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Abstract

The electrical properties of the Au—Cu/ZnO/p-Si diode were investigated with the temperature dependent current—voltage
measurements in a wide temperature range from 220 to 360 K with 20 K steps and also frequency dependent capacitance—
voltage and conductance—voltage measurements using admittance spectroscopy by changing frequency from 1 to 1000 kHz.
The ZnO thin film layer was deposited by atomic layer deposition technique (ALD) to obtain homogenous interface layer and
this layer surface was characterized with AFM analyses. Assuming thermionic emission (TE) model, diode parameters such
as barrier height and ideality factor were determined for the Au—Cu/ZnO/p-Si diodes and the strong temperature depend-
ence of these values were modeled by TE model with modified by Gaussian distribution of the barrier height. Therefore, the
observed non-ideal current behavior was discussed on the basis of barrier inhomogeneity and the presence of native oxide
interfacial layer in the diode. The mean barrier height was found as 1.38 eV with 0.18 standard deviation, and the Richardson
constant modified by this model was obtained as 28 A/cm?k? close to the theoretical value. Additionally, the distribution
profile of the interface states and series resistance value were evaluated by the capacitance and conductance characteristics.
It could be seen from the results that both of them strongly depends on the device frequency. As a result of these works,
fabricated Au—Cu/ZnO/p-Si diodes may be used for next technological application in wide range temperature in industry.

1 Introduction

In recent years, transparent conductive oxides (TCOs) with
various metals and different doping metals have gained
attentions among electronic applications mainly in use of
photovoltaics, light emitting diodes, and transparent transis-
tors [1-3]. These oxide structures generally include one or
two metallic element and therefore fabricated as a binary
or ternary compound, respectively. The novel TCO film
layers are expected to be in low resistivity values as about
10> Q cm [3] with optical band gap higher than 3 eV and
low absorption characteristics in the visible region [2—4].
Among the common TCO film layers, ZnO have become a
promising alternative in the case of cost effectiveness and
environmental friendliness [5]. It is an ionic wide band gap
semiconductor in the family II-VI oxides [6]. Having a
direct band gap of about 3.4 eV with a high transparency at
visible light, large exciton binding energy of 60 meV at room
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temperature, and high mobility of conducting electrons over
50 cm?/Vs provides to be one of the materials dominating
TCO technology [5-10]. As a result, ZnO layer is one of
the most popular metal oxide layer for electronic devices
because of its remarkable electrical and optical properties
[11-13]. Due to these properties, ZnO have triggered wide
attention to use in various diode applications. In the litera-
ture works, the main interest was concentrated on metal/
ZnO/semiconductor devices and some of researchers investi-
gated temperature-dependent current—voltage plots of metal/
Zn0 such as Au/ZnO and Pd/ZnO in which the conduction
mechanism for these devices with ZnO can be inserted as
a metal oxide layer between the metal and semiconductor
device [12—14]. In addition, Kocyigit et al. [15], reported
temperature-dependent capacitance—voltage plots of Au/
7Zn0O/n-Si devices. In the literature, ZnO is one of the most
studied materials for improving metal-oxide—semiconductor
(MIS) diode behaviors. Therefore, it has been widely used
by depositing different thin film deposition techniques such
as sputtering [16], atomic layer deposition (ALD) [15, 17]
and sol-gel spin coating [18]. Among them, ALD technique
offers distinct advantages since thin ZnO layer can be easily
deposited in homogeneity, large area stability, uniformity
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and good thickness control [19]. Additionally, of these
advantages, under low temperature synthesis of materials
is low cost than fabrication at high temperature [20]. In this
work, ZnO layer was deposited using ALD technique due
to its mentioned advantages and the electronic properties
of Au—Cu/ZnO/p-Si diodes were investigated using cur-
rent—voltage (I-V), capacitance—voltage (C—V) and conduct-
ance—voltage (G/w — V) characteristics. Transport proper-
ties of Au—Cu/ZnO/p-Si diode were analyzed by TE model
modified by Gaussian distribution of the barrier height.
Additionally, the distribution profile of the interface states
and series resistance value were evaluated by the capacitance
and conductance plots. The electrical parameters of Au—Cu/
ZnO/p-Si diode were extracted as a result of current—voltage
(I-V), capacitance—voltage (C—V) and conductance—voltage
(G/w — V) characterization steps.

