫
ε(~r)| ~E(~r)|2 d3~r

max[ε(~r)| ~E(~r)|2]
(2.2)

For theoretical calculations of the Q-factor and cavity mode volume an electromag-

netic field distribution and its evolution in time are obtained by the finite difference

time domain (FDTD) simulations [31].

2.3 Nanocavity design and optimization

Majority of initial 2D PC designs were done for high-refractive index materials such

as Si and InGaAs, where high-refractive index contrast is helpful in achieving large

photonic band-gap and strong confinement of light. The materials, we studied (porous

Si, silicon-rich nitride, and Er-doped silicon nitride) have much lower refractive in-

dex and thus presented us with unique design challenges that are discussed for each

material in the following subsections.

We used FDTD simulations to optimize the various PC structures. Throughout

this work the discretization of 20 units per period a was used in FDTD, and all other



CHAPTER 2. PHOTONIC CRYSTAL (PC) NANO-CAVITIES 7

parameters are expressed either in program units or in terms of a.

2.3.1 Porous silicon photonic crystal design

For the design of porous-Si-based 2D PCs we could not use a thin slab of suspended

porous Si (pSi) because that would be impractical to fabricate. Instead we designed

the structure where the top device layer of pSi is supported by another pSi layer

with higher porosity and thus having lower refractive index. Lower refractive index

of the substrate layer is necessary to provide vertical confinement for photonic crystal

structure through total internal refraction. Such multilayer pSi structure can be

created by increasing the current driving the Si etching process after desired top

layer thickness of Si is etched with low porosity. Higher porosity etching occurs under

the top layer when the current is increased[32].

Figure 2.2: (a) Top and side views of proposed porous Si photonic crystal structure.
The hexagon represents the first Brillouin zone with high symmetry points Γ, X, J
indicated. (b) Band diagram of TE-like modes for the structure with the following
parameters: r/a=0.4, c/a=0.75, d/a=1.5, s/a=3. Gray region corresponds to the
modes that can escape into the air.
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Fig. 2.2 shows the top and side views of the proposed PC structure. Hexagonal

array of holes is drilled in the luminescent pSi core layer sitting on top of a higher-

porosity substrate layer and thus having lower refractive index. The substrate layer is

made thick enough so the optical modes confined in the core are not interacting with

bulk Si. Assumed refractive indices, which depend on pSi fabrication, are 2.0 for the

luminescent core layer, and 1.4 for the substrate. The main design parameters that

we considered to maximize the photonic band gap for TE-like modes are: air hole

radius r, drill depth d, and core thickness c (in relation to the inter-hole spacing a).

Deeper holes were helpful in decreasing the effective refractive index of the substrate

layer and reducing TE-like and TM-like mode mixing caused by asymmetric wave

guiding structure. We used the 3D FDTD method to find the band structure of the

photonic crystal with various parameters. Fig. 2.2(b) shows the band diagram of

TE-like modes for a structure with r = 0.4a, c = 0.75a, d = 1.5a optimized to achieve

a sizable band gap. The band gap is 16% of its central frequency and extends from

0.4616 to 0.5415a/λ.

A linear cavity formed by eliminating three air holes along the ΓJ direction was

designed based on the photonic crystal described above. Fig. 2.3 shows the cavity

with simulated field distribution patterns. The FDTD simulation gives the cavity Q

factor of 190 and the mode volume V = 2.5(λ/n)3.

2.3.2 Silicon nitride photonic crystal design for emission in

the visible

Silicon-rich silicon nitride (SRN) film with broad luminescence around 700 nm has

refractive index of 2.11. Suspended photonic crystal membrane structures can be

fabricated from this material by depositing it on top of an oxidized silicon wafer,

where the SiO2 serves as a sacrificial layer, which is removed (undercut) after the

PC fabrication, as described in Chapter 4. Photonic band gap dependance on slab

thickness and hole radii is plotted in Fig. 2.4 (a).

For initial proof-of-concept experiment the structures similar to the L3 design
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Figure 2.3: Electric and magnetic field patterns at the center of the top slab of the
linear photonic crystal cavity formed by eliminating three air holes and shifting the
end holes by 0.15a along the main cavity axis.

(a) (b)

Figure 2.4: (a) Band gap size as percentage of center frequency for PC slabs with
refractive index of 2.11 and varying thicknesses and hole radii. The slab is surrounded
by air on both sides. (b) Q-factor in-plane (Qxy) and out-of-plane (Qz) for L3 cavity
in PC slab with refractive index of 2.11, thickness of 0.75a, and varying hole radii.
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proposed for porous Si are fabricated and analyzed in Ref. [33]. The modeling pa-

rameters were chosen to closely resemble fabricated structures with refractive index

n = 2.11, as measured by spectroscopic ellipsometry at 700 nm, photonic crystal slab

thickness t = 0.75a, and hole radius r = 0.4a. Fig. 2.5 (top) shows the electro-

magnetic field distributions for TE-like cavity modes and their in-plane (Qxy) and

out-of-plane (Qz) Q-factors calculated by FDTD. Figs. 2.5 (middle, bottom) show

simulated and measured spectra, which are plotted on the same wavelength scale.

As described in the Chapter 5 the spectrum is measured by using SRN luminescence

as an internal light source. PC exhibits a 19% band gap for TE-like modes, from

0.4416 to 0.535a/λ, as indicated in Fig 2.5. Generally, the high Q mode observed for

the three-hole defect PC cavities in high refractive index materials has four lobes of

magnetic field and dominant wave-vector kx = π/a (Fig. 2.5-top(1))[34]. Here, this

mode is at 0.428a/λ and is outside the complete photonic band gap as it falls below

the band edge at J point. The next order mode (2) with five lobes of magnetic field is

also below the band edge. There are only slight hints of these modes in the measured

spectra. Experimentally observed frequency and polarization for the three modes

that fall into the complete photonic band gap (3-5) are in excellent agreement with

theoretical calculations. The broad mode (3) at 0.459a/λ is primarily polarized in the

x direction as evident from its electric field distribution and matched by experimen-

tal measurement. The next two modes (4-5) at 0.464a/λ and 0.502a/λ are polarized

along the y axis according to their electric field distribution and are observed with

this polarization experimentally at 0.467a/λ and 0.503a/λ, respectively. The slight

discrepancy in frequency may be attributed to the slight deviation between the fabri-

cated structure and the model. The most prominent mode in the measured spectrum

is the highest Q mode (4) at 0.467a/λ which has six lobes of Bz in the cavity, calcu-

lated mode volume of 0.785(λ/n)3, calculated Q of 360, and maximum radiative rate

enhancement of 35, as given by the Purcell factor, F = 3/(4π2)(λ/n3)Q/V [23, 35].

An interesting result from the above analysis of Ref. [33], is that the highest Q-

mode is not the fundamental mode with kx = π/a as commonly reported in literature

for the L3 cavity structures with higher refractive index (n > 3.4) [34],[30]. The

reason is that the lower refractive index of PC membrane pushes the band-edges
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Figure 2.5: Electromagnetic field distributions for TE-like cavity modes and their Q
factors in-plane Qxy and out-of-plane Qz calculated by FDTD together with calcu-
lated and measured spectra plotted on the same wavelength scale. Photonic band
gap for TE-like modes is indicated (white region). The region shaded in light gray
indicates the span of the photonic band edges in frequency from X point to J point
(see Fig. 2.2).
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to higher frequencies and the fundamental mode no-longer falls into the bandgap.

Therefore, the mode (1) primarily leaks laterally, while the mode (4) leaks vertically.

The lateral and vertical Q-factor dependence on PC hole radius for the fundamen-

tal L3 mode is shown in Fig. 2.4 (b). As expected, the lateral Q depends strongly on

the PC hole radius, but even at r/a=0.35 where the lateral mode has the highest Q

factor the cavity mode frequency is just on the edge of falling into the band gap. As

the radius of PC holes is decreased, the PC band gap decreases; however, an increase

in the slab thickness can increase the band gap. After our initial publication in 2006,

other groups were inspired to work on PC resonators from silicon nitride and in 2007

M. Barth et. all published L3 cavity design made in a thicker (t = 1a) PC mem-

brane with simulated Q-factor of 4700 [36]. For my project, I choose not to increase

the slab thickness because it was already difficult to etch trough 240 nm of SRN

using e-beam resist as a mask. Instead I switched to a single-hole-defect S1 cavity

design (Fig. 2.6(a)) such as in Ref. [37] that naturally has it resonance frequency

close to the band gap center. For optimizing the overall cavity Q-factor, computa-

tions were performed for the S1 cavity with 7 layers of PC mirror holes around it.

The nearest neighbor holes on the horizontal axis of the cavity were smeared inward

by Ashift = 0 − 8 units, while the nearest neighbor holes in the diagonal directions

were shifted out by Bshift = 0 − 2 units, and their radius varied from rB = 5 − 6

units. The radius of PC lattice holes was varied from r = 7 − 8 units, and the slab

thickness was fixed at t= 15 units (the period was kept constant at a=20 units). In-

plane Qxy and out-of plane Qz values calculated for some of the explored parameters

are shown in Fig. 2.6(b). In this optimization space, the highest Q was found for

Ashift = 6 = 0.30a, Bshift = 1 = 0.05a, rB = 5.5 = 0.275a and r = 7.5 = 0.375a. The

optimized structure has a resonance frequency of a/λ = 0.45, in-plane Qxy = 2, 400,

out-of-plane Qz = 2, 200, and mode volume Vmode = 0.784(λ/n)3 . The maximum

Purcell enhancement for this cavity is 1,100 for an emitter spectrally and spatially

aligned to the cavity, which is 30 times better then the the high Q resonance of the

initial L3 design of Ref. [33].

More recently (2008) an elegant solution to overcome the difficulty of designing

high Q-factor 2D PC cavities in low refractive index material was proposed in Ref.
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Figure 2.6: (a) S1 cavity design, showing two optimization parameters: A (side hole
stretch) and B (shift of lower and upper holes). The FDTD calculated profile for the
Ex component of the electric field which is dominant at the center of the cavity is
also shown. (b) Q optimization results for such a cavity with periodicity a = 20, slab
thickness t = 15, hole radii r = [7, 7.5, 8], Bshift = 2, radius of holes shifted by B
being rB = r − 2, and Ashift varying from 0 to 8.

[38]. They start with a suspended single mode bridge waveguide made from silicon

nitride where confinement in 2D is achieved by total internal reflection for the propa-

gating mode and create confinement in the third dimension by a 1D PC structure of

holes. With careful tailoring of the hole sizes and positioning around the resonator

they simulated cavities with Q > 1000, 000 and Vmode < (λ/n)3 from Si3N4 with

refractive index n=2.0.

2.3.3 Silicon nitride photonic crystal design for emission in

the infrared

The Erbium doped silicon-rich silicon nitride (SRN) film we used for light emitters at

the infrared wavelength around 1.54µm has refractive index similar to the SRN film

with visible emission. Therefore, we could use the same PC design for light sources

in the infrared scaled appropriately for the longer wavelength of operation. However

the longer operation wavelength gives us the freedom to consider using high-index Si

as a part of the PC membrane design since it is transparent for 1.54µm radiation, as

we did in Ref. [39].
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Two different approaches were considered for the photonic crystal cavity design

for enhancing the spontaneous emission of Erbium embedded in the SRN film. In

the first approach, a SRN film constituted the entire PC membrane, which is similar

to the structures we have previously fabricated to enhance emission at 700 nm from

SRN [33]. In the second approach, a hybrid structure using a thinner SRN layer on a

Si membrane was used. Three-dimensional finite difference time-domain calculations

were used to estimate Q ,V , and the average Purcell effect for the single-hole (S1)

defect cavity shown in Fig. 2.7(a). The results for three different membrane designs

are summarized in Fig. 2.7(c). In the simulations, 20 points were used per period a;

the membrane thickness was 0.75a and for hybrid structures, the SRN thickness was

1/3 of the total membrane thickness; and Si and SRN refractive indices were 3.45

and 2.4, respectively. The reported Qs correspond to the out of plane losses, and are

converging to the total Q factor as the number of PC layers surrounding the cavity

increases. Fig. 2.7(a) shows the electric field magnitude for the high-Q, x-dipole

mode, and Fig. 2.7(c) shows the field distribution for the membrane in cross section

for each design. Si-based membranes have 2.75 times higher Q factors, as expected,

due to greater refractive index contrast, and despite the electric field maximum falling

outside the SRN layer, the average Purcell effect is still 2.5 times greater for the

hybrid Si/SRN structure. The Purcell factor Favg was spatially averaged over the

SRN layer in the area indicated by the white circle in Fig. 2.7(a), and throughout

the membrane in the vertical direction. We did not average over dipole orientation

because, experimentally, we can collect only the emission polarized along the mode.

