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Germanium is a material of high interest for mid-infrared
(MIR) integrated photonics due to its complementary
metal-oxide—semiconductor (CMOS) compatibility and its
wide transparency window covering the 2-15 pm spectral
region exceeding the 4 and 8 pm limit of the silicon-on-
insulator platform and Si material, respectively. In this
Letter, we report suspended germanium waveguides operat-
ing at a wavelength of 7.67 pm with a propagation loss of
2.6 £ 0.3 dB/cm. To the best of our knowledge, this is
the first demonstration of low-loss suspended germanium
waveguides at such a long wavelength. Suspension of the
waveguide is achieved by defining holes alongside the core
providing access to the buried oxide layer and the underlying
Si layer so that they can be wet etched using hydrofluoric
acid and tetramethylammonium hydroxide, respectively.
Our MIR waveguides create a new path toward long wave-
length sensing in the fingerprint region.
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The mid-infrared (MIR) spectral region is attractive for the de-
velopment of various devices for gas, chemical, and biological
sensing [1], as well as for spectroscopic applications [2]. This
is due to the fact that vibrational transition energies of numerous
molecules fall in the wavelength range between 3 and 20 pm.
Molecular absorption spectra in this range contain intense
and distinctive features, providing a unique “molecular finger-
print.” Some of these substances require the use of wavelengths
above 7 pm [3]. For example, sulfur dioxide, which is produced
as a by-product of the burning of fossil fuels contaminated with
sulfur compounds, has strong absorption near 7.6 pm [4]. In
addition, volatile organic compounds, such as monochloroben-
zene and chloroform, are contaminants in drinking water and
have absorption peaks near 13 pm [5]. Therefore, there is
an apparent need for the development of photonic integrated
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circuits that can operate throughout the MIR. Furthermore,
the atmospheric transmission windows in the 35 pm and 8-
13 pm ranges can extend infrared (IR) technologies to longer
distances for applications such as remote explosive detection
[6], thermal imaging [7], and free-space communications [8].

Silicon, which has been widely used for photonic integrated
circuits in the near IR (NIR), has recently been used for various
developments in the MIR spectral range as well. Numerous
MIR photonic integrated devices have been demonstrated uti-
lizing silicon-based platforms. In NIR Si photonics, silicon-on-
insulator (SOI) [9] has been the dominant platform because
SOI wafers are easily available, and the fabrication techniques
are mature and well developed. However, due to the high ab-
sorption of SiO, above 4 pm (i.e., ~450 dB/cm at 5 pm, rising
to 2.5 x 104 dB/cm at 7.6 pm) [10], SOI is unsuitable for
MIR applications at wavelengths longer than 4 pm.

Therefore, there is an apparent need for the investigation of
alternative platforms to SOl in order to enable the development
of devices that will operate at wavelengths >4 pm. A different
approach used in recent developments to overcome the optical
mode overlap with SiO, is to suspend the Si waveguide core. In
Ref. [11], two dry-etch steps were carried out to initially define
the Si (or Ge) rib waveguide, and then to create an array of
holes alongside the waveguide that allow the local removal
of the buried oxide (BOX) by wet etching in hydrofluoric acid
(HEF). In Refs. [12,13], an alternative approach was presented
that consists of a strip waveguide with subwavelength grating
holes that acted as a cladding for the lateral confinement of the
optical mode, as well as access to the BOX. By utilizing this
approach, a minimum loss of 0.82 dB/cm was achieved at
3.8 pm [12] and 3.1 dB/cm at 7.67 pm [13]. The same ap-
proach has recently been implemented to create suspended
Si slot waveguides [14] at 2.25 pm. However, the intrinsic ab-
sorption of silicon at wavelengths longer than 7.7 pm (i.e.,
~2.1 dB/cm at 7.67 pm, increasing to 4.6 dB/cm at 9 pm
and 9.3 dB/cm at 11 pm [15]) renders silicon-based MIR in-
tegrated devices unable to operate in the longwave infrared
fingerprint spectral region (8—15 pm).

