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The photosensitivity of the chemical bath deposited zinc selenide (ZnSe) thin film of bandgap
2.8 eV air annealed at different temperatures has been studied under sub-band gap optical illuminations of photon energies 1.77, 1.91, and 2.07 eV, respectively. The study reveals significant and systematic changes in the photocurrent even when the photon energy is restricted well below the band
gap energy of the material. In addition, the photocurrent decreases more or less exponentially with
the annealing temperature, although the absorption coefficients of the annealed samples in the
sub-band gap region are seen to be enhanced compared to the as-deposited sample. The XRD measurements show the cubic phase of ZnSe, accompanying additionally the orthorhombic ZnSeO3
crystallites in the deposited film. The study further reveals comparatively stronger crystalline
improvement of the ZnSeO3 crystals than the cubic ZnSe crystals upon annealing. The observed
photosensitivity of the film is compared to that of the cadmium sulphide film deposited by a chemical bath deposition technique and found to be sharply contrasting in behavior. We attribute the
unusual photosensitivity of the ZnSe film to ZnSeO3 crystallites which act simultaneously as self
generators and absorbers of photoelectrons in the ZnSe crystals, without effectively contributing to
the overall photoconductivity of the material. Published by AIP Publishing.
https://doi.org/10.1063/1.5029525
I. INTRODUCTION

II. EXPERIMENTAL

The study of zinc selenide (ZnSe), either in the crystalline
or in the polycrystalline form, has remained an active field of
solid state research due to its widespread application in the
area of photonic devices, which includes semiconductor
lasers,1,2 LEDs,3 photovoltaic cells,4 and different optical
detectors including VIS-blue-UV photodetectors.5,6 Different
workers have processed this material by applying different
deposition methods and studied the optoelectronic properties
of the material, primarily concentrating on the band-to-band
transition region relevant to photonic applications. However,
despite prolonged research on the optoelectronic properties of
the material, the sub-band gap optical absorption region governed by the defects capable of absorbing photons with energy
less than the band gap of the material has been ignored in the
majority of the publications. This is particularly important
when the material is grown in the polycrystalline form. The
recent studies on the polycrystalline sulfide semiconductors
have revealed interesting results which indicate sub-band gap
electronic excitations from the deep levels and the localized
states at the grain boundaries of the material.7 The electronic
transitions eventually lead to the sub-band gap absorption tail,
known to be largely influenced as a result of annealing. In spite
of several reports on the occurrence of sub-band gap absorption, the photoconductivity of the polycrystalline ZnSe film in
the said absorption region is still not adequately studied. We
have undertaken this particular issue and studied the photoconductivity of the chemically bath deposited ZnSe thin films in
the sub-band gap optical absorption region. The results of the
investigations are reported in this communication.

The zinc selenide thin films are deposited on glass substrates by applying the chemical bath deposition technique
reported by Bakiyaraj and Dhanasekaran.8 One of the substrates containing the deposited film is cut into several pieces
of which a few are chosen and given an open air heat treatment at 50, 100, 150, and 200  C, respectively, for a period of
30 min. The thickness of the film as determined by a field
effect scanning electron microscope is found to be nearly
2 lm. The ohmic contacts on the samples are established by
indium, deposited onto the film by vacuum evaporation. A
two probe method is applied to measure the current-voltage
characteristics of the samples at room temperature under different sub-band gap optical illuminations of intensities 2700,
9800, and 13 900 Lux and the photon energies 1.77, 1.91, and
2.07 eV, respectively. At the time of I-V measurements, we
have found considerable current instability at low voltages.
This we apprehend to be due to highly resistive and polycrystalline nature of the sample. To avoid this problem, we measured the current at relatively higher voltages by varying the
voltage in steps of 0.3 V. Also in order to avoid the transient
effects observed in polycrystalline ZnSe films,9–12 we have
given sufficiently long time for the stabilization of the sample
current. The optical absorption spectra of the samples are measured using a UV-VIS spectrophotometer, followed by XRD
measurements to determine the crystal structure of the deposited film. The energy dispersive spectroscopy (EDS) measurements are made to determine the composition of the films.

a)

