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Abstract: We demonstrate the use of a subwavelength planar metal-
dielectric resonant cavity to enhance the absorption of germanium 
photodetectors at wavelengths beyond the material’s direct absorption edge, 
enabling high responsivity across the entire telecommunications C and L 
bands. The resonant wavelength of the detectors can be tuned linearly by 
varying the width of the Ge fin, allowing multiple detectors, each resonant 
at a different wavelength, to be fabricated in a single-step process. This 
approach is promising for the development of CMOS-compatible devices 
suitable for integrated, high-speed, and energy-efficient photodetection at 
telecommunications wavelengths. 
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Introduction 

Germanium is a promising detector material for CMOS-compatible optoelectronic devices. 
However, the C (1530-1565 nm) and L (1565-1625 nm) bands commonly used in 
telecommunications include wavelengths beyond germanium’s direct bandgap absorption 
edge at 1550 nm; consequently, to achieve sufficiently high responsivity across the entire C 
and L bands, thick or long Ge regions are usually required, which can increase detector 
capacitance and/or response time. Here, we demonstrate the use of a subwavelength planar 
metal-dielectric resonant cavity to enhance the absorption of Ge detectors at 
telecommunications wavelengths, enabling compact, high-responsivity devices suitable for 
integrated, high-speed, energy-efficient photodetection. Furthermore, the resonant wavelength 
of the detectors can be tuned linearly by varying the width of the Ge fin, allowing multiple 
detectors, each resonant at a different wavelength, to be fabricated in a single-step process. 
This approach creates exciting possibilities for developing integrated demultiplexing and 
detection units for future coarse wavelength division multiplexing (CWDM) systems. 

The worldwide demand for information bandwidth is expected to continue to grow 
rapidly, based on the steady rise in mobile and internet traffic in recent years [1]. High-
bandwidth, inexpensive, power-efficient optical transceivers will thus be a necessity, 
particularly for applications such as fiber-to-the-home links and large-scale data centers. 
Integrating optics and electronics on the same CMOS platform could provide numerous 
benefits in terms of performance, cost, and energy efficiency [2]. While a wide variety of 
photonic devices such as grating couplers, waveguides, multiplexers/demultiplexers, and 
modulators can be realized in silicon [3], its weak absorption at telecommunications 
wavelengths necessitates incorporating other materials for photodetection. The InGaAs/InP 
materials system has dominated the telecommunications industry because the direct band gap 
allows one to engineer efficient light sources and detectors at telecommunications 
wavelengths. Unfortunately, integration of such materials with silicon remains challenging. 

Germanium, a group IV material, is possibly the most promising candidate for CMOS-
compatible long-wavelength photodetection, and extensive research has been carried out to 
develop high-quality Ge / SiGe photodetectors on silicon substrates [4–6]. While the 
absorption of Ge at 1310 nm is comparable to that of InGaAs, its absorption drops 
significantly in the C and L bands because its direct absorption edge only extends to ~1550 
nm. To circumvent this problem, researchers have investigated various methods to shift the 
direct absorption edge of Ge to longer wavelengths. Some of these include using high 
temperature growth of strained layers [7], novel alloys like GeSn [8] and post-growth 
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application of tensile strain using techniques borrowed from MEMS [9,10]. While all of these 
approaches are promising, they involve either special processing conditions or novel 
materials, or result in non-planar structures that may be difficult to integrate with other optical 
components. Alternative approaches to enhancing absorption in Ge include integrating 
resonant structures like metallic dipole antennas [11] or Fabry-Perot cavities [12, 13] and 
using avalanche gain [14]. Creating Fabry-Perot cavities that are resonant at different 
wavelengths requires repeating the fabrication process for each additional wavelength to 
match the thickness of the cavity to the resonant wavelength. In contrast, the metal-dielectric 
cavities discussed here can be tuned by varying the width of the fin, which allows multiple 
resonant cavities to be fabricated in a single-step process. In addition, the MSM geometry 
allows one to link multiple cavities together and engineer the spectral response of the detector 
[15]. 

Device fabrication 

 

Fig. 1. (a) Schematic of the resonant-cavity-enhanced photodetector. A submicron Ge fin is 
self-aligned to an Au slit. The Au slit serves to both enhance absorption inside the Ge fin and 
extract photocurrent from the structure. (b) SEM image of a fabricated device in top view and 
(c) SEM image with sample tilted at 40. 

