Open Access Article. Published on 18 April 2022. Downloaded on 6/10/2026 7:22:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2022, 14, 7341

Received 4th November 2021,
Accepted 15th April 2022

DOI: 10.1039/d1nr07293e

rsc.li/nanoscale

1 Introduction

Transferable single-layer GeSh hanomembrane
resonant-cavity-enhanced photodetectors for
2 pm band optical communication and
multi-spectral short-wave infrared sensing+t

a

Qimiao Chen, & * Shaoteng Wu,**® Lin Zhang,? Hao Zhou,® Weijun Fan @ 2 and

Chuan Seng Tan®¢

Semiconductor nanomembranes (NMs) have emerged as an attractive nanomaterial for advanced elec-
tronic and photonic devices with attractive features such as transferability and flexibility, enabling hetero-
geneous integration of multi-functional components. Here, we demonstrate transferable single-layer
GeSn NM resonant-cavity-enhanced photodetectors for 2 pm optical communication and multi-spectral
short-wave infrared sensing/imaging applications. The single-layer strain-free GeSn NMs with an Sn con-
centration of 10% are released from a high-quality GeSn-on-insulator (GSOI) substrate with the defective
interface regions removed. By transferring the GeSn NMs onto a predesigned distribution Bragg reflector
(DBR)/Si substrate, a vertical microcavity is integrated into the device to enhance the light-matter inter-
action in the GeSn NM. With the integrated cavity and high-quality single-layer GeSn NM, a record
responsivity of 0.51 A W™ at 2 um wavelength at room temperature is obtained, which is more than two
orders of magnitude higher than the reported values of the multiple-layer GeSn membrane photo-
detectors without cavities. The potential of the device for multi-spectral photodetection is demonstrated
by tuning the responsivity spectrum with different NM thicknesses. Theoretical simulations are utilized to
analyze and verify the mechanisms of responsivity enhancement. The approach can be applied to other
GeSn-NM-based active devices, such as electro-absorption modulators or light emitters, presenting a
new pathway towards heterogeneous group-1V photonic integrated circuits with miniaturized devices.

group-IV (e.g. Si, SiGe and Ge)*® and compound semi-
conductors (e.g. InGaAs and InP).” ™" These NM-based photo-

Semiconductor nanomembranes (NMs) have been considered
extremely attractive building blocks for advanced electronic
and photonic applications with advantages of transferability
and flexibility, which enable heterogeneous integration of
multi-functional components on foreign rigid or flexible
substrates."> Among the various applications, NM-based
photodetectors are one of the most important optoelectronic
devices that can convert light into electrical signals.
Impressive progress has been made in NM-based photo-
detectors utilizing various semiconductor materials, including
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detectors mainly operate from visible to short-wave infrared
(SWIR) wavelengths below 1.7 pm. However, there exists a
strong demand for developing NM-based photodetectors oper-
ating in the short-wave infrared regime with extended wave-
lengths beyond 2 pm due to their applications in the new-gene-
ration optical communication, sensing/imaging and biomedi-
cine. In fibre-based applications, the low-loss hollow-core
photonic bandgap (HC-PBG) fibre based 2 pm window is a
promising band for the next-generation telecommunication
system to break through the capacity limit of current single-
mode-fiber-based telecommunication systems.'*'?* Besides, in
free-space applications such as sensing/imaging, SWIR is safer
than visible and NIR regions due to the higher eye-safety
thresholds.* The SWIR sensing system is less sensitive to the
background noise caused by solar radiation and benefits from
a lower atmospheric attenuation.'®'® It is also desirable for
the SWIR photodetectors to have specific spectral responses so
that filter-free multi-spectral SWIR sensing could be achieved
by the multi-pixel arrays.
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Ge has been widely investigated for SWIR photodetection
due to its complementary metal oxide-semiconductor (CMOS)
compatibility.'”” However, Ge can hardly cover wavelength
beyond 1.7 pm as limited by its direct bandgap of 0.66 eV.® By
alloying Ge with Sn, GeSn could have a narrower bandgap to
extend the photodetection range and covers all the SWIR regime
(1.1-2.5 pm) and even mid-infrared."®>° In contrast to com-
pound semiconductors for traditional SWIR photodetectors, its
compatibility with CMOS processing will share the advantages
of scaling and low cost. Regarding the benefits of GeSn alloy in
the NM format, a few works have been carried out to investigate
GeSn photodetectors in the NM/membrane format recently and
demonstrated the photodetection ability beyond 2 pm
wavelength.'®?!  Although promising, the performance,
especially the responsivity, of the demonstrated photodetectors
is relatively poor (0.001-0.002 AW ') which will hinder the prac-
tical applications of GeSn NM-based photodetectors.