Author to whom correspondence should be addressed: pcelc@caluniv.ac.in

0021-8979/2018/123(24)/245701/6/$30.00

III. RESULTS AND DISCUSSION

The current density vs. electric field characteristics of
the as-deposited and annealed ZnSe thin films are shown in
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Figs. 1(a) and 1(b), respectively. The characteristics for both
the samples show distinct photosensitivity even for photon
energy less than the band gap energy of the material. To get
a more clear view of the sub-band gap photosensitivity of the
material, we have determined the photocurrent of the samples by subtracting the dark current from the total measured
current in the sub-band gap absorption region. The photocurrent density vs. electric field plot for different sub-band gap
photon energies is shown in the inset of Figs. 1(a) and 1(b)
for the as-deposited sample and the sample annealed at
200  C, respectively. In both the cases, the photocurrent density varies more or less linearly with the electric field and
changes systematically as a result of the combined effect of
the photon flux and the photon energy restricted below the
band gap energy of the material. What seems to be interesting to note from Fig. 2 that the decrease in the photocurrent
is nearly exponential with the annealing temperature and
may be fitted by the relation
IPh ¼ I0 expðgTA Þ;

(1)

FIG. 1. The current density vs. electric field characteristics of as-deposited
(a) and 2000  C annealed (b) ZnSe thin films under sub-band gap optical
illumination. The insets in (a) and (b) show the variations of the photocurrent density with electric field for as-deposited and annealed ZnSe samples
under sub-band gap optical illumination.

FIG. 2. The variation of photocurrent of the ZnSe thin film with annealing
temperature for different sub-band gap photon energies.

where TA is the annealing temperature and I0 and g are fitting
parameters. The parameter I0 varies from 4.77  107 A to
4.81  103 A as the photon energy increases from 1.77 eV
to 2.07 eV. Over the same range of photon energy, the
parameter g varies from 0.015 K1 to 0.038 K1. A large
scattering of data corresponding to the 150  C annealed sample constrained us to include them in obtaining the fitted
relation. In order to examine the significance of the results,
we have plotted in Fig. 3 the photocurrent as a function of
inverse annealing temperature. As may be seen from the figure, the nature of variation of the photocurrent is not strictly
Arrhenius. The variation, however, indicates a possible correlation of the parameter g with the activation energy and the
pre-factor I0 to be implicitly related to the defects in the film.
The effect of annealing is further reflected from the plot
of sample resistance as a function of photon energy for the asdeposited sample and the sample annealed at 200  C shown in
Fig. 4. The variation of the resistance is found to be much
sharper for the as-deposited sample compared to the annealed
one and can be fitted linearly, with slopes and intercepts,
1.04  109 X (eV)1 and 2.17  109 X, respectively, for the

FIG. 3. The logarithmic variation of the photocurrent of ZnSe thin film with
the inverse annealing temperature.
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FIG. 4. The variation of resistance of ZnSe thin film with the photon energy
for the as-deposited sample and the sample annealed at 200  C. The inset
shows the variation of the resistivity of the material with the photon energy.
8

1

8

as-deposited sample and 1.77  10 X (eV) and 5.84  10
X, respectively, for the 200  C annealed sample. For further
analysis of the results, we have estimated from the J-E plots,
the resistivities of the samples. The variation of the resistivity
as a function of photon energy with annealing temperature as
the parameter is shown in the inset of Fig. 4. The plot clearly
shows the significance of sub-band gap photon energy and
annealing on the sample resistivity.
The observed photoconductivity in the sub-band gap
photo absorption region cannot be accounted for applying the
well known Petritz’s model13 as the model applies to the
band-to-band absorption region and neglects space charge
density in the grains constituting the polycrystalline material.
Rakhshani14 has considered excess carrier concentration due
to the absorption of photons and a change in the carrier
mobility, assuming a single defect level instead of distributed
defects at the grain boundaries of the material. It is, however,
possible that these distributed defects at the grain boundaries
coupled with discrete energy levels such as deep levels can
play a vital role in controlling the sub-band gap photoconductivity of the sample. It has been pointed out earlier that the
above defects play crucial role in the sub-band gap optical
absorption in the polycrystalline CdS thin film.7 Therefore, to
explore the origin of excess photoconductivity of the film,
the sub-band gap optical absorption spectra of the asdeposited and annealed films are critically analyzed. The
absorption curves in Fig. 5 show a sharp rise near the absorption edge due to band-to-band transitions accompanying an
elongated absorption tail in the sub-band gap region.
However, a closer view revealed an absorption hump in the
intermediate range of photon energies which eventfully
allows one to decompose the whole absorption curve into
four regions, namely, a constant region, the absorption hump,
the Urbach region, and the band-to-band transition region.
For illustration, the four regions of the absorption model are
shown separately in the inset for the as-deposited sample.
The observation is in contrast to the chemical bath deposited
(CBD) deposited CdS thin film where the absorption curve
has been described by three absorption regions.7 Moreover,

FIG. 5. The variation of the optical absorption co-efficient of the asdeposited and annealed ZnSe thin films. The inset shows the four different
optical absorption regions for the as-deposited sample.

