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ABSTRACT: Photodetectors based on low-dimensional
materials have attracted tremendous attention because of
their high sensitivity and compatibility with conventional
semiconductor technology. However, up until now, developing
low-dimensional phototransistors with high responsivity and
low dark currents over broad-band spectra still remains a great
challenge because of the trade-offs in the potential
architectures. In this work, we report a hybrid phototransistor
consisting of a single In2O3 nanowire as the channel material
and a multilayer WSe2 nanosheet as the decorating sensitizer for photodetection. Our devices show high responsivities of 7.5 ×
105 and 3.5 × 104 A W−1 and ultrahigh detectivities of 4.17 × 1017 and 1.95 × 1016 jones at the wavelengths of 637 and 940 nm,
respectively. The superior detectivity of the hybrid architecture arises from the extremely low dark currents and the enhanced
photogating effect in the depletion regime by the unique design of energy band alignment of the channel and sensitizer materials.
Moreover, the visible to near-infrared absorption properties of the multilayer WSe2 nanosheet favor a broad-band spectral
response for the devices. Our results pave the way for developing ultrahigh-sensitivity photodetectors based on low-dimensional
hybrid architectures.
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■ INTRODUCTION

In recent years, emerging two-dimensional (2D) materials have
shown great potential as high-performance photosensitive
elements in future optoelectronic devices.1−21 The unique
properties of 2D materials, such as high charge carrier
mobilities in graphene and thickness-dependent spectral
coverage in transition-metal dichalcogenides, promise an
extremely high gain-bandwidth and a wide spectral response
for photodetection applications.14−16,22,23 However, the inher-
ent weak optical absorption of the atomic thickness nanoma-
terials leads to a low responsivity of photodetectors based on
single 2D materials. For enhancing the light utilization
efficiency, a promising strategy has been adopted to employ
strongly light-absorbing materials with opposite doping polarity
to decorate the channels.22−27 The built-in field at the
channel−sensitizer interface separates the photocarriers. The
trapped carriers in the sensitizer lead to a photogating effect,
which efficiently modulates the conductance of the channels to
achieve a current amplification. An ultrahigh responsivity of
∼107 A W−1 has been reported in hybrid graphene−quantum

dot (QD) phototransistors, where QDs and graphene act as the
sensitizer and the channel, respectively.22 However, the gapless
graphene caused large dark currents, which result in a low
sensitivity and high power consumptions. To address this issue,
low-dimensional channel candidates with a band gap, such as
MoS2 and thin-film InGaZnO, are employed to deplete the
dark currents by applying appropriate back-gate voltages.25−27

Compared to graphene−QD phototransistors, several orders of
magnitude reduction in dark currents have been demonstrated
in the depletion regimes of MoS2−QD and InGaZnO−QD
hybrid structures, but the corresponding photocurrents were
simultaneously reduced to a relatively low level because of the
alleviation of the built-in field by the back-gate electric field
with the opposite direction. Therefore, despite tremendous
efforts, it is still a great challenge for the low-dimensional
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phototransistors to operate at an optimized point with respect
to the trade-off between responsivity and dark current.23

Here, we devise a multilayer WSe2 nanosheet and In2O3
nanowire (NW) hybrid structure for ultrahigh-sensitivity
photodetection, where the WSe2 serves as the sensitizer that
modulates the channel NW conductance. Through the unique
design of energy band alignment, the In2O3 NW channel can be
efficiently depleted with an external back-gate electric field,
which meanwhile intensifies the strength of the built-in field at
the WSe2−In2O3 interface to ensure a stronger photogating
effect. As a result, the phototransistor can be operated at
extremely low dark currents (10−14−10−13 A) and possesses a
high photocurrent in the depletion regimes. Our devices show
high responsivities of 7.5 × 105 and 3.5 × 104 A W−1 and
ultrahigh detectivities of 4.17 × 1017 and 1.95 × 1016 jones at
the wavelengths of 637 and 940 nm, respectively. Additionally,
because of the narrow band gap of the multilayer WSe2, the
spectral response of the hybrid phototransistor covers the
visible to near-infrared spectral range. Our experimental results
pave the way for developing broad-band photodetectors with
ultrahigh sensitivity based on low-dimensional hybrid archi-
tectures.

