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Abstract
Co-doped CdS nanofilms are synthesised by chemical bath deposition growth technique at the temperature of 60 ± 2 °C. 
The cobalt molar fraction was ranged from 0 ≤ x ≤ 5.47, which was determined by energy-dispersive X-ray spectroscopy. 
The X-ray diffraction shows that the nanofilms are of CoS–CdS nanocomposites with individual CdS and CoS crystalline 
planes. The Co-doped CdS crystalline phase was zinc-blende that was determined by X-ray diffraction and confirmed by 
Raman spectroscopy. The average grain size of the CdS films was ranged from 2.56 to 1.67 nm that was determined by 
Debye–Scherrer equation from ZB (111) direction and it was confirmed by Wang equation and high resolution transmission 
electron microscopy (HRTEM). Raman scattering shows that the CdS lattice dynamics is characteristic of a bimodal behav-
iour, in which the first optical longitudinal mode denotes the characteristic peak at 305 cm−1 of the CdS nanocrystals that is 
associated with the cobalt incorporation. Nanofilms present two main bandgaps at ~ 2.56 and 3.80 eV, which are attributed 
to single CdS and quantum-confinement due to nanocrystals size. The increase in band gap with increase in cobalt concen-
tration suggests intermetallic compound of CoS (Eg = 1.60 eV) with CdS (Eg = 2.44 eV). The CdS nanocrystals size was 
ranged from 2.46 to 1.81 nm that was determined from ZB (111) direction by Debye–Scherrer equation and confirmed by 
the Wang equation. The room-temperature photoluminescence of the Co-doped CdS presents well-resolved radiative bands 
associated to structural defects and with the quantum-confinement. For the Co-doped CdS the photoluminescence intensity 
increases indicate a high-passivation of the nanocrystals.

1  Introduction

Recently several research groups have observed that the 
incorporation of magnetic ions into crystalline lattices of 
various materials II–VI allow the possible application to 
devices based on the spin of free electrons with unprece-
dented capabilities. Various growth techniques have pointed 
out the ferromagnetic properties [1–3] and paramagnetic 
[4, 5] of this type of materials. However, the usefulness of 
CdS for the futuristic devices resides in the ability to dope 
it with impurities so as to achieve the desired properties 
and to make them multifunctional. As innovative as the 
binary nanostructures of materials II–VI, ZnTe and PbTe, 
in which the detector can respond to a modeled radiation and 
also as base materials for solar cells [6]. Transition metal 
(TM) such as Mn, Fe, Co, Zn, etc., doped with CdS has 
drawn considerable attention as it offers a great opportu-
nity to integrate electrical, optical and magnetic properties 
into a single material, which makes it an ideal candidate 
for nonvolatile memory, magneto-optical and future spin-
tronic devices [7]. Due to quantum confinement effects and 
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rapid increase in surface-to-volume ratio as particle diam-
eters are reduced to strong confinement regime, optical and 
magnetic properties are enhanced to large extent [8]. Com-
pounds containing transition metal ions, e.g., Znl−xMnxSe, 
Znl−xCoxSe, and Cdl−xFexSe, are known as diluted magnetic 
semiconductors. The presence of magnetic ions leads to a 
number of unusual electronic and optical properties, which 
are due to the interaction of the magnetic ion with band 
electrons as well as to the exchange interaction between the 
magnetic ions themselves [9]. The optical properties of Co+2 
in II–VI compounds have been studied rather extensively in 
samples containing cobalt impurities [10]. In recent years, 
II–VI semiconductors doped with transition-metal ions, 
such as Cr:ZnSe, Co:ZnSe, Co:ZnS and Co-CdSe have been 
explored as candidates for saturable-absorber Q-switches 
used with eye-safe lasers having output near 1.54 mm [11]. 
Nanostructured transducers of CdS doped with Zn have been 
synthesised using the thermal evaporation method [12]. In 
fact semiconductors in which their band gap energy has been 
stimulated have been reported as heterogeneous photocata-
lysts such as the Mg-doped ZnO and ZnO/rGO nanocom-
posites [13].

