
IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 30, NO. 3, MAY/JUNE 2024 3801308

Flexible InGaAs Photodetector With High-Speed
Detection and Long-Term Stability

Yuting Ye , Hui Ma , Jianghong Wu , Boshu Sun , Jialing Jian , Maoliang Wei , Renjie Tang , Yilin Shi ,
Hongtao Lin , Member, IEEE, and Lan Li , Member, IEEE

(Invited Paper)

Abstract—Flexible photodetectors have garnered extensive
research interest due to their potential applications in optical
communications, sensing, and wearable systems. However, their
operating frequencies have been limited to less than 10 MHz, which
falls significantly below the requirements for certain applications.
Here, we present a high-performance flexible photodetector based
on InGaAs nanomembrane fabricated on a flexible plastic foil,
where epitaxial layers are bonded with adhesives before being
lifted from the parent InP substrate via a simple wet etching
step. No mechanical polishing is involved, reducing the complexity
of the fabrication procedure. The flexible photodetector exhibits
impressive characteristics, including a low dark current of 801 pA,
a responsivity of 0.51 A/W, a high detectivity of 5.65 × 1010 Jones,
and a linear dynamic range over 70 dB at an applied voltage of
6 V in 1550 nm. Furthermore, we have prioritized efficient and
high-speed collection of photogenerated carriers by optimizing the
design of interdigitated detection electrodes. Dynamic measure-
ments indicate that the photodetector surpasses a 3-dB bandwidth
of 2.03 GHz, enabling it to support a data communication rate
of 4 Gb/s. Additionally, this flexible photodetector demonstrates
a wide operational wavelength range, covering nearly the entire
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telecom band from 1260 nm to 1620 nm, in both its planar state and
half-cylindrically curved shape. More importantly, the obtained
photodetector maintains high performance with long-term thermal
and mechanical stability, holding great potential for developing
advanced high-speed optoelectronics in wearable devices.

Index Terms—Flexible photodetectors, high-speed detection,
InGaAs nanomembrane, optical communication, long-term
stability.

I. INTRODUCTION

IN the era of ubiquitous computing and the Internet of Things
(IoT), there is a growing demand for high-speed optical

data acquisition in various applications, including communica-
tion systems [1], [2], [3], [4], [5], wearable devices [6], [7],
[8], and optical interconnect [9], [10]. Photodetectors (PDs)
play a pivotal role in converting optical signals into electrical
signals, making them critical components in these systems.
Additionally, the development of conformable and wearable
photodetectors is necessary to address communication require-
ments in complex environments [11], [12], [13], [14], [15].
Flexible photodetectors offer several advantages over their rigid
counterparts, including conformal contact with curved surfaces,
enhanced wearability, and compatibility with unconventional
form factors. However, to meet the demands of these applica-
tions, the flexible photodetector must maintain the long-term
stability of materials and structures while collecting photogen-
erated charge carriers efficiently and quickly. The technology
for optimizing flexible photodetectors is still in the exploratory
stage of developing various flexible photo-active films. Till now,
diverse material platforms, including organic semiconductors
[16], [17], [18], [19], [20], perovskites [21], [22], [23], [24],
[25], two-dimensional materials [26], [27], [28], [29], [30], [31],
nanowires or nanotubes [32], [33], [34], [35], [36], quantum dots
[37], [38], [39], [40], [41], [42], and semiconductors nanomem-
branes (NMs) [43], [44], [45], [46], [47], [48], have been applied
for fabricating flexible photodetectors with different device per-
formance. For instance, although organic semiconductors and
perovskite thin films have excellent flexibility, they suffer from
poor thermal stability and low electron transport and collection
efficiency. Two-dimensional materials, with only single-layer
or few-layer structures, have low light absorption efficiency.
Single nanowires have good mechanical performance, but us-
ing nanowire networks sacrifices the transport performance of
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photogenerated carriers. Above all, it is evident that these new
materials have inherent defects in device stability and response
speed, rendering them unsuitable for developing high-speed
flexible photodetection devices.

