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Abstract: Low-dimensional GaAs photodetectors have drawn a great deal of attention because of
their unique absorption properties and superior responsivity. However, their slow response speed
caused by surface states presents challenges. In this paper, a mixed-dimensional GaAs photodetector
is fabricated utilizing a single GaAs nanowire (NW) and a GaAs 2D non-layer sheet (2DNLS). The
photodetector exhibits a fast response with a rise time of ~4.7 ms and decay time of ~6.1 ms. The
high-speed performance is attributed to an electron transmission channel at the interface between
the GaAs NW and GaAs 2DNLS. Furthermore, the fast electron channel is confirmed by eliminating
interface states via wet passivation. This work puts forward an effective way to realize a high-speed
photodetector by utilizing the surface states of low-dimensional materials.

Keywords: fast response; electron transmission channel; GaAs 2D non-layer sheet; photodetector

1. Introduction

Low-dimensional photodetectors have been widely investigated due to their excel-
lent properties [1,2], such as large absorption coefficient, controllable wavelength sen-
sitivity, and short carrier diffusion length [3–5]. Moreover, with the development of
low-dimensional materials, 2D non-layer sheets (2DNLSs) have been put forward for opto-
electronic devices. These exhibit many unique properties, such as insensitivity to lattice
mismatch and electron confinement [6]. As a typical infrared semiconductor material, GaAs
nanowires (NWs), with a direct band gap (1.42 eV) and high electron mobility, are potential
materials for preparing high-speed infrared photodetectors at room temperature. GaAs-
based low-dimensional photodetectors have been widely reported in the literature [7–9].
However, for low-dimensional photodetectors, responsivity and response speed are usually
limited by surface states [10].

As is well-known, low-dimensional materials have a large number of surface states
caused by dangling bonds, which seriously hinder the performance of optoelectronic de-
vices [11,12]. For NW photodetectors, photo-generated electrons are usually trapped by
the surface states, which leads to low responsivity. In order to improve the properties of
photodetectors, many efforts have been carried out to eliminate the surface states [13–16].
These include applying sulfur passivation to remove surface states through saturating dan-
gling bonds in GaAs NWs, which effectively reduces the dark current of the corresponding
device. However, if the surface states density of GaAs NWs is decreased, the lifetime of
photo-generated carriers is extended. The response time of the GaAs NW photodetec-
tor will be increased [14,17]. It is of great significance to enhance the response speed of
low-dimensional photodetectors.

In this paper, the fast response is realized through forming a high-speed minority
transmission channel by utilizing surface states in a GaAs NW/GaAs 2DNLS photodetector.
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The electron channel is formed at the interface between the GaAs NW and GaAs 2DNLS.
This structure was shown to play an important role in improving the responsivity of a low-
dimensional GaAs photodetector in our previous work [9]. Under the effect of the electron
channel, this photodetector exhibits a distinct rise time of 4.7 ms and a decay time of 6.1 ms.
In order to confirm the formation of the electron channel, the GaAs NW/GaAs 2DNLS
mixed-dimensional photodetector is passivated by (NH4)2S solution. After passivation, the
rise and decay times of the device increase to 210 and 373.7 ms, respectively. It is found that
the response speed of the device before passivation is about 45/61-fold higher than that
of the device after passivation. Moreover, the ratio of photocurrent to dark current of the
former is also about two orders of magnitude higher than that of the latter. This work is of
great significance for high-speed photodetectors utilizing surface states to further improve
the performance of low-dimensional optoelectronic devices.

