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Abstract: Negative photoconductivity is observed in InAs nanowires (NWs) without
surface defected layer. The negative photoconductivity is strongly depended on the
wavelength and intensity of the light, and is also sensitive to the environmental
atmosphere. Two kinds mechanisms are distinguished to work together. One is related
to gas adsorption, which is photodesorption of water molecule and photo-assisted
chemisorption of O, molecule. The other one can be attributed to the photogating

effect introduced by the native oxide layer outside the NWs.
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Introduction

II-V nanowires (NWs) have attracted great attentions as building blocks for
optical and electronic applications. Among III-V materials, InAs has small electron
effective mass, high carrier mobility, narrow bandgap and ease of Ohmic contact
formation'. These distinct properties make InAs NW a promising candidate for many
important applications, such as high frequency RF transistors, single-electron
transistors, terahertz sources and detectors, etc. In particular, novel optoelectronic

devices have been demonstrated based on InAs NWs, including broad spectrum
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photodetectors ranging from ultraviolet to infrared regions, photovoltaic cells and
solar cells.”” For instance, vertical InAs NW array photovoltaic cell based on
heterojunction at the interface between InAs NW and Si substrate has shown broad
spectral response from visible to infrared region.’ Near-infrared photodetectors with
detection wavelength up to ~1.5 pum has been achieved in single-crystal InAs NW
grown by molecular beam epitaxy (MBE) with an external photoresponsivity of 5.3
x10° AW™ % In all these optoelectronic applications, the conductivity of the InAs NWs
increases with light exposure, the so called positive photoconductivity. Recently,
negative photoconductivity has been reported in InAs NW field effect transistors
(FETs).® The defected outer layer in the InAs NWs grown by chemical vapor
deposition (CVD) was believed to work like a photogating layer under the light and
induce the negative photoconductivity. A high photoconductive gain of approximately
-10° and a fast response time of 12 ms have been reported at room temperature due to
the majority-carrier-dominated photodetection mechanism. It is well known that InAs
NWs are very sensitive to chemical molecules owing to their high surface-to-volume
ratio, high surface electron concentration layer and rich surface states.”"? The positive
photocurrent has been observed to decrease when the InAs photodetectors are
exposed to the ambient atmosphere.” However, the negative photoconductivity due to
the photogating layer has been reported to be free from the environmental impact.8
Here, we report negative photoconductivity in single crystalline InAs NW without
surface defected layer. The present negative photoconductivity is found to depend
strongly on the wavelength and intensity of the light, and be sensitive to the
environmental atmosphere. The mechanism of the negative photoconductivity is
found to be complex.

The InAs NWs used in the present work were grown by MBE without
intentionally doping." The as-grown InAs NWs have diameter of 20 to 30 nm and are
covered by a native oxide layer ~2 nm in thickness. The NWs are characterized to
have single crystallize zinc blende (ZB) or wurtzite (WZ) structure and very smooth
surface through high-resolution transmission electron microscopy (HRTEM) images

and their fast fourier transformations, as shown in Figure 1(a). To fabricate the InAs
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NW FETs as shown schematically in Figure 1(b), the NWs were transferred onto a
pre-cleaned Si/SiO; (300 nm) substrate and located by scanning electron microscopy
(SEM). Source and drain (S/D) electrodes were defined by electron beam lithography
(EBL) and composed of Cr/Au (25/50 nm) deposited by electron beam evaporation.
The native oxide of the NWs in the contact area was etched by diluted NH4S, solution
before the S/D metal deposition. Figure 1(c) shows a SEM image of a typical FET
with the NW diameter being 23 nm and the channel length being 2.2 um.
Optoelectronic measurements of the InAs NW transistors were performed with a
LabRAM HR800 Evolution system, a Probe Station and a Keithley 4200

semiconductor analyzer.

Figure 1. (2) HRTEM image and corresponding Fourier transformation pattern (the low-left inset)
of an InAs NW with ZB structure. The up-right inset is a low magnification image. (b) Schematic
diagram showing the structure of a NW FET. (¢) SEM image of an InAs NW back-gate FET.

