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QUANTUM dots are very tiny semiconductor particles used in solar cells; their optical 
and electronic properties differ from those of macro particles. They could improve the 

performance of solar cells if they are prepared in the suitable size. In this work, cadmium 
sulfide (CdS) quantum dot (QD) thin films were prepared on transparent conductive fluorine-
doped tin oxide substrates. The formation and deposition of CdS QDs were optimized using the 
chemical bath deposition method under varied operating conditions (precursor concentration, 
and temperature). Chemical bath deposition is an effective method for the deposition of CdS 
on porous TiO2 films as QDs. The structural, morphological, and optical properties of the 
prepared CdS thin films were studied using X-ray diffraction, field-emission scanning electron 
microscopy, Raman spectroscopy and UV-Vis-near infrared spectroscopy. The particle size of 
the CdS QDs was calculated to be 3–7 nm from the observed X-ray diffraction pattern. The 
band gap was blue shifted in the UV-Vis absorption spectrum compared with that of bulk CdS, 
confirming the formation of CdSQDs.
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Introduction                                                                  

Solar energy is one of the cleanest and most 
abundant renewable energy sources on the earth 
surface. The sunlight can be directly converted 
to electricity using solar cells. Improving the 
materials that constitute the solar cells especially 
the photoanodes will increase the performance 
of the solar cells and increase its efficiency. 
Confining the dimensions of a material to the 
nanometer scale imposes limits on motion or 
the kinetic energy of that material, giving rise 
to quantization of electron and hole energies 
[1]. This leads to the need for higher energies to 
separate the charges in semiconductor particles 
compared with those in the bulk. Decreasing the 
particle size introduces such 3D confinement 
and varies the material properties, such as the 
optical bandgap, photoluminescence, extinction 
coefficient and energy transfer, away from 
those of the bulk material [2]. Semiconductor 

nanoparticles with theoretical 0D structures, in 
which the motion of conduction-band electrons 
and valence-band holes are confined in all three 
spatial directions, are referred to as quantum dots 
(QDs) [2]. In recent years, many QD materials 
have been investigated as sensitizers to replace 
the organic dyes of dye-sensitized solar cells 
(DSSCs). For such applications, termed QD-
sensitized solar cells (QDSSCs), QDs are loaded 
onto the surface of nanostructured porous 
films formed on a transparent conductive oxide 
surface [3]. Semiconductor materials such as 
CdS, CdSe, CdTe, PbS, PbSe, InP, HgTe, Ag2S, 
Sb2S3, Bi2S3 Cu2S, and CuInS2 have been used 
for many applications concerning sensitized solar 
cells [4]; however, CdSQDs in particular have 
suitable properties to realize good efficiency in 
QDSSCs [4]. CdS is one of the most important 
II–VI semiconductor compounds because it has 
excellent optical properties. Therefore, great 
efforts have been made to synthesize and study 
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the optical properties of CdS-related nanoparticles 
and quantum dots [5-6].

The energy levels of the charges (electrons 
and holes) were found to be the main factor 
affecting the behavior of the QD materials. 
Some useful properties of QDs are their ability 
to generate multiple excitons, photostability, 
and high absorption coefficient, which are 
known to decrease the dark current and increase 
the efficiency of a solar cell. Furthermore, QD 
materials have tunable band gap energy levels, 
offering opportunities to improve their light-
harvesting ability that could improve the efficiency 
of solar cells [6].

Several routes have been used to fabricate 
CdSQDs [7]. Generally, top-down processing 
or bottom-up approaches are used for CdS QD 
synthesis. Top-down methods include molecular-
beam epitaxy, ion implantation, electron-beam 
lithography, and X-ray lithography [8-11]. 
Different self-assembly (bottom-up) techniques 
have been used to synthesize CdSQDs, and these 
approaches can be divided into wet chemistry and 
vapor-phase methods [12]. Wet chemistry methods 
include sol–gel techniques [13, 14], competitive 
reaction chemistry, hot-solution decomposition 
[15], sonic wave or microwave reactions [16], 
and electrochemistry. Vapor-phase methods begin 
with the formation of layers through an atom-by-
atom process.

