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ABSTRACT

In this study, an electrodeposited CdTe nucleation layer (ED-CdTe*) was

introduced on a chemical bath deposited (CBD) CdS layer prior to close-spaced

sublimation (CSS) of the CdTe absorber layer to improve the efficiency of the

CdS/CdTe solar cell by reducing the recombination mechanism in the depletion

region. The ED-CdTe* nucleation layer grown in 40 s produced the highest

efficiency of 9.12% with an open-circuit voltage (VOC) of 640 mV, while the

CBD-CdS/CSS-CdTe solar cell delivered 8.07% efficiency, with a VOC of

596 mV. The ideality factor and the reverse saturate current density of the CBD-

CdS/ED-CdTe*/CSS-CdTe solar cell were 2.28 and 6.65 9 10–5 mA/cm2,

respectively. After being treated with CdCl2, the efficiency of the device with the

nucleation layer (40 s) was elevated to 15.6% with a VOC of 761 mV, and that of

the device with no nucleation layer was raised up to 14.6% with a VOC of

737 mV. Further, the solar cell with optimal ED-CdTe* nucleation layer showed

the highest spectral response within the 400–900 nm wavelength range. The

SEM and AFM analysis verified the formation of an ultrathin ED-CdTe*

nucleation layer that can catalyse the film formation of CdTe by the CSS method

while reducing the interface incongruity between CdS and CdTe layers.

1 Introduction

With the ever-increasing global population, the

annual electricity consumption of the world is

severely on the rise. Hence, using renewable energy

sources has become an indispensable alternative,

especially in adaptation to the use of solar power.

Silicon and CdTe-based photovoltaic panels take the

lead in power generation, although they have not yet

reached their maximum theoretical efficiency of 32%

[1, 2]. Among Si and CdTe-based photovoltaic panels,

the CdS/CdTe panels still have a lower power con-

version efficiency than other commercialised silicon

panels. Nevertheless, CdS/CdTe solar cells receive

great attention due to their low manufacturing cost

and unperturbed device performance in the tropical

climate.
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The highest recorded power conversion efficiency

to date of the CdS/CdTe solar cells was 22.1%, with

its module efficiency of 18.6% [3, 4] for the device

constructed by close-spaced sublimated (CSS) CdS

and CdTe layers [3]. Though these CdS/CdTe solar

modules were fabricated using a high-temperature

physical vapour deposition technique, the manufac-

turing cost can be reduced if CdS is deposited using a

chemical deposition technique. Therefore, many

investigations are in progress using a blend of

chemical and physical techniques to improve the

efficiency of the CdS/CdTe solar cells while keeping

the cost low.

Different deposition technique combinations were

employed in CdS/CdTe cell development, such as

both CdS and CdTe layers by electrodeposition (ED)

[5] and by thermal evaporation [6, 7] chemical bath

deposited CdS (CBD-CdS) with close-spaced vapour

transport (CSVT) CdTe [8], CBD-CdS with thermal

evaporated CdTe. In the present study, both chemical

and physical deposition techniques were implicated

in improving the performance of the CdS/CdTe solar

cell. The chemical deposition techniques of CBD and

ED were utilised to deposit the CdS window layer

and CdTe nucleation layer, respectively, while the

CdTe absorber layer was grown using the physical

deposition technique of the CSS. Researchers have

attempted to reduce recombination and shunting

losses by introducing a ZnO buffer layer between the

TCO and the CdS layer in the CdS/CdTe solar cells

[9, 10].

In this work, CdTe nucleation (ED-CdTe*) was

electrodeposited prior to the deposition of the CdTe

absorber layer to mitigate the recombination effects in

the CdS/CdTe solar cell. The nucleation layer grown

in the p–n junction may improve the performance of

the solar cell device by reducing the recombination

between the window and absorber layer and

increasing the number of carriers in the depletion

region by maintaining the thickness of the nucleation

layer within the depletion region. Furthermore, the

CdTe nucleation layer may create a better substrate

for the growth of the CSS-CdTe layer over the CBD-

CdS layer, forming an ideal p–n junction to improve

the performance of the photovoltaic device.