In this work, we demonstrate the transferable single-layer
GeSn NM resonant-cavity-enhanced (RCE) photodetectors near
the 2 pm band with high efficiency and spectral tunability for
2 pm optical communication and multi-spectral short-wave
infrared sensing/imaging applications. The single-layer GeSn
NMs with Sn concentration of 10% were released from a high-
quality GeSn-on-insulator (GSOI) substrate with defective
regions near interfaces removed. Compared to epitaxially
grown GeSn thin films, the lattice-mismatch-induced compres-
sive strain could be fully relaxed in the transferable NM without
forming dislocations/defects. The high Sn concentration
extends the detection wavelength beyond 2 pm. By transferring
the GeSn NM onto a predesigned distribution Bragg reflector
(DBR)/Si substrate, a vertical microcavity is integrated into the
device to enhance the light-matter interaction in the GeSn NM.
With the integrated cavity and high-quality single-layer GeSn
NM, a record responsivity of 0.51 AW~ at 2 pm wavelength at
room temperature was obtained, which is more than two orders
of magnitude higher than the reported values of the multiple-
layer GeSn membrane photodetectors without cavities. The
response of the photodetector is tuned to be sensitive to a
specific spectrum, which is promising for constructing filter-
free multi-spectral short-wave infrared sensing systems. The
mechanism of responsivity enhancement was analyzed and veri-
fied by theoretical simulations. Due to the broad and tunable
absorption range of GeSn alloy and broad stopband DBR, the
method can be applied to other wavelengths, e.g., MIR, as well.

2 Experimental

2.1 Epitaxial growth of the GeSn alloy and development of
the GeSn-on-insulator donor substrate

Fabrication of GeSn NM RCE photodetectors begins with the epi-
taxial growth of the GeSn alloy. A GeSn layer was deposited on a
6-inch Si (100) wafer by a reduced-pressure chemical vapor depo-
sition system using H, as the carrier gas, and Ge,H and SnCl, as
the precursors.”® Prior to the actual growth, the wafer was deoxi-
dized in H, at 1000 °C for 2 min. Then, the Ge virtual substrate
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(~1 pm) was grown by the two-step growth method at temperatures
of 400 °C and 850 °C to reduce the threading dislocation density.
Then, the GeSn alloy was deposited at 300 °C to prevent Sn precipi-
tation and segregation with a target thickness of 925 nm.

Following the epitaxy, the GSOI donor substrate was formed
to serve as the donor/source substrate for the GeSn NM by low-
temperature wafer bonding and layer transfer: an ~1 pm thick
thermal SiO, layer was grown on another Si substrate. Then,
an ~200 nm thick Al,O3 layer was grown on both the as-grown
GeSn substrate and the thermal SiO, substrate by atomic layer
deposition. The Al,O; layers were smoothened by chemical
mechanical polishing (CMP). After that, the thermal oxide sub-
strate and as-grown GeSn substrate were exposed to O, plasma
to improve the hydrophilicity. Then, the two substrates were
bonded by direct wafer fusion bonding. To enhance the
bonding strength, post-bonding annealing was performed in
N, at 250 °C temperature for 3 hours. Then, backside grinding
and wet etching were utilized to remove the Si of the carrier
GeSn substrate. Finally, the Ge buffer layer was removed and
the GeSn layer was smoothened and thinned down to the
desired thickness by CMP (GeSn thickness: 630 nm-920 nm)
and the thickness was monitored by spectral ellipsometry.

