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Abstract: The development of semitransparent CdS/CdTe ultrathin solar cells has been delayed
as a result of the activation annealing to which the device must be subjected, which may involve
problems such as the sublimation of ultrathin films and the diffusion of Cd and S at the interface. In
this work, CdS/CdTe ultrathin devices on soda-lime glass/SnO2:F/ZnO substrates were obtained by
RF magnetron sputtering. CdS/CdTe ultrathin heterostructures were obtained with the following
thicknesses for the CdS thin film: 70, 110, and 135 nm. The CdTe thickness film was kept constant at
620 nm. Subsequently, activation annealing with CdCl2 was carried out at 400 ◦C. Surface characteri-
zation was performed by scanning electron microscopy, which indicated that the CdCl2 annealing
tripled the CdTe thin films’ grain size. Raman characterization showed that CdS thin films deposited
by RF sputtering present the first, the second, and the third longitudinal optical modes, indicating
the good crystallinity of the CdS thin films. The study showed that the photovoltaic properties of the
CdS/CdTe ultrathin devices improved as the CdS thicknesses decreased.

Keywords: photovoltaic windows; RF magnetron sputtering; CdS/CdTe heterostructures

1. Introduction

Thin-film solar cell technology has proven to be one of the most promising photovoltaic
technologies for converting solar energy into electricity, owing to its high efficiency and
the advantage of easy, large-scale production. Specifically, CdS/CdTe-based thin-film solar
cells are among the most important heterostructures due to their high power conversion
with theoretical efficiencies projected up to 28%–30% [1], and above 22% for experimental
cells [2], resulting from their ability to absorb the majority of the incoming photons, high
stability and low-cost fabrication [3]. CdS thin films are commonly employed as a window
layer in CdTe cells due to their wide direct bandgap (~2.40 eV), which results in good
transparency in the visible region, and n-type conductivity [4,5], allowing for a high fraction
of light to reach the CdTe p-type semiconductor. A typical CdS/CdTe solar cell uses a thick
CdTe layer of 5–10 µm with a nearly optimal bandgap (~1.45 eV) and a high absorption
coefficient of 105 cm−1 [5,6]. However, it is desirable to decrease CdTe thickness to less than
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1 µm, reducing the material’s consumption and production cost [7,8]. This decrement in
the CdTe layer also has other benefits, such as reducing the loss of minority charge carriers,
and increasing the amount of light transmission in the visible range, which could expand
its application [9]. Furthermore, employing CdS nanowires instead of CdS thin films has
proven to be a promising alternative. CdS nanowires/CdTe solar cells have demonstrated
improvements in conversion efficiencies, attributed to enhancements in quantum efficiency.
Nonetheless, the long-term stability of CdS nanowires remains an unexplored field [10].
Recent research has focused on partially transparent CdS/CdTe ultrathin solar cells due to
their multiple applications, such as in bifacial power generation, in tandem configurations
to promote the utilization of sunlight, and their integration in windows on buildings and
vehicles [11]. Building-integrated photovoltaics (BIPV), such as solar roofs and building
windows, can help to generate power while helping to control light and provide thermal
insulation [12–15]. For these mentioned applications, it should be noted that ultrathin
CdS/CdTe solar cells must have the highest possible efficiencies (assuming that a significant
part of the radiation is not absorbed into the cell) and good optical properties in the visible
region, depending on their application [14]. In order to improve the efficiency of CdS/CdTe
solar cells, a reduction in the thickness of the CdS thin film can diminish losses in quantum
efficiency [16]. However, decreasing the thickness of the CdS layer below 100 nm can cause
the presence of pinholes and discontinuities [16], hence special care must be taken when
choosing a deposition technique to reduce the CdS film thickness. CdS and CdTe thin
films, as well as solar cells based on these semiconductors, have been prepared by different
deposition techniques [17], both physical and chemical [5,18], which play an essential role
in the properties of a particular application. RF magnetron sputtering technique has unique
advantages such as simple operation, high reproducibility, the possibility of applying
low- or high-deposition temperatures, and control over film thickness. Additionally, it
allows for the sequential deposition of semiconductor materials in the form of thin films
without breaking vacuum conditions and for reasonable control of small growth rates
(beneficial for the deposition of ultrathin layers). It does not generate waste, which makes
it possible to obtain ultrathin films with good crystalline quality [14,15,19]. On the other
hand, the insertion of a ZnO buffer layer in the CdTe-based solar heterostructure as part of
the window layer has been shown to play an indispensable role in the conversion efficiency.
This is due to the high transmittance derived from its high bandgap (~3.3 eV), excellent
electrical and optical properties, abundance, good conduction band alignment with the
SnO2:F and CdS materials, as well as its high electrochemical and thermal stability [20,21].

