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The effect of Zn:Se ratio on the photoconducting properties of ZnSe thin

films has been studied. The ZnSe thin films have been deposited onto glass

substrates by the spray pyrolysis method, the substrate temperature kept

at 430◦C using mixed aqueous solutions of ZnCl2 and SeO2 with different

Zn:Se ratios. Their electrical, structural, and photoconductivity properties

have been studied. The values of optical bandgap have been determined

from the absorption spectra.

PACS numbers: 78.66.Hf, 73.50.Pz

1. Introduction

Binary semiconductors are considered as important technological materials
because of their potential applications in optoelectronic devices, solar cells, IR
detectors and lasers [1, 2]. Binary compounds of group IIB and group VIA ele-
ments, commonly referred to as II–VI compounds, have technologically important
applications. Among these compounds, only cadmium telluride (CdTe) and zinc
selenide (ZnSe) can be prepared in both n- and p-type forms [3]. Thin films of
these compounds are usually prepared by vacuum evaporation, chemical vapor
deposition, sputtering and spray pyrolysis method [4, 5]. Spray pyrolysis is widely
used for the large-scale production of films owing to its low production cost and
simplicity of operation.

Many efforts are currently directed to a new generation of photodiodes based
on wide bandgap compound semiconductors. ZnSe meets this requirement because
it has a wide bandgap (direct bandgap, Eg = 2.7 eV) and is capable of emitting
light in the blue-green region. ZnSe thin films have been usually grown by molecu-
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lar beam epitaxy [6] and chemical vapor deposition [7, 8]. On the other hand, sev-
eral reports on the electrodeposition from aqueous solutions [9, 11] as well as from
molten salts [12] have been published. However, little study has been reported
about the sprayed ZnSe thin films. The high-quality, stoichiometry-controlled
p-type ZnSe bulk crystals as well as p-type epitaxial layers have been produced
by the temperature difference method under controlled vapor pressure (TDM-
CVP) [13]. And also the growth of sufficiently low resistivity n-type epitaxial
layers on ZnSe substrates is applicable to realize high performance ZnSe p−n junc-
tion directly formed on the high quality p-type ZnSe substrates. Although ZnSe is
normally n-type, the as-grown electrodeposited films present p-type conductivity
as inferred from the photoelectrochemical response [14]. Another interesting fea-
ture is that depending on the electrodeposition conditions, the films present either
a gray or red coloration depending on whether they have an excess of Zn or Se,
respectively.

In this paper, Zn:Se volume ratios were 0.2:1, 0.4:1, 0.6:1, 0.8:1, 1:1 for
depositing ZnSe thin films by spray pyrolysis method at 430◦C substrate temper-
ature on the high cleaned glass substrates in the normal atmospheric conditions.
The effect of Zn:Se ratio on photoconducting ZnSe films was studied by optical
absorption and transmission, I−V characteristics in dark and under light. It was
observed that the Zn:Se ratio 0.2:1 gives the best results.

2. Experimental details

Spray pyrolysis involves the application of a fine mist of very small droplets
containing the reactants onto the hot substrates in the atmospheric conditions.
The critical operations of the spray pyrolysis technique are the preparation of uni-
form and fine droplets and the controlled thermal decomposition of these droplets.

The ZnSe thin films were prepared by spraying an aqueous solution of ZnCl2
and SeO2 on the high cleaned glass substrate kept at 430◦C. The atomization of
the chemical solution into a spray of fine droplets is effected by the spray nozzle,
with the help of compressed air by the air pump as carrier gas. The solution was
sprayed through a nozzle onto glass substrates (10× 10 mm2) using air as carrier
gas with a pressure of 1.5 bars. Totally, 100 cm3 of solution was used and sprayed
for 45 min. By varying the volume of ZnCl2 solution, Zn:Se ratio was varied as 1:1,
0.8:1, 0.6:1, 0.4:1, 0.2:1 and thin films were prepared in the normal atmospheric
conditions. Details of the sample preparation are given elsewhere [15]. During
the spraying process the substrates were heated by an electrical heater. The flow
rate of the solution was kept at 5 cm3 min−1 and controlled by a flowmeter. The
distance between the nozzle and the substrate was maintained at 35 cm and the
substrate temperature of 430◦C was controlled within ±5◦C by using an iron–
constantan thermocouple. The annealing process was carried out by heating at
400◦C during 60 min in an open air furnace. Electrical contacts were made through
indium electrodes of thickness 750 nm on the surface of the thin films using vacuum
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evaporation technique. The thickness of the thin films was measured between 0.5
and 1.2 µm using a Dektak 3030 profilometer.

