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Influence of surfactants on electrochemical growth of CdSe
nanostructures and their photoelectrochemical performance
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Abstract Cadmium selenide (CdSe) thin films were grown
by electrochemical technique on fluorine-doped tin oxide
(FTO)-coated conducting glass substrates in the presence of
organic surfactants. The influence of organic surfactants like
polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP)
on different physico-chemical properties and its subsequent
impact on photoelectrochemical (PEC) performance of CdSe
thin films have been investigated. It has observed that the
organic surfactants play an important role in modifying the
surface morphology of CdSe thin films. The compact grain
like morphology of pure CdSe is tuned to interconnected
nanofibrous network on addition of PEG and to sprouting

nanorods like morphology on addition of PVP. Among these
nanostructures, CdSe sprouting nanorods exhibits improved
power conversion efficiency of 0.55% as compared to
nanofibrous (0.24%) and granular CdSe (0.16%) nanostruc-
tures. It reveals the fourfold enhancement in the PEC perfor-
mance on PVP-mediated growth which can be attributed to
conversion of compact dense nanostructure to porous and rel-
atively high surface area nanostructure. This work exemplifies
the ability of organic surfactant to modulate the surface mor-
phology of the electrodeposits and pinpoints the organic sur-
factant that gives rise to the suitable morphology for PEC solar
cell application.

Keywords Cadmium selenide . Surfactant effect .

Morphological tuning . Photoelectrochemical solar cell

Introduction

Cadmium selenide (CdSe) nanostructures with its typical op-
tical properties such as narrow direct band gap and high re-
fractive index make it quite an interesting material in various
fields like solar cells, transistors, light emitting diodes, gamma
ray detectors, etc. The optoelectronic properties of CdSe nano-
structures are function of their size and shape; hence, nowa-
days, growth of different CdSe nanostructures is highly fo-
cused [1, 2]. CdSe nanostructures are synthesized by various
physical and chemical techniques such as molecular beam
epitaxy, laser ablation, spray pyrolysis, solvothermal, chemi-
cal vapor deposition, and electrodeposition [3–7]. Among
these techniques, electrodeposition is a powerful technique,
as it offers various advantages over other techniques such as
room temperature deposition, use of low cost raw materials
and equipment, control over the surface morphology, and abil-
ity to deposit films on the complex surfaces. Hence, we have
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preferred electrodeposition technique for the growth of CdSe
nanostructures.

As per the literature survey, various approaches such as
variation in pH of solution, addition of some dopants, anneal-
ing of samples, etc. are implemented to change the size and
shape of CdSe nanostructures [8–10]. Here, we have applied
dopant-free, simple surfactant-assisted approach to alter the
morphological features of pure CdSe. Here, we find that out
of all above approaches, surfactant-assisted route plays an
important role in tuning morphological features of materials
[11–18]. Surfactants are actually molecules with single- or
double-chain aliphatic, nonpolar regions, and ionic or neutral
polar head groups and have been widely used to promote
stable dispersion of solids in different media [16].
Surfactants strongly affect the morphology and crystal growth
in association with a promotion of nucleation and current dis-
tribution [17, 18]. The tendency of surfactants to diminution
of surface tension over the farming surface leads to organized
placing of molecules on the precise site of the growing sur-
face. This interprets into the formation of compact deposits
with narrow pore size distributions and enhanced adhesion to
the substrate. In addition, surfactants also modified materials
to afford superior charge transport properties and improved
the photoelectrochemical (PEC) performance [19].
Surfactants have polar head groups attached to a long chain
aliphatic nonpolar tail. The head groups of surfactants get
adsorbed on the electrode surface and therefore can influence
the double-layer properties, kinetics, and mechanism of elec-
trochemical processes [15]. Further, these changes in the ki-
netics of nucleation and crystal growth influences the morpho-
logical features of deposits, which defines the energetic and
kinetics of photoelectrochemical processes at the electrode/
electrolyte interface [11].

In present investigation, the surfactant-assisted morpholog-
ical tuning of electrodeposited CdSe thin films is reported.
The effect of organic surfactants such as polyethylene glycol
(PEG) and polyvinylpyrrolidone (PVP) on different physico-
chemical properties of CdSe thin films has been studied.
Furthermore, a strong dependence of photoelectrochemical
(PEC) performance on the shape and structure of the nano-
sized CdSe is demonstrated.

Experimental

Materials

All chemicals used were of analytical grade and used as re-
ceived without further purifications. Cadmium acetate and
selenium dioxide were purchased from s. d. fine chemicals
India.