Results and discussion

Figures 2(a) and 2(b) show the typical transfer and output curves of an InAs NW
back-gate FET. The on/off ratio is about 3 orders of magnitude. The linear
relationship between /4 and Vs indicates the contact is ohmic contact. According to
our experience, such device characters indicate the devices are based on InAs NW

with ZB structure.'
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Figure 2. (a) /4-V,s and (b) 145~V curves of an InAsNW back-gate FET.
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Figure 3. (a) Iys-Vys curves of a single InAs NW FET in dark and under different light intensity
illumination at Vg=20V. (b) Time-resolved current rise and decay curve as obtained by application
and removal of 633nm light illumination at V4=0.1V, V=20V and light intensity of 9.37 x10°
mWecm™. (c) Photocurrent under V4=0.3V vs light intensity and the fitting curve.

Firstly, a 633 nm laser is used to investigate the photoelectric response properties
of the InAs NWs in ambient air, as InAs NW photodetectors have been reported to

have the highest photoelectric response at light wavelength around 600 nm.* In
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contrast to the previously observed positive photoelectric response,”” negative
photoconductivity is observed from the output characteristics of the present InAs NW
FETs at the on-state (V=20 V), as displayed in Figure 3(a). The current decreases
under light illumination and the amount of the current drop increases as the light
intensity increases. The largest current drop is obtained under the highest light
intensity we used, which is 9.37 x10’ mWecm™. Similar to the positive photoelectric
response, we denote the photocurrent /,, being the current change with the light
illumination, ln=liight-Ldark, Where ljign and Iganc are the current with and without light
illumination. The largest photocurrent we observed at Vg=0.3 V and V=20 V is -1.97
pA, which value is about 96% of 14, at the same measuring condition.

Figure 3(b) illustrates the time-resolved current change obtained by introducing
and removal the 633 nm laser. It shows when the light was turned on at 12 s, the
current decreased dramatically to a low value in less than 0.25 s (which is the
minimum interval between two points in our measurement setting). Keeping the light
on for about 10 s, the current remained roughly the same at about 0.05 pA. When the
light was moved away from the FET, the current first decreased a little, and then
increased continuously to saturation. Negative photoelectric response is repeatable in
light switching cycles. The same phenomena is also observed for different light
intensity (as shown in Figure S1 in the Supporting Information). The negative
photoconductivity in the InAs NW device is enhanced and tend to saturate at higher
light intensity.

Although the phonon energy of the 633 nm light (E=hc/4, 1.96 eV) is much
higher than the InAs NW’s bandgap (about 0.35 eV), and should be able to generate
electron-hole pairs and introduce positive photoelectric response in the InAs NW, we
only observe a small positive photoelectric response from the little current decrease
when the light is just moved away from the FET, and such phenomena does not show
when the light intensity is smaller than 9.37 x10° mWecm™ (as shown in Figure S1 in
the Supporting Information). The main photoelectric response of the present InAs NW
FETs is the repeatable negative photoconductivity, which is the opposite to most of

the previous reports.
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Negative photoconductivity has been reported in CVD grown InAs NWs
previously, where the InAs NWs were covered by defected outer layer.® However, the
present InAs NWs are grown by MBE and have smooth surface and perfect
crystalline structure. Therefore, the mechanism of the present negative
photoconductivity cannot be due to the photogating effect of a defected outer layer. It
has been found that in most of the cases, the photocurrent and the light intensity
follow a power law relationship Z,,=C} x P2 where C| is a constant corresponding to a
certain wavelength and C, determines the response of photocurrent to light

intensity.">"”

Even the negative photocurrent reported in the InAs NW with defected
outer layer follows the power law. However, the present negative photocurrent cannot
be fitted very well with a single power law, as shown in Figure 3(c). On the other
hand, it has been reported that a negative photoresponse can be attributed to trapping
of photogenerated carriers in the buffer layer, causing a change in the potential profile
and consequent reduction in the number of carriers in the 2-DEG channel. For this
mechanism, the photoresponse is a logarithmic function of the optical power, as
Iow=Isnoln (P/Py+1), where I, is the photoresponse, P is the optical power and I, and
Py are parameters of curve fitting."® However, the present experimental data cannot be
fitted very well with this logarithmic function either, as shown in Figure 3(c).
Therefore, the present negative photoresponse should have a complex photoelectric
response mechanism.

