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Abstract: The SnS/SnS, heterostructure was fabricated by the chemical vapor deposition method.
The crystal structure properties of SnS; and SnS were characterized by X-ray diffraction (XRD)
pattern, Raman spectroscopy, and field emission scanning electron microscopy (FESEM). The fre-
quency dependence photoconductivity explores its carrier kinetic decay process. The SnS/SnS,
heterostructure shows that the ratio of short time constant decay process reaches 0.729 with a time
constant of 4.3 x 10~* s. The power-dependent photoresponsivity investigates the mechanism of
electron-hole pair recombination. The results indicate that the photoresponsivity of the SnS/SnS,
heterostructure has been increased to 7.31 x 1073 A /W, representing a significant enhancement of
approximately 7 times that of the individual films. The results show the optical response speed has
been improved by using the SnS/SnS, heterostructure. These results indicate an application potential
of the layered SnS/SnS; heterostructure for photodetection. This research provides valuable insights
into the preparation of the heterostructure composed of SnS and SnS,, and presents an approach for
designing high-performance photodetection devices.

Keywords: heterostructure; photoresponsivity; chemical vapor deposition

1. Introduction

Two-dimensional (2D) van der Waals materials have attracted a lot of attention due to
their distinct optical and electrical properties [1-5]. Graphene has been the most investi-
gated layered material in recent years due to its specific physical [6,7]. However, graphene
is a zero band gap material, which limits its applications in electronic devices. Hence, 2D
materials with semiconducting properties are in demand for next generation electronic
devices [8]. The 2D layered materials with semiconductor behaviors can realize the thin
and flexible requirements for the electronic devices’ applications. 2D semiconducting mate-
rials such as transition metal dichalcogenides (TMDs) [9], black phosphorus (BP) [10,11],
NDbOI, [12], tellurene [13], SiAs [14], CulnP,Sg [15], and TaNi, Tesz [16] have been discovered
as promising candidates for novel electronic devices in the future. Among these 2D layered
materials, TMDs are the most studied materials due to their specific dimensional geometrics
and distinct physical and optical properties [17,18]. To date, electronic devices fabricated
by semiconducting 2D layered TMDs materials with layers such as p-n diode [19], field
effect transistor [20], gigahertz frequencies FET [21], Fin shaped FET [22,23], and phototran-
sistors [24] has been achieved. A 1-bit microprocessor with logical operations made by 2D
TMDs have also been implemented [25].

Sensors 2023, 23, 4976. https:/ /doi.org/10.3390/s23104976

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s23104976
https://doi.org/10.3390/s23104976
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-6541-5379
https://orcid.org/0000-0002-1743-4337
https://doi.org/10.3390/s23104976
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23104976?type=check_update&version=1

Sensors 2023, 23, 4976

20f12

SnS; is a member of the 2D semiconductor family, and has a hexagonal Cdl, type
crystal structure [26]. In recent studies, SnS, has shown an n-type nature and has been
shown to be a good candidate for many applications with good performance, such as
photodetectors [27-29], sensors [30,31], and field-effect transistors [32,33]. However, for
the devices’ applications, the block potential between n- and p-region heterostructures is
an important issue [34], and hence studies on p-type dopants in SnS, [35] or p-type SnO
thin layers on n-type SnS; nanosheets have also been reported [36]. It has been observed
that devices made from layered materials using the exfoliation method tend to be smaller
in size. The fabrication of large-sized optoelectronic devices is an important issue. SnS,
and SnS have a high potential use in optoelectronic and photoconductive devices. There
are a number of methods for the growth of SnS; and SnS films, such as dip coating [37],
thermal evaporation [38], and chemical vapor deposition (CVD) [39]. Each method has its
advantages and disadvantages; for example, the dip coating and spray pyrolysis methods
provide low-cost thin semiconductor films. However, the film’s quality and uniformity
may not be good [37]. Films grown by thermal evaporation may need post-growth anneal-
ing [38]. CVD is a widely used technology for the growth of thin films in which the amount
of gas-phase precursors can be controlled by carrier gas, and thin films are deposited
on a heated substrate controlled at a stable temperature. CVD offers an advantage by
relying on chemical reactions that enable researchers to obtain high-quality and pure phase
semiconductor films. Furthermore, CVD does not require high-vacuum environments,
making it a popular technology for mass production [39]. Mechanical exfoliation is known
as a useful technique to fabricate a monolayer photodetector or heterojunction devices with
good performance in nano-dimensions, but it has complications for mass production or
applications in solar energy with a large area. The large-area SnS/SnS, heterostructure can
be produced by CVD methods and paves the way for developing a solar panel on glass
substrates which can be used for semi-transparent windows and also can provide power
sources in buildings for the purpose of saving energy.

In this study, we adopt SnS as a p-type material and fabricate the SnS/SnS; pn het-
erostructure by chemical vapor deposition methods. Here, we have successfully fabricated
a centimeter-sized SnS/SnS; pn heterostructure. The potential applications of SnS/SnS,
pn heterostructures for photodetection are explored. The SnS/SnS, heterostructure was
characterized by X-ray diffraction (XRD) and field emission scanning electron microscopy
(FESEM), and the phase properties were achieved by Raman spectroscopy. Tests of their
optical responses, such as absorption and photoresponsivity investigations, were also
performed. The results of SnS/SnS; heterostructure characterizations were determined
and possible mechanisms were also discussed. The study proposes a method to enhance
photodetection through the utilization of a SnS/SnS, heterostructure.