In this work, CdS and CdTe thin films were obtained by RF sputtering with a thickness
optimized for the requirements of ultrathin solar cells. CdS thickness strongly limits CdTe
solar cell performance. Therefore, the following three different thicknesses were evaluated
for the CdS layer: 70, 110, and 135 nm. The thickness of the CdTe film was kept constant at
620 nm. Solar cell devices were fabricated onto soda-lime glass/SnO2:F/ZnO substrates by
adding metallic back contacts of Cu/Au with a diameter of 3 mm.

2. Materials and Methods

Ultrathin films were prepared by RF magnetron sputtering on commercial soda-lime
glass/SnO2:F with a sheet resistance of 10 Ω/□ and a thickness of 0.5 µm. ZnO, CdS, and
CdTe thin films were deposited employing ZnO, CdS, and CdTe commercial targets from
Kurt J. Lesker, with a diameter of 3 inches. ZnO, CdS, and CdTe thin films were deposited
with an Ar flow rate of 10 sccm and a substrate temperature of 300 ◦C. First, a ZnO
ultrathin film was deposited with a thickness of ~20 nm; thereby, the glass/SnO2:F/ZnO
heterostructure was obtained. Subsequently, CdS thin films were deposited at 25 W for 90,
105, and 120 min on glass/SnO2:F/ZnO substrates to obtain the glass/SnO2:F/ZnO/CdS
heterostructures. Then, CdTe ultrathin films were deposited at 50 W for 4.5 h to obtain
glass/SnO2:F/ZnO/CdS/CdTe heterostructures. The activation annealing was carried out
with CdCl2 vapors at 400 ◦C in a vacuum chamber. After the annealing with CdCl2, the
glass/SnO2:F/ZnO/CdS/CdTe heterostructures were exposed to high-purity methanol
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vapors to eliminate the residues of CdCl2. Then, metallic back contacts of Cu/Au with
a diameter of 3 mm were placed onto the CdTe ultrathin film and annealed at 150 ◦C in
vacuum conditions. Thus, glass/SnO2:F/ZnO/CdS/CdTe/Cu/Au devices with different
CdS thin-film thicknesses were obtained.

The film thicknesses were measured by a profilometer KLA Tencor P15. The com-
position of CdS was measured by energy dispersive spectrometry (EDS) with a Bruker
XFlash 5010 detector installed in a JSM-6300 scanning electron microscope from JEOL, using
an accelerating voltage of 20 kV. Field emission scanning electron microscopy (FE-SEM)
images were recorded using a JEOL JSM-7401F, operated at 2 kV, with a working distance of
8 mm. CdS ultrathin films were structurally characterized by a Raman spectrophotometer
DRX2 from ThermoScientific using a 532 nm laser source. The transmittance spectra were
measured at room temperature with a UV–Vis spectrophotometer (Genesys 10S, Thermo
Scientific, Waltham, MA, USA). Photoluminescence (PL) spectra were acquired at room
temperature with an excitation wavelength of 325 nm utilizing a He-Cd laser in a working
range of 500–950 nm. The PL signal passed through a Spex 1404 spectrophotometer and
was received by a photomultiplier detector.

X-ray patterns of CdS/CdTe heterostructures were obtained with an X-Pert Pro de
Panalytical diffractometer, using the Cu-Kα line of 1.5406 Å. The current density versus
voltage (J–V) measurements were obtained with an Oriel solar simulator (Newport model
91160) using an AM1.5 filter and a radiation intensity of 100 mW/cm2.

