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Electrical and interfacial properties of Ag/bulk ZnO

Schottky diodes
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The effect of interfaces states in Ag Schottky contacts on Zn-polar and O-polar bulk ZnO was investigated using current—
voltage (I-V) measurements. Compared with Zn-polar ZnO, the barrier height was higher and the series resistance was
lower for O-polar ZnO. The ideality factor versus voltage plot showed a peak for Zn-polar ZnO, which was associated with
an interface state effect. The interface state density, calculated from |-V characteristics, was higher for Zn-polar ZnO. The
results suggested that the hydrogen-related defects in Zn-polar ZnO were attributed to the high density of interface states.
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1. Introduction

ZnO is a promising photonics material for various
applications, including light emitting diodes (LEDSs), laser
diodes (LDs), and ultraviolet (UV) photodetectors, due to
its wide band gap (3.4 eV at 300 K), high exciton binding
energy (60 meV), and excellent radiation hardness [1,2].
Currently, three main techniques are used to grow bulk
Zn0 single crystals: the hydrothermal, pressurized melt-
grown and chemical vapor transport methods [2]. These
three methods use different growth mechanisms, resulting
in bulk ZnO crystals grown with dissimilar crystalline
quality and intrinsic defect density. Various crystalline
defects, such as dislocations and vacancies, can also be
incorporated into the ZnO layer. These impurities and/or
defects will affect the crystalline quality of subsequent
epitaxial films on ZnO substrates.

Reliable and reproducible Schottky contacts are
needed to realize high-performance ZnO devices. It was
shown that the thermal stability of the Ag/n-ZnO Schottky
contacts is higher than that of Au/n-ZnO Schottky contacts
[3]. Polarity-dependent barrier heights for the Zn-polar

(0001) and O-polar (0001) surfaces were associated with
the existence of nonzero net dipole moments perpendicular
to the surfaces [4]. The responsivity of Pt Schottky
photodiodes was observed to be two times higher on the
Zn-polar surface than on the O-polar surface [5]. However,
there are few reports concerning the density of interface
states in ZnO Schottky diodes [6,7], especially for bulk
ZnO. In this work, the effect of interface states on the
electrical properties of Ag/bulk ZnO Schottky diodes was
investigated using current-voltage measurements.

2. Experimental

An unintentionally doped, pressurized melt-grown,
Zn-polar and O-polar bulk ZnO single-crystal wafer

(Cermet Inc.,) was used in this investigation. The wafer
was 5 x 5 x 0.5 mm?® with a single side polished by the
manufacturer. The room-temperature carrier concentration
assessed by Hall-effect measurements was ~1 x 10*" cm™.
Before metallization, the sample was ultrasonically
cleaned for 5 min using acetone and methanol. The sample
was rinsed in de-ionized (DI) water and blown dry with N,
gas. For the Schottky contact, 50-nm-thick Ag metal was
deposited onto the polished side of both samples using
radio-frequency (RF) magnetron sputtering (Korea
Vacuum Tech., Ltd.); the deposition occurred through a
shadow mask with an exposed diameter of 200 um. RF
sputtering was performed at a working pressure of 8
mTorr, an RF power of 50 W, and an Ar gas flow rate of
50 scem, resulting in an Ag deposition rate of ~20 nm
min . Ohmic contacts were produced by rubbing In metal
onto the entire back surface. Current-voltage (I-V)
measurements were performed on the Schottky contacts
for both polar faces with a HP 4156B semiconductor
parameter analyzer.

