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Abstract— CdS and CdS:F thin films were grown on glass
substrates at 75 and 90 oC by chemical bath deposition.
NH4F was employed as a fluorine source. The structural,
morphological optical, and electrical properties were
analyzed as a function of fluoride concentration.
According to structural characterization, samples exhibit
two peaks corresponding to the longitudinal optical
phonon, 1LO, and 2LO. Optical results revealed that F
doping has noticeable effects on the optical transmittance
of the films, the values for bandgap were from 2.3 to 2.4
eV. Electrical resistivity for the films was in the order of
kΩcm and it was affected by the incorporation of F atoms
into the CdS lattice. Finally, solar cells (CdS/CdTe) were
manufactured, obtaining efficiencies of 5.53% for
undoped CdS films, and 7.47% using the film with
0.00025 M of ammonium fluorine.
Keywords— CdS films, CdS:F films, CBD, solar cells.

I. INTRODUCTION
Photovoltaic solar energy conversion is one of the most
attractive alternatives to cover energy requirements. The
cadmium sulfide is a II-VI semiconductor compound
considered of great importance due to its optoelectronic
properties, for photovoltaic applications [1]. CdS thin films
have been used as a window and n-type semiconductor in
CdS/CdTe solar cells. CdS/CdTe heterostructure has been
demonstrated to be one of the most promising for the
fabrication of high-efficiency solar cells due to the
exceptional optoelectronic properties of CdS and CdTe [2].
Cadmium sulfide is a wide band gap (2.45 eV) with relatively
high optical transmittance in the visible range (400-700 nm)
[3,4], and it can have low electrical resistivity depending on
the synthesis conditions and/or doping materials [5].
Doping with a variety of different elements has been
successfully achieved to modify or improve CdS properties.
However, halogen dopants (Cl and F) have gained attention
because they can improve grain size, electrical resistivity,
optical response, crystalline quality, along with other
physical properties [5,6].
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CdS polycrystalline films can be deposited by several
techniques such as Chemical Bath Deposition (CBD),
sputtering, laser ablation, vacuum evaporation, and
electrodeposition [7]. The CBD is one of the most popular
dues, among other things, to it can produce high-quality films
and it can be scaled up to large area production at a relatively
low production and energetic cost. In this work, we analyze
the effect of dopant source concentration (NH4F) in the bath
on the physical and chemical properties of fluorine-doped
CdS thin films.
II. METHODOLOGY
The CdS films were deposited on glass/FTO substrates by
CBD technique at temperatures of 75 and 90 ºC. For the CdS
films,
aqueous
solutions
of
cadmium
acetate
(Cd(CH3COO)2·2H2O) and thiourea(SC(NH2)2) were used
as sources of cadmium and sulfur, respectively, ammonium
acetate (C₂H₇NO₂) and ammonium hydroxide (NH4OH),
which have the function of complexing agent and maintain a
pH of 11 during the entire deposit. To evaluate the influence
of the fluorine content on the optoelectronic properties of the
CdS films, three different concentrations of ammonium
fluoride (NH4F) were added: 0.00025, 0.0025, and 0.025M.
The deposits were made under constant agitation. Samples
were labeled according to F content and deposition
temperature. For the manufacture of the CdS/CdTe
heterostructure, CdTe was deposited on the FTO/CdS
substrates employing the close space sublimation technique
(CSS), the deposits were made at a pressure of 1x101 torr at
temperatures of 500 and 610 ºC, for the substrate and the
source, respectively. The CdTe films were subjected to
annealing at 400 ºC with magnesium salts. Finally, metallic
Cu/Au contacts were deposited using the physical vapor
deposition technique (PVD).
A. Characterization
Raman spectroscopy was used to evaluate the structural
properties with a MicroRaman Thermofisher, DXT 3 with a
532 nm laser as the excitation source. The surface
morphology of the films was observed by scanning electron