2. Materials and Methods

The growth of SnS; (CAS:1315-01-1), SnS (CAS:1314-95-0) thin films and the SnS/5nS;
heterostructure was carried out on glass substrates by the CVD method. The band gap
energies of SnS; and SnS cover the light spectra from the near-infrared to visible light range.
At the same time, tin and sulfur are non-toxic and earth-abundant elements. Considering
the impact on the environment and manufacturing cost, SnS; and SnS thin films become
potential candidates for realizing cheap solar cells. Glass is an optical transparency substrate
with strong mechanical strength. For the same reason, glass is a suitable substrate not
only for new-generation solar cells, but also for photodetectors. Thus, in this study we
chose microscope glass (Matsunami Glass 51111 White Slide Glass) as a substrate. Glass
substrates are cleaned by acetone and methanol, then put into an ultrasonic bath for 30 min
to remove any contaminants on the glass. After that, we use a nitrogen gun to blow away
any dust or residuals on the substrates.

A three-zone horizontal furnace is equipped with three temperature controllers to
control the zone temperatures separately. The source materials including tin (II), chloride
(5SnCly, 1.5 g) (CAS:7772-99-8), and elemental sulfur (CAS:7704-34-9) powder (S, 3.5 g)
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were placed in crucibles arranged in the center of zone one. Two electric heaters and
temperature controllers were used to control the crucibles’ temperatures at 280 °C and 180
°C for SnCl; and elemental S, respectively, to provide tin atoms and sulfur atoms. The glass
substrates were arranged in zone three, about 30 cm away from the source materials. The
zone one heater was set at 100 °C, and the zone two and zone three were set at 350 °C and
300 °C for the growth of SnS, thin films, while for the growth of SnS thin film the zone
temperatures were set at 150 °C and 100 °C, respectively. The carrier gas Ar (CAS:7440-
37-1) flow rate was controlled by a mass flow controller and set at 70 sccm. When the
zone temperatures reached stable values, the source materials were supplied constantly
by heating the crucibles for 20 min. After film growth, the furnace was naturally cooled
to room temperature under an Ar flow. For the growth of the SnS/SnS; heterostructure,
the SnS, thin film was prepared in advance and then covered by a shadow mask for the
growth of SnS thin films. Thus, the SnS, and SnS films were stacked vertically. All the
samples were grown to the size of ~10 x 10 mm? in this study.

The XRD patterns were investigated by using a Rigaku D/max-2200 PC X-ray diffrac-
tometer. The morphology and crystal structure were investigated by a Hitachi S-4800
field emission scanning electron microscope (FESEM). The elemental compositions of SnS;
and SnS films were checked by energy-dispersive X-ray spectroscopy (EDS). The Raman
spectroscopies were carried out on a Nanofinder 30 (Tokyo Instruments, Tokyo, Japan)
three-dimensional laser Raman spectrometer equipped with a 532 nm laser. The laser
power was operated at ~1 mW to avoid heating effects. For the measurements of the
absorption spectra of the SnS, and SnS thin film crystals and to determine their bandgaps, a
1/4 m monochromator (MKS, Irvine, CA, USA) was equipped with a Si photodetector with
a sensing range of 1.1~3.1 eV. A 130 W halogen lamp was used to produce the light with a
wide photon energy range and the monochromatic light was selected by the monochro-
mator to illuminate the measured sample. The Si photodetector was used to receive the
transmitted light.

Photoconductivity (PC) measurements can be taken at different illumination frequen-
cies, illumination intensities, or bias voltages to examine the response-time constants and
responsivity of the photosensitive materials. The system consisted of a diode laser (405 nm)
controlled by a function generator (GW Instek AFG-2225) to provide an on/off light at
different frequencies, and a lock-in amplifier (AMETEK Signal Recovery 7265 DSP Lock-in
Amplifier) which was used to record the photo-induced current. A dc bias voltage was
provided by a sourcemeter (Keithley 2400) and the photo-induced current was amplified
by a low-noise current preamplifier (Stanford Research Systems SR 570) before feeding into
the lock-in amplifier. A continuously variable neutral density filter wheel was employed to
tune the illumination intensity of the laser diode for the PC measurements taken at different
illumination intensities. A schematic optical measurement setup for the measurement of
the photoconductivity at different bias voltages, illuminating frequencies or intensities, is
shown in Figure 1.
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Figure 1. The schematic PC measurement setup.