3. Results and discussion

Fig. 1 shows the semilogarithmic |-V characteristics
measured at room temperature. The forward bias
characteristics of a Schottky diode are given by the

following equations using the thermionic emission (TE)
model [8]:

I =l[ep(av - IRs)/nkgT) -1], @)

I, = AA"T 2 exp(—qg,™" 1k, T), )
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Fig. 1. Current—voltage (I-V) characteristics for
both samples.

where |, is the reverse bias saturation current, A is the
device area, A” is the effective Richardson constant (32
Acm? K2 for n-Zn0), ¢ is the effective Schottky
barrier height, n is the ideality factor, V is the applied
voltage, and Rs is the series resistance. For values of V
greater than 3kgT/q, the ideality factor can be obtained
from the slope of the linear region of the In(I)-V curves
under a forward bias. The forward-biased 1-V analyses for
the Zn-polar ZnO revealed that ¢s°" ) = 0.53 (+ 0.03) eV,
and n = 3.38 (£ 0.23). Similarly, the analyses for the O-
polar ZnO showed that ¢ ) = 0.76 (+ 0.05) eV, and n
= 1.75 (£ 0.27). The ideality factor at room temperature
was much larger than unity, which implies that the current
transport cannot be explained by the pure TE model. Such
a phenomenon has been attributed to the presence of
interfacial states and an insulator layer between the metal
and semiconductor [9] and to the prevalence of tunneling
and the influence of deep recombination centers [10].
Values of n greater than unity were also attributed to
image force lowering and lateral contact inhomogeneity
[11]. Fig. 1 shows the forward-biased |-V characteristics
of the samples; in the high-voltage region, the data
deviated from linearity due to factors such as series
resistance.

The series resistance is an important parameter in the
electrical characteristics of Schottky barrier diodes
because it limits the conduction process. According to
Cheung’s model, the series resistance can be determined
from the slope of the following equations [12]:

dv/d(In1)=nk,T/q+ IR, (3)
H(l)=V — (nk T /q)In(1 / AA™T?), 4)

where H(l) is given by H(I) =ng¢; + IR, . Fig. 2 shows
the dv/d(Inl) vs. I and H(l) vs. | plots for both samples.
The values of Rg obtained from the dv/d(Inl) vs. I and H(I)
vs. | plots were 355 (+ 23) Q (143 (+ 12) Q) and 322 (+

29) Q (171 (£ 9.0) Q), respectively, for Zn-polar ZnO (O-
polar ZnO). The Rs values for Zn-polar ZnO were higher
than those for O-polar ZnO. The presence of an interfacial
layer and possibly interface states may contribute to the
higher series resistance for Zn-polar ZnO.
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Fig. 2. Plots of dv/d(Inl) vs. I and H(l) vs. | for the Ag
Schottky contacts to (a) Zn-polar, (b) O-polar ZnO.

In Fig. 3, the forward bias logl-logV curve is
characterized by three distinct linear regions, exhibiting
the power law behavior of | ~ V™, where m is the slope of
each region. For Zn-polar ZnO, the m values were 1.12 (+
0.4), 2.91 (+ 0.75), and 2.76 (£ 0.30) for regions I, 11, and
111, respectively. For O-polar ZnO, the m values were 1.27
(+ 0.15), 5.25 (+ 0.58), and 3.91 (+ 0.43) for regions I, II,
and 111, respectively. The m values obtained for region |
corresponded to ohmic behavior (linear dependence). In
this region, the injection of carriers from the electrodes
into the semiconductor material was reduced considerably
due to the low bias voltage [13]. In region Il, the current
increased exponentially as | ~ exp(cV); the m values
obtained indicated the presence of trapped charge-limited
current (TCLC) mechanisms [14]. In region Il, the current
was controlled by the exponential distribution of interface
states within the band gap of the ZnO layer. In this case,
the increase in the number of injected electrons caused the
traps to fill, resulting in an increase in the space charge
[15]. At high voltages (region Il1), the slope tended to
decrease as the device approached the “trap-filled” limit
(i.e., the current reached a trap-free, space-charge limit
current (SCLC) for high injection levels that exhibited a
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similar dependence on the voltage as that for the TCLC
[16]). In this region, the increase in the current was not as
significant as the voltage increased. This suggests that
most of the traps were filled and that the contribution of
free carriers to the electric field became appreciable [17].