2 Materials and methods

2.1 Deposition of thin film CdS layer

The thin film CdS/CdTe solar cell was fabricated

following the superstrate configuration on a fluorine-

doped tin dioxide (glass/FTO) substrate. Before the

deposition, substrates underwent a cleaning process

with soaking in detergent followed by ultrasonication

for 10 min. Then the substrates were immersed in

acetone, methanol, and 2-propanol at 80 �C for 5 min

in each. Afterwards, the cleaned glass/FTO sub-

strates were dried and stored in a desiccator for later

usage. Before the deposition of CBD-CdS, the sub-

strates were subjected to a plasma cleaning process

(Harrick Plasma PDC-002). In the chemical bath,

0.033 mol/L Cd(CH3COO)2 (Sigma-Aldrich, 99.99%),

0.667 mol/L CS(NH2)2 (Sigma-Aldrich,[ 99.0%),

CH3CO2NH4 (Sigma-Aldrich, 99.99%) and concen-

trated NH4OH (Sigma-Aldrich, * 25%) served as Cd

and S precursors and pH adjusters, respectively. The

deposition process adapted for CBD-CdS was a set of

conditions optimised earlier [11]. After the growth of

CBD-CdS thin film, samples were ultrasonicated and

dried in N2 airflow. Then, the CdS layer on the glass

side was etched using diluted HCl and immediately

rinsed under a DI water flow, subsequently placed on

the hot plate at 100 �C for 5 min.

2.2 Deposition of ultrathin CdTe
nucleation layer and CdTe absorber
layers

The ultrathin ED-CdTe* layer was electrodeposited

on the CBD-CdS layer. The three-electrode configu-

ration consisted of a graphite sheet (counter elec-

trode), saturated calomel electrode (reference

electrode), and glass/FTO/CdS layer stack (working

electrode) were immersed in the electrolyte prepared

with 1.0 mol/L CdSO4 and 1.0 mmol/L TeO2 in pH

2.3 at 65 �C [12]. The ED-CdTe* layers were deposited

at the deposition times of 20, 30, 40, 50, and 60 s to

optimise the thickness of the nucleation layer. Here-

after the glass/FTO/CBD-CdS/ED-CdTe* samples

prepared at varying deposition times of the nucle-

ation layer were labelled as S 0, S 20, S 30, S 40, S 50

and S 60. Subsequently, the CdTe absorber layer was

grown using the CSS technique. The substrate and

the source temperatures were maintained at 580 �C
and 640 �C, respectively. A separation of 4 mm was
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kept between the glass/FTO/CBD-CdS/ED-CdTe*

substrates and the CdTe source for 25 min under

argon ambience at a pressure of 7.9 Torr. Next, the

glass/FTO/CBD-CdS/ED-CdTe*/CSS-CdTe samples

were subjected to NP etching. Another set of samples

was treated with CdCl2 prior to the NP etching by

following the wet CdCl2 treatment process [13].

Therein, 1 mol/L CdCl2 was sprayed over samples

and annealed at 390 �C for 10 min. Finally, Cu/Au

back contact (0.087 cm2) was fabricated using the

thermal evaporation technique and annealed in N2

ambient at 200 �C for 20 min to complete the device

structure of glass/FTO/CBD-CdS/ED-CdTe*/CSS-

CdTe shown schematically in Fig. 1.

