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The structural and optical properties of CdS window layer at different thicknesses in the
range of (100-300 nm) deposited on pre-cleaned glass substrates (CdS/glasses) via the
thermal evaporation process are studied in the current work. The structural analysis is done
using Rietveld refinement and atomic pressure microscope techniques. The films of
CdS/glass showcase a wurtzite behavior. XRD and AFM tests are confirmed that the
structural parameters improve as the thickness of the CdS-layer increases. The optical
constants (the refractive index n, the extinction coefficient, k and the bandgap energy
values are estimated from spectroscopic ellipsometry (SE) via the construction of an
optical model. The refractive index of the CdS/glass films increases with the increase of
CdS-layer thickness. This, in turn, is due to the rise of the size of the crystal in the thin
layers. It is also found that as the thickness of the CdS-layer rises, so does the overall
behavior of the extinction coefficient. Additionally, the bandgap energy of the direct
transition decreases from 2.45 eV (d=100 nm) to 2.25 eV (d=300 nm). The dark and
illumination 1-V photovoltaic characteristics of fabricated devices are explored by
depositing a p-CdTe thin layer (500 nm) over varying thicknesses of CdS thin films (100-
300 nm) prepared on glass substrates (2 mm) and thus, the Ni/n-CdS/i-AgSe/p-CdTe/Pt
heterojunction has been successfully fabricated with an AgSe buffer layer deposited
directly on the p-CdTe absorber laryer. The n-CdS window layer is deposited on i-AgSe
buffer layer. In dark conditions, based on the dependence of the forward and reverse
current-voltage, the essential behavior related to the fabricated diode has been determined.
As well, in the illumination case, the open-circuit voltage, the short-circuit current, the
fill factor, the power conversion efficiency, (PCE), photoresponsivity, quantum efficiency,
dependence of generated photocurrent on the light intensity, dependence of the generated
photocurrent on wavelength (A)for the studied solar cell are computed and discussed.
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1. Introduction

As the globe faces the inevitable demise of fossil fuels and severe pollution caused by the
fuels, solar energy is emerging as a possible solution to the world energy issue. Among the
different methods for producing the sun's energy, solar cells are an efficient method for converting
solar energy into usable electrical energy. In 2009, worldwide PV cell and package output were
12.3 GW [1]. One year later, it had risen to more than 20 GW [2].

Semiconductors have received a lot of attention in recent years. The CdS layer is the most
fascinating since it has uses in optoelectronics, photovoltaics, catalysis, and biological sensing [3-
6]. CdS layer is a semiconductor material with n-type conductivity and an allowed optical bandgap
of about 2.45 eV that is commonly used as a window layer in solar cells. Furthermore, the CdS
layer has high photosensitivity and so plays a key role in solar cells and other photoelectronic
applications [7, 8].
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Because the CdS layer possesses good optical and structural characteristics that qualify it
for usage as optical filters, it is also utilized as an insulator as well as a permeable layer for optical
beams. Because of the harmony of these properties, this layer uses in a wide range of applications
among that [9, 10].

Due to photogenerated charge carriers in the buffer layer are only partially collected, light
absorption in the buffer layer (CdS= 2.45 eV) decreases the spectral response of the solar cell
inside the blue region of the solar spectrum. The absorption in the cadmium layer of the
heterogeneous conduction is identified as a significant contributor to total light loss in
polycrystalline thin-film solar cells [11, 12]. However, this loss due to the light absorption is not
the only consequence caused by the buffer layer.

Many strategies were mentioned for the deposition of CdS thin films. These encompass
thermal evaporation [13], sputtering [10], chemical bathtub deposition [14], spray pyrolysis [15],
metal organic chemical vapor deposition (MOCVD) [16], molecular beam epitaxial approach [17],
electro deposition [18], photochemical deposition [19] and so forth.

Bonnet et al. [20] created the first experimental CdTe/CdS cell in 1972 with 6 percent
efficiency, and researchers have labored tirelessly since then to improve the efficiency of such
cells. In 2016, the First Solar Company recorded the greatest CdTe/CdS solar cell efficiency of
22.1 % [21].