Given the difference in the expected performance, we fabricated cavities with hybrid

Si/SRN membranes. Even higher enhancements are expected from cavities fabricated

from symmetric Si/SRN/Si membranes because the electric field is stronger in the

SRN layer, as seen in Fig. 2.7(c), but they require a different growth process.

The same PC cavity design was used for the three different membrane designs

considered in Fig. 2.7 which was optimized for the Si membrane with SRN layer on

the top. Later we showed that if the cavity design is re-optimized for the Si membrane

with the SRN layer in the middle it can have Q-factor as high as 30,000 [40] making

the design with the active material in the center even more attractive.
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Figure 2.7: (a) Electric field magnitude of the x-dipole mode of a modified S1 de-
fect cavity in the center of the slab and (c) in cross section for SRN, Si/SRN, and
Si/SRN/Si membrane designs. (b) Scanning electron microscope image of the fabri-
cated photonic crystal cavity.
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However the design with SRN layer on top of Si membrane is much easier to

fabricate and it was used for all the initial experiments. In this approach, most of the

optical mode is actually confined to the Si part of the membrane and the PC design is

not very sensitive to the refractive index of the Er-doped SiNx layer. Fig. 2.8 shows

optimization results for the S1 structures from Ref. [40] where SiNx layer has much

less excess silicon and thus lower refractive index n = 2.0

Figure 2.8: (a) Design of PC cavities for interaction with Er, with the entire membrane
comprised of silicon nitride (left), hybrid membrane with silicon nitride on top of Si
(middle), and hybrid membrane with silicon nitride in between two Si layers (right).
Optimized Q and V are shown. (b) Q-factor optimization for the S1 cavity in the
hybrid membrane design ((a)- middle) by parameters space search. The cavity mode
profile (|E|2) is shown in the inset, along with the directions of the shifts considered.
The highest Q-factor is for the design with xshift = 0, yshift = 0.1a, and sideshift =
0.15a, with Q = 13, 000.

For the sample with Er:SiNx layer with n = 2.0 on top of the Si membrane we also
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developed an L3 design that has much higher simulated Q-factor than the S1 design,

as presented in Ref. [41]. The L3 design was optimized for total membrane thickness

of t = 0.88a, the Er:SiNx layer thickness tEr = t/3, and hole radius r = 0.3a. For

this membrane design, the Q-factor is maximized for a cavity with the end holes of

the cavity laterally shifted out by 0.20a and having radii r = 0.25a, with the second

level end holes shifted out by 0.10a and also having radii r = 0.25a (Fig. 2.9). The

optimized cavity design has normalized frequency a/λ = 0.26, simulated quality factor

Q = 32, 000, and mode volume V = 0.85(λ/n)3 for a refractive index n = 3.5. The

electric field magnitude at the middle of the membrane (|E|2) is shown in Fig. 2.9.

The overlap of optical mode with the Er:SiNx layer, defined as the ratio of electric

field energy in the active material to the energy in the whole resonator, is 4%.

Figure 2.9: Electric field pattern (|E|2) of the L3 PC cavity mode in hybrid Si/SRN
membrane (Fig. 2.8(a)-middle).



Chapter 3

Electric dipole interaction with

electromagnetic field

3.1 Fermi’s Golden Rule

Transition rate of an electron from initial (|i >) to final (|f >) state due to interaction

with photons can be calculated from the first order perturbation theory in the weak

interaction limit [42]. The transition rates are given by the well known Fermi’s golden

rule:

Ri−>f =
2π

~2
| < f |H|i > |2ρ(ω) (3.1)

Here, H is the interaction Hamiltonian between optical field and an electric dipole,

and ρ(ω) is the joint density of initial and final electron states, which is a normalized

Lorentzian for a homogeneously broadened transition with FWHM ∆ωd :

ρ(ω) =
2

π∆ωd[1 + ( ω−ωd

0.5∆ωd
)2]

(3.2)

To find the total transition rate we need to sum Ri−>f for all possible k-vectors

and two orthogonal polarizations (p) of either absorbed or emitted photons. The

sum over the k-vectors is more conviniently computed through integration using the

density of states function D(~k), as:

18
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Rtot =
2π

~2

∑
p

∑
~k

(| < f |H~k,p|i > |
2)ρ(ω)

=
2π

~2

∑
p

∫
~k

| < f |H~k,p|i > |
2D(~k)ρ(ω)d3~k (3.3)

The inner products | < f |H~k,p|i > |2 for the cases of spontaneous emission, stimulated

emission and absorption are given in Table 3.1 in terms of the spatially dependent

atom field coupling parameter g(~rd):

g(~rd) = g0ψ(~rd)cos(ξ) (3.4)

g0 =
µeg
~

√
~ωd

2εMVmode
, ψ(~rd) = E( ~rd)

|E( ~rM )| , cos(ξ) =
~µeg.ê

µeg

Here, g0 is the vacuum Rabi frequency, ~µeg is the dipole moment, Vmode is the quan-

tization (or optical mode) volume, ψ(~rd) is spatially dependent degradation in the

coupling strength when dipole is not at the electric field intensity maximum, ~rM cor-

responds to position where field intensity ε(~r)|E(~r)|2 is maximum, εM = ε( ~rM), and

ξ is the angle between the dipole moment and the electric field polarization.

Table 3.1: | < f |H|i > |2 for spontaneous, stimulated emission and absorption

event |i > |f > | < f |H|i > |2

Spontaneous
emission

Atom in excited state,
no photons

Atom in ground state, 1
photon in mode ~kω

(~g(~rd))
2

Stimulated
emission

Atom in excited state,
np photons in mode ~kω

Atom in ground state,
np+1 photons in mode ~kω

(np + 1)(~g(~rd))
2

Absorption Atom in ground state,
np photons in mode ~kω

Atom in excited state,
np−1 photons in mode ~kω

np(~g(~rd))
2

The transition rate in Eq. 3.3 can be evaluated in variety of practical situations

as shown in sections below.
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3.2 Spontaneous emission in uniform dielectric medium

In the case of spontaneous emission Eq. 3.3 becomes:

Rspont = 2πg2
0ψ

2(~rd)
∑
p

∫
~k

cos2(ξ)D(~k)ρ(ω)d3~k (3.5)

To find the density of states in a uniform dielectric medium we imagine a large box

with sides Lx, Ly,Lz, and volume V = LxLyLz. In such a box, the increment between

successive wave vectors is dki = 2π/Li, and therefore the density of wave vectors in

k-space for each possible orthogonal polarization is D(k) = 1/(dkxdkydkz) = V/(2π)3.

The integral over ~k is evaluated in spherical coordinates for the dipole moment aligned

along the z-axis, so that the angle between a k vector and the dipole vector is θ:∫
~k

cos2(ξ)D(~k)ρ(ω)d3~k =
V

(2π)3

∫ 2π

φ=0

∫ π

θ=0

∫ ∞
k=0

cos2(ξ)k2sin(θ)ρ(ω)dθdφk.

=
V

(2π)2

∫ π

θ=0

∫ ∞
k=0

cos2(π/2− θ)k2sin(θ)ρ(ω)dθdk

=
V

(2π)2

∫ π

θ=0

sin3(θ)dθ

∫ ∞
k=0

k2ρ(ω)dk

=
4V

3(2π)2

∫ ∞
k=0

k2ρ(ω)dk

=
4V n3

3(2π)2c3

∫ ∞
ω=0

ω2ρ(ω)dω

≈ 4V n3ω2
d

3(2π)2c3

∫ ∞
ω=0

ρ(ω)dω =
4V n3ω2

d

3(2π)2c3
(3.6)

In the evaluation above we considered the polarization that is in-plane with the

dipole moment, since the orthogonal polarization does not interact with the dipole

(cos(ξ)=0). Dispersion relation ω = ck/n was used to change the variable of inte-

gration from k to ω. We also assumed that ω2 does not vary much around ωd where

ρ(ω) is centered, so we can use ω2 = ω2
d and take it out of the integral over ω. Now
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we can evaluate the spontaneous emission rate in a uniform dielectric medium:

Rspont = 2πg2
0

4V n3ω2
d

3(2π)2c3
ψ2(~rd)

=
µ2
eg

~
ωd

2εMVmode

4V n3ω2
d

3(2π)c3
ψ2(~rd)

=
µ2
egω

3
dn

3πε0~c3
ψ2(~rd) (3.7)

Using spontaneous emission expression above and the measured spontaneous emis-

sion rate for Er3+ ion in an oxide matrix (n=1.5) (radiative decay time of 10 ms at

1.54 µm), we can find the dipole moment of Er3+ ion to be µeg= 5.58× 10−4q nm (q

is charge of an electron) .

3.3 Spontaneous emission is a photonic crystal cav-

ity

In a photonic crystal cavity, spontaneous emission rate can be substantially modified.

First, small mode volume of a photonic crystal cavity leads to increased coupling

strength g. Second, the density of optical states in the cavity Dcav(ω) is substantially

different from the density of states in free space and is enhanced around the cavity

resonance ωcav[43]:

Dcav(ω) =
1

π

ωcav/(2Q)

(ω − ωcav)2 + (ωcav/(2Q))2
(3.8)

Consequently, spontaneous emission rate of a dipole that is aligned with electric field

polarization of the cavity mode is:

Rspont,cav = 2πg2
0ψ

2(~rd)

∫ ∞
ω=0

Dcav(ω)ρ(ω)dω (3.9)

Often, there are many randomly oriented dipoles in the cavity, and in that case
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the average spontaneous emission rate is reduced by 1/3 due to random alignment.

The highest possible emission rate in a cavity is achieved for a perfectly aligned

emitter (i.e. resonant with the cavity, oriented along electric field polarization, and

located at the intensity maximum) with sufficiently narrow line width, such that

∆ωd << ωcav/Q:

max{Rspont,cav}|bad cavity = 2πg2
0

1

π

2Q

ωcav
(3.10)

=
2Qµ2

eg

~εMVmode
(3.11)

Thus, spontaneous emission rate can be enhanced in the cavity relative to uniform

dielectric material with ε = εM at most by:

FP =
max{Rspont,cav}

Rspont

=
Q

Vmode

6πε0c
3

εMω3
dn

=
3

4π2
(
λ

n
)3 Q

Vmode
(3.12)

FP is often called the Purcell factor after E. M. Purcell who first predicted spontaneous

emission modification in a resonant cavity [23]

If the emitter resonance is much broader then the cavity line width (so called, bad

emitter limit: ∆ωd >> ωcav/Q), spontaneous emission rate is at most:

max{Rspont,cav}|bad emitter = 2πg2
0ρ(ωd) (3.13)

=
2ωdµ

2
eg

∆ωd~εMVmode

=
2Qdµ

2
eg

~εMVmode

Here, the rate still depends on the cavity mode volume, but the cavity Q factor is

replaced by the quality factor of the emitter Qd = ωd/∆ωd.

