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Abstract The Au/ZnO/n-GaAs Schottky barrier diode
was fabricated and examined regarding to its current—
voltage characteristics under distinct illumination intensi-
ties at room temperature. The reverse biased current
increases with increasing illumination level while forward
biased current is almost unchanged with illumination
which states that the fabricated diodes exhibit photosensi-
tive character or photodiode behavior. Hence, the shunt
resistance is decreased with illumination while the series
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resistance is almost remained constant. The increment in
the ideality factor after illumination can be ascribed to the
assumption of inhomogeneities at M/S interface. Consid-
ering the ideality factor and the voltage dependent effective
barrier height, the energy distribution profiles of surface
states (Nss) were formed by the forward bias current—
voltage data and increased with increasing illumination
level. The Nss values acquired by considering series
resistance are lower than those acquired by ignoring series
resistance. Consequently, surface states can serve as
recombination centers and have great importance espe-
cially in reverse bias current—voltage characteristics.

1 Introduction

Having attracted great interest for their importance in
electronic and optoelectronic devices, solid electronic
devices can be understood better by seriously considering
metal-semiconductor (MS) structures [1-6]. Therefore,
many attempts have been made to improve the MS struc-
ture quality of the Schottky barrier diodes (SBDs) and
obtain continuous control of the barrier height (BH) by
using a high dielectric value of an insulator or organic
interfacial layer instead of classic/conventional SiO,. Thus,
the insertion of a thin interfacial insulator layer to the M/S
interface transforms the structure to metal—insulator-semi-
conductor which can be abbreviated as MIS type SBDs [4—
7]. Gallium Arsenide (GaAs) was mentioned at numerous
scientific studies on MS and MIS type SBDs or structures
[8-11]. As a multipurpose semiconductor, GaAs has also
been used in many applications such as field effect tran-
sistor (FET), solar cells (SCs), light emitting diodes
(LEDs), microwave devices, integrated circuit elements,
etc. Direct forbidden bandgap, high electron mobility,
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lower power dissipation, a high break-down voltage and
mechanical stability are very significant properties that lead
to widespread usage of the GaAs at high-speed and low-
power devices [12—-15]. Now, there is extensive informa-
tion about metal contacts on gallium arsenide due to the
evolvements on GaAs electronic devices [15]. The applied
bias voltage, series resistance (R,), surface preparation,
interface/surface states density (N,,), doping concentration
of acceptor (N,) or donor atoms (Np) at M/S interface,
frequency and temperature have significant effects on BH
formation and also transport mechanism at the GaAs based
devices [15-21]. In addition, the quality of this interface
layer and its thickness between deposited material and the
surface of the semiconductor strongly affects the perfor-
mance and also the reliability of the MIS/MPS SBDs [22—
26].

Several materials were used as an interface layer.
Among them zinc oxide (ZnO) is frequently utilized
material, which appears to be an effective inorganic
interfacial layer at GaAs based SBDs. High transparency,
piezoelectricity, ferromagnetism at room-temperature are
some superior properties of the wide band gap ZnO which
make it a commonly used material in many applications
such as polariton lasers, UV photodetectors, piezotronics,
etc. [27-29]. As also used in this study, Au/ZnO has been
used several times by the research community for exam-
ining the current-transport mechanisms of SBDs via the
current—voltage (I-V) measurements [28-30]. The interfa-
cial layer, ZnO, substantially changes the characteristics of
the SBDs by considering the ideal behavior. Furthermore,
there are various factors as barrier height (®5,) from metal
to semiconductor, thickness of the insulator (d,,) and also
N, and R parameters which can bring the structure to the
non-ideal case [31].

The semi logarithmic scaled I-V characteristics at low
forward biases are generally linear. On the other hand, in
case of an adequately large forward biases, R, Ny, and
interfacial layer parameters give rise to deviation from
these linear characteristics [31-35]. Although the R; effect
can only be sighted in the curvature downward region, the
N, parameter, together with a change of the Schottky BH,
is effectual in the linear and also non-linear regions of these
characteristics [36, 37]. Electrical parameters of SBDs are
exceptionally relevant with the intensity of illumination
level, so the analysis of SBDs should be made not only in
dark but also in different illumination levels to inform the
structural parameters of devices [38, 39]. Therefore, the
investigation of the electrical and photo-response qualifi-
cations of the fabricated Au/ZnO/n-GaAs SBDs in the
0-200 W illumination range is the main purpose of this
study. Furthermore, the electrical characteristics of the
SBDs have been studied under ordinary room temperature
conditions by using the I-V measurements in both forward

and reverse biases. The voltage dependence resistance, the
series and also the shunt resistance (R,;,) of the SBDs were
extracted from Ohm’s law. The methods of Cheung and
Norde were used to achieve and compare the series resis-
tance values. Moreover, the energy density distribution
profile of N, were acquired from the I-V data in forward
biases by considering R, n and voltage dependent BH.
Experimental results indicated that an increment in the n
values and a decrement in the @z, values were observed
with an increasing in illumination level.

