dudlgolldeolall-d il duls-deolollgdygypitl Sluulyadl dlao
02025 4151 - elyjsddl pgle - Joill aloodl - JgpiioIlg guolddl saoll
] doi.org/10.52866/esj.2025.01.25.14 ]

Energy Band Diagram of CusS /Si Heterojunction
Sabah Salman Hamdi' ¢ HudaSaadiAli? ¢« Iftikhar Mahmood Ali?
“University of Tikrit College of Computer Science and Mathematics
*Department of Renewable Energy, College of Energy and Environmental Sciences,
Al-Karkh University of Science, Baghdad, Iraq
*University of Baghdad, College of Science, Physics Depart., Al-Jadiriyah, Iraq
Sabah.S.Hamdi@tu.edu.iq / Hudasaadi@kus.edu.iq
iftikhar.ali@sc.uobaghdad.edu.iq
Abstract:

This study prepared thin films of CuS, a p-type semiconductor, on n-type sil-
icon substrates to create an n-p junction The temperature (200 °C) and the re-
sults of X-ray diffraction showed that CuS thin film has a polycrystalline nature
of hexagonal (Hexagonal) and the preferred direction of growth (100). The opti-
cal properties proved the direct optical energy gap for the CuS thin film, which
equals 2.58 eV ,and the thickness of the CuS film equals 228.4 n m measured by
cross-section. Voltage-current illustrates diode behavior. Also, capacitance-voltage
measurements were performed where the built-in voltage was determined. This
study assumes a band diagram of the prepared heterojunction (pn).

Keywords: Chemical Spray Pyrolysis, copper Sulfide, thiourea, substrate tem-
perature, band diagram.
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1- Introduction:

Copper sulfide (CuS) is a complex
chemical compound consisting of sul-
fur (S) and copper (Cu), found in na-
ture in the form of a dark powder or
lumps [1]. Copper sulfide is an import-
ant class of semiconductor compounds
called sulfide is a chalcogenide, which
are formed by the reaction of one of
the transition elements with one of the
elements in the sixth column of the pe-
riodic table, such as sulfur, selenium,
or tellurium. These compounds have
gained significant attention because of
their great diversity in their different
properties and the high possibility of
controlling these sulfides is with most
of the compounds of chalcogenides,
the compound (S) has many phases
depending on the compound’s ratio of
copper to sulfur [2]. There is a com-
pound (S) at room temperature with
five known stable phases, starting from
the phase of chalcocite The copper-rich
phase has an orthorhombic system, the
Digenite phase has a cubic system, and
the anillite phase has a cubic system
and ends with the sulfur-rich covellite
phase (CuS) and has a hexagonal sys-
tem [3,4] .Caprylate (CuS) is charac-

terized by the fact that it crystallizes in
a hexagonal form and is found in the
form of mass, thin Layers, or granules
spread in other copper metals, with a
density of ((4.6-4.76) . The (CuS) thin
films are of great importance in the field
of industrial applications where pho-
tovoltaic applications are used in the
manufacture of solar cells, which is an
important source of new energy sourc-
es, these thin films were discovered in
(1954) by the scientist (Reynolds)The
most famous solar cells are the( CdS
/ The preferred phase in these cells is
chalcocite as well as cells [4,5,6], and
it is also used in thermal photovoltaic
conversion (Photothermal) for solar
energy and thin film (CuS) also work as
absorbing coatings for sunlight, where
they have a high absorption coefficient
of visible wavelengths and are used as
selective radiation filters on architec-
tural windows (Architectural) for the
control of solar radiation in warm cli-
mates, and good reflectivity of infrared
wavelengths, it has been used in ther-
mal mirror coatings, as well as these
thin films can be used as electrically
conductive coatings coated with organ-
ic polymers [7,8], as well as used in the
manufacture of compounds involved
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in multi-device and multilayer struc-
tures (Multijunction Type Multilayer
Heterojunction)[9] CuS thin films are
used in the manufacture of gas sensors,
especially ammonia [10].
2-Experimental work:

CusS thin films were prepared using
the chemical pyrolysis spray method on
glass and n-Si substrates from 0.005 M
copper chloride (CuCl,.2H,O) and 0.01
M thiourea (CS(NH,),) as starting ma-
terials for Cu and S ion sources, respec-
tively. In addition, an equal volumetric
ratio (1:1) of both solutions was used
and mixed. The solutions were magnet-
ically stirred for a period of (10 min) to
obtain a homogeneous solution.

The thermochemical spraying meth-
od has been used because it 1s suitable
for the preparation of oxides and sulfate
materials, economical due to the low
cost of the manufactured devices used
in the preparation of these thin films,
and can be prepared from the mixing
of two or more materials with different
melting points, the thin films are pre-
pared under normal conditions. CuS
solution was deposited on the glass
and n-Si substrates at a temperature of
(200. The distance between the nozzle
and substrates 1s (28 cm) because more

than that causes the material to evapo-
rate before it reaches the bases.