The above measurements are operated in ambient air and may be affected by
gases in the environment. Gas molecule adsorption and photodesorption have been
proved to play an important role in photoelectric property and can lead to negative
photoconductivity in some nanomaterials. For instance, in the cases of carbon
nanotubes (CNTs) and single layer graphene, UV light can effectively desorb gas
molecules like O,, H,0, NH;3 and NO, and cause negative photoelectrical response,'’
and such molecule photodesorption process can be utilized to clean nanotubes and
enable rapid reversibility of nanotube chemical sensors.”'** Also, photodesorption of
water molecules has been found in other nanomaterials, such as ZnO nanobelts® and

CeO, nanowire,” and the photoresponse is dependent on relative humidity and can be
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used to fabricate photoelectric humidity sensor to detect water vapor with low
concentration. Due to the large surface-to-volume ratio, the presence of surface states
and the existence of an electron surface accumulation layer, InAs NWs are easy to
adsorb gas molecules and have their electric properties changed.'”'? Previous study
has proved that PMMA can work as a passivation layer to suppress the effects of
atmospheric molecules.”” To isolate the InAs NW FETs from air, a layer of PMMA
(950K A4, about 300 nm thick) was spin coated onto the chip and the sample was
baked on a hotplate at 150 ‘C for 5 minutes. The current response curve measured
from an InAs NW FET coated by PMMA is shown in Figure 4(a). The inset in Figure
4(a) shows the result measured from the same FET without PMMA coating for
comparison. The laser with 405 nm wavelength is employed here because the photon

energy is higher and the UV light can desorb gas molecules efficiently.”'**

(a) 0.7
*Light On 0.8F § LightOn  ——Without Coating
0.6 1 PMMA Coating o.e-] fl rl ﬂ ["
Vgs=30V =
05} h S 04}
3
0.4} B
<5 P 0.0F 4 Light Off
= 03p . . .
N~ 0 200 _ 400 600
T Time(s)
= 0.2} H m m
9.1 - 1 v
Light Off J u U U u
0.0}
[l [l [l [ [ [ [
0 200 400 600 800 1000 1200
Time(s)
(b) — (c)
0.20} —— With Light Off
—— With Light On 020
Vv, =0.1V
015 015} tresp1=0-255
< -
5;,, Sl fi; 0.10
= _38 t,0c1=0-255
0.05 0.05k PMMA Coating tresp2=12-65
Fitted recovery
Fitted
_ . . . I - . . _ |el res;:onse. ,. .
-20 1 0 10 20 30 640 660 680 700 720 740 760 780 800 820
Vgs(V) Time(s)

Figure 4. (a) Time-resolved current rise and decay curve as obtained by application and removal
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of 405 nm light illumination on a PMMA-coated InAs NW FET. Inset is the current-time curve of
the InAs NW device without PMMA coating. (b) /4-V,s curves without/with light illumination
obtained at the stable state after four light switching cycles in (a), the arrows point the sweeping
direction. (c) fitting curves of one light switching cycle at stable state in (a).

As shown in the inset of Figure 4(a), in the air, the current response of the
uncoated InAs FET to the 405 nm laser is even more repeatable than to the 633 nm
laser. However, the PMMA coated InAs FET does not have a repeatable current
response at the beginning, as is displayed in Figure 4(a). When the FET was firstly
illuminated by the 405 nm laser at an intensity of 9.93 x10° mW-cm'z, lgs at V=30 V
and V4= 0.1 V decreases from the original 0.6 pA to about 0.2 pA. When the light
was moved away from the PMMA-coated InAs NW FET, only a small portion of the
photocurrent recovered. When the light exposed to the device again, the current
decrease to a level lower than the first current decrease. After four light on/off cycles,
the transistor reached a stable state: the current change with/without light illumination
can repeat steadily. It should be noted that the minimum Zjgnc is only 0.9 nA (at the
stable state), which is only about 0.15% of the original /4.« and is much smaller than
the fjign; in the ambient air without PMMA coating.