Semiconductor materials exhibit exceptional optoelectronic
properties and have been widely applied in developing
high-speed photodetectors. The transfer of semiconductor
nanomembrane for high-performance flexible photodetectors
is currently a prominent area of research in optoelectronics.
Various types of semiconductor-based free-space flexible
detectors have been reported in recent years. Silicon NMs (Si
NMs) have been stacked and transferred on glass, polyimide
(PI), and various other foreign substrates [49], [50]. Germanium
(Ge) photodetectors with flexible structures have also been
reported [51], [52], [53], but so far, due to their inferior
mechanical flexibility, the realized flexible Ge PDs have only
demonstrated limited performance. Additionally, NMs based on
III-V materials with desired electronic and photonic properties
have also been developed for heterogeneous integrated circuits
[48]. Direct-bandgap semiconductor InP and its lattice-matched
compound semiconductors (GaInAsP, GaInAlAs) are
considered for fabricating high-performance optoelectronic
devices in the short-wave infrared (SWIR) band. However, due
to the limitations in physics, processes, and the mechanical
properties of basic optoelectronic components, there remain
only a few reports on semiconductor-based flexible free-space
high-speed photodetectors, where the response speed of these
photodetectors has not exceeded 10 MHz. It should be noted that
key issues such as the fabrication of high-quality, low-defect
nanomembranes, efficient collection of photogenerated carriers,
and elimination of bending stress have not yet been resolved.
The lattice-matched III-V ternary composite, In0.53Ga0.47As
(InGaAs), is a relevant material with an absorption constant of
7000 cm−1 at 1550 nm [54]. Electron and hole saturation drift
velocities play a crucial role in determining the speed of the
photodetector. For InGaAs, reported values of 6.5 × 106 cm/s
and 4.8 × 106 cm/s have been documented for electrons and
holes, respectively [55]. In addition, the thickness of the InGaAs
absorber layer can be precisely controlled through epitaxial
growth and lifted off from the InP substrate using wet etchants
with a high selectivity ratio. Therefore, InGaAs emerges as a
robust candidate material for high-speed photodetectors.

Here, we demonstrate flexible photodetectors based on In-
GaAs (Epihouse Optoelectronics Co., Ltd.) NMs fabricated on
a flexible substrate. The fabrication process involves adhesives
to bond epitaxial layers, which are then separated from the
parent InP substrate solely through wet chemical etching. This
approach ensures the retention of exceptional device perfor-
mance while simplifying the manufacturing process. The ob-
tained photodetectors exhibit outstanding performance in terms
of detectivity, response speed, and linear dynamic range while
also demonstrating remarkable mechanical flexibility and long-
term stability. These achievements advance our understanding of
flexible photodetector technology and provide valuable insights
for the practical development of cutting-edge wearable applica-
tions that require rapid optical data acquisition, such as health

Fig. 1. (a) Flow chart for flexible InGaAs photodetector preparation process;
(b) Top-view optical microscope graph of the fabricated flexible InGaAs pho-
todetector.

monitoring sensors [56], [57], [58], [59], image sensors [60],
[61], [62], [63], [64], and optical communications [65], [66].

II. DEVICE FABRICATION

The fabrication process flow of the flexible InGaAs pho-
todetector is schematically illustrated in Fig. 1(a). Initially, a
PI film was spin-coated onto a 500 nm oxide-coated silicon
wafer, serving as the handle substrate. Simultaneously, the InP
die (5 mm × 5 mm) cap layer was selectively etched out by wet
etching in a H3PO4/HCl (7:3) solution for 1 minute over the
InGaAs absorption layer. Next, an adhesive agent, SU-8 epoxy
film (Microchem, SU-8 2002), was spin-coated onto the top of
the PI film and subsequently soft-baked at 95 °C for 1 minute.
To enhance the adhesion of device bonding, the SU-8 film
underwent exposure at half the recommended dose suggested
by the manufacturer, leading to partial epoxy cross-linking.
Then the InP die was subsequently bonded onto the handle
wafer, ensuring that the InGaAs absorption layer was facing
the SU-8 epoxy. The custom-built pressure loader facilitated
the bonding process. The process was conducted in a vacuum
oven at a temperature of 90 °C for 20 minutes, followed by a
temperature of 150 °C for 30 minutes. Afterward, the sample
and the loader were cooled to room temperature to prevent
any potential cracking of the epi-layer. The InP substrate was
removed using the wet chemical etching process, leaving behind
the NM structure. This structure consists of an InGaAs absorber
layer, an InAlAs Schottky barrier enhancement layer (SBEL),
and a lattice matching layer sandwiched between them. The
composite epitaxial layer for the InGaAs/InAlAs MSM detector
has a total thickness of approximately 205 nm. Table I contains
information about the complex epitaxial layer. After removing
the substrate, photolithography techniques were used to pattern
the InGaAs NM and define the photodetector mesas. Detailed
processing parameters of the InGaAs NM wet etching steps can
be found in our previous study [67]. Compared to prior stud-
ies, we have streamlined the preparation process, eliminating
the complex and time-consuming mechanical polishing step.
Instead, the InP substrate was directly removed through wet
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TABLE I
EPITAXIAL LAYER STRUCTURE OF THE INGAAS/INALAS MSM DETECTOR