2.2 Fabrication of transferable GeSn nanomembrane
resonant-cavity-enhanced photodetectors

Fig. 1 schematically illustrates the fabrication flow of the trans-
ferable GeSn NM RCE photodetectors. Firstly, the GSOI donor
substrate was spin coated with a photoresist layer and pat-
terned to form the etchant access holes by optical lithography
and reactive ion etching (RIE) with 50 sccm of Cl, at a pressure
of 20 mT and radio frequency power of 200 W for 3 min. After
the photoresist was stripped, the GeSn NM was released from
the donor wafer by wet etching in 49% hydrofluoric acid (HF)
for ~30 min. The sample was transferred from the HF solution
to deionized water. The GeSn NM (size: ~3 x 3 mm?) floats on
the surface of water and then was transferred onto the DBR/Si
receiver substrate. The highly reflective DBR/Si receiver substrate

(a-i) GSOI donor wafer (b-i) NM release

. 0
\ (c) NM Transfer (d) GeSn NM RCE photodetector

(a-ii) Si handle wafer (b-ii) Reflective DBR/Si
receiver wafer

y

Si  m SO, m ALO,

\ B GeSn M a-Si Au

Fig. 1 Three-dimensional (3D) fabrication flow of the transferable GeSn
nanomembrane resonant-cavity-enhanced photodetectors: (a-i) The
GSOI donor substrate. (a-ii) The Si handle wafer. (b-i) The release of the
GeSn NM by wet etching. (b-ii) The fabrication of the reflective DBR/Si
receiver wafer by PECVD. (c) The transfer of the GeSn NM onto the
DBR/Si substrate. (d) The fabricated GeSn NM RCE photodetector.
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for the GeSn NM was fabricated by plasma-enhanced chemical
vapor deposition (PECVD). Alternate amorphous Si (a-Si) and
SiO, layers were deposited on a 6-inch Si (100) handle wafer at
200 °C. The thicknesses of a-Si and SiO, are 185 and 310 nm,
respectively, which were designed to make the DBR highly reflec-
tive at 2 pm wavelength. Following the NM transfer, the NM
photodetector array was defined and patterned by optical litho-
graphy and RIE. Then, the interdigitated electrodes were defined
by optical lithography as well as RIE. Finally, a 10 nm Ti layer and
a 110 nm Au layer were deposited as contacts by electron-beam
deposition and the electrodes were formed by lift-off with acetone
and ultrasonic treatments. The device’s area is 100 x 122 pm” and
the width and spacing of the metal fingers are 8 pm.

2.3 Characterizations of GeSn alloy and GeSn
nanomembrane resonant-cavity-enhanced photodetectors

Various techniques were utilized to characterize the structural
and optical properties of materials, including the GeSn NM,
GSOI donor substrate, as-grown GeSn/Ge/Si substrate, and a-Si
and SiO, DBRs. The structural properties of the GSOI donor
substrate were characterized by transmission electron
microscopy (TEM). The Sn concentration of the GeSn alloy was
measured by secondary ion mass spectrometry (SIMS). A
Raman microscope with a 532 nm green laser was utilized to
investigate the strain status in the GeSn NMs. The absorption
coefficient of the GeSn alloy was extracted by spectral ellipso-
metry. The optical constants and thicknesses of a-Si and SiO,
layers were measured by spectral ellipsometry as well. The
reflectivity spectra of the a-Si/SiO, DBRs were measured using
a Jasco V-570 UV/VIS/NIR spectrophotometer.

The current-voltage (I-V) curves of the devices were measured
using a Keithley 2450 source meter connected to a probe station
at room temperature. The laser (Thorlabs-FPL2000) was used for
the photocurrent measurement at 2 pm wavelength. The broad-
band supercontinuum light source (tunable 400-2400 nm,
SC-Pro-7) connected to the filter (1000-2300 nm, photon, etc.) was
used for the responsivity spectrum measurements. The output
light from the supercontinuum laser is collimated by the collima-
tor and the laser beam divergence is less than 2 mrad (<0.1°). The
power calibration of the light source was done using a commer-
cial extended InGaAs photodetector (Thorlabs-FD10D).