2 � Materials and synthesis of CdS nanofilms

The technique of obtaining Co-doped CdS was the chemi-
cal bath deposition [14] in its immersion modality (vapour 
bath) to prevent pollution, a water bath equipment is used 
with internal recirculation to control the reaction, which uses 
a microprocessor that achieves the precision of ± 0.1 °C. 
Being graded it to the temperature of 60 ± 2 °C to avoid 
polymorphism obtaining one of the well-defined crystalline 
phases at low temperatures [15, 16] and to avoid the release 
of harmful gases into the environment by the use of ammo-
nium nitrate as complexing agent [17]. The solutions mix-
ture is carried out using the following precursors: cadmium 
chloride dihydrate (CdCl2 + 2H2O) (Productos Químicos 
Monterrey S. A.), potassium hydroxide (KOH) (JT Baker, 
98.6% purity), Ammonia Nitrate (NH4(NO3)) (Sigma-
Aldrich, 99.5% purity) and thiourea (NH2SCNH2) (Fermet, 
99.9% purity). The doping reagent is cobalt carbonate(II) 
(CoCO3) (Carl-Roth 46%) working with the following con-
centrations 0.05 M CdCl2, 0.05 M KOH, 0.1 M NH4(NO3), 
0.05 M NH2SCNH2, which are poured into a Pyrex glass 
beaker. The used substrates are borosilicate glasses of 
dimensions, 1 in × 3 in, and thickness ± 1–2 mm, which 
are adhered to the walls of the beaker. For undoped CdS 
was labelled as M1 in Tables and characterizations graphs, 
M2 and M3 for those doped with cobalt, respectively. The 
concentrations of the precursors are CoCO3 0.001 M with 
the appropriate volumes, the doping is achieved when the 
solutions mixture has a slightly basic pH, the deposit time is 

measured from this moment. Finally, the samples are treated 
in air for decarboxylation at a temperature higher than that 
used for the synthesis of the nanofilms.

3 � Characterization techniques

The Co-doped CdS nanofilms chemical stoichiometry was 
obtained by energy dispersive spectrometry (EDS), which 
was carried out in a System LEO 438VP, with W.D. of 
26 mm using a pressure of 20 Pa. The crystalline phase 
and structure of the films were determined with a Bruker 
D8 Discover diffractometer using the copper Kα radiation 
(λ = 1.5406 Å) at 40 kV and 40 mA with parallel beam geom-
etry. Raman scattering was performed using the 632.8 nm 
line of a He–Ne laser at normal incidence for excitation. 
The light was focused to a diameter of 6.0 µm at the sample 
using a 50× (numerical aperture 0.9) microscope objective. 
The nominal laser power used in these measurements was 
20 mW. Scattered light was analysed using a micro-Raman 
system (Lambram model of Dilor), a holographic notch filter 
made by Kaiser Optical System, Inc. (model superNotch-
Plus), a 256 × 1024-pixel CCD used as detector cooled to 
140 K using liquid nitrogen, and two interchangeable grat-
ings (600 and 1800 g/mm). High resolution transmission 
electron microscopy (HRTEM) studies were carried out 
in a JEOL JEM200 of 80–200 kv, the obtained image is 
recorded with a CCD camera in real time. The Gatan Digital 
Micrograph software was used for the analysis of HRTEM 
images. The transmittance measurement was performed 
using a Bruker Infrared Spectrometer Vertex 70 at room 
temperature. The photoluminescence was measured using 
a He–Cd (Omnichrome-Series 56) laser emitting at 325 nm 
with an optical excitation power of ~ 15 mW at room tem-
perature. The radiative emission from the sample was focal-
ized to the entrance slit of a HRD-100 Jobin–Yvon double 
monochromator with a resolution better than 0.05 nm, and 
detected with an Ag–Cs–O Hamamatsu photomultiplier with 
a spectral response in the range 350–1000 nm.