The above experiment results indicate that there are two mechanisms working
together on the present negative photoconductivity. One mechanism is related to the
gases in the ambient air, while the other mechanism cannot be eliminated by the
PMMA coating, so that should come from the InAs NW FET itself. The /4-Vs curves
with/without light illumination were measured at the stable state as shown in Figure
4(b). Upon light illumination, the threshold voltage shifted positively from -3.98 V to
3.93 V, but the transconductance and the on-state current are almost unchanged. The
positive shift of the transfer curve means electron concentration is reduced in the
conducting channel. So that at the same gate voltage, fiign 1S lower than /g« and
exhibits a negative photoconductivity. This phenomenon can be ascribed to a
photogating effect.’® The current response also correspond to a fast and a slow
processes (shown in Figure 4(c)) with the time constants at the same level as that

reported for the negative photocurrent caused by the photogating of the defected outer
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layer,® supporting a photogating mechanism. However, the present InAs NWs have a
smooth surface and perfect crystalline structure. We therefore propose the photogating
effect is probably caused by the native oxide layer outside the NW.

It is well known that InAs exposed to the air is covered by a native oxide layer.
According to previous XPS study,”’ the native oxide layer covering InAs NW is
composed of AsOyx and/or In,Os, it is soft, hygroscopic, compositionally and
structurally inhomogeneous with a large number of surface defect states which induce
the surface Fermi level pinning of InAs NW in conduction band and can trap
photogenerated electrons, giving rise to photogating effect. The photoelectrical
response process could be described as followed. Before light illumination, the free
electrons in the InAs NW flow under the action of the electric field to form the dark
current. Upon light illumination, the photogenerated electrons from the core are
excited into the native oxide layer and trapped by the surface trapping centers, leaving
unpaired holes to recombine with the free electrons. Meanwhile, the trapped electrons
in the native oxide layer generate a built-in electric field to deplete free electrons in
the core further through capacitive coupling. The synergistic effect of these two
processes results in a large decrease of the current under the light illumination, so that
a negative photoconductivity is observed.

The unstable current response in the first several light on/off cycles in the
PMMA-coated FET (shown in the main body of Figure 4a) can be understood through
the gas-related mechanism. Before PMMA coating, the NW has been exposed to the
air and has already adsorbed some gases on its surface. The PMMA coating itself
cannot remove these gas adsorptions. With the light illumination, the existed adsorbed
gases on the PMMA-coated InAs NW desorb and the current drops. When the light is
moved away, due to the PMMA coating layer, the gases cannot reach the surface of
the InAs NW and be adsorbed again, so that this part of current cannot recover. When
the PMMA-coated InAs NW FET is illuminated by the light for the first time, not all
the adsorbed gases can desorb, so that I/, is not the lowest. But when the light
exposes to the InAs NW again, the resident adsorb gases desorb further, /. decreases

further. After several light on/off cycles, all the desorbable gases desorb and Iy
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decreases to the minimum value.

Now we consider which gas in the air introduces the above photocurrent. The
major components in the air are Ny, O, and H,O. Previous work on InAs NW gas
sensor have reported that N, molecules have little effect on the NW conductance and
their effect can be neglected.'® Water molecule adsorbed on InAs NW can increase the

10,12
NW conductance. ™

However, the impact from O, molecule on the InAs NW is
seldom studied. To understand the effect of different gases, we here measure the
1ys-Vgs curves of uncoated FETs with/without light illumination in the air, water and

O, atmosphere, and compare them with that in the vacuum measured just before the

measurements in the gases.
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Figure 5. /4-Vy curves of an InAs NW FET at V4=0.1V in different atmosphere: (a) in the air, (b)
in the 2338 Pa water atmosphere (the saturated water vapor pressure at room temperature). (c) in
the latm O, atmosphere. The curves in the vacuum were measured without light illumination just

before introducing gases.

