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ABSTRACT

Nanoparticle-nanowire heterostructures provide a new platform for photodetection applications owing to their higher light absorption,
large responsivity, and excellent separation efficiency of photogenerated electron-hole pairs. Herein, we report a SnS,/Si nanowire
heterostructure photodetector with excellent optoelectronic properties. A high-quality SnS,/Si nanowire heterostructure was prepared by
simply spin coating a wet chemically synthesized SnS, on a vertically standing Si nanowire made by metal assisted chemical etching. The
as-prepared SnS,/Si nanowire heterostructure exhibits a robust p-n junction with excellent photodetector characteristics. The photodetector
based on the heterostructure shows a photo-responsivity of ~3.8 AW ™", a specific detectivity up to ~ 2 x 10'* Jones, and an on/off ratio up
to ~ 107 at 340 nm illumination wavelength with a significantly low optical power density of 53.75 nW/mm® at zero bias (0 V). The photo-
responsivity reached its maximum value of ~10°> A/W and detectivity of ~1 x 10'*Jones at the same wavelength with an applied bias of
—2 V. In addition, the heterostructure photodetector provides significantly good photodetector key parameters (responsivity ~5.3 A/W,
detectivity ~ 7.5 x 10 Jones, rise/decay time ~0.4/0.4 s) at —2 V bias over a wide spectral range from 400 to 1100 nm. The Si nanowire and
SnS, nanoparticle heterostructure devices with an enhanced junction area open up an exciting field for novel non-toxic and environmental
friendly broadband optical detection applications and optoelectronic memory devices with high responsivity, ultrahigh sensitivity, and
self-sufficient functionality at low power consumption and low cost with ease of processing.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032604

I. INTRODUCTION

Broadband photodetectors (PDs) from the ultraviolet (UV) to
infrared (IR) region are key devices in current research and have
a wide range of technological applications, including imaging,

detectors work best in the UV region (0.25-0.4 um), while Si- and
InGaAs-based detectors are applied to visible (0.45 to 0.8 um) and
IR regions (0.9-1.7 um), respectively.””” The detectivity of silicon
photodetectors is ~4 x 10> Jones and that of InGaAs photodetec-

remote sensing, optical communication, analytics, and military
surveillance.' ™ The most challenging issue pertaining to broadband
PDs is the selection of materials with broad light absorption capa-
bility, high responsivity, superior detectivity, low noise, and high
stability. However, even in recent times, separate sensors or materi-
als have been required for different subbands (UV-visible to IR) to
achieve the best operating performance. For example, GaN based

tors is ~10"% Jones at room temperature, which limit their practical
applications. To investigate high-performance photodetectors to be
used at room temperatures, a variety of low dimensional photode-
tectors have been fabricated using graphene, WS,, MoS,, MoSe,,
Sn0O,, ZnO, etc. in their pure form or as heterostructure compos-
ites.” In recent times, although there are some reports on broad-
band photodetectors like InAs, In2Ses, and InP nanowires, it is still
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a challenge to develop low-cost, nontoxic, high performance, and
highly sensitive broad-response photodetectors that could be used
at room temperatures."’n

Chalcogenides have many extraordinary characteristics and con-
siderable potential in various applications like light-emitting devices,
lithium-ion batteries, and solar cells.'”™* The crystal structures of the
chalcogenides are mainly exhibited as metal atoms like Mo, W, Ga,
and Sn, sandwiched between three chalcogen layers such as S, Se, and
Te, forming the general formula YX,. Tin disulfide (SnS,) belongs to
an important member of the chalcogenide family in which the tin
(Sn) atoms are located between two sulfur (S) slabs to form a
three-atom sandwich structure that usually has a hexagonal crystal
structure. In addition, it is noteworthy that SnS, has a tunable
bandgap and exhibits a remarkably high photoresponse.’” Besides,
owing to its appropriate optical and electronic properties, SnS, is low
cost and nontoxic, and its component elements are readily available,
which makes it promising for optoelectronic applications.'® Recently,
there have been some reports on SnS, based photodetectors that man-
ifest notable application potentials."” However, as the photocurrent of
these photodetectors is low and they have dark current, they have
poor detectivity. As a result, the reported SnS, based photodetector
becomes inappropriate for actual device application. At present, it
remains a big challenge to produce optical detectors that can be oper-
ated with a larger responsivity and ultra-high detectivity over a wide
range of wavelengths. Furthermore, from the results reported earlier, it
is also confirmed that only SnS, cannot simultaneously satisty efficient
light absorption and suitable band alignment that can govern the pho-
toexcited carriers to fulfill all the above criteria. In addition, bandgap
misalignment near the interface may also result in poor performance
of detectors. Therefore, many attempts still need to be made to
improve the device performance of SnS, by making heterostructures
with suitable materials. A recent report by Xu et al. shows that SnS,
has a good light absorption and suitable band alignment with bulk
Si.'® However, dark current is quite high, which suppresses the opto-
electronic performance or efficiency of the reported device. Therefore,
for achieving high-performance nanoscale optoelectronic devices, it is
of utmost importance to ascertain new processing methods and to
optimize device structures. Furthermore, the built-in-potential created
at the interface of the heterojunction performs a significant role in the
highly efficient separation of photogenerated electron-hole carriers
participating in the photocurrent.'” Thus, enhancing the interface is
one way to improve the optoelectronic performance of a device, and
materials in the form of nanowires are the best choice due to their
large surface-to-volume ratio.