3. Results and Discussion
3.1. CdS Thin Films Deposited at Different Thicknesses

The thickness of the CdS films deposited by RF sputtering increased as the growth time
increased. The thickness of CdS film deposited at 90 min was 70 nm, and it incremented
up to 110 nm with a deposition time of 105 min, whereas for the CdS thin film deposited
at 120 min, the thickness reached 135 nm. The samples were labeled according to the
thicknesses of the CdS films. The Cd and S atomic contents of CdS thin films deposited at
different thicknesses by RF sputtering are displayed in Table 1. Note that CdS thin films
have a Cd excess, suggesting sulfur deficiencies. Moreover, as the thickness increases, the
Cd atomic content decreased from 57.43 to 53.19%, which corroborated that the CdS thin
films deposited by RF sputtering had S vacancies. Furthermore, the Cd:S ratio decreased
from 1.35 to 1.14, as the CdS thickness increased (see Table 1). This indicates that increments
in the CdS thickness promotes stoichiometric growth of CdS thin films, as observed in
samples CdS-110 and CdS-135 [22]. It is worth noting that the CdS thin film with a thickness
of 70 nm exhibits high sulfur deficiencies. This implies that devices with a 70 nm-thick
CdS film may experience improved efficiency. The SEM image of a CdS thin film with
a thickness of 70 nm is shown in Figure 1. The CdS-70 sample surface presents semi-
spherical grains with an average diameter of 33 nm. CdS thin films deposited by RF
sputtering usually have spherical and small grains, ranging from 10 nm to 60 nm [23].
No cracks or major imperfections, such as pinholes, are visible on the surface of the CdS-
70 sample, demonstrating the suitability of this deposition technique for the growth of
ultrathin films. SEM micrographs of the CdS-110 and CdS-135 are not included because
they exhibited similar morphological characteristics to the CdS film with a thickness of
70 nm (see Figure 1).

Table 1. Thickness, atomic composition, and Cd: ratio of CdS thin films grown by RF sputtering.

Sample Thickness [nm]
Atomic Composition Cd:S

Cd (%) S (%)

CdS-70 70 ± 5 57.43 42.57 1.35
CdS-110 110 ± 4 53.66 46.34 1.16
CdS-135 135 ± 4 53.19 46.81 1.14
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Figure 1. SEM image of the CdS thin film with a thickness of 70 nm deposited by RF sputtering. The
scale bar is 100 nm, and the magnification is ×50,000.

Raman spectra of CdS ultrathin films deposited by RF magnetron sputtering at dif-
ferent thicknesses are shown in Figure 2. Spectra of the CdS thin films had the following
three signals: the first longitudinal optical mode (LO) associated with hexagonal CdS was
observed at ~300 cm−1; the second harmonic (2LO) was observed at ~600 cm−1; and the
third (3LO) was observed at ~900 cm−1. The presence of the second and third vibrational
modes indicates good crystallinity in the CdS thin films [15]. It is important to mention
that, in ambient conditions, the CdS can present both cubic and hexagonal phases.
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The optical transmittance spectra of CdS thin films obtained by RF magnetron sputter-
ing with different thicknesses are shown in Figure 3a. The transmittance of CdS ultrathin
films decreases slightly as the thickness increases, as expected; the greater the thickness,
the lower the transmittance percentage. This is because thicker CdS films contain more
atoms in their structure, leading to a greater availability of states for photon absorption.
Thus, the CdS films deposited with a thickness of 70 and 110 nm exhibit high transmittance
percentages between 50%–85% in the visible region of the electromagnetic spectrum, while
the percentage transmittance of the CdS-135 sample decreases by 7%. The high transmit-
tance of the CdS-70 sample is associated with its lower thickness, which results in fewer
electronic states made available for photon absorption [24–26]. The similarity between the
transmittance spectra of the CdS-70 and CdS-110 samples could indicate similar physical
and surface qualities. On the contrary, the CdS thin film with 135 nm could have a greater
availability of states that can interact with the photons, causing less light to pass through.
Moreover, it can be characterized by an irregular and rougher surface, allowing more light
scattering. Therefore, there is a notorious decrement in its transmittance. These transmit-
tance results are important because ultrathin films are characterized by a high transmission,
which increases the photon density at the CdS/CdTe interface of a solar cell. The bandgap
estimation was made using Tauc’s parabolic bands model by fitting of the linear portion of
the hν versus the (αhν)2 curve [15]. The bandgap of CdS thin films increased from 2.24 eV
to 2.42 eV as the film thickness increased from 70 to 135 nm, respectively. The notable
increment in the bandgap of the CdS film with a thickness of 135 nm can be attributed to an
enhancement in the density of localized states in the conduction band, which is related to
the availability of states increasing with the CdS film’s thickness [15], as mentioned previ-
ously. Additionally, this increment in the bandgap as a function of the CdS thickness is also
correlated to structural parameters such as crystallite size or high lattice microstrain [27].
The bandgap values are close to 2.42 eV, the most-reported bandgap value for CdS at room
temperature [5].
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Photoluminescence (PL) spectra of CdS ultrathin films deposited by RF magnetron
sputtering with different thicknesses are shown in Figure 3b. The PL spectra have two bands
centered at 1.77 and 2.27 eV. The signal at 1.77 eV is known as the red band, while the signal
at 2.27 eV is known as the green band [5]. The red signal corresponds to sulfur vacancies,
whereas the green band originates in radiative transitions due to sulfur vacancies near the
bottom of the conduction band to the top of the valence band, radiative recombination
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between donor–acceptor pairs as long as the second ionization states of sulfur vacancies or
interstitial sulfur [5,28]. The intensity of the red band decreases as the thickness increases,
which suggests that increasing the CdS thickness reduces the sulfur vacancies. This agrees
well with the atomic composition discussion (see Table 1). It is important to note that CdS
thin films with high intensity in the red band have been used in high-efficiency CdTe solar
cells. The intensity of the red band can be related to the number of sulfur vacancies, and
the sulfur vacancies improve the electrical properties of CdS thin films due to the rise in
carriers [28–31].

