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Mid-infrared (MIR) integrated photonics has attracted broad interest due to its promising applications in
biochemical sensing, environmental monitoring, disease diagnosis, and optical communication. Among MIR
integration platforms, germanium-based platforms hold many excellent properties, such as wide transparency
windows, high refractive indices, and high nonlinear coefficients; however, the development of MIR germanium
photonic devices is still in its infancy. Specifically, MIR high-Q germanium resonators with comparable perfor-
mance to their silicon counterparts remain unprecedented. Here we experimentally demonstrate an MIR germa-
nium nanocavity with a Q factor of ∼18,000, the highest-to-date of reported nanocavities across MIR
germanium-based integration platforms. This is achieved through a combination of a feasible theoretical design,
Smart-Cut methods for wafer development, and optimized device fabrication processes. Our nanocavity, with its
high Q factor and ultrasmall mode volume, opens new avenues for on-chip applications in the MIR spectral
range. © 2018 Chinese Laser Press

OCIS codes: (130.3060) Infrared; (160.3130) Integrated optics materials; (160.5298) Photonic crystals; (230.3120) Integrated optics

devices.
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1. INTRODUCTION

Mid-infrared (MIR) integrated photonics has attracted broad
interest due to promising applications in biochemical sensing,
environmental monitoring, disease diagnosis, and optical com-
munication [1]. A variety of integration platforms for MIR
applications have been reported to date. These have covered
a diverse range of optical materials, including noble metals
[2], two-dimensional materials [3], chalcogenide glasses [4],
and Group IV semiconductors (silicon and germanium)
[5–8]. Integration platforms based on Group IV semiconduc-
tors have the notable advantages of low optical loss and
excellent CMOS process compatibility, which are critical for
practical applications with low-cost and high-volume produc-
tion requirements [9].

A large number of MIR photonic integrated devices have
been demonstrated experimentally in silicon-based platforms;
these include silicon-on-sapphire waveguides [10,11], silicon-
on-LiNiO3 waveguides [12], silicon-on-Si3N4 waveguides [13],
silicon microring resonators [14], and silicon photonic crystal
cavities [15,16]. Based on these platforms, various photonic de-
vices with state-of-the-art performance have been demonstrated
recently in the MIR spectral region. For example, a photonic

crystal nanocavity with a quality (Q) factor of∼45,000 has been
demonstrated on a silicon platform by virtue of mature silicon
fabrication techniques [16]. However, due to the limited trans-
parency window of silicon, silicon photonic devices are not
capable of working at wavelengths above 8 μm [17].

Germanium offers several key advantages over silicon: a wider
spectral transparency window (2–15 μm), a higher refractive
index (∼4), and a higher third-order nonlinear susceptibility
(∼10−18 m2∕V2) [18]. A number of preliminary MIR germa-
nium photonic devices have been demonstrated in recent years,
including germanium-on-SOI (silicon-on-insulator) waveguides
[19,20], germanium-on-Si3N4 waveguides [21], germanium-
on-insulator (GOI) waveguides [22,23], suspended germanium
devices [24,25], and silicon–germanium waveguides [26].
Despite these results, the development of MIR germanium pho-
tonic devices is still in its infancy due to lack of significant
advance in the quality of germanium devices. Specifically,
MIR high-Q germanium resonators with comparable or superior
performance to their silicon counterparts remain unprecedented.

In this paper, we present an MIR germanium nanocavity
with a Q factor of ∼18,000 and an effective mode volume of
0.18 μm3. It is worthwhile mentioning that this Q factor is
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the highest of reported nanocavities across MIR germanium-
based integration platforms. Such a high-Q nanocavity is
achieved by a combination of an experimentally feasible theo-
retical design, Smart-Cut methods for GOI wafer development,
and optimized device fabrication processes. By virtue of its
high Q value and an ultrasmall mode volume, our nanocavity
enables unprecedented strong light–matter interaction in the
MIR spectral range, which is expected to enable promising
applications in on-chip sensing, spectroscopy, nonlinear optics,
optomechanics, and quantum information processing in the
MIR spectral region.