The thermally evaporated AgSe thin film's structural and optical characteristics were
investigated in depth [22]. The optical bandgap for virgin thin films in this investigation was 1.94
eV. This thin film's bandgap energy makes it ideal for use as a window layer/buffer layer for solar
cells. On the electrothermal side, the results confirmed that the AgSe thin layer had n-type
conductivity [22].

In our current work, we seek to study the photovoltaic properties of a fabricated solar cell
as follows: Ni (front electrode)/n-(CdS)/i-AgSe (buffer layer)/p-Si/Pt (back electrode). As
previously indicated, heterojunction CdS/CdTe solar cells with superior structural features and
solar energy efficiency have been the subject of contemporary study. Surface barriers and
surface/interface recombination, however, restrict the performance of CdTe-based solar cells. Our
framework develops CdS layers (window layers) and AgSe layer (buffer layers) in a
heterostructure based on CdTe-layer (base material/absorber layer) to avoid the obstacles that
represented the surface defects, thus ensuring excellent performance and improving the
photoconversion efficiency for fabricated solar cells. At the AgSe/CdTe interface, the carrier
transport of the AgSe layer creates additional electron-hole pairs. The high light trapping of the
CdS layer improves the performance of the AgSe active layer (300 nm-thickness), thereby
improving the performance of the fabricated solar cells. In a nutshell, this study looks into the
limits of several heterostructures made of CdS, AgSe, and CdTe. The density of defects at the
CdS/CdTe interface, which is solved by adding the AgSe layer (the buffer layer) between the CdS
(the window layer) and CdTe layer (as the absorber layer) is recombination centers that reduce the
performance of such solar cells. This work is not only an extension of the previous series of
scientific research on n-CdS/p-CdTe devices, but it is unique from all these works in that it
extracts the optical properties for window layers according to an accurate model for calculating the
optical constants (spectroscopic ellipsometry (SE)). This model leads to the calculation of the
optical bandgap energy along with the optical constants and therefore there is no need for lengthy
calculations as used in the usual methods of calculating these quantities. This work deals with the
calculation of optical parameters and the precise determination of the structural parameters
according to X-ray and atomic force microscopy measurements. The other side of this work
focuses on studying the photovoltaic features of the solar cell fabricated at different thicknesses of
the CdS-layer. The study of the photovoltaic properties of the generated device is carried out under
dark and light conditions. The current-voltage pathway of the forward and reverse bias is
discussed in the dark condition and the characteristic parameters of the fabricated solar cells are
calculated in the illumination conditions. Among the most important parameters that were
addressed in the case of illumination, the open-circuit voltage, the short-circuit current, the fill
factor, the power conversion efficiency, (PCE), photoresponsivity, quantum efficiency,
dependence of generated photocurrent on the light intensity, dependence of the generated
photocurrent on wavelength ().
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2. Experimental details

High purity (99.999%) CdS powder (Alrich chemical compounds organization, USA)
became evaporated from molybdenum boat to form the dielectric layer onto ultrasonically cleaned
glass substrate kept at regular temperature (150 °C), using a thermal evaporation unit (Denton
Vacuum DV 502 A) and a vacuum of about 10° Pa. The substrate was circled at a gradual speed of
five rpm to gain a uniform CdS thin film. The deposition rate and the film thickness had been
controlled using a quartz crystal screen DTM a hundred. The deposition charge was maintained at
2nm/s at some point of the pattern arrangements. The consequences of movie thickness on the CdS
thin films have been investigated at 5 distinct thicknesses (100, 150, 200, 250 and 300 nm). The
films had been evaporated in a nitrogen environment to avoid any oxidation of the film. On the
other hand, the method of preparing the AgSe thin film used as a buffer layer was detailed in our
recently published work [22].

The constitution of the organized samples has been studied via XRD analysis (Philips X-
ray diffractometry (1710)). With nickel-filtered the radiation of Cu Ka that has wavelength =
0.15418 nm).The XRD results had been delicate with the aid of the use of the Rietveld method
with GSAS-II software [23].