Silicon nanowires (SiNWs) are widely used photoresponsive
materials satisfying most of the requirements for technological appli-
cations. SINWs are of particular interest due to their low cost, easy
synthesis process, and the ability to integrate with conventional fabri-
cation techniques. In addition, Si in nano becomes a direct bandgap
material that overcomes the problem of poor optical absorption in
bulk material.”’ SnS, has a good light absorption and suitable band
alignment with Si.'® However, optical detection devices based on the
heterostructure of SnS, with other optoelectronic materials have
received far less attention than other devices, and photodetectors
based on the SnS, NP/SiNW heterostructure have not been realized
yet, although such a heterostructure has excellent broadband light
absorption, suitable band alignment, and high optical performance
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with ultra-high detectivity. Therefore, the integration of SnS, NPs
with the advanced SINW technology becomes very important and
meaningful for practical optoelectronic device applications particu-
larly in noisy environments. So far, the device physics based on
the SnS,/SiNW heterostructure has not been well explored, and,
therefore, device optimization remains to be fully revealed.

In this article, we have reported a heterostructure of SnS, NPs
with a vertically aligned SINW to improve the optical performance in
the ultraviolet (UV) to near-infrared (NIR) regions (300-1100 nm).
The fabricated heterostructure shows an optical bandgap (Eg) of
p-SINW ~1.43 eV (direct) and n-SnS, with E,~2.83 eV (direct). The
photoelectric conversion behavior was studied under illumination
from UV to NIR sources. The SnS,/Si NWs heterostructure device
exhibited a remarkably high photoresponsivity, ultra-high detectivity
with very low illumination power, and wide wavelength range of
operation compared with other similar devices. These results are ana-
lyzed using a band diagram with an estimated built-in potential and
depletion region near the interfaces, depending on the heterostructure
determining the dynamics of the charge carrier.

Il. EXPERIMENTAL SECTION
A. Material synthesis and device fabrication

Arrays of vertical SINWs were fabricated from a commercial
Si wafer [p-type, (100)-oriented, 0.01  cm resistivity] by the metal
assisted chemical etching (MACE) method.”"”* MACE is preferred
for NW synthesis as it offers the advantages of cost-effectiveness,
simplicity, large scale, and wide availability to researchers. Other
synthesis processes like reactive ion etching (RIE) require access to
clean room facilities, and vapor-liquid—solid (VLS) synthesis gener-
ates impurities that can alter an NW’s electronic properties due to
the use of a metal catalyst.”” Nanowires produced via MACE have
the pristine composition and crystalline orientation of the parent of
p-Si wafer. In the MACE process, a cleaned Si wafer was immersed
in a silver (Ag) coating solution containing 4.8M HF and 0.01M
AgNO; for 30-50s, resulting in a uniform Ag nanoparticle layer
deposited on the Si wafer. Highly dense nanowires were formed
after immersing Ag coated Si wafer in an etchant solution contain-
ing HF (40%), H,O, (30%), and DI water with a volume ratio of
1:1:3 for 1 h. Ag nanoparticles coated on the Si substrate help the
underneath silicon to react with HF in the presence of H,O,. This
process proceeds downward with time, leading to the formation of
vertically standing SINW arrays. Finally, residual Ag nanoparticles
were removed by putting Si NW arrays into a dilute aqua regia
(HNO3:HCI: H,0O = 1:3:2) solution. The growth mechanism is elab-
orated in the supplementary material.

The SnS, nanoparticles (NPs) used in this study were synthe-
sized by the wet chemical method.” Initially, a solution was pre-
pared in a beaker by dissolving 0.8g of tin(IV) chloride
pentahydrate (SnCly-5H,0) in 2ml conc. HCl (35% w/w) and
stirred for 5 min. Then, 30 ml of DI water and 0.25 g of thioaceta-
mide were added one by one to the solution under constant stir-
ring. The stirring was continued for 3 h until the solution turned
into yellow color. After that, 18 ml of DI water was added to make
the final solution of 50 ml. The final solution was kept in isolation
for 25-30 min to settle down the yellow particles at the bottom.
The product was filtered and washed with DI water followed by
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methanol several times to obtain SnS, nanoparticles. After several
washes, the precipitates were dried in an oven at 45 °C for 5h. The
SnS, NPs showed an n-type electrical conductivity.”>** The
as-synthesized SnS, NPs were then used for further study.

