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The paper reports the detailed analysis of photoconductivity and photo-detecting properties of vacuum
deposited zinc selenide (ZnSe) thin films. The vacuum deposited ZnSe films were found to have high
absorption coefficient and showed peak photo-response at 460 nm. The photocurrent and photo-
response time of the films were measured as a function of substrate temperature and annealing
conditions. Considerable increase in photocurrent and much faster photo-response was observed in films
deposited at high substrate temperatures. Annealing at moderate temperatures also improved the
photoconductivity and response time of the films.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Zinc selenide (ZnSe) is an IIeVI semiconductor compound with
a direct bandgap of 2.7 eV, which is optimum for absorption and
emission in the blue region of the electromagnetic spectrum [1e6].
Hence it is being looked at as a potential candidate for the fabri-
cation of optoelectronic devices in the visible region. However the
earliest efforts to exploit the properties of ZnSe were severely
impeded by the difficulties in doping the material [7]. This long
standing problem was finally overcome in 1990s when successful
p-type doping of ZnSe was reported [8,9]. This success has moti-
vated intensive research on ZnSe.

Thin films of ZnSe material have been prepared by many
methods including molecular beam epitaxy [9,10], MOVPE [11e13],
pulsed laser deposition [14,15] and vacuum deposition [1,16,17].
Extensive studies have been done on crystalline ZnSe which in turn
resulted in the fabrication of ZnSe based blue LEDs [18]. ZnSe based
lasers have been already used for a prototype demonstration in
high-density CD players [19].

Apart from LED, ZnSe has a great potential for photo-detector
applications [20e22]. At present the photo-detectors used in the
visible region are mainly based on silicon. The efficiency of silicon
based devices is low in visible region because Si has an indirect
bandgap in the infrared region [22]. On the other hand, the
quantum efficiency of ZnSe based devices is expected to be high as
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it has a direct bandgap and high absorption coefficient. ZnSe based
photo-diode with quantum efficiency of 8%, have been already
reported [21]. If the properties of ZnSe are optimized, then they
may even have a potential efficiency of 60%. While intensive
research is being done on photoconductivity of ZnSe [23,24], they
are mainly based on epitaxial films obtained by higher end
methods such as MBE, MOVPE etc. There is an immediate need to
focus on preparing device quality ZnSe films by low cost methods
so as to make them commercially viable.

In the present research work the photoconductivity and photo-
response properties of vacuum deposited ZnSe films have been
investigated. The effects of substrate temperature and annealing
process on the photo-response properties of the films have been
analysed.

2. Experimental details

Thin films of ZnSe material used in the present work were
prepared by vacuum deposition technique. The films were
deposited on well cleaned borosilicate glass substrates in a 12
inch vacuum coating unit (HINDHIVAC 12A4D). High purity
(99.99%) ZnSe ingots (Aldrich) were used as source material for
the films. Molybdenum boat was used for evaporating the source
material, by resistance heating, under a residual pressure of less
than 10�5 torr. The deposition rate was set at 30 nm/min. A
substrate heater with a temperature controller was used to heat
the substrates to desired temperatures. For electrical and photo-
conductivity studies, silver electrical contacts were made on the
ZnSe films by vacuum deposition. These silver contacts showed
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Table 1
The grain size, composition and electrical resistivity of ZnSe films as functions of
substrate temperature and annealing conditions.

Substrate
Temperature (K)

Annealing
Conditions

Grain Size
(Å)

Zn:Se Resistivity
(Ucm)
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ohmic behaviour. The films of thickness 500 nm were used in the
present work.

In order to study the effects of annealing process, the films were
annealed in a hot air oven at different temperatures for 4 h. The
maximum annealing temperature used was 540 K. The films
annealed at temperatures higher than 540 K developed small
cracks due to thermal stress.

Before studying the photo-response properties of the films,
a detailed study of their crystal structure and chemical composition
was undertaken. The crystal structure of the films was studied with
the help of a Rigaku Miniflex X-ray diffractometer (Cu target,
operating at 30 kV). The composition of the films was analysed by
energy dispersive spectroscopy (EDS) (JEOL JSM 5800). The value
and nature of the bandgap of the films was determined by absor-
bance studies using a spectrophotometer (PI-Acton). The electrical
conductivity of the films was measured by Hall effect analysis using
Van-der-Paw method [25].