The compositional evaluation of the films checked via (EDXS) technique interfaced to
(SEM) (Philips XL) working at an accelerate volt of 30 kV. The error rate in identifying elements
was less than 2%. Atomic force microscope (AFM, model MLCT-MT-A) was used to analyze the
morphology of the film surface.

The rotating compensator tool (J.A. Woollam, M-2000) was used to measure the SE
parameters (y and A) of the CdS film in the wavelength range of (300-1100 nm). Ellipsometric
statistics was performed at 70°. All measurements were performed at room temperature. The
optical constants of the CdS films have been decided through fitting the version characteristic to
the measured information the use of J.A. Woollam Corporation evolved WVASE32 program.

The heterojunction device of the Ni/n-CdS/i-AgSe/p-CdTe/Pt solar cell was fabricated via
deposition of the CdTe thin layer (500 nm) on the CdS thin films deposited on pre-cleaned glass
substrates. The front electrode contact was made by depositing a semi-transparent grid of
platinum (Pt) fingers (100 nm) directly onto the surface of the CdTe thin leyer, while the back
contact electrode was attached to the CdS thin film deposited on the glass substrates, which was
nickel (Ni) and had a thickness of 100 nm. The front and back electrode contacts were considered
ohmic for the small voltages. The current-voltage 1-V measurements for the generated device
were carried out using a standard circuit (Keithley 610 and 617 as a voltage source and current
meter) to determine the current through the heterojunction at various thicknesses of CdS. At room
temperature, the dark (current-voltage) characteristics were obtained in a completely dark
chamber. Under typical test settings, the Keithley 2400 Source Meter device is utilized the global
spectra (AM1.5G) to measure the illumination current-voltage (I-V) properties of the solar cell
device. The (I-V) features were tested under a specific illumination light source of power
(Pin=0.052 (mW/cm?) to acquire the solar cell parameters. A Chromel-Alumel thermocouple
coupled to a digital thermometer was used to immediately detect the temperature. To assess the
spectral responsiveness of the fabricated system, a mono-chronometer flawlessly adapted via a
rare-gas ion source in the range of (100-1000 nm) was utilized, and an electrometer and power
temperature gauge to measure the radiation power for the wavelengths and a DC power source
with a voltage in the range of (0-15 V) and current in the range of (0-2 A).

3. Results and discussion

3.1. Structural characterization

Fig. 1 illustrates the XRD pattern of CdS powder and the basic simulation test of Rietveld
refinement using X'Pert HighSore (version 1.0e) software based on the CdS card. Therefore, the

mirror image traces of the CdS powder are attributed to the hexagonal structure (wurtzite type,
JCPDS 10-0454) [23-26].
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Fig. 1. XRD pattern of CdS powder with Rietveld Refinement.

Fig. 2 displays the XRD of CdS thin film with various thicknesses on glass substrates. The
treated samples showed a hexagonal CdS structure with crystal planes (100), (002) and (101).
Irrespective of the processing environment, increasing the film thickness results in an increase in
peak intensity as the crystallinity of the film rises [27].
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Fig. 2. X-ray diffractograms of the different thickness of CdS thin films.

Then, the crystal structures of thin layers at the different thicknesses were refined in terms
of the Rietveld method [22]. The Rietveld refinement are present in Fig. 3 (as an examples). The
successful refinement is confirmed by the very small difference between the measured and refined
intensities as revealed in Fig. 3 and the low R-factors scheduled in Table 1. According to the
refined lattice parameters, as shown in Table 1, the lattice parameter is plotted in Fig. 4. As the
thickness of CdS-layer increases, the lattice parameter a and ¢ decrease.