4 � Results and discussion

The chemical stoichiometry of the Cd1−xCoxS nanofilms was 
estimated by EDS measurements. The information of the 
elemental composition was generated by keeping the elec-
tron beam fixed at several points of the sample, in which the 
total scan was performed (global analysis), which besides 
allowed to know the presence of the residual impurities [18, 
19]. Figure 1 shows a typical EDS spectrum of sample M1, 
since each sample was mapped taking 10 µm × 10 µm areas. 
The EDS results presented in Table 1 correspond to the aver-
age of them for each sample, which are included the atomic 
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and mass percentages of the elements. From these results is 
observed that Co-doped CdS samples are not stoichiometric. 
The atomic weight of the ideal unit cell is ~ 288.95 μ that 
corresponds to 22.19% sulphur atoms and 77.81% cadmium 
atoms as is known. The results presented in Table 1 show 
that the nanofilms synthesised are not stoichiometric, which 
contain a low concentration of sulphur, which indicates that 
they have a high concentration of sulphur vacancies. In addi-
tion, it could be induced that there is a high concentration of 
cadmium and cobalt interstices and/or antisites [15]. There-
fore, it can be concluded that if in the synthesised samples 
there is excess or lack of any constituent chemical element, 
there would be interstices, antisites or vacancies of them 
[20].

Figure  2 shows X-ray diffractograms of Cd1−xCoxS 
nanofilms with three different cobalt molar concentrations 
synthesised at 60 ± 2 °C. It is observed from X-ray diffrac-
tion patterns that deposited CdCoS nanofilms are in poly-
crystalline nature. The diffraction pattern of the single CdS 
nanofilms shows clearly a dominant peak at 2θ = 26.76° 
assigned to (111) plane of ZB CdS crystalline phase, which 
indicates a preferential growth orientation. Besides, three 
small peaks at 44.10°, 48.11° and 52.41° that are associ-
ated at ZB (220), WZ (103) and ZB (311) diffraction planes 
of CdS. It observes that each peak corresponds fairly well 
with data of CdS marked in the software DICVOL04 data. 
Additionally, two weak peaks are observed on both sides 

of the dominant peak at 26.39° and 28.46° corresponding 
to the diffraction planes WZ(100) and WZ(101) of CdS, 
according to the JCPDS-ICDD card No. 10-454. The lat-
tice constant and interplanar distance (ID) obtained with 
the software DICVOL04 data is in good agreement with 
the published results [21, 22], whose obtained value is 
a = 5.76 Å confirmed that the single CBD-CdS nanofilms 
belong to face-centered cubic system and its X-ray pattern 
is described in the Fm-3m(225). In the Co-doped CdS dif-
fractograms appear new diffraction peaks that are associ-
ated to the incorporation of cobalt at the sub-lattices sites 
of Cd2+. As is clearly seen in Fig. 2b, c the Co-doped CdS 
diffractograms present two new diffraction peaks at 17.26 
and 26.76°, first one is associated to ZB (220) diffraction 
plane of Co3S4 and the second is assigned to (111) plane 
of ZB CoS2 crystalline phase obtained with the software 
JCPDS-ICDD©2000 data [23]. From X-ray diffraction 
study can infer that the formation of the CdCoS occurs in 
the early stage of the films growth, following by the forma-
tion of CoS2 and Co3S4 nanocrystallites [24]. In this study 
has been found that the chemical reaction leads to formation 
of CdS:CoS nanofilms together with a slight decrease in the 

Fig. 1   It is shown a typical EDS spectrum of sample M2, which 
clearly shows the presence of cobalt. This EDS spectrum was 
obtained in an area of 10 µm × 10 µm

Table 1   It presents the average 
molar and mass concentrations 
of Cd, S and Co contained 
in the nanofilms that were 
estimated by EDS

Sample Co(NO3)3 
added volume 
(ml)

Cd mass 
weight (%)

Cd molar 
fraction (%)

S mass 
fraction 
(%)

S molar 
fraction 
(%)

Co mass 
fraction 
(%)

Co molar 
fraction 
(%)