2
197k (a)
107 F

region Il

10*

-
o
T

Zn-polar
0.0 0.1 1.0
Voltage (V)

10" F(b)
107 F

region lll

Current (A)

10°F region Il #"
10 '
10°F

10-11- s a s aaual a0
0.01 0.1 1

Voltage (V)

-7

region| ¢

Fig. 3. Log-log plots for the forward-biased |-V data
obtained from (a) Zn-polar and (b) O-polar ZnO.

The bias voltage-dependent ideality factor n(V) can be
obtained from Eqg. (1), with an approximation of Rs = 0
[8,18]. The actual form of n(V) requires the solution of the
differential equation

keTdinh) _ 1V _dv)
g dv nV) nV)2 dv

The conventional linear approximation of In(l)-V
neglects the second term on the right side of Eqg. (5), which
implies the condition dn/dV = 0 [19]. Then, n(V) can
simply be expressed as

nV)=q/k,T[dV /d(In 1)], 6)

Using Eq. (6), the bias-dependent ideality factors were
calculated and are presented in Fig. 4. The data clearly
indicate that the diode has ideality factor values larger than
unity. For O-polar ZnO, n increased monotonically with
increasing bias voltage, although there was a slight kink at
~0.5 V. For Zn-polar ZnO, n increased with the bias
voltage from 1 up to a maximum at ~0.25 V and then

decreased. With a further increase in the bias voltage, n
increased again monotonically. The peak in the n(V)
versus voltage plot was observed in other semiconductors,
such as GaAs [20] and InP [21], and was attributed to an
interface state effect. When the same mechanism is
applied to this work, it implies that the interface state
density for Zn-polar ZnO was higher than that for O-polar
Zn0.
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Fig. 4. Bias voltage-dependent ideality factors for
both samples.

The density distribution of the interface states (Nss) in
equilibrium with the semiconductor can be determined
from the forward-biased (I-V) data by considering the
voltage dependent ideality factor n(V) and the effective
barrier height ¢, given by [18]

eff l
¢e:¢B +(1_n(\/)J(V_IRS)’ @

The ideality factor, which is voltage and temperature
dependent, is related to the interfacial layer thickness and
density of interface states through the relationship [9]

n(\/,T)=1+5h‘\3/‘95 +qNSS(\/,T)] ®)

&€ D

where Wy, is the depletion layer width at zero voltage, Nss
is the density of interface states, & is the permittivity in
vacuum, and & and & are the dielectric constants of the
interfacial layer of thickness ¢ (assuming about 2 nm) and
the semiconductor (8.5 for ZnO [4]), respectively. Due to
the Ag—O reaction, the interfacial layer can be expected to
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be Ag,0O. In this respect, an & value of 11.0 was used for
the calculations, which was selected from the literature
that reported the dielectric constant of Ag,O as 11.0 [22].
The measured capacitance is connected to the reverse bias
(Vo) through the relationship
A’ [C? =2((V,, —V.) I ON,&.&,) [8]; here, Vy is the zero-
bias built-in potential, which can be determined from the
flat-band voltage for which A%C? = 0 holds, and Nq is the
donor concentration. V,; and Ny were first obtained from
the capacitance—voltage (C-V) characteristics measured at
100 kHz. Then, the depletion layer widths at zero bias

(Wp) were calculated using W, =./2¢,&.V,; /qN, -

The Wp values for the measured Schottky diodes were
estimated to be ~60-70 nm and ~80-90 nm, respectively,
for Zn-polar and O-polar ZnO. For an n-type
semiconductor, the energy difference between the
conduction band minimum, Ec, and the energy of the
interface states, Egg, at the surface of the semiconductor is
given by the following [23]:

Ec —Ess =(#. —a(V —IRy)). )

