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a  b  s  t  r  a  c  t

Nanocrystalline  CdS  thin  films  were  deposited  on  glass  substrates  by  a  new  in  situ  chemical  reaction
synthesis  using  cadmium  precursor  solid  films  as  reaction  source  and  sodium  sulfide  based  solutions  as
anionic  reaction  medium.  The  influence  of  the  S:Cd  molar  concentrations  in  separate  cationic  and  anionic
precursor  solutions  and  the  deposition  temperature  on  the  crystallized  structure,  morphologies,  chem-
ical component  and  optical  properties  of  the  deposited  CdS  films  was  investigated  by X-ray  diffraction,
field  emission  scanning  electron  microscope,  energy  dispersive  X-ray  analysis  and  UV–Vis  spectra  mea-
eywords:
n situ synthesis
dS nanocrystalline thin films
olar concentration
eposition temperature
nnealing treatment

surements.  The  results  show  that  CdS  thin  films  deposited  by the  in situ  chemical  reaction  synthesis  have
wurtzite  structure  with  (0 0 2)  plane  preferential  orientation  and  this  tendency  gradually  enhances  with
increase  of  S:Cd  molar  concentration  ratio.  The  deposition  rate  was  80–100  nm  thickness  per  cycle  in  the
range of deposition  temperature  from  20 ◦C to 60 ◦C.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In the last two decades, a large amount of work has been devoted
o study of CdS thin films for their capacity to increase the conver-
ion coefficient of solar cell devices [1–5] and potential in wide
pplications relating to the ability to adjust electronic band gap
nergy through particle size [6].  CdS is an n-type semiconductor
hich has direct band gap (Eg = 2.42 eV) and optical absorption

uitable for photovoltaic applications as window coatings in many
ypes of solar cells with absorber materials such as Cu(In, Ga)Se2 [7],
dTe [8,9] or CuInSe2 [10,11].  Furthermore, CdS nanocrystals are
pplied for lasers [12], biological labels [13,14],  photoconducting
ells in sensors [15] and photoelectrocatalysis devices [16–19].

Numerous methods have been developed to prepare CdS
anocrystalline films, typically physical vapor deposition [20–22],
agnetic sputtering [23], close spaced sublimation [24], molecu-

ar beam epitaxy [25], chemical vapor deposition [26], chemical
ath deposition (CBD) [27,28],  electrodeposition [29], successive

onic layer adsorption and reaction (SILAR) method [30–32],  photo-

hemical deposition [33], screen printing [34], electrostatic assisted
erosol jet deposition [35] and ion layer gas reaction (ILGAR)
ethod [36]. Recent years, there have been increasing efforts in

∗ Corresponding author. Fax: +86 22 27404724.
E-mail address: zhgjin@tju.edu.cn (Z. Jin).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.11.141
developing new synthesis techniques which particularly have some
advantages on green materials, low cost and easy fabrication on a
large scale. CBD is a time-efficient method and can deposit high
quality CdS thin films on large area substrates. However, the homo-
geneous nucleation in the reaction solution, which simultaneously
was accompanied with the effective heterogeneous nucleation
deposition on substrate for thin film formation, took place in the
deposition solution, leading to a high proportion of Cd and S precur-
sor source loss and further environmental pollution [26,27]. SILAR
is a simple, low cost and less precursor source loss preparation but
it is of low time-efficiency and only has about 2–3 nm deposited
layer thickness per SILAR cycle [29,30]. So, we suggested whether
a new deposition method could be developed, which used SILAR
deposition cycles with improved time-efficiency by displacing the
thin ion-absorbed layer with a pre-formed and thick cationic pre-
cursor solid film. In this work, we described the new synthesis
method, named in situ chemical reaction synthesis, to prepare CdS
thin films. The method used pre-formed cadmium nitrate solid
thin films as cationic reaction source and sodium sulfide based
solutions as anionic reaction medium. The effects of anionic con-
centration, in situ deposition temperature and annealing treatment
on crystallization, morphology, stoichiometry and optical proper-

ties of the CdS thin films by the in situ chemical reaction synthesis
were mainly investigated by X-ray diffraction (XRD), field emission
scanning electron microscope (FESEM), energy dispersive X-ray
analyzer (EDAX) and UV–Vis spectra measurement.

dx.doi.org/10.1016/j.jallcom.2011.11.141
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhgjin@tju.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.11.141
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Fig. 1. Flow chart of CdS thin film by in situ chemical reaction process.