Figure 1(a) shows a schematic of our device showing a submicron Ge fin surrounded on two 
sides by metal. Figure 1(b) and 1(c) show SEM images of fabricated devices viewed in top 
view and at 40 tilt angle from the horizontal, respectively. Epitaxial Ge was grown by 
reduced pressure chemical vapor deposition on a Si substrate using the multiple-hydrogen-
annealing-for-heteroepitaxy (MHAH) approach [16]. The Ge was then bonded to a Pyrex 
handle wafer using anodic bonding, and the silicon substrate was subsequently removed using 
an alkaline wet etch. The Ge layer was thinned to a thickness of approximately 280 nm using 
a controlled wet etch. A layer of SiO2 approximately 250 nm thick was then deposited on the 
sample using plasma-enhanced chemical vapor deposition (PECVD). Ge fins with thickness 
230 nm and varying widths were patterned using electron beam lithography and dry etching 
(using CHF3/O2) with the oxide serving as a hard mask. Cr (5 nm)/Au (225 nm) contacts were 
then evaporated, and the oxide fin was lifted off in a 20:1 Buffered Oxide Etch (BOE) 
solution to leave the Ge fin self-aligned to the Au slit. The Pyrex substrate and gold contacts 
were chosen primarily to demonstrate a proof-of-principle device. This work can be extended, 
with minor modifications, to Ge-on-insulator substrates fabricated in a CMOS compatible 
process [17] or Ge heteroepitaxially grown on SOI substrates. In addition, CMOS-compatible 
metals like aluminium or copper can be substituted for gold, as the metal is employed here as 
a conventional mirror and not for its plasmonic properties. 

Simulation 

When excited with electric field polarized along the fin (Ez), the structure supports strong 
absorption resonances that can be tuned linearly by varying the width of the fin [18]. The 
electric field (Ez) profile of the resonant mode is shown in Fig. 2(a). There is strong 
diffraction of incident radiation at the germanium-metal interfaces, especially at the top two 
edges. This edge diffraction excites a quasi-guided mode in the Ge fin (with electric field Ez) 
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that can propagate along x. Reflection at the Ge/metal interfaces sets up a lateral standing 
wave resonance in the Ge fin that gives rise to strong resonant absorption and yields an 
approximately linear tuning of the resonance with fin width. The devices use the fifth-order 
resonance (as can be easily identified by the four nodes in the electric field profile in Fig. 
2(a)) and the fin width (w) and wavelength (λ) are related by w ~5λ/2nGe, where nGe is the 
refractive index of Ge. The fifth-order resonance is chosen as it provides the highest Q-factor 
while still remaining sub-wavelength in width, which is desirable for dense integration. The 
metal-semiconductor-metal (MSM) geometry is used for both light confinement and 
photocurrent extraction, which is ideal for designing high-speed photodetectors for future on-
chip optical interconnect systems [19]. Though the device here is designed for, and operated 
with, light incident from the top, the device can also respond to z-polarized light propagating 
in the x direction in a waveguide mode in the thin Ge layer, but we will not investigate this 
operation further here. 

 

Fig. 2. (a) Plot of the electric field (Ez) profile inside a representative device (fin width of 975 
nm) at resonance (λ = 1567 nm). (b) Simulated absorption cross-sections of devices with 
varying fin width (in nm) when excited with electric field polarization along the fin (Ez). 

Figure 2(b) plots the simulated absorption cross-section spectra for Ge fin devices with 
widths varying from 925 nm to 1025 nm. The simulated structures are excited by a plane 
wave with polarization along the fin (Ez), and the absorbed power is measured in the 
simulation in a region defined by the Ge fin and a 1.5 µm wide Ge base region of thickness 
60 nm. The refractive index values for Ge and Au were obtained from ellipsometric 
measurements of our films. The absorption cross-section is defined as the ratio of the power 
absorbed to the power incident on the fin. The incident power is calculated from a 
background simulation of a plane wave propagating in vacuum wherein the Poynting vector is 
integrated over a width equal to that of the Ge fin. 

