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The incapability of modulating the photoresponse of
assembled heterostructure devices has remained a challenge for the
development of optoelectronics with multifunctionality. Here, a gate-
tunable and anti-ambipolar phototransistor is reported based on 1D
GaAsSb nanowire/2D MoS, nanoflake mixed-dimensional van der
Waals heterojunctions. The resulting heterojunction shows appa-
rently asymmetric control over the anti-ambipolar transfer character-
istics, possessing potential to implement electronic functions in logic
circuits. Meanwhile, such an anti-ambipolar device allows the
synchronous adjustment of band slope and depletion regions by
gating in both components, thereby giving rise to the gate-tunability
of the photoresponse. Coupled with the synergistic effect of the
materials in different dimensionality, the hybrid heterojunction can
be readily modulated by the external gate to achieve a high-
performance photodetector exhibiting a large on/off current ratio of 4 X 10% fast response of 50 us, and high detectivity of
1.64 X 10" Jones. Due to the formation of type-II band alignment and strong interfacial coupling, a prominent photovoltaic
response is explored in the heterojunction as well. Finally, a visible image sensor based on this hybrid device is demonstrated
with good imaging capability, suggesting the promising application prospect in future optoelectronic systems.

heterojunction, anti-ambipolar, gate-tunable, phototransistor, image sensor

n the past decade, a variety of dimensionally abrupt

heterostructures have been realized on the basis of layered

2D semiconductors for their atomically smooth surface
and pronounced electronic characteristics.'* Particularly, the
emergence of 2D van der Waals (vdW) heterostructures has
expanded the possibility of diverse nanoscale functional devices
through integrating disparate materials with artificially stacked
architectures. These devices include light-emitting diodes,”~”
nonvolatile memory cells,*” Schottky junction devices,"”"!
complementary metal-oxide-semiconductor (CMOS) inver-
ters, "> and tunneling field-effect transistors. "> The most
prominent among these vdW nanodevices is the realization of
anti-ambipolar transistors, with the first demonstration
reported in carbon nanotube—MoS, p—n heterostructures'®
and more recently in various vdW heterojunctions, such as
single-walled carbon nanotube (SWCNT)—amorphous indium
gallium zinc oxide (a-IGZO),"” pentacene—MoS,,"® WSe,—
WS,,"” SnO—MoS,,”° InSe—WSe,,” and ReS,—Te hetero-
structures.”> The anti-ambipolar behavior can be deemed as
deriving from the field-effect transistor (FET) channel
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composed of p-type and n-type semiconductors in series. It
presents a convex shape transfer characteristic in which the
channel electrical conductance peaks at a specific gate bias.
This phenomenon is distinctly different from the transfer
curves of unipolar FETs and regular ambipolar devices. In fact,
this anti-ambipolar characteristic is quite advantageous to
implement complicated electronic functions simply by using a
single device in logic circuits, optoelectronics, and spiking
neurons.”>* For instance, the transfer characteristics of these
devices with the flipping of transconductance have revealed the
utilization potentiality as three-terminal device units, including

frequency doubling, binary phase shift keying, and ternary logic
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Figure 1. Morphology, phase composition, and UPS characterization of synthesized GaAsSb nanowires. (a) SEM and (b) TEM images of as-
grown GaAsSb nanowires. (c) HRTEM image of the GaAsSb NW body. The inset shows the corresponding fast Fourier transform pattern.
(d) XRD patterns of GaSb and GaAsSb nanowires synthesized by the solid-source CVD method. (e) EDS spectrum and the determination of
the corresponding element composition of the GaAsSb NW body. (f) UPS spectrum of GaAsSb nanowires. The blue dashed lines mark the
baselines and the tangents of the curves. The intersections of the tangents with the baselines indicate the edges of the UPS spectrum.

inverter, significantly reducing the number of circuit elements
and thus simplifying the circuit design compared to conven-
tional FET technologies.'”*>~*

Apart from the aforementioned features, anti-ambipolar
transistors based on lateral p—n heterojunctions also possess
gate-tunable rectification characteristics, which can be used to
develop gate-tunable rectifier circuits and photodiodes.'®***
Since the anti-ambipolar devices enable both positive and
negative transconductance, the p/n-type components can be
readily modulated by a capacitively coupled gate bias. In this
way, the charge transport of the constituent materials can be
widely tuned from a nearly insulating state to a highly
rectifying condition, which is subject to the degree of
interfacial band bending caused by shifted Fermi levels.
Therefore, the capability of altering the interfacial potential
difference and the depletion width indicates that it is possible
for such anti-ambipolar devices to manipulate the amplitude of
a photocurrent to achieve a maximum in the gated
heterostructures. Nevertheless, studies of photodetection on
such nanodevice geometries with external gate modulation are
still basically lacking. This may be due to the challenging
fabrication of anti-ambipolar heterodiodes with reliable and
exceptional performances. First, the turn-on voltages (V) and
carrier densities of both p/n-type transistors should be
precisely controlled. Specifically, the turn-on voltage of a p-
type semiconductor needs to be larger than that of the n-type
counterpart. Second, it requires the shrinking of the device
dimensionality and the utilization of local gating. On one hand,
scaling down the device dimensions and applying local gating
are expected to enhance the anti-ambipolar frequency doubling
performance and enable higher operating frequencies accord-
ingly."” On the other hand, the shrinkage of the active region
leads to reduced capacitance, thereby rendering the photo-
detectors intrinsically faster, more sensitive, and energy-
efficient.’*™*% Last but not least, a high-quality and strongly

coupled heterointerface is also crucial to produce an efficient
charge transfer. In this regard, mixed-dimensional hetero-
structures consisting of 1D nanowires (NWs) and layered 2D
materials offer an effective strategy for the design of
multifunctional and high-performance anti-ambipolar opto-
electronics. The reduced dimensionality of NWs can distinctly
decrease the active region of the heterostructures. Meanwhile,
owing to the wave-guiding effect, NWs as well play a functional
role in light trapping to enhance light-to-current conversion
efficiency substantially.”® In terms of unique physical proper-
ties of 2D materials, the nature of the dangling-bond-free
surface enables the formation of hybrid vdW heterostructures
when integrated with materials with different dimensionality.
The strong vdW coupling in such mixed-dimensional
heterostructures can contribute to efficient photocarrier
separation and transport under light exposure.”