2.4 Finite-difference time-domain (FDTD) simulation and
the transfer matrix method

The reflectivity of the DBR was calculated by the transfer
matrix method.*® The characterized matrix for light trans-
mission through a single layer is given by:

| cos(koh)  isin(koh)/I
M= L’F sin(koh)  cos(koh) @)
where
I = \/En cos 0; koh =nd cos 0-2xn/A (2)
Ho

0 and A are the refractive angle and the wavelength of the
incident light, respectively. n and d are the refractive index and
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the thickness of the layer, respectively. &, and u, are the
vacuum permittivity and vacuum permeability, respectively.
Then the characterized matrix for light transmitting through
multilayers can be obtained by

My my |

M=M; XM, X ...xXxM,= I (3)

Then the reflectivity R(4) can be obtained by

_ }Fomn + Tolsmyy — Moy — Fsmas |
}Fomn + ol 'smyy + Moy + sy,

R(4) (4)

The quantum efficiency (number of electron-hole pairs
generated per incident photon) of the GeSn NM RCE photo-
detector was simulated to make the photodetector resonant at
the desired wavelength using Lumerical three-dimensional
FDTD. A plane wave was considered as the incident light. The
vertical dimension of each layer is from experimental measure-
ments and perfectly matched layer (PML) boundary conditions
were used in the top and bottom of the structure. For the
lateral directions, period boundaries were used. A power
monitor above the GeSn NM was used to obtain the reflectivity
(R) and a power monitor below the DBR was used to obtain the
transmission (7). The quantum efficiency of the photodetector
can be calculated by =1 —-T—R.

3. Results and discussion
3.1 Device design and material characterization

Fig. 2(a) shows a schematic of the multilayer configuration of
the designed transferable GeSn NM RCE photodetectors on
the DBR/Si substrate. In the device, the transferrable single-
layer GeSn NM serves as the active light absorption material
and interdigitated metal fingers are defined as electrical con-
tacts. Highly reflective DBR, consisting of a-Si and SiO,
alternative layers, serves as the bottom mirror, while the GeSn
surface acts as the top reflector. Thus, a vertical cavity to
confine light is formed and enhances the light-matter inter-
action. The optical responsivity of the device will be enhanced
significantly under resonance conditions. To achieve the
designed high-efficiency photodetector, a high-quality and
well-controlled GeSn NM and vertical optical cavity are
required.

The material quality of the GeSn NM is critical for achieving
high-performance NM-based devices. To obtain a high-quality
GeSn NM as well as introduce a sacrificial layer, the GSOI sub-
strate serves as the donor wafer for the GeSn NM instead of the
as-grown GeSn/Ge/Si. Compared with the as-grown GeSn/Ge/Si
substrate, the GSOI as the donor substrate has two advantages:
(1) the defective region near the GeSn/Ge or Ge/Si interface in
the as-grown GeSn/Ge/Si wafer is removed in the GSOI sub-
strate, resulting in a better NM quality; (2) the oxide layers
under the GeSn layer can act as the sacrificial layer which can
be easily removed without damaging the GeSn layer. Fig. 2(b)
shows the cross-sectional TEM of the developed GSOI sub-
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Si substrate

100 pum

(a) 3D schematic of the designed transferable GeSn NM RCE photodetector. (b) Cross-sectional TEM of the GSOI substrate. The inset is the

FFT image of the GeSn layer. (c) Cross-sectional SEM of the DBR with 1.5 pairs of a-Si/SiO,. (d) Optical micrograph of a transferred GeSn NM on a
DBR/Si receiver substrate, showing the etchant access holes and smooth NM surface. (e) The top view optical microscopy image of a typical GeSn

NM RCE photodetector.

strate, revealing clear interfaces between different layers. Only
minor defects are observed in the GeSn layer, indicating the
high quality of the GeSn layer. The fast Fourier transform
(FFT) pattern of the GeSn layer confirms that the GeSn alloys
are single crystalline (inset of Fig. 2(b)).

Next, in order to enable strong light-matter interaction in
the GeSn NM through resonance, a highly reflective prede-
signed substrate without absorption loss is the key. Normally,
the DBR to achieve high reflectivity in optoelectronic devices,
such as vertical-cavity surface-emitting lasers (VCSELSs) or RCE
photodetectors, is epitaxially grown with alternate semi-
conductor layers.”>>*> For group-IV devices, strain-balanced
GeSn(Si) layers with a wider bandgap might be the material for
semiconductor DBR. However, the refractive index contrast of
the GeSn(Si) system is low,>° resulting in complex multi-layer
growth and a narrow stopband of the DBR. Therefore, we
chose the a-Si/SiO, dielectric DBR and NM transfer instead of
semiconductor epitaxy to overcome these issues. Fig. 2(c)
shows the cross-sectional SEM image of the DBR/Si receiver
substrate with 1.5 pairs of a-Si/SiO, layers. The DBR consists of
alternative a-Si and SiO, layers with thicknesses of 185 nm/
310 nm, respectively. The growth temperature of a-Si and SiO,
is 200 °C so the DBR is compatible with flexible substrates and
can be used to extend the design to flexible NM-based opto-
electronic devices as well.