2 Experimental details

Diode structure was fabricated by depositing ZnO film layer
on p-Si substrate with Au top and Al back metal contacts.
Before the film deposition step, p-Si wafer substrates were
coated with Al metal by thermal evaporation technique and
subsequent heat treatment at 450 °C was applied to form
an ohmic contact on the back side of the substrate. With
high control in atomic composition and also in thickness at
the Angstrom level, 5 nm ZnO thin film layer was depos-
ited on (111) oriented p-Si wafer by using by high-vacuum
atomic layer deposition (ALD) Savannah S300 system in
Bilkent/UNAM facility. It is well known the morphology

3.9 nm

0.4 nm

of thin interfacial layer (ZnO) and its homogeneity are very
important for the device performance of Au—Cu/ZnO/p-Si
devices [11-14, 21, 22]. Therefore, in order to investigate
the morphology of ZnO, the AFM was used for 1 um X
1 ym wide area scanning and the image is given in Fig. la.
The AFM topography images of the ZnO films are with rms
roughness, o, of 0.351 nm for ZnO. It is clear that the ZnO
thin film has a smooth and uniform surface. It can be said
that ALD technique is very effective for smooth ZnO thin
film layer. In addition, Au top metal contact was depos-
ited using evaporation on the surface of the ZnO film layer
through 2 mm diameter dot-shaped mask. In order to trig-
ger adhesion on the film surface, about 5 nm Cu metal was
deposited using electron beam evaporation system prior to
the Au evaporation. The energy level and schematic dia-
gram of Au—Cu/ZnO/p-Si diode are presented in Fig. 1b,
c, respectively [23-28]. The obtained Schottky diode was
characterized by [-V measurements in the temperature range
of 220-360 K by using a Keithley 2401 sourcemeter. Addi-
tionally, C-V and G/w — V measurements were performed
by using Hewlett Packard 4192A LF model impedance ana-
lyzer in the frequency interval between 1 kHz and 10 MHz
at room temperature.

3 Results and discussion

Figure 2 shows the temperature dependent [-V characteris-
tics of the Au—Cu/ZnO/p-Si diode diode in the temperature
interval of 220-360 K. It was observed that, the fabricated
diode structure is in a typical rectifying behavior and the
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Fig.1 a AFM image of the ZnO thin film, b the energy level of Au—Cu/ZnO/p-Si diode, ¢ the schematic diagram of Au—Cu/ZnO/p-Si diode
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Fig.2 Semi-logarithmic forward and reverse bias I-V characteristics
of Au—Cu/ZnO/p-Si diode

linear current characteristics at low bias region were mod-
eled by the standard thermionic emission (TE) model as [29,
30];

V —-IR
I:IO[eXp <%> —1] (1)

where [, is the reverse saturation current at zero-bias derived
from the straight line intercept of the semi-logarithmic plot
given in Fig. 2 with the following relation,

—q®
I, = AA*T? exp <%> )

where A is the effective diode area, A™ is the effective Rich-
ardson constant and @y, is the zero-bias barrier height. In
Eq. 1, the other parameters, g, k, T and n are the electronic
charge, the Boltzmann constant, the applied temperature and
ideality factor. According to the TE model given in Eq. 1, the
assumption on the current conduction mechanism is based
on the dimensionless parameter, n and it can be determined
from the slope of the linear region of the forward bias region
given in Fig. 2 as,

ne L(_dV_ 3
~ kT \ dIn() @)

