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Tin selenide (SnSe), a group IV=VI compound semiconductor material, is used to fabricate various solid-
state devices such as memory switching devices, P-N junction diodes, Schottky barrier diodes, etc. In
the present study, a Cu/p-SnSe Schottky junction was fabricated by a thermal evaporation technique.
SnSe charge was grown using the DVT method, and subsequently its film was deposited using a thermal
evaporation process. Energy dispersive X-ray analysis (EDAX) confirmed the stoichiometry of the
elements in the as deposited thin film. X-ray diffraction (XRD) was used to identify its structure, which
revealed an orthorhombic structure. Raman spectroscopy revealed vibrational modes, whereas UV-Vis
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spectroscopy revealed an optical band gap of 1.75 eV. Structural information was obtained using AFM,
SEM, HR-TEM, and SAED. A Cu thin film was deposited on top of the SnSe thin film, and a Schottky
device was fabricated. The Schottky device parameters were determined based on the current-voltage
(I-V) characteristics. We observed that, under illumination conditions, the device performance improves,
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1. Introduction

Transition metal chalcogenides (TMCs) are a group of layered
materials, which provide a solid ground for applications in
various fields such as catalysis, energy storage, energy conver-
sion, dry lubrication, electronics, microelectronics, optics,
optoelectronics, and photovoltaic and thermo-electric
devices.'® TMCs that are formed through strong in-plane
covalent bonding in individual atomic layers and weak van
der Waals interactions between two adjacent layers have
attracted a great deal of attention over the past decade as a
class of layered materials.” Because of its low energy band gap
(0.9-1.3 eV), tin selenide®*° (SnSe) has become a popular TMC
for the fabrication of a wide range of devices. SnSe is a member
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1 Electronic supplementary information (ESI) available: Table S1 presents the
crystallographic parameters of the SnSe thin film obtained from XRD. Fig. S1
presents the optical image of the Schottky diode using an optical microscope
having a magnification of 10x. Fig. S2 presents the HR-TEM image of the SnSe
thin film deposited on the NaCl crystal. Fig. S3 presents the histogram of the HR-
TEM image of the size distribution of nanoparticles of the SnSe thin film.
Table S2 compares the present work with previously reported data. See DOI:
10.1039/d1ma01005k

© 2022 The Author(s). Published by the Royal Society of Chemistry

which indicates that the fabricated diode exhibits an adequate photosensitive nature.

of the IV-VI group of layered semiconductors exhibiting an
orthorhombic structure and the space group Pnma at room
temperature. SnSe prefers a Se-rich composition at lower tem-
peratures and a Se-deficient composition at higher tempera-
tures (T > 600 K), ie its real stoichiometry varies with
temperature.'’ A previous report suggests that SnSe exhibits a
p-type nature determined from the Hall effect measurement.'?
Considerable studies have been reported on the deposi-
tion of tin selenide thin films, performed using several deposi-
tion techniques such as chemical vapour deposition,'® thermal
evaporation techniques,'* chemical bath deposition,'® electro-
deposition'® and electrophoresis.'”

Metal-semiconductor (M-S) junctions have been extensively
investigated due to their technological applications.'® " These
models suggest the formation of a model barrier between a
metal and a semiconductor. However, the M-S interface of a
Schottky barrier diode has been a subject of research for several
years, and the fundamental mechanism that determines the
barrier height is still not acceptably understood. The interface
properties of M-S contacts have a dominant influence on the
device performance, reliability and stability. Various metals
have been deposited on TMCs, resulting in metal-semiconduc-
tor junctions and forming SBDs such as In/p-SnSe,*” Ag/p-
SnSe® and Al/p-SnSe.>* There are numerous methods to deter-
mine the SBD parameters such as the barrier height, ideality
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factor, series resistance, and related parameters. Methods such
as the photovoltaic method,*® current-voltage (I-V) method,*®
activation energy method,”” conductance-voltage method,®
capacitance-voltage method®® and photoelectron spectroscopy
method®® can be used to determine the device parameters.
Among these methods, the -V characteristics are widely used
to investigate the device parameters more accurately. I-V char-
acteristics allow us to understand the different aspects of the
conduction mechanism.*'** The effect of polychromatic light
on the Cu/p-SnSe SBD device properties is discussed in this
paper. It may be used to fabricate next-generation thin film
photodiodes, as evidenced by improved device performance as
demonstrated in the present article.