It is important to notice that in evaluating spontaneous emission rate in this

section we have only considered density of modes in the cavity, and therefore the

equations represent only spontaneous emission rates into the cavity. In practice,

emitters can also couple to leaky modes outside the cavity resonance and so the total

spontaneous emission rate may be higher. However, in good cavities (high Q, small
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Vmode), coupling to cavity mode is the dominant radiative mechanism, and coupling

to leaky modes leads to small altering of the emission rate.

3.4 Absorption in a single mode waveguide

According to Eq. 3.3 and Table 3.1 the absorption rate is the same as the spontaneous

emission rate multiplied by the number of photons (np) of one particular polarization

that are available for absorption and distributed in k-space with density D(~k):

Rabs = 2πg2
0ψ

2(~rd)np

∫
~k

cos2(ξ)D(~k)ρ(ω)d3~k (3.14)

Experimentally, absorption is often measured in a wave-guiding structure with a probe

laser. Probe laser, and waveguide properties determine D(~k) in this case.

As a common practical example, let’s evaluate Rabs for a single mode waveguide

injected with a single mode linearly polarized laser light at ωprobe with N photons per

second. In this case, the number photons in the waveguide mode is np = NLz/vg,

where Lz is the length of the waveguide used for electric field discretization and vg is

the propagation velocity of the laser photon in the waveguide given by the waveguide

dispersion relationship, vg(ωprobe) = dω/dβ|ωprobe
. It is convenient to replace D(~k)dk

with `probe(ω)dω, where `probe(ω) is the density of states in frequency produced by the

probe laser (same as given by Eq. 3.8). Generally, ∆ωprobe << ∆ωd, so Rabs becomes:

Rabs = 2πg2
0ψ

2(~rd)
NLz
vg

cos2(ξ)

∫
ω

`probe(ω)ρ(ω)dω

≈ 2πg2
0ψ

2(~rd)
NLz
vg

ρ(ωprobe)cos
2(ξ)

=
πµ2

egωdN

~εMAmodevg
ρ(ωprobe)ψ

2(~rd)cos
2(ξ) (3.15)

Usually, the average absorption rate is measured for a collection of randomly

distributed and randomly oriented emitters. For randomly oriented emitters, the

average value of cos2(ξ) is 1/3, and the average value ψ2(~rd) can also be found through

integration based on electric field and doping profile distributions in the waveguide.



CHAPTER 3. ELECTRIC DIPOLE INTERACTION WITH E&M FIELD 24

The maximum absorption rate occurs at the center transition frequency and is given

by

max{Rabs} =
2µ2

egωdψ
2(~rd)

3~εMvg∆ωd
N

Amode
(3.16)

= σabs,maxΦ, (3.17)

where Φ is the photon flux per area per unit time and σabs,max is the peak absorption

cross section generally used to characterize absorption per particle. If vg = c/n

σabs,max can be further simplified as:

σabs,max =
2µ2

egωdψ
2(~rd)

3~εMvg∆ωd
(3.18)

=
2µ2

egQdψ2(~rd)

3~ε0nc
(3.19)

=
µ2
egQdψ2(~rd)

16.36q2n
, (3.20)

where Qd = ωd/∆ωd is the quality factor of the dipole transition, and q is the elemen-

tary charge. To validate the equation for σabs gives reasonable numbers we use it to

find Qd of Er given the µeg = 5.58× 10−4q nm value we found earlier from erbium’s

radiative lifetime and its σabs,max = 7 × 10−21cm2 from Ref. [44]. Qd comes out to

be 55, which corresponds to linewidth of 28nm at the 1540nm absorption peak and

matches well with the experimentally seen linewidth of the main radiative transition.

3.5 Absorption in a photonic crystal cavity

Absorption rate from a photonic crystal cavity mode is exactly the same as sponta-

neous emission rate into that mode multiplied by the number of photons in the cavity

mode:



CHAPTER 3. ELECTRIC DIPOLE INTERACTION WITH E&M FIELD 25

Rabs,cav = 2πg2
0ψ

2(~rd)np

∫ ∞
ω=0

Dcav(ω)ρ(ω)dω (3.21)

max{Rabs,cav}|bad emitter =
2Qdµ

2
egnp

~εMVmode
(3.22)

max{Rabs,cav}|bad cavity =
2Qµ2

egnp

~εMVmode
(3.23)

For convenience, we can also rewrite the absorption rates for resonant “Bad emitter”

and “Bad Cavity” limits in terms of σabs assuming randomly oriented dipoles inside

the cavity:

max{Rabs,cav}|bad emitter =
σabs,maxvg
Vmode

np (3.24)

max{Rabs,cav}|bad cavity =
σabs,maxvg
Vmode

Qcav

Qd

np (3.25)

Note that the group velocity value (vg) in the above equations corresponds to the

waveguide where σabs was measured.

3.6 Stimulated emission in a photonic crystal cav-

ity

According to Eq. 3.3 and Table 3.1 stimulated emission rate into a cavity mode is

the same as spontaneous emission rate into that mode plus spontaneous emission rate

multiplied by the number of photons in the mode:

Rstim,cav = 2πg2
0ψ

2(~rd)(np + 1)

∫ ∞
ω=0

Dcav(ω)ρ(ω)dω (3.26)

= Rspont,cav +Rabs,cav (3.27)

(3.28)
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Previous sections already discussed how to evaluate these rates in some common

situations.

3.7 Accounting for non-homogenous broadening

Emitters present in an amorphous medium often have slightly different transition

frequencies from each other due to their unique local environment. This is called

non-homogeneous broadening. For simplicity, we assume that only the transition

frequency (ωd) is affected and the transition matrix element is not modified. Thus,

to model average transition rates at a given photon frequency correctly where the

rate depends on the detuning between the dipole and the probe (or cavity resonance)

frequency, we need to convolve the homogeneous response with the non-homogeneous

broadening.

Non-homogenous broadening usually has a gaussian distribution characterized by

the standard deviation σinhom :

G(ω) =
1

σinhom
√

2π
exp

(
− ω2

2σ2
inhom

)
(3.29)

Thus spectrally observed lineshape has the Voigt profile which is a convolution of

the gaussian peak distribution G(ω) and the lorentzian density of states distribution

ρ(ω).

And the average transition rate at a given probe, or cavity resonant, frequency is

then:

R̄(ω) =

∫ ∞
ω′=−∞

R(ω − ω′)G(ω′) dω′ (3.30)

For example, the average absorption rate in a waveguide will be:

R̄abs(ω) =
πµ2

egωdψ
2(~rd)Φ

3~εMvg

∫ ∞
−∞

ρ(ω − ω′)G(ω′) dω′ (3.31)

If the ρ(ω) is sharply peaked (i.e. approaches the δ(ω) function) relative to the
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gaussian broadening, then the convolution will give a gaussian peaked around ωd:

R̄abs,in−hom(ω) =
πµ2

egωdψ
2(~rd)Φ

3~εMvg
G(ω − ωd) (3.32)

When ωprobe = ωd we get the maximum average absorption rate for emitters

dominated by inhomogeneous broadening to be:

max{R̄abs,inhom} =
πµ2

egωdψ
2(~rd)Φ

3~εMvgσinhom
√

2π
(3.33)

To conclude, we note that for the case of purely homogeneous broadening the

maximum absorption rate in a waveguide is inversely proportional the homogeneous

linewidth, whereas in the case of dominant inhomogeneous broadening it is propor-

tional to the inhomogeneous linewidth. In general, the maximum rate will be inversely

proportional to the Voigt profile linewidth and fall off for wavelengths away from the

center according the Voigt profile which resulted from convolution of homogenious

Lorentzian broadening and Gaussian non-homogeneous broadening. So it is just the

overall linewidth that matters for absorption rate in a waveguide.

The absorption in a photonic crystal cavity is also affected similarly by both types

of broadening.

However, in the case of spontaneous emission enhancement by the cavity, the

results for homogeneously and non-homogenously broadened emitters may be quite

different. For a homogeneously broadened emitter the photoluminescence decay rate

is independent of wavelength, but for an emitter that has homogeneous linewidth

much narrower than the cavity and some in-homogeneous broadening the photolu-

minescence rate will be enhanced for emitters spectrally aligned to the cavity and

suppressed for emitters outside the cavity line-width and within the photonic crys-

tal band gap. The measured decay rate will depend on the bandwidth sent to the

detector.

Practically, the simple averaging presented here is too simplistic to describe how



CHAPTER 3. ELECTRIC DIPOLE INTERACTION WITH E&M FIELD 28

ensembles of emitters with various homogeneous and inhomogeneous broadening ef-

fects behave, because interactions of emitters with each other cannot be ignored.

For example, as we discuss later, the absorption enhancement observed in Er-doped

photonic crystal resonators as the Er homogeneous line-width is reduced by cooling

the sample is much greater than expected analytically from the simple considerations

presented here. The interactions of the emitters with their environment may also be

important. For example, it was recently shown [45] that quantum dot emission can

be strongly enhanced by the cavity even when the detuning of the two resonances is

much greater than their line-widths due to interaction with phonons. [46]



Chapter 4

Fabrication

Fabrication of the various photonic crystal structures we studied generally consists

of two main steps. First, the active layer is deposited on top of oxidized Si wafer

or silicon-on-insulator (SOI) wafer. Second, photonic crystal is patterned by e-beam

lithography in the active layer, and underlying oxide is etched away by hydrofluoric

acid to form a suspended photonic crystal membrane. We also demonstrated that we

could deposit silicon nitride on top of oxidized porous Si, which can have very low

refractive index, yet provide some structural support for the membrane. This may be

particularly advantageous if large PC structures are desired, such as coupled cavity

arrays. Single PC cavities we studied did not require the additional support.

4.1 Porous Si formation

Our collaborator Hiroyuki Sanda at Prof. Yoshio Nishi group at Stanford University

created porous Si films by electrochemical dissolution, or anodization, of the top

layer of a Si wafer. Fabrication of porous Si by anodization process using hydrofluoric

solution is well established. Anodic current, solution composition, and wafer doping

influence the porosity and thus luminescence properties of pSi. We investigated a

large number of experimental conditions to optimize luminescence properties.

The electrolyte consisted of 49% hydrofluoric acid, isopropanol (IPA), and deion-

ized water in the volume ratio of 2:1:2. Anodization of 0.7 Ωcm boron-doped (100)

29
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Si wafers with 21 mA/cm2 current density produced high-porosity Si luminescent

around 700 nm. Anodization of 0.01-0.02 Ωcm boron-doped (100) Si wafers with 40

mA/cm2 current density produced low-porosity Si luminescent after one hour dry

oxidation at 950◦C and one hour anneal at 950◦C in N2 atmosphere.

Increasing current after anodization of the top layer makes the second (bottom)

layer with higher porosity [32], which is necessary to confine optical modes to the top

layer. It is not possible to use a buried oxide for undercutting the photonic crystal

membrane in the case of porous Si because it would prevent the current flow necessary

for the anodization process.

Two bi-layer samples were fabricated using the two optimized conditions for the

core layer and a higher current for the second layer. High (low)-porosity sample was

anodized at 21 (40) mA/cm2 current density for 90 (1) s to make 300 (330)-nm-thick

core layer and subsequenty at 40 (58) mA/cm2 current for 420 (30) s to make 2500

(1600)-nm-thick substrate layer.

4.2 Silicon-rich silicon nitride (SRN) deposition

Low-pressure chemical vapor deposition (LPCVD) was used for the silicon nitride

film deposition on top of an oxidized Si wafer in the initial experiments with photonic

crystal cavities. A standard low-stress nitride recipe was used. We found accidentally

that it produced luminescent material. The deposition was done in a furnace at 850◦C

under 500 mTorr pressure with 30 sccm NH3 and 157 sccm SiH2Cl2 gas flows. Silicon

nitride thickness of 250 nm was deposited in 25 min.