The heterostructure of the SnS,/p-Si NWs was fabricated by
spin coating of the SnS, NPs suspended in 2-propanol solution on
Si NWs at 1000 rpm followed by drying at 80 °C for 10 min and
finally annealed at 120°C for 1h in nitrogen atmosphere. Just
before spin coating, the Si NWs wafer was cleaned with HF to
remove the native oxide layer from the NW surface. The scanning
electron microscopy (SEM) image of the fabricated heterostructure
is shown in Fig. 1(a), where Fig. 1(b) shows Si NWs of diameter
~90-100 nm before SnS, NP dispersion, and Fig. 1(c) of the same
shows the vertically aligned SiNWs decorated with SnS, NPs. After
SnS, coating on the surface and top of Si NW, the top Au (40 nm)
contacts were then deposited by electron beam evaporation of the
Au metal onto SnS, NPs on top of SiNWs. The bottom Al contact
was deposited by thermal evaporation on the back of the Si wafer.
The top contact area of the heterostructure was calculated to be
0.2 mm?> The device fabrication process is described stepwise sche-
matically in Fig. S2 in the supplementary material.

B. Structural and morphological characterization

The morphology and the crystallinity of SnS, were characterized
and analyzed by x-ray diffraction (XRD) using a Rigaku MiniFlex600

ARTICLE scitation.org/journalljap

diffractometer with Cu Ko radiation (wavelength 1.54 A), scanning elec-
tron microscope (SEM) (Marlin), energy dispersive x-ray spectroscope
(EDAX) attached to an SEM and transmission electron microscope
(TEM) (JEOL, JEM-2100F, 200 kV) with a selective area electron
diffraction (SAED) pattern, and Raman spectroscopy was done by
using an excitation Argon-Krypton mixed ion gas laser (Coherent
Innova 70C) attached with MODEL 2018 RM (Make Spectra
Physics, USA) attached with Spectrometer MODEL T64000
(Make Jobin Yvon Horiba, France), Detector Thermoelectric
cooled front illuminated 1025x256 CCD, MODEL Syncerity
(Make Jobin Yvon Horiba, France).

C. Device performance characterization

The optical absorption was measured by using a UV-Vis-NIR
spectrophotometer (Hitachi UH4150). The room temperature PL
measurement was done using a Horiba Fluoromax 4CP spectro-
fluorometer at a 450 nm excitation wavelength. The I-V character-
istics, spectral response, and optoelectronic measurements of the
SnS,/SiINW  heterostructure were evaluated at room temperature
using a semiconductor parameter analyzer (4200-SCS, Keithley)
and a Newport IPCE measurement system with a broadband light
source and a monochromator. The intensity of the illuminated
light was measured using an optical power meter (ThorLabs,
PMA400).

Enérgy (keV)

FIG. 1. (a) Cross-sectional FE-SEM images of the SnS,/SiNW heterostructure. Si NWs (b) without and (c) with SnS, NP decoration showing SnS, NPs on the surface of
Si NWs. (d) Top view of aggregated SnS, NPs on top of a SINW array. (€) EDX spectrum and (f) chemical elemental mapping of SnS, NPs which confirm the uniform dis-

tribution of S and Sn atoms throughout the entire aggregates of SnS, NPs.
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I1l. RESULTS AND DISCUSSIONS
A. Structural and morphological analysis

1. SEM analysis

The cross-sectional SEM image of the SnS,/SINW heterostruc-
ture shown in Figs. 1(a) and 1(b) shows the MACE grown Si NWs.
The length of the NW array was ~10um for a growth time of
~30 min and the thickness of the SnS, NPs on top of the NW
array was ~100 nm. The diameter of the Si NWs ranged from 90 to
100 nm and that of SnS, NPs was ~8 to 10 nm. The SEM image of
the SnS, NPs coated on top of the Si NW array is shown in
Fig. 1(d). The EDAX analysis images are shown in Figs. 1(e)
and 1(f) where edax spectra and chemical compositional mapping,
respectively, are also shown. The Sn and S elements are uniformly
distributed throughout the entire aggregate of the SnS, NPs.

2. XRD analysis

The crystal phase of the SnS, NP powder was investigated by
x-ray diffraction (XRD) and its corresponding pattern scanned in
the range of 20=10°-90° is presented in Fig. 2(a). The peaks
observed for the SnS, NPs are consistent with the peaks of SnS,
thin films as reported earlier.””** The diffraction peaks of the SnS,
NPs observed at 14.98° 26.18°, 28.79°,33.54°, 50.76°, 60.69°, and

(@)

JCPDF 89-2028

(100)
(002)
(101)

(110)

Intensity (Arb. units)

20 40 60 80
20 (Degree)
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62.20° correspond to the (001), (100), (002), (101), (110), (201),
and (004) crystal planes (JCPDF 89-2028). No unknown peaks
were seen, which confirms the purity of the materials. TEM analy-
sis was further carried out to analyze the structure of the sample.