The schematic diagram of the ZnSe photo-detector is shown in
Fig. 1. The photoconductivity and photo-response studies were
carried out in a dark chamber at room temperature. The experi-
mental setup comprised a 150 W Xenon arc lamp (Newport) light
source and a computer controlled monochromator with a photo-
multiplier tube detector (PI-Acton). In order to study the photo-
conductivity of the films, the light from the Xe arc lamp was passed
through the monochromator to get a beam of desired wavelength.
This light beamwas then allowed to fall on the film kept inside the
dark chamber. A suitable dc bias (9 V) was applied on the films to
setup photocurrent. The photocurrent was measured as a differ-
ence between the currents flowing through the circuit, containing
the film, under dark and illuminated conditions. A Keithley multi-
meter (model 2002) was used for accurate measurements of the
currents.

The studies on speed of photo-response of the films were carried
out in the similar way as described above. However, in these studies,
an optical chopper was placed in front of Xe lamp to obtain pulsating
light. The pulsating incident light produced alternating rise and fall
in the photocurrent which in turn produced a corresponding rise
and fall in the voltage across a standard resistance connected in
series with the film. This change in voltage across the resistance was
recorded by a digital storage oscilloscope (HP 54603B).

3. Results and discussion

The XRD patterns revealed the polycrystalline nature of the
films. The films deposited at different substrate temperatures, and
also the annealed films, were found to have the same cubic zinc-
blende structure with a (111) texture. This texture arises in vacuum
evaporated ZnSe films as (111) is the close-packing direction of
zincblende structure. Such texture has been reported by many
other researchers in the past [1,17]. The grain size of the films was
determined using Scherer formula.

D ¼ kl
bcosq

(1)
Fig. 1. The schematic diagram of ZnSe photo-detector (Not according to scale).
where k is the shape factor (w1), b is the full width at half
maximum (FWHM) of the peak, q is the Bragg’s angle and l is the
wavelength of the X-rays used. The grain size of the films increased
considerably with the increase in substrate temperature and also
after annealing (Table 1).

The EDS analysis of the films revealed the dependence of the
film composition on substrate temperature (Table 1). This is usually
expected in thermally evaporated ZnSe films as the vapour pres-
sures and sticking coefficients of zinc and selenium are different.
The films deposited at room temperature were rich in selenium.
The stoichiometric composition was achieved at a substrate
temperature of about 423 K and the films deposited at tempera-
tures above 423 K were rich in zinc. The electrical conductivity of
selenium rich films, measured by Hall effect analysis, was found to
be low and that of zinc rich films was comparatively higher
(Table 1). The main reason for this is the self-compensation
phenomenon which is very common in IIeVI semiconductors.
The excess selenium content in the films deposited below 423 K
results in the spontaneous production of native defects which
negate the acceptor-like action of selenium. As a result the films
become more resistive. In the case of zinc rich films, the excess
amount of zinc increases the n-type conductivity of the films. The
post-deposition annealing of the films also changed the film
composition due to the re-evaporation of excess selenium. The
conductivity also increased accordingly. However, in the case of
films which were deposited at substrate temperatures above 423 K,
the conductivity decreased after annealing (Table 1). Since these
films were already rich in zinc, annealing process only resulted in
the re-evaporation of the excess amount of zinc. This fact was
confirmed by the decrease in Zn:Se ratio of these films after
annealing. Re-evaporation of zinc reduces the n-type conductivity
of the films.

The absorption coefficient a of the films was found to be of the
order of 104 cm�1. Such high value of absorption coefficient is very
much desirable for photo-detectors and solar cells. The absorption
coefficient is in general related to frequency v by the expression
[26],

ahn ¼ B
�
hn� Eg

�n (2)

where B is a constant and n takes the value 1/2, 2, etc. depending
uponwhether the transition is direct or indirect. A plot of (ah v)m vs.
h v provides the information about the nature and value of the
bandagap. The (ahn)m vs. hn curve drawn for a typical ZnSe film
(Fig. 2), with m ¼ 2, shows a linear region indicating that the
bandgap of the film is direct. The value of the bandgap was
obtained by extrapolating the linear region of the graph tomeet the
x-axis and it was found to be around 2.7 eV. The change in substrate
300 Not Annealed 561 0.89 1113
373 Not Annealed 721 0.95 704
423 Not Annealed 813 1.00 512
473 Not Annealed 905 1.07 318
523 Not Annealed 1011 1.13 129
300 373 K, 4 h 612 0.91 732
300 473 K, 4 h 723 0.94 689
300 540 K, 4 h 804 0.98 594
373 540 K, 4 h 1053 0.99 576
423 540 K, 4 h 1136 1.05 498
473 540 K, 4 h 1221 1.03 503
523 540 K, 4 h 1336 1.01 523