Once the donor substrate and receiver substrate were ready,
the GeSn NM was released from the GSOI donor substrate and
transferred onto the highly reflective DBR/Si receiver substrate.
Fig. 2(d) shows an optical micrograph of a transferred GeSn
NM on the DBR/Si substrate, showing the etchant access

7344 | Nanoscale, 2022, 14, 7341-7349

holes, smooth and bubble-free NM. The etchant access holes
have a dimension of 20 pm and a pitch of 200 pm. Finally,
transferred GeSn NMs were fabricated into photodetector
arrays by the processes described in the Experimental section.
Fig. 2(e) illustrates an optical microscopy image of one repre-
sentative fabricated GeSn NM RCE photodetector with a well-
defined GeSn NM.

To measure the Sn concentration of the GeSn alloy, SIMS
was performed on the as-grown GeSn/Ge/Si substrate, and it
confirmed that the Sn concentration of the GeSn alloys is
~10%. With such a high Sn concentration, the absorption
coefficient of GeSn is extended beyond 2 pm and is higher
than 6700 cm™" at 2 pm wavelength. The refractive index of
GeSn ranges from 4.30 to 4.36 with different wavelengths.
Besides, the strain in the transferred GeSn NM was investi-
gated by Raman spectroscopy. Fig. 3(c)
measured Ge-Ge longitudinal optical photon peak position of
the GeSn NM, as-grown GeSn and Ge bulk. The Ge-Ge mode is
at 301.0 cm™" in the Ge bulk, and shifts to 294.3 em™" in the
as-grown GeSn due to the introduced Sn, and to 291.9 em™" in
the GeSn NM. The strain in the GeSn NM can be extracted
based on the equation below:*”

illustrates the

A
. w;—ax 5)

where x and Aw are the Sn concentration and the Raman shift
peak of GeSn relative to that of Ge bulk, respectively. a and b
are linear coefficients (@ = 93.5 em™', b = —415 cm ™). Based on
the Raman shift, the residual strain in the as-grown GeSn layer
and GeSn NM are extracted to be —0.64% and 0%, respectively.

This journal is © The Royal Society of Chemistry 2022
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(@) The SIMS profile (Ge and Sn atoms) of the as-grown GeSn/Ge/Si substrate. (b) Optical constants (absorption coefficient and refractive

index) of GeSn measured by spectral ellipsometry. (c) Raman spectrum of the GeSn NM compared to those of as-grown GeSn and Ge bulk.

The relaxation of the compressive strain in the GeSn NM will
improve the optical properties of GeSn in terms of light
absorption and emission, resulting in better performances of
GeSn-NM-based photodetectors or light sources.

Fig. 4(a) shows the measured normal incidence reflectivity
of the DBR with different a-Si/SiO, pairs (N). The reflectivity of
the DBR increases with the a-Si/SiO, pairs N. With N = 3, the
reflectivity at 2 pm wavelength is 97% with a stopband as wide
as 600 nm, which covers all the wavelengths of interest attribu-
ted to the high contrast of refractive index between a-Si and
SiO,. The reflectivity spectra were further verified by a simu-
lation using the transfer matrix method, as indicated by the
dashed lines. In contrast to metal mirrors, there is no absorp-
tion loss in the DBR. To prove that the DBR has no absorption
loss, the optical constants of a-Si and SiO, were measured and
are shown in Fig. 4(b) and (c). a-Si and SiO, are transparent in
the wavelength range of interest and the refractive index con-
trast between them is as high as 1.1. In the design of the GeSn
NM RCE photodetectors, a DBR with 1.5 pairs of a-Si/SiO, is
utilized to obtain a broadband optical response. The measured
reflectivity of the DBR (N = 1.5) in free space is 50% (black
solid line in Fig. 4(a)). The reflectivity of the DBR (N = 1.5) in
the device increases to 82% as estimated by the transfer matrix
method (blue dashed line in Fig. 4(a)), which is high enough
to demonstrate a strong resonance effect. The reason that the
reflectivity of DBR in the device is higher than that of DBR in

free space is that the first layer of DBR in the device is SiO, (n
=1.5) and its refractive index in contrast to the incident media
GeSn (n > 4.3) is high. For the free-space DBR, the incident
media is air (n = 1) which has a low refractive index in contrast
to the first layer (SiO,) of the DBR.