In this work, CdS QDs were deposited by a wet 
chemistry method called chemical bath deposition 
(CBD) because it is a simple and low cost process. 
It is an in-situ method that uses a single precursor 
solution for QD material deposition [17]. The 
precursor solution in this case contained both the 
cations and anions to be deposited on a fluoride-
doped tin oxide (FTO) substrate. The solution 
pH and temperature were carefully controlled 
in order to optimize the CBD in terms of layer 
stability and nanoparticle size. The prepared 
QDs were characterized using (XRD), electron 
microscopy, Raman spectroscopy, and UV-Vis-
NIR spectroscopy to identify the structure and 
morphology and to estimate the band gap energy. 
QDSSC electrodes were fabricated using the 
prepared CdS QDs loaded on the surface of TiO2.

Experimental                                                                   

Materials
Cadmium sulfate (CdSO4·8H2O, 99%, 

VEB Laborchemie Apolda GmbH, Germany), 
thiourea (CS(NH2)2, Loba Chemie, India), 28 

% NH4OH (Koch-Light Laboratories Ltd, UK), 
triethanolamine, sodium hydroxide (NaOH, 
Koch-Light Laboratories Ltd), titanium(IV) 
isopropoxide (97%, Sigma–Aldrich), glacial 
acetic acid, concentrated nitric acid (Sigma–
Aldrich), citric acid (Sigma–Aldrich), Triton 
X-100, 10 Ω FTO  glass substrates (thickness 
1.1 mm, coating thickness 150 nm), and Teflon-
lined stainless autoclave tubes were used as 
received.

Preparation of anatase TiO2
AnataseTiO2 (P25) powder was prepared from 

titanium(IV) isopropoxide (27 g) and glacial 
acetic acid (5.53 g). Then, deionized water (133 
ml) was added, and the solution was stirred for 1 
h. After stirring, concentrated nitric acid (1.82 ml) 
was added, and the temperature was increased to 
80 °C and kept constant for 2 h until a milky white 
solution was obtained. The volume of the solution 
was increased to 165 ml using deionized water, 
and then, the solution was kept in an oven at 
250°C for 12 h by using a Teflon-lined stainless-
steel autoclave. The pure P25 anatase TiO2 was 
isolated by centrifugation(2 h) and washed several 
times with deionized water and then dried at 50 
°C [18].

Preparation of mesoporous TiO2 films
FTO glass samples were cleaned successively 

using sodium dodecyl sulfate and then sequentially 
sonicated in deionized water, ethanol, acetone and 
finally isopropanol for 30 min. for each reagent, 
respectively. The substrates were dried at 140°C 
for 15 min. prior to the deposition process. A paste 
of TiO2 was prepared by mixing P25 anatase TiO2 
powder (1 g), citric acid (1 ml) and one drop of 
Triton X-100. Transparent TiO2mesoporous films 
were prepared by doctor blading (C.B.G theTiO2 
paste on to the cleaned FTO glass substrates. 
The films were then sintered at 500°C in inert 
atmosphere for 30 min. to decrease the impurities 
and enhance the crystallinity.

Growth of CdS QD layers using CBD
Different concentrations of CdSO4 and 

thiourea were tested (Table 1) to study the effect 
of changing the concentration on the composition 
of the resulting CdS QD films. NH4OH (28% 
solution) was added dropwise into a 100 ml beaker 
containing CdSO4 solution (0.05–0.2 M and 25 
ml) until the initially formed white precipitate 
was completely dissolved. The substrates were 
fixed vertically in the bath. Then, CS(NH2)2 (0.1 
or 0.2M and 25 ml) was poured into the beaker. 
Finally, distilled water was gradually added to 
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TABLE 1. Chemical compositions and operating 
conditions* for CdS deposition.

Sample 
no.