2 Experimental procedure

GaAs (100) n-type wafer was used to prepare Au/ZnO/n-
GaAs/Au SBDs as substrate with thickness and resistivity
values of 300 pm and 1-10 Q cm respectively. The wafer
n-type GaAs was cut into pieces of 1.0 cm length by
1.0 cm breadth. The wafer was chemically cleaned by
using acetone, isopropyl alcohol ultrasonic cleaner for five
min and then quenched in deionized water. The high pure
(99.999 %) Au (150 nm) metal was evaporated on the back
side of the n-GaAs in high-vacuum metal evaporation
system at about 10~° Torr. After that, annealing process
for wafers took 3 min times at 500 °C in N, atmosphere to
get low resistivity ohmic back contact. Then, chemical
compound of HF + 10H,0 was used for the disposal of the
native oxide on the front surface of the substrate. The
contact was dried with N, after rinse processing which took
30 s in de-ionized water. The ZnO (50 nm) film was grown
on n-GaAs substrates by RF-magnetron sputtering tech-
nique and controlled thickness with thickness monitor.
Finally the upper rectifier/Schottky contacts with 1 mm
radius (=7.85 x 10 cm? area) as constituted by thermal
evaporating Au (150 nm). The processes of evaporation
and coating were performed in the unit of vacuum coating
at 4.107° Torr. Thus the fabrication processes of MIS type
SBDs were completed. In order to fulfil the I-V data
measurements, SBDs were put on the Cu-holder and then
electrical contacts were connected to the upper electrode by
thin Cu wires and Si dag. The current—voltage data of the
SBDs have been performed using a Keithley 4200 cur-
rent/voltage source at ordinary room temperature and they
controlled by a software programme used with IEEE-488
AC/DC converter. In addition, to prevent any noise or
environmental conditions, the measurements were carried
out in Janis VPF-4785 cryostat at about 10~ Torr.

Newport-Oriel (Model: 69931) 250 W solar simulator
used as a light source for illuminating the sample and
International Light Technologies radiometer (Model
ILT1700) used to measure the illumination intensity. Fig-
ure 1 presents the schematic diagram of the Au/ZnO/n-
GaAs SBDs under incident light.
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Fig. 1 The connection of the measurement system to Au/ZnO/n-
GaAs SBDs under a light source

3 Results and discussion

The Au/ZnO/n-GaAs SBDs current versus voltage char-
acteristics examined at forward and also reverse biased
regions are indicated in Fig. 2 in a semi-logarithmic scale.
The effect of increasing illumination levels and also
darkness are presented in Fig. 2. The increment behavior
monitored in reverse biased current of the SBDs with
increasing illumination level can be interpreted as a

1 (A)

26 -16 -0.6 0.4 14 24
V (V)

Fig. 2 The [-V characteristics of Au/ZnO/n-GaAs SBDs under
specific illumination levels

@ Springer

photodiode behavior. In other words, the fabricated SBDs
exhibit a photodiode behavior. The structure behaves like a
SBDs and the forward biases current—voltage characteris-
tics for SBDs with a series resistance (R;) obey the ther-
mionic emission model as below [1, 5, 8].

I=1,exp (%) [1 - exp(#)} (1)

Here, g is the electron charges, T is the temperature in
Kelvin, V is the voltage applied on the Schottky junction,
and the term of IR, is the voltage drop on the R, and k is the
Boltzmann constant. The voltage drop on the diode can be
expressed by the difference between the total voltage drop
and the potential on the series resistance as V — IR while
V > 3kT/q. Here, the saturation current Io can be derived
from an intercept of a straight line of In(I) at zero bias as
shown below in Eq. (2).

@ 0
I, = AA* T exp (- qk]’? ) (2)

The diode area is denoted by A and the Richardson
constant is denoted by A* which equals to 8.16 A/cm?* K>
for n-GaAs. The zero bias BH can also be extracted from

Eq. (2).

kT [AA*T?
&y, = —ln< ) (3)
q I,

The n value exceeded unity due to the existence of the
R,. The forward biases linear region slope of the In I-
V characteristic conduced to determined n from the equa-
tion below.

_ q d(V B IRX)

" kT d(n(D) “)

The experimentally obtained values of 1, n and ®p, are
given in Table 1. Both Table 1 and Fig. 3 verified that,
there is an increase in ideality factor and a decrease in the
zero-bias barrier height with an increment in the illumi-
nation levels.