3.2. Characterization of SnO2:F/ZnO/CdS/CdTe Heterostructures with Different CdS Thicknesses

XRD patterns of SnO2:F/ZnO/CdS/CdTe heterostructures grown by RF sputtering
with different CdS thicknesses are shown in Figure 4. It is important to note that CdS/CdTe
heterostructures have a CdTe ultrathin film with a thickness of 620 nm. The XRD pat-
tern of the SnO2:F/ZnO/CdS/CdTe heterostructure without CdCl2 annealing is shown in
Figure 4a. It is noteworthy that the diffractogram has two diffraction planes related to the
CdTe hexagonal phase (PDF#19-0193). However, when the SnO2:F/ZnO/CdS/CdTe de-
vices are subjected to CdCl2 activation annealing, the diffraction planes associated with the
hexagonal structure of CdTe are completely suppressed, giving rise to the prominent peak
(111) attributed to the CdTe cubic structure, which becomes more intense (see Figure 4b–d).
These XRD results indicate that CdTe ultrathin films, annealing with CdCl2 at 400 ◦C, are
characterized by the CdTe cubic phase (PDF#15-0770). The cubic crystal structure of CdTe
has been associated with favorable efficiencies in ultrathin solar devices [31,32]. Addition-
ally, the diffractograms in Figure 4a–d show low-intensity signals corresponding to the
CdS hexagonal phase (PDF#65-3414) as well as some others in the SnO2:F tetragonal phase
(PDF#41-1445) correlated to the SnO2:F/ZnO/CdS substrate. Moreover, it is evident that
the intensity of the CdS (002) plane increases slightly as the CdS film thickness increases.
This fact can be attributed to the sensitivity of the XRD technique to increments of the CdS
material present, derived from the increases in the CdS thickness.
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SEM images of CdTe thin films deposited by RF sputtering on SnO2:F/ZnO/CdS
substrates, without and with annealing in CdCl2, are shown in Figure 5. The surface
morphology of the as-grown CdTe thin film, shown in Figure 5a, has irregular grains with
sizes ranging between 30 and 83 nm, while the CdTe ultrathin film annealed in CdCl2
at 400 ◦C presents grain sizes ranging from 64 to 293 nm (Figure 5b). It is notable that
annealing the sample in CdCl2 at 400 ◦C causes the size of CdTe grains to triple, primarily
due to the coalescence phenomenon. This annealing process facilitates the diffusion of
chlorine along the grain boundaries, thereby reducing the grain-boundary density in the
CdTe material [17]. It is well-known that the CdCl2 annealing promotes a reduction in
the number of inter-grain boundaries in the CdTe thin film [31]. The cross-section SEM
micrograph of the CdS/CdTe device with a CdS film thickness of 70 nm is displayed in
Figure 5c. Different interfaces can be observed, and the thicknesses of the CdS and CdTe
thin films were corroborated.
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Coatings 2024, 14, 452 8 of 11