.  Experimental

.1. Chemicals

For in situ deposition of CdS thin films, the following chemicals were
sed: cadmium nitrate (Cd(NO3)2·4H2O), sodium sulfide (Na2S), ethylene glycol
onomethylether (HO(CH2)2OCH3), butyl alcohol (CH3(CH2)3OH), ethanolamine

HO(CH2)2NH2) and deionized water. All chemicals are AR grade and directly used.

.2.  Preparation of CdS thin films

Cationic solution for the pre-formed Cd precursor films: 0.15 M Cd(NO3)2·4H2O
as dissolved into a mixed solution of 15 mL  ethylene glycol monomethylether,

 mL  ethanolamine and 2 mL  butyl alcohol. Anionic reaction solutions: certain con-
ent  of Na2S was  dissolved into a mixed solution of 12 mL  deionized water and 8 mL
thylene glycol monomethylether, and the Na2S concentrations were 0.15, 0.30,
.45 and 0.60 M,  respectively. The CdS films were respectively deposited in the four
ifferent anionic reaction solutions at solution temperature of 20 ◦C. To investigate
ffect of in situ deposition temperature, deposition temperature was  altered at 20 ◦C,
0 ◦C and 60 ◦C, respectively, with the fixed Na2S concentration of 0.30 M.  Micro-
cope glass slides of 25 mm × 15 mm × 1 mm were used as substrates, which were
ltrasonically cleaned with 30% nitric acid, alcohol and deionized water for 20 min,
espectively. The flow chart of preparation of CdS thin films by the in situ chemi-
al  reaction process is shown in Fig. 1. At first, Cd2+ precursor solid thin films were
oated on cleaned glass substrates by dip-drawing method and following drying at
ven of 100 ◦C in the air. Then the coated substrates were immersed into anionic
eaction solution for 10 s, where Cd2+ reacted with S2− to generate CdS deposited
ayer. The substrate was  washed with deionized water for 15 s to remove counter
ons and organic impurity. Above operation cycle was  repeated for 2–10 times to
nvestigate film growth. The as-deposited films were annealed at temperatures of
00 ◦C, 300 ◦C and 400 ◦C for 30 min  in argon atmosphere, respectively. The process-

ng  conditions used in the experiment are listed in Table 1. The chemical reaction
ormulae involved in the in situ reaction process are given as follows:

d(NO3)2 → Cd2+ + 2NO3
− (1)

d2+ + n HO(CH2)2NH2 → Cd[O(CH2)2NH2]2−n
n (2)

a2S → 2Na+ + S2− (3)

d[O(CH2)2NH2]2−n
n + S2− → CdS + n HO(CH2)2NH2 (4)

.3.  Characterization
X-ray diffraction analysis was  carried out using a Rigaku D/Max 2500V/PC X-
ay  powder diffractometer with CuK� radiation (� = 1.54178 Å) at a scanning rate of
◦/min ranging from 2� = 10◦ to 80◦ . The surface morphologies and cross section of
dS thin films were observed by Hatchi S-4800 model field emission scanning elec-
ron  microscope, and the accelerating voltage is 10 kV. The chemical composition of
Fig. 2. XRD patterns of CdS thin films deposited with Na2S concentrations of (a)
0.15 M,  (b) 0.30 M,  (c) 0.45 M and (d) 0.60 M at 20 ◦C, 10 dip-cycles and annealed at
200 ◦C in Ar.

CdS thin film was  determined by energy dispersive X-ray analysis (EDAX) using a
Genesis XM2 energy dispersive X-ray analyzer attached FESEM. The optical absorp-
tion spectra were recorded using TU-1901 UV–Vis spectrophotometer ranging from
200 to 900 nm.

3. Results and discussion

3.1. Influence of Na2S concentration

Fig. 2 shows the X-ray diffraction patterns of the nano-
crystalline CdS thin films deposited with Na2S concentrations of (a)
0.15 M,  (b) 0.30 M,  (c) 0.45 M and (d) 0.60 M,  respectively, at 20 ◦C,
10 dip-cycles and annealed at 200 ◦C in Ar. It is seen that the diffrac-
tion patterns are at early stage crystallization of hexagonal wurtzite
structure (JCPDS, 41-1049), and the three major peaks at 2� of 26.5◦,
43.2◦ and 51.9◦ can be assigned to (0 0 2), (1 1 0) and (1 1 2) planes
of the hexagonal phase. With increasing S:Cd molar concentra-
tion to 0.30:0.15, another two peaks at 24.9◦ and 28.2◦ appear in
Fig. 2(b), which can be assigned to plane (1 0 0) and (1 0 1) reflection
of hexagonal wurtzite phase. The two  characteristic peaks become
more definite for the film sample with S:Cd molar concentration
of 0.45:0.15 meanwhile the peak at 2� = 47.8◦, corresponding the
hexagonal (1 0 3) plane, is also seen in Fig. 2(c). Fig. 2(d) is the XRD
pattern of CdS thin film deposited at S:Cd molar concentration of
0.60:0.15, showing that the six main peaks become sharper than
the former. So, it can be concluded that the intensities of diffrac-
tion peaks increase with rising anionic concentration, which means
that the increase of Na2S concentration has a role on increasing
crystallinity of the deposited layer. The Scherrer’s relation is used
to calculate crystallite size of the CdS thin films:

D = 0.94�

 ̌ cos �
(5)

where � is the wavelength of incident X-ray, � is the diffracted angle
and  ̌ is the full width at the half maximum height. The crystallite
size of all the four samples is in the range of 11–12 nm.

Fig. 3 is the X-ray diffraction patterns of the nano-crystalline
CdS thin films deposited with Na2S concentrations of (a) 0.15 M,
(b) 0.30 M,  (c) 0.45 M and (d) 0.60 M,  respectively, at 20 ◦C, 10 dip-
cycles and annealed at 400 ◦C in Ar. It is seen that the hexagonal

wurtzite diffraction peaks of all the films annealed at 400 ◦C become
sharper when compared with those of the samples annealed at
200 ◦C. Particularly, the intensities of three main peaks of (1 0 0),
(0 0 2) and (1 0 1) planes in the XRD patterns are not in agreement
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Table 1
Processing condition for deposition of CdS thin films.

Parameters Cationic precursor (mol/L) Anionic precursor (mol/L)

Sources Cadmium nitrate Sodium sulfide
Concentration (M) 0.15 0.15/0.30/0.45/0.60
Immersion time (s) 10 10
Immersion cycles (n) 2/4/6/8/10 

Solution temperature (◦C) 20 

Annealing temperature (◦C) 200/300/400
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lyzed by EDAX are showed in Table 2. It can be seen that with the

F
2

ig. 3. XRD patterns of CdS thin films deposited with Na2S concentrations: (a)
.15  M,  (b) 0.30 M, (c) 0.45 M and (d) 0.60 M at 20 ◦C, 10 dip-cycles and annealed
t  400 ◦C in Ar.

ith those of the standard JCPDS card found at the bottom of this
ig. 3. The (0 0 2) preferred orientation is clearly seen and gradu-
lly enhanced with increase of S:Cd molar concentration ratio. It
ndicates that quick nucleation and crystal growth rate tends to
ncourage the (0 0 2) preferred orientation as S:Cd molar concen-

ration ratio is high in the in situ reaction deposition. In addition,
here are two unknown peaks at 31.8◦ and 45.3◦ after anneal-
ng, which might be induced by sodium-containing impurities, not
ndexed to any JCPDS standard card. The Scherrer’s relation is used

ig. 4. FESEM micrographs of CdS thin films deposited with different Na2S concentration
00 ◦C in Ar.
2/4/6/8/10
20/40/60

again to calculate crystallite size of the films annealed at 400 ◦C
in Ar. They are 26, 36, 36 and 36 nm respectively, showing that
annealing at higher temperature promotes crystallite growth and
improved crystallinity of the CdS thin films considerably.

The surface morphologies of CdS thin films with different
anionic concentrations of 0.15, 0.30, 0.45 and 0.60 M respectively,
and 10 dip-cycles and annealed at 200 ◦C in Ar are shown in Fig. 4.
As is shown in Fig. 4(a), the film with 0.15 M anionic concentration
is not very flat and compact. The film morphologies of Fig. 4(b)–(d)
are better than that of Fig. 4(a). It indicates that the morphology
could be improved by relatively uniform deposition growth when
the anionic concentration increased. Grain sizes of the four samples
by the FESEM observation are almost the same without obvious
difference, ranging from 20 to 23 nm.