CdSO4 
conc (M)

(CS(NH2)2) 
conc(M)

Temp. 
(°C)

4 0.05 0.1 70
8 0.1 0.1 70
5 0.15 0.1 70
6 0.2 0.1 70
3 0.2 0.2 70
1 0.2 0.2 25
2 0.2 0.2 45
7 0.2 0.2 55

*Time of deposition was 10 minutes for all samples.

increase the volume to 100 ml. The deposition 
process for all samples was performed at 25–70 
°C on a hot plate under magnetic stirring. Stirring 
was continued for 10 min., dried using air blower, 
then the samples were stored in desiccators. (Fig. 

1).
Material characterization

Field-emission scanning electron microscopy 
(FE-SEM) was performed on a Quanta FEG 
microscope (FEI, the Netherlands). High-
resolution transmission electron microscopy 
(HR-TEM) images of TiO2 and CdS QDs were 
obtained using an FEI Tecnai G2 20S-Twin 
microscope with an accelerating voltage of 200 
kV. Raman spectra were obtained using a Sentera 
spectrometer (Bruker, Germany) with a laser 
wavelength of 532 nm (doubled Nd:YAG laser) 
and a power of 3 mW. The spectra were recorded 
over the range of 1200–100 cm−1. UV-Vis-NIR 
absorption spectra were recorded using a Jasco 
V-570 UV-Vis-NIR scanning spectrophotometer. 
XRD data were obtained using a Bruker AXSD8 
Advanced diffractometer with a CuKα radiation 
source (λ= 1.54056 Å) operating at 40 kV and 40 
mA. The diffraction data were recorded for 2θ 
values between 10° and 80°.

Fig. 1.  Schematic diagram representing the CBD technique.
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Results and Discussion                                                       

Recently, deposition of metal oxide layers 
with quantum dots (QDs) has drawn considerable 
attention for enhancing photovoltaic devices. The 
composition and phase purity of the prepared TiO2 
nanoparticles were estimated by XRD. Figure 2 
illustrates a typical XRD pattern of a thin film of 
TiO2 prepared in this study. The diffraction peaks 
at 25.4°, 37.2° , 48.5° , 54.1°, 55.7°, and 63.2° 
corresponding to the (101), (112), (200), (105), 
(211) and (204) phases of TiO2, respectively, were 
observed according to the standard pattern (JCPDS 
No: 88-1175 and 84-1286). The absence of broad 
peaks indicates the sample is crystallographically 
pure. The sharp high-intensity peaks observed at 
25.4° and 48.5° indicate the formation of TiO2 in 
the anatase phase [19]. From the XRD pattern, the 
average crystal size of the TiO2 nanoparticles was 
7.23 nm, as calculated using the Scherrer formula 
(1) [20]:

                                                                       (1)

Where λis the wavelength of the X-rays, β is the 
full width at half-maximum (FWHM), θ is the 
diffraction angle, and Dp is the crystal size.

The particle size and crystallinity of the TiO2 
powder were investigated by HR-TEM, and  the 

acquired images confirmed the results of the 
XRD study (Fig. 3a). The TiO2 nanoparticles had 
a mostly spherical morphology and were in the 
anatase phase. Figure 3(b &c) shows FE-SEM 
images of the nano-TiO2 thin film (prepared by 
doctor blading) at different magnifications. The 
images illustrate that the TiO2 particles were 
porous and spherical with a smooth surface.
In addition, the size of the particles was 
approximately 18–22 nm.

Films of CdS were fabricated on the anatase 
TiO2 thin films pre-loaded onto FTO glass in an 
alkaline chemical bath solution. The deposition 
was carried out according to the following 
proposed reaction mechanism in which CdSO4 is 
the source of Cd2+ ions and thiourea supplies S2− 
ions through a hydrolytic process in an alkaline 
medium [21] [Eqs. 2–8)]:

Cd2+ + 4NH3   [Cd(NH3)4]
2+  (2)

[Cd(NH3)4]
2+  Cd2+ + 4NH3 (3)

NH3 + H2O  NH4
2+ + OH− (4)

Cd2+ + 2OH−  Cd(OH)2  (5)

CS(NH2)2 + 2OH−                       [HS+] + H2O + CH2N  (6)
[HS]+ + OH−  S2− + H2O (7)

[Cd(NH3)4]
2+ + S2− CdS + NH3 ( 8 ) 

