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Abstract
Current–voltage (I –V ) measurements of Ag/n-ZnO have been carried out at
temperatures of 200–500 K in order to understand the temperature dependence
of the diode characteristics. Forward-bias I –V analysis results in a Schottky
barrier height of 0.82 eV and an ideality factor of 1.55 at room temperature.
The barrier height of 0.74 eV and Richardson constant of 0.248 A K−2 cm−2

were also calculated from the Richardson plot, which shows nearly linear
characteristics in the temperature range 240–440 K. From the nkbT/q versus
kbT/q graph, where n is ideality factor, kb the Boltzmann constant, T
the temperature and q the electronic charge we deduce that thermionic
field emission (TFE) is dominant in the charge transport mechanism. At
higher sample temperatures (>440 K), a trap-assisted tunnelling mechanism
is proposed due to the existence of a deep donor situated at Ec—0.62 eV with
3.3 × 10−15 cm2 capture cross section observed by both deep-level transient
spectroscopy (DLTS) and ln I0 versus 1/kbT plots. The ideality factor almost
remains constant in the temperature range 240–400 K, which shows the stability
of the Schottky contact in this temperature range.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Zinc oxide is a II–VI semiconductor compound, with a wide and direct band gap (3.37 eV
at room temperature), which has attracted much attention in the last two decades because of
its possible use in ultraviolet and blue-range optoelectronic devices, including lasers. The
most important property of ZnO is its high exciton binding energy of about 60 meV [1, 2],
which gives the opportunity of use in optoelectronics due to its highly efficient excitonic
emission. Besides these valuable optoelectronic properties of ZnO, it has superior electronic
parameters such as high breakdown voltage, high thermal conductivity [3], high electron
saturation velocity [4] and high radiation tolerance [5], which are better than those of the
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classical semiconductors, such as Si and GaAs, and is also compatible with the wide band
gap semiconductors, like SiC and GaN [6]. These parameters are important for high-
temperature, high-power electronics which also require high-quality metal–semiconductor
Schottky contacts.

Our knowledge of the Schottky contact characteristics of ZnO is very poor, especially
regarding its temperature dependence. However, many metals have been reported for use as
a ZnO-based Schottky barrier diode (SBD) such as low reactive ones, Ag [7–9], Au [8, 10],
Pd [9, 11], Pt [12, 13], which generally result in a Schottky barrier height (SBH) of about 0.6–
0.8 eV and an ideality factor of around 1.5 [7–13]. Also SBDs having better contact parameters
have been reported by several authors [14–16]; these are generally formed on oxygen-treated
surfaces of ZnO. For example, Coppa et al [14] reported that O2/He plasma-treated Au/ZnO
SBDs yield an ideality factor of 1.03 and leakage current of 20 pA. The same ideality factor
was also reported by Grossner et al [15], with an SBH of 0.83 eV for Pd metallization on the
oxygen-terminated (0001) face of ZnO. Recently, Allen et al [16] measured the ideality factor
to be 1.1 and the SBH to be 0.77 eV for a Ag/ZnO SBD produced on the O-polar surface of
ZnO. In addition, Nagata et al showed that the O-polar face produces a higher barrier height
than that of the Zn-polar face of ZnO for Schottky metal Pt/Ru alloys [17].

Even though the progress in ZnO-based contacts has given hope to future studies, there
are not any detailed reports on the high-temperature stability of these contacts in the literature.
Grossner et al [15] showed that the Pd/ZnO SBD was stable in temperature range 130–340 K.
Sheng et al [18] declared that the ideality factor of Ag/ZnO varied from 1.37 at 265 K to
1.29 at 340 K. von Wenckstern et al [11] measured the temperature dependence of the I –V
characteristics of Pd/ZnO SBD between 210 and 300 K and reported an increase in SBH with
increasing temperature.

In this study, we fabricated ZnO-based SBDs using Ag and Al metals for the Schottky
and ohmic contacts, respectively. Temperature-dependent I –V measurements were conducted
in the temperature range 200–500 K. We found that the ideality factor varies between 1.30
and 1.60 and the SBH between 0.88 and 0.68 eV in the temperature range 240–400 K where
the diode is reasonably stable. From the nkbT/q versus kbT/q graph, we deduce that the
thermionic field emission (TFE) is dominant in the charge transport mechanism at sample
temperatures above 240 K.