2.3 Characterisation

The absorbance and transmittance spectra of glass/

FTO/CBD-CdS/ED-CdTe* and glass/FTO/CSS-

CdTe samples were obtained by a UV–visible spec-

trophotometer (PerkinElmer UV/VIS Lambda 365)

within the wavelength range of 300–900 nm. The

elemental composition of the glass/FTO/CSS-CdTe

sample was analysed by X-ray fluorescence (XRF)

spectrometer (Bruker S8 TIGER Series

2-WDXRF elemental analysis system) to identify the

conductive type by studying the composition of Cd

and Te in the CSS-CdTe material before and after the

CdCl2 treatment. The electrical properties of the

fabricated devices were measured under illuminated

[AM 1.5 (1000 W/cm2)] and dark conditions using

the solar simulator (PEC—L12). The spectral

responses of the devices were also measured using a

lock-in amplifier (Stanford Research-SR 830 DSP)

consisting of a monochromator (ScienTcetech 9010)

and a chopper (Stanford-SR 540) at the frequency of

63 Hz. The morphology and cross-sectional view of

the glass/FTO/CBD-CdS/ED-CdTe* and the glass/

FTO/ED-CdTe* were obtained using a scanning

electron microscope (SEM, Hitachi SU6600). AFM

analysis (Park systems-XE7, Suwon-si) was per-

formed on glass/FTO/CBD-CdS and optimised

glass/FTO/CBD-CdS/ED-CdTe* sample.

3 Results and discussion

3.1 Optical properties

The optical transmittance and the Tauc plots of

glass/FTO/CBD-CdS/ED-CdTe* layer stacks grown,

varying the deposition time of ED-CdTe*, are shown

in Fig. 2a and b, respectively. Herein, the sample

deposited without nucleation layer (S 0) has shown

over 80% transmission of light in the wavelength

range of 520–900 nm, and the samples S 20, S 30 and S

40 have shown a similar transmittance in a slightly

narrow optical window (535–900 nm), while S 50 and

S 60 transmit in a further narrowed optical window

(570–900 nm). Accordingly, the nucleation layer of

the samples S 20, S 30, and S 40 do not obstruct the

light absorbance.

Table 1 and Fig. 2 show that the energy bandgap

(Eg) of samples S 0 to S 60 declined from 2.39 to

2.35 eV. Herein, the CdTe nucleation layer in S 20, S

30 and S 40 has not been affected much in light

transmittance (Eg = 2.37 eV) through the structure,

glass/FTO/CBD-CdS/ED-CdTe*, whilst working as

a minimum light absorber. In contrast, the samples of

S 50 and S 60 show higher light absorbance. This

envisages the ability of such a nucleation layer (S 20–

S 40) as an efficient substrate for the growth of the

p-CdTe absorber layer.

Figure 3a and b shows the transmittance and the

Tauc plots corresponding to the CSS-CdTe absorber

material. As in the Tauc plot, the energy band gap

calculated for the CSS-CdTe absorber layer was

1.49 eV. Further, it has shown less transmittance

within a wavelength range (400–820 nm) and was

transmitted less than 30% up to 1100 nm. Therefore,

more incident radiations were absorbed, both in the

solar spectrums’ visible (* 380–700 nm) and in the

IR region (* 700 nm-1 mm). The p-type conduc-

tivity of the CSS-CdTe was confirmed by the XRF

data providing the Te-rich nature with 25.4% Cd and

74.6% Te in the CSS-CdTe material. The Te richness

Fig. 1 Schematics of the glass/FTO/CBD-CdS/ED-CdTe*/CSS-

CdTe

J Mater Sci: Mater Electron (2023) 34:508 Page 3 of 11 508



of the CdTe material ensured in the formation of

p-type CdTe, and Cd richness results in n-type CdTe

[14].

3.2 Device performance

The performance of the glass/FTO/CBD-CdS/ED-

CdTe*/CSS-CdTe/Cu/Au solar cells (referred to as

SC 0, SC 20, SC 30, SC 40, SC 50, SC 60, cell area—

0.087 cm2) are tabulated in Table 2. As given in

Table 2, the power conversion efficiencies (PCE) of SC

20-SC 60 were found to be higher than that of SC 0.