As shown in Figure 5(a), without light illumination, the on-state current of the
uncoated FET is larger in the air than in the vacuum. When exposed to the light, the
on-state current in the air drops to a value even smaller than the current in the vacuum
without light exposure. The on-state current of the FET in water vapor changes in a
similar way as that in the air. As shown in Figure 5(b), without light illumination,
compared with the transfer curve in the vacuum, the on-state current /4 increases, e.g.
the current at 30V gate voltage increases from 0.61 pA to 0.68 pA. However, the

threshold voltage of the InAs NW FET in water atmosphere only shift positively a
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little from -6.12 V (vacuum) to -5.46 V (water). Generally, water molecules adsorbed
on a semiconductor behave as electron donor and increase the electron concentration
in the material. This is confirmed in the present experiment by the increase of the
on-state current. Additionally, the transconductance and the field effect mobility of the
InAs NW FET are enhanced in the water atmosphere. The transconductance is

obtained from the transfer curve using the equation:

ol
&n =4,

ans Vas
And the field effect mobility is calculated by:
Lg,

H, =
Cg ’ I/ds

Where L is the channel length, C, is the gate capacitance. The maximum
transconductance is 20 nS in the vacuum and 38 nS in the water atmosphere. The field
effect mobility is 412 cm?/V-s in the vacuum and 783 cm?/V's in water atmosphere.
The mobility increase in the water atmosphere could be possibly due to the
mechanism that the adsorption of water molecule might reduce the traps at the surface
of the InAs NW or in the native oxide layer so that reduce carrier scattering.

When the device in the water atmosphere is exposed to the light with 405 nm
wavelength and 9.93 x10* mWecm™ light intensity, negative photoconductivity is
observed at the on-state, the threshold voltage shifts to about -5.86V, and a weak
positive photocurrent can be observed at the off-state. These changes can be explained
by the energy band diagram shown in Figures 6(a) and Figure 6(b). Before light
illumination, the Fermi level of the InAs NW near the surface is pinned near the
conductance band, and under a gate voltage larger than the threshold voltage the InAs
NW is at the on-state. When InAs NW is placed in the water atmosphere, water
molecules can chemisorb on the surface of InAs NW and donate electron to the NW
so that cause downward of the conduction band. Therefore, the current increase after
water molecule adsorption. Under the illumination of a light with its photon energy
higher than the bandgap of InAs NW, photogenerated electron-hole pairs are

generated in the NW. The electron-hole pairs are separated and the electrons migrate
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to the surface due to the presence of the built-in electric field near the surface. The
photogenerated electron can recombine with the positive water ion and desorb water
molecule from the InAs NW surface, and the photogenerated holes can recombine
with the carrier electrons and reduce the carrier concentration in the channel, so that a
negative photoconductivity can be observed.

However, electrical properties of InAs NW FET in the O, atmosphere is different
from that in the water atmosphere. Compared with that in the vacuum, the threshold
voltage of InAs NW FET in the O, atmosphere shift positively from -14.64 V (in the
vacuum) to -6.93 V (in O,), but the transconductance in these two atmosphere is
almost unchanged, as shown in Figure 5(c). The maximum transconductance of the
FET is 25 nS in the vacuum and 26 nS in O,, hence there is little difference in the
field effect mobility between these two situations. However, the on-state current in O,
atmosphere is nearly the same as that in the vacuum at the same V-V, where Vy is
the gate voltage and Vy, is the threshold voltage. It is worth mentioned that the
transfer curve in the vacuum is measured every time before a gas is introduced, as the
experiments on the water and oxygen effects were performed in different days, the
transfer curves in the vacuum corresponding to these two atmospheres are different.

O, molecule is commonly considered as an electron accepter and O, molecule
adsorb on the NW surface can capture free electrons from the NW and reduce the

electron density in the channel."”

Light exposure can cause discharge of the adsorbed
O, ions through surface electron-hole recombination and introduce positive
photoconductivity.!” However, in the present experiments, O, adsorption in the dark
only causes the transfer curve shift positively but does not change the on-state current.
Therefore, the adsorption of O, in the dark acts like a negative gate applied to the
InAs NW FET, so that a more positive gate voltage is needed to switch on the
transistor. The electron concentration in the channel does not change by the
adsorption of O,, probably due to the native oxide layer covering the InAs NW. So
that, the adsorption the O; in the dark is probably a physical adsorption on the surface

of oxide-covered InAs NW, as shown in Figure 6(c).