Sample preparation

CdSe thin films were deposited on FTO-coated substrates by
potentiostatic mode of electrodeposition at −0.79 mV/SCE for
45 min. Equimolar solutions (0.1 M) of cadmium acetate and
selenium dioxide were used as precursors of Cd and Se, re-
spectively. Furthermore, the pH of solution is adjusted to ∼2
by the addition of hydrochloric acid and employed as a pre-
cursor solution. In order to study the effect of organic surfac-
tants on CdSe growth and their properties, two different sur-
factants, polyethylene glycol (PEG; MW = 646.87 g mol−1)
and polyvinylpyrrolidone (PVP; MW = 140,000 g mol−1),
were added separately in definite proportions to the aqueous
precursor solution. The concentration of organic surfactants
was kept constant at 1 wt% in final solution. All the experi-
ments were performed in quiescent solution at room temper-
ature. Films prepared with PEG and PVP surfactant are denot-
ed as C-PEG and C-PVP respectively where the films pre-
pared without surfactant is denoted as C-PURE.

Measurements

Cyclic voltammetry study is performed using scanning
potentiostat EG andGVersa stat-II model PAR-362. The crystal
structure of the films was examined using X-ray diffraction
(XRD Philips PW3710 X-ray diffractometer with Cr Kα

(λ = 2.28970 Å)) radiation operating at 40 kV and 30 mA.
Compositional study was carried out by energy dispersive X-
ray analysis technique (EDAX) Horiba 7700H. The surface
morphology was observed by scanning electron microscopy
(JEOL JSM 6360 with an accelerating voltage 20 kV). The
UV-VIS absorption spectrum of the samples was recorded on
systronics-119model spectrophotometer. Photoelectrochemical
(PEC) study was performed in a conventional three electrode
arrangement with the deposited film as a working electrode, a
graphite counter electrode and saturated calomel electrode
(SCE) as a reference electrode. The PEC solar cell performance
was studied under constant illumination of 30 mW cm−2 from
tungsten filament lamp with an active area of 1 cm2 CdSe film
electrode. The 1 M polysulphide (Na2S + NaOH + S) aqueous
solution was used as an electrolyte.

Results and discussion

The reactions culminating the electrochemical growth of
CdSe thin film can be illustrated as below [14–20].
Selenium dioxide was dissolved in H2O.

SeO2 þ H2O→H2SeO3 ð1Þ
H2SeO3 þ 4Hþ þ 6e−→Se2− þ 3H2O ð2Þ
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Cadmium has tendency to easily undergo dissolution in
acidic media which can be written as

CH3COOð Þ2Cd:2H2O→Cd2þ þ CH3COOð Þ2‐2 þ 2H2O ð3Þ

And this is followed by final reduction reaction given as,

Cd2þ þ Se2−→CdSe ð4Þ

Also, the reduction of H2SeO3 to elemental Se takes place,
in following way

H2SeO3 þ 4Hþ þ 4e−↔Se0 þ 3H2O ð5Þ

Therefore, simultaneous formation of CdSe and deposition
of elemental Se is possible. Thus, reaction (5) may be the
source of the excess selenium and it explains the presence of
excess Se in the film as depicted from EDAX in further mea-
surement [19].

The cyclic voltammogram (CV) recorded for films depos-
ited with and without surfactant shown in Fig. 1 is nearly
same. In CV’s curves for all the CdSe films, there is sharp
increase in cathodic current from 0.6 V to 0.8 V/SCE showing
simultaneous reduction of Cd and Se. The crossover between
anodic and cathodic current curves appears on the reverse
potential sweep which indicates that nucleation process exists
on the substrate in an electrolytic bath [20].

X-ray diffraction (XRD) patterns of CdSe films deposited
at optimized preparative parameters are shown in Fig. 2. The
diffracting angle 2θ was varied between 10o and 100o. A
broad peak in XRD Patterns at 38.26o belongs to (111) plane
of cubic CdSe (powder diffraction file no. 65–2891). The
peaks marked with star belong to FTO substrate. In addition
to this, XRD patterns of CdSe films with and without surfac-
tants are same which confirm that addition of surfactant does
not change the crystal structure of electrodeposits.
Quantitative elemental analysis of the film was carried out
using the EDAX technique for as deposited film. The inset

of Fig. 3 shows typical EDAX pattern of CdSe film. The
elemental analysis was carried out only for Cd and Se; the
average atomic percentage of Cd to Se was 43.73:56.27,
showing that the film is slightly rich in selenium.

The optical absorption spectra for the CdSe films were
recorded in the wavelength range of 350 to 850 nm at room
temperature. The optical absorption data were analyzed using
the following Tauc’s relation [21] of optical absorption in
semiconductor near band edge

α ¼ α0 hν−Eg

� �n
2

hν
ð6Þ

Where Eg is the separation between the conduction band
minima and valence band maxima, hυ is the photon energy,
and n is a constant equal to one for direct gap semiconductors
and four for indirect gap materials. The variation of (αhυ) 2

versus (hυ) is linear as seen from Fig. 3, which means that the
mode of transition in these films is of direct nature.
Extrapolation of these curves on energy axis for zero absorp-
tion coefficient value gives the optical band gap energy. The

Fig. 1 Cyclic voltammograms of CdSe, CdSe-PEG, and CdSe-PVP thin
films

Fig. 2 X-ray diffraction patterns of CdSe thin films synthesized with and
without organic surfactants on FTO coated substrates

Fig. 3 Optical band gap properties of CdSe, CdSe-PEG, and CdSe-PVP
samples. Inset figure shows EDAX pattern of CdSe film
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band gap was found to be 2.08, 2.05, and 2.0 eV for C-PURE,
C-PEG, and C-PVP films, respectively. The observed band
gap values are higher than bulk CdSe (1.7 eV) which may
be attributed to the nanocrystalline nature of CdSe. In general,
high band gap energy values were reported for chemically
deposited CdSe films [22].