3. Results and Discussion

Figure 2 depicts the XRD patterns of (a) SnS; and (b) SnS films grown on glass sub-
strates by chemical vapor deposition. The XRD patterns of SnS; and SnS films reveal
diffraction peak information deduced from different orientations. The various reflec-
tion peaks from the SnS, film, such as (001), (100), and (101) planes, are identified in
Figure 2a. In Figure 2b, the reflection peaks from various orientations from SnS are also
indexed. The features were also confirmed with the JCPDS database (JCPDS 23-0677 and
39-0354). Table 1 lists the deduced lattice constants of SnS, and SnS from XRD. The de-
duced lattice constants of SnS, and SnS are in a reasonable agreement with the reported
literature [40,41]. The growth of SnS, thin films have a preferred orientation in the (001)
plane, because the {001} plane of SnS, has the lowest surface energy (g19p = 0.034 eV/ A2
and gpo1 = 0.0065 eV / A2)[42]. In Figure 2a, the XRD pattern of SnS; thin film shows that
the intensities from (001), (100), and (110) are obviously higher than other planes. After
forming the SnS; nucleus, the new species favorably develop themselves along the [001],
[010], and [110] directions due to the anisotropic nature of atomic bounding in SnS; [43].
The small crystal may grow laterally before merging because of the selective reactions
likely to happen at the crystal edges. The coalescence of different domains generates grain
boundaries composed of dislocations. Subsequently, the growth changes into 3D mode, and
develops vertically at the grain boundaries due to their higher reactivity than in the basal
planes. Finally, the vertically oriented SnS, nanosheet arrays with very high shape simi-
larity are built which can be observed in the SEM image of the SnS; thin film. SnS crystal
has an orthorhombic structure. It consists of two layers stacked perpendicular to the c-axis,
where ‘Sn’ and ‘S’ atoms are tightly bound in each layer, while the bonding between the
layers is of a weak van der Waals type. The orthorhombic unit cell is similar to a nanobox,
with three different edge lengths a, b, and ¢, which are at an angle of 90° to each other.
The growth mechanism of SnS thin film could be simply understood as a block-building
task. The SnCl, and S atoms are constantly supplied from different quartz pipes. In the
reaction zone, they are mixed and chemically transformed into an SnS compound to form
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the SnS nucleus with a nanobox shape. The carrier gas blows them toward the deposition
zone, where they can be adsorbed on the glass substrate. These orthorhombic nanoboxes
are stacked in a preferred orientation along (010) plane. The multiple peaks in the XRD
pattern of SnS thin film shown in Figure 2b indicates that the film is polycrystalline and
can be indexed based on an orthorhombic SnS (JCPDS 39-0354) cell. It is noteworthy to
mention that XRD peaks show the strong intensity of the (111) plane because the lattice
planes with lower surface energy tend to dominate the growth mechanism. Here, the more
closely packed (111) crystallographic plane is preferred over the others [44].
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Figure 2. XRD patterns of (a) SnS2 and (b) SnS films.

Table 1. SnS; and SnS films deduced from XRD.

Lattice Constant (A)

a b c
SnS 4.302 11.325 4.003
SnS, 3.628 3.628 5.906

Raman spectra of (a) SnS, and (b) SnS films in the range of 50-500 cm ! are shown in
Figure 3. For SnS; film, there are two peaks, which were identified as Eg and A1g active
modes [45]. For SnS film, the Raman peaks at 181 cem ™! and 210 em ! are associated with
the Ag modes, while the peak at 152 cm~! is assigned to B3z mode [46]. An additional
mode, at 306 cm ™!, might come from the Sn,S3 phase [47].

Figure 4a—c shows the FESEM images of (a) SnS; films, (b) SnS films, and (c) the
5nS/SnS; heterostructure grown on the glass substrate by chemical vapor deposition. As
shown in Figure 4a, the SnS; film displays a leaf-like shape morphology. The morphology
exhibits a hexagonal shape which indicates the typical layered structure of SnS; film.
Figure 4b shows the FESEM image of SnS film, where the morphology of cluster grains
can be observed. The composition of SnS; and SnS films were also confirmed by EDS
measurement. Figure 4d,e shows the EDS measurement results of SnS, and SnS films. In
this study, the alloy elemental ratio determined by EDS of SnS, film is Sn:S = 35%:65%
and for SnS film it is Sn:S = 47%:53%. From the obtained results, it can be shown that the
composition of the grown film is in a reasonable agreement with the nominal composition.
In Figure 4c, the morphology image at the interface of the SnS/SnS, heterostructure is
displayed (the schematic diagram of SnS/SnS, heterostructure is shown in the inset). From
the FESEM images combined with XRD and Raman characterization, we can confirm that
the SnS/SnS; heterostructure was successfully fabricated.
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Figure 3. Raman spectra of (a) SnS; and (b) SnS films.

Figure 4. SEM image of (a) SnS;, (b) SnS films, and (c) SnS/SnS, heterostructure. EDS measurements
results of (d) SnS, and (e) SnS films.

Figure 5 shows the plot of the experimental absorption spectra of (a) SnS; and (b) SnS
films at room temperature. The spectra show an indirect nature of SnS, and SnS films in
this study. The band gap energies (Eg) for SnS; and SnS films can be determined from
the plot of the square root of the absorption coefficient versus the photon energy [48].
The obtained band gap energy values of SnS, and SnS films at room temperature are 2.24
and 1.20 eV, respectively. The values of the determined band gap in this study are in a
reasonable agreement with the reported literature [26,49-51].

In order to study the optical response behavior, we performed frequency dependence
photoconductivity experiments on SnS;, SnS, and their heterostructure in Figure 6. The
frequency dependence of photoconductivity can be described by the relation [52,53]:



Sensors 2023, 23, 4976

7 of 12

1 1
Lac/Iqc = k1 X tanh(4fT1> + ko x tanh(4fT2> 1

where I, is the ac component of the photocurrent, 4. represents the steady state pho-
tocurrent, k; and kj are the amplitude coefficients, and t; and T, are the carrier time
constants of two decay processes. The determined parameters are listed in Table 2. The
results indicate that the ratio (k;) of the long-time constant decay process of SnS; and
5nS is 0.31:0.34. However, the ratio (k; = 0.27) of the long-time constant decay process is
improved in the SnS/SnS; heterostructure. The normalized photoconductivity decays to
almost zero at frequency ~200 Hz for SnS,. For SnS, the normalized photoconductivity is
around 0.1 at frequency ~200 Hz. This is due to the fact that the carrier time constants of
the two decay processes of SnS are faster than SnS,. For the SnS/SnS,; heterostructure, the
determined carrier time constant is faster than for SnS and SnS, films. However, the carrier
transport kinetics of the SnS/5SnS, heterostructure is significantly enhanced, perhaps due
to the improved additional trap state in the interface, which causes a shorter time-constant
decay process.