■ RESULTS AND DISCUSSIONS

Figure 1a shows the multilayer WSe2−In2O3 NW photo-
transistor configuration. The n-type In2O3 NWs used in this
work are grown by chemical vapor deposition (CVD) (see
Methods). The device fabrication process can be briefly
described as follows: First, In2O3 NWs were physically
transferred onto a Si/SiO2 (100 nm) substrate. The source/
drain (S/D) electrodes (15 nm Cr and 50 nm Au) were
prepared by electron-beam lithography, metallization, and liftoff
process. Then, a multilayer WSe2 was transferred onto the

back-gated In2O3 NW transistor by using a micromanipulator
(see Methods). Figure S1 shows the transfer curves of the bare
back-gated In2O3 NW transistors. The devices present good
electric properties. There is almost no hysteresis in the Ids−Vgs
curves. The average mobility value is estimated to be 211 cm2

V−1 s−1.
The working principle of the hybrid phototransistor can be

understood through the schematic and energy band diagram
shown in Figure 1b,c, respectively. Figure S2 presents the band
structures of the multilayer WSe2 and the In2O3 NW before
they contact with each other. Because of the work function
mismatch between the multilayer WSe2 (band gap of ∼1.2
eV)1,28−30 and the In2O3 NW (band gap of ∼2.75 eV),31,32 a
built-in field is formed at the interface, leading to a band
bending. As a result, the conduction/valence band edges of
WSe2 and In2O3 NW bend upward and downward accordingly.
In addition, a barrier is formed at the junction because of the
big difference in electron affinity. Upon light exposure, when
the photon energy is below the band gap of the In2O3 NW but
above that of the WSe2, the photocarriers are excited exclusively
within the WSe2. The accumulated holes at the WSe2−In2O3
interface generate a positive photogate to modulate the NW
conductance through capacitive coupling, and a high
responsivity can be obtained. To fully deplete the n-type
In2O3 NW channel, a back-gate voltage smaller than the
threshold voltage is needed to apply on the phototransistor.
The back-gate electric field with the same direction of the built-
in field at the WSe2−In2O3 interface intensifies the strength of
the built-in field, leading to stronger band bending. The
enhanced photogating effect in the depletion regime makes the
detector operated at an extremely low dark current with high
responsivity, resulting in a superior detectivity. Figure 1c shows
the equilibrium band diagram of the WSe2−In2O3 junction in

Figure 1. Multilayer WSe2−In2O3 NW phototransistor. (a) Schematic illustration of the phototransistor, in which a multilayer WSe2 is deposited
onto a back-gated In2O3 NW transistor. (b) Cross section of the device. The photoexcited holes in the WSe2 are accumulated at the interface of the
WSe2 and the In2O3 to modulate the NW conductance. (c) Energy band diagram at the junction formed by the WSe2 and the In2O3 NW. (d) AFM
image of the hybrid structure (scale bar, 2 μm). (e) Height profiles of the WSe2 (black line) and the In2O3 NW (red line). (f) Raman spectrum of the
multilayer WSe2.
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the depletion regime, where the Fermi level of the n-type In2O3
NW is close to the middle of band gap and that of the WSe2 is
near the valence band edge because of the bipolar characteristic.
It will be discussed in more detail later. Figure 1d,e shows an
atomic force microscopy (AFM) image of the hybrid structure
and the height profiles of the WSe2 and the In2O3 NW,
respectively. It can be seen that the NW height as measured
from the uncovered portion is ∼40 nm and the height of the
WSe2 is ∼80 nm. Figure S3a shows the 3D AFM image of the
hybrid structure. The height profile of the overlapping area
indicates that only the top of the In2O3 NW contacts the WSe2
(see Figure S3b). Figure 1f presents the Raman spectrum of the
WSe2. The peaks at ∼250 cm−1 correspond to the first-order
E2g and A1g Raman modes, suggesting that the WSe2 has a
multilayer morphology.33−35 The thick WSe2 with a narrow
band gap of ∼1.2 eV responds to the light wavelength from the
visible to near-infrared range.
To investigate the photocurrent response for near-infrared

