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Abstract
Sensors based on gallium arsenide (GaAs) nanowires (NWs) have excellent sensitivity and can
directly detect individual virus particles and individual DNA molecules. GaAs NW
photodetectors have attracted wildly attentions due to their direct band gap, specific surface area
and high optical absorption coefficient. However, GaAs NWs suffer the problem of serious
surface states, leading to the development of high performance GaAs NW photodetectors.
Plasma treatment with inert gas is one of the important methods to reduce the density of surface
states. In this paper, the effect of nitrogen plasma treatment on the performance of GaAs NW
photodetector is investigated. The results show that the light current of GaAs NW photodetector
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is obviously increased. Besides, the responsivity, specific detectivity and external quantum
efficiency (EQE) are also improved. Under 808 nm laser with the light intensity is
2966.8 mW cm−2, the responsivity changes from 56.4 A W−1 to 117.6 A W−1 and
18.7 A W−1, the specific detectivity changes from 4.7 × 1011 Jones to 9.9 × 1011 Jones and
3.2 × 1011 Jones, the EQE changes from 13 146% to 27 434% and 4359% when the nitrogen
plasma treatment time is 0 s, 10 s and 20 s, respectively. This may be related to the defect states
density of NWs is changed after nitrogen plasma treatment. This work promotes the further
development of GaAs NW photodetectors for biosensing techniques.

Supplementary material for this article is available online

Keywords: biosensor, gallium arsenide, nanowires, photodetector, plasma treatment

1. Introduction

One dimensional (1D) semiconductor nanowires (NWs) have
the advantages of small size, large specific surface area, high
carrier mobility, and tunable light absorption, thus NWs usu-
ally exhibit excellent optoelectronic properties, such as ultra-
high optoelectronic gain, multi array light limiting effect, and
sub-wavelength size effect, and can be applied in optical ima-
ging and sensing, environmental monitoring, chemical/biolo-
gical sensing, and rocket plume detection [1–6]. To date, NWs
have been widely used in interconnect systems as well as elec-
tronic and optoelectronic functional devices. Semiconductor
NWs have shown many potential applications in medical
and biological detection fields due to their unique electrical,
optical, and chemical properties. Sensors based on NWs have
excellent sensitivity and can directly detect individual virus
particles and individual DNA molecules [7, 8]. The biosensor
utilizing ZnO NWs exhibits a high sensitivity for detecting
glucose concentrations within the range of 0.1–100 mM [9,
10]. Sensing devices based on NWs have been employed to
monitor concentrations of uric acid and urea in blood samples,
providing valuable insights into the assessment of conditions
such as gout (a form of arthritis) and kidney disease [11, 12].
Optical sensors based on NWs have been proven to be suit-
able for the evanescent field of NWs waveguides, [13] NWs
based LEDs have been proven to be suitable as room temper-
ature single photon sources, [14] the coaxial NWs structure
has shown special prospects in the field of solar cells [15].

In the past decade, with the development of semiconductor
processing technology, photodetectors based on 1D NWs and
two-dimensional materials have become a research hotspot.
As a typical III–V semiconductor, gallium arsenide (GaAs)
has a direct bandgap of 1.42 eV, which located in near-infrared
band, besides, GaAs shows high electron mobility, high satur-
ation drift rate, small dielectric constant, and high temperat-
ure resistance, which make it shows great potential for applic-
ations in the preparation of room temperature electronic and
optoelectronic devices [16–20]. With the development of port-
able devices, it is imperative to shrink bulk materials to the
nanoscale. However, when GaAs is reduced to 1DGaAs NWs,
surface current will be generated owing to the high surface

state density of GaAs NWs, resulting in an increase in dark
current and a decrease in photocurrent. This is detrimental
to the implementation of high-performance GaAs based NWs
photodetectors. Finally, it is essential to highlight that the pos-
sibility of achieving extremely high doping in GaAs NWs,
facilitated by the unique characteristics of GaAs, opens the
avenue for using these NWs not only in low-temperature
microscopic physics experiments but also inmodern nanoscale
devices [21]. This breakthrough in understanding GaAs prop-
erties not only enhances its applicability in the field of low-
temperature mesoscopic physics but also removes obstacles
for its potential application in the realm of biosensing.

