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Abstract Schottky barrier junctions of Al-doped n-type Zinc selenide (ZnSe) thin
films of doping concentrations up to 9.7×1014cm−3 have been fabricated with Au and
Ni electrodes on glass substrates by sequential thermal evaporation. All of the junctions
of different doping concentrations exhibited rectifying current-voltage characteristics
with a non-saturating reverse current. From the current-voltage characteristics, the
different junction parameters such as ideality factor, saturation current density, series
resistance, etc., were measured. Both types of junctions were found to possess a high
ideality factor and a high series resistance. The barrier heights of the junctions were
measured from Richardson plots and found to be around 0.8 eV. The structures were
found to exhibit a poor photovoltaic effect with a fill factor not greater than 0.4. The
diode quality as well as the photovoltaic performance of the diodes were improved
following a short heat treatment in vacuum.
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1 Introduction

Zinc selenide (ZnSe), a II–VI compound semiconductor with a 2.67 eV direct bandgap,
has long been considered to be a promising material for different optoelectronic devices
such as LEDs, thin film transistors, blue laser diodes, photodetectors, and thin-film
solar cells [1–4]. There are a number of reports on the structural, optical, and electrical
properties of ZnSe polycrystalline thin films prepared by various techniques such as
chemical vapor deposition, chemical deposition, and physical vapor deposition [5–8].
Although many investigations on the formation of Schottky barriers with single crystal
bulk ZnSe using different metals have been carried out [3,9,10], little attention has
been given to Schottky barriers formed with polycrystalline ZnSe thin films. Thin-film
Schottky barriers are attractive for photodetectors and thin-film solar cells due to their
easy fabrication. Thermal evaporation is also cost effective and suitable for large area
deposition. In the present work, (n)ZnSe thin-film Schottky barrier junctions with Au
and Ni barrier metals have been prepared by thermal evaporation. Since the annealing
process plays an important role in enhancing the performance of thin-film devices
[11], the prepared devices were also subjected to a short heat treatment. Studies of
various junction parameters and photovoltaic performance of these Schottky barrier
junctions, measured before and after heat treatment, are reported in this article.

2 Experimental

The samples were prepared on glass substrates by sequential thermal evaporation at
a base pressure of 5 × 10−5 Torr. First, the ohmic contacts formed from five parallel
strips of aluminum, each of 1 mm width and 20 mm length, were thermally depos-
ited over glass slides using an electrically heated tungsten spiral. Above these strips,
Al-doped ZnSe films of 15 × 15 mm2 area were thermally deposited by co-evapora-
tion of ZnSe powder (99.99 %) from an electrically heated molybdenum boat and Al
metal (99.9 %) from the tungsten spiral filament. The Al doping makes ZnSe an n-type
semiconductor. At the time of deposition, the substrate temperature was maintained
at 473 K. Three sets of Al-doped ZnSe films of different doping concentrations were
prepared by maintaining a constant deposition rate for ZnSe and changing the evap-
oration rate of Al. After deposition, the films were annealed in vacuum at 523 K for
60 min. Finally, for the barrier metal, five Au and five Ni electrodes (each of 1 mm
width) were vacuum deposited separately over the three sets of Al-doped ZnSe films
using suitable masks. Thus, three sets of Al-(n)ZnSe-Au structures and three sets
of Al-(n)ZnSe-Ni structures of different doping concentrations with 25 junctions of
1 mm2 area each have been prepared. A schematic diagram of the structure of the
devices having 25 and 9 Au-(n)ZnSe Schottky barrier junctions is shown in Fig. 1.

For measurement of the conductivity type, thickness, and other properties, separate
films were deposited at the time of respective semiconducting film deposition by plac-
ing additional substrates in the deposition system. Al electrodes were vacuum depos-
ited on ZnSe films for conductivity measurements. The thicknesses of the films were
measured by a multiple interference technique [12] and found to be around 3,000 Å
to 3,500 Å. The conductivity type and carrier concentration of the films were deter-
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Fig. 1 Schematic diagrams of Au-(n)ZnSe Schottky barrier: (a) top view and (b) lateral view (not to scale)

mined by Hall-effect measurements of the films and analysis of the capacitance-voltage
characteristics [13] of the Schottky barriers. For films of lower doping concentrations,
the hot-probe method [14] was also used to confirm the conductivity type of the
film.