Germanium has become a material of high interest
for MIR integrated photonics due to its complementary
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metal-oxide—semiconductor (CMOS) compatibility, wide
spectral transparency window (2—15 pm) [16], high refractive
index (» = 4 at 7.67 pm), and high third-order nonlinear sus-
ceptibility (~10718 m?/V?2) [16]. These features enable the ex-
ploitation of a wider wavelength range in the MIR, as well as the
development of small-footprint and high-efficiency nonlinear
devices. Since 2012, several photonic devices for the MIR have
been demonstrated using germanium-based platforms, including
germanium-on-silicon (GOS) waveguides, demonstrating a
propagation loss of 2.5 dB/cm at 7.58 pm [17] and less than
10 dB/cm at wavelengths as long as 11.25 pm [18], and other
passive devices [19], germanium-on-SOI waveguides [20], ger-
manium-on-Si;N4 waveguides [21], germanium-on-insulator
(GOI) waveguides [22], SiGe/Si waveguides [23], and suspended
germanium devices [11,24] at wavelengths up to 3.8 pm.

Using suspended Ge has the principal advantage of avoiding
material losses from any claddings so that Ge’s entire transpar-
ency range can be exploited. A further advantage of suspended
Ge compared to the GOS platform is that it has a high and sym-
metrical refractive index contrast between the core and upper
and lower air claddings. In the case of GOS, there is a high index
contrast between the Ge core (Az = 3.0 at 7.67 pm) and upper
air cladding, but low contrast with the Si lower cladding
(An~ 0.6 at 7.67 pm). This results in the need for thicker
rib waveguides, which in turn will result in a weak mode overlap
of the evanescent field with the upper air cladding. Therefore,
suspended Ge enables the development of thinner waveguides
that exhibit larger evanescent field. This is a great advantage for
sensing applications, in terms of sensitivity, where high mode
overlap with an analyte surrounding the waveguide is desirable.

To the best of our knowledge, suspended Ge waveguides
have not been demonstrated at wavelengths beyond 3.8 pm.
In this Letter, we report suspended Ge waveguides with a
propagation loss of 2.6 dB/cm at 4 = 7.67 pm. Our suspended
Ge platform is expected to enable diverse on-chip applications
in sensing and spectroscopy over a wide MIR spectral range,
which in turn will boost the development of MIR germanium
photonics.

A schematic representation of the demonstrated suspended
waveguide is illustrated in Fig. 1.

Fig. 1. 3D schematic [(a) overview and (b) front view] of the pro-
posed suspended germanium waveguide.
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The guiding structure is a rib waveguide, based on a Ge-on-
SOI platform. The wafers were fabricated using Ge-on-SOI
with a 1 pm Ge layer grown by reduced pressure chemical
vapor deposition (RPCVD) on SOI in which the Si layer was
thinned from 220 nm down to 60 nm. This platform was
chosen over the GOI due to the fact that current methods
for fabricating GOI films require tight process control and limit
the range of thicknesses that can be obtained [25]. Moreover,
bonded GOI wafers are not commercially available. The Ge
layer of thickness #g. was grown on SOI, which comprises a
Si layer and a BOX of thickness zg; and 7ppy, respectively.
Waveguide modelling was carried out using the finite difference
eigenmode (FDE) solver in the Lumerical Mode Solutions
commercial software package (Fig. 2).

Rib waveguides were designed for single transverse electric
(TE) mode propagation at A = 7.67 pm, with waveguide
thickness 7., width W, and etch depth 7. - 7, (Fig. 1).
The slab thickness was selected such that mechanical stability is
ensured, and yet the mode is well confined when propagating
through bends. For bend radii larger than 200 pum, the simu-
lated bend loss was < 0.1 dB/90° bend. The holes providing
access to the BOX were designed to have sufficient distance
from the waveguide core such that the fraction of the optical
power propagating through them does not exceed 0.1%. The
dimensions are the following: hole width Wy ., hole length
Lyole> period A, and separation width W, (Fig. 1). The final
selected values of the whole structure are indicated in Table 1.
Figure 2 shows the cross-section of the fundamental TE mode
corresponding to the dimensions in Table 1. The simulated
optical mode confinement of the fundamental TE mode at
7.67 pm in air, using these dimensions, is ~15% as opposed
to ~2.5% in GOS in the waveguides presented in Ref. [17].