In general, the synergistic effect in the mixed-dimensional
heterostructures would bring great significance in constructing
anti-ambipolar optoelectronics with diverse functionalities.
However, there has still been rare demonstration of
heterojunctions combining a p-type III-V nanowire and an
n-type 2D semiconductor in such systems to our best
knowledge. Herein, we develop a high-performance gate-
tunable anti-ambipolar phototransistor based on 1D GaAsSb/
2D MoS, heterojunctions. The multi-elemental feature of
GaAsSb nanowires allows multiple degrees of freedom in
controlling electronic properties by means of stoichiometric
variation. Alloying with a certain amount of As composition,
the GaAsSb nanowire can form a typical type-II band
alignment with a MoS, nanoflake at the heterointerface.
Also, the high intrinsic carrier mobility of both integrated
constituents has a beneficial effect on shortening the carrier-
transit time within the heterostructure device channel. With
optimal gate modulation, the heterostructure photodiode
delivers a respectable performance with an on/off current
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Figure 2. Electrical properties, Raman characterization, and band alignment of the GaAsSb/MoS, heterojunction. (a) Optical image of the
1D GaAsSb/2D MoS, heterostructure device. (b, c) AFM images of the MoS, nanosheet and the GaAsSb nanowire of the mixed-dimensional
device, respectively, in panel (a). The height profiles indicate the MoS, layers and GaAsSb NWs are ~22 and ~140 nm in thickness,
respectively. (d) Electrical configuration of the device, including the three parts represented in different colors. (e) Transfer characteristics
and (f) output characteristics of the GaAsSb/MoS, heterostructure device. (g) Ideality factors and the knee voltage values extracted from the
I-V curves in panel (f). (h) Raman spectra measured on the GaAsSb NW, MoS, nanosheet, and GaAsSb/MoS, p—n heterojunction. The
inset shows the optical image of the heterostructure used for the Raman and PL characterization. (i) Comparison of the Raman spectra in

the marked pink area of panel (h) in detail. (j) Energy band alignment of GaAsSb and MoS, before contact. y;, E

from experimental results. ), is extracted from related literature.

1y and Eg, are determined

ratio of 4 X 10% a response time of S0 s, and a detectivity of
1.64 x 10" Jones under 532 nm illumination. Furthermore,
the p—n heterojunction shows a photovoltaic response with an
open-circuit voltage of ~0.2 V. More importantly, a visible
image sensor is demonstrated by utilizing the heterojunction
diode as a basic pixel unit. These unique characteristics of 1D
GaAsSb/2D MosS, lateral p—n heterojunctions are expected to
leverage further efforts in pursuing anti-ambipolar optoelec-
tronic devices with multifunctionality using mixed-dimensional
vdW heterostructures.

RESULTS AND DISCUSSION

In terms of modulating the electronic and optoelectronic
properties, ternary alloy nanowires offer an advantage over
elemental or binary semiconductor nanowires. As far as
GaAsSb nanowires are concerned, Sb alloying at high content
can tremendously increase the carrier concentration and thus
improve the typical drawback of low hole mobility of pristine
GaAs nanowires.”>*° In turn, the adverse nonradiative carrier
recombination would be diminished with the As composition
introduced into GaSb NWs.>”*" In this work, the ternary
GaAsSb nanowires were synthesized via a Au-catalyzed solid-

source chemical vapor deposition (SS-CVD) method as
reported elsewhere.””* As shown in the scanning electron
microscope (SEM) image (Figure la), the obtained GaAsSb
NWs are grown uniformly on amorphous SiO,/Si substrates
with a high growth density and an average length of over 20
um. Based on the corresponding transmission electron
microscope (TEM) image (Figure 1b), the NWs present a
smooth surface morphology without distinct parasitic islands
on the side facets. The high-resolution transmission electron
microscopy (HRTEM) indicates the clear lattice fringes with
interplanar distances of 0.21 and 0.30 nm (Figure 1c), which
corresponds to the spacing along {110} planes and {100}
planes of GaAsSb NWs, respectively. The figure inset shows
the corresponding fast Fourier transform (FFT) pattern,
demonstrating the single-crystalline zinc blende structure of
NWs. The pure zinc blende crystal structure without any
wurtzite phase can further be verified for the GaAsSb NWs by
X-ray diffraction (XRD) patterns, as shown in Figure 1d. As
compared with GaSb nanowires, the main peaks of GaAsSb
NWs are found to shift toward the larger angle with As
alloying, elucidating the decreased lattice parameter due to the
smaller size of As atoms substituting the Sb atoms. These
phase-pure NWs with low defect concentrations suggest good
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crystal quality, which would lead to reduced carrier scattering,
which is essential for the subsequent application in hybrid
heterojunctions. Moreover, energy dispersive X-ray spectros-
copy (EDS) was employed to determine the chemical
composition (Figure le), which is found to be GaAs,;,Sbgg
from the statistics of more than 20 NWs.