Table 1. Values of lattice parameters (a and c), volume of unit cell, crystallize size, lattice strain,
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dislocation density, surface roughness and RMS Surface roughness of different thicknesses of CdS

thin films.
d (nm) a=b c(A) R- Cry. Lattice Disloc. Surface RMS Surface
A V (A% | factor | Size Str density roughness roughness
(nm) X107 X 10 (nm) (nm)
(lines.nm?)
100 3.895 6.399 | 102.354 3.22 16.18 3.95 38 1.526 0.981
150 3.894 6.397 | 102.240 3.41 18.98 3.89 28 1.761 1.186
200 3.89 6.387 | 101.956 3.56 22.7 3.76 19 2.552 2.384
250 3.886 6.382 | 101.672 3.67 25.49 3.56 15 3.066 2.434
300 3.885 6.38 | 101.559 3.75 26.58 3.34 14 3.626 2.972
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Fig. 4. aand c lattice parameters of a hexagonal CdS thin films in terms of Refinement.

Thickness (nm)

XRD data are additionally analyzed to estimate the scale of crystallite, D, and microstrain,
&, of the CdS film with exceptional thicknesses by way of the usage of the Scherrer and Wilson
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equations [28-30]. Via analyzing XRD pattern in terms of Scherrer (D =0.94/ fcosé ) and
Wilson equations (& = f/ 4tan @) equations [28, 30], both size of crystallite, D, and micro-strain,

¢ are identified with the corresponding correction (B =B~ )- In which g is the

broadening that equals the difference in profile width between the film, fqs and the standard
(silicon) Byg. The crystallographic properties were highly affected by the presence of dislocation
density. The dislocation density is the dislocation lines number per unit area inside the thin film.
The crystallite size, D related to the dislocation density, & by the relation (6=1/D?). The obtained
values of crystallite size, micro-strain, dislocation density and energy bandgap obtained in Table 1.
It is found that with enhance of the thickness the mean D of the CdS films increment, whereas the
micro-strain reduces (see Fig. 5). The rise in crystallite size indicates a reduction in dislocation
density and the defects inside the lattice, resulting in decreasing the inner micro-strain. To
probable clarify this behavior, higher thickness of the film may additionally mean a better compact
stresses in the equivalent film, which can also suggest a much fewer efficient tensile stress and/or
strain during the manner of the granule growth, as a result, leading to a larger grain size. The
thickness-dependent results of CdS thin films are consistent with those found in previous studies
[31-33].
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Fig. 5. Crystallite size and lattice strain of CdS nano films.

AFM studies have been used to microscopically describe the surface morphology of CdS
layer with different thicknesses. Fig. 6 portrays the three-dimensional (3D) AFM images of the
thin layers with 100, 200, and 300 nm. The figure illustrates that the surface of the film is clearly
dense and evenly arranged. The oriented normal distribution of the elongated grains has similar
guidelines, confirming that the positioned favorable orientation grains grow toward the (002)
plane. The micrographs of CdS films of different thicknesses were analyzed in detail to determine
the microscopic surface morphology parameters, including grain size, surface roughness and root
implied rectangular (RMS) surface roughness, as shown in Table 2. The facts indicate that the
grain size will increase with increasing the film thickness. However, it was found that the inside
roughness and RMS surface roughness increase with the thickness growth.
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Fig. 6. AFM images of CdS thin films deposited at thicknesses (a) 100 nm, (b) 200 nm and (c) 300 nm.

Table 2. (I-V) and (P-V) parameters of the fabricated solar cells.

d Experimental parameters
(nm) | Voc (V) Isc (MA) | Vinax (V) | Tmax (MA) Punax (MW/cm?) FF PCE%
100 1.262 0.0153 0.954 0.0116 0.0111 57.447 | 21.345
150 1.425 0.0157 1.120 0.0118 0.0133 59.301 | 25.595
200 1.579 0.0162 1.273 0.0121 0.0153 60.002 | 29.498
250 1.763 0.0166 1.439 0.0123 0.0177 60.429 | 34.071
300 1.935 0.0171 1.596 0.0125 0.0201 60.655 | 38.483

3.2. Optical properties

Semiconductor thin films have many crucial technical programs, along with optoelectronic
device. The presentation of CdS films in large part relies upon on their optical residences and
thickness. Spectroscopic ellipsometry (SE) strategies have been used to identify the optical
constants precisely. The SE is non-damaging optical strategies, and use layer model to achieve an
outcome results.