Scanning electron micrographs (SEM) of CdSe films with
and without surfactants are shown in Fig. 4. The surface of the
C-PURE film is compact with uniform coverage of
nanograins. Further, the addition of PEG in an electrolytic
solution shows considerable morphological change. The sur-
face of CdSe is completely changed from compact grains to
the interconnected nano-fibrous network. The ordered chain
structure of PEG adsorbs easily at metal chalcogenide surface,
which reduces the activity of growing deposit greatly and
hence inhibits the growth in certain directions [23–25].
Therefore, the addition of PEG modifies the growth kinetics
of deposit, which leads to anisotropic growth of the crystals.
The CdSe films deposited in presence of PVP shows uniform-
ly distributed sprouting rods of about 200–400 nm size. The
PVP structure consists of polyvinyl skeleton with polar
groups; the donated loan pairs of both nitrogen and oxygen
atoms in polar group of one PVP unit may occupy the orbital
of metal ion [26]. Zhang et al. and Wei et al. have reported the
formation of co-ordinate bond between PVP and metal ions
[27, 28]. In some reports, co-ordination of PVP with metal
ions has been proposed by shift of the 〉C =O stretching in
IR spectra of PVP surrounding nanoparticles, also carbonyl

group of PVP partly co-ordinates with surface of metal atoms
[29–33]. Here, we likewise believe that co-ordination of cad-
mium with PVP may alter the electrochemical growth kinet-
ics, which can take part in controlling the grain size and mor-
phology of CdSe by reducing the reaction rate. The surface
adsorption of surfactant molecules on growing CdSe surface
significantly modifies the growth of CdSe. This observation
leads to a clear conclusion that the polymers (PVP and PEG)
acts as a template during electro deposition of CdSe and alters
the way in which CdSe grows on to the substrate upon cathod-
ic polarization.

The photocurrent-voltage (I-V) curves for the films depos-
ited with and without surfactant are shown in Fig. 4 and
Fig. S1 (see Electronic Supplementary Material). The
Fig. S1 shows the photoelectrochemical conversion properties
of the CdSe thin films deposited with different surfactant con-
centrations. The CdSe thin films deposited with 1 wt% of
surfactant concentrations in the final solution shows highest
photoconversion efficiency. Therefore, in Fig. 4, the PEC per-
formance of pure and 1 wt% surfactant-added CdSe thin film
was presented. From Fig. 4, it is clear that the highest
photoconversion efficiency (η) of 0.55% is obtained for the
film deposited with PVP surfactant. This is a significant im-
provement as compared to CdSe film (η = 0.16%) deposited
without surfactant and film deposited with PEG surfactant
(η = 0.25%). Moreover, the PEC performance in our study is
superior to earlier reports [34, 35]. The enhanced efficiency of
CdSe-PVP film can be attributed to highly porous and

Fig. 4 Scanning electron microscope images of a CdSe, b CdSe-PEG, and c CdSe-PVP samples. Corresponding solar cell I-V characteristics are given
in figure d, e and f, respectively
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uniformly dispersed sprouting rods like morphology with
microvoids which permits electrolyte to percolate inside the
porous structure and increase the electrode-electrolyte inter-
face. The morphology of CdSe-PEG film is also porous but
fibrous structure of film is not found to be uniformly distrib-
uted on substrate surface which may results to poor electrical
contact and thereby the less efficiency. The compact surface of
pure CdSe film results to reduced electrode-electrolyte inter-
face and hence the poor solar cell performance.

Conclusions

In conclusion, we have successfully tuned the morphology of
CdSe thin film using different organic surfactants such as PEG
and PVP. The organic surfactants greatly modify the surface
morphological features, suitable for an intended application.
The compact grain-like morphology of CdSe films is convert-
ed into interconnected nano-fibrous network on addition of
PEG while sprouting rods with micro voids are formed on
the addition of PVP. This morphological tuning causes nearly
fourfold increase in photo conversion efficiency of CdSe from
0.16 to 0.55%. This morphological modification enhances the
active surface area, which results into improvement in PEC
performance. Thus, present investigation opens up simple and
easy way of morphological tuning which can be applicable for
other metal chalcogenides.
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