For the sake of configuration into heterojunctions, it is
necessary to determine the energy band structure of GaAsSb
nanowires by using Tauc plots and ultraviolet photoelectron
spectra (UPS). The optical bandgap of NWs was investigated
by UV—vis—NIR diffuse reflectance spectrum (DRS) as
presented in Figure Sla. Based on the Tauc plot equation,
namely, (ahv)* = A(hv — E,), the bandgap value (E,) of
GaAsSb NWs is estimated to be 0.68 eV by measuring the x-
axis intercept of an extrapolated line from the linear regime of
the curve (Figure S1b, black dashed line). Aside from the
bandgap, the work function and ionization potential
(equivalent to the valence band energy E,) were ascertained
by the UPS spectrum as depicted in Figure 1f. According to the
linear intersection method, the E, value of GaAsSb NWs is
calculated to be —4.81 €V (vs vacuum) through subtracting the
width of the He I UPS spectrum from the excitation energy
(21.22 eV). Correspondingly, the conduction band value (E,)
is thus —4.13 eV from the formula E_ = E, + E,. Meanwhile, the
work function (—4.56 eV) of GaAsSb NWs can be determined
by adding E, to the second electron cutoff energy. From the
above results, the energy band structure of as-grown GaAsSb
NWs then can be well presented in Figure Slc.

The GaAsSb/MoS, heterojunction device was fabricated by
stacking a MoS, nanoflake above the GaAsSb NW through van
der Waals integration on a SiO,/Si substrate with 270 nm thick
thermal grown oxide. To measure the electronic properties of
the junction, Au and Ni were chosen to inject electrons and
holes into the n-MoS, flake and p-GaAsSb NW, respec-
tively.'®*® The detailed fabrication process for the hetero-
junction can be found in Figure S2 and the Methods section.
As shown in Figures S3 and S4, the individual GaAsSb and
MoS, FETs exhibit respectively p-type and n-type channel
characteristics due to the unintentional doping in the channel
material. Based on the output curves, both GaAsSb and MoS,
are well contacted with their electrodes, indicating that the
Schottky barrier has little impact on the electrical performance
of the heterojunction. Figure 2a illustrates an optical
microscope image of a typical mixed-dimensional GaAsSb/
MoS, heterojunction diode. The thicknesses of the mechan-
ically exfoliated MoS, nanoflake and CVD-synthesized GaAsSb
NW are about 22 nm (=34 layers) and 140 nm, respectively, as
confirmed by the atomic force microscope (AFM) in Figure 2b
and c. The device configuration can be regarded as the
combination of three functional parts in a series-resistance
mode: an n-type MoS, FET, a GaAsSb/MoS, p—n diode, and
a p-type GaAsSb FET (Figure 2d). A gate voltage (Vgs) applied
to the SiO,/Si substrate adjusts the carrier concentration in
each semiconducting terminal. In this regard, this gated
heterojunction construction has superiority over controlling
the performance of the p—n heterojunction through electro-
static doping, while for the traditional Si/Ge-based diodes, the
doping level is primarily constrained by diffusion or
implantation of substitutional impurities, implying minimum
control on the doping profile following device fabrication.

The electronic performance of the heterojunction device was
also evaluated with the n-contact grounded. An obvious anti-
ambipolar response can be observed from the transfer

characteristics under a forward source—drain bias of 2 V
(Figure 2e), demonstrating the gate-tunability of the current
through the p—n heterojunction. The anti-ambipolar behaviors
of additional devices with the same configuration can be found
in Figure SS. Meanwhile, the gate leakage current (below 40
pA) is negligible as compared with the channel current. These
unique transfer characteristics result from the FET channel
comprising a p-type and an n-type semiconductor configured
in series, in which the total current reaches a maximum when
both transistors are turned on (near Vg = —40 V) and declines
to a minimum when either device is turned off (V, = —60 and
40 V). It is noted that this anti-ambipolar pattern is
asymmetric with different transconductance on either side of
the peak current. The asymmetric anti-ambipolarity in transfer
plots has also been reported in other vdW p—n heterojunction
systems.'>>*" Such hybrid devices have potential in building
frequency doubling and binary phase shift keying units in the
field of communications. The output curves can also
demonstrate the gate tunability of the p—n junction as the
gate bias varies from —60 to 40 V (Figure 2f). This way, the
heterojunction transitions from a nearly insulating state at the
negative extreme of the V range to a highly rectifying output
behavior at V,, = —40 V, followed by the growing series
resistance with further increasing gate bias. The rectification
ratio can be tuned from 17 to 6 X 10* by the electrostatic
doping of V, from —40 V to 40 V, among which the highest
value is attained at a V, of —40 V (Figure S6). In this
heterojunction, the utilization of the gate is then verified to
have capability in tailoring the doping concentration of both
semiconductors, thereby enabling tunability of the built-in
voltage and rectifying behavior. Furthermore, based on the I—
V plots, the gate dependence of the ideality factor and knee
voltage (Vine) are evaluated and compiled in Figure 2g.
According to the slope of InI—V plots (Figure S7a), the ideality
factor values of the device can be derived from the following
expression:

po 1.4V
kT dInI (1)

where g is the elementary charge, kg is Boltzmann’s constant,
and T is Kelvin temperature. With the increase in Vi, the
ideality factors witness a monoclinic ascending trend from 2.64
to 3.32, whereas a contrary tendency is observed for the knee
voltage. The extracted Vi, of 0.7 V at Vi = —40 V is almost
equal to that of the conventional Si-based p—n junction.*
Although the ideality factors exceed 2, they are still comparable
to or even better than the reported SWCNT—MoS,, GaAs—
graphene, and ZnO—WSe, diodes.'*>**