Under light exposure in O, atmosphere, the on-state current of the FET decreases
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greatly, the off-state current increases a little and the gate control ability becomes
weak. The small positive photocurrent at the off-state is in consistence with the
positive photoconductivity reported previously and can be understood by the
light-induced electron-hole pairs which increase the carrier concentration. The
negative photocurrent at the on-state cannot be explained by the light-induced
discharge of the adsorbed O, ions reported previously.'” So far, we cannot fully
explain the phenomena yet, but propose a possible mechanism here. When the light
illuminates the NW, electron-hole pairs are generated. The photogenerated electrons
have higher energy than the electrons at the edge of the conductive band and could
tunnel through the barrier of the native oxide outside the InAs NW and be captured by
the adsorbed O, molecules to form O,, which means changing the physical
adsorption to the chemisorption of O, molecules. The photogenerated holes could
combine with the carrier electrons and reduce the carrier concentration in the channel
and cause the negative photoconductivity. Further work is needed to fully understand
the mechanism of the negative photoconductivity in O, atmosphere.

The negative photoconductivity in ambient air under light illumination results
from the combined effects of H,O and O,. As shown in Figure 5(a), compared with
the transfer curve in the vacuum, the curve measured in the air shows a positive shift
of the threshold voltage from -15.99 V (in the vacuum) to -13.12 V and the on-state
current is increased from 0.55 pA (in the vacuum) to 0.72 pA. The positive shift of the
threshold voltage can be explained as the floating gate effect caused by the physical
adsorbed O, molecule and the increase of the on-state current is caused by the water
molecule adsorption. As the influence of the water molecule is dominant, the current
increases rather than decreases at the on-state in the dark. Under light illumination,
the negative photoconductivity at the on-state is observed because of the
photodesorption of water molecule and the photo-assisted oxygen chemisorption

processes.
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Figure 6. Theoretical models of the interaction process of InAs NW with water molecules and
oxygen molecules in dark (a) (c¢) and under light illumination (b) (d). VB and CB represent the
valence band and conduction band, respectively. The blue solid lines represent the position of the
energy level before gas adsorption, the orange dashed lines represent the energy level after gas

adsorption and the green dashed lines indicate the energy level after light exposure.

Response time is a key factor that can reflect the mechanism of the light response.

The on-state current is measured at Vg=0.1 V and V=30 V with the light switches on
and off in the air, water and oxygen atmosphere, as shown in Figures 7(a), 7(b) and
7(c). Negative photoconductivity can be rapidly stimulated by switching on the light
(405 nm, 9.93 x10° mW°cm'2), and the current can recover to its origin value after a
relatively long time exposure in the gas atmosphere without light illumination. These
light switching cycles have a good stability. Within the four cycles we measured every
time, the response speed and the maximum/minimum current of each cycle remain

unchanged. As shown clearly in Figures 7(d), 7(e) and 7(f), there are four processes in
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each switching cycle: fast response process, slow response process, fast recovery
process and slow recovery process. The response process and recovery process can be

well fitted with two first-order kinetic processes:

I= IO [1 - Al eXp(_t / 7’-respl) - A2 eXp(_t / 7’-respZ )] and
I=1I1-Bexp(-t/t,,)—B,exp(-t/t,,,)], where I, is the dark current, Trespi, Tresp2,

Treel, Trec2 are the time constants related to the response and recovery process. The time
constants are obtained from fitting the experimental switching cycle curves. Taking
water atmosphere for example, the fast response time is 0.21 s, which is smaller than
our sampling value interval and the actual fast response time should be shorter than
0.21 s. This first-order term meets well with the photodesorption process observed in
single layer graphene and carbon nanotube.'”?** The time constant of the slow
reSponse Process 1S Tresp2=11.47 S, Tresp2™ Trespr and might be attributed to zero-order
kinetic term as thermal desorption process.”® Usually, without light exposure, it takes
tens of minutes for InAs NW to desorb water molecule and it cannot fully return to

the origin state only by pumping to vacuum.'®"