The cell SC 40 delivered the highest conversion effi-

ciency of 9.1%, with a short circuit current density

(JSC) of 30.3 mA/cm2, open-circuit voltage (VOC) of

640 mV, and an FF of 47%. It is a 13% improvement

in conversion efficiency of the CdS/CdTe solar cells

implanted with ED-CdTe* nucleation layer (SC 40)
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Fig. 2 a The transmittance vs. wavelength variation and b Tauc plots of the glass/FTO/CBD-CdS/ED-CdTe* samples grown by varying

the deposition time of the nucleation layer

Table 1 The energy band gap

of the glass/FTO/CBD-CdS/

ED-CdTe* samples

Sample S 0 S 20 S 30 S 40 S 50 S 60

Deposition duration of ED-CdTe* layer (s) 0 20 30 40 50 60

The energy band gap (eV) 2.39 2.37 2.37 2.37 2.36 2.35
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Fig. 3 a Transmittance vs. wavelength plot and b Tauc plot for CSS-CdTe absorber layer
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than the CdS/CdTe solar cell with no nucleation

layer (SC 0).

Then SC 30 and the SC 60 cells lined up next in

terms of efficiency while delivering the higher VOC

among the series. With the implantation of the ED-

CdTe* nucleation layer, the solar cells’ series resis-

tance tends to reduce, while the VOC values tend to be

higher compared to the cell with no nucleation layer.

This can be attributed to improved contact between

the CdS window layer and the CdTe absorber layer

via the ED-CdTe*. Figure 4 shows the variation of

VOC and the JSC under 1.5 AM illumination of each

cell developed.

The current density of the solar cells was measured

by applied voltage in the dark at room temperature.

The semilog linear J–V characteristics curve of the

solar cells in the dark is shown in Fig. 5. Then, the

ideality factor and the reverse saturation current

density of the FTO/CBD-CdS/CSS-CdTe and FTO/

CBD-CdS/ED-CdTe*/CSS-CdTe solar cells were

calculated by considering the linear region of the

semilog-linear J–V curve. The gradient determines

the ideality factor, and the intercept gives the reverse

saturation current density, as represented in Eq. 2

[15]. The current density of a solar cell under the dark

condition is provided by Eq. 1, where J0 is reverse

saturation current, n is the ideality factor, k is Boltz-

mann’s constant, and T is the absolute temperature.

The series resistance Rs of the device are assumed to

be negligible [16].

J ¼ Jo exp
q V � JRsð Þ

nkT

� �
� 1

� �
ð1Þ

ln J ¼ q V � JRsð Þ
nkT

þ ln Jo

ln J ¼ qV

nkT
þ ln Jo ð2Þ

The n and J0 are the best parameters for under-

standing the performance of a solar cell. The reverse

saturation current density originates from minority

carriers in the p–n junction, representing the recom-

bination mechanism in a solar cell. When the J0 is

increased, the e–h recombination also increases;

hence, the photo-generated charge carriers’ density

decreases [17]. The possible recombination mecha-

nisms that occur in semiconductors are known as

radiative (band to band) recombination, Auger

recombination, and Shockley–Read–Hall (SRH)

recombination. [18]. In the band-to-band recombina-

tion mechanism, the electrons in the conduction band

recombine with holes in the valence band, releasing

Table 2 Performance of the CdS/CdTe solar cells

Sample SC 0 SC 20 SC 30 SC 40 SC 50 SC 60

JSC (mA/cm2) 30.9 28.6 29.0 30.3 27.9 29.2

VOC (V) 0.596 0.638 0.661 0.640 0.646 0.664

FF (%) 44 46 45 47 47 44

PCE (%) 8.1 8.3 8.6 9.1 8.4 8.6

Rs (X) 70.2 68.6 60.4 62.3 64.4 67.4

Rsh (X) 646.0 688.1 658.5 723.4 731.5 646.6
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Fig. 4 J–V curves of the CdS/CdTe solar cells under illumination

for SC 0 to SC 60
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Fig. 5 The semi-log linear J–V characteristics curve under the