M1 – 79.20 52.06 20.80 47.94 – –
Co(NO3)3 Co Co

M2 0.5 78.68 52.37 19.33 45.11 1.99 2.52
M3 1.0 75.64 49.11 19.94 45.40 4.42 5.47

Fig. 2   It presents the X-ray patterns of the three synthesised samples, 
in which the zinc blende crystalline phase is clearly shown. In addi-
tion, the diffraction peaks associated with cobalt are observed for 
doped samples M2 and M3
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nanocrystal size. In addition, it observed a widening in the 
diffraction peak of the preferential ZB (111) direction, which 
can be caused by fluctuations in the chemical composition 
and/or the size of small crystalline domain. Since the used 
substrates are corning glass, they cannot stress and do not 
produce mismatch in the lattice constant of the nanolayers. 
Consequently, the widening of the diffraction peak occurs 
due to the crystals nanometric size and by presence of strains 
and crystalline defects that possess multiple facet diffraction 
peaks, which are the result of NCs polycrystalline growth. 
In addition, they make the X-ray diffraction peaks do not 
coincide exactly with the reported plane spacing for ZB 
phase. Using the Debye–Scherrer equation the nanocrystals 
sizes were estimated from the widening of the X-ray diffrac-
tion peak of the dominant direction ZB (111) [25], which 
are shown in Table 2, where clearly is observed the Co2+ 
ions effect to replace Cd2+ ions of the Cd sub-lattice. The 
(111) interplanar distance (ID) of the nanofilm ZB crystal-
line phase was calculated from the 2θ peak position versus 
Co molar fraction, which increases slightly, see Table 2, 
that coincides with (111) ID of the bulk CdS ZB crystal-
line phase. The (111) ID of ZB cubic phase of bulk CdS is 
0.3367 nm, which is light lower than the ID values found 
for the CdS–CdS:Co nanofilms in this work. It is probable 
that ID values in CdS:Co2+ nanofilms are owing to the exist-
ence of Cd2+ vacancies and probably to all of the possible 
Co2+ species present in Cd2+ sites and interstitials positions 
[20, 26]. Moreover, to the existence of Co3S4 and CoS2 that 
distort the crystalline lattice and provoke disorder and crys-
talline defects, which produce a strong strain that affects the 
interatomic distances [21, 27]. The values of electronegativ-
ity for Co (1.88) and Cd (1.69) are favourable to form a solid 
solution and allow to deposit the nanofilms [28]. It can be 
seen in Table 2 the CdCoS NCs size slightly decreases as 
Co molar fraction is increased, suggesting the formation of a 
solid solution as has been reported [28]. On the other hand, 
the lattice constant increases lightly as increasing as cobalt 
concentration is increased in nanolayers, which is an effect 
of Co2+ substituting Cd2+ in CdS lattice. A possible explica-
tion to this fact can be due to difference of the ionic radii of 
Cd2+ and Co2+, 0.97 and 0.70 Å, respectively.

Figure 3 illustrates the TEM micrographs of two typical 
samples, in which the presence of particles with an almost 

spherical shape at the nanoscale is evident. Based on the 
measurements taken in the TEM micrographs of the sample 
size distribution histograms were obtained, which are shown 
in the insets, and from them can be detected a Gaussian fit 
with a narrow size distribution and maximum average values 
of 5.44 and 3.55 nm. As can be seen in Table 2, the NCs 
size values obtained by the Debye–Scherrer and the Wang 
equations and those measured from the TEM micrographs 
have slight discrepancy. These discrepancies in CdCoS NCs 
sizes are associated to some approximations involved in 
obtaining the Debye–Scherrer and Wang equations or/and 
to the coalescence of nanocrystals during the preparation 
of the samples for TEM analysis, this effect has also been 
reported for other materials [29]. In order to verify the qual-
ity of the structure and the crystalline phase of the obtained 
semiconductor nanocrystals, HRTEM images were taken 
and the results are included in Fig. 3. From the HRTEM 
micrographs, the formation of nanocrystals with a defined 
crystal structure, zinc blende type, is clearly observed. By 
amplifying and analysing the selected area of the HRTEM 
micrographs, it was possible to measure the interplanar dis-
tance of 0.33 nm corresponding to the plane (111) of CdS 
NCs crystallized in the crystalline phase of the zinc-blende 
type. As can be seen in Table 2, the results obtained by are 
in good agreement with the results calculated from X-ray 
diffraction and by Wang equation [29], which will be dis-
cussed widely later.