Here, the gate tunability of the anti-ambipolar transistor
performance can be attributed to the high-quality heterointer-
face and the properly configured band alignment between
GaAsSb and MoS,. The coupling effect and charge transfer at
the interface can be verified via the optical measurements. The
Raman spectra collected from the GaAsSb nanowire, MoS,
nanosheet, and overlapped heterojunction are exhibited in
Figure 2h. The in-plane E;, (384.8 cm™) and out-of-plane A,
modes (410.2 cm™) are explicitly shown in the MoS, Raman
spectrum measured from the red spot in the figure inset. The
peak spacing of ~25 cm™' between Eég and Ay, vibration
modes indicates that the MoS, flake has four or more layers,
which is in accordance with the AFM analysis as presented in
Figure 2b.** It can be seen that the Raman signals from the
overlapped heterostructure region (blue spot in the figure
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Figure 3. PL, AFM, and KPFM characterizations of the GaAsSb/MoS, heterojunction. (a) Photoluminescence spectra of MoS, and the
GaAsSb/MoS, heterostructure. The schematic diagram demonstrates the direct transitions (Al and B1 exciton) at the K point. (b) AFM
topography and (c) the corresponding KPFM surface potential image of the GaAsSb/MoS, p—n heterojunction. (d) PL mapping measured
at the wavelength of 686 nm on the GaAsSb/MoS, heterostructure. (e, f) Extracted height profile and surface potential across the MoS,—

junction—MoS, surface from panels (b) and (c), respectively.

inset) are the sum of the two individual signals obtained
separately from the p-type GaAsSb and the n-type MoS,,
which confirms the formation of a vertically stacked p-GaAsSb
and n-MoS, heterojunction. Compared with the individual
MoS, displayed in Figure 2i, the Eig and A, characteristic
peaks in the overlapped MoS, regions are red-shifted, implying
the charge transfer from GaAsSb to MoS, occurred at the
interface."**” Hence, strong interfacial coupling is confirmed in
the vdW hybrid heterojunction. In addition, the energy band
alignment of GaAsSb/MoS, is proposed in Figure 2j according
to the established band structure of GaAsSb and related
literature. The bandgap of MoS, is determined to be 1.8 eV
from the subsequent photoluminescence (PL) test given in
Figure 3a. The electron affinity and work function of
multilayered MoS, are reported to be 4.3 and 4.5 eV.*™
Then, the offsets of the conduction band and valence band are
approximately 0.17 and 1.29 eV, respectively. Therefore, a
typical type II p—n heterostructure is formed, which is
favorable to the electrical transmission and high-speed
photoresponse. The potential difference (~60 mV) induced
by the misaligned Fermi level at the heterointerface will be
validated in a later section.

However, it is still insufficient and also controversial to
demonstrate the high-quality heterointerface only by the
Raman spectra analysis and the suggested band alignment.
To further investigate the interlayer coupling effect at the
GaAsSb/MoS, interface, we have conducted micro-PL
measurement and Kelvin probe force microscopy (KPFM)
scanning. The PL test was carried out using a 532 nm laser
with a spot diameter of ~1 pm. As depicted in Figure 3a, the
emission spectrum of the MoS, nanoflake (acquired at the red
spot in Figure 2h inset) consists of one major peak and one
minor peak at about 686 and 643 nm, respectively. These two
resonances, known as Al and Bl excitons, are from the direct
excitonic transitions at the K point of the Brillouin zone,

between which the energy difference is caused by the spin—
orbital splitting of the valence band as shown in Figure 3a
inset.*>%° By contrast, the photoluminescence at the over-
lapped region is obviously quenched for both emission peaks
(acquired at the blue spot in Figure 2h inset). The strong
suppression of photoluminescence for the MoS, segment
stacked on GaAsSb NW is also apparently demonstrated from
the corresponding PL mapping image at a 686 nm wavelength
(Figure 3d). In principle, the charge transfer will lead to
increased nonradiative recombination and consequently the
quenched light emission from all transitions. Accordingly, the
observation of reduced photoluminescence from both Al and
Bl exciton resonances indicates the efficient separation of
photogenerated carriers across the heterojunction, verifying the
type II GaAsSb/MoS, band alignment formed at the
interface.””” To quantify the quenching effect of the
heterojunction, we bring in the quenching factor, Q = Iy.s,/
IGaassh /M052.53 Here, Iys, is the intensity of the MoS, PL peak
at 686 nm, and Ig,ass/Mos, is the intensity of the same peak

from the overlapped region. Therefore, the quenching factor of
the GaAsSb/MoS, heterojunction is determined to be ~3 from
the data shown in Figure 3a. Next, the AFM and KPFM
characterizations were performed to investigate the corre-
sponding architecture and surface potential change of the
overlapped GaAsSb/MoS, heterojunction. Figure 3b shows the
AFM topography image of the overlapped heterojunction
region. Also, the extracted AFM height profile in Figure 3e
verifies that the thickness of the GaAsSb NW beneath the
multilayered MoS, flake is ~146 nm, which is similar to the
value obtained in Figure 2c. The corresponding KPFM surface
potential image of the same region is displayed in Figure 3c
under dark conditions. The high contrast in surface potential
reveals that the work function is evidently lower in the MoS,
nanoflake than the GaAsSb NW.>* Upon the two semi-

https://doi.org/10.1021/acsnano.2c03673
ACS Nano 2022, 16, 11036—11048


https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c03673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Figure 4. Photoresponse and band diagram variations with gate bias. (a) Device schematic of the GaAsSb/MoS, p—n heterojunction
photodetector. (b) Time-resolved photoresponse of the GaAsSb/MoS, heterostructure device as a function of V, (532 nm light with the
power density of 3.62 mW mm?). (c) Normalized spectral response of the GaAsSb/MoS, heterojunction photodiode under the illumination
of 400—850 nm light. (d) Schematic of the energy band diagrams of the GaAsSb/MoS, heterojunction at Ve =0V, <0V,and >0,

respectively.