microscopy (SEM) using a JEOL microscope model JSM7401F. Transmittance spectra for the thin films were obtained
using a UV-Vis Perkin-Elmer Lambda 25. The film's
thicknesses were measured with a KLA Tencor D-100
profilometer. Electrical properties were measured in a Hall
Effect Measurement System HMS-3000 at room temperature
(300 K).
III. RESULTS
A. Structural and morphological characterization for CdS
thin films
Raman analysis allows identifying the vibration modes
(phonons) characteristic of the material under study. If this
material is doped, compression or elongation effects will
occur in the lattice structure causing the Raman signals to
shift position and/or broaden to a greater or lesser degree.
Raman spectra of CdS films grown at 75 and 90 ºC are
presented in Fig. 1 and Fig. 2, respectively, it is observed that
all the samples show two peaks representing the longitudinal
optical phonon, 1LO, and 2LO. The CdS undoped film
deposited at 75 ºC (Fig. 1) present the first harmonic (1LO)
at 296 cm-1 and the second (2LO) around 594 cm-1. F-doped
CdS films had slight shift towards lower frequency values,
this shift is due to the contribution of fluorine in the crystal
lattice. Fig. 1 also shows a trend in the intensity of the peaks
to the amount of fluorine incorporated, by adding fluorine the
crystalline quality improves, being the CdS:F sample with
0.0025M ammonium fluoride is the one with the best quality
crystalline to the other concentrations.

the surface optical phonon confinement mode effect as well
as the presence of nanoparticles [11]. Another possible reason
for the redshift in Raman peaks can arise due to the tensile
stress in CdS thin films [12]. Despite the slight shifts that
occur in Raman signals, the 1LO and 2LO phonon peaks have
been reported in the literature to be in the frequency range of
(292 –304) cm-1 and (591 – 604) cm-1 respectively, for CdS
thin films and nanoparticles [10,11].
In general, broader signals are observed for CdS films doped
with fluorine, which can be attributed to the effects of
elongation or tension of the lattice caused by the
incorporation of the F- ions in an interstitial or substitutional
way.

Fig. 2. Raman spectra of CdS and CdS:F thin films grown by CBD at 90
o
C.

Fig.1. Raman spectra of CdS and CdS:F thin films grown by CBD at 75 oC.

For the films deposited at 90 ºC (Fig. 2) the 1LO and 2LO
peaks position is 298 cm-1 and 596cm-1, respectively. The
films doped with fluorine show a slight shift in the
longitudinal modes toward lower frequencies than the
undoped sample. For reference purposes, the typical Raman
spectrum of bulk CdS has been reported to show the 1LO
peak at 305 cm-1 and 2LO peak at 611 cm-1 [8–10]. For the
1LO and 2LO phonon peaks observed in the CdS films grown
in this work, there is a shift towards lower frequency
compared to that for bulk CdS which has been attributed to

SEM micrographs of CdS and CdS:F thin films at 75 and 90
o
C are presented in Fig. 3 and Fig. 4, respectively. CdS films
grown on glass/FTO substrates, both at 75 and 90ºC, show a
compact and granular structure with very well-defined grain
boundaries, suggesting that there was uniform nucleation
throughout the substrate surface. In all the SEM images have
the presence of voids in-between the grains can be clearly
observed. The presence of these voids can be due to the nature
of the CBD technique and the substrate used. The FTO is
known to have a rough and spiky surface [10]. In the SEM
images, it is observed that the particles have distinctive
characteristics composed of a sphere-like structure with a
grain size distribution in a range of 20 to 50 nm. The
formation of spherical granules in the scanned image could
be due to the spheroid structure of the sulfur ions. It is
observed that in the undoped samples they present
discontinuity and voids, while in those in which the addition
of F increases the homogeneity and the particle density. As
for the deposit temperatures at 90°C, a greater number of
grain boundaries and a larger particle size are observed.

Fig. 3. SEM images for CdS films grown by CBD at 75 oC with different
fluorine concentrations: a) undoped, b) 0.025M, c)0.0025M, and
d)0.00025M.

Fig. 4. SEM images for CdS films grown by CBD at 90 oC with different
fluorine concentrations: a) undoped, b) 0.025M, c)0.0025M, and
d)0.00025M.