—sns, film (a) ——5SnS film (b)
= o
> >
= =
C s
}
2.24 (eV)
1.2 (eV)
1.6 1.8 20 2.2 24 08 09 10 11 12 13 1.4

Photon Energy (eV)

Photon Energy (eV)

Figure 5. Absorption spectra of (a) SnS, and (b) SnS films.

Further studies of the photoelectrical response properties of (a) SnS; films, (b) SnS films,
and (c) the SnS/SnS; heterostructure are shown in Figure 7. The bias voltage-dependent
photoresponsivity experiments at the 405 nm excitation light source were measured. As
seen in Figure 7, the photoresponsivity increased gradually with the increasing bias voltage.
Under a high bias voltage, the electron-hole pairs generated by the excitation light source
can be more efficiently separated with an increasing drift velocity, resulting in the high
photoresponsivity. The observed linear photoresponsivity depends on the bias voltage,
which indicates the ohmic contact between the SnS, and SnS films and the SnS/SnS,
heterostructure. The photoresponsivity of SnS/SnS, heterostructure at 10 V is improved
several times compared to SnS; and SnS films. This might due to the improved interface
properties at the SnS/5SnS, heterostructure.

Table 2. The obtained values of coefficients from the least-square fits to Equation (1) for SnS,, SnS,
and the SnS/SnS, heterostructure.

kq ko 71 (8) T2 (5)
SnS 0.341 0.659 0.043 0.015
SnS, 0.316 0.684 0.077 0.032

SnS/SnS, 0.271 0.729 0.011 43 x 1074
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Figure 6. Normalized photoconductivity as a function of frequency of SnS;, SnS films, and SnS/5nS,
heterostructure.
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Figure 7. Bias voltage—dependent photoresponsivity of SnS; and SnS films and SnS/SnS,
heterostructure.

In Figure 8, the power-dependent photoresponsivity of the (a) SnS, and (b) SnS films
and the (c) SnS/5nS; heterostructure at 405 nm under a bias voltage of 10 V were performed.
The responsivity decayed with the increasing illuminated light intensity. The observation
of the reduced responsivity in this study might come from the trap states, such as defects
and charged impurities, in the SnS;, SnS, and SnS/SnS, heterostructure films. It is known
that the built-in electric field could easily enhance the carriers’ transport at the junction.
The enhanced photoresponsivity was attributed to the existence of a built-in electric field
at the SnS/SnS, heterostructure interface [54]. The stacking SnS/SnS, heterostructure not
only improves the photoresponsivity but also benefits the extending of the response range
from 1 to 3 eV covering the visible-NIR range. In the condition with low illumination
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light intensity, the trap states could capture the photo-generated carriers, which avoid the
electron-hole pair recombination. As the illumination light intensity becomes higher and
higher, most of the electron-hole pair recombination becomes dominated as the number of
photo-generated carriers capture by the trap states is limited. Thus, the power-dependent
illumination shows the trend of decreased photoresponsivity correlating with the saturation
of trap states under a higher light illumination intensity [55-57]. Table 3 summarizes the
photoresponsivity measured in this work. From the table, we can observe that the pho-
toresponsivity of SnS, and SnS are 0.14 x 1073 A/W and 0.09 x 1073 A/W, respectively,
in this work, which is smaller than the reported values of SnS; (0.21 x 1073 A/W) [58]
and SnS (4 x 1073 A/W) [59]. This might be due to the larger-scale sample size, which
may have more defects, thus lowering the quality of the film. However, the performance
could be efficiently improved by the SnS/5nS; heterostructure with the photoresponsivity
~7.31 x 1073 A/W, which might come from the extending broadband response range. The
results showed that the photoresponsivity could be enhanced about 7 times by introducing
the heterostructure in the present study. It is noticed here that detectivity is also an impor-
tant characteristic for photodetection devices. However, in this work, our heterostructure
is in the size of 10 x 10 mm? and the electrode spacing is 2 mm, which is about 100 to
1000 times that of the standard fabrication (2~20 um). The detectivity will be deteriorated
due to the sample size dimension. Our main contribution in this work is to propose a large-
size SnS/SnS; heterostructure fabricated by CVD; we discover that its photoresponsivity
can be enhanced by introducing the heterostructure. The further investigation of detectivity
characteristic improvement with the SnS/SnS, heterostructure could be another valuable
study topic.

10" -
—I—SnS2 film
2 —o—SnS film
g 10" —hSnS.’SnS2 heterostructure
<
2> 1074
>
e
o 10™4
o
7
2
10
10'6 o TP T B PP B
107 10° 10° 10" 10° 107

Power (W)

Figure 8. Photoresponsivity of SnS; and SnS films and SnS/SnS, heterostructure as a function of
illumination power intensity.

Table 3. Comparison of photoresponsivity for SnSy, SnS, and SnS/SnS, heterostructure.

