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Novel and cost-effective metal–insulator semiconductor field-effect transistor (MISFET) devices were

fabricated using non-toxic tin mono sulfide (SnS) as the active layer sandwiched between aluminium and

silver contacts with an unintentionally grown aluminium sulfide (Al2S3) interface layer. MISFET devices

exhibit a high turn-on voltage of 5.13 V and excellent rectifying diode characteristics. These devices also

show a high rectification factor of 1383 at a bias voltage of 6 V and series resistance of 3.4 MU, along

with a very low leakage current of �10�9 A@�10 V. The overall results reveal that it could be possible to

fabricate cost-effective and non-toxic MISFET devices by using SnS as an active layer for various power-

electronic applications.
Introduction

In recent years, tin mono sulde (SnS) semiconductor material
has received considerable attention as an absorber material
particularly for photovoltaic applications.1–3 In general, SnS thin
lms exhibit a direct optical band gap of 1.35 eV and high
absorption coefficient of �105 cm�1.4–6 Thin lms of SnS have
been prepared using various chemical and physical
methods,7–20 and their electrical properties are easily tailored by
doping appropriate dopants.21–24 Orthorhombic structured SnS
exhibits stable structural and optical properties up to
a maximum temperature of 600 �C.18,25 Compared to other
efficient absorber materials, the toxicity and cost of SnS are
low,26 and the achievable maximum light conversion efficiency
with SnS is about 25%.27
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Although the studies on SnS thin lms based devices are still
at a preliminary level, a wide range of interesting and important
applications have been made, including in photovoltaics,
optoelectronics, chemical sensors, solid-state batteries, and
holography register systems etc. Considering the scope of the
present paper, the literature review was limited to SnS thin lm
based photovoltaic (PV) devices. Noguchi et al. observed 0.29%
light conversion efficiency from devices fabricated with the
conguration of ITO/n-CdS/p-SnS/Ag.28 Masaya group observed
the photovoltaic (PV) conversion efficiency of 0.22% from CdS/
SnS cells and 0.71% from Cd0.87Zn0.13S/SnS cells.29 Solar cell
devices fabricated by evaporation of CdS and SnSmaterials onto
ITO substrate30 exhibited a low efficiency of 0.08%, whereas the
PV devices developed with SnS/ZnO exhibited considerable
efficiency of 1.29%.31 Further, the devices developed using
nanocrystalline SnS and TiO2 layers showed a light conversion
efficiency of 0.1%.32 On the other hand, the PV devices fabri-
cated with lead sulde (PbS) and SnS lms exhibited a power
conversion efficiency of 0.27%.33 More recently, SnS solar cell
devices fabricated using Zn1�2xMgxO as the buffer layer showed
the light conversion efficiency of about 2.1%.34 However,
a noticeable problem in the development of efficient SnS based
PV devices is the selection of a suitable n-type material, which
greatly hinders the potential applications of SnS. Many scien-
tists are thus focusing on the SnS based Schottky as well as
metal–insulator–semiconductor (MIS) devices that exclude the
requirement of n-type layers.

On the other hand, Schottky diodes, developed with different
conventional semiconductor materials (Si, GaAs, GaN, InP and
SiC)35–39 play a crucial role as detectors, rectiers, light
converters, switches and couplers. Although these devices have
RSC Adv., 2017, 7, 11111–11117 | 11111
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Fig. 1 Schematic representation of fabrication of Al/(Al2S3)/SnS/Ag
MISFET device.
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better performance and excellent durability, today researchers
are looking for a new class of materials due to high fabrication
cost and toxicity of the existingmaterials. As stated above, SnS is
one of the cost-effective and nontoxic materials and can be
synthesized using different low-cost techniques. Thus, it facili-
tates the production of low-cost and toxic-free Schottky devices.
However, up to now, only minimal work has been carried out on
the development of SnS based Schottky diodes.40–43 For example,
the Safak group have explored the Schottky device properties
and noticed an increase in barrier height (0.47–0.52 eV) of Ag/
SnS devices with the increase of temperature from room
temperature (RT) to 100 �C.44 Further, while decreasing
temperature from RT to low, a gradual decrease in barrier
height and increase in series resistance have been observed.43,45

More recently, Das and colleagues as well as Mathews have
studied the electrical behavior of SnS lms with Al contacts.
Here, Das and colleagues observed nearly ohmic characteristics
from the Al/SnS/In structures even for annealed SnS lms,41

whereas Mathews observed Schottky barrier properties from
ITO/SnS/Al structures.40 On the other hand, our group noticed
typical properties such as crystallinity, preferential growth, and
optical quality from SnS lms deposited on latticed matched Al
substrates.46 These interesting features of SnS lms motivated
us to investigate the electrical properties of SnS lms by
depositing them over Al coated substrates.