dark condition for S 0 to S 60
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photons as energy. In Auger recombination, electrons

combine with the holes, which releases energy;

simultaneously, this energy is transferred to another

electron to excite to a higher position in the conduc-

tion band. This excited electron then returns to the

conduction band edge, releasing its energy as ther-

mal. Among the mechanisms mentioned above, SRH

recombination is dominant due to defect states in

semiconductor materials. Herein, the electrons in the

conduction band move to the extra energy levels in

the forbidden band and further move to the valence

band to combine with holes by releasing energy as

photons or phonons [17, 18].

In this study, as the calculated n values for the cell

series, the lowest value of 2.28 was from SC 40, while

the highest 2.76 was observed in SC 50 (Table 3). In an

ideal solar cell, the n is equal to one. Hence, the

higher values of the ideality factor (n[ 1) reflect

more recombination and the presence of defects in

the device [19]. If the n is closer to 3, the Auger

recombination could be dominated over SRH

recombination and the band-to-band recombination

mechanisms [15]. Therefore, the lowest n value in this

study, which was recorded for the ED-CdTe* nucle-

ation layer grown for 40 s, suggests that it has a

thickness good enough to minimise the recombina-

tions between the CBD-CdS and CSS-CdTe layers.

Although the SC 60 has shown the third highest

efficiency, its n is also high, which implies the

occurrence of detrimental recombinations in the

device, limiting its efficiency. Further, the SC 60,

having the thickest nucleation layer, may accompany

higher defect states. Therefore, that can promote

some electrons to excite by absorbing thermal energy

(IR) in its surrounding during its passage leading to

higher efficiency despite its high ideality factor

[19, 20].

Therefore, it can be concluded that the nucleation

layer formed in this study is in favour of enhancing

the device’s efficiency while acting as a compatible

substrate to accommodate the sublimated CdTe. In

thin film solar cells, the ED-CdTe were reported to be

in columnar structures [21–23], but lower deposition

times used in this study prevented such formations

and resulted in ultrathin CdTe layers. Hence, the

substrate structure is in favour of preventing void

formation during the sublimation of the CSS-CdTe

absorber layer [24].

Further, based on the above results, the devices SC

30 and SC 40 with the lowest n were selected for

further investigations.

3.3 Spectral response

The spectral response of each FTO/CBD-CdS/ED-

CdTe*/CSS-CdTe solar cell is depicted in Fig. 6. The

solar cell SC 40 shows the highest photo response

within the 400–850 nm wavelength range (UV and

near IR), while the other devices have shown a

gradual decrease in their photo response with

decreasing the thickness of the CdTe nucleation layer.

The lower spectral response of SC 20 and SC 30 in the

short wavelength range could be due to higher

recombination at the front surface [25]. In addition,

the device SC 60 exhibits a low spectral response in

the long-wavelength region, which may indicate the

high recombination at the back surface. The SC 40 has

Table 3 The n and J0 of the

CBD-CdS/CSS-CdTe and

CBD-CdS/ED-CdTe*/CSS-

CdTe solar cells

Sample SC 0 SC 20 SC 30 SC 40 SC 50 SC 60

n 2.41 2.70 2.35 2.28 2.76 2.74

J0 (mA/cm2) 4.37 9 10–4 3.40 9 10–4 6.71 9 10–5 6.65 9 10–5 3.06 9 10–4 1.80 9 10–4
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Fig. 6 Normalized spectral response for the FTO/CBD-CdS/CSS-

CdTe and FTO/CBD-CdS/ED-CdTe*/CSS-CdTe solar cell devices

within the wavelength range of 400–900 nm
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shown lower surface recombination than the other

samples, with a high spectral response within the

entire wavelength range of 400–850 nm. A significant

portion of the charge carriers may involve in the

recombination process, reducing the mobile charge

carrier density and hence mitigating the device’s

performance.