Fig. 2. XRD pattern of an anatase TiO2 thin film formed using the doctor blade method.
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     The morphological, structural and optical 
properties of these films were studied. The results 
revealed that the fabricated thin films were tightly 
adhered (Scratch test ISO- 2409 class zero) to the 
substrates, homogeneous, smooth, reflective, and 
light yellow in color. The structures of the CdS–
TiO2 films were analyzed using X-ray diffraction. 
Figure 4 shows the X-ray diffraction pattern for a 
CdS film on a TiO2 layer, and the most important 
peaks appeared at 2θ values of 26.67, 44.63°, and 
51.41°, indicating preferred orientations of (111), 
(220), and (311), respectively, for the CdS QDs. 
The diffraction peaks at 2θ values of 25.4° and 

51.4° correspond to TiO2, and those at 2θ values 
of 33.5°, 38.1°, and 61.6° correspond to FTO. The 
average grain size of the CdS QDs, as calculated 
by the Scherrer formula, was approximately 3.92 
nm. The surface morphologies of the CdS films 
were observed by FE-SEM (Fig. 3d). The images 
revealed that the surface consisted of spherical 
grains with sizes of 15–24 nm and had a smooth 
appearance. The fine grains are formed due to 
the homogeneous nucleation of CdS particles 
on the surface. The shape and grain size of CdS 
films greatly affect the electrical properties of the 
resulting solar cells [22].

 a) b) 

c) d) 

Fig. 3. a) HR-TEM image of TiO2 nano particles as prepared.
             b&c) FE-SEM images of nanostructure anatase TiO2 prepared using the doctor blade method at different 

magnifications.
              d) FE-SEM images of the CdS QD layer prepared from a solution containing 0.2 M CdSO4 and 0.2 M 

thiourea operated at 70 oC and 10 min.
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UV-Visible spectrometry was used for 
measurement the ability of photoanode to 
absorb light for solar cell applications. The 
UV-Vis absorption spectrum of the CdS–TiO2 
photoelectrode is shown in Fig. 5a. The absorption 
peak of the CdS thin films was located at 493 nm, 
whereas the absorption edge of bulk CdS was blue 
shifted to 515 nm as a result of the decrease in 
the average size of CdS particles (3.92 nm). Thus, 
the co-sensitizing effect of CdS can enhance the 
performance of the QDSSC [23]. Furthermore, 
the band gaps of the grown CdS thin films were 
calculated from the following equation [24,25]:

α=A(hv - Eg)
m/hv                     (9)

 
Where α is the absorption coefficient, Eg is the 
optical band gap, A is a constant which refer 
to the effective mass associated with the band, 
and mis 1/2 for a direct-gap material, while the 
value of m is 2 for an indirect-gap material and 
3/2 for a forbidden direct energy gap. The energy 
gap (Fig. 5b) was estimated by extrapolating the 
straight line of (αhv)2 plotted as a function of the 
photon energy of the sample. A linear relation 
between (αhv)2 and hv indicates a direct band gap, 
which was 2.63 eV, whereas the band gap of bulk 
CdSwas 2.42eV. The increase in the band gap 
might be due to the quantum confinement effect 
in QDs (as the crystal size decreases, the band gap 
increases).

Raman spectroscopy was performed on 
the CdS-deposited photoanode to confirm the 
formation of the CdS. The Raman peaks at 299 

and 600 cm−1 increased in intensity for QDs 
deposited at increasing temperature, because the 
layers deposited were thicker. Figure 5c shows 
CdS QDs formed at 70 oC. The reported peaks for 
bulk CdS are located at 305 and 605 cm−1. The 
shift we observed in the CdS peaks is consistent 
with the spatial phonon confinement effect for 
QDs [25–27]. For hexagonal CdS, the first-order 
Raman band at 299 cm−1 and the second-order 
band at 600 cm−1 correspond to the first-order 
(1LO) and second-order (2LO) vibrations of 
hexagonal CdS, respectively. Here, LO refers to 
longitudinal optical phonons that polarize along 
the z direction parallel to the unit cell edge. The 
1LO frequency of bulk CdS is known to be 305 
cm−1. The 2LO mode can be understood as a 
resonant Raman effect due to the limited size of 
the CdS particles or as transitions from the cluster 
system [26-28].

