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GaAs nanowires (NWs) are ideal materials for preparing near-infrared photodetectors owing to their high charge
carrier mobility and direct band gap. Although the performance of GaAs NW photodetectors can be enhanced by surface
passivation or doping, it still cannot meet the requirement for applications. In this paper we propose a method to greatly
improve the performances of GaAs NW photodetectors by hot-hole injection via surface plasmon polaritons. In this case,
the responsivity of a single GaAs NW photodetector is increased by a fact of 3.2 to 6.56 A-W~! by attaching capsule-
like Au nanoparticles to its surface. This research uses an efficient route to improve the NW photocurrent, which is also
important for the development of a high-performance near-infrared NW photodetecor.

Keywords: GaAs nanowire (NW), capsule-like Au nanoparticles, photodetector, surface plasmon polariton

PACS: 78.67.Uh, 78.67.Bf, 85.60.Gz, 52.77.—j

1. Introduction

Quasi-one-dimensional GaAs nanowires (NWs) are de-
sirable in high-performance photodetectors owing to their
superior properties, such as a direct band gap as high as
1.42 eV, fast carrier mobility and high compatibility with Si
technology.!'=3] Research on GaAs NW photodetectors has
made rapid progress in the past decade./*° At present, the
dark current of such devices has been reduced by surface
passivation,!”] However, there is a significant gap in research
on how to effectively improve the photocurrent of these de-
vices.

Surface plasmon polaritons (SPPs) represent a phe-
nomenon in which free electrons at the interface between
metal materials and air are excited by light to produce col-

[8-121 The SPP mode can confine the inci-

lective oscillations.
dent light to the surface of metal material and make it prop-
agate along the metal surface. This limiting effect signifi-
cantly increases the intensity of the electromagnetic field at the
interface.!'3-1") Au nanoparticles have been used in the visible
band.20-22] However, the enhancement effect of SPPs realized
by Au nanoparticles on the photoresponse in the infrared band
is not clear.[>3?*1 A comparison of the performance of pho-
todetectors based on GaAs before and after SPP treatment is
also lacking.

In this study, we placed capsule-like Au nanoparticles
with absorption edges of approximately 800 nm on the sur-
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face of p-type GaAs NWs. The performance of the device was
thus significantly improved under an 808 nm excitation light
source: the responsivity and detectivity increased by a factor
of 3.2 to 6.56 A-W~! and 2.53 to 5.6 x 10!0 Jones, respec-
tively. This improvement in the device performance was due
to the specific wavelength selectivity. From the perspective
of compatibility between plasma and dielectric materials, this
study improves the photoresponse performance of GaAs NW
photodetectors and expands the application prospects of SPPs.

2. Experiment
2.1. NW growth

Using a DCA P600 molecular beam epitaxy (MBE) sys-
tem, GaAs NW arrays were synthesized on an undoped Si
(111) substrate by a Ga-assisted autocatalytic growth mode at
600 °C and a V/III beam ratio of 25 (Ga beam equivalent pres-
sure (BEP) of 6.4 x 10~% Torr, As BEP of 1.6 x 107° Torr,
1 Torr = 133.322 Pa). The GaAs NW used was approximately
200 nm in diameter and 7 um long (see Fig. S1 in the supple-
mentary information).

2.2. Preparation and testing of the NW photodetector

A 1 cm x 1 cm substrate of p+ Si/SiO; (100 nm thick)
was first prepared. After ultrasonic treatment with alcohol,
acetone and deionized water for 15 min, the substrate sur-
face was dried with nitrogen to achieve a clean and pollution-
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free surface. Then, another substrate with a GaAs NW ar-
ray was buckled onto the prepared substrate; tweezers were
used to gently slide the upper substrate allowing the GaAs
NWs to slide off to the lower substrate.!”>! Au nanoparticles
were attached to the surface using a droplet method. Then,
polymethyl methacrylate and methyl methacrylate were spin
coated on the surface, followed by electron beam etching
(EBL; JEOL 6510 with a nanometer pattern generation sys-
tem). Finally, a Cr/Au (15 nm/100 nm) electrode was prepared
by thermal evaporation, and a Schottky—Ohmic contact pho-
todetector was obtained. After device fabrication, the photo-
electric performance of the GaAs NW photodetector was mea-
sured using an Agilent 4155C semiconductor analyser. The
morphology of the GaAs NWs was characterized by a JSM-
6510 scanning electron microscope (SEM).