To avoid humidity effects, all electrical and photovoltaic measurements were made
in a vacuum of 10−2 Torr by mounting the sample inside a specially assembled vacuum
chamber. The details of this experimental arrangement have been discussed elsewhere
[15]. A Keithley system electrometer (Model 6514) was used to measure the current
in dark and under illumination. The current (I)-voltage (V) characteristics of the junc-
tions were recorded at room temperature as well as at elevated temperatures using
a temperature-controlled heating arrangement in the vacuum chamber. For studying
the current-voltage characteristics under illumination, the samples in the chamber
were illuminated through a glass window using a white light from a tungsten-halogen
lamp. The performance of the devices was also measured after a short heat treatment
(annealing) at 373 K for 10 min in vacuum at 5 × 10−5 Torr.
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Table 1 Junction parameters of a few as prepared (U) and heat-treated (T) Ni/Au-(n)ZnSe Schottky barriers
(area = 1 mm2) of different doping concentrations at room temperature

Barrier
metal/
(Junction
number)

Doping
concentra-
tion
ND(cm−3)

Ideality
factor n

Saturation
current density
J0(nA · cm−2)

Series
Resistance
Rs(k� ·cm−2)

Barrier
height �b
(eV)

U T U T U T U T

Ni/(N1) 1.4 × 1014 7.39 6.87 12.57 11.81 180 128 0.714 0.717

Au/(A1) 1.4 × 1014 7.2 6.48 9.84 8.92 165 118 0.805 0.815

Ni/(N2) 4.8 × 1014 5.64 5.04 17.5 16.17 72 57 0.717 0.722

Au/(A2) 4.8 × 1014 6.03 5.36 14.6 13.4 67 54 0.809 0.816

Ni/(N3) 9.7 × 1014 4.89 4.36 25.2 21.4 15.2 8.8 0.724 0.727

Au/(A3) 9.7 × 1014 3.97 3.53 18.7 16.6 20.2 12.5 0.817 0.82

3 Results and Discussion

3.1 Current-Voltage Characteristics

Hall-effect and hot-probe measurements confirmed that the films were n-type conduc-
tors. The linear I–V characteristics at voltages up to 5 V of a sandwich structure of
Al-ZnSe with In and Al as the back electrode confirmed that the Al-(n)ZnSe contacts
were ohmic. The I–V characteristics of both structures of different doping concentra-
tions, as prepared and after the short heat treatment, are shown in Fig. 2. The recti-
fying nature of I–V characteristics of the fabricated structures indicates the existence
of Schottky barriers between the thin film of Au and (n)ZnSe and of Ni and (n)ZnSe.
The reverse current does not saturate and shows some bias dependence of the barrier
height. The current density J of a diode of saturation current density J0 and diode
ideality factor n, for biasing voltage V and at temperature T are related by [16]

J = J0 exp (qV/nkT )
[
1 − e−qV/kT

]
(1)

The ideality factor and the saturation current density of different junctions as pre-
pared (U) and after heat treatment (T) were calculated from the slopes and intercepts
of the respective ln

[
J/(1 − e−qV/kT )

]
versus V plots (Fig. 3), and are tabulated in

Table 1. The diode ideality factor for both structures was found to be much greater
than unity and was reduced with heat treatment of the structures. The structures with
higher doping concentrations showed an improved diode quality with a reduced diode
ideality factor. The presence of an interfacial layer, image-force lowering, and carrier
recombination due to surface states or defect levels are some of the main reasons for
the ideality factor being greater than unity.