In this study, we fabricated p-type SnS nanocrystals based
Schottky devices with the conguration of Al/SnS/Ag, and real-
ized MISFET device characteristics due to the unintentionally
grown Al2S3 layer between Al and SnS as the interface layer. The
morphology, crystal structure and quality of SnS structures
deposited on Al coated glass substrates were studied and
compared with the properties of SnS structures deposited on
bare glass substrate. The performance of MISFET devices was
investigated at room temperature. The as-grown devices
exhibited high turn-on voltage of 5.13 V and very low leakage
current (10�9 A@�10 V), which are highly desirable parameters
for different applications including high power devices,
microwave devices and optoelectronic devices.
Experimental procedure

SnS nanostructures based devices with an Al/(Al2S3)/SnS/Ag
sandwich conguration were fabricated on glass substrates
using thermal evaporation technique and the charge transport
characteristics were studied with the probe-station as described
below.
Fabrication of devices

As shown in the schematic diagram in Fig. 1, initially a thin
layer (�100 nm) of high pure aluminium (Al with 4N purity) was
deposited on cleaned glass substrates (Step-I). The deposition
was carried out in a thermal evaporation system, without any
applied heating, under a vacuum of �10�6 Torr. The rate of
deposition was maintained at 2 nm s�1. SnS nanostructures
were grown with a deposition rate of 0.2 nm s�1 and thickness
of 250 nm at a substrate temperature of 350 �C on bare glass
11112 | RSC Adv., 2017, 7, 11111–11117
substrates (used for comparison) and Al coated glass substrates
(Step-II).47 In the case of glass/Al substrates, a piece of glass was
used as a mask to protect the small portion of the Al layer from
SnS deposition. Without breaking the vacuum, the structures
were kept under the same condition for 10 min and cooled
down to room temperature. Then, point-shaped silver (Ag with
4N purity) contacts were deposited at RT on glass/Al/SnS
structures with a gap of 5 mm (thickness �100 nm) by using
a mask under the same vacuum condition (Step-III).

Characterization

The surface morphology and chemical composition of SnS
structures grown on both the substrates were analyzed using
eld emission scanning electron microscopy (FESEM, ZEISS
ULTRA 55, Gemini), noncontact optical prolometer (TalySurf
CCI MP) and energy dispersive X-ray spectroscopy (EDS, Oxford
Instruments) attached with FESEM. The crystal structure and
phase purity of SnS structures were studied using an X-ray
diffractometer (XRD, Phillip's XPERT PRO, PANalytical B.V.,
The Netherlands) with Cu Ka1 radiation (l ¼ 0.1541 nm) and
micro Raman spectroscopy (Lab RAM HR (HORIBA JOBI-
NYUON)). The electrical resistance of SnS nanostructures grown
on Al coated glass substrates, and the carrier transport prop-
erties of the Al/(Al2S3)/SnS/Ag devices were estimated by
measuring the current–voltage (I–V) characteristics with a probe
station attached to a semiconductor parameter analyzer (Agi-
lent Device Analyzer B1500A).

Results and discussion

The SnS structures deposited on Al coated glass substrates
appear to be light-brown in color, whereas the structures on
bare glass appear to be dark-brown in color. The physical
properties (surface morphology, composition, crystal structure
and optical vibrational modes) of SnS structures deposited on Al
coated glass substrates are described here by comparing with
the data obtained from the structures deposited on bare glass
substrates.