Sample Responsivity (A/W) References
SnS, 0.14 x 1073 this work
SnS, 021 x 1073 ref [58]
SnS 0.09 x 1073 this work
SnS 4x1073 ref [59]

SnS/SnS, 7.31 x 1073 this work
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4. Conclusions

In this study, we first demonstrated the growth of a large-area SnS/SnS, heterostruc-
ture on glass substrates by the chemical vapor deposition method. The films and het-
erostructure were characterized by XRD, Raman spectroscopy, and FESEM techniques.
Frequency-dependence photoconductivity was used to analyse the carrier transport kinetics
in SnS/SnS; heterostructure. The SnS/SnS, heterostructure demonstrated a shorter time-
constant decay process ratio of 0.729, accompanied by a time constant of 4.3 x 10~*s. The
improvement of the carrier decay process might be due to the improved additional trap state
in the interface, which causes a shorter time-constant decay process. The power-dependent
photoresponsivity shows that a deteriorated response with increasing illumination intensity
can be correlated with the saturation of trap states under a higher light illumination inten-
sity. The results reveal that the photoresponsivity of the SnS/SnS, heterostucture has been
enhanced to 7.31 x 103 A/W, which is about seven times larger than that of individual
films. The findings of this study suggest that the SnS/SnS, pn heterostructure exhibits
improved photodetection properties, indicating its potential for use in optoelectronic de-
vices. The further improvement of the photoresponsivity performance of SnS/SnS; pn
heterostructure could be a further research topic.

Author Contributions: Conceptualization, design of experiments, H.-PH. and D.-Y.L.; investigation,
K.-H.L. C-EL. and D.-Y.L,; design and validation, K.-H.L., D.-Y.L. and P.-H.W.; data analysis, formal
analysis, investigation, H.-P.H., D.-Y.L,, Y.-EW.,, Y.-T.S. and C.-F.L.; writing—original draft, H.-PH., D.-
Y.L.,, Y-EW. and Y.-P.W. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge the financial support of the National Science and
Technology Council of Taiwan under Grant No. NSTC 111-2221-E-018-010.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The authors would like to acknowledge the support of Ming Chi University
of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: The samples of the compounds are not available from the authors.

References

1.  Qiu, Q.; Huang, Z. Photodetectors of 2D materials from ultraviolet to terahertz waves. Adv. Mater. 2021, 33, 2008126. [CrossRef]
[PubMed]

2. Yang, C.; Wang, G.; Liu, M.; Yao, F,; Li, H. Mechanism, material, design, and implementation principle of two-dimensional
material photodetectors. Nanomaterials 2021, 11, 2688. [CrossRef] [PubMed]

3. Mu, H;Yu, W, Yuan, J; Lin, S.; Zhang, G. Interface and surface engineering of black phosphorus: A review for optoelectronic
and photonic applications. Mater. Futures 2022, 1, 012301. [CrossRef]

4. Ain, Z.Q,; Ullah, S.; Shahzad, F; Qiu, B.; Fang, X.; Ammar, A.; Luo, Z.; Zaidi, S.A. MXene-based aptasensors: Advances,
challenges, and prospects. Prog. Mater. Sci. 2022, 129, 100967.

5. Wilson, J.A.; Yoffe, A.D. The transition metal dichalcogenides discussion and interpretation of the observed optical, electrical and
structural properties. Adv. Phys. 1969, 18, 193-335. [CrossRef]

6. Novoselov, K.S.; Geim, A.K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V,; Firsov, A.A. Electric field effect in
atomically thin carbon films. Science 2004, 306, 666—-669. [CrossRef]

7. Geim, A K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183-191. [CrossRef]

8. Abuzaid, H.; Williams, N.X,; Franklin, A.D. How good are 2D transistors? An application-specific benchmarking study. Appl.
Phys. Lett. 2021, 118, 030501. [CrossRef]

9. Wang, Q.H.; Kalantar-Zadeh, K; Kis, A.; Coleman, ].N.; Strano, M.S. Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712. [CrossRef]

10. Cartz, L, Srinivasa, S.R.; Riedner, R.J.; Jorgensen, ].D.; Worlton, T.G. Effect of pressure on bonding in black phosphorus. J. Chem.

Phys. 1979, 71, 1718-1721. [CrossRef]


https://doi.org/10.1002/adma.202008126
https://www.ncbi.nlm.nih.gov/pubmed/33687757
https://doi.org/10.3390/nano11102688
https://www.ncbi.nlm.nih.gov/pubmed/34685129
https://doi.org/10.1088/2752-5724/ac49e3
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat1849
https://doi.org/10.1063/5.0029712
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1063/1.438523

Sensors 2023, 23, 4976 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li, L; Yu Y; Ye, GJ.; Ge, Q.; Ou, X,; Wu, H; Feng, D.; Chen, X.H.; Zhang, Y. Black phosphorus field-effect transistors. Nat.
Nanotechnol. 2014, 9, 372-377. [CrossRef] [PubMed]

Fang, Y,; Wang, E; Wang, R.; Zhai, T.; Huang, F. 2D NbOl,: A chiral semiconductor with highly in-plane anisotropic electrical and
optical properties. Adv. Mater. 2021, 33, 2101505. [CrossRef] [PubMed]

Lu, J; He, Y,; Ma, C.; Ye, Q.; Yi, H.; Zheng, Z.; Yao, J.; Yang, G. Ultrabroadband imaging based on wafer-scale tellurene. Adv.
Mater. 2023, 35, 2211562. [CrossRef]

Sun, Y;; Xie, L.; Ma, Z.; Qian, Z.; Liao, J.; Hussain, S.; Liu, H.; Qiu, H.; Wu, J.; Hu, Z. High-performance photodetectors based on
the 2D SiAs/SnS, heterojunction. Nanomaterials 2022, 12, 371. [CrossRef] [PubMed]

