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1. Introduction

Investigation of electrical transport mechanisms in
an n-CdlIn,Se4/Pt thin film Schottky diode
fabricated by pulsed laser deposition

S. D. Dhruv, (2@ Tanvi Dudharejiya,® Sergei A. Sharko,® Aleksandra |. Serokurova,©
Nikolai N. Novitskii,© D. L. Goroshko,® Parth Rayani,® Jagruti Jangale,?
J. H. Markna, (2° Bharat Kataria® and D. K. Dhruy {2 *@

This investigation focuses on the fabrication of an n-Cdln,Se,4/Pt thin film Schottky diode using the pulsed
laser deposition technique. The typical grazing incidence X-ray diffractogram displays a sharp and bright (11
1) characteristic reflection, confirming the formation of polycrystalline CdInySes thin films. Various
microstructural parameters have been calculated for the CdIn,Se4 thin films using the most prominent (1
1 1) reflection. Hall measurement examination confirmed the n-type conductivity of the CdIn,Se4 thin
films. Characterization of the voltage—current curve of the vacuum-fabricated n-CdIn,Se,4/Pt thin film
Schottky diode confirms the presence of a typical Schottky diode-type junction between CdIn,Se4 and
platinum with a good rectification ratio. The principal conducting mechanism of the produced n-
CdInySey/Pt thin film Schottky diode is thermionic emission at lower applied biases (=0.5 V), while the
space charge limited conduction mechanism is dominant at higher biases (>0.5 V). The ideality factor
values for the n-Cdln,Se4/Pt thin film Schottky diode are in the range of 1.4819 to 1.8102, depending on
the temperature (300 K = T = 342 K). The zero-bias barrier height and effective Richardson's constant
of the n-CdIn,Se,4/Pt thin film Schottky diode are =0.8652 eV and =1.8771 x 10° A m~2 K?, respectively.
The effective density of permitted energy levels is =1.5491 x 10?4 m~> in the conduction band of the n-
CdIn,Sey4 thin films. Additionally, characterization of the voltage—capacitance curve of the n-Cdln,Se,/Pt
thin film Schottky diode revealed its zero bias built-in diffusion potential (=0.8178 V), donor impurity
concentration (=5.9132 x 10%* m~3), and flat-band barrier height (=0.9525 eV). Based on Anderson's
model, several electrical transport parameters were applied to depict the theoretical energy band
diagram of the n-CdIn,Se4/Pt thin film Schottky diode. The functional groups present in the Cdln,Sey4
thin films deposited on a platinum thin film substrate were determined using Fourier transform infrared
spectroscopy.

forms since the turn of the nineteenth century. Metal semi-
conductor contacts have been the subject of much research due

The first systematic study on metal-semiconductor rectifying
systems is typically credited to Braun in 1874, who observed that
the total resistance of a point contact depends on the specific
surface characteristics and the polarity of the applied voltage.*
Point contact rectifiers have been used practically in various
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to their significance in direct current and microwave applica-
tions and their intricate role in other semiconductor devices.” In
particular, Schottky diode structures have been employed in
solar cells as the gate electrode of metal-semiconductor field-
effect transistors, photodetectors, and other applications.
Above all, the metal contact on strongly doped semiconductors
creates an ohmic contact, which is necessary to allow current to
flow in and out of all semiconductor devices.?

The photoelectrical properties of an Au-CdIn,S, surface
barrier diode were studied by S. I. Radautsan et al.* The current
transport in p-type CdIn,Te, Schottky diodes was studied by S.
Kianian et al.® The fabrication and electrical characterization of
an Al/p-ZnIn,Se, thin film Schottky diode structure were re-
ported by Dhruv et al.® Chong Ouyang et al. reported the use of
a hierarchical MoO,/ZnIn,S, Schottky heterojunction to stim-
ulate photocatalytic H, evolution under visible light.”
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CdIn,Se, thin films have been deposited using a range of
techniques by different authors, including sol-gel dip coating,
hydro evaporation, spray pyrolysis, chemical bath deposition,
electrochemical, pulsed electrodeposition, and potentiostatic
cathodic electrodeposition.®*** Among them, pulsed laser
deposition is a great option for depositing ternary semi-
conducting materials given that its parts have different vapor
pressures. Compared to conventional vacuum-based thin film
deposition techniques, pulsed laser deposition technology
shortens the processing time by facilitating rapid thin film
growth, while maintaining homogeneity. The most exciting
aspect of pulsed laser deposition technology is its easy manu-
facture of multilayer devices and heterojunctions, and fine film
thickness control. To create CdIn,Se, thin films, scientists used
pulsed laser deposition given that it has several advantages over
traditional thin film deposition techniques, such as maintain-
ing the precise composition of the target material in the formed
film. Our extensive review and experimental work on CdIn,Se,
and/or CdIn,Se, thin films*™” shows that Hahn et al.*® initially
reported work on this ternary semiconducting compound in
1955. After that, no one documented any work on CdIn,Se, thin
films until 1991. Our rigorous assessment indicates that no one
has attempted to construct n-CdIn,Se,/Pt thin film Schottky
diodes using pulsed laser deposition.