At higher forward voltages, the ln I–V plots of the junctions are observed to devi-
ate from linearity. This is due to the series resistance, Rs, associated with the neutral
region of the semiconductor [17]. At a large forward current through the diode, the
voltage drop across the series resistance causes the actual voltage drop across the
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Fig. 2 I–V plots at room temperature in dark of as prepared (solid line) and after heat treatment (dotted
line): (a) Au-(n)ZnSe and (b) Ni-(n)ZnSe Schottky barrier junctions for different doping concentrations
[1.4 × 1014cm−3(A1 & N1), 4.8 × 1014cm−3 (A2 & N2), and 9.7 × 1014cm−3 (A3 & N3)]

barrier to be less than the voltage applied to the terminals of the structure. Hence, the
current is proportional to [eq(V −I Rs)/kT − 1], instead of obeying the ideal condition.
The horizontal displacement between the actual ln I–V curve and extrapolation of the
linear region gives the voltage drop �V = I Rs across the neutral region.

The series resistance of the Au/Ni-(n)ZnSe junctions, calculated from the I versus
�V plots (not shown here), are given in Table 1 and are on the order of k�. The large
value is due to various types of defects that crept into the film during preparation,
and also due to the low doping concentration. The series resistance of the junctions of
higher doping concentration was found to be less. The introduction of any insulating
layer between the electrode and semiconductor also contributes to the series resis-
tance. With the present method of preparation of the devices, some interfacial layer
is developed due to breaking of vacuum between the deposition of each layer. Heat
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Fig. 3 ln[J/(1 − e−qV/kT )] versus V plots at room temperature in dark of as prepared (solid curve) and
heat treated (dotted curve): (a) Au-(n)ZnSe and (b) Ni-(n)ZnSe Schottky barrier junctions for different
doping concentrations [1.4 × 1014cm−3(A1 & N1), 4.8 × 1014cm−3 (A2 & N2), and 9.7 × 1014cm−3

(A3 & N3)]

treatment of the devices reduces the defects in the film and ensures more intimate con-
tact between the electrodes and semiconductor by thermally removing the insulating
layer. Therefore, the series resistance of the devices is found to be reduced with heat
treatment.

The temperature dependence of J–V characteristics of the junction has been studied
within the temperature range from 300 K to 333 K. It has been observed that beyond
room temperature, thermal generation of extra carriers causes a gradual increase of
the forward current. Figure 4 shows ln[J/(1 − e−qV/kT )] versus V plots of the linear
portion for a typical Au-(n)ZnSe junction at different temperatures from which the
J0 values at different temperatures were calculated. At all temperatures, the ideality
factor was found to be nearly the same value and the saturation current density is
found to increase with temperature. When ln(J0/T 2) versus T −1 is plotted (Fig. 5), a
straight line is found indicating that the transport process is dominated by thermionic
emission, according to [18]
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Fig. 5 ln (J0/T 2) versus T −1 plots of a typical Au-(n)ZnSe junction (A3) (ND = 9.7 × 1014 cm−3)

J0 = A∗T 2e−q�b/kT , (2)

where �b is the barrier height of the junction and A* is the effective Richardson
constant.

The value of A* was calculated from the intercept on the vertical axis of the plots,
and the barrier height of the junction was estimated from its slope. The barrier heights
were found to be in the range of 0.71 eV to 0.82 eV (Table 1). This is in good agreement
with the values reported earlier [19]. However, higher barrier heights of 1.65 eV and
1.2 eV for single crystal ZnSe with Au and Ni, respectively, have been reported by
other workers [20,21]. From the table it is seen that there are no significant changes of
barrier height with doping concentrations, and the heat treatment applications result
in slight increases of the barrier heights. The lower value of the barrier height is due
to the presence of the interfacial layer. In polycrystalline semiconductor thin films,
the constituent atoms at the grain boundary are disordered, and hence, there are large
numbers of defects due to incomplete atomic bonding (dangling bond). This may result
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Table 2 Photovoltaic parameters of as prepared (U) and heat-treated (T) Au/Ni-(n)ZnSe Schottky barrier
junctions of 1 mm2 area for different doping concentrations at room temperature

Barrier
metal

Junction
number

Doping con-
centration ND
(cm−3)

Short-circuit
current density
Jsc(µA · cm−2)

Open-circuit
voltage Voc (mV)