After initial experiments with SRN proved successful we worked with our collab-

orator Szu Lin in Prof. Yoshio Nishi group to optimize the luminescence properties

of SRN by varying deposition conditions. He chose to use plasma enhanced chemical

vapor deposition (PECVD) followed by varying annealing conditions. The samples

were deposited at 350◦C with 2% CH4 (98% N2) flow of 2000 sccm and NH3 flow

varied from 7 to 30 sccm. After deposition the samples were annealed at various

temperatures from 600 to 1000◦C.



CHAPTER 4. FABRICATION 31

4.3 Er doped SRN and SiNx deposition

Er doped silicon-rich silicon nitride (SRN) [47] and amorphous silicon nitride (SiNx)[21]

films were fabricated by Prof. Luca Dal Negro group at Boston University. SiNx film

used in PC structures was developed after the initial PC experiments using SRN film.

Photoluminescence is about 50 times brighter from SiNx film then from the SRN film.

Reactive sputtering was used to deposit SiNx film, whereas direct sputtering was used

to deposit SRN film. Both films were annealed in forming gas (5% H2, 95% N2) to

improve photoluminescence efficiency. SRN film contained crystalline Si clusters with

2 nm diameters [47] , whereas SiNx films of comparable refractive index (Si content)

had amorphous structure with no evidence of Si nanocrystals [21]. Initially, it was

thought that the Si nonocrystals were necessary to activate Er emission via efficient

nonradiative energy transfer when the sample is pumped non-resonantly with Er tran-

sitions, but both SRN and SiNx films enable non-resonant pumping of Er ions. This

way it is possible to achieve effective Er absorption cross-section orders of magnitude

higher than the direct absorption cross-section of the resonant 980-nm pump light

[21].

Specifically, SRN films were sputtered in a Denton Discovery 18 confocal-targets

sputtering system and annealed using a standard rapid thermal annealing furnace

in N2 / H2 forming gas (5% hydrogen) for 10 min at 700◦C. Under these condi-

tions, TEM analysis demonstrates the nucleation of crystalline Si clusters with 2 nm

diameters [48, 47, 15].

Later, Er : SiNx films with Si concentrations between 43 and 50 atomic % were

fabricated by N2 reactive magnetron cosputtering using Si and Er targets in the

Denton Discovery 18 confocal-target sputtering system. The relative concentrations

of Si and N atoms in the samples were controlled by varying the N2 / Ar gas flow

ratio. Si and Er cathode powers and deposition pressure were kept constant for

all samples. Post annealing processes were performed in a rapid thermal annealing

furnace at temperatures between 600 and 1150 C for 200 s under forming gas (5%

H2, 95% N2) atmosphere to obtain the optimum Er PL intensity and lifetime for

samples with different Si concentrations. Samples of almost equilibrium stoichiometry
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(very low excess Si) annealed at the highest temperatures (1150 ◦C) show the longest

Er lifetime of 2.6 ms. Photonic crystals were fabricated from these samples, as

the longest Er lifetime also corresponds to the highest photoluminescence efficiency.

Assuming radiative lifetime is 7.5 ms, as can be obtained by scaling the 10 ms

lifetime for Er in glass [49] by nSiO2/nSiNx=1.5/2 (see Eq.3.7), radiative efficiency

is η = γrad/(γtot) = (1/7)/(1/2.6) = 2.6/10 = 0.37 = 37%. Unfortunately there

is a trade off between the longer photoluminescence lifetime and the non-resonant

absorption cross-section [21].

4.4 Photonic crystal fabrication

Photonic crystals were fabricated by electron beam (e-beam) lithography combined

with dry and wet etching. First, e-beam resist is spun onto the sample. Second, the

photonic crystal pattern is written into the resist by Raith 150 e-beam lithography

system. Third, the photonic crystal pattern is developed. Fourth, the photonic

crystal pattern is transferred from the resist layer into the core PC layer by dry

etching. Fifth, any remaining resist is cleaned away by oxygen plasma. Finally the

structure is undercut by dissolving underlying oxide layer in hydrofluoric acid. This

fabrication process is depicted in Fig. 4.1. The specific fabrication conditions varied

for different material systems and are described in the following subsections.

4.4.1 Fabrication in porous Si

Fabrication of photonic crystals in porous Si was done using a procedure similar to

the fabrication of PCs in silicon on insulator, where PMMA layer is used both as an

e-beam resist, and as a mask for dry etching [50]. First, PMMA with 495K molecular

weight and 5% concentration in anisole was spun on the sample surface at 2000 rpm

and baked on a hot plate at 150◦C for 5 min to form 300 nm thick layer. Next,

electron-beam lithography was performed using Raith-150 system at 10 keV and 10

µm aperture to define photonic crystal cavity pattern. Subsequently, the sample was

developed in 3:1 IPA:MIBK mixture for 50 s, and rinsed in IPA for 30 s. Then PMMA
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Figure 4.1: Photonic crystal fabrication.

is hardened by UV exposure for 30 min to improve its etching resistance.

Two approaches to make photonic crystal structure from luminescent material

were explored with PC structure created either before (A) or after (B) anodization.

In Approach A, luminescent pSi layer is made first, and then e-beam lithography

is performed. The pattern in PMMA is transferred into pSi layer by magnetically

induced reactive ion etch (RIE) with CF4 and HBr/Cl2 gas plasmas. Afterwards,

oxygen plasma is used to remove any organic re-deposition products. In Approach

B, 950-nm oxide layer is grown on Si by wet oxidation, and then e-beam lithography

is performed. The pattern in PMMA is first transferred into oxide layer using RIE

with CF4/CHF3/Ar gas plasma, and then from oxide layer into Si using RIE with

CF4 and HBr/Cl2 gas plasmas. Oxygen plasma is used next to remove any organic

re-deposition byproducts. As the final step, anodization is done to create nano-pores

that make the structure luminescent. Any remains of oxide mask are removed by

hydrofluoric acid during anodization.

Scanning Electron Microscope (SEM) images of PC cavity made by methods A
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Figure 4.2: Scanning Electron Microscope (SEM) images of PC (a=350 nm) cavity
made in high-porosity pSi by methods A (a) and B (b), and made in low-porosity
pSi by method A before oxidation (c) (image at 45◦) and after oxidization (d). The
insert in (b) shows the pores imaged in the center of the cavity.
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and B in high-porosity pSi are shown in Fig. 4.2 (a) and (b) respectively. Figures

4.2 (c) and (d) show SEM images of PC cavity fabricated in low-porosity pSi by

method A before and after oxidation. Image in Fig. 4.2 (c) was taken at 45◦. The

structures shown in the figure have periodicity of 350 nm. In addition, structures with

periodicities of 300 and 500 nm were also fabricated successfully. The quality of the

structures varies depending of the fabrication, and differences between the methods

are discussed next.

The sizes of the holes are different on the samples shown in Fig. 4.2, because

they depend on the e-beam exposure level and the substrate characteristics. Thus

holes of the desired size could be produced by either method by controlling e-beam

exposure level and the original e-beam pattern. The slight ellipticity of the holes can

be attributed to some astigmatism in the e-beam. Rounder holes can be made if more

care is taken to stigmate and focus the beam before writing the patterns.

One of the major differences between the structures is the etch depth. The depth

was estimated by looking at SEM images taken at 45◦ of 2x2 µm pits. The pits

were defined by e-beam lithography on all the samples along with PCs. The wall

profiles appear to be vertical from SEM images. The etch times used for each sample

were optimized to achieve maximum depth. Method A produced depth of 325 nm in

low-porosity pSi, and 400 nm in high-porosity pSi, while method B produced depth

of 1680 nm. Larger etch depth is desirable for PC structures because it lowers the

effective refractive index of the substrate layer and thereby increases the photonic

bandgap and reduces mixing of the TE-like and TM-like modes.

Approach A is attractive because of its simplicity, but highly porous Si layer causes

charging during e-beam writing due to its poor conductivity and makes it difficult

to write a pattern with high precision. To alleviate the charging problem we wrote

e-beam patterns on lower porosity pSi that was subsequently oxidized to make it

luminescent. The holes of PC shrink considerably during oxidation as can be seen

from Fig. 4.2(c)(d). The etch rate of pSi is comparable to PMMA etch rate using the

specified chemistry and only PC structures with low aspect ratios can be made. With

Approach B, where anodization and PC fabrication steps are reversed it is possible to

use oxide as a mask and create much deeper structures. The only concern with this
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approach was whether pre-existing PC structure affects nano-pore formation during

anodization process. However, the nano-pores are formed within the PC as can be

seen from the insert in Fig. 4.2(b) and look very much like the pores imaged away

from any structures.

4.4.2 Fabrication in silicon-rich silicon nitride

The structures were fabricated starting from bare silicon wafers. At the first step, a

500-nm thick oxide layer was formed by wet oxidation. At the second step, a 250-nm-

thick layer of SRN was deposited by LPCVD. Next, a positive e-beam resist, ZEP, was

spun on a wafer piece to form a 380-nm-thick mask layer. Photonic crystal pattern

was exposed on the Raith 150 electron beam system using 10 kV , 10 µm aperture,

0.0198 nA current, and dose varying from 29 to 48 C/cm2. The dose was varied

to produce PC structures with varying hole radii. After development the pattern

formed in the resist layer was transferred into SRN layer by reactive ion etching with

NF3 plasma using ZEP pattern as a mask [51]. Any remaining resist was removed

by oxygen plasma. The oxide layer was removed under photonic crystal structures

by the 6:1 buffered oxide etch. Fabricated photonic crystal cavity structures with

periodicity of 330 nm are shown on Fig. 4.3.

4.4.3 Fabrication in Er doped silicon-rich silicon nitride

Er doped silicon-rich silicon nitride turned out to be much more etch resistant than the

silicon-rich nitride we used to fabricate PC structures. We were unable to fabricate

PC structures with membranes entirely from this material using the ZEP resist mask.

Instead we redesigned our structures to use hybrid Si/ErSRN membranes, where the

ErSRN layer was only 100 nm thick. It was deposited on top of SOI substrate

where the top Si layer was thinned down to 200 nm by successive oxidation and wet

etching. The PC structure fabrication was the same as for SRN structures, except for

the dry etching chemistry. Magnetically induced reactive ion etch with HBr/Cl2 gas

combination was used to etch the pattern into the Si/ErSRN membrane. The same

fabrication was also used for the Si/Er:SiNx membranes. Fabricated structures with
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Figure 4.3: (a)-(c) SEM images of photonic crystal cavities with periodicity of 330
nm fabricated in silicon rich nitride. (d) View of a cleaved edge with a 400-nm-wide
trench etched through silicon nitride for evaluation etch profile.
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periodicity of 410 nm are shown in Fig. 4.4

600 nm

400 nm

2,000 nm

a)

c)

b)

Figure 4.4: (a)-(c) SEM images of photonic crystal cavities with periodicity of 410
nm fabricated in hybrid Er:SiNx/Si membrane. a),b) S1 cavity. c) L3 cavity



Chapter 5

Silicon nanocrystals based

photonic crystal light emitters

Silicon is a poor light emitter due to its indirect electronic band gap. However

small clusters of Si (0.5-5 nm in diameter) can have efficient luminescence because

of electron-hole localization effects due to either quantum confinement within the Si

nanocrystal or trapping to interface states [5, 52]. Si nanocrystals formed within a

network of porous Si [7, 12], embedded in silicon dioxide [8, 9, 10, 11] or silicon nitride

[13, 14, 15, 16] are extensively studied, and show photoluminescence with wavelengths

from 500 nm to 1000 nm.

Silicon nanocrystals are quite promissing for engineering light emitting devices,

since quantum efficiencies as high as 60% have been reported for them [11], optical

gain has been observed under pulsed excitation [9], and electroluminescence has been

demonstrated [17, 53, 18, 19].