To evaluate the photovoltaic performance of 
CdS–TiO2, QDSSCs were fabricated, and the 
resulting current density–voltage (J–V) curves 
were obtained (Fig. 6 and Table 2). Table 2 gives 
the performance of QDSSCs fabricated with 
CdS–TiO2 prepared under different operating 
conditions, in terms of the open-circuit 
potential (VOC), short-circuit current density 
(JSC), fill factor (ff), and total energy conversion 
efficiency (η). Figure 6 shows a comparison 
of the photovoltaic J–V performance of the 
QDSSCs under 1 sun illumination using a 
Cu2S–brass counter electrode and polysulfide 
electrolyte [29]. 

Fig. 4. XRD pattern of the CdS QD / anatase TiO2 thin film on FTO at 70 oC with concentration of 0.2 M for both 
CdSO4 and CS(NH2)2. 
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a b 

c 

Fig. 5. a) UV- Vis absorption spectrum of the CdS QD thin film prepared under the optimum conditions (sample 3).
b) The band gap of the grown CdS QD thin film (sample 3).
c) Raman spectrum of the CdS QD-deposited photoanode (sample 3).

Fig. 6. J–V curves of QDSCs with CdS QD/TiO2 electrodes fabricated under different operating conditions.
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The mechanism of photoelectrons generation 
can be explained as the following reactions [30]:

CdS        +      hυCdS             (e-+h+)                (10)

CdS (e-+h+) + TiO2                      CdS (h+) + TiO2 (e
-)     (11)  

TiO2 (e
-)                           Photocurrent                         (12)        

The process is carried when sunlight falls on 
the cell surface and absorbed by cadmium sulfide 
quantum dots molecules which will produce 
photoelectrons as shown in the first reaction. 
The resulted electrons are rapidly injected into 
the conduction band of TiO2 which will generate 
a photocurrent. The holes which left in CdS 
QDs will be compensated by the polysulfide 
electrolyte in the cell.

It can be seen that increasing bath temperature 
(keeping the deposition time constant at 10 min) 
leads to increase in the overall energy conversion 
cell efficiency. The CdS QDs formed a good 
adhesive layer at 70 °C, whereas if the temperature 
was decreased to 45 °C, the efficiency decreased 
from 1.367 to 0.699. The significantly improved 
cell performance (1.367%) of the QDSSC with 
CdS QDs formed at 70°C was largely due to the 
increased JSC. This might be due to the increased 
number of electrons injected into TiO2 resulting 
from the increased number of assembled QDs; 
this would result in enhanced light absorption. 
The overall efficiency of the QDSSC decreased as 
the concentration of the cadmium precursor and/
or the sulfur precursor was decreased, due to the 
low coverage of the cell with layers of CdS.

The efficiency of the prepared CdS QDSSC is 
acceptable compared with other results obtained 
with the CBD method, as shown in Table 3.

Conclusion                                                                   

Thin films of CdSQDs were successfully 
prepared through a simple, low-cost, and 
more efficient CBD method. The deposition of 
QDs was optimized by varying the operating 
conditions (precursor concentration and 
temperature). From the XRD results the average 
particle size was 3.92 nm, and the particles were 
spherical. The optical properties showed a blue 
shift due to the nanoscale size of the CdS thin 
films, which is in agreement with the grain size 
determined by the XRD study. The optical band 
gap energy (Eg) of the CdS QDs was determined 
from UV spectroscopic data to be 2.63 eV. 
Excellent performance, with η of 1.367%, VOC of 
0.539 V, JSC of 6.100 mA cm−2, and ff of 0.417, 
was obtained for CdS–TiO2 QDSSCs fabricated 
at high temperature (70°C) with higher Cd and S 
precursor concentrations.

TABLE 2.  Cell efficiency and ff with CdS QD/TiO2 electrodes fabricated at different operating conditions.