2. Experimental procedure
2.1 Crystal growth and thin film deposition

SnSe crystals are grown by using the direct vapour transport
(DVT) technique. Tin (Sn) and selenium (Se) (Alpha Aesar, UK,
99.99% purity) were taken in a stoichiometric proportion of 10
grams and filled in a quartz ampoule. The quartz ampoule was
evacuated and sealed at a pressure of 10 ° torr. The sealed
quartz ampoule was placed in a horizontal furnace that has two
different zones namely the source zone and growth zone. The
temperature of the furnace was increased at a rate of 18 K h™%,
and kept at a constant 1023 K and 973 K for 80 hours for the
source zone and growth zone, respectively. The temperatures of
both the zones were maintained constant for 80 hours for a
proper crystallization process. Later, the temperature of the
furnace was decreased to room temperature with a cooling rate
of 12 K h™. Shiny grey crystals and powder were collected after
the growth process."""*** The thin-film-based metal and semi-
conductor materials were deposited on a glass substrate using
the thermal evaporation technique using a Hind-High Vacuum
coating unit (Model No. 12A4D). Firstly, a cleaned glass sub-
strate was mounted on the substrate holder in the vacuum
chamber. The evaporation of SnSe was performed on a glass
surface at a vacuum pressure of 10~ torr, with a deposition rate
of ~2.4 A s7! and it was controlled using an INFICON SQC-
310C deposition controller.>** The thickness of the SnSe thin
film was measured to be ~2.4 kA.

2.2 Thin film characterization

The structural studies of the SnSe thin film were carried out by
X-ray diffraction (XRD) using a Rikagu Ultima IV Powder X-ray
diffractometer with Cu(Ka) radiation. Elemental studies of the
SnSe thin film were carried out by energy dispersive X-ray
analysis (EDAX). The 3D view of the deposited thin film was
obtained by atomic force microscopy (AFM) using an atomic
force microscope (ANTI-ADT, Ntegra Aura). A scanning electron
microscope (SEM) was employed for the morphological studies
of the SnSe thin-film. A high resolution transmission electron
microscope (HR-TEM, JEOL JEM 2100 with potential 200 keV)
was used for analysis of the morphological and structural
studies of the SnSe thin-film deposited on the NaCl crystal.
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Raman analysis was carried out using a micro Raman model
STR 500 spectrometer with a 532 nm excitation source for the
vibrational mode of the SnSe thin film. The optical parameters
were determined by UV-VIS-NIR Spectroscopy using a spectro-
meter (Ocean Optic USB20000 + XR1-SE).

2.3 Cu/p-SnSe device fabrication

Furthermore, a pure copper (Cu) thin film of ~5 kA thickness
was deposited on the tin selenide (SnSe) thin-film layer. Fig. 1
shows the schematic diagram of the fabricated diode. The
surface morphology of the Schottky device was studied using
a Carl-Zeiss (Jena GmbH, West Germany) optical microscope. A
scanning electron microscope (SEM) was employed for the
morphological studies of the Cu/p-SnSe thin-film at high
resolution and the cross section image of the thin-film was
used for defining and mapping the thickness of the thin-film.
Here, the two contacts that are taken on the device using
conducting silver paste are shown. One contact from the Cu
thin film and the other one from the SnSe thin film were taken.
This diode was prepared for a detailed study on I-V character-
istics using a Keithley 4200 semiconductor characterization
system (SCS) source and measuring unit (SMU). The 4200 SCS
SMU itself manages the data collection of current values as
programmed in between two voltage limits.