Jia, T.; Chen, Y,; Cai, Y.; Dai, W.; Zhang, C.; Yu, L.; Yue, W.; Kimura, H.; Yao, Y.; Yu, S.; et al. Ferroelectricity and Piezoelectricity in
2D Van der Waals CulnP,S¢ Ferroelectric Tunnel Junctions. Nanomaterials 2022, 12, 2516. [CrossRef] [PubMed]

Liu, Y;; Xu, C.Q; Jiao, W.H.; Cai, P.G.; Li, B.; Zhou, W.; Qian, B.; Jiang, X.F,; Sankar, K.R.R.; Ke, X.L.; et al. Anisotropic transport in
a possible quasi-one-dimensional topological candidate: TaNipTes. Tungsten 2021. [CrossRef]

Manzeli, S.; Ovchinnikov, D.; Pasquier, D.; Yazyev, O.V.; Kis, A. 2D transition metal dichalcogenides. Nat. Rev. Mater. 2017,
2,17033. [CrossRef]

Zeng, M.; Xiao, Y.; Liu, J.; Tang, K.; Fu, L. Exploring two-dimensional materials toward the next-generation circuits: From
monomer design to assembly control. Chem. Rev. 2018, 118, 6236—6296. [CrossRef]

Li, M.Y,; Shi, Y; Cheng, C.C.; Lu, L.S,; Lin, Y.C.; Tang, H.L.; Tsai, M.L.; Chu, C.W.; Wei, K.H.; He, ]. H.; et al. Epitaxial growth of a
monolayer WSey-MoS; lateral p-n junction with an atomically sharp interface. Science 2015, 349, 524-528. [CrossRef]
Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS, transistors. Nat. Nanotechnol. 2011, 6, 147-150.
[CrossRef]

Krasnozhon, D.; Lembke, D.; Nyffeler, C.; Leblebici, Y.; Kis, A. MoS; Transistors Operating at Gigahertz Frequencies. Nano Lett.
2014, 14, 5905-5911. [CrossRef] [PubMed]

Chen, M.L; Sun, X,; Liu, H.; Wang, H.; Zhu, Q.; Wang, S.; Du, H.; Dong, B.; Zhang, J.; Sun, Y.; et al. A FInFET with one atomic
layer channel. Nat. Commun. 2020, 11, 1205. [CrossRef] [PubMed]

Lan, YW.; Chen, P.C,; Lin, Y.Y.; Li, M.Y,; Li, L.J.; Tu, Y.L;; Yang, EL.; Chen, M.C; Li, K.S. Scalable fabrication of a complementary
logic inverter based on MoS, fin-shaped field effect transistors. Nanoscale Horiz. 2019, 4, 683-688. [CrossRef]

Yin, Z.; Li, H,; Li, H,; Jiang, L.; Shi, Y,; Sun, Y.; Lu, G.; Zhang, Q.; Chen, X.; Zhang, H. Single-Layer MoS, Phototransistors. ACS
Nano 2012, 6, 74-80. [CrossRef] [PubMed]

Wachter, S.; Polyushkin, D.K.; Bethge, O.; Mueller, T. A microprocessor based on a two-dimensional semiconductor. Nat. Commun.
2017, 8, 14948. [CrossRef]

Jia, X;; Tang, C.; Pan, R.; Long, Y.; Gu, C.; Li, J. Thickness-dependently enhanced photodetection performance of vertically grown
5nS; nanoflakes with large size and high production. ACS Appl. Mater. Interfaces 2018, 10, 18073-18081. [CrossRef]

Zhao, Y.; Tsai, T.Y.; Wu, G.; Coiledin, C.; Zhao, Y.F; Zhang, D.; Hung, K.M.; Chang, C.R. Graphene/SnS, van der Waals
photodetector with high photoresponsivity and high photodetectivity for broadband 365-2240 nm detection. ACS Appl. Mater.
Interfaces 2021, 13, 47198-47207. [CrossRef]

Yang, D.; Li, B.; Hu, C.; Deng, H.; Dong, D.D.; Yang, X.K.; Qiao, K.K; Yuan, S.J.; Song, H.S. Controllable growth orientation of
5nS; flakes for low-noise, high-photoswitching ratio, and ultrafast phototransistors. Adv. Opt. Mater. 2016, 4, 419-426. [CrossRef]
Zhou, X.; Zhang, Q.; Gan, L.; Li, H.Q.; Zhai, Y.Y. Large-size growth of ultrathin SnS, nanosheets and high performance for
phototransistors. Adv. Funct. Mater. 2016, 26, 4405-4413. [CrossRef]

Sun, J.; Xiong, W.; Zhang, J.; Zhang, Y.; Xie, B. SnS; nanoparticle-based gas sensor with highly sensitive NO, detection at room
temperature. Mater. Lett. 2022, 308, 131214. [CrossRef]

Xu, K.; Li, N.; Zeng, D.W.,; Tian, 5.Q.; Zhang, S.S.; Hu, D.; Xie, C.S. Interface Bonds Determined Gas-Sensing of SnO,-5nS,
Hybrids to Ammonia at Room Temperature. ACS Appl. Mater. Interfaces 2015, 7, 11359-11368. [CrossRef] [PubMed]

Wei, S.; Ge, C.; Zhou, L.; Zhang, S.; Dai, M.; Gao, F; Sun, Y,; Qiu, Y.; Wang, Z.; Zhang, ].; et al. Performance improvement of
multilayered SnS, field effect transistors through synergistic effect of vacancy repairing and electron doping introduced by EDTA.
ACS Appl. Electron. Mater. 2019, 1, 2380-2388. [CrossRef]