The increment illumination level led to a decrease in the
values of @p, and an increase in the values of n as repre-
sented in Table 1 (®p, = 0.410 eV, n = 5.880 in dark and
®p, =0395eV and n =6.721 under 200 W). The
increase of n after illumination can be explained by
assuming inhomogeneities at M/S interface. In addition,
the higher n values even in dark can be attributed to the
presence of BH inhomogeneities and N at M/S interface,
R,, interfacial ZnO layer and generation-recombination
within the space charge region.

The voltage applied on the Schottky junction is shared
out amongst interfacial and depletion layers and also the R;
of the diode structure. Since this shared voltage magnitude
based on the thickness of the insulator layer, the shunt
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Table 1 Illumination e 1.
dependent electrical parameters Power (W) I, (A) n ®g, (V) Norde Cheung Ohm’s law
values of Au/ZnO/n-GaAs dv/din@) H ()
SBDs Ry (Q) @s(eV) R, (Q) Ry (@) Ra () R (Q)
0 403 x 107* 5.880 0.410 0.783  0.488 1.159 1.100 1254 2.379
50 458 x 107* 6214 0.407 0.672  0.486 1.069 1.178 588 2.426
100 475 x 107* 6214 0.406 0.588 0.485 1.066 1.178 407 2.392
150 572 x 107*  6.408 0.401 0.568 0.478 1.018 1.122 314 2.374
200 748 x 107* 6.721 0.395 0479 0471 0.989 1.033 267 2.360
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Fig. 3 The plots of &g, and n variation with illumination

resistance (R,,) and R are significant parameters that
determine the reliability and the performance of SBDs. The
increasing illumination level decreases the value of R; on
the occasion of the stimulation of the valance band charges
to the conductance band. The effect of R, can be seen as a
downward curvature after 1 V level at high forward bias
region from semi-logarithmic I-V plots in Fig. 2.

The voltage dependence resistance, the series and also
the shunt resistance of the SBDs were derived from Ohm’s
law (R; = dVy/dI;) and are also displayed in Table 1. The
Ry, and R values were determined from the applied bias
voltage (V) versus R; plot in Fig. 4. Both resistance values
decrease with the increment of the illumination levels and
only the R, values decrease with the increment of applied
bias voltage as seen from Fig. 4.

The downward curvature effect of R; mentioned above
also reduces the forward biases In(I-V) curves linearity. Ny
and the insulator layer are also the reasons of this deviation
from the linearity when a sufficiently high voltage is
applied. Because, surface states serve as traps or recom-
bination centers in the semiconductor, contingent on the
capture cross-sections of the electron and holes.

When the forward and reverse bias Inl vs V plot has not
enough large linear regions at intermediate bias region and
considerably deviates from the linearity at enough high

-2.6 -1.6 -0.6

vV (V)

Fig. 4 The voltage dependent resistance of the Au/ZnO/n-GaAs
SBDs under distinct illumination levels

bias voltages, then, the detection of the barrier height and
also ideality factor loses some accuracy and becomes
unreliable. Consequently, Cheung’s method provided to
achieve the R, values under various illumination levels in
the non-linear region of the forward biases I-V character-
istics [40].

The value of R; was determined and compared by
Cheung and Cheung method by using following equations
[40].

dv kT

D) = n;JrIRS. (5)

kT 1

Figure 5 shows the plots of H(I) and dV/din(I) vs I that
are examined in darkness and under distinct illumination
intensities of the Au/ZnO/n-GaAs SBDs at ordinary room
temperature conditions. R; values have been achieved
from the slope of the dV/din(I) vs I plots for each level of
illumination as they can also be achieved from the
Eq. (5). An alternative determination of the R, provides to
compare the consistency of the R, values which can be
obtained by the slope of H(I) versus I plot. The R, values
derived from two equations above are in compliance and

) = ndg, + IR, (6)

@ Springer
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Fig. 5 The plots of dV/dinl versus I and H(I) versus I under distinct illumination levels

illumination effect, the results display consistency with
the decrement of the density of carriers in the depletion
region through recombination centers and entry of traps
[45].

decreasing by increasing illumination intensities as clearly
seen in Table 1. There are several studies in the literature
showing similar variations of R, depending on the
increasing illumination level [41-44]. Concerning to the
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The energy density distribution profile of Ny can easily
be determined by considering the R; values, the effective
barrier height (&,) and the voltage dependent ideality
factor (n (V)). The following equations are given for cal-
culation of n(V) and ®,, respectively [34].

n (V) =1+ 0d/¢les/Wp + qNgg (V)] (7)
qje == ¢Bo+ﬁ (V - IR@) (8)

The effective barrier height voltage coefficient is termed
as f§ parameter which is defined by the Eq. (9).

B =0d./0V =1—1/(n(V)) 9)

f parameter also includes both N effects with the
semiconductor in equilibrium. Card and Rhoderick sug-
gested the simplified form of the interface states density
equation which was stated as below [34].