Basic properties

FESEM studies (Fig. 2) show that the surface features of the SnS
structures developed on the two different substrates are almost
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FESEM images of SnS structures grown on (a) Al coated and (b)
bare glass substrates, (c) cross-section FESEM image of SnS structures
on Al coated glass substrates and (d) elemental composition of SnS
structures grown on (top) Al coated and (bottom) bare glass substrates.
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similar. However, the surface of the SnS structures on glass is
comparatively rougher than that of the structures grown on Al
layers (see ESI-1a and b†), which is probably attributed to the
variation of the adatom mobility of the evaporated atoms on
different surfaces.48 Compared to earlier results,47–49 the present
SnS structures consist of a unique surface morphology, which is
mainly attributed to the post-annealing of structures. On the
other hand, the cross-section FESEM image (Fig. 2c) shows that
SnS structures consist of nanocrystalline crystals, which have
almost orthorhombic crystal shapes. These results are very close
to those of our earlier reported work.47 EDS studies show that
the SnS structures grown on both the substrates have an almost
stoichiometric chemical composition (see ESI-2† for EDS
spectra). However, the Sn to S atomic percentage ratio of SnS
structures grown on Al coated and bare glass substrates is found
to be 1.06 and 1.03, respectively. This reveals that compara-
tively, the SnS structures on the Al coated glass substrates
consist of a slightly tin-rich (or sulfur decient) chemical
composition.
Fig. 3 XRD profile of SnS structures grown on (a) bare and (b) Al coated

This journal is © The Royal Society of Chemistry 2017
XRD proles of SnS structures grown on Al coated and bare
glass substrates are shown in Fig. 3, and all diffracted peaks are
indexed with corresponding planes of SnS and Al. The prole of
SnS structures grown on Al layers (Fig. 3b) shows three domi-
nant peaks diffracted at 2q ¼ 32.03, 44.8 and 66.3�, which
belong to SnS (040), SnS (141) and/or Al (200), and Al (220),
respectively, since the calculated d-spacing values of these
peaks exactly match the orthorhombic SnS and cubic Al (JCPDS:
39-0354 and 04-0787). The remaining weak diffraction peaks
belong to SnS, implying that SnS crystallites on Al coated glass
substrates are preferentially orientated along the h010i direc-
tion. Compared to the SnS structures grown on glass substrate
(Fig. 3a), the intensity of the preferential peak of the SnS
structures on the Al layer is higher and broader. To determine
the reason for the broadness of the preferential peak, the
elaborated XRD spectrum of SnS structures grown on Al layers
was tted with multi-peak Gaussian function. This reveals that
the broad peak consists of an additional diffraction peak along
with the SnS (040) peak at 2q ¼ 31.56� (ESI-2 and 3†), which
probably belongs to aluminium sulde (Al2S3).50 This Al2S3
might have formed as an interfacial layer at the time of the
growth of the SnS structures on the Al coated glass substrate,
which can be expressed by a chemical equation as:

2Alþ 3S ��!D Al2S3

Micro Raman spectroscopy studies (Fig. 4) show that the SnS
structures grown on both substrates consist of four distin-
guishable Raman peaks at 94, 159, 185 and 217 cm�1. These
peaks can be attributed to the rst order single-phonon-
oriented transverse or longitudinal optical (TO and LO) vibra-
tion modes, and are assigned to Ag(TO), B2g(LO), Ag(LO1) and
Ag(LO2), respectively. However, the Raman peaks that observed
at higher wavenumbers, i.e. 255 and 478 cm�1, belong to the
Al3S3 phase.51,52 On the other hand, compared to the Raman
spectrum of the SnS structures grown on glass substrates
(Fig. 4a), the nanostructures grown on Al coated substrates
consist of sharp lines and exhibit considerable shis in posi-
tions, which can be attributed to surface smoothness and/or
glass substrates.

RSC Adv., 2017, 7, 11111–11117 | 11113
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Fig. 4 Raman spectrum of SnS nanostructures deposited on (a) bare and (b) Al coated glass substrates.
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crystalline quality of the SnS structures.47,53 For example, Akgul
et al. noticed sharp Raman peaks with low full width at half
maximum (FWHM) values from highly crystalline copper oxide
lms,54 whereas the increase in sharpness of Raman peaks was
noticed by Zgheib et al. while fabricating silicon carbide thin
lms over germanium modied substrates.55 Furthermore,
these results are consistent with our earlier results of SnS
structures grown with slow-rate of deposition over glass
substrates at different temperatures.46