3. TEM analysis

To obtain in-depth information on the SnS, NP shape and
crystallinity, high-resolution TEM (HRTEM) with SAED pattern
was also performed. The TEM image of the SnS, NPs is shown in
Fig. 2(b). The average size of the SnS, NPs is ~8-10 nm, as shown
in Fig. 2(c), and the same result has been obtained from SEM also
[Fig. 1(b)]. The SAED pattern taken from one of the dispersed NPs
is depicted in Fig. 2(d). It manifests the polycrystalline nature of
the SnS, NPs. The corresponding planes for the zone axis [—110]
are (002), (110), (004), (211), and (220) and from XRD in Fig. 2(a)
we can confirm the presence of these planes. Figure 2(e) reveals the
HRTEM image of one such NP with a d-spacing of ~0.342 A° and
corresponds well with SnS, (201).”

4. Raman analysis

Another approach followed to identify the crystal quality of
the SnS, NPs was Raman spectroscopy. The micro-Raman spectra
are presented in Fig. 2(f). The presence of the A, optical phonon

Intensity (arb. units)

300 600 900 1200
Raman Shift (cm )

FIG. 2. (a) XRD patterns of SnS, NP powder. (b) TEM image of SnS, NPs with (c) a particle size distribution curve and (d) SAED pattern showing different crystal
planes. (e) HRTEM image showing d-spacing of SnS, NPs taken from the top portion of (b). (f) Raman spectra of SnS, NPs. The presence of the Aqq optical phonon
mode confirms the formation of SnS,.
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mode at ~313.5cm™" confirms the formation of SnS,,'*"" although

the E, phonon mode, which is generally present in bulk SnS,, is
absent here due to the presence of nanostructures.'®

B. Optical analysis
1. Absorption

Figure 3(a) shows the UV-visible spectra of SiNWs (blue
curve), SnS, NPs (red curve), and the SnS,/SINW mixture in meth-
anol (green curve), respectively. Significant enhancement in
absorption is observed in the hybrid structure compared with the
individual one mostly in the UV range. For the SnS, NPs, a strong
absorption was observed in the UV region. However, in the case of
the SiNWs, a broad absorption was observed with an almost cons-
tant intensity. The combined effect of SnS, and SiNWs showed an
improved absorption. The bandgap (E,) of the material was calcu-
lated using the equation(ochv)2 = B(hv — Eg), where a, hv, and B
are the absorption co-efficient, photon energy, and constant of the
material, respectively.”’ The optical bandgap was extracted from
the Tauc plot of (cthv)® vs hv that yielded 0.17 cm™" and 0.18 cm™
absorption coefficients and 1.45 eV and 2.83 eV bandgap for the Si
NW array and SnS, NPs, as shown in Fig. 3(b). This is in good
agreement with the values achieved for the SiINWs of different
diameters through various MACE methods.”””” The bandgap of
SnS; is also consistent with the other reported works irrespective of
the synthesis methods.'> ®*® The improved absorption in the
hybrid structure signifies the enhanced optoelectronic properties
that will be useful for future optoelectronic applications.

2. Photoluminescence

The room temperature PL emission spectra for the SnS, NPs
and SiNWs were measured at a 300 nm excitation wavelength to

0204

.=
I3
w

0.10+

Absorbance (arb. units)

—— SnS2

0.051

600 800 1000

Wavelength (nm)

400

FIG. 3. (a) Optical absorption spectra of SiNWs (blue curve), SnS, NPs (red curve),
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investigate whether there were any defects, vacancies, and gaps
inside the material, and are shown in Fig. 4. The SnS, nanoparticles
mainly have four peaks, as shown in Fig. 4(a). Notably, the most
intense peak is at 437 nm, which originates due to the exciton
recombination corresponding to the near band emission of the
SnS, wide bandgap caused by the quantum confinement effects.”
Meanwhile, the blue light at the center of 485 nm can be attributed
to the self-activation center formed by the tin vacancies in the
lattice or the energy transfer between the sulfur vacancies and the
sulfur gap. The yellow light at 581 nm and the red one at 850 nm
are mainly defect-related luminescencelike surface defects, intersti-
tial sulfur vacancies, and SnS, lattice gap defect of shallow deep
and deep traps.”” The PL spectra of the SINWs in Fig. 4(b) consist
of a broad band in the visible range with the maximum peak inten-
sity at around 650 nm. This broad peak is observed due to the radi-
ative recombination of excitons confined in small crystals created
during nanowire growth by wet chemical etching.’® When a hetero-
junction is formed with Si NWs, emitted light from SnS, is reab-
sorbed by the SiNWs, contributing to further photo-carrier
generation. From PL spectra of SnS, we have calculated the energy
bands corresponding to the peaks valued at 437 nm, 485nm,
581 nm, and 850 nm. The most intense peak was found at 437 nm.
The respective values corresponding to the peaks were 2.83 ¢V,
2.56eV, 2.13 eV, and 1.45eV. From these values, we can conclude
that the energy band value that we have measured from the UV-vis
graph, ie., E, ~ 2.83 eV, is almost the same with the most intense
peak’s energy value of PL spectra.