Passivation the surface state of NWs is an important
strategy to improve the performance of GaAs NW photode-
tectors. Sulfur solution passivation methods, such as Na2S,
(NH4)2S, etc, are widely used in III–V semiconductor mater-
ials and devices, which can effectively remove the surface
oxide layer and dangling bonds, simultaneously generate new
stable chemical bonds on the surface [22–24]. The effects of
sulfur solution passivation on optical and electrical properties
of GaAs NWs have also been extensively studied [25–27]. The
photoluminescence (PL) intensity and conductivity of GaAs
NWs will increase. Recent report has studied the effect of
sulfur solution passivation on the optoelectronic properties of
GaAs NWs photodetector, where the dark current is reduced
and the photocurrent is improved after sulfur passivation [28].
The effect of nitrogen solution passivation (N2H4•H2O) on the
electrical and optoelectronic properties of GaAs NWs have
been also studied, where the electrical conductivity of NWs
is enhanced and the PL intensity is enhanced after passiva-
tion. The improved performance is mainly due to the decrease
of the surface state density of NWs after nitrogen passivation
[25]. Although passivation of GaAs NWs by solution meth-
ods has been studied, the solution method is not environment-
ally friendly. Thus, reducing the surface states density of GaAs
NWs by dry passivation should be explored, such as growth of
protective layer, [29–31] and plasma treatment [32–34]. The
GaAs NWs have been passivated by AlxGa1−xAs shell, where
the minority carrier diffusion length increases, the PL lifetime
and intensity also increase [30]. The optical performance of
GaAs NWs has been improved by mixed nitrogen–hydrogen
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plasma treatment, after treatment, the surface states are pas-
sivated, and the rate of nonradiative recombination is reduced
[33]. However, the effect of plasma treatment on the optoelec-
tronic properties of GaAs NWs need to be further studied.

Here, we synthesized GaAs NWs through a chemical vapor
deposition (CVD) method. Then the GaAs NWs were fabric-
ated into single GaAs NW photodetector. The optoelectronic
properties of the single GaAs NW photodetector before and
after nitrogen plasma treatment were studied by a Agilent
4155C semiconductor analyzer under a 808 nm laser. The
single GaAs NW device exhibit P-type semiconductor beha-
vior. After nitrogen plasma treatment, the hysteresis of the
device is reduced. Besides, the light currents of the single
GaAs NW photodetector increases after nitrogen plasma treat-
ment, which change from 25.9 nA to 78.3 nA and 41.8 nA
when the treatment time is 0 s, 10 s and 20 s, the treatment
power is 10 W, and the light intensity is 2966.8 mW cm−2.
Simultaneously, the responsivity, external quantum efficiency
(EQE) and specific detectivity also enhance after nitrogen
plasma treatment. When the light intensity is 0.3 mW cm−2,
the responsivity changes from 56.4 A W−1 to 117.6 A W−1

and 18.7 A W−1, the EQE changes from 13 146% to
27 434% and 4359%, the specific detectivity changes from
4.7 × 1011 Jones to 9.9 × 1011 Jones and 3.2 × 1011 Jones.
When the light intensity is 2966.8 mW cm−2, the responsiv-
ity changes from 1.2 A W−1 to 3.5 A W−1 and 1.9 A W−1,
the EQE changes from 270% to 821% and 438%, the specific
detectivity changes from 1.1 × 109 Jones to 1.9 × 109 Jones
and 1.4× 109 Jones. The response time of the singleGaAsNW
photodetector were also studied. The photocurrent rise time
change from 8.32 ms to 4.48 ms and 37.76 ms, the photocur-
rent fall time change from 52.48 ms to 68.8 ms and 45.78 ms.
The change in the optoelectronic properties of the device may
be related to the change in the defect states before and after
nitrogen plasma treatment. This work is significant for real-
izing high performance GaAs-based NWs photodetectors and
will promote their further applications in civilian and military.