range, the optoelectronic properties of the phototransistor
under 940 nm light illumination were studied. Figure 2a
presents the Ids−Vgs curves with different light power intensities
in air. It is apparent that the light illumination causes a distinct
negative shift of the threshold voltage, indicating that there is
an additional positive photogate applied on the NW. Therefore,
the device needs a more negative Vgs to offset the photogating
effect. Moreover, the higher light intensity can excite more
photocarriers in the WSe2. The stronger photogate enhances
the NW conductance, resulting in a larger negative threshold
voltage (marked by a dashed arrow). It should be noted that,
benefiting from the large band gap and efficient Vgs modulation
of the channel material In2O3 NW, the detector can operate at
full depletion. Importantly, the band bending becomes more
pronounced from the accumulation to depletion regimes by
applying Vgs. More holes accumulated at the interface lead to an

efficient photogate. A high photocurrent (∼10−7 A) with an
extremely low dark current (10−14−10−13 A) can be obtained in
the depletion regime. This phenomenon will be explained
below in detail. For comparison with the hybrid structure, Ids−
Vgs properties of a bare In2O3 NW transistor under 940 nm
illumination are shown in Figure 2b. It can be seen that there is
no obvious change in the currents. Furthermore, the inset of
Figure 2b presents the normalized spectral responsivity of the
bare In2O3 NW transistor. No response can be observed when
the photon energy is below the band gap of the In2O3 NW
(corresponding to a wavelength of 450 nm). Therefore, the
photoresponse of the hybrid phototransistor for the near-
infrared range is attributed to the multilayer WSe2. The shift of
threshold voltage (ΔV) as a function of power intensity is
shown in Figure 2c. A rapid rise of ΔV at low power intensity
reveals the high photosensitivity of the hybrid phototransistor.
Figure S4 shows the Ids−Vgs curves of another two samples with
different areas of WSe2 in our work with a modulated 940 nm
light illumination. The devices present good performance with
a distinct photocurrent in the depletion regime and fast
response. The average mobility value of the hybrid photo-
transistor is estimated to be 143 cm2 V−1 s−1 under dark
conditions.
Figure 2d depicts the Ids−Vds characteristics of the photo-

transistor with different light power intensities. The fact that Ids
increases linearly with Vds proves the good Ohmic contacts
between the Cr/Au electrodes and the NW. Upon light
exposure, a net photocurrent, defined as Ipc = Ilight − Idark, as
high as ∼113 nA is obtained at Vds = 1 V. The relation between
Ipc and light intensity (P) obeys the power law Ipc−Pk, as shown
in Figure 2e, where k is an empirical value.36−38 By fitting the
measured data with the equation, k = 0.018 can be obtained.
This relation further demonstrates that the accumulated
photoexcited holes in the WSe2 are responsible for Ipc.

Figure 2. Photoresponse properties of the phototransistor. (a) Ids−Vgs curves of the phototransistor in the dark and under 940 nm illumination with
different power intensities in air (Vds = 1 V). (b) Ids−Vgs curves of a bare In2O3 NW transistor in the dark and under 940 nm illumination. The inset
shows the normalized spectral responsivity of the bare In2O3 NW transistor (Vds = 1 V). (c) Shift of threshold voltage as a function of light power
intensity. (d) Ids−Vds curves of the phototransistor in the dark and under 940 nm illumination with different power intensities in air. (e)
Photocurrent as a function of light power intensity. (f) Responsivity and detectivity as a function of light power intensity.
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Additionally, this Ipc saturation with the increase of light
intensity may be due to the fact that no more photons can be
absorbed by the WSe2 to excite excess carriers, which form a
stronger electric field to enhance the NW conductance further.
The responsivity (R) as a function of light power intensity is
shown in Figure 2f, given by R = Iph/PA, where Iph is the
photocurrent, P is the power intensity, and A is the effective
photoactive area.39−42 In our case, the photoactive part is the
overlapped area of the WSe2 and the In2O3 NW. Under the
assumption that light incident on the effective portion is
absorbed completely, a responsivity of 3.5 × 104 A W−1 is
obtained at Vds = 1 V. The specific detectivity as an important
parameter to determine the capability of a photodetector to
respond to a weak light signal is also shown in Figure 2f.
Assuming that the shot noise from the dark current is a major
contribution, the specific detectivity can be given as D* =
RA1/2/(2eIdark)