Fig. 2. (a) Laminated structure of flexible InGaAs photodetector; (b) Current-
voltage (I-V) curves of InGaAs photodetector in the dark and under illumination
with different optical power at 1550 nm; (c) Double logarithm plot of photocur-
rent versus incident optical power at a bias of 6 V; (d) Responsivity and external
quantum efficiency (EQE) under different bias voltages at an optical power of
1.94 µW.

chemical etching. Next, an electrode of 5 nm Ti/100 nm Au
was deposited on the InGaAs NM. Following that, the device
was encapsulated using SU-8 2005 and photolithography was
performed to create metal electrode windows for probe contacts.
Finally, the encapsulated device was directly delaminated from
the substrate wafer. An optical micrograph of an actual device
depicting interdigitated electrodes with a spacing and width of
2 μm is shown in Fig. 1(b).

III. RESULTS AND DISCUSSIONS

The multilayer structure of the flexible InGaAs photodetector
is visually displayed in Fig. 2(a). The influence on device perfor-
mance induced by local stress is negligible through the careful
design for the thickness of different cladding layers, in which
the main structure for photon-to-electron transition (i.e., InGaAs
and metal contact) was subjected to the minimum stress [68].
The static characteristics of flexible InGaAs photodetector were
measured by a semiconductor analyzer (PRIMARIUS, FS-Pro).
The I-V curves under different optical powers ranging from 0

to 555.52 μW at 1550 nm were demonstrated (Fig. 2(b)), where
input optical signal is generated by a tunable semiconductor
laser (Santec, TSL-550). The dark current of the photodetector
is less than 1 nA, and the on/off ratio is as high as 1.39 × 105

under the optical power of 555.52 μW at 6 V. The nonlinear
behavior shown in the I-V curves and the low dark current
could be attributed to Schottky contact between InGaAs and
metal electrodes. In an MSM photodetector, the dark current is
significantly influenced by both the height of the Schottky barrier
and the width of the depletion layer [69], [70]. Specifically,
the Schottky barrier’s height on InGaAs(n−) is notably low,
approximately 0.2 eV [71]. Therefore, direct electrode depo-
sition on the InGaAs absorption layer would result in exces-
sive dark current. This issue can be resolved by employing a
layer of thin, undoped, lattice-matched InAlAs layer (with an
energy gap of 1.46 eV) [72]. Moreover, it was observed that
the photocurrent of the InGaAs photodetector exhibited a linear
relationship with the intensity of the optical power. The relation-
ship between photocurrent and optical power was quantified by
measuring the photocurrent at a wavelength of 1550 nm and
6 V across a wide optical power range. The resulting data was
plotted in Fig. 2(c). Specifically, an erbium-doped fiber amplifier
(MChlight, MCEYDFA-HP) and an electronic variable optical
attenuator (Thorlabs, V1550A) were employed to control and
modulate the incident light power. The InGaAs photodetector
exhibited a linear response within the experimental range, which
extended from an optical power of 100 pW to 1.02 mW. This
indicates a large linear dynamic range (LDR) over 70 dB, which
is expected to be one of the largest LDRs among conventional
flexible photodetectors [16], [28], [38], [47], [73], [74], [75],
[76], [77].