The present investigation focuses on optimizing the pulsed
laser deposition parameters for the formation of single-phase,
polycrystalline, stoichiometric CdIn,Se, thin films. The crystal
structure and microstructural parameters of CdIn,Se, thin films
deposited on amorphous quartz glass substrates previously pre-
deposited with platinum substrates have been presented. In the
case of the CdIn,Se, thin film and/or n-CdIn,Se,/Pt thin film
Schottky diode, characterization of their electrical transport was
performed to determine their rectification ratio, reverse satu-
ration current, ideality factor, zero-bias barrier height, effective
Richardson's constant, effective density of allowed energy states
in the conduction band, zero bias built-in diffusion potential,
donor impurity concentration, flat-band barrier height, type of
conductivity, etc. Furthermore, the purity of the CdIn,Se, thin
films was examined using Fourier transform infrared
spectroscopy.

2. Experimental
2.1 Fabrication of n-CdIn,Se,/Pt thin film Schottky diode

A schematic illustration of the n-CdIn,Se,/Pt thin film Schottky
diode device under investigation is shown in Fig. 1. A high-
purity (=99.998%) platinum metal (CAS number: 7440-06-4;
Merck) thin film with a thickness of about =100 nm was
deposited at room temperature (=300 K) on an ultrasonically
cleaned amorphous quartz glass (fused silica) (Blue Star, Polar
Industries Corporation, India) substrate employing an electron
beam evaporation system (model: Auto 500; Hind High Vacuum
Co. Pvt. Ltd, India). Using high-purity conductive silver adhesive
paste (model: RS pro-RS186-3600; RS Components & Controls
Limited, India), a single-phase CdIn,Se, (ref. 16) pellet target
and amorphous quartz glass substrates pre-deposited with
platinum were mounted on the target holder and temperature-
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Fig.1 The structure of the n-CdIn,Se4/Pt thin film Schottky diode (top
view).

controlled substrate holder, respectively, in a stainless-steel
pulsed laser deposition chamber (Excel Instruments, India).
An =100 nm-thick CdIn,Se, thin film was then deposited on
the pre-deposited platinum thin film substrate at a substrate
temperature of =550 K using a high-vacuum pulsed laser
deposition (model: Compex-Pro Excimer Laser 102F; Coherent,
Germany) technique by irradiating the CdIn,Se, pellet target
with a krypton fluoride pulsed laser. The details of the thin film
deposition technique are elaborated elsewhere.'® Using a suit-
able mica mask arrangement, the effective cross-sectional area
of the n-CdIn,Se,/Pt thin film Schottky diode device was set to
=2.5000 x 10> m? (=8.3 mm length x 3.0 mm breadth).

Our previous investigation' on the deposition and transport
characterization of CdIn,Se, thin films suggests that their DC
electrical resistivity decreases with an increase in the substrate
temperature. The DC electrical resistivity reached the lowest
value of =0.1751 Q m at a substrate temperature of =550 K.
Therefore, in the current study, thin films of CdIn,Se, were
deposited on amorphous quartz glass substrates pre-deposited
with platinum at the optimal substrate temperature of =550 K.

To produce stoichiometric polycrystalline CdIn,Se, thin
films, several pulsed laser deposition system parameters have
been customized, as indicated in Table 1.