The spectroscopic ellipsometric outcomes of CdS films evaporated on transparent glass
measured by way of SE method changed into within the spectral variety of (300-1100 nm) at an
prevalence angle of 70°, the information is amassed in intervals of 5 nm. The confused mirrored
image is eliminated through the use of roughen substrate backs. Spectroscopic ellipsometry
without delay information angles ¥ and A which can be connected to the complex mirrored or
reflected image coefficients (Fresenal's coefficient) of the polarized light by the subsequent
equation [34, 35]:

o= B tany exp(i A) 1)
r

S
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Here, ¥, A, r, and rs are mentioned the angle received from the amplitude ratio among the
parallel polarized wave (p) and perpendicularly polarized wave (s), the polarized waves exchange.
The Spectral ellipsometric facts wep & Aep Of CdS /glass films among a outcome of CdS
thickness is provided in Fig. 7.
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Fig. 7. Ellipsometric parameters data w & 4 for of CdS thin films of varies thickness.

The optical values of n, k and d of the CdS films are determined by using least squares
regression evaluation and mean square error function (MSE) to change the spectral dependence of
Wexp & Aexp INtO the correct version to obtain unidentified fitting parameters and they rely most on
borders. The Levenberg-Marquardt regression rule set is completely based on the record matching
estimation and the modeling facts of y and A, and is used to reduce MSE and select the
effectiveness of subsequent versions [36, 37]

2 2
1 N W»mod _l//_exp A_mod _ A_exp
MSE= el [ e S 2
2N-M Z L exp exp

i=1 Oy O,

In which, M is the appropriate parameters range and N is the number of wex, & Aeyp pairs
included in the fitting, and that i is the index of summation. The ¥, AP® andy™, A™™

are called the measured and modeled values, respectively. o, and o, are the standard

deviations of ", A" respectively.

The evaluation of SE records thru non-linear regression evaluation the use of an
appropriate optical using Complete Ease SE software program [38]. In the existing examine, the
model is built to provide a stacked-layer shape, that's particularly composed of 3 layers: a pitcher
substrate, CdS absorber layer, and a rough layer. The rough layer is modeled by using the effective
medium approximation (EMA) that is the suitable device to establish the morphology of the
multilayer film configuration. More details about EMA are available and described in index [39].
Besides, the glass layer is modeled by using Cauchy version belt in Complete EASE software,
while the CdS layer is modeled with the aid of the usage of the B-spline computational process.
The B-splines are a recursive set of polynomial splines. More details about polynomial splines
noted in details in ref. [40]. Fig. 8 shows the spectral changes of ey, Aexp 0Of CdS/glass of 300 nm
CdS layer thickness, which are suited to the calculated y;® and A data received using the above
recommended model. As the thickness of the CdS layer increased from 100 nm to 300 nm, the
fitting process produced a very low MSE value 1.75, and the surface roughness of the CdS film is
3.76 nm. In addition, the interference pattern in the spectrum is caused by the coherence of a pair
of reflections in the film [41, 42]. The fitted optical constants, namely the refractive index, n and
extinction coefficient, k of CdS films with different thicknesses, are shown in Fig. 9 and Fig. 10,
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respectively. In addition, it was observed that the refractive index increased with the increase of
the thickness of the CdS layer, which was attributed to the rise in crystallinity, which led to the rise
in grain size [43, 44]. Fig. 9 shows the k spectral behavior of CdS/glass films with various CdS
layer thicknesses obtained from the above model. Obviously, a significantly lower extinction
coefficient is observed at the absorption edge, which confirms that the light is absolutely stopped
in this variety [45].
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Fig. 9. Refractive index for CdS with varies thicknesses.
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Fig. 10. Spectra of extinction coefficient for CdS of varies thickness.
The absorption coefficient (a) of CdS/glass films with diverse CdS layer thicknesses was
calculated in terms of k value that extracted from SE model via the subsequent relation [46]:

_ Ak
A

o

©)