2. Experimental details

The Schottky diode was formed onto bulk ZnO (University Wafers). As an ohmic contact
material, purified Al (99.99%) was chosen to obtain a low barrier height by considering the
high reactivity of Al atoms with chalcogenides (O atom in ZnO). Ohmic contact was fabricated
onto the ZnO face, in a Leybold Heraeus turbo molecular pump, in a high vacuum of 10−6 Torr.
Subsequent annealing was performed at 573 K for 3 min in a N2 atmosphere. For the Schottky
material, on the other hand, Ag (99.99%) metal was used to form a relatively high barrier
height [4, 16, 18]. All the metals and the bulk ZnO before metallization processes were cleaned
in an ultrasonic bath for 3 min with organic solvents (trichloroethylene, acetone, methanol) and
rinsed with deionized water of 18 M� for 3 min in each step. The diode radius was 0.5 mm,
resulting in a diode area of 7.86 × 10−3 cm2. The I –V measurements were carried out using
a Keithley 487 picoammeter in 0.01 voltage steps. Temperature-dependent I –V measurements
were conducted using a liquid N2 (LN2) cryostat equipped with a Lakeshore temperature
controller having 0.1 K accuracy. Deep-level transient spectroscopy (DLTS) measurements
were made using a Sula Technologies compact system within the temperature range 200–500 K.
The Ag/n-ZnO SBD was biased reversely with −1 V together with a 0.8 V positive pulse with
1 ms width and 5 ms period during the DLTS measurements.
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Figure 1. The I–V characteristics of a Ag/n-ZnO SBD at room temperature.

3. Results and discussions

Figure 1 gives the semi-logarithmic I –V characteristics of the Ag/ZnO SBD at room
temperature, which shows almost four orders of rectifying behaviour. A leakage current of
6 nA at −1 V and a generation–recombination current of 0.38 nA were obtained. The deviation
from linearity above 0.4 V in the semi-logarithmic I –V characteristics is due to the series
resistance effect of the structure. Thermionic emission theory shows that the current in a SBD
is given by the following equation when higher values of V >3kT/q [19],

I = I0 exp(−qV/nkT ) (1)

and the saturation current

I0 = A∗∗ AT 2 exp(−q�e/kT ), (2)

where A is the diode area, A∗∗ the effective Richardson constant, T temperature, q electronic
charge, k Boltzman constant, V forward bias, n ideality factor, I0 the saturation current, and �e

the effective barrier height. Fitting the forward-bias I –V characteristics between 0.08–0.2 V
yields a barrier height of 0.82 eV and an ideality factor of 1.55 at 300 K.

The temperature-dependent I –V characteristics of the Ag/n-ZnO SBD have been given
in figure 2(a). The forward-bias characteristics and the turn-on voltage values of the Ag/n-
ZnO SBD shift towards the more positive bias region with decreasing temperature. Also, the
current values of the SBD increase with increasing temperature for both forward and reverse
biases. It is important to obtain an SBD having a low leakage current at high temperatures,
at least for capacitance transient measurement reliability. Relatively low leakage currents,
4 × 10−11 A at 200 K and 8 × 10−6 A at 500 K at −1 V, which are thought to be suitable
for DLTS measurements [20], were obtained for the Ag/n-ZnO SBD.

The leakage current of the SBDs is wanted to be voltage independent because of the need
to have controllable SBH. In the present case, it displays a voltage dependence, as shown
in figures 1 and 2, which means that the electric field dependence of the SBH may be a
consequence of the barrier lowering effects such as image force lowering [19]. The I –V
characteristics of the Ag/n-ZnO device starts to become very bad below 200 K, which may
be the outcome of the carrier freeze-out effects, so we cannot obtain the I –V characteristics
for lower temperatures. In general, the carrier concentration of ZnO is controlled mainly by a
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Figure 2. (a) Temperature-dependent semi-logarithmic I–V characteristics of the Ag/n-ZnO SBD.
(b) The linear plot of leakage current of the Ag/n-ZnO SBD as a function of temperature.

shallow active donor at about 60 meV below the conduction band [21], which is much deeper
than the donors in other semiconductors, so carrier freeze-out may become possible at higher
sample temperatures than the usually observed temperature of 100–150 K. A similar effect
was observed below 130 K by Grossner et al [15]. The linear plot of the leakage current versus
voltage shows a sudden increase above 440 K, as shown in figure 2(b), where this is also turning
point of the ideality factor to 3.50 from the value of 1.60 (figure 3). Both results show that
the SBD properties are very different, and thermionic emission or thermionic field emission
processes are replaced by some other kind of transport mechanisms at higher temperatures.
This can also be seen as a deviation from linearity in the ln I0/T 2 versus 1000/T plot given in
figure 4.

The ideality factor remaining between 1.30 and 1.60 confirms the stability of the SBD
in the temperature range 240–400 K. However, it exhibits an increasing trend outside this
temperature range. Most of the SBDs in the literature display a decreasing ideality factor while
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Figure 3. The variation of ideality factor and the SBH as a function temperature for the Ag/n-ZnO
SBD.

Figure 4. Richardson plot, ln(I0/T 2) versus 1000/T , for the Ag/n-ZnO SBD. The inset shows the
q/nkbT versus q/kbT variation.

the temperature is increasing. In the present case, at lower temperatures, the temperature trend
of the ideality factor fits with variations given in the literature. This variation may be the effect
of the so-called T0 anomaly, which is explained by some authors [22–24]. In order to prove or
disprove this assumption, an nkbT/q versus kbT/q graph is plotted, as shown in the inset of
figure 4. The graph shows that the diode may possibly be obeying the thermionic field emission
(TFE) theory according to [22], except for a few data points at low temperatures, which are a
result of the increase of n as the temperature decreases.

