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FABRICATION AND CHARACTERIZATION OF
Au/MO/n-Si (MO: ZnO, Iny03, Al;03) SCHOTTKY DIODES
GROWN BY RF MAGNETRON SPUTTERING
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Abstract. In this study, for investigating the effects of ZnO, In,O3 and Al,O; interfacial layer, three types
of Schottky diodes were fabricated by radio frequency (RF) magnetron sputtering method on the identical
n-Si substrate with the same rectifier and ohmic contacts. The main diode parameters of them were
determined from the current-voltage (I-V) characteristics at room temperature and compared in detail. The
analysis of 1-V plot showed a non-ideal diode behavior according to the thermionic emission technique
due to the existence of interfacestates, interfacial layer, and series resistance. The measured values of I-V
for all samples were utilized to compute the ideality factor (n), barrier height (®,,), series resistance (Rs)
and interface state density (Nss) values. The values of n and &, of Au/ZnO/n-Si (SD1), Au/In,Os/n-Si
(SD2) and Au/Al,05/n-Si (SD3) Schottky diodes were calculated to be 2.05-0.707 eV, 2.19-0.675 eV and
1.23-0.773 eV, respectively. The lowest values of ideality factor, series resistance and density of
interfacial states were obtained in Au/Al,O3/n-Si Schottky diode. These results show that the used the
Al,O; interlayer used in the Au/n-Si interface improves the performance of the metal-semiconductor
diode rather than other metal oxides.
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1. Introduction

The metal-semiconductor (MS) or metal-insulator-semiconductor (MIS) structures
consist of semiconductor electronic devices, including solar cells, field effect
transistors, light emitting detectors and integrated devices (Rhoderick et al., 1988; Sze
et al., 2007). The analysis of electrical characteristics of the MIS type Schottky diodes
at room temperature present not only full information about their conduction
mechanism, but also provides to know the nature of barrier formation at the
semiconductor-metal interface (Cigek et al., 2017; Nicollian et al., 2002; Rhoderick et
al., 1988; Sze et al., 2007). The reliability and performance of these MIS structures
depend on series resistance, interface state density and the creation of the insulator layer
between semiconductor-metal interface. If the oxide layer at the interface between the
metal and the semiconductor is a few nanometers thick, it transforms the structure into a
metal-insulator-semiconductor (MIS) structure. Ultimately, this oxide layer can modify
the barrier height of the MIS structure (Altindal et al., 2003; Altindal et al., 2019;
Karadeniz et al., 2004). Interfacial oxide layer and an interface states at metal—
semiconductor (MS) contact plays a major act in the estimation of the barrier height.

Transparent conducting oxides (TCOs) such as zinc oxide (ZnO) and indium
oxide (In,O3) comprise a special category of materials having huge expects due to
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their high transparency in the visible region of the spectrum and unique
semiconducting properties along with very low resistivity (10 Q-cm to 107
Q-cm). A wide range of applications of TCOs contains their utilize as transparent
electrodes in the photovoltaics (Yu et al., 2016), gas sensing devices (Ram, 2013),
functional (protective, decorative) coatings (Sotelo-Vazquez et al., 2015) and organic
light emitting diodes (Afshinmanesh et al., 2014). ZnO thin films have low absorption
coefficient in the visible region, valued refractive index, wide band gap at ~ 3.36 eV and
high exciton binding energy at 60 MeV (Meriche et al., 2015; Tiwari et al., 2015).
In,0O3 thin films are characterized by notable physical properties such as low electrical
resistivity (107 -10”° Q.cm), high optical transparency (60-85%) and wide direct band
gap energy (3.4-3.8 eV) (Souli et al., 2021). ZnO and In,O3 thin films are utilized with
many applications in different domains such as solar cells (Erfurt et al., 2020; Khadtare
et al., 2017), gas sensing (E. Cao et al., 2020; Hijiri et al., 2014) and optoelectronics
(Narmada et al., 2020; Kim et al., 2006).

Al,O3 thin films have received much attention for their perfect electrical, optical,
thermal, chemical and mechanical properties. Al,O3 thin films are used in several areas
such as optics, microelectronics, and optoelectronics (Balakrishnan et al., 2010;
Sridharan et al., 2007; Tang et al., 2012). ZnO, In,03 and Al,O3 thin films can be
deposited using several techniques including sputtering, atomic layer deposition (ALD),
pulsed laser deposition (PLD), chemical vapor deposition (CVD) and the sol-gel
method (Narmada et al., 2020; L. Cao et al., 2011; Keskenler et al., 2013; Khan et al.,
2012; Koh et al., 1997; Suarez-Garcia et al., 2003). Among different methods of metal
oxide thin films growth reported in literature, it is known that the RF magnetron
sputtering is a technique of choice for device development. As a result, in this study the
RF magnetron sputtering was chosen due to the aptitude of a no toxic gas emission,
good uniformity, high deposition rate, quite good adherence and high composition
control (Hu et al., 2017; Shi et al., 2013; Sundaram et al., 1997; Yang et al., 2009).