Song, H.S.; Li, S.L.; Gao, L.; Xu, Y.; Ueno, K,; Tang, J.; Cheng, Y.B.; Tsukagoshi, K. High-performance top-gated monolayer SnS,
field-effect transistors and their integrated logic circuits. Nanoscale 2013, 5, 9666-9670. [CrossRef] [PubMed]

Lee, C.H.; Lee, G.H.; van der Zande, A.M.; Chen, W.C,; Li, Y.L.; Han, M.Y.; Cui, X.; Arefe, G.; Nuckolls, C.; Heinz, T.F; et al.
Atomically thin p-n junctions with van der Waals heterointerfaces. Nat. Nanotechnol. 2014, 9, 676—681. [CrossRef] [PubMed]
Xia, C.; Peng, Y.; Zhang, H.; Wang, T.; Wei, S; Jia, Y. The characteristics of n- and p-type dopants in SnS, monolayer nanosheets.
Phys. Chem. Chem. Phys. 2014, 16, 19674. [CrossRef] [PubMed]

Zhang, Y.; Ma, Z.; Liu, D.; Dou, S.; Ma, J.; Zhang, M.; Guo, Z.; Chen, R.; Wang, S. p-Type SnO thin layers on n-type SnS,
nanosheets with enriched surface defects and embedded charge transfer for lithium ion batteries. J. Mater. Chem. A 2017, 5,
512-518. [CrossRef]

Ray, S.C.; Karanjai, M.K,; DasGupta, D. Structure and photoconductive properties of dip-deposited SnS and SnS; thin films and
their conversion to tin dioxide by annealing in air. Thin Solid Films 1999, 350, 72-78. [CrossRef]

Lei, Y.; Luo, J.; Yang, X,; Cai, T,; Qi, R;; Gu, L.; Zheng, Z. Thermal evaporation of large-area SnS, thin films with a UV-to-NIR
photoelectric response for flexible photodetector applications. ACS Appl. Mater. Interfaces 2020, 12, 24940-24950. [CrossRef]


https://doi.org/10.1038/nnano.2014.35
https://www.ncbi.nlm.nih.gov/pubmed/24584274
https://doi.org/10.1002/adma.202101505
https://www.ncbi.nlm.nih.gov/pubmed/34096119
https://doi.org/10.1002/adma.202211562
https://doi.org/10.3390/nano12030371
https://www.ncbi.nlm.nih.gov/pubmed/35159716
https://doi.org/10.3390/nano12152516
https://www.ncbi.nlm.nih.gov/pubmed/35893484
https://doi.org/10.1007/s42864-021-00098-2
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1021/acs.chemrev.7b00633
https://doi.org/10.1126/science.aab4097
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1021/nl5028638
https://www.ncbi.nlm.nih.gov/pubmed/25243885
https://doi.org/10.1038/s41467-020-15096-0
https://www.ncbi.nlm.nih.gov/pubmed/32139679
https://doi.org/10.1039/C8NH00419F
https://doi.org/10.1021/nn2024557
https://www.ncbi.nlm.nih.gov/pubmed/22165908
https://doi.org/10.1038/ncomms14948
https://doi.org/10.1021/acsami.8b03194
https://doi.org/10.1021/acsami.1c11534
https://doi.org/10.1002/adom.201500506
https://doi.org/10.1002/adfm.201600318
https://doi.org/10.1016/j.matlet.2021.131214
https://doi.org/10.1021/acsami.5b01856
https://www.ncbi.nlm.nih.gov/pubmed/25955292
https://doi.org/10.1021/acsaelm.9b00550
https://doi.org/10.1039/c3nr01899g
https://www.ncbi.nlm.nih.gov/pubmed/23989804
https://doi.org/10.1038/nnano.2014.150
https://www.ncbi.nlm.nih.gov/pubmed/25108809
https://doi.org/10.1039/C4CP02214A
https://www.ncbi.nlm.nih.gov/pubmed/25111635
https://doi.org/10.1039/C6TA09748K
https://doi.org/10.1016/S0040-6090(99)00276-X
https://doi.org/10.1021/acsami.0c01781

Sensors 2023, 23, 4976 12 of 12

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zhang, H.; Balaji, Y.; Mehta, A.N.; Heyns, M.; Caymax, M.; Radu, I.; Vandervorst, W.; Delabie, A. Formation mechanism of 2D
5nS; and SnS by chemical vapor deposition using SnCly and HjS. J. Mater. Chem. C 2018, 6, 6172-6178. [CrossRef]

Reddy, T.S.; Kumar, M.C.S. Co-evaporated SnS thin films for visible light photodetector applications. RSC Adv. 2016, 6,
95680-95692. [CrossRef]

Ma, D.; Zhang, W.; Tang, Q.; Zhang, R.; Yu, W.; Qian, Y. Large-scale hydrothermal synthesis of SnS, nanobelts. ]. Nanosci.
Nanotechnol. 2005, 5, 806-809. [CrossRef] [PubMed]

Feng, J.; Chen, J.; Geng, B.; Feng, H.; Li, H.; Yan, D.; Zhuo, R.; Cheng, S.; Wu, Z.; Yan, P. Two-dimensional hexagonal SnS,
nanofakes: Fabrication, characterization, and growth mechanism. Appl. Phys. A 2011, 103, 413-419. [CrossRef]

Shooshtari, L.; Esfandiar, A.; Orooji, Y.; Samadpour, M.; Rahighi, R. Ultrafast and stable planar photodetector based on SnS,
nanosheets/ perovskite structure. Sci. Rep. 2021, 11, 19353. [CrossRef]