2. Materials and Methods
2.1. Preparation of GaAs NW and GaAs 2DNLS

The GaAs NW arrays were grown on a Si substrate using molecular beam epitaxy
(MBE), as reported in the literature [18]. Firstly, the substrate was etched to remove the
SiO2 on its surface. Secondly, it was ultrasonically cleaned in ethanol and deionized water
for 5 min, separately. Then, the substrate underwent several degassing steps. Finally,
the GaAs NW arrays were directly grown on the treated substrate for 120 min at 620 ◦C.
For fabricating GaAs 2DNLSs, a multiple quantum well (MQW) with five-period GaAs
(18 nm)/AlAs (50 nm) was grown on a homogenous substrate by using MBE. After growth,
the MQW was immersed in 10% hydrofluoric acid to remove the AlAs layers. Because
the AlAs layers were dissolved, the GaAs 2DNLSs were exfoliated and dispersed in the
solution. Finally, the GaAs 2DNLSs were transferred to the Si substrate (5 × 5 mm) with an
oxide layer [19,20].

2.2. Fabrication of GaAs Photodetectors

The GaAs NW was mechanically exfoliated from the substrate and transferred onto
the GaAs 2DNLSs. Subsequently, Cr (15 nm)/Au (50 nm) electrodes were prepared
on nanowires and thin films by electron beam lithography and metal evaporation. For
fabricating passivated devices, the as-prepared device was immersed in 0.2% (NH4)2S
solution for 15 min at 50 ◦C. Then, the passivated device was washed with deionized water
and dried with nitrogen.

2.3. Materials and Devices Characterization

The morphology of GaAs NWs and GaAs 2DNLSs was observed using a transmis-
sion electron microscope (TEM), scanning electron microscope (SEM), and atomic force
microscope (AFM). The electrical and photo-response properties were characterized by an
Agilent 4155C semiconductor parameter analyzer (Agilent Technologies, Inc., Santa Clara,
CA, USA). All the measurements for the photodetector were carried out in a vacuum under
532 nm laser illumination at room temperature.

3. Results

Figure 1a shows the morphologies of GaAs NWs measured with the SEM. It can be
seen that the nanowires are uniform with a length of about 8.5 µm and a diameter of about
200 nm. Figure 1b shows the TEM image and selected area electron diffraction (SAED)
of a single GaAs NW. It is clearly observed that the GaAs NW has excellent crystallinity
with a lattice spacing of 0.325 nm along the (111) planes, which is consistent with zinc
blended GaAs. Figure 1c shows the AFM image of a GaAs 2DNLS. It can be seen that the
thickness of this sheet is about 18 nm with a clean surface, which indicates that the AlAs
sacrificial layers were fully removed. According to the TEM and SAED in Figure 1d, the
GaAs 2DNLS exhibits a uniform thickness and an excellent crystallinity with zinc blended
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crystal. According to our previous work, GaAs NWs and GaAs 2DNLSs both exhibit p-type
semiconductor characteristics [9,14].
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Figure 1. (a) Top-view SEM image of GaAs NWs, (b) TEM image of GaAs NW; the insert is the SAED
(c) AFM image of GaAs 2DNLS, (d) TEM image of GaAs 2DNLS; the insert is the SAED of GaAs
2DNLS.

In order to confirm the influence of passivation on surface states, a GaAs 2DNLS
photodetector was fabricated and passivated by (NH4)2S. The I-V characteristics of the
GaAs 2DNLS photodetector under various power densities before and after passivation
are shown in Figure S1. The dependence of the photocurrent and power density was used
to analyze the surface states density, as shown in Figure 2a. The relationships were fitted
using the equation: I∝Pk, where I is the photocurrent and P is the power density. The
k value is used to evaluate the response of the photocurrent to the light power density.
It is related to the defects of the material. The larger the k value, the fewer the surface
defects of the low-dimensional material [14]. For the GaAs 2DNLS photodetector before
passivation, the k value was calculated to be about 0.48. However, the k value increased
to 0.57 after passivation. This indicates that the surface states density of GaAs 2DNLS is
reduced. Furthermore, the decay time greatly increased after passivation, as shown in
Figure 2b. The results are consistent with the passivated GaAs NW photodetector [14].