3. Results and discussion

The elemental stoichiometry of the prepared SnSe thin film was
confirmed using the EDAX technique. Fig. 2(a) shows the EDAX
spectra of the SnSe thin film. The analysis of elements was
carried out only for Sn and Se. The measured weight (%) of
constituents is also tabulated as shown in the inset table in
Fig. 2(a). The quantitative analysis of the spectrum shows that
the atomic composition of the prepared SnSe films is near to
stoichiometry. The XRD pattern of the as-grown tin selenide
thin-film recorded at room temperature is shown in Fig. 2(b).
The sharp peaks of the XRD pattern represent the highly
crystalline nature of the SnSe thin film. The sharp peaks found
within the pattern indicate the precise crystallinity of the
samples with (400) as the dominant peak that is in agreement

Polychromatic
Light source

Glass Slide

Keithley 4200
SMuU

Fig. 1 Schematic diagram of the fabricated Cu/p-SnSe thin film.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) EDAX spectra of the SnSe thin-film. (b) X-Ray diffraction pattern of the SnSe thin film. (c) SEM images of the thin-film. (d) AFM 3D images of the

thin film. (e) HR-TEM image and fringes of the SnSe thin film. (f) SAED spot pattern of the SnSe thin film. (g) Raman spectra of the SnSe thin film. (h)
Absorption spectra vs. wavelength of the SnSe thin film. (i) Optical indirect band gap vs. photon energy (eV) of the SnSe thin film.

with the previously reported data.'"*> SnSe adopts an orthor-

hombic structure with layers belonging to the space group
Pnma having lattice parameters a = 11.490 A, b = 04.440 A
and ¢ = 04.135 A. Here, the obtained orthorhombic lattice
system has a rectangular base that is formed by an orthogonal
pair of lattice parameters a and b, onto which the layer growth
takes place along the ¢ direction. These mutually orthogonal q,
b and c lattice parameters form a basic building block of the
orthorhombic system that continued for long range order and
hence the highly crystalline nature of the grown SnSe thin film
is determined from the sharp peaks of the XRD result. The
outcomes of XRD of the SnSe thin film are well-matched with
the standard data (JCPDS card no. #48-1224) of SnSe. The
structural parameters such as the crystallite size (¢), dislocation
density (6) and micro strain (¢) are investigated and found to be
35.89 nm, 3.50 x 10® (lin m %) and 9.65 x 102 (lin"> m %),
respectively, for the most prominent peak (400). Similarly the
values of the investigated structural parameters for other
orientations are mentioned in the ESI{ (Table S1).

Scanning electron microscopy was employed to study the
surface morphology of the as-deposited SnSe thin film. Fig. 2(c)
shows the surface morphology and describes the continuity of
this film. The AFM results demonstrated in Fig. 2(d) show the
three-dimensional view of the deposited thin film.>**° The
optical microscopy images showing the SnSe and Cu Schottky

© 2022 The Author(s). Published by the Royal Society of Chemistry

diode are shown in the ESIt (Fig. S2). The structural determina-
tion of the SnSe thin films was also examined by HR-TEM as
shown in Fig. 2(e), showing high and good crystalline order at
the scale of the image of the measured thin film and giving an
inter-planar spacing value of djx; = 4.416 A corresponding to
the array of planes perpendicular to the films consistent with
the SnSe thin film along the [400] direction. The inter-planar
distance along the (011) plane was measured to be a lattice
spacing of 0.41 nm and 0.45 nm that is assigned to the (011)
crystalline plane of the SnSe thin film orthorhombic structure.
Also one interesting feature is observed in the HR-TEM image
that contains circular particle arrays as shown in the ESI}
(Fig. S3). From this image, the particle size distribution is
demonstrated by a histogram as shown in the ESIt (Fig. S4).
The approximate lattice fringes correspond to an orthorhombic
crystal structure, which is in agreement with a previous study.*®
The corresponding selected area diffraction (SAED) pattern
shown in Fig. 2(f) exhibits the good crystalline nature of the
SnSe films. The SAED of a single-layer SnSe fragment exhibits
an orthogonally symmetric diffraction pattern (Fig. 2(f)), indi-
cating the single-crystalline nature of the film. In the SAED
pattern, all the crystalline planes such as (201), (210), and (011)
can be assigned to the orthorhombic crystal system of the space
group Pcmn.**™*® Raman spectroscopy of the SnSe thin film was
examined to characterize the lattice vibration modes and phase