In addition, responsivity and external quantum efficiency
(EQE) are two important indicators of performance for a pho-
todetector, as described by the following equations: R =
(Iph − Id)/Pin and EQE = Rλ hc/qλ, where Iph is the pho-
tocurrent, Id is the dark current, Pin is the optical power, h
is Planck’s constant, c represents the velocity of light in air,
q is the electron charge, and λ is the light wavelength. It is
shown in Fig. 2(d) that the responsivity at an input power of
1.94 μW was 0.51 A/W, equivalent to an EQE of 41%, which
is comparable to that of the rigid counterpart, verifying the
reliability and suitability of flexible photodetector fabrication
process.

The frequency responses of the flexible InGaAs photodetector
were characterized by a vector network analyzer (VNA, Anritsu,
MS4647B). The dynamic measurement setup is shown in Fig. 3.
An optical modulator (Optilab, LMC-40) was driven by the
small signal of the VNA to provide a dynamic optical signal
for our photodetector. The DC bias voltage was generated using
a digital source meter (Keithley 2450). The results show a
3-dB bandwidth of 2.03 GHz (Fig. 4(a)). The total response
time of the photodetector is determined by two factors: the
carrier transit time (τ tr) and resistive-capacitive (RC) delay time
constant (τRC). The carrier transit time can be evaluated by
τtr = l2

2μVDS
, where l, μ, and VDS are the length of InGaAs

photodetector, mobility of InGaAs nanomembrane, and applied
bias voltage, respectively. The electron mobility of InGaAs
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Fig. 3. Measurement setup for dynamic response characterization, with elec-
trical and optical connections represented by black and red lines, respectively.

Fig. 4. (a) Frequency response of flexible InGaAs photodetector; (b) Received
eye diagram of OOK signal at a data rate of 4 Gbit/s; (c) 1/f noise spectra of
InGaAs photodetector under different voltages; (d) Shot noise and detectivity at
different bias voltages.

was measured to be 6.85 × 103 cm2/(V·s) using the Hall test.
When an applied bias is 6 V, the transit-time-limited bandwidth
(ftr,3dB = 1

2πτtr
) is calculated to be 327 GHz. However, the

measured 3-dB bandwidth is much smaller than the calculated
value, thereby suggesting that the overall response time (τ ) is
determined by τRC. The RC time constant is calculated by
measuring the reflection coefficient S11 of the detector using
VNA. The resistance of the photodetector (RPD) was determined
to be 5.24 Ω, and the device’s capacitance was calculated to be
0.51 pF, so the RC-time limited bandwidth( fRC,3dB = 1

2πRC )
(R = RPD +RL, RL = 50 Ω) is calculated to be 5.65 GHz.
However, accurately predicting the bandwidth of a photodetector
based solely on interdigital electrode spacing and RC time con-
stant can be challenging due to the presence of various factors,
such as parasitic elements, material properties, and measure-
ment setup considerations. These factors can lead to differences
between the predicted and measured bandwidth values. In the
future, it will be essential to enhance the design of traveling wave
electrodes, specifically for impedance matching to optimize
power transfer and minimize reflection. This will enable a larger
bandwidth. Additionally, improving the fabrication process is
crucial to ensure high- quality absorption and electrode layers,
further boosting the bandwidth. Furthermore, we conducted
an eye-diagram measurement to showcase the viability of the

InGaAs photodetector in effectively receiving high bit-rate data
in optical communication, the 231-1 PRBS patterned signals
are generated by the pules-pattern generator (PPG) (Anritsu,
MP2110A), and then amplified by a RF amplifier (Anritsu,
AH54147A). Simultaneously, DC bias voltage was generated by
the source meter, and then received by a sampling oscilloscope
(Anritsu, MP 1900A). The measured eye diagram at 4 Gbit/s at
6 V is shown in Fig. 4(b), and to the best of our knowledge, this
is currently the highest speed achieved by a flexible free-space
SWIR photodetector. The opening eye diagram proves that our
photodetector is expected to be applied in high-speed optical
communication.