It is observed that many researchers have focused on ZnO, In,O3 and Al,O3 metal
oxide thin films-based device in literature (Gullu et al., 2019; Gupta et al., 2013;
Ozmen et al., 2019). Unfortunately, there is not enough work on the electrical
characterization of Schottky diodes with metal oxide film fabricated with rf
sputtering.In the present work, a systematic study of Schottky diodes with different
metal oxide thin film has been carried out using radio frequency (RF) magnetron
sputtering.The characteristic diode parameters of the produced diodes were calculated
using the current-voltage technique and compared with each other. Consequently, we
reported the diode parameters such as ideality factor, barrier height, series resistance
and interface state density of the prepared diodes. The diodes were characterized by
current-voltage (I-V) measurements to better understand the effect of the produced
metal oxides.

2. Experimental

For electrical measurements the studied metal oxide structures were created on the
phosphorus doped n-Si (100) wafers with 380 um thick and 20 Q-cm resistivity.n-Si
substrate with 2 inch diameter was chemically cleaned using the RCA cleaning method
to eliminate the native oxide layer and impurities. Gold (Au) (with a purity 99.99% and
thickness of 200 nm) was thermally evaporated to the entire back surface of the Si layer
by a vacuum evaporation system and later annealed at 500°C for 5 min in nitrogen
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atmosphere to create Au ohmic contact.Si substrate was cut into 4 equal parts and 3
quarters were used. Each of the parts was used to deposit ZnO, In,O3 and Al,Oj3 thin
films. The ZnO (99.999% purity), In,O3 (99.99% purity) and Al,O3 (99.99% purity)
sputter target materials with 2 inch diameter were used in this work. The ZnO, In,03
and Al,O3 thin films were deposited on the non-ohmic contact surface of n-Si substrate
by radio frequency (RF) magnetic sputtering method. Then, circular gold (Au) rectifier
contacts with a radius of 2 mm and thickness of 200 nm on ZnO, In,O3 and Al,O3 thin
films were prepared with a thermal evaporation system.As a result, Au/ZnO/n-Si/Au,
Au/In,03/n-Si/Au and Au/Al,Os/n-Si/Au Schottky diodes were fabricated.During the
thin film deposition, the distance between the substrate and the target was 15 cm.The
studying gas for sputtering the films was argon (Ar, 99.999%, high purity), with a flow
ratio of 30% O, (99.999%) added into Ar as the reaction gas.The working pressure was
set to 1.2 Pa while the base pressure inside the chamber was kept at 1 x10™ Pa. n-Si
wafer was rotated at a speed of 20 rpm to increase the uniformity in thin film growing.
The power of sputtering for all films was set to 100 W. The deposition ratio of the films
was about 5 nm/min. 50 nm thick film was grown for all the films. The prepared
Schottky diodes were characterized by current-voltage (I-V) measurements. The 1-V
values for the diodes were collected using Keithley 2400 Sourcemeter in the voltage
range from +1 V to -1 V at room temperature.

3. Results and Discussion

The main electrical properties of the fabricated Au/MO/n-Si (MO: ZnO (SD1),
In,03(SD2), Al,03(SD3)) Schottky diodes were determined by using the reverse and
forward bias I-V measurements of the diodes under dark conditions. It can be seen from
Fig. 1 that all SD1, SD2 and SD3 diodes show a good rectification behavior. The
rectification ratio values of the SD1, SD2 and SD3 diodes (measured for + 1 V) were
calculated as 32663, 1316 and 44, respectively.According to thermionic emission theory
(TE), the forward bias current of a diode can be written as (Rhoderick et al., 1988; Sze
et al., 2007; Yalcin et al., 2020; Yuksel et al., 2013):

I=1, [exp (%) - 1] 1)

where V is the applied voltage, T is the ambient temperature in Kelvin, n is the ideality
factor, R is the series resistance, q and k are defined as the electronic charge and the
Boltzmann constant, respectively. Iy is defined as the saturation current and can be given
as:

lo = AA'T?exp |- 12| )

where A, A* and @5 are the diode area, the effective Richardson coefficient for n-Si
and the barrier height, respectively.

kT AA*T?
@B = 7 ln (T) (3)
_q av
n=ir d(inl) (4)
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The values of n for the samples were found from the slope of the linear region of the 1-V
plot and illustrated in Table 1. The lowest n value was obtained as 1.23 for Al,O3/n-Si
(SD3) Schottky diode. When Fig. 1 and Table 1 are examined, the ideality factor value
deviated from equation 1 according to the TE theory for all samples. The reason of this
can be attributed to tunneling current flow due to the interfacial layer and a diversity of
dominating effect of conduction mechanism depending on recombination-generation
current in the junction region (Schroder, 2006; Chin et al., 1993; Olikh, 2015). The
values of @ for the samples were calculated from the intercept of the linear region of
the 1-V plot and illustrated in Table 1. The largest @5 value was determined as 0.773 for
Al;04/n-Si (SD3) Schottky diode.