Fig. 2. The (ahn)2 vs. hn curve of a typical ZnSe film.

Fig. 4. The variation in peak value of photocurrent and width of the peak after
annealing at 540 K for 4 h.
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temperature and annealing process produced only marginal
changes in the bandgap.

The spectral response curves of the ZnSe films, normalized with
respect to the Xe emission spectrum, are shown in Fig. 3. The
Fig. 3(a) represents films deposited at different substrate temper-
atures which are not subjected to annealing. The photocurrent is
low in films deposited at room temperature. A considerable
increase in the photocurrent was observed in films deposited at
higher substrate temperatures. All curves show a peak at 460 nm
which corresponds to the bandgap, 2.7 eV, of the films. This peak
Fig. 3. The normalized spectral response curves of ZnSe films: (a) films deposited at diffe
annealed at different temperatures, (c) deposited at different substrate temperatures and l
response at 460 nm indicates the possibility of using ZnSe in
tandem solar cells for absorbing light in the shorter wavelength
region of the solar spectrum. The photocurrent drops on either side
of this peak wavelength. In the longer wavelength region, where
obviously the inter-band transitions cannot take place, the transi-
tions occur mainly from the shallow impurity levels. In the shorter
wavelength region photocurrent decreases because the photons of
these energies are absorbed at or near the surface of the semi-
conductor where the recombination is very high [27]. The increase
in the photocurrent with substrate temperature can be explained
by the model proposed by Slater [28] and Petritz [29]. According to
this model, as the substrate temperature increases; the grain size of
rent substrate temperatures but not annealed (b) Films deposited at 300 K and later
ater annealed at 540 K.



Table 2
The ratio of resistance of the films under dark (Rd) and illuminated (Ri) conditions as
a function of substrate temperature and annealing conditions.

Substrate Temperature (K) Annealing Conditions Rd/Ri

300 Not Annealed 10.28
373 Not Annealed 25.58
423 Not Annealed 36.48
473 Not Annealed 49.40
523 Not Annealed 59.78
300 373 K, 4 h 21.05
300 473 K, 4 h 41.90
300 540 K, 4 h 49.25
373 540 K, 4 h 53.20
423 540 K, 4 h 68.78
473 540 K, 4 h 80.28
523 540 K, 4 h 88.03

Table 3
The rise and decay times of photocurrent as a function of substrate temperature and
annealing conditions.

Substrate
Temperature (K)

Annealing
Conditions

Rise Time
(ms)

Decay Time
(ms)

300 Not Annealed 14 71
373 Not Annealed 12 47
423 Not Annealed 10 32
473 Not Annealed 8 25
523 Not Annealed 6 19
300 373 K, 4 h 13 53
300 473 K, 4 h 9 29
300 540 K, 4 h 6 20
373 540 K, 4 h 4 15
423 540 K, 4 h 3 12
473 540 K, 4 h 3 10
523 540 K, 4 h 3 9
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the polycrystalline film increases, reducing the grain-boundary
region. This in turn results in lowering of the inter-grain potential
barrier. The inter-grain potential barrier further decreases upon
illumination of the film. It can also be observed that the peak of the
spectral response curve becomes sharper as the substrate
temperature increases. This is due to the fact that the impurity
concentration decreases with the increase in substrate tempera-
ture. The post-deposition annealing of the films also produced
similar result (Fig. 3(b)). The combined effect of high substrate
temperature and post-deposition annealing can be seen in Fig. 3(c).
These curves have much sharper peaks due to the large decrease in
the amount of impurities. The photocurrent also increased after
annealing. However the increase in photocurrent, after annealing,
is only marginal for films deposited above 423 K. This is due to the
decrease in their n-type conductivity, resulting from the re-
evaporation of zinc during the annealing process. The change in
peak value of photocurrent and width of the peak, after the
annealing process, are shown in Fig. 4. Thewidth of the peak, in this
case, is taken as the difference between two half maximum points.