Mater. Adv., 2022, 3, 2425-2433 | 2427
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components in this sample. The spectra indicate four major
vibrational modes at 70 cm™*, 107 em™ ', 130 cm™', and
150 cm ', with the peak at 107 em™' belonging to the Bg,
phonon mode and the other three peaks belonging to A,
phonon modes, as shown in Fig. 2(g). A, and Bs, are two stiff
shear modes of a layer with regard to its neighbors in the » and
¢ directions, which constitute the lattice’s distinctive planar
vibration modes.*>"” All of the measured vibrational modes
match the typical modes of an orthorhombic structured SnSe
thin film that is stable at room temperature. The absorbance
spectra of the SnSe thin film deposited by the thermal evapora-
tion technique on a glass substrate in the wavelength range of
300 nm to 1100 nm at room temperature are shown in Fig. 2(h).
The band gap of the SnSe thin film can be determined by Tauc’s
equation using the following expression

()" = A(hv — Ey), (1)

where A is the constant that comes from the Fermi-golden
rules, E, is the band gap and n depends on the type of band
transition of the material.***° The indirect band gap was
calculated using the Tauc plot (for # = 1) and found to be 1.75 eV.
The optical band gap of the present work is compared with the
previously reported data as shown in the ESIt (Table S2).

SEM analysis of the fabricated Schottky device was per-
formed, and a cross sectional image of the device is shown in
Fig. 3(a). According to the cross-sectional SEM results, the
thickness of the manufactured device is 7.4 kA. Fig. 3(b) depicts
the estimated band diagram, where @), is the work function of
the Cu metal®® and y, is the electron affinity of SnSe®! and is
3.7 eV. Thus, from the Mott-Schottky theory, the ideal barrier
height is given by @y, (eV) = @y (eV) — X5 (eV), which is normally
much lower in practical devices due to interface states and
barrier inhomogeneity at the Cu/p-SnSe interface as shown in
Fig. 3(b). The built-in voltage was calculated as Vy,; = @y — Pg,
where &g is the work function of the semiconductor®® and is
3.94 eV.

4. Current—voltage (I-V)
characteristics
Fig. 4(a) depicts the current-voltage characteristics of a manu-

factured Schottky device under illumination and in the dark.
According to Fig. 4(a), the device performance improves under

Fig. 3
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illumination, indicating that the manufactured device is
photosensitive.>*™>°

Here, the locally organized trap states/interface states that
are constructed due to the mismatch of the lattice constants of
SnSe and Cu as well as the existence of other impurities greatly
affect the charge carrier flow across the interface. It is observed
that the conductance mechanism follows thermionic emission
theory for electron transport through the Schottky barrier.**
It is observed that the I-V performance of the device is
enhanced under illumination, which is attributed to the optical
band gap of the SnSe thin film in the visible range as well as the
photosensitive nature of the fabricated device.

For large voltages, the rectification ratio, defined as the
magnitude of the current ratio for positive and negative vol-
tages, RR (V) = [(V)/I(—V), depends exponentially on voltage, like
those in semiconductor diodes, and reaches absolutely enor-
mous values.’® The nature of the maximum rectification ratio is
shown in Fig. 4(b) and its values are found to be 97.63 and
182.11 in the dark and under illumination, respectively. Var-
ious device parameters are evaluated using several analytical
methods from the recorded I-V data, such as the In(I)-V
technique, Cheung and Cheung function method and Norde’s
plot method. In the present study, the current-voltage (I-V)
characteristics are used to define various Schottky diode para-
meters such as the saturation current, ideality factor, barrier
height, and series resistance.