Current density versus voltage (J-V) curves of CdS/CdTe ultrathin-film devices de-
posited by RF sputtering with different CdS thin-film thicknesses are shown in Figure 6a.
It is noteworthy that the open-circuit voltage (Voc) for CdS/CdTe ultrathin film devices
deposited with CdS film thicknesses of 110 and 135 nm is very similar, 0.53 and 0.52 V,
respectively. The CdS/CdTe ultrathin-film device with a CdS film thickness of 70 nm has
a Voc of 0.60 V and a short-circuit current density (Jsc) of 16.39 mA/cm2; the Jsc values
decrease from 16.39 to 8.82 mA/cm2 as the CdS film thickness increases (see Table 2). The
improvement in photovoltaic performance may be attributed to an improvement in the
optoelectronic properties of the CdS thin film, in agreement with the optical, compositional,
and morphological characterizations. The CdS/CdTe ultrathin-film device with a CdS
thin-film thickness of 70 nm presents the maximum power conversion efficiency (PCE),
which is 4.56%. Similar results have been obtained for CdS/CdTe solar cells with a CdTe
thin film of ~900 nm [9,33], and for other transparent thin-film solar cells based on the
ZnO/NiO heterostructure [34,35]. This improvement in the PCE of the solar device with a
70 nm CdS thin film is due to the increment in the CdS carrier concentration, propitiated
by its non-stoichiometric characteristic (sulfur vacancies) and corroborated through the
high-intensity red band presented in the PL discussion. Transmittance spectra of CdS/CdTe
ultrathin-film devices obtained by RF sputtering with different CdS thin-film thicknesses
are shown in Figure 6b. The CdS/CdTe ultrathin-film device, with a CdS thin-film thick-
ness of 135 nm, has a maximum transmittance of 21%, while the CdS/CdTe ultrathin-film
devices with a CdS thickness of 110 and 70 nm have a maximum transmittance of ~28% in
the visible region. These results indicate that CdS/CdTe ultrathin-film devices obtained
by RF sputtering with different CdS thin-film thicknesses can be used as semi-transparent
solar cells.
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solar cells obtained by RF sputtering with different CdS thin-film thicknesses. A photograph of a
CdS/CdTe semi-transparent solar cell deposited by RF sputtering is shown.

Table 2. Photovoltaic results of CdS/CdTe ultrathin-film devices obtained by RF sputtering with
different CdS thin-film thicknesses.

Sample Thickness
CdS/CdTe (nm) Voc (V) Jsc (mA/cm2) FF PCE (%)

CdS-70 70/620 0.60 16.39 0.46 4.56 ± 0.11
CdS-110 110/620 0.53 10.96 0.33 2.60 ± 0.10
CdS-135 135/620 0.52 8.82 0.34 2.11 ± 0.12
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4. Conclusions

CdS/CdTe ultrathin devices with different CdS thin-film thicknesses were obtained by RF
sputtering. CdS thin films were deposited by RF sputtering on soda-lime glass/SnO2:F/ZnO
substrates, varying the growth time to obtain different thicknesses. CdS thin-film thicknesses
were 70, 110, and 135 nm, while the CdTe thin-film thickness was 620 nm for the fabricated
solar devices. Optical and compositional characterization of CdS thin films suggested that
the CdS thin film with a thickness of 70 nm has a high density of sulfur deficiencies and
that the sulfur vacancies improve the electrical properties of CdS thin films due to the rise
of carriers.

The structural and morphological analyses showed that activation annealing with
CdCl2 plays an important role in the structural and morphological properties of CdTe, in-
tensifying the CdTe cubic phase and, in turn, suppressing the contribution of the hexagonal
structure. In addition, it promotes an increment in the CdTe grain size of up to three times.

The photovoltaic performance improves substantially as the CdS thin-film thickness
decreases. A reduction in the CdS thin-film thickness, from 135 to 70 nm, propitiates an
increase in the short-circuit current density, passing from 8.82 to 16.39 mA/cm2, respectively.
The CdS/CdTe ultrathin-film device, with a CdS thin-film thickness of 70 nm, achieved
a power conversion efficiency of 4.56%. The results of this research demonstrate that
utilization of the RF sputtering technique enables the processing of CdS/CdTe ultrathin
devices with excellent optoelectronic properties in the order of one micron. This suggests
that the best-performing CdTe-based solar cell device in this study could be implemented
as a photovoltaic window.
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