2. Methods

The GaAs NWs are synthesized in a CVD system. The sub-
strate used here is Si with 300 nm SiO2. Before the NWs were
synthesized, 2 nm Au was evaporated on the substrate fol-
lowed by annealing at 700 ◦C for 15 min at nitrogen atmo-
sphere. The 2 nmAuwas used as catalysts. The GaAs powders
(∼1 g, 99.9999% purity) were placed into a boron nitride cru-
cible and then the crucible was placed at the center of two-
zone tube furnace. The prepared substrate was placed on the
other crucible, and the crucible with substrate was placed at the
downstream zones of the crucible with GaAs powders, with a
position of 5 cm. During the synthesis process, the vacuum of
the CVD system was maintained at 5 × 10−2 Pa, the carrier
gases were H2, the flow rate were 100 SCCM, the synthesis
time was 1 h, the synthesis temperature was 900 ◦C. After the
synthesis process, the temperature was cooled down to room

temperature naturally at H2 atmosphere. The GaAs NWs were
obtained.

The synthesized GaAs NWs was fabricated into single
GaAs NWs photodetector. The GaAs NWs were transferred
onto Si substrate with the SiO2 of 300 nm by physical method,
i.e. the as-synthesized NWs are directly contacted with the
substrate with 300 nm SiO2, and some NWs are adsorbed
on the substrate by using the intermolecular force. Nitrogen
was used to blow away the unstable NWs. The MMA/PMMA
were spin coated onto the substrate surface and covered the
GaAs NWs. Electron beam lithography was used to pattern
the designed electrodes. The sample coated with photoresist
is introduced into the electron beam lithography machine, and
the electrode pattern is drawn by CAD. After that, the pattern
is exposed by electron beam lithography machine according to
the electrode pattern, and the sample is taken out after expos-
ure, and the electrode shape is exposed in the developer. Then
the samples were immersed in HF solution (2%) for 20 s to
remove the natural oxide layer on the surface of GaAs NW,
after removing the natural oxide layer, the samples are imme-
diately evaporated for 15 nm Cr/50 nm Au as electrodes in a
vacuum thermal evaporation coating machine. A single GaAs
NW photodetector was prepared by stripping excess metal
from acetone.

The electrical and optoelectronic properties were studied
by Agilent 4155C semiconductor analyzer with a probe sta-
tion at vacuum. Nitrogen plasma treatment was performed by
plasma cleaner. In plasma treatment process, keep the mech-
anical pump open while 99.9% nitrogen is fed into the plasma
cleaner, the vacuum of the plasma cleaner is kept as 10 Pa, and
the power is 10 W. A laser with the wavelength of 808 nm was
used to measure the optoelectronic properties of the device.

3. Results

The scanning electron microscope (SEM) image of the as-
synthesized GaAs NWs was performed in figure 1. NWs and
microwires can be seen in the SEM. The diameters of NWs
are about 100 nm, with the lengths of 2–30 µm. The dia-
meters of microwires are about 2–5 µm, with the lengths of
20–80 µm. Besides, the number of NWs is obviously more
than the number of microwires. Low-temperature PL of the as-
synthesized GaAs NWs before and after nitrogen plasma treat-
ment under 77 K, with the excitation wavelength of 447 nm.
The results are shown in figure S1. The PL spectra of the NWs
did not show any significant changes in shape before and after
nitrogen plasma treatment, but the peak wavelength shifted to
shorter wavelength after nitrogen plasma treatment. Besides,
the full width at half maximum tends to narrow, which may be
due to the reduction of defects after nitrogen plasma treatment.

