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Because of the distinct electronic properties and strong inter-

action with light, quasi-one-dimensional nanowires (NWs) with semiconduct-
ing property have been demonstrated with tremendous potential for various
technological applications, especially electronics and optoelectronics. However,
until now, most of the state-of-the-art NW photodetectors are predominantly
based on the n-type NW channel. Here, we successfully synthesized p-type
SnSe and SnS NWs via the chemical vapor deposition method and fabricated
high-performance single SnSe and SnS NW photodetectors. Importantly, these
two NW devices exhibit an impressive photodetection performance with a high
photoconductive gain of 1.5 X 10* (2.8 X 10*), good responsivity of 1.0 X 10*
AW (1.6 x 10* AW™), and excellent detectivity of 3.3 X 10'* Jones (2.4 X
10" Jones) under near-infrared illumination at a bias of 3 V for the SnSe NW
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(SnS NW) channel. The rise and fall times can be as efficient as 460 and 520 ps (1.2 and 15.1 ms), respectively, for the
SnSe NW (SnS NW) device. Moreover, the spatially resolved photocurrent mapping of the devices further reveals the
bias-dependent photocurrent generation. All these results evidently demonstrate that the p-type SnSe and SnS NWs have
great potential to be applied in next-generation high-performance optoelectronic devices.

SnSe, SnS, nanowire, chemical vapor deposition, near-infrared photodetector

n recent years, due to the large surface-to-volume ratio,
high carrier mobility, tunable light absorption, and consid-
erable subwavelength size effect at room temperature,'
quasi-one-dimensional nanowires (NWs) with semiconducting
property have been widely investigated as active materials for
high-performance photodetectors. When configured into devices,
these NW detectors exhibit excellent optoelectronic character-
istics with ultrahigh optical gain, controllable spectrum sensitivity,
large photoresponse bandwidth, and considerable light-to-current
conversion efﬁciency.s_8 Among many nanomaterials, IV—VI
semiconductor nanomaterials with narrow band gaps, such as
SnS,” "' SnS,,"*"* SnSe,"* "¢ SnSe,'” PbS,'® and PbSe,"’
have been demonstrated with great potency for optical and opto-
electronic utilizations in the infrared (IR) regime. For example,
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tin selenide (SnSe) is an important p-type semiconductor with
indirect and direct band gaps of 0.90—1.12 and 1.30—1.55 eV,
respectively, which are similar to those of typical solar cell
materials (e.g., Si and CdTe), capable of absorbing most of the

solar spectrum as ideal photovoltaic materials.”’~**

Apart from
solar cells, SnSe has also attracted much attention in the appli-
cation fields of storage switching devices™ and photodetectors.'*'®
15,16,2023-25 :
especially

in the geometry of NWs,”**"*® have been extensively

In this regard, various SnSe nanostructures,
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Figure 1. Electrical and optoelectronic properties of a typical SnSe NW FET. (a) Schematic diagram of the single SnSe NW FET
photodetector. (b) I;,—Vy, output characteristics at various gate voltages from —40 to 40 V. The inset is the SEM image of the SnSe NW
FET, scale bar: 3 gm. (c) Linear and logarithmic plot of I3~V transfer characteristics at Vg, =1 V. (d) I3V, output characteristics of the
SnSe NW photodetector in the dark and under illumination of a 830 nm laser, measured without additional gate voltage. (e) Measured
photocurrent and calculated photoconductive gain (the inset) for different incident light intensities, V, = 3 V. (f) Calculated
photoresponsivity and detectivity at different light power intensities.

investigated. Particularly, Shen et al. developed a rapid syn-
thesis technique for SnSe NWs using an ethylenediamine-
assisted polyol but accompanyied with a low yield.”® Likewise,
Zhao and his team achieved the synthesis of polycrystalline
SnSe NWs with high yields by utilizing a template-assisted
approach,”” while Liu et al. could significantly enhance the
crystallinity of SnSe NWs with a diameter down to 20 nm via a
combination of solution-phase synthesis and a seed-inducing
method. It is noted that the prepared SnSe NWs could be
reliably controlled in length with significant quantum confine-
ment effects; however, the employed synthetic method was
rather complex, and toxic reagents were used in the NW growth.”!
In view of all these challenges, without using any complicated
process, Butt and his group successfully accomplished the fab-
rication of high-quality SnSe NWs by conventional chemical
vapor deposition (CVD).”®