3. Discussion

Figure 1 depicts the fabrication process for a single GaAs
NW photodetector. Figure 1(a) shows a SEM image of the
GaAs NW arrays grown by MBE. It is apparent that the di-
ameter of the GaAs NWs is approximately 200 + 10 nm, and
that they have a hexagonal structure. Figure 1(b) shows a sin-
gle GaAs NW transferred to the substrate for photolithography
by mechanical stripping. Figure 1(c) shows Au nanoparticles
dissolved in deionised water and then dropped on the surface
of the GaAs NWs. The illustration shows the SEM image of
the capsule-like Au nanoparticles. It can be clearly observed
that the length to diameter ratio of the Au nanoparticles is ap-
proximately four, the length is approximately 80 nm and the
width is approximately 20 nm. Finally, a single GaAs NW
photodetector was fabricated by EBL, spin coating and ther-
mal evaporation processes. Figure 1(d) shows SEM images of
the device. The SEM image shows that many Au nanoparticles
become attached to the surface of GaAs NWs.

(c ]
Deioniz
with Au "

Fig. 1. Schematic diagram of the preparation of a single GaAs NW photode-
tector. (a) A GaAs NW array; the inset is the SEM image. (b) Transfer of a
single GaAs NW. (c) Au nanoparticles are attached to the surface of a GaAs
NW; the inset is the SEM image of Au nanoparticles. (d) A single GaAs NW
photodetector; the inset is the SEM image.
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Fig. 2. (a), (b) The I-V characteristics of GaAs NW photodetectors be-
fore and after attachment of Au nanoparticles under 808 nm excitation (unit
mW-cm—2). (c), (d) R and D* of the device before and after treatment.

The I-V characteristics of the GaAs NW photodetectors
before and after treatment under an 808 nm excitation light
source were tested, and the responsivity (R) and detectivity
(D*) calculated, as shown in Fig. 2. Figures 2(a) and 2(b)
show the photoresponse characteristics of the single GaAs NW
photodetector with different excitation powers before and after
the attachment of Au nanoparticles, respectively. It is evident
that the photocurrent of the device increases with increase in
the excitation power, but the increase in amplitude decreases
gradually. This is because the carriers in the GaAs NWs tend
to saturate gradually. The asymmetry between photocurrent
and dark current curves is due to the difference in the Schot-
tky barrier between the two electrodes. Under an excitation
power of 4.1 mW-cm™2, the photocurrent of the device (Jjigne)
changed from 1.38 x 10712 A t0 2.92 x 10~!2 A and the dark
current (g ) changed from 6.42 x 10713 A t0 6.9 x 10713 A,
The increase in g is due to the enhanced absorption of the
excitation source by SPPs. Figure 2(c) shows R for two groups
of devices under different excitation powers. R is the physical
quantity used to describe the photoelectric conversion capabil-
ity of the device.!?®! With increase in the excitation power, R of
the devices gradually decreases, similar to the current change.
The formula is

R— Dighe — Idark’ )
A-P

where A is the photosensitive area and P is the incident light
power density (mW-cm~2). The R values of the two devices
are 2.05 A-W~! and 6.56 A-W~!, and R is increased by a fac-
tor of 3.2. Another important performance parameter of the
photodetector, D*, is shown in Fig. 2(d); this is used to char-
acterize the ability of the device to detect weak signals.?’! The

formula is

R
D = ——rer, 2
\/ 261dark/A
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where e is the unit charge (1.6 x 10~!° C). The D* values of
the two devices are 2.24 x 10'” Jones and 5.6 x 10'° Jones,
respectively, a factor of 2.53 increase.

The [-V characteristics of the GaAs NW photodetector
before and after treatment were tested under a 532 nm ex-
citation light source, and R and D* were calculated as de-
picted in Fig. 3. The current of the device before and af-
ter treatment increases with increase in the excitation power,
as shown in Figs. 3(a) and 3(b). Under an excitation power
of 4.1 mW-cm~2, Lighe of the device changed from 1.35 x
10712 A to 22 x 10712 A and Iy changed from 6.61 x
10713 A to 5.4 x 10713 A. Compared with the I-V charac-
teristics under 808 nm excitation, the overall photocurrent of

the device under 532 nm excitation is slightly smaller. This
is because the excitation wavelength of 808 nm is closer to
the cut-off wavelength of GaAs. Figures 3(c) and 3(d) show
R and D* of the device before and after treatment. R and D*
of the device increased from 1.35 A-W~! t0 3.2 A-W~! and
from 1.47 x 10'° Jones to 3.06 x 10'° Jones, respectively. Au
nanoparticles with an aspect ratio of four can improve the ab-
sorption intensity at 800 nm.

We also compared the performances of various GaAs-
based photodetectors reported in the literature (Table 1). Com-
pared with other photodetectors, the capsule-like Au nanopar-
ticles effectively enhanced the photocurrent and responsivity
of GaAs NW photodetectors.