The NWs were picked out to fabricated single GaAs NW
photodetector. The schematic diagram of the single GaAs NW
photodetector is shown figure 2(a). A 300 nm SiO2 is arranged
on the high-conductive silicon substrate, GaAs NW is placed
on the SiO2 layer, and the two ends of the NWare covered with
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Figure 1. (a) Cross-sectional SEM image of as-synthesized GaAs NWs, scale bar: 20 µm; (b) top-view SEM image of as-synthesized GaAs
NWs, scale bar: 2 µm.

Figure 2. (a) Schematic diagram of the single GaAs NW photodetector; (b) SEM image of the single GaAs NW photodetector, scale bar:
2 µm.

two metal electrodes. The high-conductive silicon substrate
is worked as back-gate, the 300 nm SiO2 is worked as gate
dielectric, the GaAs NW is worker as photosensitive material,
the two metal electrodes are worked as drain and source. The
SEM image of the single GaAs NW photodetector is shown in
figure 2(b), with the channel length of 2 µm.

The electrical and optoelectronic properties of the single
GaAs NW photodetector before and after nitrogen plasma
treatment were studied by Agilent 4155C semiconductor ana-
lyzer at vacuum. The nitrogen plasma treatment was per-
formed by plasma cleaner. The treatment power is 10 W, the
treatment times are 10 s and 20 s. Figure 3 shows the trans-
fer properties of the single GaAs NW before and after nitro-
gen plasma treatment. The current of the all the single GaAs
NW before and after nitrogen plasma GaAs NW field-effect
transistors (FETs) decrease with increasing the gate voltages,
indicating that the GaAs NW FETs exhibits p-type semicon-
ductor behavior [28, 35], which may be related to Ga vacan-
cies formed during the synthesis process [36]. All the single
GaAs NW before and after nitrogen plasma treatment show
significant hysteresis windows. The hysteresis window of the
original GaAs NW is ∼70 V, after nitrogen plasma treatment
for 10 s, the hysteresis window changes to ∼50 V, increase
the treatment time to 20 s, the hysteresis window changes to

∼60 V. Besides, the threshold shifts to positive direction after
treatment for 10 s, and will shift to negative direction. The
change in hysteresis window and threshold may be related to
the change in defect of the GaAs NW after nitrogen plasma
treatment [33].

The optoelectronic properties of the single GaAs NW pho-
todetector before and after nitrogen plasma treatment under
different light power intensities are shown in figure 4. As
shown in figure 4(a), original GaAs NW photodetector shows
obvious photoresponse under 808 nm illumination. With
the light power intensity increases from 0.3 mW cm−2 to
2966.8 mW cm−2, the light current increases gradually. After
nitrogen plasma treatment for 10 s, as shown in figure 4(b),
the light currents becomes larger, which means that the single
GaAs NW photodetector after nitrogen plasma shows bet-
ter photoresponse than that of the original device. Increasing
the treatment time to 20 s, which is shown in figure 4(c),
the light current changes to smaller than the light current
when the treatment time is 10 s. When the light intensity is
2966.8 mW cm−2, the light currents of the single GaAs NW
photodetector before and after nitrogen plasma are 25.9 nA,
78.3 nA, and 41.8 nA, respectively. Nitrogen plasma treatment
has improved the light current of GaAs NW photodetector. To
verify the changes in the current after N2 plasma treatment
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Figure 3. Transfer properties of the single GaAs NW device before and after nitrogen plasma treatment.

Figure 4. (a) Optoelectronic properties of the original single GaAs NW photodetector; (b) optoelectronic properties of the single GaAs NW
photodetector after nitrogen plasma treatment for 10 s; (c) optoelectronic properties of the single GaAs NW photodetector after nitrogen
plasma treatment for 20 s; the laser wavelength is 808 nm, with the light power intensity range from 0.3 mW cm−2 to 2966.8 mW cm−2.

are reliable, we have measured the I–V curves from another
device, as shown in figure S2. It shows similar phenomenon
compared with the previous I–V curves. Thus the results are
reliable.