Optical properties were studied by transmittance and optical absorption at
room temperature, in the spectral range between 300 and 800 nm, by using a
UV-VIS double beam spectrophotometer. The crystallinity of the films was char-
acterized by X-ray diffraction (XRD) using a Philips X-ray powder diffractometer
provided with a Cu tube with Kα radiation at λ = 0.154 nm at an interval 32−40◦.
Dark and white light conductivity of the samples were measured in air at room
temperature. The samples of the size 1.0 cm ×1.0 cm were used. A dc voltage
was applied up to 40 V and 500 W projection was used as a white light source.

3. Results and discussion

3.1. Optical absorption and transmission studies

The experiments on variation of bandgap as a function of Zn:Se ratio were
carried out. From the absorbance data, the absorption coefficient (α) as a func-
tion of the photon energy was calculated and was plotted for the direct allowed
transition by using the following formula:

(αhν)2 ∝ hν − Eg (1)

where Eg is the transition energy gap and hν is the photon energy. Figure 1 shows
the (αhν)2 versus hν plots of ZnSe thin film with the ratio 0.2:1 as deposited
430◦C substrate temperature and unannealed thin film.

Fig. 1. The (αhν)2 versus hν plot of unannealed ZnSe thin film with the 0.2:1 ratio.

It is clearly seen from Fig. 1 that there is some tailing in the bandgap below
the absorption edge. This indicates that there is a high concentration of impurity
states in the thin films which can cause a perturbation in the band structure
with the result that the parabolic distribution of the states will be disturbed by a
prolonged tail into the energy gap [16].
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The tails in the optical spectra of the thin films could be a result of the
broadening of the impurity levels due to their spatial overlap into a band. At
high concentrations, the impurity band merges with the nearest intrinsic band.
Therefore, the Fermi level will lie inside the parabolic portion of the appropriate
band. Thus, less activation energy will be needed for the electrons to move from
the Fermi level into the conduction band. The tails could also be due to ionized
donors which could exert an attractive force on the valence band. The presence of
impurity levels could affect the activation energy. The activation energy obtained
for the thin films is given in Table I.

TABLE I

Estimated bandgap ‘Eg’ and activation energy for differnt Zn:Se ratios

in ZnSe thin films.

Sample Zn:Se Unannealed thin Annealed thin Activation energy

number ratio films, ‘Eg’ [eV] films, ‘Eg’ [eV] with unannealed

thin films, Ea [eV]

1 0.2:1 2.65 2.63 0.59

2 0.4:1 2.67 2.65 0.61

3 0.6:1 2.69 2.67 0.63

4 0.8:1 2.70 2.69 0.64

5 1:1 2.71 2.70 0.65

The activation energy values obtained from the resistance measurements,
therefore, give an indication of doped levels (trapped levels or additional energy
levels) due to the presence of impurity atoms in the forbidden gap of the semicon-
ducting thin films. Impurities and imperfections drastically affect the electrical
properties of a semiconductor.