In this proposed model, in addition to the voltage drop
due to the series resistance (R;), the presence of an interface
layer could be effective in the current flow through the diode
[5, 31-34]. According to the TE model, diode parameters as
@y, and n were calculated from the Egs. 2, 3, respectively
and the experimental values were tabulated in Table 1. These
values were found in temperature dependent characteristics
in which @y, increases whereas n decreases with increase
in 7. Although the ideal diode is expected to have n in unity
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Table 1 Calculated diode parameters using TE theory for Au—Cu/
ZnO/p-Si diode

Temperature Barrier height Ideality factor
(T in K) (DyyineV) (n)

360 0.89 1.83

340 0.86 1.95

320 0.82 2.01

300 0.76 2.10

280 0.73 2.18

260 0.68 2.26

240 0.65 2.32

220 0.56 2.49

for the pure TE mechanism, the values obtained between
1 and 2 can also be accepted as the indication of TE in the
diode structure [29]. On the other hand together with the
strong temperature dependence in @y, and n, this deviation
in n can be due to the presence of an interfacial thin oxide
layer at Au—Cu and ZnO interface, a wide distribution of
low-Schottky barrier height and effect of R, [5].

Using these values, the homogeneity of the obtained bar-
rier was investigated from the plot of @, versus n (Fig. 3)
and the observed linear relation was analyzed by linear fit-
ting process. As a result of the linear fit equation, the homo-
geneous barrier height for this diode was determined as
1.33 eV [34, 35].

Moreover, the observed variations in the @, and n, was
resulted as non-linear behavior of the Richardson plot derived
from Eq. 2 and this deviation together with non-ideal charac-
teristics of these values can be evaluated as a non-ideal I-V
behavior in the diode on the basis of a model including bar-
rier in homogeneties [5, 34]. According to model proposed a
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Fig.3 @y, vs. n plot for Au—Cu/ZnO/p-Si diode
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Gaussian distribution (GD) in the barrier, the I-V relation can
be modified as,

Thus, from the slope and intercept of the fitting process
in the plot given in Fig. 5, p, and p; were extracted as about

, V(. 4% 14 4
I = AA*T? exp l(—%)(@m — ﬁ)] exp <naqka) [1 — exp <_Z_T>] 4)

with modified reverse saturation current expression as,

D
Iy = AA*T? exp <—qk;p > 5)

where @, and n,,, are the apparent barrier height and appar-
ent ideality factor, respectively. In this model, barrier inho-
mogeneity in the diode is expressed by a Gaussian func-
tion with a mean barrier height ®p, and standard deviation,
o0,. Therefore, based on the inhomogeneities in the barrier
height formation in the diode, ®,, can be expressed as;

q0;

(I)ap = &)BO - 2k_T (6)

In this case, the Gaussian parameters, ®p, and 6, were calcu-
lated from the plot @, versus g/2kT using Eq. 6. As shown
in Fig. 4, a straight line was observed in the relation of these
experimental data, and by applying the linear fitting, @, and
o, were found as 1.38 and 0.18 in the intercept on the ordi-
nate axis and slope, respectively. Since deviation from the
mean value is in the percentage of about 13%, it can be the
indication of the validity of GD model with the existence of
the interface inhomogeneity [34, 36]. In addition, according
to the GD model, these parameters are assumed to be bias
dependent and these voltage coefficients can be found from
the relation between (n~! — 1) and ¢q/2kT as [32, 36-39],
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Fig.4 @y, vs q/2KkT plot for Au—Cu/ZnO/p-Si diode

0.013 and —0.2625 as a linear bias dependence of @, and o),
respectively. These parameters are used as the identification of
the voltage deformation of the barrier height distribution. In
fact, Eq. 7 predicts the temperature effect on n and it is used as
a measure for the homogenization of the barrier distribution.

In Fig. 6, the modified Richardson plot was investigated
using the following modified relation,

I q’o;
In <ﬁ> - <2k2T2 =In
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Fig.5 (n~! — 1) vs q/2KkT plot for Au-Cu/ZnO/p-Si diode
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plot for Au—Cu/ZnO/p-Si diode
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and the intercept of the observed linear relation was used
to determine Richardson constant [39, 40]. The experimen-
tal value was calculated as 28 A/cm’k? for a given diode
area and it is found in a good agreement with the theoretical
value as expected to be 32 A/cm’k? for ZnO semiconduct-
ing layer [6].