The dependence between light current and power intensity
of the single GaAs NW photodetector after nitrogen plasma
treatment are shown in figure 5(a). Power law, I ∝ Pk, can be
used to fit the dependence between light current and power
intensity, where I is the light current, P is the light power
intensity. k is related to the defects of the materials. A lar-
ger k means the less the defects in the materials [37, 38]. It
can be seen that the k of the single GaAs NW photodetector
after nitrogen plasma treatment is 0.51, 0.63, and 0.73, respect-
ively. The results show that k becomes larger after nitrogen
plasma treatment. It means the nitrogen plasma treatment have
reduced the defect of GaAs NWs. The change trend of hys-
teresis windows and k values seems different, which may be
related to the change in interface properties. Nitrogen plasma
treatments have reduced the defect of GaAs NWs, leading to
the increased k and decreased hysteresis windows. However,
when the treatment time is long, the nitrogen plasma may
change the quality of SiO2, leading to the interface property

between GaAs NW and SiO2 changes, thus the hysteresis win-
dow becomes larger.

Responsivity (R), EQE and specific detectivity (D
∗
) are

important parameters to evaluate the performance of photo-
detectors. Responsivity, defined as the ratio of photocurrent to
incident light power, characterizes the photodetector’s ability
to convert optical radiation signals into electrical signals, and
can be expressed as follows [39–42]:

R=
Ilight − Idark
A×P

(1)

where Ilight is the light current, Idark is the dark current, P
is the light power intensity, A is the device area, which is
defined as the product of channel length and width, i.e.,
A = 2 µm × 100 nm = 0.2 µm2.

EQE is defined as the ratio of the number of charge carriers
collected to the number of incident photons irradiated on the
device. EQE can be described as follows [35, 43]:

EQE=
hc
eλ
R (2)
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Figure 5. (a) Dependence between light current and power intensity of the single GaAs NW photodetector before and after nitrogen plasma
treatment; (b) dependence between responsivity and power intensity of the single GaAs NW photodetector before and after nitrogen plasma
treatment; (c) dependence between EQE and power intensity of the single GaAs NW photodetector before and after nitrogen plasma
treatment; (d) dependence between specific detectivity and power intensity of the single GaAs NW photodetector before and after nitrogen
plasma treatment.

where h is the Planck constant, c is the speed of light, e is the
electron charge, λ is the wavelength of the incident light.

The specific detectivity (D∗) is related to the detection sens-
itivity of a photodetector, which indicates the ability of a pho-
todetector to detect weak signal, and is one of the important
parameters to measure the performance of photodetectors. The
specific detectivity can be defined as follows [44–46]:

D∗ =
R√

2e× Idark/A
. (3)

The responsivity, EQE and specific detectivity of the single
GaAs NW photodetector before and after nitrogen plasma
treatment are calculated, and the dependence between the
responsivity, EQE, specific detectivity and light power intens-
ity are performed in figures 5(b)–(d). When the light intens-
ity is 0.3 mW cm−2, the responsivity of the nitrogen plasma-
treated GaAs device exhibits a significant change in perform-
ance. Before treatment, the responsivity is about 56.4 A W−1.
After nitrogen plasma treatment, the responsivity increases
first, reaching to 117.6 A W−1, which is better than the
commercial GaAs photodetectors and some GaAs-based NW
photodetectors [3, 28, 47, 48]. Further increases the treatment

time, the responsivity decreases to 18.7 AW−1. This improve-
ment is further underscored by EQE and specific detectivity
metrics. When the light intensity is 2966.8 mW cm−2, the
responsivity, EQE and specific detectivity show the similar
trends, as summarized in table 1. Nitrogen plasma treatment
has improved the performance of GaAs NW photodetector.
After nitrogen plasma treatment, the surface states of GaAs
NW is passivated, thus the photo-generated carriers trapped
by surface states will decrease. The optoelectronic conver-
sion process of photodetectors mainly involves the genera-
tion, separation, transport and extraction of photo-generated
carriers. The number of photo-generated carriers trapped by
surface states decreases, more photo-generated carriers are
separated and then transported to the electrodes. The photo-
generated carriers are collected by the electrodes and contrib-
uted to the light current. Thus, the photodetection performance
are enhanced after nitrogen plasma treatment.