conductors coming into contact, therefore, the electrons would
diffuse from MoS, to GaAsSb to form a built-in potential drop
with a depletion layer across the heterointerface. Figure 3f
plots the line profile of the surface potential across the MoS,—
overlapped junction—MoS, surface from Figure 3c. Interest-
ingly, after fitting the left and right half of the curve individually
by a sigmoidal function, a nearly symmetric distribution of the
surface potential is well presented in terms of the Fermi level
distinction (~60 mV).>® The homogeneity in contact potential
distribution proves the pronounced interfacial coupling effect
once again. Moreover, after contacting with the GaAsSb NW,
the magnitude of the downward shift of the Fermi level in
MoS, is close to the potential difference proposed in the band
alignment in Figure 2j. In practice, the built-in voltage (V;;)
should be larger than the Fermi level distinction in MoS,
(namely, Vi,; > 60 mV) when the equilibrium condition is
achieved at the heterointerface.

Since the overlapped junction is not in the same plane as the
MoS, flake, it is difficult to obtain the depletion width in MoS,
from the KPFM scanning. In this case, a further step was taken
to provide more in-depth insight into the operation of the
GaAsSb/MoS, heterojunction diode by estimating the
depletion width (W, and W,) from the following formulas:

| 2Ngg Wy

i qNa(eaNa + Ede) (2)
_ \/ 2’I\’a‘c"a‘c;c]‘/bi

" gNy(e,N, + &N,) ()

where N,/Ny represents the acceptor/donor concentration,
which could be calculated by the equation 1 = 6/(qu) from the
FET characteristics in Figures S3 and S4 (6 and y denote the

channel conductivity and mobility, respectively; thus N, = 1.54
X 107 cm™ and Ny = 7.12 X 10" cm™ with the detailed
calculation process illustrated in Supplementary Note 1). g,
and &, are the dielectric constants of GaAsSb and MoS, (&4 ~
4).%¢ According to the permittivity of GaAs (£g,a, = 12.9) and
GaSb (eg,5 = 15.7),°°° the &, value is calculated to be about
15.4 for the GaAsSb with a 12.0% As composition. Therefore,
the W, and W, values are estimated to be larger than 8.4 and
18.2 nm for a V}; of over 60 mV. This indicates that MoS,
contributes more to the photocurrent generation when the
hybrid device works as a photodiode without gate bias. It is
also clear from eqs 2 and 3 that the W}, and W, values highly
correlate with the built-in voltage and carrier concentration,
both of which are determined by the gate-tunable Fermi levels
in GaAsSb and MoS,. As a consequence, the photoresponse of
the mixed-dimensional heterojunction diode can be readily
modulated with the gate coupling effect.

Through external back-gate modulation, the impact of gate
bias on the photodetection performance of the GaAsSb/MoS,
heterojunction diode was then explored. Figure 4a presents a
schematic illustration of the GaAsSb/MoS, heterostructure
phototransistor on the 270 nm SiO,/Si substrate, where the
laser response was measured under a reverse bias (V= —2 V)
at different Vi, levels. The time-resolved photocurrent as a
function of applied back-gate voltage under 532 nm light
illumination is shown in Figure 4b. In all curves, the current
rises rapidly when a laser is introduced and decays promptly
when the laser shutter is closed. Besides, it is interesting that
the photocurrent increases starkly as Vi, varies from 40 to —40
V and finally reaches a saturation at —60 V as shown in Figure
S7b. This similar phenomenon can also be observed from the
color plot of the photocurrent at all Vi levels (Figure S7c¢).
The change in photocurrent can be attributed to the band

https://doi.org/10.1021/acsnano.2c03673
ACS Nano 2022, 16, 11036—11048


https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c03673/suppl_file/nn2c03673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c03673/suppl_file/nn2c03673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c03673/suppl_file/nn2c03673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c03673/suppl_file/nn2c03673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c03673/suppl_file/nn2c03673_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03673?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c03673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

Figure 5. Optoelectronic properties of the GaAsSb/MoS, heterostructure device under the illumination of $32 nm light (Vg, = —2 V and Vj
= —40V): (a) Reproducible on/off switching under the chopped light illumination (0.155, 0.308, 0.499, 0.821, and 1.529 mW mm™>) using
a logarithmic y-axis. (b) Current—voltage curves under various illumination intensities. (c) Photocurrent, (d) responsivity, detectivity, and
(e) EQE as a function of illumination intensity. (f) High-resolution photoresponse of the heterojunction device to indicate the rise and
decay time constants. Photovoltaic response of the GaAsSb/MoS, heterostructure device under the illumination of 532 nm light: (g)
Reproducible on/off switching under the chopped light illumination using a logarithmic y-axis. (h) Photocurrent and (i) responsivity and

detectivity as a function of illumination intensity.

structure adjustment in each semiconductor, which occurs in
response to the external applied Vi, An obvious decrease in
the photocurrent indicates a weakened band bending or built-
in voltage at the heterointerface under higher V. To further
understand the working mechanism of this photodiode, the
spectral response characterization was performed from 400 to
850 nm. The wavelength dependence of photoresponsivity in
Figure 4c shows two prominent peaks within the range from
600 to 700 nm, which are caused by the spin—orbital splitting
of the valence band in MoS,.”” Also, the cutoff responsivity of
the GaAsSb/MoS, photodiode is around 690 nm (~1.8 eV),
which is consistent with the PL results of MoS, presented in
Figure 3a. Hence, the spectral response reveals that the
photoresponse of the hybrid photodiode mainly stems from
the MoS, nanoflake, well corroborating the aforesaid depletion
width calculation results showing that MoS, dominates the
photocurrent generation in the heterojunction. On the other
hand, the optical absorption of MoS, in the overlapped
junction is estimated to be more than three times larger than
that of the GaAsSb NW segment in the visible band
(Supplementary Note 2), further demonstrating the major
role of MoS, in the measured photoresponse.