2.2 Characterization of n-CdIn,Se,/Pt thin film Schottky
diode

The crystal structure of the CdIn,Se, thin films deposited on
amorphous quartz glass substrates pre-deposited with platinum

Table 1 Optimized pulsed laser deposition parameters for the
synthesis of the CdIn,Se, thin films

Sr. no. Parameter Value

01 KrF laser wavelength (1) =248 nm

02 KrF laser energy =249 mJ

03 Repetition rate (frequency) =4 Hz

04 Source-to-substrate distance =45 mm

05 Base pressure (vacuum) =1.5000 x 10 * Pa
06 Deposition time (laser ablation time) =4 min

07 Evaporation rate =10nms '

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using the pulsed laser deposition technique at a substrate
temperature of =550 K was examined using a grazing incidence
X-ray diffractometer (model: SmartLab 9 kW; Rigaku Corpora-
tion, Japan) with the typical CuKa radiation at a wavelength of
=0.1541 nm in the 26 diffraction angle range of 20° to 80°. The
electrical transport characterization of the n-CdIn,Se,/Pt thin
film Schottky diode was performed using a DC power supply
(model: IT6722A; ITech, Taiwan), a digital multimeter (model:
DMM 6500 6.5; Keithley, USA), and a semiconductor charac-
terization system (model: SCS-4200; Keithley, USA). At room
temperature (=303 K), a Fourier transform infrared spectro-
photometer (model: IRSpirit-X; Shimadzu, Japan) operated in
mid-infrared mode in the wavenumber range of 4000-600 cm ™"
with a resolution of =2 cm™" was employed to identify the
presence of the functional groups in the CdIn,Se, thin films
deposited on amorphous quartz glass substrates that had been
pre-deposited with platinum at a substrate temperature of
=550 K.

The electrical transport characterization of the n-CdIn,Se,/Pt
thin film Schottky diode as a function of temperature (300 K < T
= 342 K) was conducted inside a glass dome at a low vacuum of
=1.40 Pa, created using a rotary pump (model: FD12; Hind
High Vacuum Co. Pvt. Ltd, India) to prevent contamination
from the ambient conditions. All the pulsed laser deposition
parameters listed in Table 1 were kept almost constant during

i T=550 K

Intensity (a.u)

T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 80
Position (20)

Fig. 2 Typical grazing incidence X-ray diffractogram of the CdIn,Se,
thin film.

Table 2 Microstructural parameters of the a-CdIn,Se4 thin film
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the fabrication of the n-CdIn,Se,/Pt thin film Schottky diode to
guarantee the reproducibility of the results, as several pre- and
post-deposition parameters can influence the properties of thin
films in vacuum technology. The present study analyzed,
interpreted, and reported the statistically significant data from
the simultaneous fabrication of several n-CdIn,Se,/Pt thin film
Schottky diodes under identical conditions.

3. Results and discussion
3.1 Grazing incidence X-ray diffraction (GI-XRD) analysis

The typical grazing incidence X-ray diffractogram in Fig. 2
shows a sharp and intense (1 1 1) characteristic reflection at
a diffraction angle of =26.60°, indicating that the CdIn,Se, thin
films deposited on amorphous quartz glass substrates pre-
deposited with platinum at a substrate temperature of =550
K are polycrystalline; the results are in good agreement with the
ICDD 01-089-2388 database for tetragonal (pseudo-cubic) a-
phase CdIn,Se, with space group P42m (1 1 1) reflections,
showing no signs of an elemental or secondary phase.**

Table 2 displays the microstructural parameters including
lattice constant, cell volume, d-interplanar spacing, stacking
fault, crystallite size, dislocation density, and lattice strain
calculated from the grazing incidence X-ray diffractogram
pattern for the most noticeable (1 1 1) reflection of the o-
CdIn,Se, thin films on amorphous quartz glass substrates that
had previously been pre-deposited with platinum using the
pulsed laser deposition technique at a substrate temperature of
=550 K."

Using eqn (1) for a tetragonal crystal structure, the lattice

constant (a) of the a-CdIn,Se, thin film (where a = c¢) was
determined,® as follows:

1 rP+ik* P

2~ @ Ta ®

In the tetragonal crystal structure, the unit cell volume (V) of the
a-CdIn,Se, thin film can be inferred using the relation V =
a’c?