The different changes in the performance of GaAs NW
photodetector under low light intensity and high light intens-
ity may be related to the following reasons: nitrogen plasma
treatment can improve the quality of NWs, but when the
plasma treatment time is prolonged, the quality of the interface
may decrease. At low incident power, more photo-generated
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Table 1. The key performance of the GaAs NW photodetector before and after nitrogen plasma treatment.

Treatment
performance Power intensity Originally

10 W, 10 s,
N2 plasma

10 W, 20 s,
N2 plasma

R (A W−1) 0.3 mW cm−2 56.4 117.6 18.7
2966.8 mW cm−2 1.2 3.5 1.9

EQE (%) 0.3 mW cm−2 13 146 27 434 4359
2966.8 mW cm−2 270 821 438

D∗ (Jones) 0.3 mW cm−2 4.7 × 1011 9.9 × 1011 3.2 × 1011

2966.8 mW cm−2 1.1 × 109 1.9 × 109 1.4 × 109

Figure 6. (a) The response time of the original GaAs NW photodetector; (b) the response time of the GaAs NW photodetector after
nitrogen plasma treatment for 10 s; (c) the response time of the GaAs NW photodetector after nitrogen plasma treatment for 20 s; (d) the
rise time of the original GaAs NW photodetector; (e) the rise time of the GaAs NW photodetector after nitrogen plasma treatment for 10 s;
(f) the rise time of the GaAs NW photodetector after nitrogen plasma treatment for 20 s; (g) the fall time of the original GaAs NW
photodetector; (h) the fall time of the GaAs NW photodetector after nitrogen plasma treatment for 10 s; (i) the fall time of the GaAs NW
photodetector after nitrogen plasma treatment for 20 s.

carriers are captured by interface defects, leading to a decrease
in device performance. However, at high incident power,
although part of the photo-generated carriers will be captured
by interface defects, resulting in a decrease in device perform-
ance, some other photo-generated carriers will excited by high
energy incident to produce photocurrent. This is consistent
with the change of the device performance.

Response time is another important parameter of a pho-
todetector, which characterizes the speed of a photodetector
to sense optical signal. Response time includes rise time (τ r)

and fall time (τ f), the rise time is defined as the time for the
net photocurrent rises from 10% to 90% and the fall time is
defined as the time for the net photocurrent fall from 90%
to 10%. The response time of the single GaAs NW photode-
tector before and after nitrogen plasma treatment are shown in
figure 6. As shown in figures 6(a)–(c), the GaAs NW photode-
tectors before and after nitrogen plasma treatments show stable
photoresponse. Figures 6(d)–(i) show the detailed rise time
and fall time of the devices. After nitrogen plasma treatment,
the photocurrent rise time change from 8.32 ms to 4.48 ms and
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37.76 ms, the photocurrent fall time change from 52.48 ms to
68.8 ms and 45.78 ms. The change in the photoresponse time
also related to the change in the defect states before and after
nitrogen plasma treatment.

5. Conclusion

In this work, the effect of nitrogen plasma treatment on
the performance of GaAs NW photodetector is investigated.
The results show that the light current, responsivity, specific
detectivity and EQE of GaAs NW photodetector are obviously
improved. Besides, the response times of the photodetectors
are also studied. After nitrogen plasma treatment with proper
treatment time, the photoresponse rise time decreases, and the
photoresponse fall time increases. These results are related
to the change of defect states density after nitrogen plasma
treatment. This work has promoted the further development
of GaAs NW photodetectors and will further promote their
application in both civilian and military fields, especially in
the field of biological detection.
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