Fig. 11 shows the relationship between o and hv for CdS/glass films with extraordinary
CdS layer thickness. As well, the absorption behavior increases as the thickness of the CdS layer
increases, especially in the UV range [47]. In addition, the non-zero value of light absorption
observed at energies less than the original absorption edge is owing to light absorption at the grain
boundaries [48, 49].
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Fig. 11. Absorption coefficient versus photon energy of with different thickness of CdS films.
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At strong absorption region, where o> 104 cm™1, The optical energy band gap E;™ of

varies thicknesses of CdS can be calculated using the Tauc relation of the following expression
can be used [50]

(ahv) =a,(hv-E )" (4)

where, «, and p are constant and exponent. Eq. 4 is the one that determines the type of optical
transformations, whether they are allowed or not, depending on the value of the p-value; since the
CdS film is polycrystalline, as shown by X-ray diffraction, the transition will most likely be
permissible i.e. a p value of half (p = 1/2) [51-54]. Fig. 12 illustrates the relationship of (ahv)? on
the vertical axis with hv on the horizontal axis of different thicknesses of CdS layer. The value of
the gap energy, E ;’pt is determined by extending the line part of (ahv)? to cut the horizontal axis,
hv at a zero value of (ahv) 2, which is the value of the gap energy. Fig. 13 incarnates the energy
gap values as a function of CdS film thickness. It is observed that the value of CdS/glass film
decreases as the thickness of the CdS layer increases. Various information have been published to
explain that the bandgap decreases with the increase of film thickness, such as the quantum size

effect [55, 56], structural parameters [57], the appearance of impurities [58, 59] and the reduction
of stress and potential density of dislocations [60, 61]. In this study, the observed decrease in the

optical Eg‘" of CdS/glass films with the increase in CdS layer thickness is attributed to structural
and microstructural parameters e.g. increment in particle size, the reduction in lattice parameters,
and lattice micro-strain. In this study, the observed decrease of E;”" for CdS/glass films with

increasing thickness of CdS layer is attributed to the change in microstructures e.g. diminish in
lattice parameters, enlarge in crysallize size, and fine lattice compaction [62, 63].
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Fig. 12. Variations of (¢hv)?versus photon energy (hv) for CdS films with different thickness.
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Fig. 13. Energy gap, Eg"t as a function of thickness of CdS thin film.

3.3. Photovoltaic characteristics for fabricated solar cell

The main parameters of the fabricated solar cells are extracted in this work in the
temperature range of (100-300 nm) to determine the behavior of dark 1-V characteristics for the
forward and reverse bias. The diagram of studied n-i-p junction is illustrated in Fig. 14.

Sunlight t
]

100 nm Ni: Front Contact |

Variable thickness n-CdS: Window Layer

i-AgSe: Buffer Layer

Pt: Back Contact

500 nm  p-CdTe: Absorber Layer

=

Fig. 14. The diagram of studied n-CdS/i-AgSe/p-CdTe solar cells.

The current | is related to the applied voltage V and the rest of the parameters of the
fabricated diode by the following famous equation [64]:

| = |01[6Xp(%)_1)+|02 [exp(qﬁé k_ITRS))_l}'f‘(V ;IRS] (5)

In this formula: |, symbolizes the saturation current, n epitomizes the quality factor of

the fabricated diode), q is the electronic charge which equals to (1.6x10™"° C)and k g recaps the

Boltzmann’s constant. The rest parameters in Eqg. 5 represent the parasitic resistances which
includes the shunt resistance R, and series resistance R, .

3.3.1. Energy band diagram of n-CdS/AgSe/p-CdTe heterostructure
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Firstly, the band structure feasibility of the n-CdS/i-AgSe/p-CdTe heterojunction for solar
cell application has been examined. The corresponding positions of the conduction and valence
band edges of CdS (as window layer), AgSe (as buffer layer), and CdTe (as absorber material) are
depicted in Fig. 15.
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Fig. 15. Energy band diagram of of n-CdS/i-AgSe/p-CdTe heterojunction for CdS-layer with 100 nm.

