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bstract

ZnSe thin films were pulse plated on titanium and tin oxide substrates maintained at room temperature from the precursors. The films exhibited

ubic structure. Optical band gap of 2.70 eV was obtained. XPS measurements indicated the formation of ZnSe. AFM studies indicated that the
rain size decreased as the duty cycle decreased. Hot probe measurements indicated films to be n-type. Luminescence emission was observed at
75 nm for an excitation of 450 nm.
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. Introduction

Zinc selenide is one of the most interesting binary wideband
ap II–VI semiconductors, which has potential applications in
he fabrication of blue light emitting diodes, blue lasers and as
indow material in the field of photo-voltaics [1]. Several tech-
iques like vacuum evaporation [2], chemical bath deposition
3], spray pyrolysis [4], pulse electrodeposition [5], electrodepo-
ition [1,6] and pulsed laser deposition [7] have been employed
or the depostion of ZnSe films. All the reports have presented
esults on electrical, optical and photo-activity. In this work,
esults on structural, optical and luminescent properties of brush
lated ZnSe films are presented. To our knowledge this is the
rst report on pulse plated ZnSe films. Generally in electrodepo-
ition techniques for producing a metal or compound, a driving
orce in the form of potential or current is applied to the elec-
rode. Either of these can be used as a variable as in the case
f continuous electrodeposition. But modern electronics allows
ne to make use of these parameters as a function of time. This
ermits a number of possible ways of varying the conditions.

Four varaiable parameters are of primary importance in pulse

lating. They are:

peak current density, ip;
average current density, ia;
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ON time; and
OFF time.

The sum of the ON and OFF times constitute one pulse cycle.
The duty cycle is defined as follows:

uty cycle = ON time

ON time + OFF time
× 100%

A duty cycle of 100% corresponds to continuous plating
ecause OFF time is zero.

In practice, pulse plating usually involves a duty cycle of
% or greater. The average current density under pulse plating
onditions is defined as:

Ia = peak current density × duty cycle

Ia = ip × duty cycle

During ON time the concentration of the metal ions to be
eposited is reduced within a certain distance from the cath-
de surface. This so called diffusion layer pulsates with the
ame frequency as the applied pulse current. Its thickness is
lso related to ip but reaches a limiting value governed primar-
ly by the diffusion coefficient of the metal ions. During the
FF time the concentration of the metal ions builds up again
y diffusion from the bulk electrolyte and will reach the equi-

ibrium concentration of the bulk electrolyte if enough time is
llowed.

These variables results in two important characteristic fea-
ures of pulse plating which make it useful for alloy plating as
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ell as property changes as mentioned earlier. They are:

(i) Very high instantaneous current densities and hence very
high negative potentials can be reached. The high overpo-
tential causes a shift in the ratio of the rates of reactions
with different kinetics. This high over potential associated
with the high pulse current density greatly influences the
nucleation rate because a high energy is available for the
formation of new nuclei.

ii) The second characteristic feature is the influence of the OFF
time during which important adsorption and desorption phe-
nomena as well as recrystallization of the deposit occurs.

. Experimental

Zinc selenide thin films were deposited on titanium and
onducting glass substrates by the pulse plating technique at dif-
erent duty cycles in the range of 6–50%, using 20 ml of 0.25 M
inc sulphate and 2 ml of 0.01 M selenium dioxide at a current
ensity of 100 mA cm−2. The duration of deposition was 30 min.
he thickness of the films, was estimated by gravimetry and it
as found to vary between 1.0 and 2.5 �m according to the
uty cycle. Structural characterization was carried out by X-ray
iffraction (XRD) studies using Cu K� radiation. Employing a
olecular imaging systems atomic force microscope, morpho-

ogical studies were carried out. Optical studies were made on
he films deposited on conducting glass substrates with a Hitachi
V–vis-NIR spectrophotometer. XPS studies were made using
SCALAB. Laser Raman studies were made using Renishaw
ABRAM system. Luminescence emission spectra of the sam-
les were recorded at room temperature using a mercury lamp
ource. The excitation wavelength was 450 nm and the emission
as recorded in the wavelength range 550–720 nm.