C. Optoelectronic analysis

1. I-V characteristics

The schematic diagram of the device fabricated with a SnS,/Si
NW heterostructure and its corresponding mode of measurement

0.6+

0.2

0.0+
10 15 20 25 30 35 40
Photon Energy (eV)

and the SnS,/SINW hybrid structure (green curve), respectively, and (b) the corre-

sponding Tauc plots confirming the optical bandgap Eg ~ 1.4 eV for SINW and 2.85 eV for SnS, NPs.
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FIG. 4. Room-temperature PL spectrum of (a) SnS, nanoparticles and (b) Si nanowires at a 300 nm excitation wavelength.

is represented in Fig. 5(a), whereas Fig. 5(b) shows the photograph
of the actual device. It has been reported that the top Au and
bottom Al electrodes make very good ohmic contacts with SnS,
and the Si layer, respectively.”””" As illustrated in Fig. 5(a), the
monochromatic incident light was produced by a commercial
broadband light source attached to a monochromator. The active
area of the photodetector is considered as the area of the SnS, NPs
covered with an Au electrode of ~0.20 mm?> (spot diameter
~0.5 mm). The illuminated spot on the sample is adjusted in such
a way that it covers only the defined device area. Figure 5(c) repre-
sents the typical dark and light current-voltage (I-V) characteristic
curves of the photodetector illuminated with different wavelengths
ranging from 300 to 1100nm in a semi-logarithmic scale. A
minimum dark current of ~1.6 x 107'° A is obtained at zero bias.
A maximum photocurrent of ~4x107®A at the same bias is
obtained under illumination with 340 nm light, which is close to
the bandgap of SnS,. Thus, an increment of current of ~2.5 x 10°
order is achieved at V=0V in this heterostructure device which
opens up possibilities for a self-driven photodetector in future. This
also reveals that the device has a much higher sensitivity to the
incident 340 nm light. Furthermore, the I-V curve under light illu-
mination shows that the photocurrent mainly forms at the applied
reverse bias voltages, and it saturates with increasing bias. The dif-
ferent behavior of photocurrents at positive and negative bias vol-
tages indicates that the photodetectors based on the photovoltaic
effect have been prepared successfully.

To understand the photo-carrier transport mechanism, i.e.,
electron-hole pair generation and separation, we proposed a band
diagram. Based on the extracted bandgap energy from the absorp-
tion curve, the band structure alignment of the SnS,/SiNW hetero-
structure at thermal equilibrium is represented in Fig. 5(d).
Generally, the electron affinities of SnS, and Si locate at 4.22 eV
and 4.05eV, respectively.'” The valence band values of SnS,
(7.05eV) and SINW (5.47 eV) in the band diagram were calculated

by adding the bandgap energy as obtained from the absorption
spectra to the electron affinity values. At thermal equilibrium, a
depletion region is formed at the interface of n-type SnS, NPs and
p-type SiNWs, resulting in the generation of a built-in field at the
interface directed from n-SnS, to p-SiNWs. When light with
photon energy larger than the bandgap is incident on the device
surface, the energy from the incident photons will be absorbed by
the SnS, NPs as well as by the Si NWs. The valence electrons in
SnS, will be excited and will jump into the empty conduction
band. As a result, the high-density electron-hole pairs will be
generated in the SnS, NPs during illumination, as displayed in
Fig. 5(e). These will be added up with the large number of elec-
tron-hole pairs generated in the depletion layer created at the inter-
face. The photogenerated electron-hole pairs at the depletion
region will be separated by the built-in field which effectively drives
the holes toward p-SiNW and electrons toward n-SnS,, as shown in
Fig. 5(e). The photogenerated holes in the valence band of n-SnS,
will be driven into the p-SINW side by the built-in field, while
those photogenerated electrons in the conduction band will move
in the opposite direction. These will result in an increase of poten-
tial in p-SINW, while there will be a reduction of the same in the
n-SnS; side. Thus, a photo-induced voltage will be generated across
the junction that effectively reduces the barrier height of the
SnS,/SiNW  heterostructure, and a detectable photocurrent is
obtained in the external circuit. When reverse bias is applied exter-
nally in the circuit, an additional potential (V}) will be introduced
along with the photo-induced voltage, as shown in Fig. 5(f), and
accelerate the photocarrier transport by reducing the transit time
and recombination rate. As a result, the photocurrent increases
with increasing the bias voltage. When a forward bias is applied
across the junction, the external potential (V},) will be in the oppo-
site direction of the photo-induced voltage and the effective poten-
tial across the junction will be reduced, as shown in Fig. 5(g). This
will effectively reduce the photocarrier transport by increasing
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FIG. 5. Photoelectric transport investigations of SnS,/SiNW heterojunctions. (a) Schematic representation of the heterostructure device under test. (b) Actual photograph
of the device under test. (c) |-V characteristics of the SnS,/SINW heterostructure device in the dark and under illumination with different wavelengths. (d) Energy-band