Crystals 2021, 11, x FOR PEER REVIEW 3 of 8 
 

 

seen that the thickness of this sheet is about 18 nm with a clean surface, which indicates 
that the AlAs sacrificial layers were fully removed. According to the TEM and SAED in 
Figure 1d, the GaAs 2DNLS exhibits a uniform thickness and an excellent crystallinity 
with zinc blended crystal. According to our previous work, GaAs NWs and GaAs 
2DNLSs both exhibit p-type semiconductor characteristics [9,14]. 

 
Figure 1. (a) Top-view SEM image of GaAs NWs, (b) TEM image of GaAs NW; the insert is the 
SAED (c) AFM image of GaAs 2DNLS, (d) TEM image of GaAs 2DNLS; the insert is the SAED of 
GaAs 2DNLS. 

In order to confirm the influence of passivation on surface states, a GaAs 2DNLS 
photodetector was fabricated and passivated by (NH4)2S. The I-V characteristics of the 
GaAs 2DNLS photodetector under various power densities before and after passivation 
are shown in Figure S1. The dependence of the photocurrent and power density was 
used to analyze the surface states density, as shown in Figure 2a. The relationships were 
fitted using the equation: I∝Pk, where I is the photocurrent and P is the power density. 
The k value is used to evaluate the response of the photocurrent to the light power den-
sity. It is related to the defects of the material. The larger the k value, the fewer the surface 
defects of the low-dimensional material [14]. For the GaAs 2DNLS photodetector before 
passivation, the k value was calculated to be about 0.48. However, the k value increased 
to 0.57 after passivation. This indicates that the surface states density of GaAs 2DNLS is 
reduced. Furthermore, the decay time greatly increased after passivation, as shown in 
Figure 2b. The results are consistent with the passivated GaAs NW photodetector [14]. 

 
Figure 2. (a) Dependence of photocurrent and power intensity before and after passivation. (b) 
Time-dependent current decay curve of GaAs 2DNLS photodetector before and after passivation. 

Figure 2. (a) Dependence of photocurrent and power intensity before and after passivation.
(b) Time-dependent current decay curve of GaAs 2DNLS photodetector before and after passivation.
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A mixed-dimensional GaAs photodetector with an electron channel was then fab-
ricated. Figure 3a depicts the schematic diagram and corresponding morphology. The
electron channel was constructed utilizing the surface band bending caused by surface
states. The effect of the electron channel on response speed is confirmed by surface passi-
vation.

Crystals 2021, 11, x FOR PEER REVIEW 4 of 8 
 

 

A mixed-dimensional GaAs photodetector with an electron channel was then fab-
ricated. Figure 3a depicts the schematic diagram and corresponding morphology. The 
electron channel was constructed utilizing the surface band bending caused by surface 
states. The effect of the electron channel on response speed is confirmed by surface pas-
sivation. 

The I-V characteristics curves of the photodetector before and after passivation il-
luminated with 532 nm laser under different light power densities are detailed in Figure 
3b,c. It can be seen that the I-V curve of the unpassivated photodetector exhibits a typical 
rectification characteristic, which is attributed to the special band structure. The turn-on 
voltage is about 5 V. Although GaAs NWs and GaAs 2DNLSs have the same electron af-
finity and almost the same band gap, the surface states density of GaAs 2DNLSs is much 
larger than that of GaAs NWs. In this case, the degree of downward band bending 
caused by surface states is also larger than for GaAs NWs. Hence, a special band struc-
ture is formed at the interface of GaAs 2DNLSs and GaAs NWs. In this structure, a spe-
cial band offset with a valence well is constructed. The valence well provides a fast 
transport channel for photo-generated electrons. Meanwhile, the photo-generated holes 
in GaAs NWs and GaAs 2DNLSs will diffuse into the main body of these materials. The 
special band structure can effectively enhance the separation efficiency, reduce the re-
combination efficiency and improve the response speed of the device. Furthermore, con-
sidering the special band structure, the I-V curves exhibit a forward-conducting charac-
teristic. 