Figure 4 illustrates the Raman spectra of the three nano-
films. Each of the phonon wavenumbers was extracted by 
fitting the Raman spectrum to a Lorentz line shape. The 
1LO and 2LO phonons and multiphonon processes can 
be clearly observed, which confirm that crystalline phase 
correspond to a zinc blende (ZB) type. Raman scatter-
ing shows that the lattice dynamics is characteristic of 
bimodal behaviour and the multipeaks adjust of the first 
optical longitudinal mode for the Co-doped CdS denotes 
the Raman shift of the characteristic peak in the range of 
301.4–303.9 cm−1 of the CdS crystals, which is associated 
with the cobalt ions incorporation. In Fig. 5 Raman spectra 
of two samples are displayed and deconvoluted by Lorentz 
line shapes. The Raman shift of sample M1 (CdS NCs) 
appears at ~ 301.4 cm−1 that is attributed to the longitudi-
nal optical phonon (A1(LO)) mode with a full width at half 

Table 2   Mean NCs size of 
the nanofilms obtained by the 
Debye–Scherrer equation for 
the ZB (111) preferred direction 
and with Wang equation, which 
show their dependence on the 
cobalt molar fraction

Besides, it presents the grain size obtained by TEM. Additionally, the interplanar distances estimated by 
X-ray diffraction and by HRTEM are shown

Sample a by X-ray (Å) d(111) by 
X-ray (nm)

NCs size by 
X-ray (nm)

NCs size by 
TEM (nm)

d(111) by 
HRTEM 
(nm)

NCs size by 
Wang equation 
(nm)

M1 5.76 0.333 2.56 5.44 0.290 1.69
M2 5.79 0.334 1.81 3.42 0.330 1.50
M3 5.78 0.334 1.67 3.39 0.331 1.47
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maximum (FWHM) of ca. 20.8 cm−1. The 1LO Raman 
shift of sample M2 (CdCoS NCs) appears at ~ 303.9 cm−1 
with a FWHM of ca. 20.6 cm−1. Finally, the 1LO Raman 

shift of sample M3 (NCs) appears at ~ 303.8 cm−1 with 
FWHM of ca. 20.8 cm−1, which indicate that synthetized 
nanofilms contain a high density of crystalline defects, 

Fig. 3   HRTEM micrographs 
of the typical synthesised CdS 
samples are shown: M1 and 
M2. Additionally, the insets 
show the histograms that allow 
to estimate the nanocrystal size

Fig. 4   It shows the Room temperature Raman spectra of the three 
synthesised CdS nanofilms, undoped and doped ones

Fig. 5   Deconvolution of the Raman spectra for two samples by Lor-
entz line shapes: M1 and M2. The -o- lines are their respective fitting
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since for a nanocrystals free of defects the FWHM should 
be of the order of ca. 8.0 cm−1 [30]. As is observed of 
these results, the A1(LO) mode shifts slightly to blue 
when the cobalt is incorporated. Additionally, the slight 
decrease of the FWHM of the CdCoS Raman spectrum can 
be attributed to a slight improvement of the crystallinity 
of the CdS NCs due to the incorporation of cobalt to Cd 
sub-lattice. For M1, in addition, to the 1LO phonon and 
its phononic replica, three vibrational bands are observed 
at 215.6, 262.8 and 351.3 cm−1, which are assigned to 
multiphonon scattering that is consistent with reported 
elsewhere [20, 31, 32]. The band at 215.6 cm−1 can be 
assigned to multiphonon scattering [25, 26]. The weak 
band at 351.3 cm−1 is the result from the participation of 
acoustic phonons to the scattering process and the mode 
corresponding to the low-energy shoulder originates from 
surface optical phonon modes (SO) at 262.8 cm−1 [33, 34] 
that can be assigned to EH

2
 [35]. As is observed in Fig. 5, 

the frequencies of the vibrational bands slight increase as 
the Co molar fraction increases, this is consistent because 
of the cobalt ionic radius is lower than that of cadmium. 
Additionally, the Raman spectra of CdCoS nanofilms 
present three vibration modes at 151, 124 and 98 cm−1 
well-resolved that can be associated to the combination of 
longitudinal and transverse acoustic phonon modes in CoS 
nanocrystals [36], which depend strongly on the molar 
fraction of incorporated cobalt. The vibration modes are 
similar to those obtained by the Raman theories and are 
in accordance with the results of Wijs et al. [37]. It is 
observed that these bands had a slight blue shift.