Figure 2A shows the transmission spectra of the ZnSe thin films as deposited
at 430◦C substrate temperature of unannealed thin films with different Zn:Se ra-
tios. These films were applied to the annealing process by heating at 400◦C during
60 min in an open air furnace. The transmission spectra for annealed thin films
with different Zn:Se ratios are shown in Fig. 2B. And also after annealing, the
direct bandgap of the ZnSe thin films was calculated. Thus the direct bandgap
values for annealed and unannealed thin films with different Zn:Se ratios are listed
in Table I. From transmission study of annealed and unannealed thin films, it was
observed that ‘Eg’ reduces with decreases in Zn:Se ratio. The ‘Eg’ of Zn:Se at
ratio 0.2:1 was found to be minimum. During annealing a selenium from the top
surface gets evaporated resulting in selenium vacancies. This leads to diffusion of
loosely bound selenium atoms along the grain boundary towards the surface. This
is reflected into an increase in blue-green response [17].
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Fig. 2. Variation of optical transmittance (T%) with wavelength (λ) for different Zn:Se

ratios: (a) 0.2:1, (b) 0.4:1, (c) 0.6:1, (d) 0.8:1, and (e) 1:1 of unannealed (A)/annealed (B)

thin films deposited at substrate temperature 430◦C.

3.2. X-ray studies

In order to study the crystalline nature of the thin films with different Zn:Se
ratios, the XRD patterns were studied. The thin films were slow scanned between
32 to 40◦. Figure 3A and B shows such scans for the unannealed and annealed thin
films with different Zn:Se ratios. It is observed that the XRD patterns of all ZnSe
thin films show a most preferred orientation along (200) plane. Figure 3B shows the
XRD of the ZnSe thin films after annealing at 400◦C for 60 min. After annealing,
at 430◦C substrate temperature with different Zn:Se ratios the crystallinity of the
as-deposited thin films improved which is observed from the occurrence of sharp,
intense peaks with a reduced full width at half maximum. This confirms that upon
annealing, the crystallinity of the film is increased due to recrystallization of the
as-deposited unannealed thin films. It has been observed that the crystallinity is
increased upon annealing for the film deposited with different Zn:Se ratios.

It is clearly seen that the thin films are nanocrystalline. The grain size for
(200) diffraction peak (shown in Fig. 3A) for different Zn:Se ratio thin films was
calculated using the following relation:

d =
λ

D
cos θ, (2)

where d is the crystal size, λ — the X-ray wavelength used, D — the angular line
width of half maximum intensity, 2θ — the Bragg’s angle [18]. The calculated
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Fig. 3. X-ray diffraction patterns for different unannealed (A)/annealed (B) films Zn:Se

ratios: (a) 1:1, (b) 0.2:1, (c) 0.4:1, (d) 0.6:1, and (e) 0.8:1.

grain sizes of the annealed and unannealed thin films for different Zn:Se ratios
are given in Table II. From Table II, it was observed for unannealed films that
as Zn:Se ratio decreases, the grain size increases. And also the grain size of the
ZnSe thin films after annealing at 400◦C for 60 min increases slightly by the
annealing treatment [19]. Thus it was observed that this increase in grain size
causes an increase in the blue-green response by a small amount, due to a decrease
in bandgap ‘Eg’.

TABLE II

Grain sizes for different Zn:Se ratios of unannealed and annealed

ZnSe thin films.

Sample Zn:Se ratio Grain size (Å) Grain size (Å)

number for unannealed films for annealed films

1 0.2:1 32 33.4

2 0.4:1 29 30.8

3 0.6:1 23 24.9

4 0.8:1 23 24.6

5 1:1 22 23.2
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3.3. Photoconductivity study

3.3.1. Dark and photoconductivity studies

Different Zn:Se ratio unannealed thin films were formed and their dark con-
ductivity and photoconductivity were measured at room temperature under iden-
tical conditions. The I−V curves of dark conductivity and photoconductivity
for Zn:Se ratio as 0.2:1 is shown in Fig. 4. The dark and photoconductivity for
different Zn:Se ratios measured at 40 V dc are given in Table III.

Fig. 4. Variation of current (I) with voltage for Zn:Se ratio as 0.2:1; (a) dark conduc-

tivity, (b) photoconductivity at 300 K.

TABLE III

Dark conductivity and photoconductivity for different Zn:Se ratios.