Fig. 5 is an EDAX spectrum of the CdS thin film prepared with
molar concentration of S:Cd = 0.15:0.15 M in separate precursor
solutions, and at deposition temperature of 20 ◦C, 10 dip-cycles and
annealed at 300 ◦C in Ar. It shows that the film contains the ele-
ments Cd and S as deposited components and S/Cd atomic ratio is
1.04. Some impurity elements such as Si, Al, Na, O, C, N and Au were
also detected by EDAX. Among these elements, Si, Al, Na and partly
O are attributed to the chemical components of glass substrate. C,
O and N are due to exposure to the atmosphere and residual ele-
ments from the organic chemicals of precursor solution. Au is due
to golden coat on the in situ deposited CdS thin films for FESEM
observation. The S/Cd atomic ratios of CdS thin films deposited at
different annealing temperatures and molar concentrations ana-
increase of anionic solution concentration, the S:Cd atomic ratios on
films also increased. In addition, with the increase of annealing tem-
perature, the S:Cd atomic ratios on films are decreased when the

s of (a) 0.15 M,  (b) 0.30 M,  (c) 0.45 M,  (d) 0.60 M and 10 dip-cycles and annealed at
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Fig. 7. (�h�)2 versus (h�) plots of CdS thin films deposited with different Na2S
concentrations: (a) 0.15 M,  (b) 0.30 M,  (c) 0.45 M,  (d) 0.60 M and 4 dip-cycles and
annealed at 200 ◦C in Ar.

Fig. 8. XRD patterns of CdS thin films deposited at different temperatures: (a) 20 ◦C,
ig. 5. EDAX spectrum of the CdS thin film prepared with molar concentration of
:Cd  = 0.15:0.15 M in separate precursor solutions and 10 dip-cycles.

olar concentration of S:Cd in separate precursor solutions were
xed, which may  be caused by volatilization of element S on the
lms during heat treatment.

Fig. 6 shows optical absorption spectra of the CdS films
eposited with Na2S concentrations of 0.15, 0.30, 0.45, 0.60 M
espectively, 4 dip-cycles and annealed at 200 ◦C in Ar. All these
bsorption spectra show a shoulder peak at 476–482 nm and
lightly blue shift compared with the reported data of 512 nm for
ulk CdS. This blue shift does not be attributed to the nanosize effect
ecause the Bohr radius of CdS is 6 nm,  smaller than the average
rystallite size 11–12 nm calculated by the Scherrer’s relation for
he in situ synthesized CdS films. Using the standard expression for
irect transition between two parabolic bands (˛h�)1/n = A(h� − Eg),
here A is a constant related to the effective masses associated with

he bands and n = 1/2 for a direct-gap material, the band gap Eg of
he investigated CdS layers were determined by extrapolating the
inear (˛h�)2 versus h� plots to the energy axis shown in Fig. 7. It
s seen that the direct band gap energies are smaller than the val-
es of 2.42 eV for single crystal and decrease with the increase of
a2S concentration in a narrow range of 2.30–2.34 eV. The results

hould be related to microstructure imperfection, surface and lat-

ice defects of the CdS thin films [37]. The regularly reduced band
aps with increasing Na2S concentration may  also be caused by
eviation out of the Cd:S = 1 stoichiometry, which induced lattice
aults at non-stoichiometric situation, all leading to the red shift.

ig. 6. Optical absorption spectra of CdS thin films deposited with different Na2S
oncentrations: (a) 0.15 M,  (b) 0.30 M,  (c) 0.45 M,  (d) 0.60 M and 4 dip-cycles and
nnealed at 200 ◦C in Ar.

(b) 40 ◦C, (c) 60 ◦C, and with 10 dip-cycles and annealed at 200 ◦C in Ar.

Fig. 9. XRD patterns of CdS thin films deposited at different temperatures: (a) 20 ◦C,
(b) 40 ◦C, (c) 60 ◦C, and with 10 dip-cycles and annealed at 400 ◦C in Ar.
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Table 2
EDAX analysis on surface of CdS thin films prepared with different processing conditions.

S:Cd atomic ratios on surface of CdS thin films

Annealing temperature (◦C) Molar concentrations of S:Cd in separate precursor solutions

0.15:0.15 0.30:0.15 0.45:0.15 0.60:0.15

200 1.07 1.17 1.24 1.29
300  1.04 1.14 1.21 1.25
400  1.02 1.11 1.19 1.23

F ction 

3

fi
o
2
c

F

ig. 10. Surface and cross section morphologies of CdS thin films with different rea

.2. In situ deposition temperatures

In order to explore effect of in situ deposition temperature, CdS

lms were deposited at different reaction solution temperatures
f 20 ◦C, 40 ◦C, 60 ◦C respectively, and different cycle numbers of
–10 and fixed the S/Cd ratio 0.30:0.15 in starting separate pre-
ursor solution. Fig. 8 shows XRD patterns of the CdS thin films

ig. 11. Surface and cross section morphologies of CdS thin films with different reaction 
cycles of (a) 2, (b) 4, (c) 6 and (d) 8, deposited at 20 ◦C and annealed at 200 ◦C.