2. THEORETICAL DESIGN OF THE MIR HIGH-Q
GERMANIUM NANOCAVITY

Our MIR germanium nanocavity is a photonic crystal nano-
beam cavity connected to two focusing subwavelength grating
couplers by suspended-membrane waveguides. The schematic
diagram of the device is shown in Fig. 1. All components are
integrated monolithically on a GOI chip. The magnified central
part of the device, that is, the photonic crystal nanobeam cavity,
is shown in the inset to the left. The photonic crystal nanobeam
consists of a 700-nm-wide waveguide and 18 air through-
holes with varying diameters. The sizes and spacing of the
air through-holes are symmetrical across the midpoint of the
nanobeam, between the ninth and tenth holes. From either
end, the first four through-holes have equal diameters, of
410 nm (d 1). From the fifth to the ninth through-hole, the
diameters are parabolically tapered from 370 nm (d 2) to
240 nm (d 3). The distances between the first five through-holes
are all 600 nm (a1), whereas the distances between the fifth to
tenth through-holes are parabolically tapered from 550 nm (a2)
to 480 nm (a3). This parabolic tapering configuration is
designed to reduce radiation loss induced by impedance mis-
match, by providing a slowly varying effective-refractive-index

environment for the resonant mode of the nanobeam cavity.
A schematic of the cross-section of the suspended-membrane
waveguide is illustrated in the inset to the right in Fig. 1.
The waveguide, with an etching depth (h2) of 150 nm, is fab-
ricated in a top germanium layer (h1) with a thickness of
300 nm. Buried oxide (BOX) and Al2O3 layers (h3) with a com-
bined thickness of 2 μm are designed to be removed by hydro-
fluoric acid (HF) to form an air-cladding structure. This
structure provides a symmetric refractive index environment
for excellent light confinement.

3. FABRICATION OF THE MIR HIGH-Q
GERMANIUM NANOCAVITY

Based on the above design, we built an MIR high-Q germa-
nium nanocavity. First, we fabricated a high-quality GOI wafer
by using Smart-Cut methods [22]. We first deposited a SiO2

capping layer on bulk monocrystalline germanium via plasma-
enhanced chemical vapor deposition, and then removed it by
wet etching after H� ion implantation. Next, we deposited
5-nm-thick Al2O3 layers as bonding interfaces on the surfaces
of the germanium and a pre-prepared SiO2-covered silicon
wafer by using atomic layer deposition. After bonding the
wafer, we performed a wafer-splitting process by annealing,
and then polished the split germanium surface by chemical-
mechanical planarization. Lastly, annealing was performed
again to improve the surface quality of the GOI wafer. After
the GOI wafer fabrication, we fabricated our device on the
wafer by using optimized processes in two cycles. In the first
cycle, we used standard electron-beam lithography (EBL) to
define the layouts of the nanocavity, grating couplers, and
air holes along the suspended-membrane ridge waveguides,
on a 400-nm-thick ZEP 520A resist layer pre-spin-coated
on the GOI chip. Then these layouts were fully etched and
transferred to the top germanium layer using a commercial
inductively coupled plasma (ICP) etcher, with a mix of CHF3
and SF6 gases. In the second cycle, the suspended-membrane
waveguide was defined by EBL and half-etched with the ICP
etcher, using CF4 gas. Finally, we eliminated the part of the
BOX layer under the device by soaking the chip in a dilute
solution of HF. The acid permeated through the pre-defined
air holes and etched out the part of the BOX layer under the
device to form the air-cladding structure. A scanning electron
microscope (SEM) image of the fabricated device is shown in
Fig. 2(a), whereas Fig. 2(b) shows a magnified SEM image of

Fig. 1. Schematic of the monolithically integrated on-chip MIR
germanium device that contains a high-Q nanocavity, two suspended-
membrane waveguides, and two focusing subwavelength grating cou-
plers. The inset to the bottom left shows the design of the high-Q
nanocavity. The inset to the bottom right shows a cross-sectional view
of a suspended-membrane waveguide.

Fig. 2. SEM images of the MIR germanium device, including the
high-Q nanocavity. (a) Top view of the device. Scale bar: 10 μm.
(b) Top view of the high-Q nanocavity. Scale bar: 500 nm.
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the central part of the device, that is, the photonic crystal nano-
beam cavity. It is clear from the figure that the experimentally
fabricated device matches well the theoretical design.