3.2 Performances of transferable GeSn nanomembrane
resonant-cavity-enhanced photodetectors

For the transferable GeSn NM RCE photodetector, the dark
and photo current-voltage (I-V) curves at room temperature
were measured first. As shown in the inset of Fig. 5(a), the
light illuminates onto the device normally from a single-mode
silica fiber and the current is collected by the electrical probes.
We achieved an ohmic contact for the photodetector without
any annealing treatment by utilizing Ti/Au as electrodes, as
indicated by the linear dark I-V relationship in Fig. 5(a). The
possible reason that causes the ohmic contact is that the
Fermi-level pinning lowers the hole Schottky barrier height
and the unintentional background p-type doping of GeSn
during low-temperature growth. The current increases when
the device is illuminated by light, demonstrating photodetec-
tion ability for the 2 pm wavelength. Fig. 5(b) shows the time-
dependent photo-response of the photodetector illuminated
by a 2 pm wavelength laser which is periodically turned on and
off with a duration of 5 s and a time resolution of 83 ms.

(a) : : : : , (b) , , : —10 () 147400 — , - : — 10
Loy 264 a-Si Sio,
n
08 {05 1473751 \" {05
>
s 262
T 06} k
308 c k 00X 147350 0.0
& gl . 2.60
: Free-space DBR: DBR in the device:
—— Meas. N=1.5 ---- Simu. N=15 1-0.5 1.47325 + +1-0.5
0.2} ——Meas.N=3 g 258}
=== Simu. N=1.5
---- Simu. N=3
0.0 f f f f L it | ' f " 1.0 1.47300 f L i f i 1.0
1600 1800 2000 2200 2400 1600 1800 2000 2200 2400 1600 1800 2000 2200 2400
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Fig. 4 (a) Measured and simulated reflectivity of DBR with different pairs of a-Si/SiO,. Refractive index, n and extinction coefficient, k of (b) a-Si,

and (c) SiO, measured by spectral ellipsometry.
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(a) Photo and dark /-V curves of the device. The inset is the measurement configuration of the device. (b) Dynamic photo response behaviors

of the photodetector under a laser pulse. (c) Responsivity spectra of the GeSn NM RCE photodetector under bias voltages of 0.5 and 0.7 V. (d)
Responsivity versus bias voltage of the photodetector. (e) Excitation-laser-power-dependent responsivity of the photodetector at 2 pm wavelength.
(f) Normalized responsivity spectra of the photodetector with different GeSn NM thicknesses (solid lines) and corresponding simulation results

(dashed lines).

During the given cycles, the photodetector responds well to
the laser pulse, demonstrating good stability.

The RCE effect which enables responsivity enhancement
and wavelength tunability is one of the most unique character-
istics of the designed photodetectors. To investigate the RCE
effect, the responsivity spectra of the RCE GeSn NM photo-
detector at voltages of 0.5 and 0.7 V were extracted (Fig. 5(c)).
Different from the conventional GeSn photodetector whose
responsivity decreases gradually with increased
wavelength,”**® the responsivity spectrum of the RCE GeSn
NM photodetector demonstrates a distinct peak that is tuned
by the structure design rather than the GeSn absorption coeffi-
cient. The resonant peak position is at 1980 nm with a wide
wavelength range of 350 nm, which covers the whole 2 pm
communication band. The responsivity can be further
enhanced by increasing DBR pairs, but the wavelength range
will be narrow. There is a tradeoff between the responsivity
value and the spectral responsivity range, which can be tuned
accordingly based on different applications. Moreover, the
spectral responsivity can be improved by increasing the bias
voltage. The higher bias voltage provides a stronger electric
field in the photodetector, resulting in higher carrier collection
efficiency. A responsivity of 0.51 A W™" at 2 um wavelength is
observed under a 2 V bias voltage at room temperature as
shown in Fig. 5(d). The responsivity increases linearly in the
voltage range of 0 to 1 V and no saturation is observed within
2 V.
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The dependence of the responsivity on the excitation laser
power at 2 pm wavelength is shown in Fig. 5(e). The responsiv-
ity of the photodetector increases as the excitation laser power
decreases, indicating that the photodetector is more sensitive
to weak light. By fitting the experimental data using a simple
power-law dependence, R = AP", a factor n of —0.54 is deduced.
The increased responsivity at low excitation power suggests the
existence of the localized states either inside GeSn NMs or at
the GeSn NM/SiO, interface. The localized states could trap
one type of carrier and prolong the lifetime of the other type of
carrier. At a high excitation laser power, the number of the
localized states is limited compared to the photogenerated car-
riers so that the localization effect is not obvious, and the
responsivity decreases due to the decreased carrier lifetime.