Using Bragg's eqn (2), the d-interplanar spacing value of the

a-CdIn,Se, thin film was determined,** as follows:
ni = 2dsin § (2)

Planar flaws known as stacking faults (SF) disturb the
normal arrangement of atomic layers. A higher stacking fault

Microstructural parameters Reported value

Current investigation

Deviation (%) Reference/Method

Lattice constant (a) (nm) 0.5815 0.5801 0.2408 ICDD card 01-089-2388

Cell volume (nmS) 0.1966 0.1952 0.7121 ICDD card 01-089-2388

dy11 (nm) 0.3357 0.3349 0.2383 ICDD card 01-089-2388

Stacking fault (x10~%) — 4.62 — —

Crystallite size (nm) — 16.08 — Scherrer method

Dislocation density (x10°) (lines per nm?) — 3.87 — Williamson-Smallman's method
Lattice strain (x107?) — 9.37 — —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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value introduces localized energy states inside the bandgap,
changing the leakage behavior and current flow. Furthermore,
a greater stacking fault value may result in a decrease in the
rectification efficiency and an increase in the reverse leakage
current. The stacking fault value of the a-CdIn,Se, thin film can
be obtained using eqn (3).%

~0.25338

SF :
(tan )2

(3)

where ( represents the full breadth/width at half maximum
(FWHM) of the diffraction peak in the above-mentioned rela-
tion, enabling the determination of the crystallite size (D) of the
tetragonal a-phase CdIn,Se, thin film using the Scherrer eqn
(4),* as follows:

D@ cos§ = KA (4)

Dislocation density () is a defect that arises from misaligned
atoms in the crystal lattice. It shortens the carrier lifespan by
acting as a location for electron and hole recombination. It
increases the leakage current, while lowering the breakdown
voltage. It could lead to less-than-ideal diode behavior by
making the Schottky barrier less uniform. A high dislocation
density leads to low device reliability and thermal instability.
The dislocation density of the a-CdIn,Se, thin film can be ob-
tained by substituting the crystallite size value obtained from
the Scherrer method into eqn (5).

0= D (5)

Strain () is caused by lattice mismatches or differences in
thermal expansion between the substrate and the thin film.
Strain alters the band structure and carrier mobility. Conse-
quently, uncontrolled strain typically degrades the transport
properties. The Stokes-Wilson (S-W) eqn (6) can be employed to
determine the lattice strain developed in the o-CdIn,Se, thin
film due to crystal imperfection and disorder.”*

B =4etan 6 (6)

The low dislocation density, stacking fault, and lattice strain
in the fabricated n-CdIn,Se,/Pt thin film Schottky diode could
be the factors responsible for the enhanced performance of the
thin film Schottky diode device in this work.

3.2 Hall effect analysis

The CdIn,Se, thin film produced at a substrate temperature of
=550 K consistently exhibited n-type conductivity, according to
hot probe tests. When recorded at a magnetic field of =0.2001
T, Hall measurements yielded a negative Hall coefficient value
of =—0.4488 x 10° m® C™', which is consistent with the
findings of hot probe testing and suggests that the majority of
charge carriers are electrons.”® According to the Hall measure-
ments, the donor impurity concentration in the n-type CdIn,Se,
thin films is =7.1300 x 10*' m >.*®
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3.3 Voltage-current characteristics

Fig. 3 shows the sweep forward and reverse biased electrical
transport characterization of the n-CdIn,Se,/Pt thin film
Schottky diode at various ambient temperatures (300 K < T =
342 K). The rectifying electrical transport characteristic evident
in Fig. 3 confirms the formation of a typical diode-type junction
between n-CdIn,Se,/Pt, signifying the formation and presence
of a depletion width between the n-type CdIn,Se, semi-
conducting material and tungsten metal, which in turn restricts
the flow of forward- and reverse-charge carriers at the inter-
section region.”

According to Table 3, the rectification ratio of the n-CdIn,-
Sey/Pt thin film Schottky diode increases when the ambient
temperature decreases (300 K = T = 342 K) and the bias is
constant; when the ambient temperature remains constant, the
rectification ratio increases as the bias increases. Constrained
deficiencies in the intersection zone and the increase in the
leakage current with an increase in ambient temperature may
be two ways to describe this effect.*®**

The effective evaluation of the current conduction processes
in all manufactured semiconducting thin film electronic
devices requires a detailed examination of their electrical
transport characteristics. The electrical transport characteriza-
tion reveals two current conduction regions, i.e., a rectifying
region at a higher applied bias and a practically ohmic region at
a lower applied bias. Ohmic behaviour results from the inserted
charge carrier density being less than the thermally generated
carrier density at a lower applied bias. The trap-controlled space
charge limiting current/conduction mechanism predominates
in this region given that the slope is greater than two with
a higher applied bias.?®