alignment between the SnS, NP and SiNWs junction at thermal equilibrium. (e) Self-driven mechanism of the detector at 0 V under light illumination. (f) Energy-band align-
ment with an applied external reverse bias voltage (V}). (g) Energy-band alignment with an applied external forward bias voltage (V}).
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the transit time and recombination rate compared with that of the
reverse bias. Thus, the enhancement of photocurrent in the
forward bias is negligible, as observed in Fig. 5(c). In this hetero-
structure, the built-in field created at the interface is high enough
to separate and transit the photo-generated carriers to the elec-
trodes and give a sufficiently high photocurrent, even if no bias is
applied externally.

2. Spectral response

Figure 6 represents the spectral response of the heterostructure
photodetector device for different parameters. Figure 6(a) repre-
sents photocurrent over dark current at zero bias as a function of
wavelength, and the photo-to-dark current ratio exceeds 10 at
V=0V, which is considerably high for this type of heterostruc-
ture.”””” As seen from Fig. 6(a), the heterostructure exhibits a high
photo-sensitivity (I, — Iiark/Liark) exceeding 10 at V=0V over a
wide range of wavelength, and confirms its ability of better noise
rejection, where the photocurrent is clearly distinct from the dark
current. The photo responsivity (R) can reflect the sensitivity of a
heterojunction photodetector to the incident light, and thus it grad-
ually becomes the significant figure of merit for light detection
devices. The responsivity was calculated from 300 to 1100 nm
under a differently applied bias using the equation R = Ijn/Pampie
as reported earlier.”’ Here,] ph = iy — Igark)and  Pygppre = P X A,
where P is the illuminated power density and A is the effective
device area under illumination. Therefore, based on this formula,
the responsivity (R) of the SnS,/SINW detector at a different bias
as a function of wavelength was estimated, and it is depicted in
Fig. 6(b) in a semi-logarithmic scale. As seen from the figure, the
responsivity in the UV region is as high as ~3.8 A/W with the self-
bias (0 V) condition; it reaches ~10° A/W at an applied bias of
—2V and it reduces in the visible to NIR region. Notably, a sharp
peak appears at 340 nm. The responsivity (R) of the device shows a
monotonically increased tendency with increasing the applied bias
voltage and approaching toward saturation, as illustrated in Fig. 6
(c). With increasing bias, the transport and the separation of the
photogenerated electron-hole pairs first accelerate and then
enhance the photoresponsivity (R) of the device. At a higher bias
voltage, all photogenerated electron-hole pairs are collected by the
electrodes before recombination and a further increase of bias
voltage has a negligible effect on the photocurrent, resulting in a
saturation of R, as shown in Fig. 6(c). It is also observed that the
responsivity is very high (~10 A/W at —2V) at ~340 nm with a
gradual reduction at other wavelengths. Most importantly, the
responsivity is at least~ 3.5 A/W at =2V over the wide range of
wavelength (300-1100 nm) and exceeds the responsivity values of
photoconductive photodetectors reported recently.'””'”*” In the
self-driven mode, the responsivity is as high as ~ 3.5 mA/W over a
wide spectral range (300-1100 nm) and reaches 3.8 A/W at 340 nm
(light intensity 53.75nW/mm?). The peak high responsivity at
~340nm is close to the bandgap of the SnS, NPs. The spectral
response is also correlated with the main PL emission at ~340 nm
in Fig. 5, as discussed earlier. The overall high responsivity
(~3.8 A/W) over the wide range of wavelength is attributed to the
combined effect of the photoresponsive property of the junction
materials and the increased light absorption capability of the