At the same time, tin sulfide (SnS) is another essential
p-type IV—=VI semiconductor with indirect and direct band
gaps of 1.2—1.5 and 1.0—1.2 eV, correspondingly. Similar to
SnSe NWs, SnS NWs have also been shown with promising
prospects as active components in field emitters,”” battery mate-
rials,"® gas sensors,! photodetectors.,3'0_32 and solar cells.** Until
now, although a majority of the work has been focused on the
synthesis of SnSe and SnS NWs,””>*™ very limited study on
their electrical and optoelectronic properties for device applica-
tions (e.g, highly efficient photodetectors) has been reported.
Surprisingly, it is as well found that most of the NW-based
photodetector studies are primarily based on the n-type channel
material. As a result, it becomes fundamentally important to
explore optoelectronic properties of p-type SnSe and SnS NWs
in a more systematic manner for high-performance photo-
detection.

In this work, we synthesize both p-type SnSe and SnS NWs
by utilizing a simple CVD method and effectively achieve
single SnSe and SnS NW based photodetectors with impressive
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performances. The electrical and optoelectronic properties of
these NW devices are characterized at room temperature in
detail. Specifically, the single SnSe and SnS NW photodetec-
tors are found to exhibit a high photoconductive gain, consid-
erable specific detectivity, and fast response time under near-
infrared illumination. All these results evidently indicate that
the p-type SnSe and SnS NWs would have a wide potential for
applications in high-performance photodetectors as well as
other advanced optoelectronic devices.

RESULTS AND DISCUSSION

SnSe NWs with excellent crystallinity were synthesized via the
CVD method in a tube furnace (see the Methods section and
Figure S1 in the Supporting Information). To explore the
electrical and optoelectronic properties of SnSe NWs, single
SnSe NWs were transferred onto Si/SiO, substrates and
fabricated into field-effect transistors (FETSs) using electron-
beam lithography (EBL), thermal evaporation of metals, and
standard lift-off processes. A schematic illustration of the NW
device is given in Figure la, while the scanning electron micro-
scope (SEM) image of a typical SnSe NW FET is shown in
Figure 1b inset. Specifically, it is observed that the SnSe NW
diameter (d) is approximately 80 nm, and the channel length
(L) is 3.0 um. The output and transfer characteristics of the
NW devices, as shown in Figure 1b and ¢, were measured at
various gate voltages with an interval of 10 V at room temper-
ature. The linear relationship of I;—Vy, indicates that the
contacts between the SnSe NW and metal electrodes are
ohmic-like. When V,, decreases from +40 V to —40 V, I4
gradually increases, exhibiting the typical p-type semiconduct-
ing behavior. The corresponding I4— V), characteristics at Vg, =
1 V (Figure 1c) also illustrate the same decreasing Iy, trend as
Vi increases, which further confirm the p-type conducting
characteristics of SnSe NWs. To estimate the hole mobility
(pgg) of the SnSe NW FET, the formula pgg = gmLZ/(Cngs)36
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can be applied, where g, is the transconductance of the NW
FET and C; is the capacitance and can be determined by
the analytical equation 27eye,L/[In(4h/d)] as a result of the
cylinder on-plane model.*® Here, &, is the permittivity of free
space, &, is the relative permittivity of SiO,, L = 3.0 um is the
channel length, h = 110 nm is the thickness of the insulating
layer, and d = 80 nm is the diameter of the SnSe NW. In this
case, the hole mobility is calculated to be 5.6 cm> V™! s7".
Importantly, the optoelectronic properties of the fabricated
SnSe NW FETs were also specifically investigated at room
temperature. As shown in Figure 1d, the typical output char-
acteristics of SnSe NW photodetectors were conducted as a
two-terminal device without additional gate voltage, in the dark
and under laser illumination (4 = 830 nm) with different
incident light intensities. It is clear that the illuminated current
(Ihght) increases gradually with the increasing light intensity
under constant V. For instance, at Vy, = 3 V, the Iy, of the
device under a light intensity of 78.65 mW cm™ is approxi-
mately 4 times larger than that in dark conditions (Ig,g),
while the net photocurrent (I,,) under the light intensity of
78.65 mW cm ™ is 100 times larger than that under the one of
0.05 mW cm™ The net photocurrent calculated by Ih = yignel
— |44/ can also be compiled at the different incident light
power intensities. The dependence of I, on the incident light
intensity (P) at V4 = 3 V, as shown in Figure le, can be
accurately fitted by the power law relationship™®” of Ly = cP~.
Note that the power exponent k is an empirical value and no
more than 1 in most cases. Here, we obtain k = 0.67 through
nonlinear fitting. This result exhibits the nonlinear power-
dependence of net photocurrent on power density, indicating
the complex processes occurred in the NW channel including
electron—hole generation, trapping, and recombination.>*’
Based on the photocurrent dependence on light intensity,
several key performance parameters of photodetectors, such as
photoconductive gain (G), responsivity (R), and detectivity
(D*), can be further evaluated for the NW device. The G is
typically defined as the number of electron—hole pairs con-
tributing to the net photocurrent when absorbing one photon
and can be written as™” G = (I,,/e)/(PA/hv), where ¢ is the
electronic charge, A is the effective area, and hv is the photon
energy. Here we use the cross-sectional area (A = L X d, the
product of the channel length and NW diameter) to estimate
the effective irradiated area of the SnSe NW photodetector.*’
The Figure le inset also presents the gain of the photodetector
at different light intensities. It is shown that the gain is as high
as 1.5 X 10* under a light intensity of 0.05 mW cm ™2 at Vy, =3V,
in which this high gain could be interpreted as photogating.”
On the other hand, the gain of photoconductors can as well be
estimated by 7/7r, where 7 is the minority carrier lifetime and
7r is the corresponding carrier transit time. Specifically, under
a bias of 3 V, considering a channel length of 3 ym and hole
mobility of 5.6 cm®* V™! 57, the carrier transit time can be
approximately assessed as 7p = L?/uVy = 6 X 107° s. This
result would then lead to an estimated carrier lifetime of
around 10* us, which can be further verified by the temporal
photoresponse measurement in the following experiments.
Moreover, the gain is observed to decrease gradually with the
increasing light intensity, which could be attributed to the satu-
ration and recombination of photogenerated electron—hole
pairs.” High optical gain originated from the prolonged excess
carrier lifetime also directly leads to a longer photoresponse
time or a slower response speed, thus limiting the bandwidth.
It is hard to improve both the gain and bandwidth at the same
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time. Even for the traditional thin-film avalanched photodiodes
(APD), which can achieve high gain, in some cases their gain
should be restricted to ensure the bandwidth. For our SnSe
devices, the response time is as fast as hundreds of microseconds,
while the gain is as high as 10*% In any case, this relatively high
gain of the fabricated photodetector demonstrates clearly that a
substantially large photocurrent can be achieved under a weak
incident light intensity, revealing the potential of our SnSe
NWs for highly sensitive photodetection.””