The noise characteristics refer to the behavior and perfor-
mance of the photodetector in the presence of various noise
sources. To evaluate the noise characteristics of the InGaAs
photodetector, we analyzed both 1/f, shot, and thermal noise, in
which 1/f noise dominates at low frequency. Hooge’s empirical
relationship could determine 1/f noise (Si = A · iα/fβ), where
i, f, and A are the channel current, the frequency, and noise am-
plitude, respectively. The measurement results for the 1/f noise
are shown in Fig. 4(c), indicating that the noise current decreases
from 3.69 × 10−24 A2·Hz−1 at the frequency of 1 Hz to 1.26 ×
10−28 A2·Hz−1 at 105 Hz at 6 V. Notably, within a specific range,
different bias voltages have minimal impact on 1/f noise due to
its positive correlation with the current, and the dark current
does not exhibit significant changes under these bias voltages.
The reduction of 1/f noise can be achieved by decreasing the dark
current in the channel. Photodetectors experience a domination
of shot and thermal noise when operating at high frequencies.
The shot noise was calculated according to SS = 2qId, where
q, Id are electron charge and dark current, respectively. Here,
we reduced the dark current of the device by increasing the
barrier height of the device. The dark current of the InGaAs
photodetector is 801 pA at 6 V, and the calculated shot noise is
2.56 × 10−28 A2·Hz−1. Thermal noise refers to the electronic
noise that arises from the thermal motion of charge carriers
within an electrical conductor when it is in a state of equilibrium,
which could be evaluated by St = 4kBT/R, where kB, T and R
were the Boltzmann constant, the temperature (about 300 K in
our experiment), and the resistance of the device, respectively.
The thermal noise is 2.21 × 10−30 A2·Hz−1 at a bias voltage of
6 V. Therefore, the noise current (in) is dominantly determined
by shot noise at high frequency. Detectivity is a crucial perfor-
mance metric for photodetectors, as it quantifies the minimum
signal that can be reliably detected, which can be expressed
by D∗ = A1/2 R/(2qId)

1/2, where A represents the effective
area of the detector in cm2, and R is the responsivity in A/W.
Our analysis revealed that the flexible photodetector exhibited
a room-temperature detectivity of 5.65 × 1010 Jones, primarily
limited by shot noise. Moreover, the current noise and detectivity
of the device increased with the applied voltage, as shown in
Fig. 4(d). This phenomenon can be attributed to two factors: the
increased efficiency of the separation-collection process and the
enhanced responsivity due to a larger bias voltage source.

Furthermore, we illustrated that the photodetector retains its
outstanding optoelectronic performance even when subjected to
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Fig. 5. (a) Photograph of the device attached to a half cylinder with a bend
radius of 4 mm. Inset: the top-down view of the device in testing; (b) Dark
current of the photodetector in planar and bent states; (c) Experimental spectral
response and FDTD simulated absorption spectrum of InGaAs photodetector
in planar and bent states; (d) Comparison of performance for some reported
flexible free-space photodetectors in terms of 3 dB bandwidth and detectivity.
The direction of the green arrow signifies improved performance.

significant mechanical deformation. The device was affixed to a
half cylinder with a bend radius of 4 mm, and the signal was con-
veyed through the probes on the electrode pads (Fig. 5(a)). The
dark current and spectral response of the detectors are compared
in Fig. 5(b) and (c), for both their nondeformed and bent states.
The responsivity of the device is determined by measuring its
response to wavelengths spanning approximately 360 nm, which
corresponds to the O, E, S, C, and L bands commonly employed
in optical communications. The response spectrum displays a
sinusoidal jitter, attributed to the interference of multilayer films.
Simulating the absorption spectrum using the finite-difference
time-domain (FDTD) method has further confirmed this phe-
nomenon. When in the bent state, there is a slight change in the
optical absorption spectrum and responsivity curve. This can
be attributed to the alterations in the interference effect of the
Fabry-Pérot cavity that occurs between the thin films, as a result
of the incident light striking the sample surface at an angle. The
detector exhibits high responsivity across various wavelengths
before and after bending. Fig. 5(d) provides a comparative anal-
ysis of the photodetector’s performance in relation to currently
reported free-space flexible photodetectors [16], [23], [28], [34],
[35], [38], [73], [77], [78]. Notably, certain photodetectors uti-
lizing novel materials, such as perovskite, quantum dots, and
nanowires, have achieved high impressive detectivity. However,
they suffer from limited bandwidth, likely due to inefficient car-
rier transport and collection [17], [79], [80], [81], [82], [83], [84],
[85]. In contrast, the flexible InGaAs photodetector discussed
herein demonstrates excellent comprehensive performance for
short-wavelength infrared (SWIR) photodetection.