B. Optical characterization for CdS thin films

spectra of the CdS films deposited at 90 oC are shown in Fig.
6. Contrary to what was observed in the films deposited at 75
o
C, decrease in its transmittance values by adding fluorine,
the film with 0.025 M fluorine content is the one with the
lowest value with 75%, behavior due it is the sample with the
greatest thickness, 216.5 nm (see Table 1).
The optical bandgap energy of CdS thin films was estimated
using the Tauc relation:
=

ℎ

(ℎ −

)

(1)

where α is the absorption coefficient, A is a constant of
proportionality (which depends on the transition nature, the
effective mass, and the refractive index), h is the Planck
constant, v is the radiation frequency and Eg is the bandgap
energy. The bandgap energy increases from 2.33 to 2.41 eV
(see Table 1), which guarantees high optical transmittance in
the visible region. The values of Eg estimated in this work are
closest to those reported by other authors [14,15].
Fig. 5. Optical transmittance spectra for CdS and CdS:F thin films at 75
o
C, the inset show ( ℎ ) − ℎ plot for the estimate of an energy gap
films.

TABLE 1. THICKNESSES AND BANDGAP ESTIMATED VALUES
FOR CdS AND CdS:F THIN FILMS WERE GROWN AT 75 AND 90 OC
BY CBD.

Sample

Thickness [nm]

Bandgap [eV]

0-75
0.025-75
0.0025-75
0.00025-75
0-90
0.025-90
0.0025-90
0.00025-90

65.0
113.3
106.5
207.5
127.5
216.5
102.5
75.0

2.38
2.41
2.38
2.34
3.37
2.34
2.33
2.40

C. Electrical characterization for CdS thin films

TABLE 2. ELECTRICAL PARAMETERS FOR CdS AND CdS:F THIN
FILMS WERE GROWN AT 75 AND 90 OC BY CBD.
Fig. 6. Optical transmittance spectra for CdS and CdS:F thin films at 90
o
C, the inset show ( ℎ ) − ℎ plot for the estimate of an energy gap
films.

Fig. 5 and Fig. 6 show the optical transmittance spectra of the
undoped CdS films with different concentrations of F. The
films deposited at both 75 and 90 oC show transmittance
values greater than 80%, which is desirable for their
application as a window layer in a solar cell based on the
CdS/CdTe heterostructure. In Fig. 5 the spectra
corresponding to the CdS and CdS:F films deposited at 75 oC
are presented. In Fig. 5 it is observed that when adding
fluorine in concentrations of 0.025 and 0.0025, there is a
slight increase in the percentage of transmittance, compared
to the undoped film. The opposite occurs for the sample with
the lowest fluorine content (0.00025 M) where the
transmittance drops to 75%. because it is the sample with the
greatest thickness, 207.5 nm (see Table 1). The transmittance

Sample

0-75
0.025-75
0.0025-75
0.00025-75
0-90
0.025-90
0.0025-90
0.00025-90

Hall
coefficient
[cm3/C]
-2.79 x106
-3.14 x105
-9.74 x105
-3.43 x105
-1.20 x105
-1.18 x105
-2.78 x105
-6.56x105

Carrier
concentration
[cm-3]
7.10x1012
9.12 x1012
2.17 x1012
6.87 x1013
1.56x1013
6.60 x1013
7.04 x1013
9.16 x1013

Resistivity
[Ω cm]
7.21x105
7.55x104
2.00x107
1.10x103
2.71x104
1.73x104
4.24x104
7.98x102

Hall coefficient, carrier concentration and electrical
resistivity of the CdS and CdS:F films deposited at 75 and 90
o
C by CBD using Hall effect measurements are shown in
Table 2. All the films have a negative Hall coefficient, which
indicates that they have n-type conductivity. The dependence
of electronic parameters of CdS films is a function of the

deposit temperature and the nominal concentration of flour
added during the growth of the films. It is noted that the
carrier concentration increases with increasing the deposit
temperature; the samples deposited at 75 oC present carrier
density in an order of 1012 cm-3, while the deposited films at
90 oC present an increase until 1013 cm-3. For the 0.00025-75
sample, there is a carrier density of 1013 cm-3, compared with
the other experiments, in this case, these values are associated
with the incorporation of fluorine in the crystal lattice of CdS.
The samples with the lowest fluorine content, both at 75 and
90 oC, are the ones with the lowest electrical resistivity
values, due to the replacement of fluorine atoms by S atoms
in the CdS crystal lattice. The increase in electrical resistivity
may indicate a deviation in film stoichiometry, the values
obtained in this work are consistent with those previously
reported by other authors [16,17].
D. Influence of the F content in CdS films on the
performance of CdTe solar cells
Solar cells with a superstrate configuration
SLG/FTO/CdS/CdTe/Cu-Au were prepared, see Fig. 7.