ARTICLE scitation.org/journalljap

heterojunction due to the nanostructure forms of both SnS, and Si.
Such high responsivity of the heterostructure over the wide spectral
range with a significantly small optical power (optical power
density ~ nW/mm® range) shows that it is superior to the other
reported devices based on SnS,'”***'~** and indicates its possibility
to be used as a broadband photodetector. In addition, another
important parameter for a heterojunction detector is detectivity
(D*), which is the inverse of noise equivalent power. The larger the
detectivity of a photodetector, the more it is suitable for detecting
week signals that compete with the detector noise. Therefore, we
can calculate the detailed values of the detectivity (D*) by using the
equation D*:AI/ZR/(ZquWk)UZ, where I, is the dark current, A
is the effective device area under illumination, and q is the elec-
tronic charge.>** Based on this formula, we estimated the detectiv-
ity (D*) of the photodetector as a function of illumination
wavelength, and the calculated detectivity (D*) vs illumination
wavelength curves at 0, —1.0, and —2.0 V are plotted in Fig. 6(d) in
a semi-logarithmic scale. Since the detectivity is dependent on dark
current, and the dark current at the self-driven mode
(~1.6x107'° A) is much lower than that at the bias dependent
mode (~4.5x1077A at —2V), the heterostructure exhibited a
higher detectivity (2.4 x 10" Jones) at the self-driven mode at a
wavelength of ~340nm. This shows the highest detectivity
(~2.4 x 10" Jones) among the SnS, based heterostructure reported
to date, as shown in Fig. 6(e), which confirms its possibility as a
high sensitivity photodetector at a particular wavelength of
~340 nm. In addition, the detectivity (D*) is as high as~10'? Jones
for 0V over a wavelength of 300-1100 nm. More importantly, the
external bias voltage can significantly improve the detectivity (D*)
of photodetectors, as shown in Fig. 6(d), and the almost constant
~10"? Jones over a broad spectral range and far better than previ-
ously reported SnS, based heterostructures.”””**° Xu et al.'®
reported a SnS,/Si heterostructure showing a responsivity of
~0.12 A/W and detectivity of ~9.35x 10'®Jones with an optical
power density 0.5 mW/cm?, whereas our reported heterostructure
of the same materials with nanowire forms (SnS,/SINW) shows
outstanding optoelectronic properties (a responsivity of >3.0 A/W
with a peak value of ~10°A/W and detectivity of
>3.85x 10 Jones with a peak value of ~1.14 x 10" Jones), even
with a much low optical power density ~(0.54nW/cm?) at the
same working voltage. This enormous enhancement of optoelec-
tronic performance is due to the enhanced interface area in nano.
When two materials form a junction, the built-in-potential created
at the interface of the heterojunction helps separate the photogen-
erated electron-hole pairs participating in the photocurrent. The
surface area in the nanowire form is much higher than that in bulk
Si due to the large surface-to-volume ratio in nano. Hence, the
effective junction or interface area is enhanced enormously in the
nanowire heterostructure compared with its bulk form, which effec-
tively improves the performance of the heterostructure device for a
highly efficient separation of photogenerated electron-hole carriers
by creating a built-in-potential at the interface. Furthermore, bulk
Si has an indirect bandgap, whereas SiNWs behave like direct
bandgap materials due to the quantum confinement in nano,
improving its optoelectronic properties.””** In addition, chemically
etched SiNWs show a higher absorption due to the enhanced
rough surface area compared with that of the planar Si surface due
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FIG. 6. (a) Dynamic on/off photoresponse and sensitivity of the heterostructure excited by 340 nm light at a 0 volt applied bias. (b) The calculated photoresponsivity of the
device plotted as a function of the wavelength of incident light. (c) Photoresponsivity as a function of applied bias approaching saturation at a higher bias. (d) Detectivity of
the device at a different bias plotted as a function of the wavelength of incident light. (€) The SnS,/SINW heterostructure shows the highest detectivity compared with the

other reported SnS; based heterostructure devices.

J. Appl. Phys. 129, 053105 (2021); doi: 10.1063/5.0032604
Published under license by AIP Publishing.

129, 053105-9


https://aip.scitation.org/journal/jap

Journal of

Applied Physics ARTICLE scitation.org/journalljap
TABLE I. Comparison of the performance parameters of different SnS, based photo detectors.
Detectivity Wavelength range Opt. power Working
Material and devices Responsivity (Jones) (nm) density voltage (V) References
SnS,NP/SiINW 10 A/W 1.14 x 10" 340 0.54 n'W/cm? 2 This work
>3 A/W >3.85x 10" 400-1100

SnS,/Si 0.12 A/W 9.35x 10" 405-808 0.5 mW/cm? 2 18
CTS QDs/SnS, 1A/W 2.25x 102 320 23.74 yW/cm? 25 19
nanosheet >0.1 A/TW >0.25 x 10" 400-1100
SnS,/WSe, 244 A/W 129 x 10" 550 3.77 mW/cm? 1 40
SnS,/Sn0O, 2.9 mA/W 5.9 % 107 365 1.5 17
SnS, nanoflakes 0.64 uA/W 365 5.35uW 5 41

>5.5nA/W 650-850
SnS,/hBN TFT 0.6 mA/W 5% 10° 300-1000 23.5 tW/cm? 0.1 42

to multiple reflections.”” These are the reasons why SiNW/SnS,
exhibits much improved results than that based on bulk Si. A com-
parative study of our SnS,/SiNW device which shows high respon-
sivity and ultrahigh detectivity with some state-of-the-art
photodetectors based on SnS, is given in Table I. This comparative
study clearly reveals the excellent optoelectronic performance of
our reported device with minimum power consumption.