Si nanocrystals have been embedded in numerous resonant cavities (in order to

enhance their emission properties), such as vertical Febry-Perrot cavities using Bragg

reflectors [28, 12], and microdisk cavities [29]. These designs achieve enhancement

of emission at resonance peak; for example, in Ref. [28], 20-fold enhancement of

vertically emitted radiation is observed due to a Febry-Perrot cavity. However all

these cavities have large mode volumes and therefore negligible Purcell enhancements.

We are interested in using Purcell enhancement to increase the radiative rate and

39
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therefore improve radiative efficiency of Si-nanocrystal by skewing the competition

between radiative and nonradiative transitions in favor of light emission. Therefore,

we worked with PC cavities that have small mode volumes and high Q-factors. In this

chapter, we describe our work on porous Si, and silicon-nitride based light emitters.

5.1 Porous Silicon

Porous Si luminescent properties have been studied for decades [7]. It was shown

that porous Si is photoluminescent in the wavelength range from about 350 nm to

900 nm. Recently it was demonstrated that external quantum photoluminescence

efficiency can reach 23% at room temperature compared to 1-2% observed typically

[6].

Our collaborator Hiroyuki Sanda produced a number of porous Si samples with

different fabrication conditions. Green laser pointer at 532 nm was used to excite

the photoluminescence. Photoluminescence spectra for some of the better samples

are shown in Fig. 5.1 and corresponding fabrication conditions are given in the Table

5.1.

Table 5.1: Porous Si anodization conditions

ID p(100) substrate
resistivity (Ωcm)

current density
(mA/cm2)

Post treatment

P18 0.01-0.02 40 Dry Oxidation at 950◦C for 10 min,
N2 anneal at 950◦C for 60 min

P19 0.01-0.02 40 Dry Oxidation at 950◦C for 60 min,
N2 anneal at 950◦C for 60 min

I8 0.7 21 None
I9 0.7 10 None

The unoxidized samples, although initially very bright, suffered from PL degrada-

tion under CW laser excitation as shown in Fig. 5.2. The decay rate was faster under

higher pump power. Power law of the form I = I0(t+ ton)−β after Ref. [54] describes

the observed decay very well with I0 = 1.321, ton = 2.344s, β = 0.29 for pump power

of 0.1 mW and I0 = 1.011, ton = 1.221s, β = 0.22 for pump power of 1mW. The power
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Figure 5.1: Photoluminescence spectra from porous Si samples. The anodization
conditions for different samples are described in Table 5.1.

law decay under CW excitation results from blinking of individual Si nanocrystals

with a power law distributions for their on and off times. The off time distribution

depends on the pump power – under higher pump power the nano-crystal is more

likely to stay darker longer. In the fits to the PL decay, ton is related to the mean

on time and β is related to the exponent of the off time statistics. The blinking is

attributed to Auger assisted ionization of a silicon nano-crystal [54]. In another work

[4] the PL decay under constant excitation is attributed to photo-induced oxidation

of silicon nanocrystals. This may explain why we generally see weaker but stable PL

signal from porous Si that was oxidized in a furnace.

For photonic crystal cavity design we assumed refractive indices of 2 and 1.4 for

the core and susbstrate layer, respectively, corresponding to porosities of 50% and

80-90%. Unfortunately, when we finally succeed in measuring the refractive indices

we learned that our estimates were too optimistic. The high-porosity layer (sample

I8) has refractive index of about 1.3 and oxidized low porosity layer (sample P19) has

refractive index of about 1.5. For such low indices there is no photonic band gap, and

therefore we did not observe a resonance in our fabricated structures.

Next, to create a photonic crystal we deposited Si3N4 with refractive index n = 2
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Figure 5.2: Photoluminescence degradation from porous Si sample I8 pumped with
CW pump laser with 0.1 mW and 1 mW power turned on at t = 0. (The pump power
was measured in front of the objective lens)
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on top of luminescent low-index porous Si layer. In this case luminescence from

porous Si layer couples evanescently to 2D photonic crystal etched in Si3N4 layer.

We observed some low-Q resonances from L3 photonic crystal cavities fabricated

in silicon nitride layer on top of porous Si, as shown in Fig. 5.3. The L3 cavity

design shown in Fig. 2.3 was used. However we quickly discovered that Si3N4 layer,

which was depositied using a low-stress recipe which incorporates more Si than in

stoicheometric nitride was itself luminescent, and thus we shifted gears to using this

smooth and robust material to produce suspended membranes made entirely of Si-rich

silicon nitride (SRN).

Figure 5.3: Photoluminescence from porous Si evanescently coupled to silicon nitride
L3 photonic crystal cavities with periodicity a = 300 and slightly different hole radii
of about r = 0.4a.

5.2 Si-rich silicon nitride (SRN)

Silicon nitride got attention more recently than silicon dioxide as a host for silicon

nanocrystals. It is more attractive for photonic devices because of its higher refrac-

tive index (nSi3N4 = 2.0 vs nSiO2 = 1.5), and lower electronic barriers for electrical

carrier injection[19]. In addition to luminescence due to quantum confinement in Si-

nanocrystals, luminescence may also originate from nitrogen-related surface states in
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small Si nanocrystals [48]. Unlike samples with silicon-nanocrystals in oxide which

have microsecond radiative lifetimes, an efficient SRN sample has nanosecond PL de-

cay time [13], making SRN more promising for applications where fast modulation is

required.

5.2.1 Enhancement by cavity

A typical fabricated structure with periodicity a=334 nm of the optimized single-

hole defect design, as discussed in Section 2.3.2, is shown in the Fig. 5.5(b). A

microphotoluminescence setup shown in Fig. 5.4 was used to measure PL spectra

from the fabricated structure. A single 100X objective lens with numerical aperture

NA=0.5 was used to image the sample, focus the pump beam and to collect lumines-

cence perpendicular to the PC membrane. A laser with wavelength of 532 nm and

power less than 5mW was used for exciation. The signal sent to the spectrometer

was spatially filtered by an iris that limits the collection area to the PC cavity. For

some experiments, a liquid helium flow cryostat was used to study samples at varying

temperatures from 3.1K to room temperature.

Figure 5.4: (a) Microphotoluminescence setup used to measure PL spectra from pho-
tonic crystal cavities.
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As confirmed by FDTD simulations, the cavity resonance is clearly seen in the x-

polarization, while the PL from the unpatterned film and the orthogonal y-polarization

do not show any resonances (Fig 5.6). The measured quality factor for the fabri-

cated cavity was 396, as obtained from a Lorentzian fit to the cavity spectrum in

Fig. 5.6. The measured cavity Q is substantially lower than predicted by FDTD

(QFDTD=2,200) due to imperfect PC hole circularity (Fig. 5.5(c)) and non-vertical

etching profile as observed in a cross-section of a trench etched under the same exper-

imental conditions (Fig. 5.5(c)). Barth et al. [36] show that non-vertical etch profile

is especially detrimental to cavity Q factors. The PL enhancement by the cavity

resonance is 11-fold relative to smooth film and 3-fold relative to orthogonal polar-

ization. This enhancement is roughly two times stronger than what was observed for

unoptimized L3 PC cavities in the same SRN film (Fig. 5.7)[33]. The enhancement

may be attributed to both the improved PL collection efficiency for the cavity mode

and the increased radiative rate due to Purcell effect.

Figure 5.5: (a) The FDTD calculated profile for the Ex component of the electric field
which is dominant at the center of the cavity. (b) Fabricated cavity with periodicity
of 334 nm. (c) Trench cross-section showing non-vertical etch profile.

5.2.2 Time resolved measurements

To quantify the Purcell enhancement, we perform time resolved PL measurements

using frequency doubled picosecond pulses from mode-locked Ti:Sapphire laser for

excitation at 400 nm and a streak camera for signal detection. This measurements

gives the total PL intensity decay rate, which is a combination of the radiative and
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Figure 5.6: Polarized PL spectra from a single-hole defect cavity such as shown in Fig.
5.5 and from an unpatterned region of the sample. The cavity Q is 396. The emission
from the cavity resonance is enhanced 11 times relative to unpatterned region.

Figure 5.7: Polarized PL spectra from the areas shown in the insert: cavity region A,
PC region B, and unpatterned film C. Dashed line shows Lorentzian fit to y-polarized
cavity resonance with Q = 296.4. The emission with y polarization from region A is
enhanced 4.49 times relative to region C at resonant wavelength of 705.2 nm.
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non-radiative decay:

1/τ = 1/τnr + 1/τrad, (5.1)

where τ , τnr and τrad are the total, non-radiative and radiative lifetimes, respectively.

The time resolved spectral data shown on Fig. 5.8 were measured at the temperature

of 10K to reduce the non-radiative recombination rate. The emission collected from

the x-polarized cavity resonance and at the orthogonal polarization over the spectral

region indicated in Fig. 5.8(b) has the time series shown in Fig.5.8(c).

The PL decay time at room temperature was 26.5 ps, and at 10K it increased to

88.5 ps. This is 19 times faster then reported lifetime of about 0.5 ns for similar nitride

films with 7% efficiency [13]. We can estimate the radiative lifetime of such SRN film

to be τrad = τmeasured/η=7 ns, where η is the radiative emission efficiency. Assuming

the same radiative lifetime, our films have efficiency of 0.37% at room temperature

and 1.2% at 10K. Therefore the PL decay measurement is completely dominated

by the non-radiative decay and we cannot observe the enhancement of the radiative

lifetime. However, the increase in radiative rate should manifest itself with efficiency

increase. We observe a three-fold PL signal enhancement at the cavity resonance

over the uncoupled emission. It is still possible that some of this enhancement may

be due to the Purcell effect, while some enhancement may be due to more efficient

collection of the cavity emission relative to the emission from uncoupled nanocrystals.

Experimentally, it is difficult to discriminate these two effects in samples that have

high non-radiative recombination rate.

5.2.3 Improving efficiency of SRN film

From the lifetime measurements, it is clear that the radiative efficiency of the nitride

film must be improved to make a more viable light source and to be able to observe the

Purcell effect directly. The nitride layer was deposited by a chemical vapor deposition

from NH3 and SiH2Cl2 gases at 850◦C. To improve its efficiency we tried rapid thermal

annealing in nitrogen, and forming gas (FGA, 10% H2, 90% N2) at 1100◦C for 10 min.

Both treatments improved PL efficiency. The forming gas proved to be more effective.

We believe that hydrogen passivates the defect sites on silicon nanocrystals that lead
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Figure 5.8: Time resolved measurement of PL collected from the cavity. (a) Streak
camera data of PL collected from PC cavity. (b) Spectra for x (red) and y (black)
polarized PL obtained from the streak camera by summing up signal over time. (c)
Time traces of PL for x (red) and y (black)-polarization averaged over the spectral
region highlighted in (b).
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to nonradiative recombination. Fig. 5.9 shows the spectra and PL decay from the

as-grown film and the FGA treated film. The PL intensity at the spectrum maximum

is enhanced 1.9 times. As expected, the lifetime for the FGA annealed sample also

increased from 77 ps to 115 ps, or 1.5 times.

Figure 5.9: Photoluminescence decay from the as grown and FGA treated films. The
solid curves are extended exponential fits: I(t) = I0exp(−(t/77)0.6) for the as grown
film, and I(t) = I0exp(−(t/115)0.6) for the FGA annealed film. The insert shows PL
from the as grown and FGA annealed films under the same experimental conditions.

Despite these promising initial results, we were not able to reproduce or improve

them, possibly due to a malfunction of the rapid thermal anneal machine.