Reddy, N.K.; Devika, M.; Ahsanulhaq, Q.; Gunasekhar, K.R. Growth of orthorhombic SnS nanobox structures on seeded substrates.
Cryst. Growth Des. 2010, 10, 4769-4772. [CrossRef]

Mead, D.G; Irwin, ].C. Raman spectra of SnS, and SnSe;. Solid Stat. Commun. 1976, 20, 885-887. [CrossRef]

Xia, J.; Li, X.X.; Huang, X.; Mao, N.; Zhu, D.D.; Wang, L.; Xuc, H.; Meng, X.M. Physical vapor deposition synthesis of two
dimensional orthorhombic SnS flakes with strong angle/temperature-dependent Raman response. Nanoscale 2016, 8, 2063-2070.
[CrossRef]

Skelton, ].M.; Burton, L.A.; Jackson, A.].; Oba, E; Parker, S.C.; Walsh, A. Lattice dynamics of the tin sulphides SnS,, SnS and Sn;Ss:
Vibrational spectra and thermal transport. Phys. Chem. Chem. Phys. 2017, 19, 12452. [CrossRef]

Yu, PY.; Cardona, M. Fundamentals of Semiconductors; Springer: Berlin/Heidelberg, Germany, 1996; p. 264.

Mandalidis, S.; Kalomiros, J.A.; Kambas, K.; Anagnostopoulos, A.N. Optical investigation of SnS; single crystals. J. Mater. Sci.
1996, 31, 5975-5978. [CrossRef]

Devika, M.; Reddy, K. T.R; Reddy, N.K.; Ramesh, K.; Ganesan, R.; Gopal, E.S.R.; Gunasekhar, K.R. Microstructure dependent
physical properties of evaporated tin sulfide films. J. Appl. Phys. 2006, 100, 023518. [CrossRef]

Burton, L.A.; Colombara, D.; Abellon, R.D.; Grozema, F.C.; Peter, L.M.; Savenije, T.].; Dennler, G.; Walsh, A. Synthesis, Characteri-
zation, and Electronic Structure of Single Crystal SnS, Sn,S3, and SnSy. Chem. Mater. 2013, 25, 4908-4916. [CrossRef]

Ko, T'S.; Huang, C.C; Lin, D.Y,; Ruan, Y.J.; Huang, Y.S. Electrical and optical properties of Co-doped and undoped MoS,. Jpn. J.
Appl. Phys. 2016, 55, 04EP06. [CrossRef]

Hsu, H.P; Lin, D.Y,; Lu, G.T.; Ko, T.S.; Chen, H.Z. Optical and electrical transport properties of ZnO/MoS, heterojunction p-n
structure. Mater. Chem. Phys. 2018, 220, 433—440. [CrossRef]

Song, D.Y,; Chu, D.; Lee, S.K,; Pak, S.W.; Kim, E.K. High photoresponsivity from multilayer MoS, /Si heterojunction diodes
formed by vertically stacking. J. Appl. Phys. 2017, 122, 124505. [CrossRef]

Yang, Z.; Deng, Y.; Zhang, X.; Wang, S.; Chen, H.; Yang, S.; Khurgin, J.; Fang, N.X.; Zhang, X.; Ma, R. High-Performance
Single-Crystalline Perovskite Thin-Film Photodetector. Adv. Mater. 2018, 30, 1704333. [CrossRef]

Zeng, L.; Tao, L.; Tang, C.; Zhou, B.; Long, H.; Chai, Y.; Lau, S.P,; Tsang, Y.H. High-responsivity UV-Vis photodetector based on
transferable WS, film deposited by magnetron sputtering. Sci. Rep. 2016, 6, 20343. [CrossRef]

Lopez-Sanchez, O.; Lembke, D.; Kayci, M.; Radenovic, A ; Kis, A. Ultrasensitive photodetectors based on monolayer MoS,. Nat.
Nanotechnol. 2013, 8, 497-501. [CrossRef]

Chen, Y.; Zhang, M. Large-area growth of SnS; nanosheets by chemical vapor deposition for high-performance photodetectors.
RSC Adv. 2021, 11, 29960. [CrossRef]

Jethwa, V.P; Patel, K.; Som, N.; Pathak, V.M.; Patel, K.D.; Solanki, G.K.; Jha, PK. Temperature-dependent vibrational properties
of DVT grown orthorhombic SnS single crystals and their application as a self-powered photodetector. Appl. Surf. Sci. 2020,
531, 147406. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C8TC01821A
https://doi.org/10.1039/C6RA20129F
https://doi.org/10.1166/jnn.2005.141
https://www.ncbi.nlm.nih.gov/pubmed/16010943
https://doi.org/10.1007/s00339-010-6032-2
https://doi.org/10.1038/s41598-021-98788-x
https://doi.org/10.1021/cg100621d
https://doi.org/10.1016/0038-1098(76)91297-7
https://doi.org/10.1039/C5NR07675G
https://doi.org/10.1039/C7CP01680H
https://doi.org/10.1007/BF01152147
https://doi.org/10.1063/1.2216790
https://doi.org/10.1021/cm403046m
https://doi.org/10.7567/JJAP.55.04EP06
https://doi.org/10.1016/j.matchemphys.2018.09.002
https://doi.org/10.1063/1.4994740
https://doi.org/10.1002/adma.201704333
https://doi.org/10.1038/srep20343
https://doi.org/10.1038/nnano.2013.100
https://doi.org/10.1039/D1RA05779K
https://doi.org/10.1016/j.apsusc.2020.147406

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