the absorption spectra in the sub-band gap region indicate its
sensitivity to the annealing temperature, thereby reflecting
the apparent enhancement in the absorption co-efficient of
the samples. We have estimated the Urbach energy for each
of the absorption curves of the ZnSe samples by applying the
Urbach exponential law15 and found the Urbach energy to be
varying from 1.87 eV for the as-prepared sample to 2.2 eV
corresponding to the sample given heat treatment at 200  C.
The subsequent analyses of the data in the region I suggest a
linear law, may be described by the relation a ¼ ac þ b (h),
where ac and b are the fitting parameters. The parameters are
found to be sensitive to the annealing temperature. For
instance, the values of ac and b vary from 8608 cm1 and
2289 cm1 eV1 for the as-deposited sample to 4217 cm1
and 5786 cm1 eV1 for the sample annealed at 200  C.
While the linear variation indicates excitations from the deep
levels, the absorption hump next to this linear region is somewhat complex. To get an intuitive idea of the possible factors
causing the absorption hump, we carefully investigated the
compositional and structural properties of the ZnSe thin film
under as-deposited and annealed conditions. Figure 6 shows
the EDS results for all the samples. The analysis of the results
confirms the presence of Zn, Se, and O in all samples, though
no appreciable deviation in their contents is noticed upon
annealing. The atomic percentage of Zn remains almost
invariant in the annealed samples, whereas the percentages of
Se and O fluctuate a bit in the annealed samples compared to
the as-prepared one. Besides, no additional impurity element
has been identified in the EDS graphs of the samples, before
or after annealing, except for an insignificant trace of sodium
in the as-deposited sample. In view of this observation, it is
unlikely that the variation in the composition upon annealing
has played any distinctive role in the sub-band gap absorption
hump. More likely, the absorption hump has emerged due to
the presence of an additional defect or mixed phase comprising ZnSe nano-crystals and other crystalline phases. The
XRD patterns shown in Fig. 7 clearly indicate the presence of
a cubic phase of ZnSe (JCPDS 80-0021) accompanying the
orthorhombic phase of ZnSeO3 crystals (JCPDS 78-0446). In
a number of studies, the presence of ZnSeO3 crystallites in
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FIG. 6. The EDS graphs for the asdeposited and annealed ZnSe samples.
(a) As-deposited, (b) annealed at 50  C,
(c) annealed at 100  C, (d) annealed at
150  C, and (e) annealed at 200  C.

FIG. 7. The XRD pattern of the ZnSe thin film deposited by the chemical
bath deposition technique. (a) As-deposited sample and (b) sample annealed
at 200  C.

ZnSe films has been reported.16–18 The present results further
confirm the occurrence of ZnSeO3 crystallites in the CBD
ZnSe thin film. Interestingly, compared to the as-deposited
sample, the XRD peak intensity is found to be increased substantially for the annealed samples, thereby indicating an
improved crystallinity of the ZnSeO3 phase. We have further
considered the possibility of ZnSeO3 formation after annealing. However, the formation of ZnSeO3 is very unlikely as
the ZnSe samples are annealed at 200  C or below in the present study. The occurrence of ZnSeO3 has been reported relatively at higher temperature, e.g., annealing at 623 K and
above for 24–26 h.19,20 Verma et al.21 reported the formation
temperature of ZnSeO3 to be 442  C. There are several other
reports where ZnSeO3 has been found to be absent even at an
annealing temperature of 500  C and above22,23 or present in
insignificant amounts after annealing in the temperature
range of 430–700  C.24 Therefore, the growth of ZnSeO3 is
unlikely for the annealing temperature restricted at 200  C or
below in the present work. Moreover, the EDS results do not
show any definite and significant increase in the oxygen content after annealing the material up to 200  C. Our literature
survey on XPS results further reveals the absence of the
ZnSeO3 phase at low temperature annealing.25,26 Therefore,
one cannot proceed with gradual segregation of ZnSe into the
ZnSeO3 phase with annealing temperature and correlate the
enhanced absorption and decreasing conductivity in terms of
different bandgaps of the material. Even if, one considers a