4. EXPERIMENTAL CHARACTERIZATION OF
THE MIR HIGH-Q GERMANIUM NANOCAVITY

After fabrication, we measured the transmission spectrum of
the nanobeam cavity in the MIR spectral range. A continu-
ous-wave, single-frequency Cr2�:ZnS∕Se laser with a tunable
spectral range from 2150 to 2500 nm was used as the light
source for the measurement. A single-mode ZrF4 optical fiber
was used to couple the light into the device through the focus-
ing subwavelength grating coupler. Another ZrF4 optical fiber
was used to collect the out-coupled light from the focusing sub-
wavelength grating coupler on the other end of the device. This
output fiber was connected to an MIR optical spectral analyzer
to measure the transmission spectrum of the device by contin-
uously tuning the output wavelength of the laser. To account
for the influence of the subwavelength grating coupler on the
transmission spectrum of the nanobeam cavity, we first mea-
sured its coupling efficiency in the spectral range around the
resonant wavelength of the nanobeam. Two focusing subwave-
length grating couplers, connected by a 200-μm-long sus-
pended-membrane waveguide with negligible propagation
loss, were measured. The measured coupling efficiency of
the grating coupler in the spectral range of interest is about
−12 dB, as shown in Fig. 3(a). Then we measured the total
transmission spectrum of the MIR germanium integration plat-
form, as shown in Fig. 3(a). A transmission peak at a wave-
length of 2492.1 nm was obtained, which corresponds to
the resonant mode of the nanobeam cavity. The transmission
peak exhibits some spectral asymmetry, which is a result of the
photothermal effect induced by free carriers generated from
two-photon absorption in germanium. Germanium has a rel-
atively strong two-photon absorption effect at the resonant
wavelength of the nanocavity. The two-photon absorption
parameter, βTPA , of germanium is ∼700 cm∕GW at the reso-
nant wavelength, which is orders of magnitude larger than that
of silicon [27]. To estimate the Q factor of the resonant mode,
we plotted the measured resonant mode of the nanobeam
cavity on a linear scale and fitted a Lorentzian lineshape to
the data, as shown in Fig. 3(b). The inset shows a theoretical
simulation of the electric field magnitude distribution of the
resonant mode, whose effective mode volume, defined asR
εjE j2dV ∕�εjE j2�max, is 0.18 μm3. Here ε and jE j are, re-

spectively, the permittivity and electric field magnitude at dif-
ferent positions of the nanobeam cavity, while V represents the
whole volume of the nanobeam cavity. The Q factor was thus
measured as ∼18,000, which is the highest to date for MIR
germanium nanocavities. The experimentally obtained Q fac-
tor was less than that in our theoretical design, which estimated
a Q factor of ∼30,000. Two possible explanations for this dis-
crepancy are imperfections in fabrication and surface roughness
from the polishing of the top germanium layer. In the future,
the creation of MIR integrated germanium platform devices
with higher Q factors can be expected, as further improvements
are made in the quality of the GOI wafer and the device
fabrication processes.

5. CONCLUSIONS

In conclusion, we demonstrated, for the first time, to the best of
our knowledge, an MIR high-Q germanium nanocavity on a
monolithic chip. A record-setting Q factor of ∼18,000 among
MIR germanium-based nanocavities was achieved by a combi-
nation of an experimentally feasible theoretical design, Smart-
Cut methods for GOI wafer development, and optimized
device fabrication processes. A comparison between this work
and previously reported MIR germanium cavities is shown
in Table 1. The fabrication processes for this MIR germanium
nanocavity are fully compatible with CMOS foundry
processes, promising low-cost and high-volume production.
The air-cladding structure and the broad transparency window

Fig. 3. Experimental characterization of the MIR germanium
device, including the high-Q nanocavity. (a) Measured transmission
spectrum of the device (blue) and measured coupling efficiency of
the focusing subwavelength grating couplers (red). (b) Lorentzian fit-
ting of the measured nanocavity resonant mode. The inset shows the
electric field magnitude distribution of the resonant mode.

Table 1. Comparison of MIR Germanium Cavities

Geometry Wavelength Q Factor
Cavity
Type Reference

Photonic
crystal cavity

2.5 μm ∼18,000 Nanocavity This work

Photonic
crystal cavity

2.3 μm ∼200 Nanocavity [24]

Racetrack
microring

5.3 μm ∼20,000 Microcavity [20]

Racetrack
microring

3.8 μm ∼5000 Microcavity [28]
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of germanium allow applications of our device in the MIR spec-
tral range. Taking advantages of its highQ factor and ultrasmall
mode volume, our nanocavity opens new avenues toward
applications in on-chip sensing, spectroscopy, nonlinear optics,
optomechanics, and quantum information processing in the
MIR spectral range.
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