D. Switching characteristics

The time-dependent photocurrent of the SnS,/SINW photode-
tector was investigated under self-bias as well as with a bias depen-
dent condition and is displayed in Fig. 7(a). The rise/fall time is
usually defined as the amount of time required for the

photocurrent to measure the growth and decay of the signals from
10% to 90%/90% to 10%, respectively. Due to the unavailability of
high precision instruments like oscilloscope or chopper, illumina-
tion on the sample was turned on and off manually to measure the
response speed of the detector and is presented in Figs. 7(a)
and 7(b) at zero bias. This gives a rough estimate but not the actual
response speed of the detector.

The rise and fall times for the manual on/off of the illumi-
nated source were 0.9 s and 0.6 s, respectively, for this device, which
even yielded a very good performance compared with a few SnS, or
SnO, chalcogenide based photodetectors reported earlier.**™™" The
actual response speed would be smaller than what we have mea-
sured manually. The rise/fall times were reduced to 0.4s/0.4s,
respectively, when an external bias of —2V was applied, as shown
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FIG. 7. (a) Dynamic on/off photoresponse of the heterostructure excited by a broadband solar simulator (AM 1.5, 100 mW/m?) light at a 0V biased voltage. (b) Zoom-in
views of the time-resolved photoresponse at V =0 Volt, identifying the typical rise (inset) and decay time. (c) Dynamic on/off photoresponse of the heterostructure excited

with the same broadband solar simulator light at a —2 V/ biased voltage. (d) Zoom-in views of the time-resolved photoresponse at V = -2V identifying the typical rise and
fall time (inset).
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in Figs. 7(c) and 7(d). This reduction in the rise/fall times may be
due to the enhanced collection efficiency of photogenerated carriers
under biased conditions. Although the dark current is increased
with increasing the bias voltage, and this variation cannot be
ignored, the enhanced photoelectric response speed of the device is
due to the applied bias voltages. More significantly, after several
measurement cycles, the switching of the photocurrent still remains
identical, confirming that the as-fabricated device can be used as a
self-driven photodetector with little on-chip power consumption.
Additionally, the photodetector can maintain a very low dark
current of ~5x1071°A, and a high on/off ratio of ~3 x 102 is at
the self-power mode, as shown in Fig. 6(a). These characteristics
would be favorable for low noise and highly sensitive photodetec-
tors. Furthermore, the measurement result reveals that the photo-
current switching performance of the device can be modulated by
the applied reverse bias voltages. As shown in Fig. 7(c), the ampli-
tude of the photocurrent switching of the detector strongly
depends on the applied external bias voltage, and the photocurrent
monotonically increases from ~22 nA at self-bias to ~76 uA as the
reverse bias voltage increases to —2.0 V. Additionally, the external
applied bias also assists to aid the potential height of the hetero-
structure [Fig. 5(f)], which increase the separation efficiency of the
photogenerated carriers and effectively reduce the recombination
rate of the electron-hole pairs. Therefore, applied external biases
can influence the photocurrent, responsivity, and detectivity of het-
erostructure devices.

IV. CONCLUSIONS

In summary, we have fabricated a vertically aligned SINW/
SnS, heterostructure with an easy and cost-effective synthesis
process. The fabricated heterostructure photodetector shows excel-
lent optoelectronic properties in the UV-Vis-NIR range (300-
1100 nm) due to the strong light absorption for these bands by syn-
thesized nanostructures and their high surface-to-volume ratio. The
optical sensitivity of the photodetector is found to be as high as
~10 for a 340 nm wavelength and >10' for the UV to NIR region
at a 0V applied bias with a significantly small optical power (~
53.75 n'W/mm?). The on/off ratio is ~107 at the self-bias condition
and response speed is below one second, which is better than those
of the few reported chalcogenide based photodetectors. The hetero-
structure device exhibited a responsivity of ~ 3.8 A/W at self-bias
and ~10% A/W at a =2V applied bias, which are the highest in Si/
SnS, based heterostructures reported to date. The measured detec-
tivity is as high as ~ 10'*Jones at a 340 nm wavelength
and > 3.85 x 10'* Jones at the 400-1100 nm wavelength range. The
observed detectivity of the device is better than that of many
similar types of reported detectors, which makes this detector very
suitable for a noisy environment. The fabricated device can be used
in a broad range of applications and in devices such as low-cost
high sensitivity broadband photodetectors.

SUPPLEMENTARY MATERIAL

See the supplementary material for the growth mechanism of
Si nanowires by the MACE method and SnS,/SINW stepwise
device fabrication process.
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