The following formulae have been used to obtain the level of energy positions for the
valence and conductivity bands (E,; , E.; ) for the mentioned layers [65, 66]:

E
AE., :(EC ~X +79j

£ (6)
AE, 4 :[EC -X ——gj
2
where,
50 50 0.01
x (CdTe)= (EEA+EIonj _[EEA+EIonj (7)
2 Cd 2 Te
50 50 0.01
X (Agse): EEA+E|OH . EEA+EI0n (8)
2 2
Ag Se
0.01
E E 50 E E 50
x (CdS): ( EA+ Ionj ( EA+ Ionj (9)
2 Cd 2 S
In the above equations, E., portrays the electron affinity of single element or material,
E .. incarnates the first ionization energy, and E; represents the bandgap energy, (the energy

bandgap of CdTe layer and AgSe is 1.45 and 1.94 eV as we mentioned. The (E., , E,,, ) values:
for Cd (-0.7, 8.99eV) [67, 68], Te (1.970, 9.009 eV) [67, 69], S (2.077, 10.36 eV) [70, 71], Ag
(1.304,7.57eV) [72, 73], Se (2.02,9.75 eV) [73, 74] and the E value is 4.5 eV [75].

Based on the relative positions of the band edges of these layers, fabricated solar cells are
all efficient and applicable because the levels of the edges of the energy of all the layers ensure
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that the energy does not escape and is not lost by the recombination of the different charge carriers
in the depletion region. In Fig. 15, the buffer layer (AgSe) has a higher electron affinity compared
to the absorber material (CdTe) and this aids to avoid the energy spike at the AgSe/CdTe interface.
On the other side, there is also no energy surge at the CdS/AgSe interface (CdS with 100 nm-
thickness). This is because the electron affinity for the two mentioned layers is close to each other,
as well as the window layer's conductivity is higher than the buffer layer, and the graded junction
between them occurs, in which band edges shift over a finite distance with a finite slope
proportional to the electric field strength. Furthermore, the n-type CdS at 100 nm-thickness totally
exhausts the electrons at the interface, resulting in improved band bending in AgSe, while the p-
type CdTe exhausts the holes, resulting in elevated downward bending and the formation of n-
CdS/AgSe and AgSe/CdTe interface barriers, as demonstrated in Fig. 15. Moreover, as the voltage
drops, the electrons migrate to the p-CdTe region. The holes jump across the barrier at the
CdTe/AgSe interface and move into the n-CdS layer. As a result, more charge carriers flow
through the heterojunction, increasing the output current for the fabricated device.

3.3.2. The pathway of (current-voltage) dependence

Fig. 16 depicts the dark (I-V) features for the manufactured diode in forward and reverse
bias for the variable thickness of CdS and applied voltage in the specified ranges. It will be clear
from this figure that the current increases as the thickness of the film increases. Fig. 17 portrays
the dependence of the current on the applied voltage in the forward bias and reverse bias to
highlight the success of the studied solar cell synthesis with high efficiency so that the current in
the forward bias is higher than the current in the reverse bias 1-V. These graphs depict the increase
in the current behavior of the generated solar cell in the case of the forward bias, which increases
dramatically in the low voltage region. The development and formation of a depletion (exhaustion)
region between the CdS thin film formed on the glass substrate and the CdTe thin film deposited
on it is related to the exponential behavior in the low voltages. It should be observed that the
exponential behavior of the reverse current of the examined manufactured solar cell in the
depletion region, i.e. in the low voltage region, is lower than the exponential behavior of the
forward current in the same region. As a result, the fabricated solar cell can be said to have
exceptional rectification characteristics [76-78].
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Fig. 16. The dark (I-V) characteristics for the fabricated solar cells.
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Fig. 17. Current versus the applied voltage for the p-n junction of solar cell at various thickness
of CdS in the range of (-2, 2) volts.