In an effort to produce higher efficiently SRN films, Szu-Lin Chen in Prof. Yoshio

Nishi group also explored a wide variety of deposition conditions using plasma en-

hanced chemical vapor deposition (PECVD) tool to produce samples with varying

refractive indices due to varying Si concentrations. We measured the optical prop-

erties of the many films he grew. Fig. 5.10 summarizes the brightest PL spectra

for samples with different refractive indices. Each sample was annealed at varying

temperatures to optimized its brightness, as shown for the sample with refractive

index n = 2.19 in Fig. 5.11(a). Fig. 5.11(b) shows how the maximum PL intensity

changes with anneal temperature of the sample with refractive index n = 2.19. The

brightest sample (n=2.19, annealed at 700◦C) is about five times brighter in PL under

the same excitation conditions than the original LPCVD sample used for PC cavity
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experiments (Fig. 5.12). However the radiative decay for this sample, as measured

by the streak camera is about the same as for the LPCVD sample. Therefore it

appears that the increased intensity is due to higher concentration of emitters and

the efficiency of the film is not improved considerably. In addition, for some of the

PECVD samples the PL intensity degrades under continual excitation, as it does for

porous Si samples. In Fig. 5.11(b), the PL intensity was measured immediately after

the pump was turned on (red dots) and after 20 s exposure to the pump, to quantify

the extent of the problem. The degradation is minimal for the samples annealed at

higher temperatures.

Figure 5.10: PL Intensity from PECVD SRN samples deposited with different refrac-
tive indices, and annealed at their own optimal temperature. The redshift of the peak
with increasing refractive index indicates presence of large Si nanocrystals in samples
with higher refractive index.

Even though we were able to produce brighter SRN films, we did not succeed in

improving PL efficiency of such films. Perhaps, a better approach would be to use

Si-NCs with SiO2 shell, which have microsecond radiative lifetimes, demonstrated
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Figure 5.11: (a)PL intensity from the sample with n = 2.19, as deposited and af-
ter annealing at various temperatures for 10 min. (b) Maximum PL intensity (red
dots), and degraded maximum PL intensity after exposure to excitation for 20s (black
squares) as a function of anneal temperature.

Figure 5.12: Comparison of PL intensity from the best PECVD film (n=2.19, anneal
T=700◦C) and the LPCVD film used for the PC experiments.
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material gain and are quite well understood. These Si-NCs could be fabricated by

anodic etching of Si, deposited onto silicon nitride slab from solution and capped

with another silicon nitride layer deposited by plasma enhanced CVD at low temper-

ature, as was done for capacitive memory applications [55]. This is attractive because

high-quality Si-NCs can be incorporated into the center of the PC cavity where the

cavity field is maximum, and nanocrystals can be filtered by size before deposition to

decrease inhomogeneous broadening of PL.



Chapter 6

Er-doped silicon nitride based

photonic crystal light emitters

Er-doped amorphous silicon nitride (Er:SiNx)[21, 20, 22] emits at the telecom wave-

length of 1.54 µm which makes it particularly attractive for on-chip laser and amplifi-

cation applications. In addition, the Er emission can be sensitized by the amorphous

silicon nitride (SiNx) host through a nanosecond-fast energy transfer mechanism from

the SiNx, which provides four orders of magnitude larger excitation cross-section than

Er in silica (SiO2) [21, 20]. Furthermore, it may be possible to electrically excite Er

ions in this host, as indicated by initial work on electroluminescence of silicon nano-

crystals in silicon-silicon nitride superlattices [19].

We couple the emission from (Er:SiNx) to photonic crystal (PC) resonators with

small mode volumes (Vmode) and high quality (Q)-factors to enhance the spontaneous

emission rate. Initially we demonstrated up to 20-fold enhancement of Er photolu-

minescence (PL) in Si-rich Silicon Nitride (SRN) PC cavities in the presence of Si

nanocrystals [39]. Later, our collaborators in Prof. Luca Dal Negro group developed

a more efficient film with Er in an amourphous SiNx matrix without Si nanocrystals

(Er:SiNx) which is over 50 times brighter than the Er doped SRN film we used for

the initial experiments in Ref. [39]. Therefore, in this chapter we focus on the ex-

periments with the more efficient Er:SiNx film. In addition to enhancement of PL at

the cavity resonance (Section 6.1), we observe increase in cavity Q with pump power

53
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(Section 6.2), which indicates that it may be possible to achieve gain and lasing in

the Er:SiNx material. Careful experiments studying temperature and pump power

dependance of PC and large mode volume micro-ring resonances (Section 6.3) reveal

that the Q increases due to bleaching of Er absorption. The results support the

theoretical expectation that material absorption rates are enhanced in a small mode

volume, high-Q resonator, similar to Purcell enhancement of spontaneous emission.

From time resolved measurements (Section 6.4), we found that the average Purcell en-

hancement of spontaneous emission is 11 to 17 times in our PC resonators at cryogenic

temperatures, and 2.4 times at room temperature. Finally in the analysis (Section

6.5) we found that we excite at least 31 % of Er ions in the sample, which is an

important step toward creation of a laser or amplifier based on Er:SiN in the future.

6.1 PL Enhancement by cavity

To measure PL spectra, PC cavity structures are pumped at normal incidence with a

diode laser through a 100X objective with numerical aperture NA=0.5, and emission

measurements are done around 1540 nm through the same objective (setup is shown

in Fig. 6.1). Spectra are acquired by a 750 mm monochromator with 800 grooves/mm

grating and a cryogenically cooled InGaAs linear CCD with 25 × 500µm pixels. PL

from single-hole defect (S1) cavities with SRN/Si membrane design described in Sec-

tion 2.3.3 is shown in Fig. 6.2. A spectrum from bulk (unpatterned) film is also

shown for comparison. For one of the cavities emission at the cavity resonance is

enhanced up to 20-fold relative to the bulk. This enhancement could be attributed to

both, the spontaneous emission rate enhancement and improved collection efficiency

of the radiating cavity mode.

Experimentally, the observed enhancement also depends on pump power, and

other experimental conditions such as how well the pump beam is aligned to the

cavity, and how well the cavity emission is collected into the spectrometer. Emission

enhancements of over 20-fold were also observed for cavities fabricated with more

efficient Er:SiNx film.



CHAPTER 6. ER-DOPED SILICON NITRIDE PC LIGHT EMITTERS 55

Figure 6.1: Photograph of setup used to measure IR spectra from photonic crystal
cavities.

Figure 6.2: Room-temperature photoluminescence spectra from Single-hole defect
PC cavities with varying hole radii which span the Er spectrum, and the unprocessed
wafer (bulk) emission shown with 10× scale factor for clarity.
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6.2 Q increase with pump power

For some PC cavities with the efficient Er:SiNx film, we observe differential gain with

increasing pump power. Fig. 6.3 shows two spectra with 400 nm excitation, from an

S1 cavity. One spectrum is at high pump power (0.74 mW) and one is at low pump

power (5× 10−4 mW), with both normalized to their individual maxima (powers are

measured in front of the objective lens). In addition to the redshift in the cavity

peak wavelength due to heating, Lorentzian fits to the data show that the Q-factor

increases from 3,710 at low pump power to 4,740 at high pump power. Therefore there

is a gain mechanism in the cavity, that is stronger than any pump-power induced loss

such as free carrier absorption. To understand the gain thoroughly we studied how

the cavity PL signal behaves at different pump powers and temperatures for a number

of cavities in the following section.

Figure 6.3: The spectra of a single cavity pumped with 400 nm laser at 0.74 mW and
5× 10−4 mW powers (before the objective lens), each normalized to the maximum of
the corresponding spectrum, along with fits to Lorentzian lineshapes. The fit to the
0.74mW pump power spectrum has Q=4,740±100, while the fit to the 5× 10−4mW
pump spectrum has Q=3,710±600.
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6.3 Temperature and pump power dependence of

cavity resonances

For these experiments we chose three-hole defect (L3) PC cavities because they have

higher Q-factors then the S1 cavity design. We fabricated a chip with L3 cavities with

resonances closely spaced in frequency. The optimized cavity design (Fig. 6.4(a)) has

normalized frequency a/λ = 0.26, simulated quality factor Q = 32, 000, and mode

volume Vmode = 0.85(λ/n)3. The overlap of optical mode with the Er:SiNx layer,

defined as the ratio of electric field energy in the active material to the energy in the

whole resonator, is 4%. The cavity design is discussed in detail in Section 2.3.3.

We also performed experiments on micro-ring resonators with large more vol-

ume to evaluate the role of Purcell enhancement, which is proportional to 1/Vmode.

Micro-ring resonators with a radius of 10µm were also designed with the same hybrid

membrane (Er:SiNx/Si). In order to enhance PL collection from the ring, a ridge

waveguide is coupled to the ring resonator and PL directed to a scattering grating

out-coupler at the end of the waveguide (Fig. 6.4(c)). The gap between the ring and

waveguide is approximately 300 nm. The undercut step is omitted in micro-ring in

fabrication. In the FDTD simulation, the fundamental TE whispering gallery mode

(WGM) of the ring resonator at 1530 nm corresponds to an azimuthal number of

m = 60 (Fig. 6.4(d)), and has Q = 15, 000 and Vmode = 14(λ/n)3, where n is the

index of Si. Nearby modes have similar Qs above 10,000. The mode has an overlap of

4% with the active material, similar to the PC cavity mode. The free spectral range

of the fundamental TE mode is expected to be 8nm, and the overlap parameter is

expected to be approximately the same for all fundamental TE modes.

We can excite Er non-resonantly by pumping the Er:SiNx matrix at λ=400 nm or

resonantly by pumping the I15/2 → I11/2 transition of erbium at λ=980 nm. While

the 400 nm excitation takes advantage of the SiNx-enhanced excitation cross-section,

the Si part of the PC membrane strongly absorbs 400 nm excitation, generating

undesirable free carriers and causing absorptive losses at the cavity resonance [21, 56].

In the future, it may be possible to take advantage of the larger excitation cross-

section at 400 nm without suffering free-carrier absorption losses by eliminating Si
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Figure 6.4: (a) SEM picture of the fabricated PC cavity. The nearest end holes of
the PC are shifted out by 0.20a, and the second nearest end holes are shifted out by
0.10a. The marker denotes 600 nm. (b) Electric field pattern (|E|2) of the PC cavity
mode. (c) SEM picture of the fabricated micro-ring structure with radius of 10 µm
and the out-coupling waveguide and grating. Marker represents 4 µm. (d) Electric
field pattern (|E|2) of azimuthal number m = 60 micro-ring mode.
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from the resonator design. To minimize free-carrier absorption effects, we used 980

nm excitation to study gain in the Er-doped SiNx film. With 980 nm excitation, we

observe an order of magnitude increase in the maximum cavity PL intensity relative

to 400 nm excitation in PC resonators (Fig. 6.5) [40] . This increase confirms the

expectation of lower absorptive losses in the silicon portion of the membrane under

980nm pumping. Fig. 6.6(b) shows PL from the unpatterned Er:SiNx film at room

and cryogenic temperatures pumped at 980 nm. The maximum achievable power

from the 980 nm pump laser was 35 mW in this setup.

The pump spot had approximately a 2 µm radius for all measurements. Thus,

for PC cavities measurements, the pump beam covers the entire resonator and a

portion of PC mirror. For micro-ring measurements, the pump beam was placed at

the edge of the micro-ring on the side opposite the out-coupling waveguide, and PL

was collected through the waveguide and out-coupling grating. Spectra of PC and

micro-ring resonators are shown in Fig. 6.6(a) and (b), respectively. Typical Qs of

both systems are above 10,000.

The temperature dependence of cavity resonance wavelength and Q-factor for the

PC cavity are shown in Fig. 6.7. The data are taken both at low (0.050 mW) pump

power and high (30 mW) pump power. The resonance position red-shifts with increas-

ing sample temperature due to the slight rise of Si refractive index with temperature.

Moreover, the PC cavity Q-factor measured at low pump power decreases dramati-

cally from its room-temperature value as the cavity is cooled to 6 K. However, the

Q-factor returns to a higher value when the cavity is pumped with high power at

low temperatures. The PC cavity wavelength does not shift significantly between the

low and high pump power conditions, as seen in the Fig. 6.7(b). Thus, the observed

increase in Q with increasing pump power at low temperature is attributed to the

reduction of cavity losses,rather than to changes in the cavity refractive index (e.g.

by heating).