Besides, there are another two additional key parameters,
responsivity (R) and specific detectivity (D*), to evaluate the
photodetector performance. Responsivity is defined as™*®*’
R = I,,/(PA), describing the ability of a detector to convert
incident light intensities into electrical signals. Specific detec-
tivity of a photodetector is used to characterize the minimum
detectable signal. It can be expressed as”*’ D* = (AB)"?/
(NEP), where NEP is the noise equivalent power and B is the
electrical bandwidth. Since the shot noise is typically consid-
ered as the major noise source, the specific detectivity can be
simply expressed as”®*" D* = RA!2/(2el;,,)"% Here we
ignore the Johnson noise (see the comparison between the
shot noise and thermal noise in the Supporting Information).
In this case, both the calculated R and D*, as shown in Figure 1f,
increase significantly with the decreasing light intensity, in which
R and D* can be enhanced to as much as 1.0 X 10* AW~ and
3.3 X 10'* Jones, respectively, at Vg, = 3 V and under the low
incident light intensity of 0.05 mW cm™2 These optimal R and
D* values of the NW device are readily comparable to those of
the commercially available photodetectors based on Si, Ge, or
InGaAs.*"™*"

To investigate the capability of our SnSe NW photo-
detectors to follow a fast varying optical signal, time-resolved
photocurrent measurements were conducted by periodically
modulating the illumination cycle of the near-infrared laser of
830 nm. Explicitly, Figure 2a depicts the photocurrent trace of