Our results provide a new way to fast
desorb water molecule from InAs NW by light exposure and can make the gas sensors
work more efficiently. Correspondingly, the fast recovery process with time constant
of 7.1=0.37 s corresponding to the fast re-adsorption process by removal of light.
The slow recovery process with time constant of 7..,=22.65 s corresponding to the
slow re-adsorption process by reduction of temperature. This time constant is roughly
the same as the time when the current of an on-state InAs NW FET increases to 90%
of the highest current after re-exposed to H,O from a vacuum observed in our
previous report,'? supporting the slow recovery process is a re-adsorption process.
Unlike the case in water atmosphere, the time constant we extracted from oxygen
atmosphere 1S Tresp1=0.18 S, Tresp2=10.94 s, Trec1=1.47 s, Trec2=163.69 s. The time
constants of fast recovery process and slow recovery process are much longer than
that in the water atmosphere, which means the photo-assisted chemisorbed O,

molecule is hard to lost electron owing to the strong oxidizability of oxygen molecule

and the electron concentration in the InAs NW channel is hard to recover. The time
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constant extracted from the light switching cycle in the air is very close to the value
extracted in water atmosphere with 71 =0.18 S| T1esp2=8.59 S T10c1=0.58 5| Trec2=18.50
s, this is because the influence from water molecule adsorption and photodesorption is
dominant at the on-state in air, as can be seen in Figure 5.

We also measure the light switching behavior and extract the time constant under
a low pressure at 1.3 x10” Pa, as shown in Figure S2. There is still a negative
photoconductivity with the response time lies between that in the water atmosphere
and that in the O, atmosphere. This is because the above pressure is not low enough
and there is still about 10'"/m’ gas molecules in such vacuum condition, and also
some adsorbed molecules can hardly desorb only by pump to vacuum. These
molecules (should contain water molecules) account for the negative
photoconductivity in this condition. As the density of the gas molecules is lower at
this low pressure, the recovery time is longer than that in the water atmosphere.

It is noticed that in the device coated by PMMA the time constant for the
recovery process (Trec1=0.255, Trecx=5.49s, as shown in Figure 4(c)) is much shorter
than the uncoated devices in all the atmosphere, indicating a different photoresponse
mechanism. The time constant for the recovery process of the PMMA-coated devices
is about the same order as that in the defected InAs NW, supporting a mechanism of
photogating near the InAs NW. The present photogating is probably due to the native

oxide layer.
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Figure 7. Photoelectrical response properties of InAs NW under 405 nm, 9.37 x10° mWecm™ light
illumination at V4=0.1 V, V=30 V in different atmosphere: (a) in the air, (b) in the water
atmosphere, (¢) in the O, atmosphere and (d) (e) (f) show the fitting curves.

Previous research have shown that UV light can desorb gas molecules
effectively.zl'24 Also, photogating effect has higher response under short wavelength
light.® As for photo-assisted chemisorption of O, molecule, shorter wavelength light
with higher phonon energy can increase the tunneling probability of electron being
accepted by the physical-absorbed O, molecule. Based on all these consideration, we
propose that shorter wavelength light can induce more significant negative
photoconductivity. To testify this proposal, we expose the same InAs NW FET shown
in Figures 2(a) and 2(b) by the light with different wavelength in ambient air. Figures
8(a), 8(b) and 8(c) are the transfer curves acquired under the light illumination with
different light intensity with the wavelength of 488 nm, 633 nm and 785 nm.

(b)

.
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Figure 8. Gate-voltage dependence of InAs NW channel current under different wavelength light
irradiation: (a) A=633 nm, (b) A=488 nm, (c¢) A=785 nm, the gate voltage sweep from 20 V to -20 V.
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The curves were measured under different light intensities as shown in (a).