Fill factor

U T U T U T

Ni N1 1.4 × 1014 0.173 0.215 550 490 0.30 0.33

Au A1 1.4 × 1014 0.10 0.123 365 385 0.31 0.32

Ni N2 4.8 × 1014 0.28 0.331 400 420 0.34 0.37

Au A2 4.8 × 1014 0.278 0.326 365 390 0.34 0.36

Ni N3 9.7 × 1014 0.390 0.440 420 370 0.40 0.43

Au A3 9.7 × 1014 0.412 0.46 300 280 0.39 0.42

in the existence of surface states [22]. In our case, the barrier heights have been found
to be less dependent on the work function of the barrier metals. These may be due to
the effect of surface states of the semiconductor [23]. Similar behavior was observed
in Schottky barriers of other II–VI semiconductors including ZnSe [24].

3.2 Photovoltaic Effect

The Au/Ni-(n)ZnSe junctions were studied under illumination for their photovoltaic
performance. Figure 6 shows the photovoltaic response of a few typical junctions
of different doping concentrations at room temperature under illumination of inten-
sity 0.5 mW · mm−2. At lower doping concentrations, the nearly linear nature of the
J–V curve under illumination implies the existence of a very high series resistance in
the junctions. The open-circuit voltage (Voc), short-circuit current (Isc), and fill fac-
tor of these junctions are tabulated in Table 2. The short-circuit currents were found
to be 0.173 µA · cm−2 to 0.412 µA · cm−2 for junctions of doping concentrations
of 1.4 × 1014 cm−3 to 9.7 × 1014 cm−3, respectively. The fill factor of the junctions
was increased from 0.31 to 0.40 with an increase of the doping concentration from
1.4 × 1014 cm−3 to 9.7 × 1014 cm−3 and was further increased up to 0.43 after heat
treatment.

The open-circuit voltage and short-circuit current are strongly dependent on the
series resistance as well as on the diode ideality factor as per the well-known equa-
tions [25],

Isc = I0
[
exp {q (V − I Rs) /kT } − 1

] − I (3)

Voc = (nkT/q) ln [(Isc/I0) + 1] (4)

where I is the total output current and I0 is the diode saturation current. In our case,
the higher value of the series resistance reduces the short-circuit current and, hence,
also the open-circuit voltage. Very low photo-voltages with low fill factors have been
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Fig. 6 Photovoltaic plots of as prepared (solid curve) and heat treated (dotted curve) (a) Au-(n)ZnSe and
(b) Ni-(n)ZnSe Schottky barrier junctions of different doping concentrations [1.4 × 1014 cm−3(A1 & N1),
4.8 × 1014 cm−3 (A2 & N2), and 9.7 × 1014 cm−3 (A3 & N3)] at room temperature

observed in these junctions due to the higher value of diode ideality factors. In the
polycrystalline films, the grain-boundary potential may affect the series resistance
and open-circuit voltage of solar cells [26]. Due to this grain-boundary effect, recom-
bination of photo-generated carriers takes place at grain boundaries, and hence, the
short-circuit current is reduced [26,27]. Besides the effect of the high series resistance
and grain-boundary effects, other factors may be responsible for the poor photovoltaic
performance, including a high defect density, the presence of interfacial layer, and low
doping concentration. The increase of the doping concentration of the semiconduct-
ing films and heat treatment slightly improves the photovoltaic performance of the
devices.

4 Conclusions

The results show the formation of Schottky barriers in thermally deposited Au-(n)ZnSe
and Ni-(n)ZnSe thin-film structures with a thin interfacial layer and are characterized
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by non-saturating and bias-dependent reverse currents and higher values of diode
ideality factors. The junctions exhibited rectifying characteristics and a low photo-
voltaic effect. Due to various types of defects and low doping concentrations, the
junctions have high series resistances. The presence of an interfacial layer, surface
states, and various defects are found to affect the I–V characteristics and photovoltaic
effect. The performance of the diodes was improved after short heat treatment. This
improvement is thought to be due to reduction of the interfacial layer and interface
state densities. Proper doping, annealing, and passivation of surface states are neces-
sary to improve the diode quality and photovoltaic effect. The deposition of all the
layers in one vacuum cycle might be advantageous.
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