Figure 3c shows the I-V characteristics of the device after passivation. It can be ob-
served that the current continuously increases with increasing voltage and the I-V curves 
are symmetrical. This phenomenon is attributed to the reduction or disappearance in the 
band bending caused by passivation. In this case, when the bias is higher than the 
Schottky barrier of the electrodes, electrons and holes can be transported in the valence 
band and conduction band, respectively, and collected by the electrodes. Therefore, the 
I-V curve does not exhibit a rectification characteristic. 

 
Figure 3. (a) Schematic illustration of mixed-dimensional GaAs photodetector; insert is the SEM
image of the same. The I-V characteristics curves of the devices under different power densities
(b) before and (c) after passivation. The inserts are dark currents and photocurrents at 0.36 mW/cm2

on a logarithmic scale. (d) Ratios of photocurrent to dark current before and after passivation under
different power densities at 8 V.

The I-V characteristics curves of the photodetector before and after passivation illumi-
nated with 532 nm laser under different light power densities are detailed in Figure 3b,c. It
can be seen that the I-V curve of the unpassivated photodetector exhibits a typical rectifica-
tion characteristic, which is attributed to the special band structure. The turn-on voltage is
about 5 V. Although GaAs NWs and GaAs 2DNLSs have the same electron affinity and
almost the same band gap, the surface states density of GaAs 2DNLSs is much larger
than that of GaAs NWs. In this case, the degree of downward band bending caused by
surface states is also larger than for GaAs NWs. Hence, a special band structure is formed
at the interface of GaAs 2DNLSs and GaAs NWs. In this structure, a special band offset
with a valence well is constructed. The valence well provides a fast transport channel for
photo-generated electrons. Meanwhile, the photo-generated holes in GaAs NWs and GaAs
2DNLSs will diffuse into the main body of these materials. The special band structure
can effectively enhance the separation efficiency, reduce the recombination efficiency and
improve the response speed of the device. Furthermore, considering the special band
structure, the I-V curves exhibit a forward-conducting characteristic.

Figure 3c shows the I-V characteristics of the device after passivation. It can be
observed that the current continuously increases with increasing voltage and the I-V curves
are symmetrical. This phenomenon is attributed to the reduction or disappearance in the
band bending caused by passivation. In this case, when the bias is higher than the Schottky
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barrier of the electrodes, electrons and holes can be transported in the valence band and
conduction band, respectively, and collected by the electrodes. Therefore, the I-V curve
does not exhibit a rectification characteristic.

The ratio of photocurrent to dark current (Ilight/Idark) is an important parameter to
evaluate the performance of the photodetectors. Figure 3d shows the ratios of photocurrent
to dark current before and after passivation at 8 V. It is clearly observed that the Ilight/Idark
increases with increasing laser power density. This is because more carriers are generated
under the condition of larger laser power density. In addition, the Ilight/Idark of the unpas-
sivated device is much larger than that of the passivated device. This is ascribed to the
special band structure of the valence well, which traps the generated electrons to improve
the separation efficiency and reduce the recombination efficiency [9]. However, the valence
well is removed in the passivated device. Its separation efficiency is smaller than in the
unpassivated device. Therefore, the Ilight/Idark of passivated devices is still much smaller
than that of unpassivated devices.

Responsivity (R), external quantum efficiency (EQE), and detectivity (D*) are the key
parameters used to measure the performance of a detector. These three parameters can be
calculated by the following three formulas [3,14].