. Results and discussion

XRD patterns of the films deposited at different duty cycles
n the range 6–50% are presented in Fig. 1. It is observed that
he films exhibit cubic structure with peaks corresponding to
1 1 1), (2 2 0) and (3 1 1) orientations. Two peaks correspond-
ng to the substrate Ti are observed for the films deposited at
ow duty cycles, as the duty cycle increases, the intensity of the
eak corresponding to (1 1 1) orientation also increased, indi-
ating the preferential orientation of the films in this direction,
he peaks corresponding to titanium are also absent for higher
uty cycles due to the increased thickness of the films deposited
t higher duty cycles. The thickness of the films increases from
.0 to 2.5 �m as the duty cycle increases, due to the availability
large flux of ions for deposition at every new pulse at higher
uty cycles. At lower duty cycle, since the pulse is ON only for
short period, only a small flux of ions are available for deposi-

ion, moreover due to the application of a pulse of high current
ensity for a short duration, the crystallite size is also small for

ower duty cycles. This is evident from the broad peaks for the
lms deposited at lower duty cycles. As the duty cycle increases,

he peaks become sharper due to improved crystallinity. The
rystallite size estimated by using Scherrer’s equation[8], was

a
t
[
3

ig. 1. X-ray diffraction pattern of ZnSe films deposited at different duty cycles:
a) 6%; (b) 25%; (c) 50%.

ound to increase from 15 to 50 nm as the duty cycle increases.
omposition of the films before and after heat treatment were
stimated by EDAX measurements and it was found to be 49.8%
n and 50.2% Se for the as deposited films.

Optical absorption studies were made on the films deposited
n conducting glass substrates in the wavelength range
00–900 nm at room temperature to ascertain the nature of the
and gap. For allowed direct transitions, the absorption coeffi-
ient ‘α’, near the absorption edge is given by [9]:

= (A/hν)(hν − Eg)1/2 (1)

here h is the Planck’s constant, ν the frequency of the incident
ight and A is related to the effective mass of holes and electrons.

plot of (αhν)2 versus hν (Fig. 2) for the films deposited at a
uty cycle of 50% was linear, indicating the direct band nature of
he films. Band gap obtained by extrapolating the linear portion
as 2.7 eV. The band gap was found to increase up to 3.1 eV as

he duty cycle decreased, due to quantum confinement.
To examine the chemical composition of the films, the XPS

pectra of the ZnSe films grown at different duty cycle, were
easured and as a representative case results are reported for the
lm deposited at 90 ◦C (Fig. 3). The XPS spectra of the films
xhibit the binding energies of the Zn(2p3/2) and Se(3d5/2and
d3/2) level. As shown in Fig. 4a, the peak energy levels associ-
ted with Zn(2p3/2) appeared at about 1022 eV, which is in good

greement with literature [10]. These findings are characteris-
ic of the Zn in ZnSe and are in good agreement with literature
10]. Fig. 4b shows the binding energies of the Se(3d5/2 and
d3/2) levels at 53.9 and 59.2 eV, respectively. In order to make
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ig. 2. (αhν)2 vs. hν plot for ZnSe film deposited at a duty cycle of 50%.
compositional analysis in the whole thickness of the film, XPS
easurements were performed on films submitted to sputter-

ng at different times. The study indicates an increasing Zn/Se
tomic ratio with depth, varying from 0.97 at the surface to 1.5

Fig. 3. XPS spectra of ZnSe film deposited at a duty cycle of 50%.
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lose to the film substrate interface. Similar type of increase in
n/Se ratio with depth was observed for chemical bath deposited
nSe films [10].