1/2, where A is the effective photoactive area of
the detector, e is the electron charge, and Idark is the dark
current.39,43 This assumption is reasonable after the measure-

ment of noise current (see Figure S5 and the relative discussion
in the Supporting Information). Because of the fact that the
NW operates in an enhancement mode, in which the device has
an off-current at Vgs = 0 V and a positive threshold voltage, only
a small gate bias can fully deplete the NW. Therefore, the
extremely low Idark results in a maximum D* of 1.95 × 1016

jones (1 jones = 1 cm Hz1/2 W−1). As expected, in our designed
experiments, this high performance is ascribed to the efficient
photogating effect in the depletion regime.
To further elucidate the physical mechanism of the

phototransistor operation, response speed as a key figure of
merit has been studied. The photoconductance modulation is
realized by switching the incident light on and off periodically.
As shown in Figure 3a, a high and a low current state under
illuminated and dark conditions, Ion and Ioff, respectively, have
been obtained with the light modulation. The switching
between these two states exhibits highly stable and reversible
characteristics. Figure 3b shows a single modulation cycle of
temporal response. An oscilloscope was used to monitor the

Figure 3. Temporal response characterization. (a) Temporal response of the phototransistor (940 nm) in air at Vds = 1 V. The light is turned on/off
at an interval of 1 s. (b) Single modulation cycle (open circles). The blue and green lines indicate the rising and falling edges, respectively.

Figure 4. Photoresponse at low temperatures. (a) Ids−Vgs and (b) Ids−Vds curves of the phototransistor in the dark and under 940 nm illumination
with different power intensities at 10 K. (c) Energy band diagram at the junction formed by the WSe2 and the In2O3 when the detector operated in
the accumulation regime. (d) Energy band diagram at the junction formed by the WSe2 and the In2O3 when the detector operated in the depletion
regime.
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time dependence of the current. The rising edge, marked by a
blue line, consists of a fast component for current increase from
0 to 60% Ipeak (∼32 ms) and a slow component for current
increase from 60% Ipeak to 100% Ipeak (∼468 ms). The former
indicates the quick accumulation of photoexcited holes to form
the photogate, and the latter indicates a little slow process to
reach a stable state under light illumination. When the light was
blocked, the current shows a sharp falling edge (∼20 ms, green
line), attributable to the rapid carrier recombination process.
To testify that the response speed of the device mainly depends
on that of the WSe2, the temporal response of a bare back-gated
multilayer WSe2 transistor under 940 nm illumination is shown
in Figure S6a. The response and recovery time are at the level
of ∼20 ms which is basically consistent with those of the
WSe2−In2O3 NW phototransistor. Moreover, the I−V property
and temporal response of the WSe2−In2O3 heterostructure
device under 940 nm light illumination are shown in Figure S7.
No photoresponse is observed, proving that the photoexcited
carriers in the WSe2 do not transfer to the In2O3 NW to
contribute photocurrents. Therefore, the WSe2 is believed to
account for the response speed which can be improved if the
photoactive material has an intrinsic fast process of carrier
generation and recombination in the hybrid structure. Though
earlier work on WSe2 phototransistors suggested that the
response speed could be very fast (∼5 μs),44 the traps in the
multilayer WSe2 in our case may be the reason for the
restriction of the response speed. Moreover, it can also be seen
in Figure S6a that the photocurrent is less than 2 nA and the
dark current is hard to be suppressed by applying gate bias
because of the bipolar behaviors (see Figure S6b). Compared
with the performance of the hybrid phototransistor, the WSe2-
only photodetector is difficult to achieve high responsivity and
detectivity under near-infrared light illumination with the same
power intensity. Figure S8a,b and c,d shows the photoresponse
properties of a bare In2O3 NW transistor and a hybrid
phototransistor under 405 nm light illumination, respectively.

The In2O3 NW transistor displays a remarkable photocurrent
but a slow response speed because of the persistent
photoconductivity. The hybrid phototransistor shows the
same performance. Therefore, when the photon energy is
above the band gap of the In2O3 NW, the photoresponse
mainly originates from the In2O3 NW.
To investigate the photoresponse of the device at low