In light of the above discoveries, the band structure
evolution with gate bias is then proposed to account for the

gate tunability of the photocurrent in Figure 4d. As known
from Figure 2j, a type II heterostructure is formed between
GaAsSb and MoS,. At Vi, = 0V, the higher Fermi level in
MoS, would facilitate electron transfer to GaAsSb until a
thermal equilibrium state is reached in the system, giving rise
to the band bending downward in GaAsSb and upward in
MoS,. Due to the larger depletion width and stronger optical
absorption, the photocarriers would be mostly produced in
MoS, under exposure to incident light, which is followed by a
fast separation process at the interface and thus the generation
of photocurrent. When the back-gate bias is applied, the
doping level in each semiconductor can be modulated, which
dictates the depletion width and slope of band bending at the
heterointerface. Specifically, as the gate voltage becomes
negative (Vgs < 0 V), the n-type MoS, flake changes from n
doped to a nearly insulating state at V,; = —60 V, whereas the
p-type GaAsSb experiences an opposite change as the carriers
are positively charged. In this case, the depletion region in the
p—n heterojunction extends farther into the side with low
doping/majority carrier concentration; then the junction
almost entirely lies in MoS, as it is depleted at negative Vi,
leading to an increased photocurrent contribution from the
MoS, portion.'® Accordingly, the impact of relatively reduced
photocurrent in GaAsSb is insignificant to the total photo-
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Table 1. Performance Comparison of the GaAsSb/MoS, Heterostructure Phototransistor with Other Mixed-Dimensional and

2D Material-Based Photodiodes

photodetector wavelength (nm) I/ Iog responsivity (A W) detectivity (Jones) rise/decay time ref
1D Sb,Se;/2D WS, 520 334 1.51 1.16 x 10* <8 ms 66
1D ZnO/2D WSe, 520 <10* 0.67 44
SWCNT/MoS, 650 0.1 15 ps 16
2D WSe,/SnS, 520 0.1 471 x 10" 500/600 s 63
2D GaSe/3D VO, 405 433 0.358 2.14 x 10" 65
2D PtS,/WSe, 635 10° 1.7 3.8 X 10" 8/9 us 67
2D GaSe/MoS, 532 >10? 0.05 10" 50 ms 68
2D AsP/InSe 520 1x 107 1 1 x 10" 217/89 us 69
1D GaAsSb/2D MoS, 532 4 x 10* 11.7 1.64 x 10" 50/54 us this work
response because of the weak optical absorption. Moreover, Ly = AP“ (4)

the higher negative V,, corresponds to pushing down the Fermi
level in the band diagram. This would result in the change of
band alignment by augmenting the band bending, helping to
separate the photoinduced electron—hole pairs more effi-
ciently.'**" As a consequence, with decreasing gate voltage, the
increased p-doping of the GaAsSb NWs and associated
decreased n-doping of MoS, lead to a higher photocurrent.
On the contrary, when Vs is scanned from 0 to 40 V, the
shifted conducting state of the heterojunction exerts a passive
influence on the depletion region in MoS, and band bending.
This way, an adverse change would be expected in the
photogeneration and charge carrier transfer across the
heterojunction. Based on the electrical analysis, it is verified
that the band alignment of the mixed-dimensional GaAsSb/
MoS, heterostructure can be effectively tuned by the
capacitively coupled gate bias, therefore affecting the photo-
detection performance of the p—n diode.

At a back-gate voltage of —40 V, the GaAsSb/MoS, anti-
ambipolar phototransistor exhibits a strong photoresponse,
which can be exploited as a photodetector. Meanwhile, based
on the anti-ambipolar transfer curve in Figure 2e, it is clear that
the peak I, (~220 nA) lies at Vi, of —40 V. As key parameters
to quantify the diode performance, the best rectification ratio
and ideality factor are also achieved at the same value.
Therefore, such a gate bias would be the optimal condition for
balanced electron—hole carrier concentration. The photo-
detection performance of the GaAsSb/MoS, heterojunction
diode was then characterized under a constant source—drain
bias (V4 = —2 V) and a gate bias (Vgs = —40 V). When
irradiated at varying power intensities, it is revealed that the as-
fabricated photodiode yields good repeatability and stability by
periodically modulating the 532 nm laser at a chopped
frequency of 0.5 Hz (Figure Sa). Since the device works in the
off-state at Vg < 0, the photogenerated carriers become
dominated to bring about a significant current increase upon
illumination. It is worth noting that a high I, /I ¢ ratio of ~4 X
10* is attained under an intensity of 1.529 mW mm™?
unveiling its high ability to detect optical signals. The typical
output current—voltage characteristics of the GaAsSb/MoS,
heterostructure photodetector with and without illumination
of 532 nm are demonstrated in Figure Sb. With the increasing
light power density, the illuminated output current increases
accordingly under a Vg of —2 V, suggesting the effective
photoresponse of the hybrid phototransistor. To further
evaluate the photoresponse characteristics, the light intensity
dependence of the measured photocurrent I, (defined as Ly =
Tighe — i) is compiled in Figure Sc, in which the relationship
can be fitted by the power law equation:
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where A and a are the scaling constant and the fitting
exponent, respectively, and P is the light intensity. Through
fitting, the photocurrent displays a power dependence of 0.94.
This nearly linear relationship between photocurrent and light
intensity indicates a superior photon-to-electron conversion
efficiency. Theoretically, owing to the formation of a type II
band alignment along with the high-quality heterointerface, the
good linearity primarily stems from the photovoltaic effect that
dominates the photocurrent response in the GaAsSb/MoS,
heterojunction. Hence, the photoexcited carriers can be
separated efficiently within the depletion region, instead of
accumulating or being trapped at the interface to form charge-
transfer dipoles, hindering the further charge transport of
photogenerated electrons and holes.