In a detailed interpretation of the electrical characteristics
of the diode structure, the capacitance—voltage (C-V) and
conductance—voltage (G/w — V) profiles were analyzed as
a function of applied frequency as shown in Fig. 7.

Figure 7 presents the decreasing trend in the capacitance
and conductance values with increase in frequency and the
frequency dependence is low at reverse bias region whereas
the high variation was obtained with increasing bias voltage.
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In the case of low frequency values, the additive capacitance
values are expected from the effects of the interface states,
however at sufficiently high frequency values, they do not
contribute to the capacitance [15, 41-43]. Therefore, dis-
tribution of the density of interface states (D;,) were inves-
tigated by using high-frequency (Cyp — C, ) [40, 41] and
Hill-Coleman methods [43]. Under high frequency values,
the interface state capacitance (C;,) can be described as,

-1 -1
1 1 1 1
! CLF C] CHF C] ( )

L 1

where Cyr and C,, are the measured highest and low-
est capacitance values, and C; is the capacitance of the
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Fig.7 Capacitance (C) and conductance (G/w) versus bias voltage plots for Au—Cu/ZnO/p-Si diode at room temperature
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Fig.8 Density of interface states, D;, characteristics in Au—Cu/ZnO/p-Si diode in terms of a (Cyyr — C; ) and b Hill-Coleman methods
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Fig. 9 Frequency dependent R, values under reserve bias

interfacial layer [40, 41]. According to the Cpp — C; model,
the voltage dependent D,, profile was given in Fig. 8a and
it was observed that there is a peak around 0.6 V. This peak
could be related with the contribution of the interface states
to the capacitance characteristics of the diode [44]. In addi-
tion, Hill-Coleman method was used to investigate the fre-
quency dependent profile expressed as,

(Gm/w)max
[(G/@) pax /Ci]” + (1= C,/C)’

Gy = (10

where C,, and G,, are the measured capacitance and conduct-
ance values, respectively [45]. As presented in Fig. 8b, D,,
values were found in decreasing behavior with the increasing
frequency, and this trend observed also observed at higher
frequencies. In addition, the calculated D;, values using two
different methods show approximately the same order in the
magnitude.

From the results in C—V and G/w — V measurements, the
R, profile was evaluated in the strong accumulation region at

high frequency values as [29],

1)

and the calculated values were shown in Fig. 9 for vari-
ous frequencies. In this application of the admittance-based
method, R values were found in decreasing characteristics
with increasing the applied frequency that could be due to
the distribution of D,, in the diode structure [41].

4 Conclusion

The electrical properties of the Au—Cu/ZnO Schottly barrier
diode fabricated on the p-Si substrate were analyzed in terms
of the forward I-V characteristics in the temperature range
of 220-360 K. As a result of the experimental results, the
values of @, and n were extracted according to the initial
assumption on TE model. Depending on the temperature
response of these values, pre-dominant conduction mecha-
nism was explained by a Gaussian function to model the
inhomogeneous barrier height formation in the diode. On the
basis of TE with GD of barrier, the Gaussian parameters @,
and o, were obtained as 1.38 and 0.18 respectively. Since
in the analysis of diode parameters, Richardson constant
was used as in the same value from the literature and the
dominant transport mechanism was modeled by different
mechanism than thermionic emission model, under the effect
of Gaussian approximation this constant was modified and
it was found as about 28 A/cm?k? in a good agreement with
the literature works. C—V and G/w — V measurements were
carried out to investigate the possible interface state effects,
and the voltage and frequency dependent D,, profiles were
expressed by using Cr — C;r and Hill-Coleman methods.
As aresult of these analyses, decreasing behavior of R; val-
ues with increasing frequency was discussed.
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