A graph on the logarithmic scale of current-voltage (I-V)
giving a gamma shape curve was found and parameters such as
the barrier height (&},), saturation current (I,), and ideality
factor (n) are calculated as shown in Fig. 4(c). After illuminating
this device, the device performs effectively, and the saturation
current, ideality factor and barrier height are improved, which
indicates that the manufactured device exhibits enhanced
photosensitivity. To determine the Schottky diode parameters
thermionic emission (TE) theory is considered here.””®® Using
TE, the equation of the current flowing through the barrier is
given below by eqn (2).

14 V
I1=1 exp(:k—T) {1 fexp<fZ—T)}, (2)
where I, is
* gy
Iy = AA*T? 1 3
o= axexp( 400 ®)
(b) Vy, = 0.67 eV ‘
| erssaey 3TV
&,4.61eV | & | ) ‘
-
= i I EF1.3 eV

Ey
| #,70.91 eV

Cu Metal ! p-SnSe Semiconductor

(a) Cross sectional SEM image of the Cu/p-SnSe device. (b) Schematic diagram of the Cu/p-SnSe M-S thin film junction of the SBD.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

(a) Current-voltage plot of the Cu/p-SnSe device under illumination and in the dark. (b) Rectification ratio of the Cu/p-SnSe device under

illumination and in the dark. (c) In(/) vs. V of the Cu/p-SnSe device under illumination and in the dark. (d) Reverse bias characteristics of the In(/) vs. V
method of the Cu/p-SnSe device under illumination and in the dark. (e) H(/) vs. | of the Cu/p-SnSe device under illumination and in the dark. (f) F(V) vs. V of

the Cu/p-SnSe device under illumination and in the dark.

I, is the saturation current derived from the straight-line
intercept of the In(/)-V plot as shown in Fig. 4(c), V is the
applied bias voltage across the junction barrier, g is the
electron charge, k is the Boltzmann constant, T is the absolute
temperature in Kelvin, A is the effective diode area, and A* is
the effective Richardson constant of 18 A cm™ > K 2 for p-SnSe
from the study of N. Tugluoglu et al.®' The ideality factor # of a
diode from the supplied eqn (4) is expressed as

_4 dV:inl ()

kT~ d(InI) kT  Slope

n

The ideality factor (17) may be calculated from the slope value
of the lower forward bias area of V3kt/q. Here is a way to express
the apparent barrier height &y,:

= k—Tln (AA*]Q), (5)
q I
where @, is the barrier height. A In(J) vs. V plot of the Cu/p-SnSe
M-S junction is shown in Fig. 4(c). The logarithmic reverse and
forward bias current-voltage characteristics of the Cu/p-SnSe
Schottky barrier diode (SBDs) with illumination (polychromatic
light) and without illumination (dark) are shown in Fig. 4(d).
It is observed that there is an increase in the leakage
current when the device is placed under polychromatic light
illumination. The values of the leakage current are —18.43 A
and —19.78 A under polychromatic and dark conditions,
respectively.®’

When the Cheung and Cheung function is plotted across
current (I), the forward bias area again yields a straight line.
H(I) denotes the Cheung and Cheung function, which is

Pp

© 2022 The Author(s). Published by the Royal Society of Chemistry

provided by eqn (6) expressed as

H(I) =V — n(’%) In ( < Aﬂ Tz) ©)

The straight-line equation is given by eqn (7) expressed as

H{D) = IR, + 1, ?)