Thin films were deposited on sili-
con bases where silicon type (n-type)
with electrical resistivity (1-10 Q.cm)
with (111) orientation and thickness
(500 were used, which were cut into
pieces of dimensions (1.25x1.25)? then
were cleaned with HF acid diluted with
methanol in a ratio of (1:9), and left
the slices with Si substrates inside this
acidic solution for a minute then rinse
with distilled water and repeated clean-
ing with distilled water for three times
to ensure the disposal of the remnants
of the solution after which the samples
were dried well with pieces of cloth in-
tended for cleaning glasses lenses, CuS
films were deposited at a substrate tem-
perature of 200  then samples were
annealed at 300°C for half an hour, the
thickness of the films was determined
by cross section using SEM instrument.
The structure of the films was exam-
ined by X-ray diffraction with a device
with specifications ) and the aluminum
electrodes were deposited using a ther-
mal evaporation system and under low
pressure (5x10° mpa) and thickness
(200£20 nm). Optical measurements
for all prepared films have been done
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using a spectrometer type (UV-Visi-
ble Spectra photometer-1800) for the
wavelength range (180-1100nm), (I-V)
characteristics are investigated using
2450 Keithley electrometer, and the
LCR meter (HP-R2CC4274) was used
to measure (C-V) characterizations.
3- Result and Discussion
3-1 Structure

The results of XRD for the CuS film
at a substrate temperature of (200°C)
annealed at 300 For half an hour, it
showed a hexagonal system in the pre-
ferred growth direction (100 and Fig (1)
shows the X-ray diffraction patterns of
the film, Peak positions are at the angles

(20~25.32,32.29, 39.39, 49.64, 68.26)

corresponding to (100), (103), (105),
(108) and (1011) respectively , and this
is consistent with the results of the study
[11], and when comparing the locations
of the peaks with the standard card
(ICDD) numbered (00-006-0464) for
copper sulfide. Table 1 shows the struc-
tural parameters for standard peaks. The
result shows that the average crystallite
size decreases with more FWHM. The
average crystallite size was calculated
using the Scherer equation Equation No.
(1) [12] and 1t was found that the mea-
sured crystallite size values fall within
the range (6.8-27.0nm).

Table (1) Structural parameters of p-CuS/ n-Si

Sample 20 Hkl1 d (A% FWHM D(nm)
25.32 (100) 3.49 0.3464 27.0
32.29 (103) 2.77 1.056 6.8
Cus 39.39 (105) 2.28 0.4224 18.6
49.64 (108) 1.83 0.6336 12.3
68.26 (1011) 1.37 0.6336 13.6
p
. Si-CuS(n-p)
T T e T ig. (1) XRD for CuS/Si
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Through the study of surface mor-
phology (scanning electron micros-
copy(FESEM)) of the prepared film,
it 1s clear from Fig. (2) that the film
structure consists of stone-like shapes
of nanostructured very regularly and
that the surfaces of the prepared films
have a homogeneous distribution, are
dense, and are free of spaces or char-
acteristic 1slands, and this 1s consistent
with [11,16]. Using the cross-section
technique in the scanning electron mi-
croscope device, the thickness of the

film was measured, and it was found
that the film features are uniform and
moderately deposited, and it was found
that the thickness of the film is equal to
228.4 nm as shown in Fig. (3).

D.ove = 0.920/BcosH............(1)

Where =1.5406 A is the x-ray wave-
length (Ka -line), 6 is the Bragg’s dif-
fraction angle, £ (also called FWHM)

1s the full-width at half-maximum (in
radians).

-

J

3-2- Optical properties:

The absorption coefficient of the
prepared films was calculated through
equation (2), and Fig (4-a) shows the
absorption spectrum as a function of
wavelength. The results showed that the
best absorbance was within the visible
area (300-700) nm of the electromag-

netic spectrum, and on the other hand,
its energy gap is more significant. This
statement suggests that the film exhib-
its high permeability and finds appli-
cations in heterojunctions, reagents,
and the fabrication of solar cells. [17].
Fig. (4-b) shows the absorption coeffi-
cient change as a function of the inci-
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dent photon energy. The results showed
that the absorption coefficient increases
with the increase in photon energy of
the prepared films, as the most signifi-
cant values of the absorption coefficient
are at high photon energies (4-4.3) eV,
and this indicates the occurrence of the
absorption process in this range (which
includes the optical absorption edge)
and the possibility of electronic transi-
tions between the valence and conduc-
tion bands, this is consistent with the re-
sults of studies [13,14] The energy gap
value was calculated to estimate the dif-
ference between the valence bands and
the conduction bands, which can help
determine the electrical, thermal and
electronic properties of materials. The
Tauc formula in equation (2) determines
the direct energy gap. Since the transi-
tions are of the direct type allowed, i.e.,
the value of the constant r = 1/2) and

by drawing the relationship between
((h9)?) and the energy of the inci-
dent photon , and through the extension
of the straight part of the curve to deter-
mine the point of intersection (cth9)?
with the axis (X) of the photon energy
where ((ah9)? = 0), which represents
the value of the optical energy gap and
as shown i Fig. (5), where it was
found that the optical energy gap val-
ue of copper sulfide with a thickness of
(228.4nm) for these films was (2.58) eV
represents the Tauc equation, and this is
consistent with [17].