Figure 2. Time response and spectral response characterizations of
a typical single SnSe NW photodetector. (a) Photocurrent trace
of the device illuminated by a chopped light with a frequency of
0.5Hzat V=3 Vand V=0 V. (b) Time-resolved photocurrent
response of the device at a chopping frequency of 100 Hz. (c) Rise
and fall times of the high-resolution photocurrent response of the
device. (d) Spectral response of the device at a number of discrete
illumination wavelengths from 400 to 1400 nm under a light
intensity of 0.92 mW cm ™2 and at a bias of 1 V.
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the device under a light intensity of 78.65 mW cm™> with a
chopping frequency of 1 Hz, at V4, =3 Vand V= 0 V. It is
clear that the efficient switching behavior indicates the good
periodicity and stability of the NW device (also see photo-
current measured at different light intensities in Supporting
Information Figure S2a). Furthermore, a digital oscilloscope
was connected to the measurement system to monitor and
capture the fast-varying photocurrent signals,””** which helped
to accurately evaluate the rise and fall time constants of the
device. Figure 2b and ¢ show the high-resolution time-dependent
photocurrent response of the device at a chopping frequency of
100 Hz (also see time-resolved photoresponse at 1 kHz chopping
in Supporting Information Figure S2b). Evidently, a rise time of
460 s and a fall time of 520 s were obtained. Here we consider
the time it takes for the net photocurrent to increase from 10%
to 90% (or decrease from 90% to 10%) as the rise time (or fall
time). The relatively fast response speed indicates the fast
generation and recombination process of electron—hole pairs
occurred in the NWs when under illumination, which could be
attributed to the good NW crystal quality and fewer surface
states. In addition, the eye diagram measurement can also
demonstrate this considerable response speed of the NW photo-
detector (see Supporting Information Figure S4). It is as well
noted that these response speeds may vary due to the dissimilar
device channel control of the different applied gate voltage.
In particular, at the same Vj, both photocurrent and responsivity
of the device at V,, of —40 V are found to be larger than
those measured at Vi, of +40 V (see Supporting Information
Figure S2¢,d), in which this behavior is probably contributed
by the p-type nature of SnSe NWs such that the electron traps
play an important role at the larger negative gate voltages.

On top of the above-discussed performance data, evaluating
the spectral response is also critical for the development of
advanced NW photodetectors. In this work, the photocurrents
at a number of discrete illumination wavelengths from 400 to
1400 nm were measured under a light intensity of 0.92 mW cm ™
and at a bias of 1 V, as shown in Figure 2d. It is observed that the
responsivity is maximized around the wavelength of 700 nm and
then sharply decays for wavelengths longer than 800 nm. It also
can be observed that there is still an appreciable photoresponse
even at a wavelength of 1200 nm. This maximum detectable
wavelength is perfectly consistent with the band gap of SnSe
NWs. The photoresponse measurements of SnSe NW photo-
detectors were also performed at different illumination wave-
lengths (see Supporting Information Figure S3a—d). All these
findings illustrate the excellent spectral response characteristics
of SnSe NW devices from visible to near-infrared wavelengths,
which can enable the high-performance photodetection over a
wide spectrum range.

To further shed light on the photodetection mechanism
of SnSe NW devices, scanning photocurrent microscopy was
conducted at different bias voltages.43 In short, the measure-
ments were performed under atmospheric conditions using
a laser beam (1 = 637 nm) focused onto the device using a
100X objective len. Figure 3a—c displays the spatially resolved
photocurrent mapping of the device at Vi of 0.1, 1, and 3 V,
respectively. The outlines of the electrodes are depicted by
using the white dotted lines. It is found that photocurrents
with opposite polarities are generated at the contact regions
between the NW and the metal electrodes at Vy, = 0.1 V (see
Figure 3a, the dim region implies a negative photocurrent
generation, while the bright region denotes positive photo-
current generation). When Vy, increases to 1 V, the negative
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Figure 3. Scanning photocurrent mapping of the single SnSe NW
photodetector at bias voltages of (a) 0.1 V, (b) 1V, and (c) 3 V.
The laser with a wavelength of 637 nm and power of 200 yW
was used. White dotted lines are used to show the outlines of the
electrodes, scale bar: 2 um. (d) Energy band diagrams of the
device under illumination at the equilibrium (left) state and under
a source—drain bias (right).