The forward characteristics of H(I) vs. I are shown in
Fig. 4(e). The slope of the H(I) vs. I plot gives the series
resistance R and the barrier height (&) can then be calculated
as @y, = intercept/n, where the ideality factor is obtained from
the In(I) vs. V method used; there is another method to
determine the value of the barrier height (&), which was
proposed by Norde and known as the Norden method. When
illuminating this device, the device functions well, with
increased series resistance and barrier height, indicating that
the constructed device is photosensitive. The updated Norde
approach is expressed using eqn (8)

e (el o
F(r) =gy + IR~ 9)

where F(V) is the Norden function. If V = 3kT/q, IR is insignif-
icant; thus the F(V) versus V plot gives us a straight line with a
slope of —1/2 and the intercept will give us the barrier height.
Eqn (9) predicts a straight line with a +1/2 slope when plotting
F(V) against V. A straight line is drawn on the F(V) vs. V plot for
the imposed forward bias. According to eqn (10), it may be

Mater. Adv., 2022, 3, 2425-2433 | 2429
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Table 1 The parameters of the Cu/p-SnSe thin film SBD
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Device parameters Used method

Ilumination (polychromatic) Without illumination (dark)

Saturation current I, (A)
Series resistance (kQ)
Ideality factor 5

In(Z) vs. V method

Modified Cheung and Cheung function
In(Z) vs. V method

In(J) vs. V method

Modified Cheung and Cheung function
Norden’s plot method

Barrier height @y, (eV)

Table 2 The SBD parameters in comparison to other metal/SnSe
references

Device parameters

Sr. Barrier height @}, Ideality fac-

no. Schottky diode (eV) tor i Ref.

1 In/p-SnSe 1.828 0.420 22

2 Al/p-SnSe ~0.70 ~1.21 24

3 Ag/p-SnSe 0.510 6.33 65

4 Ag/p-Sng,Seqg ~0.80 ~2.60 66

5 Cu/p-SnSe 0.50 1.58 Present

6 Cu/p-SnSe (with 0.40 1.38 work
illumination)

conceivable to calculate the lowest value of F(V) that will yield
the barrier height (®,).

V min kT

2 q

$o = F(Vin) + (10)
where F(V,in) = the value of F(V) at Vigin.

The F(V) versus V plot for the Cu/p-SnSe thin-film device is
shown in Fig. 4(f). When this device is illuminated, the device
works well, with a higher barrier height, suggesting that the
built device is considerably more sensitive. The obtained result
we can see in Table 1 is the value of the Cu/p-SnSe thin film
SBD parameter. Table 2 shows the SBD parameters in compar-
ison to other metal/SnSe references. The Cu/SnSe interface with
strong bonding has a certain tunneling barrier.®> *° The overall
improvement in the Schottky barrier diode parameters due to
illumination depicts its good photosensitive behavior and it
should be considered for future optoelectronic applications.

5. Conclusions

SnSe charge was first grown using the DVT method, and
subsequently its thin film was deposited using a thermal
evaporation process. Energy dispersive X-ray analysis (EDAX)
confirmed the stoichiometry of the elements of the as depos-
ited thin film. By XRD analysis, it is found that the SnSe thin
film exhibits higher crystallinity with orthorhombic lattice
parameters of @ = 11.490 A, b = 4.440 A and ¢ = 4.135 A. The
optical band gap obtained from UV-Vis is 1.75 eV. The junction
of a metal and a semiconductor is known as a metal-semicon-
ductor junction of Cu/p-SnSe which is prepared by a thermal
evaporation method. The current-voltage characteristics of
a manufactured Schottky device are investigated under illumi-
nation and in the dark, demonstrating their photosensitive

2430 | Mater. Adv., 2022, 3, 2425-2433

2.45 x 1077 4.88 x 107°
17.61 33.67
1.38 1.58
0.40 0.50
0.42 0.66
0.45 0.48

nature. The value of the ideality factor under dark conditions is
1.58, which decreases under illumination to 1.38. This exhibits
enhanced device performance and demonstrates the manufac-
tured diode’s photosensitive nature. The Cu/p-SnSe Schottky
diode’s photosensitive feature can be useful in the development
of future optoelectronic devices.
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