The optical properties cobalt doped CdS nanofilms were 
investigated by room temperature transmittance as func-
tion cobalt molar fraction, which were recorded for the 
nanofilms in the wavelength range, 300–900 nm. The sharp 
reduction in the transmittance spectra at the wavelengths 
close to 300 nm is due to the fundamental absorption edge 
of the nanofilm. The main edge band blue shifts as 
V[Co2+] increases compared to the single CdS that is 
indicative that the cobalt atoms are being incorporated into 
interstitial cell unit, which reduces the NCs size, see 
Table 2. As is known the optical band gap (Eg) energy of 
a semiconductor is related to the optical absorption coef-
ficient (α) and to the incident photon energy (hν). The 
absorption coefficient (α) for a film of thickness d and 
reflectance R is determined near the absorption edge by 
u s i n g  t h e  r e l a t i o n : 

� = ln

{

(1 − R)2
/

T +
[

(

(1 − R)2
/

2T
)2

+ R2

]1∕2
}/

d   . 

The CdS:Co2+ optical band gap energy has been evaluated 
from the transmittance spectrum using the Tauc relation 
[38–41]: �h� =

(

E
G
− h�

)n , where n depends on the kind 
of optical transition that prevails. Specifically, n is 1/2 and 

2 when the transition is direct and indirectly allowed. The 
CdS is a semiconductor compound with a direct allowed 
transition. The CdCoS band gap energy was estimated 
from the linear portion of the graph (�h�)2vs. h� as is illus-
trated in Fig. 6, the obtained results are shown in Table 2. 
The optical band gap energy estimated of the single CdS 
nanofilm (M1 sample) is of 2.56 eV that is 138 meV higher 
than optical band gap energy of bulk CdS, which is indica-
tive that there is a high quantum-confinement associated 
to the NCs average grain size [42, 43]. As is observed in 
Fig. 6b band gap energy blue shifts with the V[Co2+] 
increase, this increase can be explained due to the substitu-
tion in the lattice of cadmium atoms (ionic radii ~ 0.95 Å) 
by cobalt atoms (ionic radii 0.70 Å) that is clearly smaller. 
It is observed that the band gap energies of the semicon-
ductor nanocrystals were higher than the value of bulk 
CdS at room temperature (2.42 eV). The optical cut-off 
energy shows a blue shift from 0.138 to 1.383 eV, which 

(a)

(b)

Fig. 6   Tauc plots to calculate the band gap energy for the synthesised 
CdS nanofilms: a CdS and b Co-doped CdS
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confirms the formation of CdS nanocrystals. The optical 
band gap energy of the M3 sample is of 3.803 eV [44], this 
value is the highest of the synthesised samples and can be 
associated to that the nanocrystals size is smaller than 
Bohr’s excitonic radius, 1.88 nm. Widening of band gap 
with the incorporation of Co can be attributed to the sp–d 
exchange interactions between the band electrons in CdS 
and the localized d electrons of the Co2+ [45, 46]. As the 
band gap energy increases, it means that the nanocrystal 
size decreases. In order to determine the average particle 
size of Cd1−xCoxS NCs the Wang equation was also used 
[47, 48]:

where EGNC is the energy of band gap of the NCs CdS 
estimated by transmittance previously, EGbulk is the band 
gap energy of bulk CdS, r = d

ab
∕2 , dab is the diameter 

of the nanocrystals, and �
r
 is the permittivity of nano 

CdS and the rest of the parameters have already been 
defined elsewhere. The effective mass µ* is defined as 
1∕�∗ = 1∕2

(

1∕m∗
e
+ 1∕m∗

h

)

 . For CdS m∗
e
=0.19m

0
 and m∗

h

=0.8m
0
 and �

r
= 5.7 is the CdS dielectric constant. The esti-

mated NCs sizes are presented in Table 2, which are smaller 
than Bohr’s excitonic radius of the CdS and are of the same 
order as the crystal sizes estimated by X-ray diffraction.