photocurrent signals disappear, and the weak positive photo-
current signals are then observed at the NW channel (Figure 3b).
For a larger Vg, bias of 3 V, the strong photocurrents are
generated and witnessed throughout the entire NW channel
(Figure 3c). It is clear that the photocurrent signals are strongly
dependent on the source—drain bias, which can be interpreted
by the corresponding band diagrams shown in Figure 3d.
When the drain is applied with a small bias voltage as low as
0.1 V, the contact barrier between the NW and the source
electrode is not fully overcome, while a majority of voltage
drop occurs at the region of source contact. In this case, the
Schottky junctions established at the metal/NW interfaces would
dominate the voltage; an insignificant voltage drop takes place
across the NW channel in equilibrium as shown in Figure 3a.
As a result, the generation and separation of electron—hole pairs
in the Schottky junction region would contribute dominantly to
the photocurrent, leading to the mapping signals with opposite
polarities.7’44_46 When Vg, increases to 1V, the contact barrier
is overcome and the bias voltage drop mainly occurrs across
the NW channel (see Figure 3b), which leads to the vanishing
of the negative photocurrent signal. At the same time, the weak
positive photocurrent is generated from the NW channel
because of the increased carrier drift distance driven by the
larger external electric field. At Vg, = 3 V, more photon-generated
carriers are collected by the source and drain electrodes under
the larger bias voltage, resulting in a stronger photocurrent signal
across the entire NW channel, as presented in Figure 3c. All
these findings have furthered the insight into the photo-
detection mechanism of the SnSe NW devices.

Additionally, SnS NWs and their photodetectors were also
successfully prepared and characterized (see Supporting
Information Figure SS). Specifically, the detailed electrical
and optoelectronic measurements of single SnS NW FETs
were systematically performed. Figure 4a depicts the transfer
characteristics of a typical single SnS NW FET at a bias of 1V,
while the inset gives the corresponding SEM image of the
device with d = 90 nm and L = 3.2 um. The transfer curves
clearly indicate that the device is a p-type FET with the
calculated pigg of 0.5 cm® V™! 57!, Interestingly, the contacts
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Figure 4. Electrical and optoelectronic properties of the single SnS
NW FET. (a) 14—V, transfer characteristics at Vg, = 1 V. The inset
is the SEM image, scale bar: 2 gm. (b) Output characteristics in
dark and under illumination of a 830 nm laser, without additional
gate voltage. (c) Dependence of photocurrent and optical gain
(the inset) on the incident light power intensity, Vg, = 3 V.
(d) Responsivity and detectivity of the SnS NW photodetector at
various light power intensities.

between the NW and metal electrodes are Schottky instead of
ohmic-like (see I;—Vy, curves of the SnS NW FET at different
gate voltages in Supporting Information Figure S6a,b), sug-
gesting a high potential barrier exists between the SnS NW and
metal electrodes. In order to investigate the dependence of
detector photoresponse on the incident light intensity, the
I4—Vy, curves were measured under an illumination of 830 nm
for different light intensities, without additional gate voltage
as shown in Figure 4b. Then, the I, could be extracted with
different light intensities at Vg, = 3 V and compiled with a
fitted power law equation of I, = P%, as given in Figure 4c.
Also, the Figure 4c inset displays the calculated optical gain of
the SnS NW photodetector (Vg = 3 V). The gain is found to
be up to 2.8 X 10* for the light intensity of 0.05 mW cm™2.
Responsivity and detectivity of the photodetector can as well
be obtained at different power intensities as presented in
Figure 4d. It is obvious that both R and D* can be as high as
1.6 X 10* AW and 2.4 X 10" Jones, respectively, in which
these two performance parameters are certainly comparable to
those of SnSe NW devices.

Importantly, the photoresponse of a typical SnS NW photo-
detector was also thoroughly evaluated under 830 nm illumina-
tion with a chopping frequency of 1 Hz at Vg, =3 V and V, =
0V, as shown in Figure Sa. The high-resolution time response
illustrates that the rise time and fall time of the SnS NW
detector are approximately 1.2 and 15.1 ms, respectively (see
Figure Sb,c). Even though the response speed is relatively fast,
being on the order of one millisecond, this speed is still slower
than that of the SnSe NW photodetector. Besides, it is found
that the fall time is much longer than the rise time in SnS NW
photodetectors, which is different from that in our SnSe devices
and other conventional detectors, wherein the rise time and fall
time are almost on the same order of magnitude. Surface states
or trap centers could respond to this phenomenon. Because of
them, the trapped carriers are hard to be released. As a result,
the recombination process of excess carriers are slowed down,
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Figure 5. Characterizations on the time response and spectral
response of the single SnS NW photodetector. (a) Photocurrent
response of the device under optical chopping of 0.5 Hz at V4, =3V
and V,, = 0 V. (b) Time-resolved photocurrent response of the
device at a chopping frequency of 1 Hz. (c) Rise and fall times of the
device extracted from the high-resolution photocurrent response.
(d) Spectral response of the device at a number of discrete
wavelengths from 400 to 1050 nm at the same light intensity of
2 mW cm™

leading to a longer fall time. In some extreme cases, trap states
can even lead to persistent positive or negative pho‘cocurl‘ent.37’46’47