Therefore, the XRD and Raman studies along with chemical
composition analyses clearly emphasized that Al2S3 was formed
as an interfacial layer between the Al and SnS structures, which
probably acts as an insulating layer between metal (Al) and
semiconductor (SnS) structures.
Device characteristics

I–V plots measured between Ag–Ag and Ag–Al contacts are
shown in Fig. 5. Measurements between Ag and Ag circular
contacts show that these silver contacts have ohmic character-
istics with SnS nanostructures grown on Al coated glass
substrates (Fig. 5a). The resistivity of SnS columnar structures,
from the linear slope of the I–V curve, is found to be 6.7 U cm.
Fig. 5 Current–voltage plots of SnS nanocrystalline structures measur
contacts deposited on SnS structures over Al coated glass substrates) an

11114 | RSC Adv., 2017, 7, 11111–11117
This value is very low compared to the electrical resistivity of
SnS structures deposited on glass substrates.56 On the other
hand, I–V measurements between Ag and Al contacts exhibit
non-ideal and rectifying characteristics (Fig. 5b), which is dis-
cussed in detail at the end of the section using energy band
diagram of the device. This noticeable rectication behavior of
the device is probably attributed to the unintentionally formed
insulating Al2S3 layer between the Al and SnS structures as the
interfacial layer, since the Al contacts deposited on SnS lms at
the substrate temperature of 50 �C exhibited ohmic
characteristics.57

Under both bias conditions, the current ow through the
devices, although the magnitudes differ, starts at above
a certain bias voltage (�3.2 V), which can be clearly observed in
Fig. 6. This typical voltage is treated as an interfacial barrier
potential (VIB). Above VIB, the changes in current ow of the
device in reverse-bias condition are marginal, whereas in
forward-bias, they are signicant. These devices exhibit a turn-
on voltage of 5.13 V and high rectication factor of 1383 at
a bias voltage of�6 V (Fig. 6a) since the magnitude of current in
the device at �6 V is about 0.26 and 1.88 � 10�4 A, respec-
tively.58 Further, the overall current ow through the device in
forward-bias condition is signicantly high, which is in the
ed between (a) Ag and Ag contacts (inset shows a photograph of Ag
d (b) Al and Ag contacts.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) ln(current) versus voltage plot measured in reverse and forward bias conditions (�10 to 10 V) and (b) dV/dI versus voltage plot
measured only in forward bias condition (0–10 V) of Al/(Al2S3)/SnS/Ag structures.
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order of mA, whereas in reverse bias, it is in the order of nA.
These results clearly reveal that the devices fabricated with the
conguration of Al/(Al2S3)/SnS/Ag consist of MISFET device
characteristics.

Variation in in situ series resistance (Rs) of the device (Rs ¼
dV/dI) with the increase of forward-bias voltage (Fig. 6b) shows
three distinguishable regions (<3.2, 3.2–6 and >6 V).59 As dis-
cussed in the literature, the device resistance at below 3.2 V is
too high (�109 U), which reects an insulator capacitor char-
acteristic, whereas at higher voltages, >6 V, the resistance of the
device is nearly constant at 106 U, which is similar to a Schottky
type capacitor. Under moderate bias voltages, the device
behavior includes both the insulator and Schottky capacitor.
Therefore, the presence of the Al2S3 layer as an interfacial
barrier between the Al and SnS nanostructured layers (since
Al2S3 is a wide band gap material,60 and most of the other
parameters are not yet known) probably acts as an insulating
layer and strongly inuences the device properties.61

To understand the transport mechanism of charge carriers,
the experimental data was tted to the diode equation given
below.40

I ¼ Io

�
exp

�
qðV � IRsÞ

nkT

�
� 1

�

where Io is the saturation current [¼ AA*T2 exp
��qfb

kT

�
, A is the

effective area of the diode, A* is the effective Richardson
constant (25 A cm�2 K�2 for SnS since the effective mass of the
electron is about 0.22mo), T is the absolute temperature, q is the
charge of electron, fb is the barrier height, k is the Boltzmann
constant (1.38 � 10�23 J K�1)], V is the applied bias voltage, Rs is
the series resistance and n is the ideality factor of the diode. The
nature of the ln(I) versus voltage curve of the device in reverse
and forward bias conditions is shown in Fig. 6a. It is clearly
revealed that at above 3.2 V, the current ow through the device
follows three different mechanisms. Initially, it increases
sharply with the increase of forward bias voltage up to 4 V and
follows simple I f V relation. This implies that between 3 and
4 V, the device consists of a thermionic emission or eld
This journal is © The Royal Society of Chemistry 2017
emission transport mechanism (ohmic conduction). Based on
the above equation, the device parameters ideality factor (n) and
saturation current (Io) of the device are found to be 2.35 and 10�35