Negative photoconductivity is observed at the on-state under illumination of all
the three wavelength lights. As shown in Figures 8(a), 8(b) and 8(c), in all the three
cases, the threshold voltage shifts to right under light illumination due to the electron
depletion in the channel. The current /4 at the on-state decreases continuously with
the light intensity increasing from 9.37 x10" mWecm™ to 9.37 x10*> mWecm™. The
maximum current decrease at V=30 V is 0.25 pA for the 488 nm laser and 0.16 pA
for the 633 nm wavelength light, but only 0.06 pA for the 785 nm laser, which means
the on-state current decreases more under 488 nm laser than under 785 nm laser.
According to our experiment, short wavelength light can cause stronger negative
photoconductivity, this is because short wavelength light with high-energy photons
can desorb water molecules more effectively and offer more energy to O, molecules
to get chemisorbed. Also, high-energy photons can excite the photogenerated
electrons into the native oxide layer more efficiently, leading to a more powerful
photogating effect. These results support our proposal that InAs NW FET has larger
negative photoresponse to the light with shorter wavelength.

Positive photoconductivity has been reported previously in InAs NWs by several
groups.3 7 Photogenerated electron-hole pairs in the InAs NW can be separated by the
electric field in the NW or Schottky barrier in the InAs NW/graphene heterojounction,
increase the carrier density and cause positive photocurrent. Such mechanism should
be stronger in thicker NW due to the larger body of the NW core. While the negative
photoconductivity we report presently is due to joint effects of the surface gas
adsorption and the photogating effect of the native oxide layer, both of which are
surface effects. We notice that the thinnest InAs NW reported previously to have
positive photoconductivity is 40 nm in diameter until now.>* While, the NWs in our
present experiments are around 23 nm in diameter, which is much thinner than in the
previous reports. The high surface-to-volume ratio of the present thin NWs makes the
surface effect being dominated, so that we can observe the negative

photoconductivity.
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In fact, we also observe a positive photoconductivity at the fully off state under
intensive light, as shown in Figure 8(a) and Figure S3. Although the value of the
present positive photocurrent (several tens of nA) is much smaller than the value of
the negative photocurrent (several hundreds of nA), it is larger than the value of the
positive photocurrent of individual InAs NW in the previous report (which is a couple
of nA or even in pA range)’. We observe that the InAs NW FETs tend to show
negative photoconductivity at the on-state or in the subthreshold region, but show a
small positive photoconductivity at the fully off state when the light intensity is high.
We notice that the devices in the previous reports were at the fully off state at V=0
V,>* that could be another reason that negative photoconductivity has not been

observed previously in the NW with smooth surface.

Conclusions

In summary, negative photoconductivity is observed in MBE-grown single
crystalline InAs NW with smooth surface in the air, H,O and O, atmosphere, and at a
low pressure. Higher intensity light illumination leads to larger negative photocurrent
response, but the relationship between the photocurrent and the light intensity cannot
be fitted well with previously reported simple models, indicating a complex
photoelectric response process. Through study the devices in different atmosphere and
the devices coated by PMMA, two mechanisms are distinguished to work together for
the present photoelectric response. One mechanism is caused by the photogating
effect of the native oxide layer covering the NW. Such photoresponse remains in the
PMMA coated samples and has fast response and recover processes. The other
photoelectric response mechanism is related to the gas adsorption, which is related to
the photodesorption of water molecule and photo-assisted chemisorption of O,
molecule. The response time is fast in ambient air, water and O, atmosphere, but the
recovery time is relatively long in O, atmosphere and the response time in ambient air
is mainly influenced by water molecule. The negative photoconductivity also depends

on the wavelength of the light, shorter wavelength light with higher-energy photon
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causes stronger negative photoconductivity. Interestingly, the InAs NW FETs tend to
show negative photoconductivity at the on-state or in the subthreshold region, but
show a small positive photoconductivity at the fully off state when the light intensity
is high. We believe that the high surface-to-volume ratio of the present thin NWs
makes the surface effect being dominated, so that the negative photoconductivity is

obvious.
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Negative photoconductivity is observed in InAs nanowires without surface defected layer, and is

induced by gas adsorption and photogating effect.

B g
‘Lighl on (X
6k

PMMA Coating 06
Vgs=30V

Light Off

§LightOn  ——Without Coating|

Light Off

o 200 500

400
Time(s)

0

200 400 600 800 1000 1200

Time(s)

Page 22 of 22