temperatures, the optoelectronic properties under 940 nm light
illumination were studied at 10 K. Figure 4a presents the Ids−
Vgs curves with different power intensities. The light
illumination also leads to a distinct negative shift of Vth. With
an increase of intensity, Vth moves toward a larger negative Vgs,
which is the same as the measured results at room temperature.
Figure 4b depicts the Ids−Vds characteristics with different
power intensities. The photocurrents at 10 K are higher than
those obtained at room temperature (see Figure 2d) under the
same illumination conditions. This is because of the
suppression of electron−phonon scattering at the low temper-
ature, resulting in a higher mobility of the In2O3 NW. Under
the light illumination, the photogate modulates the NW
conductance and the carriers in the NW can be collected
faster by the S/D electrodes to form a high Ids. Additionally, the
low temperature provides a condition to study the effect of back
gate on the strength of photogate well without thermal
influence. Figure S9a shows the linear curves of Figure 4a. It is
obvious that a larger photocurrent can be acquired in the
depletion regime in comparison with that in the accumulation
regime. Figure 4c,d shows the corresponding band alignments
at these two operating conditions. Under Vgs = 30 V, the
position of Fermi level in the multilayer WSe2 is located close
to the middle of band gap because of the charge neutral point at
around 37 V (see Figure S6b). In addition, the position of
Fermi level in the In2O3 NW is near the conduction band edge
because of the n-type property. The little difference in work
function (see the double-headed arrow in Figure 4c) leads to a
small band bending. Less photoexcited holes accumulate at the

Figure 5.Wavelength dependence of photoresponse. (a) Spectral responsivity of the phototransistor. (b) Ids−Vds curves of the phototransistor in the
dark and under 637 nm illumination with different power intensities in air. (c) Photocurrent as a function of light power intensity. (d) Responsivity
and detectivity as a function of light power intensity.
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interface to generate a weak photogate, resulting in a small
photocurrent. Oppositely, under Vgs ≤ Vth, the position of
Fermi level in the WSe2 is near the valence band edge and that
in the In2O3 NW is located close to the middle of band gap.
The big difference in work function (see the double-headed
arrow in Figure 4d) leads to a large band bending. More holes
accumulate at the interface to generate a strong photogate,
resulting in a large photocurrent. This is the advantage in our
design that the band bending becomes more pronounced from
the accumulation to depletion regimes. Finally, the device can
be operated at extremely low dark currents with high
photoresponse. The optoelectronic properties at 77 K under
940 nm light illumination are shown in Figure S9b,c. The
hybrid phototransistor presents the same performance in
comparison with that measured at 10 K.
Because of the narrow band gap of the multilayer WSe2, the

hybrid phototransistor is expected to work from the visible to
near-infrared range. Properties of broad-band response of the
device are investigated by using a monochromator. To avoid
the response of the In2O3 NW, the wavelength (λ) is varied
from 550 to 1300 nm with an interval of 50 nm. During
measurement, the light intensity for different λ values kept
consistent at 0.014 mW mm−2. Figure S10a presents the partial
data of the Ids−Vgs characteristics with different λ values in air
(another device in our work). It is obvious that the
phototransistor responds to the light from the visible to near-
infrared range and a high photon energy causes a more negative
Vth. ΔV increases with the decrease of λ, which is because of the
fact that the incident photons with a high energy will excite the
photocarriers in the WSe2 more efficiently to form a stronger
photogate (see Figure S10b). The spectral responsivities of the
device are shown in Figure 5a. With λ changing from visible to
near-infrared, the responsivity decreases by more than half from
550 to 750 nm. Then, it remains relatively steady from 750 nm
to 1.1 μm. No response can be observed when λ is beyond 1.1
μm. It is worth noting that the band gap of the multilayer WSe2
is ∼1.2 eV, corresponding to λ of ∼1 μm. In addition, the bare
In2O3 NW device does not respond to 1.1 μm light (the inset
of Figure 2b). Therefore, the extending cutoff wavelength may
be ascribed to the defects in the WSe2. To further testify that
the broad-band response of the phototransistor originates from
the WSe2, the spectral responsivity of a bare multilayer WSe2
photodetector is shown in Figure S11. Clearly, compared with

the large photocurrent in the visible range, a smaller
photocurrent is obtained in the near-infrared range up to 1.1
μm. This demonstrates that only a few photocarriers generated
in the WSe2 can induce a high photoresponse in the hybrid
structure.
To investigate the photocurrent response for the visible-light

range, the optoelectronic properties of the device under 637
nm illumination were studied. Figure 5b depicts the Ids−Vds
characteristics with different light power intensities. A net
photocurrent Ipc as high as ∼364 nA is obtained at Vds = 1 V.
Because of the high photon energy, a lower light intensity can
induce a larger photocurrent in comparison with that show in
Figure 2d. The relation between Ipc and light intensity also
obeys the power law Ipc−Pk (see Figure 5c). By fitting the
measured data with the equation, k = 0.36 can be obtained. The
maximum R of 7.5 × 105 A W−1 and D* of 4.17 × 1017 jones at
Vds = 1 V are 1 order of magnitude larger than those measured
under 940 nm illumination (see Figure 5d). Table 1
summarizes the reported detectors with high responsivity in
the visible and near-infrared range. Obviously, the device in our
work has extremely low dark current, ultrahigh D*, comparable
R, and relatively fast response speed under the same operating
condition.