A, respectively. Further, the barrier height fb of the device is
found to be 2.37 V.43 Compared to previous results on SnS
Schottky diodes, the ideality factor and barrier height of the
present device are too high, which can be attributed to the
presence of the Al2S3 interfacial layer.62 At moderate voltages (4–6
V), the current ow through the device varied exponentially with
the increase of bias voltage (i.e. If exp(�C1V), where C1 ¼ 0.94).
This implies that the carrier transport mechanism gradually
changes with an increase of bias-voltage from thermionic emis-
sion to recombination-tunneling. On the other hand, at higher
voltages, >6 V, the current ow through the device is strongly
determined by the thermionic emission as well as by the space-
charge limited current transport mechanism, since I f (C2V +
C3V

2), where C2 and C3 are 1.77 and�0.09, respectively. Here, the
observed exponential constant under recombination-tunneling
characteristics (i.e. C1 ¼ 0.94) is low and thus the injection of
carriers, and thereby recombination of trap states in the device is
moderate. At higher voltages, the negative sign of C3 constant
(�0.09) indicates that the inuence of space-charge carriers on
the current ow of the device gradually increases with increase of
bias voltage. These results are very similar to those of the MISFET
devices fabricated with GaAs structures.59
Carrier transport mechanism

The MISFET device behavior with bias voltage can be under-
stood with the help of the schematic energy band diagram of the
Al/Al2S3/SnS/Ag structure, as shown in Fig. 7 along with indi-
vidual elements. When the applied bias voltage at Al is negative,
the electrons move towards SnS and the holes move in the
opposite direction. Thus, the recombination of the carriers
increases at around the Al2S3 interface and thereby increases
the barrier height (eVbi), which creates immobilized cations.
Therefore, the current ow through the device is mainly
attributed to diffusion with the recombination of a few carriers.
Consequently, the current ow through the device in reverse
bias conditions is signicantly low.
RSC Adv., 2017, 7, 11111–11117 | 11115
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Fig. 7 Schematic energy band diagram of (a) Al, Al2S3, p-SnS and Ag; and (b) Al/(Al2S3)/p-SnS/Ag structure.
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When the applied bias voltage at Al is positive, both carriers
(i.e. holes and electrons) move in the opposite direction and
thus, the barrier height of the device decreases with the increase
of bias voltage. At moderate voltage, the successful recombi-
nation of electrons with holes dominates the device current
ow, as noticed above. Thus, the device fabricated with Al/SnS/
Ag with an unintentionally grown Al2S3 interface layer works as
a MISFET. However, to understand the device properties of Al/
(Al2S3)/SnS/Ag structures in detail, further studies need to be
carried out such as capacitance–voltage, interface analysis and
temperature dependent I–V properties of the device. Further,
a detailed investigation is needed on Al2S3 structures.

Conclusions

SnS nanostructures based Schottky devices were fabricated
using Al and Ag contacts and the electrical transport charac-
teristics were investigated at room temperature. The as-grown
SnS structures on Al coated glass substrates consist of stoi-
chiometric chemical composition and exhibited an electrical
resistivity of 6.7 U cm. Al/SnS/Ag devices exhibited metal–
insulator–semiconductor FET characteristics with a high turn-
on voltage of +5.13 V due to the presence of the unintention-
ally grown Al2S3 layer as the interfacial layer between Al and SnS.
The leakage current under reverse bias-voltage is extremely low,
�10�9 A at 10 V, and the rectication factor of the device at
a bias voltage of 6 V is found to be 1383. These overall outcomes
strongly emphasize that SnS based MISFET devices could have
applications in different elds including power, microwave and
optoelectronic devices where high turn-on voltage and high
breakdown voltages are prerequisites.

Note added after first publication

This article replaces the version published on February 13,
2017, which did not correctly attribute the author contributions.
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