3.4 Scanning electron microscope (SEM)
analysis

Figure 7a shows the cross-sectional view under the

SEM of the FTO/CBD-CdS/ED-CdTe* sample with

the nucleation layer grown for 40 s, and Fig. 7b

depicts ED-CdTe* layer grown under the same con-

ditions but on bare FTO substrate. According to

Fig. 7a, the average thickness of the CBD-CdS/ED-

CdTe* layer was * 102 nm. Figure 7a and b further

depicted that the ED-CdTe* nucleation layer is nicely

fused with the CBD-CdS layer making no borderline.

Hence, the ED-CdTe* is readily available to accom-

modate the sublimated CdTe absorber layer homo-

geneously. Since the ultrathin nature of the ED-CdTe*

layer, it can stay inside the depletion region of the

CBD-CdS/CSS-CdTe junction. Figure 8a and b shows

the surface morphology of a bare CBD-CdS and b

CBD-CdS/ED-CdTe* corresponded to S 40. The tinny

grains of the nucleation layer appeared, filling the

voids in the CdS substrate, and creating a compact

layer.

Figure 9a shows the AFM images of bare CBD-

CdS, and Fig. 9b corresponds to sample S 40. This is

further evidence of the growth of a well-compact

nucleation layer of CdTe in sample S 40. Hence, both

SEM and AFM evident the uniform growth of grains

over the CBD-CdS forming a compacted substrate.

Fig. 7 The cross section of the sample S 40 a FTO/CBD-CdS/ED-CdTe*(S 40) and b FTO/ED-CdTe* grown for 40 s

Fig. 8 Surface morphology of a bare CBD-CdS. b CBD-CdS/ED-CdTe* (S 40.)
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3.5 Advancement of the device
performance by CdCl2 treatment

The device performances after the CdCl2 treatment of

the solar cells with no nucleation layer, glass/CBD-

CdS/CSS-CdTe, and with the nucleation layer, glass/

CBD-CdS/ED-CdTe* (40 s)/CSS-CdTe are shown in

Table 4. Figure 10 shows the J–V curves for these two

devices. The performances of the devices were dras-

tically improved by the CdCl2 treatment. Herein, the

FF, and the VOC of the devices were increased, and

the resultant device efficiencies were 14.6% and

15.6% for the CBD-CdS/CSS-CdTe and CBD-CdS/

ED-CdTe*(40 s)/CSS-CdTe, respectively.

After the CdCl2 treatment, the conductivity type of

the CSS-CdTe material (p-type) remained unchanged

and showed 36.4% Cd and 63.6% Te in its composi-

tion measured by XRF. Herein, the Cd concentrations

of the CdTe material was higher than the non-treated

samples (25.4% Cd & 74.6% Te), which may affect the

conductivity type of the CdTe material to some

extent. The conductivity type of the CdTe is an

important property of the cell as it influences the

energy band diagrams, as shown in Figs. 11 and 12.

Figure 11 gives the theoretical energy band gap for

the n-CdS/p-CdTe junction, and Fig. 12 for the

n-CdS/n-CdTe junction in different Fermi level

positions in n-CdTe material. Here, the electron

affinity (v) of CdS was 4.5 eV [26], and that of CdTe

was 4.28 eV [26, 27] while the energy band gap (Eg)

observed for CdS, and CdTe was 2.39 eV and 1.49 eV,

respectively. Therefore, DEC = v CdS-vCdTe = 0.25 eV.