Atomic force microscope images of the films deposited at
ifferent duty cycles is shown in Fig. 4. The best ordering is
bserved for the films deposited at a duty cycle of 6% (Fig. 4a).
arger grain size was observed for the films deposited at higher
uty cycles (Fig. 4b and c), these results are consistent with the
RD results.
Laser Raman studies were made using 633 nm laser radi-

tion. The films deposited at lower duty cycles indicated a
road and small peak at 252 cm−1 (Fig. 5). This peak corre-
ponds to the longitudinal optical (LO) phonons in ZnSe. As
he duty cycle increased, the peaks became sharper and increase
n height, this is due to the improved crystallinity of the films
eposited at higher duty cycle supported by X-ray diffraction
esults. This is similar to the results obtained with photochem-
cally deposited ZnSe films [11]. The spectra display a typical

ultiphonon Raman Process, up to the third order LO phonons
re observed, which reveals the strong dominance of the Frohlich
lectron–phonon interaction [12], which is the main mechanism
f the coupling between carriers and LO phonons in polar semi-
onductors.

The semiconductor electrolyte interfacial region is endowed
ith electrical heterogeneity on account of the existence of the
epletion layer on the semiconductor side and a diffused double
ayer on the solution side. The overall capacitance of this region
f photoelectric activity is made up of two distinct contributions
rom these space charge regions existing on either side of the
nterface. In view of the relatively much lower carrier density
n the depletion layer, the experimentally measured capacitance
f the semiconductor-electrolyte interfacial region is attributed
o the semiconductor alone [13,14]. The charge distribution in
he depletion layer is altered when the semiconductor potential
s varied.

The semiconductor capacitance thus depends on the elec-
rode potential. This is expressed in terms of a Mott–Schottky
elationship [15–18].

1

C2 = 2

qNA
εεo

(
V − Vfb − kT

q

)
(2)

here NA is the acceptor density, ε and εo are the dielectric
onstants of the semiconductor and the vacuum, respectively, q
he electronic charge, Vfb the flat band potential, k the Boltzmann
onstant and T is the absolute temperature. According to this
elation, 1/C2 versus V plots should be linear (Fig. 6). The data
ndicates the p-type nature of the electrode. Extrapolation of the
traight line to the voltage axis yields a flat band potential of
0.70 V (SCE). The charge carrier density, NA was estimated
rom the slope of the plot and is 6.95 × 1018 cm−3.

Photoluminescence (PL) spectra were recorded at room tem-
erature using an excitation wavelength of 450 nm. The spectra

eaks at 675 nm (Fig. 7) and the PL intensity was found to
ncrease with duty cycle. The PL emission from the undoped
nSe has been attributed to the presence of native defects like
inc and selenium vacancies or interstitials, which are likely
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Fig. 4. AFM images of ZnSe films deposited at different duty cycles: (a) 6%; (b) 25%; (c) 50%.

ig. 5. Raman spectrum of ZnSe films deposited at different duty cycles: (a)
%; (b) 25%; (c) 40%; (d) 50%. Fig. 6. Mott Schottky plot of ZnSe film deposited at a duty cycle of 50%.
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ig. 7. Photoluminescence spectra of ZnSe films deposited at different duty
ycles (a) 6%; (b) 25%; (c) 50%.

o be introduced during the growth process [19]. Self-activated
enters arising from complexes of zinc vacancies and shallow
onors (selenium interstitials) would occur around 2.0 eV [20].
he emission band observed in the present case at 675 nm may
e attributed to the above complex, since EDAX studies have
ndicated a slight excess of selenium.

. Conclusions

The results of this investigation indicates that the simple and
conomical pulse plating technique can be employed for the
reparation of luminescent ZnSe films. Further work is on to
cale up the process for large area film deposition. This can be

mployed for the commercial production of large area films.
urther improvement in the performance can be made by heat

reatment steps as well as by in situ doping with copper or man-
anese.
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