The pump power dependence of the integrated cavity PL intensity and Q-factor

are plotted in Fig. 6.8(a) and (b), respectively, for a single cavity at temperatures of

6 K and 90 K. The cavity PL amplitude increases sub-linearly at both temperatures

as seen in Fig. 6.8(a). The cavity Q-factor dependence on pump power is drastically
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Figure 6.5: (a) The cavity PL amplitude vs. pump power dependence of the same
cavity with different pump wavelengths, normalized to the maximum cavity amplitude
obtained with the λ =400nm pump. (Input powers are again measured before the
objective lens.) (b) The change in cavity PL wavelength with pump power, and (c)
the Q-factor from fits to a Lorentzian lineshape as a function of pump power for
λpump =400nm and 980nm.
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Figure 6.6: (a) Normalized spectra of PC cavities at temperatures of 6 K (magenta,
blue) and 90 K (red). At 6 K the spectra taken at low pump power of 0.11 mW (blue)
and high pump power of 30.3 mW (magenta) are shown, demonstrating line-width
narrowing with increasing pump power. The solid lines are Lorentzian fits used to
determine cavity Qs (9,000 at 0.11 mW-pump at 6K, 13,300 at 30.3 mW at 6K, and
16,000 at 90K). (b) Micro-ring resonances at 6K (black), and spectra of Er emission
from unpatterned film at room (red) and cryogenic (blue) temperatures.

different at 6 K and 90 K. At 90 K the Q-factor maintains its value of 16,000 as

the pump power is varied from 0.020 mW to 30 mW. At 6 K, the Q-factor increases

gradually from 9,000 at low pump power to 13,300 at 30 mW pump power.

We repeat the temperature and power dependence studies for a variety of PC

cavities with wavelengths spanning the Er-emission spectrum from 1525 nm to 1560

nm. By tuning the radius of the holes in the photonic crystal within ±1% on either

side of the mean, cavities are fabricated with a range of operating wavelengths. The

characterized cavities are expected to have approximately the same intrinsic cavity

Q-factors, as they are fabricated on the same chip with the same design. Fig. 6.9(a)

traces the low pump-power Q-factors vs. wavelength for each cavity as the sample

temperature is gradually increased from 6 K to 300 K. The Er emission from the

unpatterned film is also shown for reference. The cavities that overlap the main Er

emission peak at 1535 nm and on the short wavelength side of the emission peak

clearly demonstrate a large decrease in Q as the temperature is decreased. In fact,

this wavelength range (from 1525 nm to 1540 nm) corresponds to the absorption peak

of Er [57]. Note that room temperature Q-factors are high irrespective of where the
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Figure 6.7: Temperature dependence of (a) cavity Q-factor and (b) cavity resonance
wavelength measured at 0.050 mW pump power and 30mW pump power for the PC
cavity, and also for a micro-ring cavity mode at 35mW.
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Figure 6.8: Pump power dependence of (a) the integrated cavity intensity and (b)
the cavity Q for PC and micro-ring cavity modes at different temperatures.
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cavities couple spectrally to the Er emission. Therefore, it appears that Q-factor

drops at cryogenic temperatures because the Er ion absorption increases at cryogenic

temperatures. Fig. 6.9(b) shows the difference in Q between the low pump power

and high pump power measurements for each cavity as the sample temperature is

raised. The maximum increase in Q-factor with pump power occurs at the lowest

temperature (6K). On the other hand, at room temperature the cavity Q-factor drops

at high pump power as a result of absorptive losses due to the heating in the Si-portion

of PC membrane. The decrease in Q-factor becomes more apparent for the cavities

at longer wavelengths, probably because there is less differential gain from Er ions

there which could partially compensate for the losses.

We attempt the same temperature and pump-power dependence measurements for

larger mode volume micro-ring cavities. As noted above, such cavities support WGMs

that also have high Q, but have over an order of magnitude higher mode volume than

the PC cavity modes. This implies that the expected Purcell enhancement of the

emission and absorption rates is an order of magnitude smaller than in PC cavities.

Because the ring cavities are 10 µm in radius, which is much larger than the pump

spot size (2 µm radius), we pump only one section of the ring. We take the power

series of a WGM well coupled to the Er main peak, for both 6K and 90K, shown in Fig.

6.8(a)-(b). The WGM modes typically have Qs of over 10,000, and multiple azimuthal

numbers of the fundamental TE modes are observed for the same ring cavity. The

integrated cavity emission shows a sublinear increase with increasing pump power,

while the cavity Q-factor remains the same within the error of the measurement for

all pump powers for both temperatures. The latter result is expected, as only a small

section of the ring is pumped, and the lossy mechanisms of the entire ring are not

significantly changed with pump power. In this case, the Q factor measured at high

pump power is a good representation of the Q-factor at low pump power. In addition,

the cavity resonance wavelength exhibits the same temperature dependence as the PC

cavities, experiencing a small shift up from 6 K to 90 K, and having a large shift for

higher temperatures (Fig. 6.7(b)).

In contrast to PC cavities, we observe that the Q-factor for the micro-ring cavities

increases by only 1,500 between 6 K and room temperature at high pump power,
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Figure 6.9: (a) Qs for a number of PC cavities as temperature is increased from 6
K to 290 K. Each line traces out how wavelength and Q change for a cavity with
temperature. (b) Change in Q as the pump power is switched from 0.050 mW to 30
mW for a number of PC cavities measured at temperatures from 6 K to 290 K. (c)
Q for micro-ring cavities as temperature is increased from 6 K to 290 K.
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shown in Fig. 6.7(a). Since we pump only one section of the ring, we compare

these results to the PC cavity Qs at low pump power. In fact, we observe that the

change in Q-factor of WGM for varying temperatures is far less than that of PC

cavity modes. We also observe the change in Q as a function of the temperature for

multiple cavity modes throughout the Er emission spectrum, all measured at high

pump power, plotted in Fig. 6.9(c) with each line representing a cavity mode as

temperature is increased. Cavities coupled to the Er main emission peak experience

an increase of at most 2,000 in Q-factor as the temperature is increased from 6K to

room temperature, much less than ∆Q = 6, 300 of the PC cavities. However, cavities

that are detuned from the main Er emission peak experience a smaller increase or

even a decrease in Q as the temperature is increased.

6.4 Spontaneous emission rate enhancement in PC

cavities

Time resolved PL measurements are performed at NIST, Boulder (Sae Woo Nam’s

group), using a similar using a similar setup as for spectral measurements, but with a

lower resolution grating of 300 grooves/mm and with the spectrometer output directed

through a slit. The experiments were done at NIST, as we didn’t have sensitive enough

detectors to perform time-resolved measurements at 1.5um. The resulting spectrally

filtered PL is coupled into a single-mode fiber and directed to a superconducting

nanowire single-photon detector (SNSPD), which is held at a temperature of 3K

in a closed-cycle helium cryocooler [58]. SNSPDs are sensitive to photons over a

broad spectral range spanning from the ultraviolet to the near-infrared and have

been demonstrated to achieve very low timing jitter (<30 ps) and high detection

efficiency (>50%) [58, 59, 60, 61]. The SNSPD used here consists of a 100 nm-wide,

current-biased superconducting NbTiN wire meandering over a 10 × 10 µm2 area.

A fraction of the wire is driven into a resistive state and delivers an output voltage

pulse upon absorption of one photon [59]. The wire is deposited on an oxidized Si

substrate (225 nm SiO2 thickness). Reflections at the SiO2/Si interface lead to an
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enhanced efciency of 13% at λ = 1300 nm, with up to ≈5% efficiency at 1550 nm at

a dark count rate of ≈ 100 Hz [62, 63]. Fig. 6.10(b) shows the count rate from the

SNSPD as the spectrometer wavelength is scanned across the cavity with dark counts

subtracted. The time resolved measurement is performed at the maximum coupling

of the cavity emission.

Spontaneous emission lifetimes are measured using a time-correlated single-photon

counting technique [64]. The 980 nm laser beam is chopped at 50 Hz to produce

a square wave-modulated pump. The chopper provides start pulses to the time-

sampling electronics, while the SNSPD provides a stop pulse each time it detects a

photon. The electronics record a histogram of the number of stop counts arriving

in each 20 µs time interval after a start pulse; this histogram is proportional to the

time response of the PL to the square wave pump. Although the electronics records

multiple stops for a single start, dead-time effects do not skew the data, given that

the dead time of the electronics is 70 ns and the mean time between detected photons

is typically more than 1 ms. Dark counts from the detector are measured separately

and subtracted from the histogram.

Photoluminescence decay measurements performed at room temperature from the

cavity at the resonance wavelength and from the unpatterned film are shown in Fig.

6.10(a). The initial decay is fit by a single exponential decay with time constants

of 1.64 ms for unpatterned film and 1.23 ms for cavity resonant emission. We note

that the PC cavity increases the PL emission rate 1.33 times. The measured total

PL emission decay time (τ) from the unpatterned film is the parallel sum of radiative

(τr) and non-radiative (τnr) decay time constants:

1/τ = 1/τr + 1/τnr. (6.1)

On the other hand for a cavity, the radiative decay time constant is shortened by the

Purcell factor Fp, and the measured overall time constant for a cavity is:

1/τcav = Fp/τr + 1/τnr. (6.2)

The radiative lifetime for Er in glass hosts is typically about 10 ms [57], and we expect
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the radiative lifetime of Er in SiNx to be similar, as the radiative transitions originate

from internally shielded 4f shell electrons and should not be host dependent. Ac-

counting for the difference in the refractive index of SiNx (n = 2.1) compared to SiO2

(n = 1.5), and that the radiative lifetime in bulk material is inversely proportional to

the refractive index, we estimate the radiative lifetime of Er ions in this sample to be

τr = 7 ms [65]. This is an underestimate of the radiative lifetime, as a total lifetime

of 7 ms has been previously observed from Er in silicon nitride [66]. From the above

equations, we approximate Fp = 2.4, which is also an underestimate of the Purcell

enhancement if the unmodified Er radiative lifetime is greater than 7 ms.

Figure 6.10: (a) Time-resolved PL decay at room temperature from a PC cavity and
unpatterned film of Er doped SiNx on SOI. (b) Wavelength scans with SNSPD across
cavity spectra measured at 300 K and 3.1 K. (c) PL decay at 3.1K from PC cavity
off resonance, unpatterned film, and PC cavity resonance. (d) Time constants from
bi-exponential fits to PC cavity resonance decays taken with pump powers varying
from 2 mW to 30 mW.
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Cryogenic-temperature photoluminescence decay measurements are shown in Fig.

6.10(c). The decay time constant from the unpatterned film is 3.4 ms at 3.1 K,

which is two times longer than at room temperature (due to decreased non-radiative

recombination) [20]. The decay rate from the PC resonator at cryogenic temperatures

clearly has fast and slow decay rate components and cannot be fitted by a single

exponential. A double exponential fit shown on the figure describes the data quite

well. In this case, the short decay time constant is 0.5 ms and long decay time constant

is 4.0 ms, also in Fig. 6.10(d). The presence of different decay rates is expected

due to two effects. First, the collected emission contains components coupled to

the cavity mode that are enhanced and components not coupled to the cavity mode

(which are not enhanced and even suppressed relative to bulk). Second, the Purcell

enhancement of emission rate is position dependent as it is proportional to |E|2, and

the emission into the cavity mode contains components with varying emission rates.