Serial Measured parameters Zn:Se ratio

number [10−6 Ω cm−1] 0.2:1 0.4:1 0.6:1 0.8:1 1:1

1 Dark conductivity σd 1.15 1.11 1.05 1.0 0.96

2 Photoconductivity σL 2.25 2.05 1.86 1.70 1.55

It was observed that as the Zn:Se ratio decreases, the photoconductivity
increases. This is because of ‘Eg’ reduction and an increase of sample absorption.
When such films are excited in light, a large number of electrons are found to be
available in conduction band for the same intensity of light. The sample having
Zn:Se ratio as 0.2:1 is to be more photoconductive.

3.3.2. Photoconductivity rise and decay

The rise and decay of the photoconductivity for different Zn:Se ratio unan-
nealed thin films were studied in air for the same light intensity with an applied
field 40 V dc. Figure 5 shows three continuous successive cycles with rise times
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of 20 min and decay until the original dark current was reached for Zn:Se ratio
as 0.2:1. In the first cycle of excitation the photocurrent increases slowly but not
linearly with time. The linear nature of the photocurrent with time for the first
cycle of excitation was observed in ZnSe films as reported by Nair et al. [20]. No
steady state photocurrent was obtained even after 20 min. However, in the second
and third cycles the rise is much steeper and the curve bends towards steady state
value. It was observed that both photocurrents have been increased, the former
being very large.

Fig. 5. The rise and decay of the photocurrent with time for three successive cycles for

Zn:Se ratio as 0.2:1.

It is well known that oxygen impurity is found as a background impurity in
many material because of its easily diffusing properties into the crystal lattice dur-
ing the production of samples or during the annealing stage of the samples in air
at elevated temperatures. The oxygen ions play a critical role in the performance
of electroluminescent devices and, therefore, the role of oxygen impurities in these
materials has been studied over the last 40 years. The other residual impurity is
the Cl ions that come from the used salts in the spraying solutions. Oxygen impu-
rities are known to be first physically adsorbed at the grain boundaries and on the
ZnSe surface. In the present investigation, as the films were prepared by the spray
pyrolysis method, oxygen molecules are assumed to be physically adsorbed at the
grain boundaries and on the ZnSe surface. They then become chemisorbed having
captured a conduction electron, which binds them to the surface. The energy lev-
els of such bound electron are sufficiently below the conduction band that in the
dark, the rate of escape of electrons from the surface to the conduction band is
negligible. Holes move to the surface under illumination and are captured by nega-
tively charged oxygen molecules, giving neutral molecules which are weakly bound
and can escape from surface. This process is responsible for the low values of both
the dark current and photocurrent in the first cycle of excitation. In the second
and successive cycles a larger number of oxygen molecules are desorbed, resulting
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in the faster rise time and higher photocurrent [21]. In short, the chemisorbed
oxygen at the intergrain region builds up repulsive potential for the transport of
electrons, leading to very low electron drift mobilities and hence produces only
very small electric currents. Illumination produces electron–hole pairs, of which
the holes neutralize the repulsive potential at the grain boundaries and leads to an
exponential increase in the electron mobility. This results in a high photocurrent
under illumination which combined with the very low current in the dark produces
a high photosensitivity in the thin films.

4. Conclusion

The effects of Zn:Se ratios on the absorption and photoconducting proper-
ties of sprayed ZnSe thin films are analyzed. The values of optical bandgap were
determined from the absorption spectra. It was observed that the decrease in
bandgap energy with the increased Se content in the thin film can be attributed
to the increase in the grain size of the thin film. The low bandgap energy obtained
for the 0.2:1 ratio of Zn:Se could be attributed to the small grain size in other dif-
ferent thin films. The small grain size leads to electrical isolation of the individual
grains, or quantum well structure. It is found that the ZnSe thin films show high
photoconductivity properties and this photoconductivity is enhanced for the thin
film samples prepared at 0.2:1 ratio of Zn:Se.
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