■ CONCLUSIONS

In summary, we have demonstrated a simple 2D material and
one-dimensional NW hybrid architecture to possess a broad-
band photoresponse with high performance. The devices
exhibit ultrahigh detectivity because of an enhanced photo-
gating effect in the depletion regime, where extremely low dark
currents and relatively high responsivity can be simultaneously
achieved. By decoupling the absorption from the charge
transport with independent materials, the phototransistors
can respond to a wide spectral range from visible to near-
infrared because of the absorption properties of the multilayer
WSe2 nanosheet. Our study shows a successful endeavor to
optimize the dark currents and responsivity for hybrid low-
dimensional phototransistors by the unique design of energy
band alignment of the channel and sensitizer materials. The
simple architecture also ensures a great flexibility for the
realization of high-performance photodetectors in other
spectral ranges, such as mid-wavelength infrared and long-

Table 1. Optoelectronic Characteristics of Typical Hybrid Phototransistors

material
dark current in operating point

(A) wavelength (nm)
responsivity
(A W−1)

detectivity
(jones)

recovery
time references

graphene−QD 10−6 visible ∼107 7 × 1013 1 s 22
near-infrared ∼105

graphene−carbon
nanotube

10−6 650 >100 ∼100 μs 24

1500 >10
MoS2−QD 10−7 400−1000 >105 1011 0.3−0.4 s 25

1000−1500 ∼104

MoS2−TiO2−QD 10−11 635 103 1012 12 ms 26
700−1100 102

InGaZnO−QD 10−5 1000 106 1013 0.2−0.3 s 27
graphene−perovskite 520 180 109 540 ms 45
WSe2−QD 2.5 × 10−7 970 2 × 105 7 × 1013 0.48 s 46
WS2−Bi2Te3 370−1550 30.4 2.3 × 1011 20 ms 47
In2O3−In2(TeO3)3 370−635 0.18 5.3 × 109 48
WSe2−In2O3 NW 10−14−10−13 visible 7.5 × 105 4.17 × 1017 20 ms this work

near-infrared (500−1100) 3.5 × 104 1.95 × 1016
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wavelength infrared, by appropriate choices of desired band gap
sensitizers and transport channels.

■ METHODS
NW Growth. In2O3 NWs used in this study were prepared by a

CVD method. In2O3 powder and graphite powder were mixed at a
weight ratio of 10:1 and then put into a quartz boat. A silicon substrate
with predeposition of 1 nm thick Au catalyst was placed upside down
atop the quartz boat. Then, the entire setup was inserted into a tube
reactor, heated to 1050 °C, and kept at this temperature for 1 h under
a constant flow of gas (argon/oxygen = 100:1; 200 sccm). Finally, the
substrate was cooled to room temperature naturally.
Phototransistor Fabrication and Characterization. The WSe2

nanosheets were mechanically exfoliated on a Si/SiO2 (285 nm)
substrate. A thin layer of water-soluble polyvinyl acetate (PVA) was
adhered to poly(dimethylsiloxane) (PDMS) to pick up the WSe2
nanosheets. A micromanipulator was used to put the PDMS/PVA
layer onto certain targets by using a microscope to locate the position.
First, the PDMS/PVA layer picked up a WSe2 nanosheet from the
substrate. Then, the WSe2 nanosheet was precisely aligned to the
target back-gated In2O3 NW transistor to form the hybrid structure.
The PVA release from PDMS was performed through heating to
soften the PVA layer. Finally, PVA was removed from the hybrid
structure in deionized water. The optoelectronic properties of the
phototransistors were characterized using a Lake Shore probe station
together with an Agilent B1500 semiconductor parameter analyzer.
The spectral responsivity was analyzed using a supercontinuum
spectrum laser source (400−2400 nm) combined with a mono-
chromator and an Agilent B2902.
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