In addition to the optoelectronic and mechanical performance,
long-term reliability and stability are crucial factors determin-
ing the device’s practical feasibility. Therefore, we tested the
device’s performance with surroundings interference, as shown
in Fig. 6. We performed testing on the dark current and photocur-
rent variations of the photodetector following treatment at tem-
peratures ranging from−30 °C to 100 °C. Each temperature was

Fig. 6. (a) Dark current, photocurrent, and responsivity of InGaAs photode-
tector after treatment with different temperatures at 1550 nm; (b) Dark current,
photocurrent, and responsivity of the photodetector after being exposed to 50 °C
for different time durations. (c) Temperature profile used in thermal cycling
tests; (d) Dark current, photocurrent, and responsivity of the photodetector
after various thermal cycles. (e) Photo showing the cross-sectional view of the
photodetector with a bending radius of 0.85 mm; (f) Dark current, photocurrent,
and responsivity of the photodetector after various bending cycles. All tests were
performed at a humidity of 43%.

maintained for a duration of 10 minutes (Fig. 6(a)). To assess the
durability of the photodetector, we placed it in a 50 °C oven and
measured the dark current and photocurrent after insulation for
2 hours, 4 hours, 8 hours, and 12 hours, respectively ( Fig. 6(b)).
To further verify the stability of the device, a temperature control
stage (Zhongqi, TLTP-ZQ5200) was used to cyclically control
the temperature between 0–100 °C. The device was cooled from
room temperature (25 °C) to 0 °C and kept for 5 minutes, then
heated to 100 °C and kept for another 5 minutes, and finally
restored to room temperature. This constituted one cycle of ther-
mal cycling (Fig. 6(c)). Thermal cycling tests were performed
with different cycles: 2, 5, 10, 20, and 30 (Fig. 6(d)). The nearly
unchanged dark current and responsivity of the device indicated
that it exhibits excellent stability and durability in complex
environments.

The mechanical durability and stability of a flexible pho-
todetector are crucial factors for flexible devices. We assessed
the mechanical durability and stability by measuring the reten-
tion characteristics of key parameters, including dark current,
photocurrent, and responsivity, under varying bending cycles.
As shown in Fig. 6(e) and (f), we attached the device to two
linear motion stages and adjusted their distance to achieve a
bending radius of 0.85 mm for the flexible photodetector. We
conducted tests on the dark current and photocurrent and calcu-
lated the device’s responsivity under various bending cycles. No
significant changes in the device’s performance were observed
during mechanical fatigue tests even after undergoing 10 000
bending cycles, indicating that the detector exhibits impressive
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mechanical flexibility and stability. These findings provide ev-
idence for the potential commercialization of the flexible pho-
todetector.

IV. CONCLUSION

In summary, we have demonstrated a flexible InGaAs
nanomembrane MSM photodetector on a thin polyimide sub-
strate. The fabrication process involved adhesive-assisted bond-
ing of the epitaxial layers, which were lifted off directly from the
parent InP substrate. The photodetector achieved a responsivity
of 0.51 A/W, a detectivity of 5.65 × 1010 Jones, and a linear
dynamic range exceeding 70 dB. Dynamic measurements show
that the 3-dB bandwidth of the photodetector is 2.03 GHz, en-
abling it to support a data communication rate over 4 Gb/s, which
is currently the highest speed achieved by a flexible free-space
detector in the SWIR range to the best of our knowledge. Fur-
thermore, the detection range of the photodetector covered the
entire telecommunication band, including the O, E, S, C, and L
bands. Meanwhile, the optoelectrical performance of the flexible
photodetector remained stable even when subjected to a bending
state or harsh environmental conditions. These results suggest
potential for advanced applications in optical communications,
sensing, and wearable devices.
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