On the other hand, photoresponsivity (R), detectivity (D*),
and external quantum efficiency (EQE) are other figures of
merit to evaluate the device performance, which can be defined
as

_ I
PS (3)
D*=R S
2‘eIdark (6)
he
EQE = R—
E=r (7)

where S is the effective irradiated area, e is the electronic
charge, h is Planck’s constant, c is the velocity of light, and 4 is
the incident wavelength.”” Based on the above equations, the
light intensity dependent R, D*, and EQE are calculated and
depicted in Figure 5d and e. Notably, all these three values give
a decreasing tendency with the increasing light intensity
because the carrier recombination would be intensified at a
relatively higher power density.*> Under a low light intensity
of 0.26 W mm™?, the R value is found to be as high as 11.7 A
W™, and the corresponding D* and EQE values are up to 1.64
X 10" Jones and 2.74 X 10°%, respectively. The R value is as
least 1 order of magnitude higher than those of visible-light
photodetectors based on the 1D ZnO/2D WSe, vdW
heterojunction (0.67 A W~'),** WSe,/SnS, vertical hetero-
structure (108.7 mA W'7),%* and SWCNT/MoS, p—n diode
(0.1 AW™).'% As an important device parameter, the response
speed can reflect the ability of a photodetector to follow the
rapidly varied optical signals. The temporal photoresponse to
an ultrafast pulse laser of 532 nm was investigated and
monitored by an oscilloscope, as shown in Figure 5f and Figure
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Figure 6. Image sensing application of the GaAsSb/MoS, heterostructure photodiode: (a) Schematic diagram of the image scanning system
of the GaAsSb/MoS, heterojunction imager. The corresponding current mapping of the images of (b) “CITYU” and (c) a flying bird under

532 nm illumination.

S8. Then, the rise and decay times, defined as the time interval
between 10% and 90% of the peak value of the photocurrent,
accordingly, can be extracted from the high-resolution
photoresponse measurement given in Figure 5f. The rise and
decay times are determined to be 50 and 54 pus, respectively,
indicating the very fast response of the device. Next, the
frequency bandwidth (f;4) of the heterostructure can be
estimated to be ~10* Hz from the response time (z = 0.55/
faa)-"” In contrast, both the unipolar GaAsSb and MoS,
phototransistors show much longer response times (>2 s) due
to the severe persistent photoconductivity (PPC), as shown in
Figures S9—S11, which have also been reported in other
previous works.””®® Since the configuration of the GaAsSb/
MoS, heterojunction is capable of suppressing the PPC
phenomena, the response speed can be simply enhanced by
the formation of a p—n junction at a vdW heterointerface here.
Table 1 summarizes the major device parameters of the
GaAsSb/MoS, heterostructure photodetector obtained under
532 nm illumination, which are very competitive as compared
with other reported 2D materials-based photodiodes.
Operated at a zero source—drain bias, the heterostructure
device also shows an obvious photovoltaic response under 532
nm irradiation. The presence of a built-in electric field
evidenced in the KPFM test delivers a significant contribution
to the suppression of dark current noise and the separation of
photocarriers. The dark current of the device is as low as ~100
fA from the reproducible on/oft switching behaviors as shown
in Figure Sg, which yields a high on—off current ratio of ~1 X
10* at a light intensity of 3.624 mW mm™>. Linear dynamic
range (LDR), another essential index for photodetectors, is

normally brought in to assess the imaging performance of
photodetectors, which is given by

LDR = 20 log(Zgn/Igan.) (8)

Generally, for the imaging application of photodetectors, the
ratio of full-well capacity of complementary metal-oxide-
semiconductor image sensors to dark electrons is required to
be over 60 dB. Although the heterostructure device is
manipulated at Vg = 0 V, the LDR is still calculated to be
80 dB according to the photoswitching curve, which is
considerably hi%her than the commercialized InGaAs photo-
diodes (66 dB).”””" The photovoltaic effect revealed from the
I~V curves indicates that the open-circuit voltage (V,.)
increases gradually with light intensity and can reach up to
~0.2 V at 3.624 mW mm > (Figure S12a). This is because the
V.. value is positively correlated to the charge generation rate
that is proportional to the light intensity.”” Moreover, a
modified Shockley diode equation is exploited to fit the Iq—Vy,
characteristics in the photovoltaic region (Figure S12b):

aqV-V) | 1}
)

kgT(1 + 8)

Here, 0 is a dimensionless quantity that depends on charge
recombination and extraction. A 6 value of ~3, for 0.158 and
3.001 mW mm™> light illumination, indicates good carrier
extraction at the contacts.”” The photocurrent versus incident
power follows a power law with a > 1, as shown in Figure Sh.
This unusual superlinear behavior can be explained by the
presence of intragap recombination centers with different
energies and capture cross sections in MoS, (Supplementary

I(v) = Iph{exp
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Note 3).”* Using eqs 5—7, the extracted R, D*, and EQE
values are demonstrated in Figure 5i and Figure S12c, all of
which show an overall upward trend with the increasing light
intensity due to the drop of recombination rate at high power
intensity.”> Given the adequate built-in voltage at the
heterointerface would prolong the carrier lifetime and shorten
the transient time of photocarriers, the heterostructure
photovoltaic device yields a fast response speed. The
photoresponse time reported here is limited by the current
resolution of the preamplifier used in this experiment, and thus
rise/decay times of 98/79 ms represent an upper bound
(Figure S12d). Apart from the 532 nm photodetection, the
comparable photoresponse properties of the GaAsSb/MoS,
heterojunction device in both the reverse-biased and photo-
voltaic regions are also achieved under 635 nm illumination
(Figures S13, S14). Such respectable results obtained above
can be attributed to the superior crystal quality and high
mobility of constituent semiconductors and the unique
physical properties of the heterostructure, such as gate-
tunability, fast charge separation, strong interfacial coupling
effect, etc.