Sample no.
CdSO4 conc 

(M)

CS(NH2)2 

conc (M)
Temp (°C) Voc (V)

ISC (mA 

cm -2)
ff Ŋ (%)

2 0.2 0.2 45 0.57 2.71 0.454 0.699

3 0.2 0.2 70 0.54 6.10 0.417 1.367

4 0.05 0.1 70 0.59 2.400 0.463 0.651

5 0.15 0.1 70 0.52 4.800 0.581 1.345

6 0.2 0.1 70 0.51 4.450 0.516 1.172

Efficiency (%) Reference

1.5 [31]

1.35 [32]

2.13 [33]

1.09 [34]

1.08 [35]

1.37 this work

TABLE 3. Efficiency of CdS QDs deposited using 
CBD: a comparison between this work 
and selected published results of others.
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تأثير النقاط الكمية لكبريتيد الكادميوم المحضرة بواسطة تقنية ترسيب الحمام الكيميائي على أداء 
الخاليا الشمسية

زينب عبد الحميد1، هناء بركات حسن2، منال عبد الرحيم حسن1، مجدى محمد حسين3، صفاء أنور1
1مركز بحوث وتطوير الفلزات - حلوان - القاهرة - مصر.

2كلية العلوم - جامعة القاهرة - الجيزة - مصر.

3المعهد القومي للعلوم المعززة بالليزر - جامعة القاهرة - الجيزة - مصر.

في السنوات األخيرة أصبحت الطاقة التقليدية إحدي مشاكل العالم وكنتيجة لذلك ازداد الطلب والحاجة إلي مصادر الطاقة 
المتجدده نظرا لمحدودية الوقود الحفري وقضايا اإلحتباس الحراري؛ لذلك فقد برز دور الطاقة الشمسية كمصدر للطاقة 

المتجددة.

تعتبر الخاليا الشمسية نقاطية الكم احدي انواع الجيل الثالث من الخاليا الشمسية و التي تعتمد علي النقاط الكمية 
كمواد ممتصة للضوء. النقاط الكمية هي جسيمات أشباه الموصالت بالغة الصغر المستخدمة في الخاليا الشمسية؛ تختلف 
خصائصها البصرية واإللكترونية عن خصائص الجزيئات الكلية. يمكنهم تحسين أداء الخاليا الشمسية إذا تم تحضيرهم 
في الحجم المناسب. تمتلك النقاط الكمية عددا من فجوات النطاق (Band Gap) عبر مستويات الطاقة عن طريق تغيير 
حجم النقط علي عكس المواد األساسية التي تمتلك فجوات نطاق ثابتة تبعا لنوع الماده المستخدمة. ومن بين الخصائص 
البارزة للنقاط الكمية أيضا، الطيف االنبعاثي الضيق ، الثبات الضوئي الجيد ، أطياف اإلثارة الواسعة، وإرتفاع معامل 
االثارة. في هذا العمل، تم تحضير رقائق رقيقة من النقاط الكمية لكبريتيد الكادميوم (CdS) على ركائز أكسيد القصدير 
المرسبة على الزجاج الموصل الشفاف (FTO). تم تحسين ترسيب Qds QDs باستخدام طريقة ترسيب الحمام الكيميائي 
في ظل ظروف تشغيل متنوعة (تركيز السالئف، ودرجة الحرارة). هذة الطريقة هى وسيلة فعالة لترسيب CdS على 
طبقة TiO2 التي يسهل اختراقها. تم دراسة التركيب و المظهر السطحى (المورفولوجي) والخصائص البصرية لألغشية 
الرقيقة CdS المعدة باستخدام حيود األشعة السينية، الميكروسكوب اإللكتروني الماسح، التحليل الطيفي للرامان واألشعة 
فوق البنفسجية القريبة من األشعة تحت الحمراء. تم حساب حجم الجسيمات من QDS QDs ليكون 7-3 نانومترى من 
f ًنمط حيود األشعة السينية. تحولت فجوة النطاق إلى اللون األزرق في طيف امتصاص األشعة فوق البنفسجية مقارنة

.Qds Qds مما يؤكد على تشكيل ،bulk CdS فجوة النطاق األكبر