1 &;

NSJ(V) :5 S (”(V) - 1)

&s
Wp

(10)

Here, Wp and ¢ can be expressed as the depletion layer
width and the interfacial inorganic insulator layer thickness
respectively. The permittivity parameters of the semicon-
ductor and the interfacial insulator layer are denoted by ¢;
and &, Additionally, the energy of interface states (E)
with regard to the lowermost level of the conduction band
(E,) at the n-type semiconductors surface can be achieved
from the below equation.

Ec_Esx:q(¢e_V) (11)
6.0x10
o
°
® dark A M
v 50w 8
5.0x10% | o 100W
o 150W
A 200W Oy
o darkwithR, 4a°
4.0x10 | v S0WwithR,
100 W with R, AQy
5] 150 W withR *
E s A o
5 200 W with R v
- A B
S 3.0x108 Oy @
° A J
~ A
3 ao0d®
z o o
o
2,0x10% | A Oow” (]
X
°
o8}
o]
0.20 025 0.30 0.35 0.40

E.-E,, (eV)

Fig. 6 R effect under specified illumination levels on the energy
distribution profile of Ny

Considering the effective barrier height at forward bia-
ses in darkness and under specified illumination intensities,
N, versus (E. — E,) were given in Fig. 6 by substituting
n(V), 6 and Wp, values in Eq. (10).

The exponentially increasing behavior of the Ny through
the conduction band is obviously seen from the fig-
ure above. Furthermore, the N, values increased with
illumination between (E.-0.21) and (E.-0.39) eV interval.
When R, was included, Ny, value decreased nearly five
times as it is shown in Fig. 6. We also benefited from the
Norde method to examine the R, and the BH values of the
Au/ZnO/n-GaAs SBDs. The equation below indicates the
modified function of Norde’s method.

F(V) :%-%Tln(A{ifT)z) (12)

Here; the I-V curve was used to determine the
I(V) current and y can be stated as the first integer greater
than the ideality factor. Identifying F(V,) as the minimum
point of F(V) vs V plot (Fig. 7) and the quantities of V,, and
1, corresponding to the minimum this point.

V, kT
& =F(V,) +—2—— 13
i (13)
F(V) vs V plots of the Au/ZnO/n-GaAs SBDs under
specified illumination conditions are shown in Fig. 7.
Norde’s functions calculated the value of R, as below.

0.54

0.52

0.50

044 +

0.38 A L L L
' V (V)

Fig. 7 The F(V) versus V plots of theAu/ZnO/n-GaAs SBDs under
distinct illumination levels
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kT (y —n)

R =
s C]Io

(14)

Analyzing the values given in Table 1, the R; and BH
values are decreasing by the increasing illumination
intensities. The decrement of the R values with increasing
illumination intensity was commonly observed in both
Cheung and Norde methods.

4 Conclusions

The Au/ZnO/n-GaAs SBDs have been fabricated and their
I-V characteristics at two biases were examined in dark-
ness and also distinct illumination levels. The electrical
parameters of the diode were found as a strong function of
illumination and applied bias voltage. Under illumination,
electrons in the valance band and traps absorb adequate
energy and so they are easily jumped to the conductance
band. Also, the reverse current at a given voltage always
higher than that of the current in darkness and it increases
with increasing illumination level. Because under reverse
bias, both interior electric field and external electric field
are the same direction and so the created electron—hole
pairs recombination becomes very hard under this high
electric field. The obtained n and @5, values imply that the
increment at n values is inversely proportional with &g,
values for increasing illumination intensity conditions.
Ohm’s law was used to get the voltage dependent profiles
of resistivity (R;) values from the I-V curves. Thus, the
values of R, and R, of the SBDs were revealed from the
R; — V; plots as 2.379Q and 1254 Q (in dark) and 2.360
and 267 Q (under 200 W), respectively. Cheung’s and
Norde functions were also used and the obtained R, values
from each method are stated out to be consistent, having
decreasing trends with increasing illumination. These
experimental results are a strong evidence of the fabricated
Au/ZnO/n-GaAs SBDs exhibits a photodiode behavior.
The increase in n with illumination can be explained by
assuming inhomogeneities of BH and N, at M/S interface,
interfacial ZnO layer, generation-recombination within the
space charge region and R;. The energy distribution profiles
of surface states (N,) were acquired from the forward
biases /-V data by considering voltage dependent &, and
n and R,. The Ny vs (E. — Eg) plots have U shape
behavior and increase with the increment of the illumina-
tion levels. The N, values found in view of R, values are
lower than those found by ignoring the R especially near
conductance band. As a result, surface states which are in-
equilibrium with semiconductor can serve as recombina-
tion centers and have a crucial mission especially in reverse
bias I-V characteristics.

@ Springer
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