When the Fermi level of the n-CdTe occurs below

the Fermi level of n-CdS (Fig. 12a), the n-CdS/n-

CdTe junction creates a band bending (Fig. 12b)

without any obstruction for electron or hole trans-

port. Similarly, if the Fermi level of the n-CdTe line-

up above the Fermi level of n-CdS (Fig. 12c), the

n-CdS/n-CdTe junction produces a discontinuity in

the band bending, as shown in Fig. 12d. Therefore,

the Fermi level difference (DEF-CdTe) of the n-CdTe

Fig. 9 AFM analysis of a bare CBD-CdS. b CBD-CdS/ED-CdTe* (S 40)

Table 4 Device performance

of glass/CBD-CdS/CSS-CdTe

and glass/CBD-CdS/ED-

CdTe* (40 s)/CSS-CdTe after

the CdCl2 treatment

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%) Rs (X) Rsh (X)

SC 0 38.1 0.737 52 14.6 54.7 908.9

SC 40 36.7 0.761 56 15.6 43.2 1436.0
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Fig. 10 J–V curves for devices SC 0 and SC 40 after the CdCl2
treatment
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should be greater than the total energy of the Fermi

level difference of CdS (DEF-CdS) and 0.25 eV.

When considering the CdTe and back contact (Cu)

interface, if the Fermi level (EF) is greater than the

work function of the back contact metal (/m), (EF-

\/m), it creates a Schottky junction expediting the

electron flow through the device [28]. If EF[/m

builds an ohmic contact, the conduction band edge at

the CdTe and metal interface turns downward,

increasing the electron flow in reverse and reducing

the device’s forward current density. Further, if EF-

= /m, there is no band bending at the CdTe and

metal interface edge, and it does not obstruct the

electron flow. Therefore, band gap tuning in the

absorber CdTe is highly crucial in improving the

device performance of the CdS/CdTe solar cell fab-

rication. In this study, even though the conductivity

type of CdTe remains as p-type after the CdCl2
treatment, it may have slightly reduced p-type con-

ductivity over the untreated cells and hence form a

better Schottky junction between back contact and

CdTe. This might explain the improved performance

of the cells after the CdCl2 treatment resulted from

grain enhancement and Fermi level positioning. In

addition, the ED-CdTe* nucleation layer tends to

improve the device performance by reducing pin-

holes, thus forming better contact with the CSS-CdTe

layer.

4 Conclusion

The CdTe nucleation layer implantation prior to

depositing the CdTe absorber layer on the CdS layer

in CdS/CdTe solar cells was discussed here. The

Fig. 11 Energy band diagram of n-CdS/p-CdTe a before the p–n

junction formation and b band bending at the junction

Fig. 12 Energy band diagram of n-CdS/n-CdTe a and c before

the n–n junction formation, b and d band bending of the junction

under two different Fermi level positions in n-CdTe
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optimal thickness of the ED-CdTe* layer was identi-

fied by varying the electrodeposition time from 20 to

60 s. Among them, 40 s was identified as the optimal

time of electrodeposition of the ED-CdTe* nucleation

layer. Therein, the produced sample has shown the

highest efficiency, the highest spectral response in the

wavelength range of 400–850 nm, and the lowest

ideality factor among the samples tested. This mod-

ified CBD-CdS/ED-CdTe*/CSS-CdTe solar cell

delivered an efficiency of 9.12%, and after CdCl2
treatment, efficiency reached 15.6%, which was a 13%

improvement from the solar cell without a nucleation

layer. The cell parameters in the optimal device were

VOC = 640 mV, 761 mV JSC = 30.3 mA/cm2,

36.7 mA/cm2, and FF = 47%, 56% before and after

the CdCl2 treatment, respectively. Further, it has

shown an ideality factor of 2.28 by the J-V curve in

the dark and a reverse saturated current density of

6.65 9 10–5 mA/cm2. Accordingly, the SC 40 has

shown a minimum recombination effect. The optical

transmittance data of S 40 reveals the ability of its

nucleation layer to transmit more than 80%, and the

band gap shrinkage was negligible. Additionally,

SEM and AFM analysis verified the formation of an

ultrathin ED-CdTe* nucleation layer in SC 40. Hence,

implanting a nucleation layer before depositing the

absorber layer is advantageous in manufacturing

CdS/CdTe solar cells.
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González Trujillo, S.G.H.D. Jiménez Olarte, A.C. Orea,
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