In fact, we observe 1.3-fold suppression when we look at emission decay from PC

cavity off-resonance as shown in Fig. 6.10(c). Such a suppression of PL decay also

confirms that etching of the PC structure does not increase the non-radiative decay

rate. Therefore, we can assume that the fast component of the PC cavity decay is

due to an average Purcell effect, while the slow component is due to suppressed and

uncoupled emission. Again, assuming that the radiative decay time constant is 7 ms

for Er ions, we estimate that the average Purcell enhancement observed at 3.1 K is

11- to 17-fold. Therefore, the observed average Purcell enhancement is 5 to 7 times

stronger at cryogenic temperatures than at room temperature.

Varying the pump power does not strongly affect the measured lifetimes, as shown

in Fig. 6.10(d), which plots the time constants from biexponential fits to PC cavity

decay rates taken at 3.1K with pump powers varying from 2 mW to 30 mW. In

addition, we find from Fig. 6.8(a) that the light-in/light-out characteristics do not

exhibit a threshold kink. Finally, we find from Fig. 6.8(b) that the PC cavity Q at 5.5

K never reaches the room temperature cavity Q as pump power is increased, which

suggests that the cavity is below transparency using the arguments of Section 6.5.

Therefore, we confirm that it is appropriate to attribute PL decay rate enhancements

measured at 20mW (Fig. 6.10(a),(c)) to the Purcell effect, rather than stimulated
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emission, which would enhance the emission rate dramatically at lasing threshold.

6.5 Analysis

We discuss the difference in the behavior of Qs measured for different types of cavities,

at different spectral positions, and at different temperatures. Since we observe the

change in Q with varying temperature and pump power in a limited spectral range

around the Er absorption peak, we conclude that the observed changes in Q are

mostly caused by varying Er absorption. In the case of high Q, small mode volume

resonators, the absorption rate is not only a property of the material, but is also

affected by the cavity-modified electromagnetic environment. Namely, as described

in Chapter 3, according to Fermi’s Golden rule, stimulated emission and absorption

rates depend on the same matrix elements as the spontaneous emission rate (just

scaled by the number of photons), which implies that they should also be enhanced by

the same (Purcell) factor Fp in cavities. Stronger Purcell enhancement for Er emission

at cryogenic temperatures is expected because the Er homogeneous linewidth ∆ωEr

decreases dramatically at cryogenic temperatures [20, 57]. At room temperature,

∆ωEr is greater than the cavity linewidth (bad emitter limit) and F (T ) ∝ QEr/Vmode,

where QEr = ω0/∆ωEr, where ω0 is the Er transition frequency. On the other hand,

at cryogenic temperatures, ∆ωEr is comparable to the cavity linewidth (bad cavity

limit) and thus F (T ) ∝ Qcav/Vmode [67]. From the time resolved measurements

on PC cavities, we determined that the average Purcell factor Fp is about 6 times

stronger at cryogenic temperatures. Therefore, we expect that the change in average

enhancement of absorption rate (γa(T )) by Er ions is also 6-fold as the temperature

changes from 290 K to 6 K, i.e. γa(6K) = 6× γa(290K).

For PC cavities at low pump power, the experimentally observed cavity Q (Qobs)

depends on the intrinsic (empty) cavity Q (Qcav) and the absorption rate (γa(T )):

ω0

Qobs

=
ω0

Qcav

+ γa(T ). (6.3)

By applying the above Eq. 6.3 for one particular PC cavity at the main Er emission
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peak that has low-pump power Qobs = 16, 000 at 290 K and Qobs = 9, 000 at 6

K and using γa(6K) = 6 × γa(290K), we calculate γa(290K) = 1.9 × 109Hz and

Qcav = 19, 000.

For higher pump powers, Eq. 6.3 is no longer valid because Er ions are excited

from the ground state, reducing absorption and increasing stimulated emission. At the

peak of the Er emission spectrum, where the absorption and emission cross-sections

are comparable, we can extend Eq. 6.3 to include the inversion effect as:

ω0

Qobs

=
ω0

Qcav

+ γa(T )(1− 2
Er∗

Er
), (6.4)

where Er∗/Er is the fraction of Er ions in the excited state relative to the total Er

population. Eq. 6.4 is only valid when cavities operate well below lasing threshold

[68], which is again suggested by the sublinear light-in/light out characteristics. From

the increase in Qobs at low temperature, we can estimate Er inversion in our film.

Using Eq. 6.4 and the calculated values for γa(6K) and Qcav, the observed increase

of the same cavity’s Q from 9,000 to 13,300 at the highest pump power in Fig. 6.8(a)

corresponds to pumping 31% of the Er ions into excited state (i.e., inverting 31% of

Er population).

At room temperature, we would expect the PC cavity Q to increase from 16,000

at low pump power to 17,700 at high pump power if we also excite 31% of Er ions.

However, experimentally we actually see a decrease in Q with pump power at room

temperature in Fig. 6.8(b). This suggests that, at room temperature, free-carrier

absorption due to the 246 nm-thick Si portion of the PC cavity absorbing the pump

[20] or some other pump-dependent loss mechanism is stronger than the effect due to

bleaching of Er absorption. If the same loss mechanism is also present at cryogenic

temperatures, then 31% is an underestimate of the true percentage of excited Er ions.

In contrast to PC resonators, Er absorption inside micro-ring resonators does not

change as much with temperature, as seen in Fig. 6.7. Since the mode volume of the

micro-ring cavity is Vring = 14(λ/n)3, which is 16 times greater than the mode volume

of the PC cavity, we assume that the Purcell enhancement of absorption rates is also

16 times smaller. Using these assumptions and in the same manner as for PC cavities,
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we find the intrinsic Q-factor Qcav = 13, 300 for the observed micro-ring WGM with

measured Q-factor Qobs = 13, 000 at room temperature. The expected Q for this

cavity at cryogenic temperature is 11,600, which is quite close to experimental value

Qobs(6K)=10,700.



Chapter 7

Conclusion and outlook

In this thesis we introduced and demostrated the use of photonic crystal nano-cavities

to enhance light emission from silicon CMOS compatible materials. We investigated

silicon-rich silicon nitride for emitters in the visible range, and Er-doped silicon nitride

for emitters in the telecom wavelength range .

In the visible wavelength range (∼700 nm) we demonstrated 11-fold enhancement

of photoluminescence at PC cavity resonance from silicon-rich silicon nitride (SRN).

The best Q-factor achieved experimentally was around 400, which is about six times

lower than predicted by FDTD simulation, due to imperfect fabrication. Time re-

solved measurements revealed that the efficiency of our SRN film was less than 1.5%.

Therefore the Purcell effect on the radiative lifetime could not be observed directly,

but we expect that it does contribute to the observed PL enhancement, since the

increase in radiative rate translates into higher quantum efficiency in materials with

high non-radiative recombination rates.

In the infrared wavelength range (∼1.5 µm) we observed over 20-fold enhancement

of photoluminescence at PC cavity resonance from Er-doped silicon nitride (Er:SiNx).

The enhancement is higher than for the visible light emitters because in this wave-

lengh range we were able to utilize Si (which has higher refractive index) as part of

the PC membrane to make higher Q-factor resonators (Q >10,000). The Er-doped

material is much more efficient than the SRN film emitting in the visible, and we

observed an increase in spontaneous emission rate from PC cavities directly with

73
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time-resolved PL measurements. The average Purcell enhancement is estimated from

experimental data to be 2.4 at room temperature, and 11 to 17 at cryogenic temper-

atures. In addition, we observed linewidth narrowing of the cavity resonance with

increasing pump power due to excitation of Er ions. We estimated that at least 31%

of Er ions were in the excited state at the highest pump power at cryogenic temper-

ature. The linewidth narrowing is more ponounced at cryogenic temperatures than

at room temperature due to the large increase in the Er homogeneous linewidth with

temperature. At cryogenic temperatures, PC cavities greatly enhance absorption and

spontaneous emission rates, as the homogeneous linewidth of Er is comparable to the

cavity linewidth. We also confirm that the Purcell factor enhances the coupling be-

tween Er and cavity mode by measuring weaker enhancements of absorption in large

mode volume micro-ring cavities.

In the future, we plan to increase the overlap of the cavity mode and the active

Er:SiNx material, which is only 4% in the current design, with the improvements

in the design of the slab material. One possibility is to grow the Er-doped nitride

layer in the middle of a silicon or even Si3N4 membrane. Removing silicon from

the membrane design would also decrease absorption losses, but would increase the

challenges in designing a high Q PC cavity with the low index of refraction of Si3N4.

Removing silicon from the membrane design would also allow us to excite Er:SiNx

non-resonantly at 400 nm, where it has much higher excitation cross-section mediated

by the SiNx matrix. Despite these challenges, the demonstrated excitation of 31% of

the Er ions is an important step toward realizing a laser or amplifier based on Er:SiNx

in the future.

Furthermore, it is possible to improve the optical properties of Er:SiNx film

through further optimization of the deposition process. In the current reactive sput-

tering process, Si power and total pressure can be altered, but in each case N2/Ar

ratio should be re-optimized to find the optimum excess Si condition. Higher tem-

perature annealing (above the 1150◦C used currently) may also improve film quality.

In addition, hydrogen-free Plasma Enhanced Chemical Vapor Depositon (PECVD)

or Atomic Layer Depositon (ALD) samples with post-depositon Er ion implantation

can be alternatives to the reactive sputtering (used in the current work) to decrease
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the defect density. Yet another approach to decrease defect density, could be addition

of oxygen to form SiOxNy. Decreased defect density will reduce material losses and

improve radiative efficiency. To improve Er-caivity coupling it is also important to

decrease the emission line-width. Er line-width can only be reduced in crystalline

Si3N4 which can be grown by CVD, or crystalized by annealing at very high tempera-

tures ∼1600-1700◦C. However, Er implantation into crystalline Si3N4 will amorphize

it. Therefore it is unclear if Er line-width in Si3N4 matrix can be reduced.

Out of the two materials we investigated in this work, Er:SiNx is more promis-

ing for building functional devices because of its greater efficiency, and the observed

differential gain. However the idea of Purcell enhancement in nanocavities that we

thoroughly investigated in SRN for visible emission and in Er:SiNx for infrared emis-

sion can also be applied to other materials. In particular, Si/Ge material system is

extremely promising for CMOS compatible light sources because Ge can be manipu-

lated to become more like a direct band gap semiconductor [69, 70]. The important

insights to be considered in the future designs utilizing Purcell enhancement, that we

gained from the analysis of data from Er:SiNx resonators, are:

1. Significant average Purcell enhancement of spontaneous emission rate exists

despite non-homogeneous broadening.

2. Minimizing the mode volume of resonators is especially important to get Purcell

enhancement when working with materials with large homogenous broadening.

3. The absorption and spontaneous emission rates inside the cavity are enhanced

due to enhanced light-matter interaction inside small mode-volume resonators.

The fact that the spontaneous emission rate (and subsequently the spontaneous

emission coupling factor) is enhanced is especially significant, since it may be possible

to achieve lasing in materials with optical parameters that appear insufficient from

the bulk measurements.

When working with materials with large inhomogeneous broadening, it is possible

that plasmonic resonances that have extremely small mode volumes are a better way

to get the benefits of Purcell enhancment for light sources. For example, Yiyang Gong
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has demonstrated up to 12-fold enhancement from Er:SiNx via metal nano particle

arrays [71].

Even though we demonstrated significant enhancement of light emission both in

the visible and infrared range by using small mode-volume PC resonators, there are

several outstanding problems that need to be addressed in the future in order to make

practical devices based on the concepts we studied. Improving quantum efficiencies

of the active materials and figuring out how to do efficient electrical injection is criti-

cal for optical interconnect applications. It is possible that light sources investigated

here may be useful for less power constrained application, such as on-chip analysis of

bio-samples, where inexpensive fabrication of the device is a must, but poor efficiency

and optical rather than electrical excitation may be acceptable. Although electrical

injection is critical for construction of light sources, optical pumping is sufficient for

building on-chip optical amplifiers, which is something that we are currently investi-

gatng by combining Er:SiNx material with photonic crystal structures.
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