At such long wavelengths, the loss due to the substrate leak-
age becomes a limiting factor. Therefore, having a sufficient air
gap thickness between the waveguide and the substrate is cru-
cial for operation at longer wavelengths. Figure 3 shows the loss

TE,2y = 7.67 um |Ey(x,y)|

Mode confinement in the core = 85.7%

( !
e =

y (um)

Air(n=1)

Si substrate

Fig. 2. Cross section of the simulated fundamental TE mode at

A =7.67 pm.

Table 1. Designed Dimensions of the Suspended Ge
Waveguides at 15 = 7.67 pm

W 3.5 pm Wep 3 pm
Whole = Lhole 1 pm A 3 pm
LGe 1 pm £Slab 700 nm
tg; 60 nm IBOX 3 pm
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Fig. 3. Substrate leakage loss as a function of the air gap for the
waveguide dimensions in Table 1.

of - 1-pm-thick Ge, due to leakage to the substrate as a function
of the air gap thickness. The graph was created by sweeping the
position of the lower z boundary in the FDE solver, upon set-
ting it to perfectly matched layer and obtaining the correspond-
ing loss values. It is apparent that at wavelengths longer than
12 pm, the 3 pm air gap becomes insufficient for the mode
confinement in the waveguide.

Light coupling was achieved using non-suspended 2D gra-
ting couplers that were designed to have an etch depth of
ty = 300 nm, a period in the x-axis of A, = 2.63 pm with
a duty cycle of DC, = 0.5, a period in the y-axis of A, , =
1 pm with a duty cycle of DC, = 0.7, and to be 115 pm long
and 20 pm wide. The gratings were designed to be 2D and
partially etched to minimize back reflections due to the high
refractive index contrast; hence, suspending them could only
be achieved via holes alongside the 20-pm-wide grating region.
That would dramatically increase the wet etching time, com-
promising the mechanical stability of the waveguides. In addi-
tion, in this initial waveguide demonstration, high excess loss
from SiO, absorption in the grating coupler and access wave-
guide region was not a major concern.

The starting point of the fabrication process illustrated in
Fig. 4 is to deposit a thin layer (100 nm) of SiO, using plasma
enhanced chemical vapor deposition (PECVD). This prevents
the formation of GeO, by the O, plasma during stripping of
the photoresist using the plasma asher. This is due to the fact
that GeO, is soluble in water with a solubility of 4.47 g/L at
25°C and 10.7 g/L at 100°C [26], which could cause the cre-
ation of defects during any wet process containing water includ-
ing diluted HF result in high propagation losses due to surface

Fig. 4. TFabrication process flow of the suspended Ge waveguides.
(a) Initial Ge-on-SOI platform, (b) waveguide definition, (c) hole pat-
terning and exposure of the BOX, (d) wet etching using HF and
TMAH.

Vol. 43, No. 24 / 15 December 2018 / Optics Letters 5999

roughness. Once the protective layer of SiO, is deposited, we
spin-coat the sample with ZEP-520A resist and pattern it using
e-beam lithography. The first lichography step defines the wave-
guides and the grating couplers. Then the sample is developed
using a ZED-N50 developer. After exposing, the following step
is etching the exposed SiO, and Ge using inductively coupled
plasma (ICP) [Fig. 4(b)]. After stripping the remaining resist
using a plasma asher, another thin layer of SiO, was deposited
and the second e-beam lithography step was carried out to de-
fine the holes. A second ICP etching step was carried out to
etch the exposed SiO, and the remaining Ge slab, as well as
the Si layer down to the BOX [Fig. 4(c)]. After removing the
remaining resist using an O, plasma asher, the sample under-
went two wet etch steps. First, the sample was immersed in 1:7
isotropic HF for 80 min, which caused the local removal of the
BOX. The etch rate was approximately 88 nm/min. Then the
sample was immersed in a 25% aqueous solution of anisotropic
tetramethylammonium hydroxide (TMAH) at room tempera-
ture for 60 min, which resulted in the complete removal of the
Silayer, as well as part of the Si substrate, increasing the air gap
below the waveguide [Fig. 4(d)]. The etch rate of TMAH was
approximately 7.3 nm/min in the [100] crystal direction. The
ratio of etch rates of Si and Ge is 1000:1. Due to the 4.2%
lattice mismatch between Ge and Si, Ge epitaxial layers on
Si substrates have typical threading dislocation density in the
order of 10°~107 cm™ with the defects primarily being con-
fined to the Ge-Si interface. This results in less mode interac-
tion with the lower Ge interface reducing the propagation loss.