The ratio of electrical resistance of the films under dark (Rd) and
illuminated (Ri) conditions are given in Table 2. The illuminated
resistance Ri was measured for the peak response wavelength of
460 nm. The large difference between Rd and Ri confirms the
production of photo-generated carriers due to the influence of
Fig. 5. The oscilloscope images (voltage-time curves) showing rise (a) and decay (b) of
photocurrent in ZnSe films. The input is shown for reference.
incident light. The ratio Rd/Ri increased with substrate temperature
indicating the enhanced photoconductivity.

The speed of photo-response of the films was measured by
observing the change in voltage across a standard resistance,
resulting from pulsating light (460 nm) input. The pulse width of
the incident light was chosen sufficiently large (around 1 ms) so as
to allow the photocurrent to reach saturation. The oscilloscope
images shown in Fig. 5 correspond to rise (Fig. 5(a)) and decay
(Fig. 5(b)) of photocurrent. The time taken by the current to
increase from 10% to 90% of the saturation value was taken as rise
time and the time taken by the current to drop from 90% to 10%was
taken as decay time. It can be seen that the rise in photocurrent is
much faster than decay. The slowness of decay process is mainly
due to the presence of impurities in the films which act as carrier
traps. The traps hold the photo-induced charges for longer dura-
tion, prolonging the decay process. The rise and decay time
decrease considerably with substrate temperature (Table 3). The
elevated substrate temperature reduces the trap density in the
films and hence both rise and decay processes become much faster.
Since the annealing process also reduces the trap density, similar
result was obtained in the case of annealed films.

The decay curve can be represented by the expression [30],

VðtÞ ¼ V0e
�pt (3)
Fig. 6. The variation of photocurrent with power density of input light (460 nm),
shown for ZnSe films deposited at different substrate temperatures.



Fig. 7. The variation of photocurrent with power density of input light (460 nm) after
annealing the ZnSe films at different temperatures for 4 h (Substrate Temperature:
300 K).
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where V(t) is the voltage at time t. The factor p is the probability of
an electron escaping from trap per second and it is given by,

p ¼ Sexpð � Et=kTÞ (4)

where S ¼ 1010s�1 is the frequency factor and Et is the trap depth.
The trap depths measured for ZnSe films were in the range
0.1e0.18 eV.

The variation of photocurrent ip with incident light power
density p is shown in Fig. 6. Usually such variation follows the
relation,

ip a pm (5)

wherem is a number which can be equal to 1, less than 1 or greater
than 1 corresponding to linear, sub-linear and super linear behav-
iours respectively. In the case of ZnSe films, the variationwas found
be slightly sub-linear. The value ofmwas found to be between 0.85
and 0.96. This sub-linear behaviour arises because of the expo-
nential distribution of traps in the bandgap [27]. As the intensity of
the radiation increases, the quasi-Fermi level shift towards the
conduction band edge and an increasing number of traps are con-
verted into recombination centres. As a result the photocurrent
does not increase linearlywith power density. However the value of
m approaches unity for films deposited at higher temperatures,
indicating that almost linear behaviour can be obtained at higher
substrate temperatures. Post-deposition annealing also produced
the same change (Fig. 7)

4. Conclusions

The photoconductivity and photo-detecting properties of
vacuum deposited ZnSe films were studied as functions of substrate
temperature and annealing conditions. The films were poly-
crystalline and were found to have a direct bandgap of 2.7 eV. They
also had high absorption coefficient which is very useful for
photovoltaic and photo-detector applications. The spectral response
curves of the films showed a peak at 460 nm which matches very
closely with their bandgap. Both the photoconductivity and the
speed of photo-response of the films increase considerably with
substrate temperature and post-deposition annealing owing to the
decrease in inter-grain potential barrier and trap density. The vari-
ation of photocurrent with photo power density was found to be
slightly sub-linear at low substrate temperatures. However it
approaches linear behaviour as the substrate temperature increases.
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