Figure 7 shows the photoluminescence spectra of the 
single and doped CdS nanofilms. Figure 7a shows the 
photoluminescence spectrum deconvolution of sample 
M1, which presents radiative transitions at 2.86, 2.37, 
2.19, 1.88 and 1.38  eV. The main radiative band at 
2.86 eV (violet band) is associated a radiative transition 
band-to-band, which is higher than the undoped CdS band 
gap energy for 302 meV. That is due to the quantum-
confinement associated with nanometric grain size since 
it is less than the Bohr excitonic radius. The green band 
at 2.37 eV is called the optical signature of interstitial 
oxygen [49]. The green-yellow band at 2.19 eV could be 
attributed to the CdO complexes that would form during 
the growth process due to the presence of oxygen during 
the nucleation of the nanofilm, since the CdO band gap 
energy is about 2.16 eV [50]. The broad band observed at 
1.88 eV (orange–red band), which is named the “orange 
band”, it has been observed between 2.03 and 2.08 eV 
depending of the growth technique [51, 52], it is associ-
ated to a donor–acceptor pair (DAP) radiative transition 
between a donor level and an unidentified acceptor level. 
The ionization energy of this donor level has estimated 
to be between 120 and 260 meV, which corresponds to 
interstitial cadmium 

(

I
Cd2+

)

 [49]. Finally, the broad and 
weak peak observed at 1.38 eV, it is in the infrared region 

E
GNP

= E
Gbulk

+
ℏ2 �2

2r2�∗
−

1.786e2

�
r
�
0
r

and is associated with unidentified deep impurities. Fig-
ure 7b, c illustrates the two photoluminescence spectra 
of the Co-doped CdS samples, which clearly the effect 
of the cobalt incorporation in the cadmium sub-lattice 
is observed. CdS:Co2+ PL spectra present six radiative 
transitions about 3.20, 2.97, 2.73, 2.37, 2.16 and 1.83 eV. 
The last three radiative transitions have the same origin 
discussed previously for undoped CdS nanofilms. It is 
clearly observed in the Co-doped CdS PL spectra the 
green band at 2.37 eV, which is called the optical sig-
nature of interstitial oxygen, has increased its intensity. 
Being the dominant band for photoluminescence of the 
sample M3, which is due to the transition of electrons 
from defect donor levels to the valance band/midgap 
states [7, 53] and possibly to contributions of oxygen 
interstices [49]. The blue band at 2.73 eV was associ-
ated with the emission due to electronic transition from 
the conduction band to an acceptor level due to Co [54]. 
The emission peaks at 2.98 (violet band) and 3.20 eV 
(ultraviolet band) are usually observed from the excitonic 
emission luminescence due to the quantum confinement.

Fig. 7   It illustrates the room temperature photoluminescence and 
their deconvolution of three synthesised samples, undoped and doped 
ones
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5 � Conclusions

In this work reported the growth successfully of Co-doped 
CdS nanostructures synthesised by chemical bath deposi-
tion technique at 60 ± 2 °C. The crystalline structure of the 
nanostructures was zinc blende type in the (111) direction, 
which was obtained by X-ray diffraction and Raman spec-
troscopy. The incorporation of cobalt in the CdS lattice was 
confirmed by EDS and X-ray diffraction. The nanocrystal 
size was determined by the Debye–Scherrer equation from 
ZB (111) direction, by the Wang equation and TEM, which 
was 2.56 nm for the CdS and 1.81–1.67 nm for Co-doped 
CdS that were confirmed by TEM. As was discussed, the 
NCs size values obtained by the Debye–Scherrer, the Wang 
equations and those measured from the TEM micrographs 
had slight discrepancy. These discrepancies in CoCdS NCs 
sizes were associated to some approximations involved in 
obtaining the Debye–Scherrer and Wang equations or/and 
to the coalescence of nanocrystals during the preparation of 
the samples for TEM analysis. These NCs sizes confirmed 
the quantisation effect in the synthesised samples due to 
are lower than the exciton Bohr radius. The Co-doped CdS 
exhibited a direct band gap that slightly increases with 
increase of the Co molar fraction, from 2.56 to 3.80 eV, in 
the investigated range that was obtained by transmittance 
measurements. The room temperature photoluminescence of 
the undoped CdS presents the band–band transition associ-
ated to CdS nanocrystals size and the radiative transitions 
associated with residual impurities and structural defects, 
mainly the optical signature of interstitial oxygen. For the 
Co-doped CdS, the photoluminescence presents, in addition 
to the radiative transitions previously discussed for the CdS, 
an excitonic transition at 3.20 eV was observed.
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