In consideration of the high photosensitivity in the visible
light region, the GaAsSb/MoS, anti-ambipolar phototransistor
holds good potential for image sensing applications. The
imaging capability of this device was explored by the setup as
schematically illustrated in Figure 6a. A 532 nm laser was used
for the light source and placed in front of the image mask; then
the light beam could pass through the hollowed-out pattern
and shed on the heterostructure photodetector. With the
movement of the image mask controlled by the X—Y planar
moving stage, the spatially resolved photoresponse of the
device could then be recorded by the computer connecting
with a semiconductor analyzer in real time, coming into being
images of both “CITYU” and a flying bird with high resolution
(Figure 6b,c). As the 532 nm light spot scans the image mask
“CITYU” along the Y direction with represented X-direction
pixel sequences, the resulting time-resolved current curves of
the GaAsSb/MoS, heterojunction photodiode are displayed in
Figure S1S, confirming the high stability and photosensitivity
of the imaging system. These impressive results evidently
herald the promising imaging applications of GaAsSb/MoS,
heterojunction phototransistors.

CONCLUSIONS

In summary, we developed an anti-ambipolar phototransistor
through the vdW bonding of 1D p-type GaAsSb NW and 2D
n-type MoS, nanoflake. When operated as a three-terminal
field-effect transistor, the hybrid device shows the obvious anti-
ambipolar behavior that results from the change in series
resistance, suggesting its potency in advanced logic applica-
tions. The gate-tunability was well studied by analyzing the
electrical and optoelectronic properties of devices with gate
modulation. The photodiode exhibits a quick and sensitive
response to visible incident light because of the band
engineering by varying the gate bias, while the depletion
region at the heterointerface is found to play a crucial role in
controlling the photoresponse of the p—n device. In particular,
the band bending and extension of the depletion region across
the vdW interface can be tuned by gating, influencing the
separation efficiency of photogenerated carriers. Ultimately, a
high-resolution visible image sensor using the GaAsSb/MoS,
heterojunction phototransistor as single pixel has been
demonstrated to identify its good imaging capability. All
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these impressive features signify the versatility of mixed-
dimensional vdW heterostructures, bringing prospects for next-
generation electronics and optoelectronics.

METHODS

Nanowire Synthesis and Measurement. The GaAsSb NWs
were synthesized through a solid-source CVD method in a dual-zone
horizontal tube furnace. First, a 0.5 nm Au catalyst film was
predeposited on SiO,/Si substrates (S0 nm thick thermally grown
oxide) by thermal evaporation. Then, the solid source, well-mixed
GaSb/GaAs with a mass ratio of 20:1 in wt %, was placed in the
center of the quartz tube of the upstream zone, while the SiO,/Si
substrates with predeposited Au film were positioned in the
downstream zone (~12 cm away from the solid source). After
pumping down the system to 2 X 107 Torr, the high-purity H, as a
carrier gas with a flow rate of 100 sccm was brought into the CVD
system, and the pressure of the chamber was maintained at 1.8 Torr.
During the NW growth, the source and substrate were heated to 730
and 600 °C in 8 min, respectively, which were subsequently kept for a
duration of 10 min. After growth, the system was cooled to the
ambient temperature in a H, atmosphere. The surface morphologies
of the grown GaAsSb NWs were characterized by SEM (XL30, FEI/
Philips) and TEM (CM-20, Philips). The crystal structures were
determined by studying the XRD patterns and imaging with high-
resolution TEM (Tecnai G* F30, FEI). The elemental compositions
were tested by the EDS attached to the Philips CM20. The band
structure of the synthesized GaAsSb NWs was determined by UV—
vis—NIR spectroscopy (Lambda 750, PerkinElmer) and UPS
(ESCALAB 250X1, ThermoFisher).

Device Fabrication and Characterization. The prepared
GaAsSb NWs were transferred on the 270 nm thick SiO,/Si
substrates by a dry transfer technique, followed by standard
photolithography and e-beam evaporation to define and deposit the
60 nm thick Ni contact (Figure S2). The MoS, nanoflake was
mechanically exfoliated by polydimethylsiloxane (PDMS) and then
transferred accurately onto the GaAsSb NW using a micro-
manipulation transfer system, forming the GaAsSb/MoS, vdW
heterojunction. After that, a Au electrode (60 nm) on top of the
MoS, was subsequently patterned by electron beam lithography and
thermal evaporation. The height profiles and surface potential
difference of the GaAsSb NW and MoS, nanoflake were evaluated
by AFM (Dimension Icon, Bruker), and the Raman and PL spectra
were both measured by a confocal microscope spectrometer (Alpha
300R, WITec). The electronic and optoelectronic performance were
carried out with an Agilent 4155C semiconductor analyzer and a
standard electrical probe station under illumination of laser sources
(532 and 635 nm), whose power was calibrated and measured by a
power meter (PM400, Thorlabs). High-resolution time response
curves of the heterojunction diode were recorded by a digital
oscilloscope (TBS 1102B-EDU, Tektronix) combined with a low-
noise current preamplifier (SRS70, Stanford Research Systems).
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