deposited at 20 ◦C, 40 ◦C, 60 ◦C, and with 10 dip-cycles and annealed
at 200 ◦C in Ar. The peaks at 2� = 26.5◦, 43.2◦ and 51.9◦ correspond
to the (0 0 2), (1 1 0) and (1 1 2) planes of hexagonal wurtzite phase,

respectively. Also, it is seen that the crystallization degree of CdS
films is almost unchanged with the increase of in situ deposition
temperature. The Scherrer’s relation was used to calculate crys-
tallite size of the films annealed at temperatures of 200 ◦C in Ar,

cycles of (a) 2, (b) 4, (c) 6 and (d) 8, deposited at 40 ◦C and annealed at 200 ◦C.
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ig. 12. Surface and cross section morphologies of CdS thin films with different rea

nd they were in the range of 11–12 nm.  For the CdS thin film
nnealed at 400 ◦C, the characteristic peaks at 24.8◦ and 28.2◦

ppear besides the three peaks, which can be assigned to plane
1 0 0) and (1 0 1) reflection of hexagonal wurtzite phase. More-
ver, it is seen from Fig. 9 that the crystallization degree of the
dS thin films annealed at 400 ◦C decreases with increase of in situ
eposition temperature. The peak at 2� = 36.6◦, corresponding to
he hexagonal (1 0 2) plane, becomes weak and even disappears
ith increase of in situ deposition temperatures. The Scherrer’s

elation was used again to calculate crystallite size of the films
nnealed at 400 ◦C in Ar, and they were 36, 30 and 26 nm,  respec-
ively, gradually reduced with the increase of in situ deposition
emperatures.

Figs. 10–12 show surface and cross section morphologies of CdS
lms obtained under different deposited conditions. From Fig. 10,

t can be seen that the thin films become flat and dense with the
ncrease of cycle numbers. The grain size gradually increases from
6 nm with 2 dip-cycles to 23 nm with 8 dip-cycles. The thickness
f thin films with 6 dip-cycles and 8 dip-cycles was 497 nm and
46 nm respectively, implying that growth rate of film thickness
repared at 20 ◦C is about 82 nm per cycle. Fig. 11 shows the sur-
ace and cross section morphologies of CdS thin films deposited
t 40 ◦C. The particle size enlarges to 25 nm on the average, and
ranulated deposits become clear and surface evolves uneven with
ising deposition temperature. The film thickness increases from
87 nm with 2 dip-cycles to 542 nm with 6 dip-cycles, correspond-

ng to thickness growth rate of 92 nm per cycle. From Fig. 12,
t can be seen that at deposition temperature 60 ◦C, growth rate

as so fast that the CdS crystal nucleus could not form particle
nd tended to grow epitaxially to form flower-like nanostruc-
ured CdS on films. The thickness of films deposited at 60 ◦C was
anged from 417 nm with 4 dip-cycles to 612 nm with 6 dip-cycles,
ndicating that its growth rate is 103 nm per cycle. It is known
hat ionic diffusion velocity, ionic adsorption and desorption, and
eaction kinetics of adsorbed cations with anions to form sulfide
ompound are all related to deposition temperature. Deposition
emperature dominantly affected synthetic reaction kinetics and

onic diffusion velocity for the process of deposition [37]. So, it
an be concluded that high reaction kinetics and ionic diffusion
elocity at elevated temperature can contribute to fast growth
ate.
cycles of (a) 2, (b) 4, (c) 6 and (d) 8, deposited at 60 ◦C and annealed at 200 ◦C.

4. Conclusions

Wurtzite CdS nanocrystalline thin films could be deposited on
glass substrates by the in situ chemical reaction synthesis using
cadmium precursor solid films as reaction source and sodium
sulfide based solutions as anionic reaction medium. The character-
ization studies reveal that S:Cd concentration ratios in the starting
separate precursor solutions had influence on the crystalline struc-
ture, morphologies, chemical composition and optical properties
of the deposited CdS films. The SEM images showed that the films
became more homogeneous with increase of the S:Cd molar con-
centration ratio, but EADX analysis showed that S:Cd atomic ratio of
the grown films was  increased with rising the molar concentration
ratio in separate precursor solution. The optical absorption spec-
tra had a shoulder peak at 476–482 nm of absorption edge and the
optical band gap energies were in the range of 2.30–2.34 eV. The
increase of deposition temperature could cause fast growth, large
particle size, and even flower-like film morphology. The deposition
rate was  80–100 nm thickness per cycle in the range of deposition
temperature from 20 ◦C to 60 ◦C.
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