3.3.3. Hluminated (I-V) and (P-V) characteristics of fabricated devices

Fig. 18 (a, b) portrays the illuminated |-V characteristics of CdS/AgSe/CdTe solar cells
with CdS-layer at different thicknesses while Fig. 19 (a, b) incarnates the illuminated P-V
characteristics.
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Fig. 18. llluminated (I-V) curves for the fabricated solar cell at various thicknesses for CdS-layer
a) in the range of (-2-2 volt) b) in the range of (0-2 volt).
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Fig. 19. llluminated P-V curves for the fabricated solar cell at various thicknesses for CdS-layer a) in the
range of (-2-2 volt) b) in the range of (0-2 volt).

The open-circuit voltage V . and the short-circuit current Jg. are determined from Fig.
19 (b). Thus, the power conversion efficiency (PCE), which is the ratio of output power, P . to
incident optical power P, (in current work, P, =0.052 (mW /cm?) is computed from the
following formula [79, 22]:

P.

P
PCE = (ﬂ] % (10)
in

As well, solar cells rely on a critical factor known as the "fill factor,” which is described as
the ratio of maximum attainable power to the ratio of open circuit voltage and short circuit current,
as shown below [79, 22]:

FF = [V max J max j — I:)max (11)
VOC "]SC VOC J SC

The obtained values for all mentioned parameters are summarized in Table 2. From this
table, one can notice that the highest power conversion efficiency (PCE) is 38.48% for CdS-layer
with 300 nm. We speculate that this improvement in device performance may be related to the
high value of transmission and lower reflection at this thickness of CdS-layer. Besides, the Jsc of
solar cells at 300 nm is slightly higher than that of the rest layers. This behavior may be due to the
improvement of optoelectronic properties because the larger amounts of photons are absorbed into
CdS/AgSe/CdTe solar cells due to the decrease of reflectance, which leads to the generation of

more photo generated carriers in absorber layer and further enhances V. and Jg. . In addition,

the possible reason for the relatively high V ;. and J,. may be due to the better crystal quality and

larger grain size, as well as lower resistivity. The lower resistivity of 300 nm CdS-layer compared
with the rest layer also contributes to the improvement of the FF. This is due to decrease resistance
of CdS/AgSe/CdTe solar cells. Combining with the above analysis, it can be concluded that 300
nm CdS-layer is beneficial for the improvement of PEC for CdS/AgSe/CdTe solar cells.
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4. Conclusions

The current study led to important results in the structural and optical aspects of the Cds-
layer at different thicknesses, and results related to the fabricated solar cells. With regard to the
structural properties of the CdS-layer, it was found that by increasing the thickness of the layer, the
size of the crystals improves and the stress caused by the accumulation of atoms on the surface of
the thin layer decreases. On the other hand, the spectral spectroscopic ellipsometric (SE) model
was used to calculate the optical constants (the refractive index and the extinction coefficient),
which were improved thanks to the increase in the thin layer. The optical gap energy was
calculated and found to be decreased and this was attributed to the increase of defects in the matrix
of the studied system with increasing thickness.

The increase in local defects is a measure of the degree of random arrangement of the
atoms in the system, but what happened here is that the distance at which the evaporation took
place was fixed at 17 cm, which is the distance between the source of evaporation and the
substrate. This resulted in the regularity of the atoms as a result of the regularity of the deposition
rate and obtaining homogeneous thin films because of controlling the temperature of the substrate
during evaporation at a fixed limit. Eventually, the crystallization size increased and this was
confirmed by X-ray and by atomic force microscopy techniques. The photovoltaic features had a
great section in this study as well, as the dark (current-voltage) characteristics were studied for the
fabricated device, and the device behavior in the cases of forward and reverse bias were discussed.
On the other hand, the current-voltage and power-voltage properties of illumination conditions
were investigated. In this case, the open-circuit voltage, the short-circuit current, the fill factor, the
power conversion efficiency, (PCE), photoresponsivity, quantum efficiency, dependence of
generated photocurrent on the light intensity, dependence of the generated photocurrent on
wavelength (1) for the studied solar cell are computed and discussed. The highest energy
conversion efficiency was obtained for the thin layer with a thickness of 300 nm, and the value
was about 38.48%, which is a high value if compared to previous studies.
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