On the other hand, as discussed by Tung [22], although nkbT/q versus kbT/q graphs in
the shape shown as the inset of figure 4 are usually attributed to the TFE mechanism, this also
gives an indication that some tunnelling mechanisms may also be involved in charge transport
at high temperatures when the ideality factor is high. In order to understand the thermally
activated current mechanism in the SBD, the saturation current dependence on temperature is
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Figure 5. Saturation current versus 1/kbT . The linear fit results in a thermal activation energy of
0.62 eV.

generally taken into consideration [25, 26]. The thermal activation energy of such a trap can
be found by the slope of the linear fit to this saturation current variation with temperature. If
the thermal activation energy value is close to the band gap energy, the current in the SBD will
be dominated by interface recombination. If its value is around the mid-gap energy, then the
current will be dominated by depletion region recombination [26], as given by

I0 = I00 exp(−Ea/kT ) (3)

where I0 is the saturation current, k the Boltzman constant, T temperature and Ea the activation
energy of the thermal process. In the present case, we found that the thermal activation
energy is 0.62 eV from the slope of figure 5, which is far from the both values mentioned
above. We therefore propose that, at high temperatures, a trap-assisted tunnelling mechanism
may be dominated by the presence of an electron trap centre with a capture cross section of
3.3 × 10−15 cm2 located exactly at the same level, the activation energy of which is observed
to be around 400 K by DLTS measurements as seen in figure 6.

On the other hand, the SBHs show an increasing trend up to 260 K and then they start
to decrease with increasing temperature, which differs interestingly from the literature. The
expected trend (SBH increasing with temperature) suddenly returns at temperatures higher than
260 K. This kind of reverse characteristic (SBH decreasing with temperature) of barrier height
dependence as a function of temperature is reported by Lu and Mohammad [27] in the literature
for metal/n-Alx Ga1−x N SBDs. They have explained this behaviour as a result of the field
emission in charge transport. Also, a similar characteristic was reported in [13] for Pt/n-ZnO
and [28] for Au/n-GaN diodes. This reverse variation of SBH in the present case can be thought
of as a result of the error in calculations. In order to check that this assumption is valid or not,
the calculations were repeated. Also some other useful calculation methods for the SBHs can
be taken into account, such as those given by Oswald and Dobracka [29] and Ranuarez et al
[30]. The first is related to the ln I –V curves that have no linear part in the forward direction
and the other is related to the device having a low forward voltage region to make appropriate
fit. Both calculation methods can be taken into account at temperatures higher than 400 K by
considering the decrease in rectification ratio. However, the methods cannot necessarily be
applied for the present case, having an almost two orders of magnitude rectification ratio of the
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Figure 6. High-temperature DLTS signal for the Ag/n-ZnO SBD. The inset shows the Arrhenius
plot, which results in an activation energy of 0.62 eV and capture cross section of 3.3×10−15 cm−2.

ln I –V characteristic at 500 K. Therefore, the standard method is used for the device having a
similar rectification ratio in the literature [10, 14, 15, 31].

We calculated the SBH to be 0.74 eV and the Richardson constant, A∗∗, to be
0.248 A K−2 cm−2 from the linear fit in the ln I0/T 2 versus 1000/T plot, as shown in figure 4.
This deviation in A∗∗ from the theoretical value (32 A K−2 cm−2) is a general case for most
of the SBDs given in the literature for very different materials. For instance, for an Al/p-Si
SBD the Richardson constant, A∗∗, is reported to be six orders of magnitude lower than the
theoretical value [32]. A similar result was reported by Pattabi et al [25] for a Au/n-CdTe SBD.
In the case of ZnO SBDs, A∗∗ is found to be 0.15 by Sheng et al [18], 61.2 by Ip et al [13],
and very low value is obtained by Wenckstern et al [11]. This deviation in A∗∗ is generally
explained by barrier inhomogeneity of the contact, which means that it consists of the high and
low barrier areas at the interface mainly due to the formation of different oxide layer thicknesses
between the metal and semiconductor [11, 32, 33].

4. Conclusion

In conclusion, because of its high-strength bond structure, ZnO is a promising candidate for
possible use in high-power electronic devices such as Schottky diodes. We showed the high-
temperature I –V characteristics of the Ag/n-ZnO SBD and we proposed some models in which
dominant charge transport mechanisms are defined, considering the ideality factor, SBH and
reverse-bias variations as functions of temperature. The Richardson plot deviates from linearity
at high (>440 K) and low (<240 K) temperatures, which indicates that thermionic emission is
not the case for the current transport mechanism. The deviation at low temperatures may be
due to the carrier freeze-out effect. At high temperatures the thermionic emission is replaced
by a tunnelling mechanism which is probably stimulated by a deep donor level situated at
Ec—0.62 eV with a capture cross section of 3.3 × 10−15 cm2 observed by both DLTS and
saturation current as a function of temperature. The high ideality factor and high reverse current
values also confirm this tunnelling assumption. Also, the SBD is very stable between 240 and
400 K because of having a relatively low and stable ideality factor around 1.30–1.60.
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