The density of interface states is extracted using the
ideality factor values, as determined from the linear region
of forward In(l) vs. (V — IRs) characteristics, where the
forward applied voltage is greater than 3kgT/q. Fig. 5
shows the energy-distribution profile of Ngs at room
temperature; the Nss value decreased with increasing Ec -
Ess value. The change in the charge of the interface states,
and thus the energy distribution of the interface states due
to the potential drop across the interfacial layer, varied
with the bias voltage. This alters the diffusion potential
and therefore the depletion capacitance [8,18]. Aydogan et
al. and Yakuphanoglu obtained values of 17.3 x 10%
eV'em? and 1.2~1.8 x 10" eV 'cm? respectively, for
Au/n-ZnO Schottky contacts on n-Si [6,7]. Recently,
Hussain et al. reported a value of 2 x 10" eV 'cm™? for
Au/ZnO nanorod Schottky diodes [13]. In this work, the
density of interface states varied from 7.80 x 10%
eV 'em? at (Ec— 0.36) eV to 6.40 x 10"eV 'cm?at (Ec
— 0.50) eV for Zn-polar ZnO. For O-polar ZnO, the
density of interface states varied from 5.00 x 10%
eV 'em? at (Ec— 0.36) eV to 1.20 x 10"eV 'cm?at (Ec
— 0.69) eV. For simplicity, the average interface state
densities at Ec — Ess = 0.45 eV for measured Schottky
diodes were calculated. The interface state densities
obtained were 6.29 (+ 0.72) x 10 eV 'em? and 3.60 (+
1.08) x 10" eV *cm?, respectively, for Zn-polar and O-
polar ZnO. The results indicated that the Zn-polar sample
had a higher density of interface states compared with O-
polar, which is consistent with the results from the bias-
dependent ideality factor, as shown in Fig. 4.
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Fig. 5. Energy distribution profiles of interface states obtained
from the forward bias 1-V characteristics for both samples.

Based on X-ray photoemission spectroscopy (XPS)
measurements, Allen et al. showed that hydroxyl (OH)
termination is favored for Zn-polar ZnO, whereas H
termination is favored for O-polar ZnO [24]. Dong and
Brillson suggested that noble metal-oxygen bonds (e.g.,
Ag-0) can form Schottky contacts, while metal-Zn bonds
are associated with ohmic-like contacts [25]. For Zn-polar
Zn0, if the Ag atoms are deposited on top of the highly
conductive OH layer, then electrons can tunnel directly
through the Ag contact, which becomes ohmic in nature. If
the kinetic energy of incident Ag atoms from sputtering is
sufficient to remove the OH layer, then the formation of
Ag-Zn bonds will occur, producing ohmic-like behavior.
If the incident Ag atoms break the O—H bonds and only
remove H atoms, then Ag—O formation can occur, leading
to Schottky-like behavior. Zn-polar ZnO exhibited
rectifying 1-V characteristics to some extent (Fig. 1),
meaning that the H layer was partially removed. During
Ag deposition onto O-polar ZnO, H, rather than OH, could
be removed more effectively (breaking a single O—H bond
or three O—Zn bonds for H and OH removal, respectively),
and subsequent Ag-O formation occurred easily,
producing a higher barrier height for O-polar ZnO. Using
KrF excimer laser irradiation, the improved rectifying
characteristics in Pt/n-ZnO Schottky diodes was observed
and was attributed to the removal of surface carbon and
hydrogen contaminants [26]. This means that hydrogen-
related defects can act as interfaces states. Because H
atoms were only partially removed for Zn-polar ZnO, the
remaining hydrogen contaminants may contribute to the
density of interface states more significantly for Zn-polar
ZnO. Further investigation is underway to clarify the exact
origin of the interface states.

4. Conclusion

Using current-voltage (I-V) measurements, the effect
of interface states on the electrical properties in Ag/ZnO
Schottky contacts were investigated. The barrier height
(series resistance) obtained from O-polar ZnO was higher
(lower) than that from Zn-polar ZnO. A peak was
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observed in the ideality factor versus voltage plot for Zn-
polar ZnO associated with an interface state effect. The
density of interface states calculated from |-V
characteristics was higher for Zn-polar ZnO, whereas only
the H atoms were removed easily for O-polar ZnO. A
higher degree of the interfacial Ag—O reaction occurred,
which eventually enhanced the barrier height.
Consequently, the hydrogen contaminants may be
associated with the higher density of interface states for
Zn-polar ZnO.
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