To learn more about the current conduction mechanism in
the n-CdIn,Se,/Pt thin film Schottky diode at a lower applied
bias (=<0.5 V), as well as to determine the reverse saturation
current and ideality factor, the model put forth by Sze and

1E+01 -
_ 1E-01 4
o KRR KKK KKK
= ] /x,x/*’*'
$ v *
= [
5 1E-039 |/
= /]
= /
O 1////
Yy M x/
"IE-05 4] /
N )
[— * —%—Ts=300K
*x J F-074 :
N v—Ts =342 K
T T T T T T 1
-2 -1 0 1 2 3 4 5
Voltage (Volt)

Fig. 3 Electrical transport characterization of the n-CdlIn,Se,4/Pt thin
film Schottky diode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Rectification ratio of the n-CdIn,Se,4/Pt thin film Schottky diode
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Rectification ratio (x10°)

Applied bias (V)

Applied bias (V)

Applied bias (V)

Applied bias (V)

Temperature

(x) —2.0011 +1.9690 —1.5682 +1.5362 —0.9904 +1.0705 —0.5371 +0.5638
300 1.4178 1.3328 1.2762 0.7974

314 1.3770 1.2525 1.1936 0.7381

328 1.1584 1.1152 1.0689 0.6901

342 1.0798 1.0672 0.9914 0.5489

Crowell® was used and fitted in the current investigation. Eqn
(7) illustrates how the applied bias alters the current.

Iis = exp (%) (7)
KT .

In eqn (7), — is the thermal voltage (=0.0259 V) at =300 K.

Fig. 4 shdws the variation in natural logarithmic current for
a constructed n-CdIn,Se,/Pt thin film Schottky diode at
different ambient temperatures with an applied bias (0.5 V).
With an increase in the applied bias (0.5 V), the forward
current of the constructed n-CdIn,Se,/Pt thin film Schottky
diode increases exponentially, as demonstrated by the linear-
straight-line curve in Fig. 4. Also, the linear-straight-line plot
indicates that the main characteristic of the produced n-
CdIn,Se,/Pt thin film Schottky diode is thermionic emission at
a lower applied voltage (=0.5 V).® The ideality factors of the n-
CdIn,Se,/Pt thin film Schottky diode at different ambient
temperatures were determined using the slope values, and the
reverse saturation currents were derived from the linear-
straight-line intercept values shown in Fig. 4.

The reverse saturation current and ideality factor at various
ambient temperatures are displayed in Table 4.

In a thin film Schottky diode made of metal and semi-
conductor, its reverse saturation current mainly depends on the

E
ambient temperature {IS = T3 exp (—ﬁ)}, whereas it is not

affected by the reverse voltage.?

-4.0

-6.5 /,/

9.0 -

-11.5 1

In/

-14.0
-16.5 Ts=300K
Is =342 K
'190 T T T T T T T T
-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Voltage (V)

Fig. 4 The variation in In / with applied bias for the n-CdlIn,Se,4/Pt thin
film Schottky diode.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Temperature has a much more noticeable effect because thin
films have greater grain boundaries and defect concentrations,
which encourage the generation of carriers.** Consequently, the
reverse saturation current decreases as the ambient tempera-
ture decreases because fewer minority charge carriers are in the
depletion width. The ideality factor of a diode shows how well it
follows the ideal diode formula. The ideality factor value typi-
cally ranges from one, which indicates ideal diffusion, to two,
which indicates dominant recombination. Because recombi-
nation predominates in the depletion region, the ideality factor
values get closer to two at lower temperatures. As the temper-
ature increases, the ideality factor gets closer to one because
recombination decreases and the diffusion current increases.
The ideality factor value is observed at low and/or high ambient
concentrations; however, it substantially changes as the doping
concentration increases and/or the ambient temperature
decreases. The ideality factor shifts in thin films at high
temperatures due to the increased carrier mobility and
decreased trap-assisted recombination.*

Eqn (8) was utilized to analyze the current conduction
mechanism in the n-CdIn,Se,/Pt thin film Schottky diode at
a lower applied bias (0.5 V), as well as to determine the zero-
bias barrier height and effective Richardson's constant values.*

AA*T? 4%y
= =0 8
(i) ®
In eqn (8), A is the effective cross-sectional area of the n-
CdIn,Se,/Pt thin film Schottky diode. The effective Richardson's
Amtgmy,k?

f
constant (A = B

) is an effective mass-dependent

parameter.