As shown in Fig. 2(b), the resonance redshifts with increasing width. The Q-factor of the 
resonance is approximately 130 for the 975 nm wide device (red curve). The 925 nm-wide 
device (blue curve) shows reduced Q because of the substantial direct gap absorption at 
shorter wavelengths. The absorption spectrum for the 1025 nm (magenta) device shows that 
one can use these resonances to enhance the effective indirect absorption in Ge at long 
wavelength (λ = 1614 nm) to a level greater than the direct-gap absorption. The 1025 nm 
device has a calculated absorption cross section of 0.45 (at resonance, λ = 1614 nm), which 
means that an amount equal to 45% of the power incident on the fin is absorbed in the device. 
This absorption takes place in a device with a device thickness around 280 nm. In contrast, 
the absorption length in Ge at 1614 nm is approximately 40 µm. Devices with resonances at 
shorter wavelengths perform even better, as expected, with simulations for both the 950 and 
975 nm devices indicating more than 70% of the light incident on the Ge fin is absorbed. 
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Experimental results 

Figure 3(a) shows the experimentally measured absorption spectra for devices with widths 
varying from 925 nm to 975 nm, in two orthogonal polarizations. Light from a tunable laser 
(Agilent 8164A) was focused (beam waist diameter 2w0 = 4.6 µm) on the sample using a 20x 
NIR Mitutoyo Achromat objective. The polarization was controlled using a polarizing beam 
splitter and half-wave plate. For the spectra shown in Fig. 3(a), the sample is biased at 500 
mV using a low noise current preamplifier (Stanford Research Systems 570), and the 
amplified photocurrent signal is detected by a lock-in amplifier, which is phase-locked to the 
reference signal (frequency ~2 kHz) from the internally modulated laser. The incident power 
is measured at the sample using a Ge detector and power meter (Thor Labs PM 700). 

 

Fig. 3. (a) Measured absorption spectra of devices with varying widths in two orthogonal 
polarizations Ez (continuous curves) and Ex (dashed curves). (b) Variation of the resonant 
wavelength with fin width for both simulations and experiment. (c) Measured responsivity of 
two devices with different widths (nm) at their resonant wavelengths (nm) (d) I-V 
characteristics of the 925 nm width device under dark and illuminated conditions. 

When excited with a focused laser beam with polarization along the fin (Ez), the devices 
show sharp resonances in the spectrum that shift to longer wavelengths with increasing fin 
width, as predicted by simulation. The orthogonal polarization (Ex) shows no resonances and 
corresponds to the absorption spectrum of bulk Ge. The qualitative features of the measured 
spectrum agree well with the simulated spectra in Fig. 2(b). The devices show significant 
polarization contrast (a factor of 15 at 1617 nm), which could have potential applications in 
polarization sensitive detectors. 

Figure 3(b) plots the wavelength corresponding to the peak of the resonance as a function 
of fin width for both the simulation in Fig. 2(b) and the experimental measurements in Fig. 
3(a). Both simulations and experiment show a linear increase in the resonant wavelength with 
increasing width, but there is a 40 nm discrepancy between the predicted and observed 
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resonances. We believe this is primarily due to the presence of an air gap between the Ge fin 
and gold at the fin sidewalls after lift-off (seen in Figs. 1(b) and 1(c)), which leads to 
additional phase shifts on reflection. 

Figure 3(c) shows the measured responsivity for two devices (widths 925 and 975 nm) at 
wavelengths corresponding to the peak of their spectral response (1572 nm and 1617 nm 
respectively) when they are illuminated with light with polarization along the fin (Ez). The I-
V curves (obtained using an HP 4145B parameter analyzer.) for the 925 nm width device, 
under both dark and light conditions, are included in Fig. 3(d). The devices operate as 
photoconductors, as p-Ge forms a nearly ohmic contact with the metal because of Fermi level 
pinning at the valence band [20]. Both devices show good responsivity, with peak 
responsivities of 1.2 A/W for w = 925 nm and 0.3 A/W for w = 975 nm at −3V bias. The 
absorption lengths for Ge at these wavelengths are 22 µm and 45 µm, respectively, whereas 
the fin thickness is around 280 nm. While the responsivity numbers are quite high, this could 
be partially due to the presence of significant photoconductive gain due to trapping of 
minority charge carriers, which can lead to more than one electron of current through the 
external circuit for each electron-hole pair generated. 

Conclusions 

We have demonstrated planar metal dielectric cavity photodetectors based on Ge fins self-
aligned to metallic slits, with strong absorption resonances that can be tuned by varying the 
width of the fins. These structures show high responsivity of 1.2 A/W at λ = 1572 nm and 0.3 
A/W at λ = 1617 nm, due both to high simulated absorption cross-section as well as the likely 
presence of photoconductive gain, and strong polarization selectivity of 15:1 at wavelengths 
beyond the Ge direct band edge. We believe these structures hold promise for the 
development of high-speed, energy-efficient Ge photodetectors and modulators for future C 
and L band CWDM telecommunications and on-chip optical interconnects. 
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