The noise-equivalent power (NEP) and specific detectivity
(D*) of the photodetector are calculated based on the
equations below:>°

NEP

= Irﬂ — \/4kTAf/Rsh + 2quarkAf
R R

(6)

e JANf )

NEP
where I, and R are the root-mean-square noise current and
the responsivity, respectively. k, T and g are the Boltzmann
constant, the absolute temperature and the electronic charge,
respectively. Af is the noise bandwidth (considered as 1 Hz).
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Ry, and I, are the shunt resistance and the dark current,
respectively. A is the active area of the photodetector. The cal-
culated NEP of the photodetector at 2 pm under a bias of 2 V is
1.2 x 107" W Hz °°. The corresponding specific detectivity at
room temperature is 6.5 x 107 cm Hz"? W' which is in the
same order as the reported values of GeSn photoconductive
detectors,*® which is limited by the dark current. The NEP of
the photodetector can be improved by utilizing PIN structures,
inserting Fermi-level depinning layers or decreasing the oper-
ating temperature.

In addition to enhancing the responsivity value by increas-
ing the bias voltage, the responsivity spectrum of the device
can be tuned by the thickness of the GeSn NM due to the
dimensional constraint of light, providing a potential appli-
cation in multi-spectral sensing. To demonstrate the spectral
tunability of the device, GeSn NM RCE photodetectors with a
thinner NM thickness of 630 nm were fabricated. Fig. 5(f)
shows the measured (solid lines) and simulated (dashed lines)
normalized responsivity spectra of photodetectors with NM
thicknesses of 630 nm and 918 nm. The spectral tunability of
RCE GeSn NM photodetectors is observed clearly. As the GeSn
NM thickness decreases, the resonant responsivity peak blue
shifts by 155 nm. The experimental responsivity spectra match
the simulated responsivity spectra well, as shown in the
dashed lines in Fig. 5(f), proving that well-controlled spectral
tunability of the photodetector and a high-efficiency multi-
spectral GeSn NM photodetector array can be achieved on the
same substrate by the multiple-step NM transfer, which has
the potential for multi-spectral SWIR sensing applications (ESI
Fig. S17).

To figure out and verify the origin of the peak in responsiv-
ity peaks in Fig. 5(c), the FDTD simulation was performed.
Fig. 6(a) illustrates the simulated quantum efficiency (i.e.,
number of electron-hole pairs generated by each incident
photon) of the GeSn NM RCE photodetector as well as a refer-
ence GeSn NM photodetector without cavities. The dimen-
sional structure of the fabricated device is used for the simu-
lation of the RCE GeSn NM photodetector. The non-cavity
structure of GeSn/Ge/Si with the same GeSn thickness was
simulated for reference. The simulated quantum efficiency
spectrum of the RCE GeSn NM photodetector shows a distinct
single peak at 1985 nm wavelength which matches the

----ees'n NM w/o cavity
0.8 | —— GeSn NM with cavity,
)
o
2
o
£ 06
(5]
3
El
£
g 04
[¢]
0.2
1700 1800 1900 2000 2100 2200
Wavelength (nm) X (a' u')
Fig. 6 (a) Simulated quantum efficiency spectra of the designed GeSn

NM photodetector with and without a cavity. (b) Simulated optical field
distribution in the device under resonance conditions.
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measured peak in the responsivity spectrum, which is from
the 4th order Fabry-Perot resonance. The quantum efficiency
at resonance is as high as 84% and it is only 29% for the refer-
ence GeSn NM without a cavity. Increasing the a-Si/SiO, pairs
of the DBR would make the GeSn NM close to a perfect absor-
ber. Fig. 6(b) shows the optical field profile (squared magni-
tude of the electric field) of the photodetector under resonance
conditions. The incident light is confined in the Fabry-Perot
cavity and a standing wave is formed in the cavity, resulting in
a strong spatial overlap between the GeSn NM absorber and
the optical field.