Figure 5 shows scanning electron microscope (SEM) images
of a fabricated device. Figure 5(a) shows a cross section of the
suspended Ge waveguide with the Si layer and BOX locally re-
moved. From Fig. 5(b), it can be seen that along with the Si layer,
440 nm of the substrate has also been etched, increasing the air
gap. This method provides the ability to precisely control the
air gap enabling operation at longer wavelengths with reduced
substrate leakage losses. Figure 5(c) shows a fabricated non-
suspended grating coupler, and Fig. 5(d) shows a top view of
the suspended Ge rib waveguide with holes alongside it.

The experimental setup utilized to characterize the fabricated
waveguides comprises a single-mode continuous wave distributed-
feedback quantum cascade laser (Thorlabs QD7500CM1)
capable of emitting light with a maximum output power of
106 mW at a A = 7.67 pm. The beam is then collimated using
a black diamond-2 lens with a focal length of 1.9 mm, modulated

Fig. 5. SEM images of the fabricated suspended Ge waveguides.
(a) Cleaved suspended Ge waveguide facet showing the complete local
removal of the BOX and Si layers. (b) Zoomed-in image on the edges
of the wet etched areas. It can be seen that the Si substrate has been
etched by 440 nm. (c) Top view of a 2D grating coupler (non-
suspended). (d) Top view of a rib waveguide with holes alongside it.
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Propagation Loss at 7.67 ym

~+Measured data
—Linear fit

Propagation loss = 2.65 + 0.27 dB/cm

Normalized Transmission (dB)
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Fig. 6. Cut-back loss experimental results at 7.67 pm wavelength
for suspended Ge waveguides.

using a chopper wheel and then coupled into a single-mode
As, Se; fiber (Coractive IRT-SE-28/170) using another black dia-
mond-2 lens with a focal length of 6.0 mm. Light coupling into
and out of the waveguides was achieved using grating couplers
[Fig. 5(c)]. Light from the output grating coupler was collected
via another single-mode fiber and coupled to a liquid-nitrogen-
cooled HgCdTe detector (Infrared Associates Inc. MCT-13-
1.00). The signal from the detector was amplified using a
pre-amplifier before being guided to a lock-in amplifier to improve
the signal-to-noise ratio.

The waveguide propagation loss was measured with the
effective “cut-back” method. Figure 6 shows the transmissions
of waveguides of different lengths. It shows a propagation loss
0f 2.6 £ 0.3 dB/cm. Material losses of Ge are negligible at this
wavelength [27]. In addition, according to simulations, leakage
losses are 0.3 dB/cm for an air gap of 3 pm, decreasing to 2.4 x
102 for an air gap of 3.5 pm. Therefore, the propagation loss is
likely caused by scattering at the waveguide side-walls and by
defects due to threading dislocations in the Ge at the Ge-Si
interface emanating from the 4.2% lattice mismatch between
Ge and Si. Using the model for the calculation of the scattering
loss due to side-wall roughness in Ref. [28], the standard deviation
of the roughness () corresponding to the propagation loss mea-
sured in this work for a correlation length of L, = 50 nm would
be 6 = 15 nm. The source of propagation loss cannot be accu-
rately defined, as no atomic force microscopy (AFM) measure-
ment of the sidewall roughness was taken. However, we believe
that a sidewall roughness of 15 nm is very unlikely in our process-
ing. A typical sidewall roughness of 6 = 5 nm would result in a
propagation loss of 0.3 dB/cm. The rest (2.3 dB/cm) would then
emanate mostly from the threading dislocations.

We have designed, fabricated, and characterized suspended
germanium waveguides at a wavelength of 7.67 pm. The pro-
pagation loss for the waveguides was 2.6 + 0.3 dB/cm. The
evanescent field is ~15%. These results show that suspended
germanium waveguides fabricated using Ge-on-SOI wafers have
the potential to be used throughout the MIR transparency win-
dow of germanium and for sensing applications above 8 pm.
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