The linear-straight-line character of Fig. 5 suggests a therm-
ionic emission conduction mechanism in the n-CdIn,Se,/Pt
thin film Schottky diode at lower applied voltages (<0.5 V).

Table 4 Temperature-dependent electrical parameters of the n-
CdlIn,Se4/Pt thin film Schottky diode

Temperature Reverse saturation Ideality
(K) Intercept current (x107°) (A)  Slope factor
300 —18.50560 9.1859 21.3617  1.8102
314 —16.90890 45.3480 23.1085 1.6734
328 —15.66250 157.7100 24.7977  1.5594
342 —14.05760  784.9900 26.0940  1.4819
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Fig.5 In (%) versus 1T plot of the n-CdIn,Se4/Pt thin film Schottky

diode.

The zero-bias barrier height of the n-CdIn,Se,/Pt thin film
Schottky diode is determined using the slope in Fig. 5 and
found to be =0.8652 eV. The intercept extracted from Fig. 5
gives the effective Richardson's constant =1.8771 x 10° Am™>
K” for the CdIn,Se, thin films grown at a substrate temperature
of =550 K, which is equivalent to 0.1562 m,. The room
temperature effective mass values of n-type CdIn,Se, reported
by various other authors are 0.15 m,,*** 0.1600 m,,** and 0.1780
m0.35
By inserting the effective mass of n-type CdIn,Se, and other
commonly reported values, it is possible to determine that the
effective density of allowed energy states in the conduction

3
band =2 {Zm}?:—;kT} ’ is similarly an effective mass-
dependent characteristic, which is =1.5491 x 10** m . The
deduced effective density of allowed energy states in the
conduction band is consistent with the values published by
Bhalerao et al.*®

To verify the current conduction mechanism at a higher bias
(>0.5 V), a natural logarithmic current was recorded against
applied bias (>0.5 V) at varying ambient temperatures, as shown
in Fig. 6(a). At a greater bias (>0.5 V), the rectifying nature of the
plot in Fig. 6(a) suggests a variable current conduction mecha-
nism for the n-CdIn,Se,/Pt thin film Schottky diodes.

Fig. 6(b) illustrates the change in current against the square
of the applied bias at a greater applied bias (>0.5 V). Fig. 6(b)
shows straight line character, supporting the space charge
restricted current/conduction mechanism of the n-CdIn,Se,/Pt
thin film Schottky diode.*® The space charge restricted current/
conduction mechanism is dominated by charge carriers injec-
ted from the contacts; the current is solely dependent on
mobility and not on the density of the charge carriers, and the
voltage—current characteristics follow a second-degree poly-
nomial relation.

3.4 Voltage-capacitance characteristics

The change in capacitance with applied bias was recorded at
a frequency of 500 kHz at room temperature to extract several
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Fig. 6 The variation in current with applied bias (>0.5 V) for the n-
CdIn,Se4/Pt thin film Schottky diode.

important parameters, including the zero-bias built-in diffusion
potential, donor impurity concentration, flat-band barrier
height, and type of conductivity of the n-CdIn,Se, thin film and/
or n-CdIn,Se,/Pt thin film Schottky diode. Eqn (9) establishes
an empirical relationship between applied bias and junction

capacitance.®
kT
(rnet)
N 97

[ 9
2C? qeoerNp A? )

In eqn (9), V, is the zero bias built-in diffusion potential
(=0.8178 V), which may be possibly due to the non-
homogeneous surface states in the system, ¢, is the relative
dielectric constant of n-CdIn,Se, (=6.2000 (ref. 36)), and Ny, is
the donor impurity concentration.

The donor impurity concentration of the n-CdIn,Se, thin
films is =5.9132 x 10" m™>, as inferred from the slope
( 16 F_Z 2

=6.1529 X 10° — = ———
1% q€oerNpA?
of capacitance vs. applied bias plot in Fig. 7. The donor impurity

) of the inverse of the square
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concentration (=7.1300 x 10** m %) derived from the voltage-
capacitance measurements and Hall effect tests is in close
agreement with the donor impurity concentration in n-CdIn,Se,
thin films reported by Bhalerao et al.*

One can use eqn (10) to determine the flat-band barrier
height of the n-CdIn,Se,/Pt thin film Schottky diode,*® as
follows:

CEE Y (10)
In eqn (10), V,, (=E¢c — Egy) is the potential difference between
the conduction band (CB) (Ec) and Fermi level (Eg,) in n-type
CdIn,Se,. Using eqn (11),* the value of V, is calculated to be
=0.1440 V, which is extremely close to the V,, (=0.1430 V) value
reported by Bhalerao et al.*

Ne _ oop(@Va
Ny P\ kT

It is necessary to consider an appropriate interface electric
field when a metal and a semiconductor come into contact, and
to substitute the dielectric constant of the semiconductor
(=6.2000 for n-CdIn,Se,)* for the free space dielectric constant.
Eqn (12) expresses the reduction in the Schottky barrier height.®

When a metal is in contact with a semiconductor, the
appropriate interface electric field has to be considered, and the
free space dielectric constant has to be replaced by the dielectric
constant of the semiconductor (=6.2000 (ref. 36) for n-CdIn,-
Se,). The Schottky barrier image force barrier lowering can be
expressed by employing eqn (12),

1
qEm \2

Adn =
P <4neoes>

Eqn (13) can be used to deduce the maximum electric field at
the n-CdIn,Se,/Pt thin film Schottky diode junction. The
derived value is =5.3129 x 10°Vm'?

(11)

(12)
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e, (13)

1
2gNp Vo2
Em:(QDo)

In the case of the n-CdIn,Se,/Pt thin film Schottky diode, its
Schottky barrier image force barrier lowering value deduced
from eqn (12) is =3.5128 x 10> V.

By substituting V,, = 0.1440 V, V, = 0.8178 V, and A¢g into
eqn (10), the flat-band barrier height for the n-CdIn,Se,/Pt thin
film Schottky diode is found to be =0.9525 eV.

In contrast to the flat-band barrier height result from the
voltage—capacitance experiment (=0.9525 eV), the zero-bias
barrier height from the voltage-current measurement
(=0.8652 eV) is tiny. This discrepancy in the barrier height
results between the two approaches may be due to the edge
leakage current, deep impurity levels, or interface
contamination.®

3.5 Energy band diagram construction for n-CdIn,Se,/Pt
thin film Schottky diode

The conductance of current and its capacitance behaviour are
controlled by the barrier at the metal-semiconductor interface
when metal comes into contact with a semiconductor.® The
fundamental energy band diagram that forms the barrier height
and certain effects that can alter its value are examined in this
section.

Firstly, the ideal scenario is considered, which is free of
anomalies such as interface states. The electrical energy rela-
tion between the n-type CdIn,Se, semiconductor and high work
function platinum metal, which are in different systems and not
in contact, are depicted in Fig. 8(a).

Charge will move from the n-type CdIn,Se, semiconducting
material to the platinum metal when communication between
them is permitted, as seen in Fig. 8(b), and thermal equilibrium
is reached as a single system. Both the n-type CdIn,Se, and
platinum sides will have matching Fermi values. The contact
potential, or difference between the two work functions, lowers
the Fermi level in the n-type CdIn,Se, semiconductor by a value
equivalent to the Fermi level in the platinum metal. The work
functions of the n-type CdIn,Se, semiconducting material and
platinum metal are =4.1858 eV and =5.1200 eV, respectively.*®
A contact potential of =0.9342 eV is found. The barrier height
in the n-CdIn,Se,/Pt thin film Schottky diode is determined to
be =1.0782 eV, which is determined by the difference between
the platinum metal work function and the electron affinity of
the n-type CdIn,Se, semiconducting material (=4.0418 eV).

3.6 Fourier transform infrared (FTIR) spectroscopy analysis

In the present investigation, only 5N (99.999%) pure cadmium,
indium, and selenium were used to synthesize CdIn,Se,.*® After
that, CdIn,Se, was deposited on amorphous quartz glass
substrates that had already been coated with platinum using
pulsed laser deposition, a non-chemical thin film deposition
method.

Fig. 9 displays the Fourier transform infrared spectrum of
the n-type CdIn,Se, thin films deposited at a substrate
temperature of =550 K on amorphous quartz glass substrates
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Fig. 8 Energy band diagram of the n-CdIn,Se4/Pt thin film Schottky diode: (a) isolated and (b) constructed.

that had been pre-deposited with platinum. The spectrum was
recorded in the wavenumber (V) range of 4000 to 400 cm™ " at
room temperature (=300 K). Cartesian coordinates have been
used to represent the position of the peaks; for instance,
711.8757 indicates the wavenumber (v) and 0.0148 denotes the
absorbance.