245701-5

B. Karim and P. Chottopadhyay

layer of ZnSeO3 (bandgap 3.228 eV) on the top of the ZnSe
film of bandgap 2.8 eV, the photons should pass through these
materials without causing any absorption due to band-to-band
electronic transitions, as the photon energy is less than the
bandgap energy. An alternative possibility is the absorption of
photons as a result of transitions from the defect states in the
band gap of the material. Since the XRD measurements confirmed the inherent presence of ZnSeO3 crystals in the asgrown sample and their crystalline character is improved
upon annealing, we conclude that these crystallites are simultaneously acting as entities capable of trapping photoelectrons
generated in the ZnSe crystals and self photo-carrier generators without contributing much to the overall photoconductivity of the sample. The photo-carrier generation and absorption
properties of ZnSeO3 are consistent with the contrasting
observation of enhanced optical absorption and reduced photoconductivity upon annealing.
In order to identify further the significance of ZnSeO3
crystals in the ZnSe film, we have compared the photosensitivity of CdS (bandgap 2.42 eV) thin films (chosen as a
model semiconductor) grown by the chemical bath deposition technique. The variation of the current density and the
photocurrent density of the material with electric field for the
same set of sub-band gap optical illuminations is shown in
Fig. 8. In this case, the measured photosensitivity is found to
be more pronounced for both the as-deposited sample and
the sample annealed at 200  C compared to the ZnSe samples. The values of the resistance as obtained from the
current-voltage measurements are plotted as a function of
photon energy in Fig. 9 and found to be linear with slopes
varying from 1.88  107 to 5.4  104 X(eV)1 and the intercepts varying from 4.48  107 to 2.1  105 X, respectively,
for the as-deposited and annealed samples. As may be seen
from the figure, the resistivity of the sample also follows a
similar nature of variation. A comparison of the above
results with those of ZnSe samples reveals a contrasting
impact of annealing on the resistance or the resistivity of the
two materials. While the resistance of the CdS thin film
decreases upon annealing, the same is found to increase in
the case of ZnSe samples. This is further reflected from the
variation of photocurrent of the CdS thin film as a function
of annealing temperature shown in Fig. 10 for different subband gap energies. It is seen that, in contrast to features
exhibited by the ZnSe films, the photocurrent increases exponentially with the annealing temperature, which can be fitted
by the relation IPh ¼ I0 exp(gTA). In this case, the value of I0
is found to vary from 9.01  1012 to 1.73  1010 A, while
the parameter g varies from 0.027 K1 to 0.022 K1 as the
photon energy is increased from 1.77 eV to 2.07 eV. One can
possibly associate a layer of CdO (bandgap 2.3 eV) formed
due to the heat treatment27,28 to account for the change in the
photocurrent. However, it is reported that such a layer can
enhance the dark conductivity of the CdS film, but the overall photoconductivity of the material decreases significantly
for the film annealed at 350  C compared to the samples
annealed relatively at lower temperatures.28 This implies the
role of CdO in modulating the photoconductivity of the CdS
film to be insignificant in the present case, as the heat treatment was restricted at or below 200  C. Moreover, as the
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FIG. 8. The current density vs. electric field characteristics of as-deposited
(a) and 200  C annealed (b) CdS thin films under sub-band gap optical illumination. The insets in (a) and (b) show the variations of the photocurrent
density with electric field for as-deposited and annealed CdS samples under
sub-band gap optical illumination.

FIG. 9. The variation of resistance of the CdS thin film with the photon
energy for the as-deposited sample and the sample annealed at 200  C. The
inset shows the variation of the resistivity of the material with the photon
energy.
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FIG. 10. The variation of the photocurrent of the CdS thin film with annealing temperature for different sub-band gap optical energies.

photon energy is less than the bandgap energies of CdS and
CdO, one cannot expect band-to-band excitations. The
enhancement of photosensitivity of the CBD CdS thin film
may be attributed to the increase in the mobility-lifetime
product of free carriers.29–32 However, the same analogy
seems to be inapplicable in the present case of ZnSe thin
films. We apprehend that the gradual exponential decay in
the photocurrent of ZnSe upon annealing is associated with
the grain boundary parameters of the material. Furthermore,
the presence of the absorption hump in the absorption spectra
of ZnSe films and the absence of the same in the absorption
spectra of CBD CdS films studied earlier7 conclusively prove
a definite role of ZnSeO3 in the absorption process compared
to the CdS sample.
IV. CONCLUSION

In conclusion, we have studied the sub-band gap photosensitivity of the chemical bath deposited ZnSe thin film
for as-deposited and annealed conditions. The photocurrent
density in all samples varies systematically even when the
photon energy is below the band gap energy of the material.
Interestingly, the photosensitivity of the material is seen to
decay almost exponentially with the annealing temperature.
The results further reveal that the presence of ZnSeO3 crystals in the grown ZnSe film and their gradual crystalline
improvement upon annealing play a crucial role in influencing the optical absorption and the photosensitivity of the
ZnSe film via photo-carrier generation and absorption processes. A comparative analysis of the photosensitivity of
ZnSe samples with that of the CdS thin film, chosen as a
model semiconductor, further establishes the significance
of ZnSeO3 in controlling the photosensitivity of the ZnSe
film.
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