Finally, to evaluate the potential of the transferable GeSn
NM RCE photodetectors, the responsivity of our device is com-
pared to that of the reported GeSn photodetectors.
Remarkably, as shown in the responsivity benchmark shown
in Fig. 7, the responsivity of this work (0.51 AW™") is enhanced
significantly by more than two orders of magnitude compared
to previously reported results of transferable GeSn nano-
structured photodetectors (0.001-0.002 A W'). The enhanced
responsivity is attributed to the resonant cavity effect as con-
firmed by the resonant peaks in the responsivity spectrum and
optical simulations. Besides, the enhancement might also be
related to the improved GeSn NM quality since it is released
from a high-quality GSOI donor substrate where the defective
region near interfaces is removed, resulting in a lower trap
density and a higher carrier collection efficiency. Even com-
pared with other reported GeSn photodetectors fixed on bulk
substrates, the responsivity of our device is among the highest
values while the Sn concentration and thickness of our GeSn
NM are at a moderate level. This means that transferable GeSn
photodetectors without sacrificing the performance or even
with better performance can be achieved by GeSn NM. The
results propose that integrating the GeSn NM with a cavity is
an effective approach for enhancing the light-matter inter-
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Fig. 7 The comparison of responsivity at 2 pm wavelength for the
transferable GeSn NM RCE photodetectors and previously reported
GeSn-based photodetectors based on different active structures (trans-
ferable GeSn'®#* and GeSn thin film fixed on bulk
substrates'®20-32-38)
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action of GeSn-NM-based active optoelectronic devices.
Besides, further device optimization, such as increasing the
quality factor of the cavity (increasing pairs of the DBR), utiliz-
ing the PIN structure or the ferroelectric polymer gate, could
improve the performances of the photodetectors further.
Having demonstrated the advantages of the GeSn nanomem-
brane approach over current GeSn technology, it will be more
attractive to heterogeneously integrate GeSn NMs with other
NMs, thanks to the transferability of the NMs. By integrating
GeSn NMs with different NMs (for example Si, Ge, InP or
InGaAs), the photodetectors (arrays) can cover a broadband
wavelength from visible to mid-infrared and enable more mul-
tifunctional photonic circuits, which can hardly be achieved by
conventional direct growth approaches on Si. Considering the
resonant-cavity-enhanced optical responsivity, spectral tunabil-
ity, transferability for heterogeneous integration and device
miniaturization, the developed GeSn NM RCE photodetectors
are proposed as a promising candidate for efficient photode-
tection in the SWIR range for various applications, such as
next-generation optical communications and multi-spectral
SWIR sensing.

4 Conclusions

In conclusion, we have designed, demonstrated and analyzed a
novel device, the transferable GeSn NM RCE photodetector, for
the first time. The GeSn NM RCE photodetector resonating at
2 pm is designed by FDTD simulations and realized by GeSn
alloy epitaxial growth, NM release from the GSOI donor sub-
strate, NM transfer onto a highly reflective DBR/Si substrate
and metallization. Due to the integrated resonant cavity and
high-quality GeSn NM, a responsivity peak is observed at
~2 pm wavelength and the value is as high as 0.51 AW at
room temperature, which is more than two orders of magni-
tude higher than the reported values of the transferable GeSn
nanostructured photodetectors without resonant -cavities.
Spectral tunability of the device by NM thickness is demon-
strated as well, which is promising for the application of multi-
spectral SWIR sensing. Our approach can be applied to other
GeSn-NM-based active devices, such as electro-absorption
modulators or light emitters and present a new route towards
heterogeneous integrated group-IV photonics with miniatur-
ized devices for various applications.
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