The peak depicted at a wavenumber of =711.8757 cm™
be attributed to the alkene class bending C=C functional
group. The fluoro compound class stretching C-F functional
group is responsible for the peaks observed at wavenumbers of
~1036.2383 cm ™!, =1266.5933 cm ™, and =1387.8705 cm ™.
The nitro compound class stretching N-O functional group is
responsible for the peak depicted at a wavenumber of
=1516.3238 cm ™ '. The aromatic compound class bending C-H
functional group corresponds to the peaks detected at

t can

42768 | RSC Adv,, 2025, 15, 42761-42770

wavenumbers of =1746.6788 cm ™', =1905.9896 cm ', and

=1990.6684 cm ™. The isothiocyanate class stretching N=C=S§
functional group is responsible for the peaks detected at
wavenumbers of =2076.0648 cm™ ' and =~2108.3575 cm™ '. The
carboxylic class stretching O-H functional group can cause the
peak detected at a wavenumber of =2524.5751 cm™'. The
stretching O-H functional group in the phenol and/or alcohol
class explains the peaks observed at wavenumbers of
=~3532.8264 cm ™!, =3717.2539 cm ™}, and =3784.7099 cm .
The absorption peaks resulting from bending C=C, stretching
C-F, stretching N-O, bending C-H, stretching N=C=S, and
stretching O-H functional groups usually show strong and/or
sharp absorption edges. It can be concluded that the CdIn,Se,
thin films deposited by pulsed laser deposition on amorphous
quartz glass substrates pre-deposited with platinum at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Fourier transform infrared spectrum of the n-CdIn,Se, thin
film.

a substrate temperature of =550 K are pure and free of any
functional groups because the absorption edges visible in the
Fourier transform infrared spectrum of CdIn,Se, are very
weak.®*

4. Conclusions

Using a high-vacuum pulsed laser deposition approach, an
=100 nm-thick CdIn,Se, thin film was deposited on amor-
phous quartz glass substrates that had previously been pre-
deposited with platinum at a substrate temperature of =550
K. A sharp and intense (1 1 1) characteristic reflection is seen in
the typical grazing incidence X-ray diffractogram at a diffraction
angle of =26.60°, suggesting the polycrystalline nature of the
CdIn,Se, thin films. The unit cell (=0.5801 nm), cell volume
(=0.1952 nm®), dy;; (=0.3349 nm), stacking fault (=4.62 x
107%), crystallite size (=16.08 nm), dislocation density (=3.87
x 107 lines per nm?*), and lattice strain (=9.37 x 10~%) were all
calculated for the CdIn,Se, thin films from the most prominent
(11 1) reflection in the GI-XRD. The n-type conductivity of the
CdIn,Se, thin films was verified by Hall measurement analysis.
A typical Schottky diode-type junction between CdIn,Se, and
platinum with a fair rectification ratio is confirmed by the
voltage—current characterization of the vacuum-fabricated n-
CdIn,Se,/Pt thin film Schottky diode. At a lower applied bias
(=0.5 V), the primary conducting mechanism in the manufac-
tured n-CdIn,Se,/Pt thin film Schottky diode is thermionic
emission, whereas at a higher bias (>0.5 V), the space charge
limited conduction mechanism is dominant. The ideality factor
values for the n-CdIn,Se,/Pt thin film Schottky diode vary from
1.4819 to 1.8102, depending on temperature (300 K =< T < 342
K). The zero-bias barrier height and effective Richardson's
constant were determined to be =0.8652 eV and =1.8771 x 10°
A m 2 K (=0.1562 m,), respectively, for the n-CdIn,Se,/Pt thin
film Schottky diode. In the conduction band, the effective
density of allowed energy states for the n-CdIn,Se, thin films is
=1.5491 x 10** m 3. The voltage-capacitance characterization
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of the n-CdIn,Se,/Pt thin film Schottky diode yielded its flat-
band barrier height (=0.9525 eV), donor impurity concentra-
tion (=5.9132 x 10*' m™>), and zero bias built-in diffusion
potential (=—0.8178 V). Based on Anderson's model, different
electrical transport parameters were employed to plot the
theoretical energy band diagram for the n-CdIn,Se,/Pt thin film
Schottky diode. The functional groups (if any) present in the
CdIn,Se, thin films deposited on a platinum thin film substrate
were extracted using Fourier transform infrared spectroscopy.
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