Table 1. Performance comparison of GaAs-based NW photodetectors.

Material Tqark (A) ignt (A) R (A-W’l) D* (Jones) Ref.
Commercial GaAs 0.45 [28]
GaAs/AlGaAs NW 1x10~11 7 % 10710 0.57 7.2 %1010 [29]

GaAsSb NW 3x 1077 5% 1077 2.37 1.08 x 10° [30]
GaAs NW, surface passivation 7.18 x 10714 1.8x 10710 18.2 to 25 9.04 x 102 [31]
GaAs/AlGaAs quantum well NW 1.2x 10712 1.35x 10711 0.199 5.8 x 1010 [32]
GaAs NW 6.42x 10713 1.38 x 10712 2.05 2.24 x 1010 this work
GaAs NW-Au NPs 6.9x 10713 2.92x10712 6.56 5.6 x 1010 this work
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Fig. 3. (a), (b) The I-V characteristics of GaAs NW photodetectors be-
fore and after Au nanoparticle attachment under 532 nm excitation (unit
mW-cm~2). (c), (d) R and D* of the device before and after treatment.

To confirm the source of the improved performance, we
first simulated the absorption spectrum of a single Au nanopar-
ticle using FDTD solutions, as shown in Fig. S2. The simula-
tion results show that the absorption peak of Au nanoparticles
is approximately 800 nm, which is consistent with our predic-
tion. Figure 4(a) illustrates the band diagram of the GaAs NW
with Au nanoparticles. When the excitation light source irra-
diates Au nanoparticles, the nanoparticles absorb light energy
and produce hot carriers. The hot holes will transfer towards
the contact p-type GaAs NWs, forming a photocurrent and en-
hancing the photoresponse under the applied bias.[*3% To
verify whether the capsule-like Au nanoparticles can enhance

the absorption of GaAs NWs at 808 nm, we tested the absorp-
tion spectra of GaAs NWs before and after placement of the
Au nanoparticles, as depicted in Fig. 4(b). The figure shows
that that capsule-like Au nanoparticles have the strongest ab-
sorption intensity near 800 nm (black line), and pure GaAs
NW has the strongest absorption intensity at approximately
870 nm, which corresponds to the cut-off wavelength of GaAs
(red line).3!! After treatment, the overall absorption strength
of the NWs was improved (cyan line). Moreover, the absorp-
tion curve after treatment minus the absorption curve before
treatment (gray dashed line), and its change law, are similar
to the Au nanoparticle curve. In particular, the absorption in-
tensity near 800 nm is the highest, owing to the role of Au
nanoparticles. Therefore, the capsule-like Au nanoparticles
exhibit a specific absorption of 800 nm.

Finally, to evaluate the switching response (on state and
off state) of the photodetector, the transient photoelectric cur-
rent (TPC) of the GaAs NW photodetector before and after
treatment under 808 nm excitation is tested,’?”! as demon-
strated in Fig. 5. The response time of the device is defined
as the time for the photocurrent signal to increase from 10%
to 90% (rise time) and to decrease from 90% to 10% (decay
time). In this study, the rise and decay times of the pure GaAs
NW photodetector at 808 nm are 19 ms and 66 ms, respec-
tively, as shown in Fig. 5(a). After treatment, the rise and
decay times are 16 ms and 103 ms, respectively, as shown in
Fig. 5(b). As depicted by the TPC, the photocurrent of the

device is improved by the addition of Au nanoparticles. %33
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Fig. 4. (a) Schematic diagram of the energy bands of GaAs NWs with Au nanoparticles. (b) Absorption spectra of GaAs NWs before and after the

attachment of Au nanoparticles.
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Fig. 5. (a), (b) Transient photoelectric current of a single GaAs NW photodetector before and after the attachment of Au nanoparticles under

excitation at 808 nm. The illustration shows three periods.

The illustration shows the transient response of the device in
three cycles, indicating that the device possesses good stabil-
ity and repeatability. The response time rule under 532 nm
excitation is the same, as shown in Fig. S2.

4. Conclusion

In summary, we prepared a single GaAs NW photodetec-
tor and placed capsule-like Au nanoparticles on its surface. By
calculating the photoelectric characteristics and performance
of the device, we confirmed that the excitation light source
is close to the cut-off wavelength of the material; the device
will thus generate more photogenerated carriers. Additionally,
the capsule-like Au nanoparticles were selected according to
the excitation band of GaAs NWs, which played the role of
SPP to a great extent. Under the excitation of a 808 nm light
source, R of the treated device was increased by a factor of 3.2
to reach 6.56 A-W~! and D* was increased by a factor of 2.53
t0 5.6 x 10'° Jones. Therefore, this study expands the possible
applications of SPPs.
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