Where is a constant, is the absorp-
tion coefficient, hv is the energy of an
incident photon, E, is the optical band-
gap, and r=1/2 is the allowed direct
transition.

r

o =
%] [=]
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Fig(4-a) The absorption of CuS
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3-3 Electrical characteristics:
Fig. (6) depicts the relationship between conductivity and inverse temperature.

As the temperature is increased from (313-453) K, the conductivity increases,

demonstrating the films are semiconductors.

( N
Lno(1/Q.cm)
-9.5 4
np
-9.6 °\o\°
\O
-9.7 4
\
-9.8 \o
-9.9 o \0
-10.0 \0_0/ \°
\o\
O\o\
-10.1 °
212 2:4 276 2:8 370 3:2
1000/T(K)
Fig.6 -Activation energy of CuS
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As the temperature rises, the con-
ductivity increases, and the activation
energy drops. Good crystallization and
large particle sizes may be to blame. In
general, grain boundary scattering sub-
stantially impacts films’ crystallinity
and carrier charge’s movement. In our
case, the grain boundary scattering was
reduced due to the growth of grains be-
cause of the charge carrier transport
mechanism [18]. This electrical con-
ductivity can be determined using the
following relationship:

-E
0 = 0yexp (K—;) “““““““

where E_ is the activation energy
for conduction, ¢, is a temperature-in-
dependent constant, K is the constant
of Boltzmann’s, and T is the absolute
temperature. The values of conductiv-
ity and activation energy are shown in
Table 2.

Fig. (6) shows the linear relationship

between and 1000/T, which is used
to calculate the activation energy (E )
The change in the conduction mecha-
nism is caused by the existence of two
connected regions for the thin films
CusS. The first zone is at a low tempera-
ture (313-363K), and the second is at a
higher temperature (363-453K).[19]
3-3 (C-V) characteristics:
Capacitance variation has been stud-
ied as a function of the forward and re-
verse bias voltage in the range of (-1 V)
to (1V) with a frequency equal to (10)
kHz for the heterogeneous junction
(n-p). The linear relationship between
the voltage and the reciprocal of the
capacitance square is shown in Figure
6, which revealed a straight-line rela-
tionship, which means that the junction
was of the abrupt type. The intersec-
tion of a straight line with the voltage
axis represents the value of V. (C-V)
measurement, as shown in Fig. (7)

X
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Fig. 7- Built-in voltage of CuS/Si
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3-4 Energy Band diagram:

The energy beam diagram for CuS/
Si heterojunction (pn) 1s drawn using
the optical energy gap and DC mea-
surement as shown in Fig. (8) At a
heterojunction (asymmetric type), the
connection between the p-type semi-
conductor and the n-type semiconduc-
tor when no external voltage 1s applied,
the connection will cause the holes
to diffuse from p-CuS to n-Si. Thus,
the negative 1ons will remain diffused
in CuS near the junction, causing the
band to bend downward in CuS, while
in n-Si, the band bends upward due to
a decrease in valence band energy [14].
According to Anderson’s model, the
change in the conduction band is equal

to The change in the valence band is
equal to AE; As shown in Fig. (8), All
parameters to plot the energy band di-
agram are: AE;and AE, Which can be
calculated from equations (1 and 2)
[12].

AEg =X, = Xpeoovoonneenens (1)
AEy = AEg — AX v vev e (2)

Egl and Eg2 are the optical energy
gaps for n-Si and p-CuS, respectively
[14]. Experimentally, it is found that
the two semiconductors have different
energy gaps (Eg), different electron af-
finity values for n-Si and p-CuS, re-
spectively. Table 2 shows the difference
in the valence band, conductivity band,
and optical energy gap of the (n-p).

Table (2) Difference in the valence band, connectivity band,
electronic affinity, and optical energy gap for (pn)

sample Eay E,, AE, AE Eg. Eg2 V,(eV)
pn 0.02346 | 0.08607 0.44 1.11 1.12 2.67 0.3
( )
b
N
;| Cus
e

Fig. 8- Suggested band diagram of the p- CuS/ n-Si heterojunction

Ey
E,p=0.0234eV:
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sphere” vacuum, Vol.37.No,510,
Conclusion: (1987) pp.433-436.

p-CuS/n-Si heterojunction self-pow-
ered visible light photodetector (was
efficient at 200 Csubstrate tempera-
ture. The pronounced layer’s structural,
morphological, and optical character-
istics were thoroughly investigated; a
nano-sized branchy dendrite -like struc-
ture and an optical band gap of 2.58 eV
were attained. We have presented our
energy band diagram model to illustrate
the electron transition mechanism with-
in the junction.
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