Fig. 8. J–V curve under the illumination of CdS/CdTe and CdS:F/CdTe
solar cells.

of
TABLE 3. PHOTOVOLTAIC PARAMETERS OF CdS/CdTe AND
CdS:F/CdTe SOLAR CELLS.

Sample
0-75
0.00025-75
0-90
0.00025-90
Fig. 7. Diagram of the solar cell based on the CdS/CdTe heterostructure
fabricated in this work.

The solar cells were engineered with different conditions of
CdS film: at 75 and 90 oC for deposition temperature, and
undoped CdS and F-doped CdS with 0.00025M of
ammonium fluoride. The J-V curves of CdS/CdTe solar cells
are presented in Fig.8., measured under the illumination of a
solar simulator (AM 1.5 G, 100 mW/cm2) with a total contact
area of 0.24 cm2. Furthermore, solar cell parameters such as
power conversion efficiency (PCE), open-circuit voltage
(Voc), short-circuit current density (Jsc), and fill factor (FF)
are shown in Table 3. By increasing the deposition
temperature of the undoped CdS films from 75 to 90 oC, Voc
decreased from 0.65 to 0.42 V, Jsc decreases from 23.16 to
20.89 (mA/cm2), and the fill factor decreased from 37% to
35%; however, the PCE was 5.53% and 3.05% respectively.
From doped CdS:F films the PCE increases to the solar cells
respect undoped CdS films; with a nominal concentration of
ammonium fluoride of 0.00025 M had a 6.04% for the CdS
deposited at 75 oC, while the PCE value enhanced for the CdS
film deposited at 90 oC was 7.47 % a greater conversion
power is obtained. The poor performance of CdS/CdTe and
CdS:F/CdTe solar cells (compared to theoretical values [18]
) is probably due to the presence of the pinhole effect. It
weakens the electric field at the CdS/CdTe junction, and
consequently, reduces the efficiency due to the high
recombination rate [15].

PCE
[%]
5.53
6.04
3.05
7.47

Voc
[V]
0.65
0.68
0.42
0.63

Jsc

FF
2

[mA /cm ]
23.16
23.38
20.89
30.56

[%]
37
38
35
39

IV. CONCLUSIONS
Undoped CdS and F-doped CdS thin films were deposited by
CBD at 75 and 90 oC. The fluorine nominal concentration
changed by adding different ammonium fluorine
concentrations ranging from 0.025, 0.0025, and 0.00025M.
Raman spectroscopy showed that CdS and CdS:F films
exhibit two signals corresponding to the longitudinal optical
phonon, 1LO, and 2LO, indicating good crystalline quality.
SEM micrographs of CdS and CdS:F thin film showed that
the addition of fluorine increases the homogeneity and
density of particles; favoring a compact and granular
structure with very well-defined grain boundaries. All films
present transmittance values greater than 80%, and values of
Eg from 2.3 to 2.4 Ev, which guarantees its application as a
window layer in solar cells based on CdS/CdTe
heterostructure. The CdS films deposited at 75 oC present
carrier density in an order of 1012 cm-3, while the deposited
films at 90 oC present densities of 1013 cm-3. Finally, solar
cells based on CdS/CdTe were manufactured, obtaining
efficiencies of 5.53% for undoped CdS films, and 7.47%
using the F-doped CdS film with 0.00025 M of ammonium
fluorine. This behavior was attributed to an increase in the
free carriers concentration due to the fluorine incorporation
in the CdS structure, which also affects the CdS bandgap and
its electrical parameters.
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