R =
Ilight − Idark

PS
(1)

EQE =
hcR
eλ

(2)

D∗ =
R√

2eIdark/S
(3)

where Ilight is the photocurrent, Idark is the dark current, P is the laser power density, S
is the effective light-sensing area, e is the electron charge, h is the Planck constant, c is
the velocity of light, and λ is the wavelength of light. Figure 4a,b shows the responsivity,
EQE, and detectivity of the device before and after passivation at 8 V. The maximum
responsivity and EQE were found to be 1.06 × 105% and 46.3 AW−1, respectively, at 8 V
before passivation. The detectivity is about 2.3 × 1013 Jones, which is higher than that of
the commercial photodetectors. Note that the responsivity decreases with increasing laser
power density. This is due to the competition between the recombination and separation
of photo-generated carriers. Under low power density conditions, the increase in carrier
separation rate leads to higher responsivity. Under high power density conditions, the
carrier recombination rate increases and the responsivity decreases. Moreover, the device
exhibits a gain phenomenon, which is attributed to prolongation of carrier lifetime caused
by surface states and the interface band structure [21–23]. After passivation, the maximum
responsivity, EQE, and detectivity are 24.0 AW−1, 5.5 × 103%, and 4.6 × 1011 Jones,
respectively. The responsivity of the device before passivation is about 1.9-fold higher
than that after passivation. This is because the special band structure increases the carrier
separation efficiency, and the electron trap provides a fast channel for the transmission of
photo-generated electrons.

The time-dependent photoresponses were determined under illumination with a
532 nm laser. The response time is defined as the time interval from 10% to 90% (rise
time) and from 90% to 10% (decay time) of the current signal [24]. Figure 4c,d shows the
response of the device at 8 V before and after passivation, respectively. At 8 V, the rise
time of the unpassivated device is about 4.7 ms. However, for passivated devices, the
rise time increases to 210 ms, which is 45-fold longer than that of the as-prepared device.
The performance of our device was compared with state-of-the-art low-dimensional GaAs
photodetectors, as shown in Table 1. For the as-prepared device, an electron channel exists
at the interface, which accelerates the electron transport. After passivation, the surface band
bending decreases; the valence well at the interface disappears or becomes weaker; and the
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one-dimensional fast electron transmission channel disappears. Hence, the response time
of the device greatly increases.
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Table 1. Comparison of the performance parameters for low-dimensional GaAs photodetectors.

Material R (mA/W) τr/τd (ms) Reference

GaAs NW 1.82 × 104 -/188 [14]
Passivated GaAs NW 2.5 × 104 -/269 [14]
Pure-phase GaAs NW 1.45 × 108 - [25]

GaAs/AlGaAs/GaAs NW 570 175/190 [26]
GaAs NW/WSe2 511 246/280 [27]

Graphene/GaAs NW 301 0.042/0.14 [1]
GaAs NW/GaAs 2DNLS 4.63 × 104 4.7/6.1 this work

Figure 5a shows a comparison of the decay time at 8 V for the device before and
after passivation. The decay time is about 6.1 ms for the unpassivated photodetector and
about 373.7 ms for the passivated device. The decay time of the passivated device is about
61-old longer than that of the unpassivated device. This result can be explained by the
special band structure of this device, as shown in Figure 5b [28]. It is well-known that the
decay time is affected by the carrier recombination process [29,30]. After passivation, the
band bending at the interface decreases and the valence well and holes barrier tend to
disappear. Meanwhile, the restriction of the one-dimensional electron transmission channel
is weakened. Hence, the electron transport speed is reduced and the carrier recombination
efficiency enhanced. As a result, the response time of the device increases.
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4. Conclusions

In summary, a fast-response mixed-dimensional GaAs photodetector was fabricated
using a GaAs NW and GaAs 2DNLS. An electron transmission channel and a special band
structure form at the interface between the GaAs NW and GaAs 2DNLS in this device. The
channel provides a high-speed path for electron transport. As a result, the device exhibits a
rise time of 4.7 ms and decay time of 6.1 ms at 8 V. Meanwhile, its responsivity is as high
as 46.3 AW−1. Furthermore, sulfur passivation treatment is applied to verify the function
of the transmission channel on fast response. After passivation, the rise time increases to
210 ms and the decay time increases to 373.7 ms, which are much longer than those before
passivation. This work is of great significance for fabricating fast response photodetectors
and utilizing surface states.
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