In the meanwhile, the time response of the SnS NW
photodetector was also assessed under different light intensities
at 830 nm illumination as well as at other various wavelengths
(see Supporting Information Figure S7 and Figure S8a—d).
Notably, the device has no significant response to the near-
infrared illumination with incident light of wavelengths longer
than 1060 nm. Moreover, similar results are obtained from the
scanning photocurrent mapping performed on the SnS NW
photodetector, which suggests that both SnSe and SnS NW
devices share the same photoresponse mechanism (see Supporting
Information Figure S9). The photoresponse spectra of the single
SnS NW device are then evaluated in detail at a number of discrete
wavelengths from 400 to 1050 nm with the same light intensity
of 2 mW cm™, as presented in Figure Sd. It is observed that
the responsivity is maximized at 4 = 500 nm. When the
wavelength is longer than 750 nm, the responsivity decreases
sharply with the increasing incident light wavelength. In any
case, there is still an appreciable photoresponse at the wave-
length of 1000 nm, which demonstrates the broadband photo-
detection capability of our NWs spanning a waveband from
visible to near-infrared.

CONCLUSIONS

In summary, both p-type SnSe and SnS NWs are successfully
synthesized by the CVD method, followed by the fabrication of
their single NW photodetectors. These NW devices exhibit a
high photoconductive gain, good responsivity, excellent detec-
tivity, and fast response speed under near-infrared illumination.
In addition, these devices also show broadband photoresponse
over visible to near-infrared wavelengths. Based on the spatially
resolved scanning photocurrent mapping, the photocurrent is
typically observed at the metal—semiconductor Schottky
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junction as well as across the NW channel, which is highly
dependent on the applied voltage bias. All these results evidently
demonstrate that these p-type SnSe and SnS NWs have enor-
mous potentials for next-generation highly sensitive, fast-
response, and broadband optoelectronic devices.

METHODS

Nanowire Synthesis. The SnSe and SnS NWs were synthesized
on the Si substrate via a CVD method. In detail, the source material,
SnSe (or SnS) powder (0.1 g; 99.999% purity), was first placed at the
center of a quartz tube, while a Si substrate coated with a Au film
(~1 nm thick) was placed at the downstream side about 12—15 cm
away from the powder source. For the growth of SnSe NWs, the tube
was first evacuated to a pressure of lower than 1 X 107> mbar; then a
mixture of carrier gas of Ar and H, (20%) was introduced into the
tube at a constant flow rate of 100 sccm (standard-state cubic
centimeter per minute). Subsequently, the SnSe powder was heated to
750 °C, while maintaining the pressure at 300 mbar. After 30 min of
duration, the heating was stopped and the system was cooled naturally.
For the growth of SnS NWs, the furnace temperature is 700 °C instead
of 750 °C. Finally, the system was naturally cooled to room temperature.
Consequently, numerous vertically standing NWs can be found on the
growth substrate.

Fabrication and Characterization of Photodetectors. The
NWs were first transferred onto the Si/SiO, (110 nm thick thermally
grown oxide) substrate with patterned marks. Electron-beam
lithography (JEOL 6510 SEM with NPGS controlling system) was
employed to define the drain and source electrodes, and thermal
evaporation was subsequently used to deposit the Cr/Au (15 nm/
50 nm) electrodes. Before depositing the metal, the NWs were
immersed into a diluted 2% HF solution for 10 s to remove the native
oxide layer on the NW surface. The electrical and optoelectronic
measurements of the NW FETs were conducted by a Keithley 4200
semiconductor parameter analyzer combined with a Lake Shore TTPX
probe station at room temperature. The time-resolved photocurrent
measurements of the device were performed by laser irradiations with
square wave modulation and recorded by a digital oscilloscope at
a sampling frequency of 1 MHz. For photocurrent mapping,
the scanning Galvo System (Thorlabs GVS212) was used to scan
the chopped laser in a two-dimensional plane, and a Signal Recovery
model 7270 lock-in amplifier was used to lock the spatially resolved
photocurrent mapping signals. Then both the x—y positions of the
laser spot and photocurrents of the device were processed by the
GXSM software through a scanning probe microscope controlling
system to achieve real-time imaging.
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