Table 1. The basic electrical parameters determined from |-V measurements of the studied

Schottky structures
Sample I, (A) n Dz (eV)
ZnO/n-Si 438x107  2.05 0.707
In,O4/n-Si 1.48x10°%  2.19 0.675
Al,O3/n-Si 3.30x10% 1.23 0.773

AL0,

Current (A)

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. 1. Variation of the current (1) with voltage (V) for all the samples

The series resistance (Ry) is a significant parameter for the 1-V characteristics of the
studied Schottky structures. The downward-bending curve of the IV plot at high
voltages show the influence of R, (Altindal et al., 2010). Therefore, in the high current
region, @5, n and R, were estimated by a technique that was introduced by Cheung and
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Cheung functions (Cheung et al., 1986). According to Eg. (1), the following Cheung
and Cheung equations can be given as

d?V =”k—T+|Rs (5)
n() q
H(I):V_[nZTJIn[AA[T2):n®B+IRS (6)

Fig. 2 and 3 present the linear dependence of dv/d(In(l)) and H(l) vs. | according to
equations (5) and (6), respectively. The slope and intercept of the solid line shown in
curve of dv/d(In(l)) and H(l) vs. I allowed calculation of the R, and n values for the all
samples, respectively. These calculated values were presented in Table 2. In addition,
plot of H(l) vs. | yields a®z and R, values of the studied Schottky diodes. These

calculated values were presented in Table 2. It is observed that the values of R,
determined by Egs. (5) and (6) are in good agreement with each other. It is seen from
Table 2 that the R, and n values of the Al,O3/n-Si (SD3) Schottky diode obtained from
dv/d(In())vs. I are found to be 294 Q and 1.03 and the @5 and R, values from H(l) vs.
I curve are 0.812 eV and 270 Q) respectively at room temperature.
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Fig. 2. The dVv/d In(l) versus | plots ofthe studied Schottky diode structures
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Table 2. Main electrical parameters of the studied Schottky structures obtained from Cheung functions

Sample dv/d In(l) -1 H(1)-1
Rs () n Rs () g (V)
ZnO/n-Si 325 1.10 307 0.795
In,04/n-Si 307 1.37 290 0.733
AlL,O4/n-Si 294 1.03 270 0.812
14
ALO,
A 7n0
13F
12}
= 1.3 k
T
10}
09}
08 A L A A -
2x10™ 4x10™ 6x10™ 8x10™ 1x10°

Current (A)

Fig. 3. The H(I) versus I plots ofthe studied Schottky diode structures

The energy profile of the interface states (E. —E,), the density of interface states

(N,,) and the effective barrier height (®,) values for the studied Schottky diodes can
be estimated from the following equations (Sze, 1981; Rhoderick et al., 1988):

1
D, =D, =0, +|1-—— 7
L=y Y { ) )
1( ¢ ) Es
NSS:E(E(n(\/) 1) WDJ (8)
Ec - Ess = q(q)e _V) (9)

where & is the interfacial layer thickness (6= 50 nm for the samples), E, is the

conduction band edge, E,, is the energy of the interface states, ¢, =11.8¢, and

g = 8.5,8.9 and 9.86¢, for ZnO, In,0;3 and Al,O3, respectively) are silicon
semiconductor and the permittivity of interfacial layers, respectively.

127



NEW MATERIALS, COMPOUNDS AND APPLICATIONS, V.5, N.2, 2021

The values of N found as a function of voltage are converted to a function of

(E. —E) according to Eq. 9. The density of interface state versus energy distribution

plot of the device at room temperature is given in Fig. 4. As observed, in the range from
E.—0.46 to E. —0.65 eV, the N values were found to change from 8.20 x 10"

eV-'cm=? to 1.16 x 10™ eV-'cm? respectively for Al,Os/n-Si Schottky diode. It is

evidently seen from Fig. 4 that the values of N increase with decreasing energy and

the exponential growth of the interface state density from midgap towards to the bottom
of the conduction band of the n-Si. The lowest Ny value was determined for Al,Os/n-Si
(SD3) Schottky diode.

As a result, in the light of the above information, diode parameter values such

as®g, n, R and N were determined with different techniques for all samples

prepared. The diode parameter values obtained for the Al,Os/n-Si Schottky diode gave
the best results among the diodes produced under the same conditions and with the
same interfacial layer thicknesses.As one of the reasons for this result, it can be said that
the dielectric constant of Al,O3 is higher than the others and it has a low leakage
current.

ALO,
8x10" Zn0
InZO,‘
6x10" F
E
_U
2 4x10°}
ZV:
2x10" F
0 I I I I
0.45 0.50 0.55 0.60 0.65

E-E (eV)

Fig. 4. The energy distribution profile of the N, determined from the forward
I-V characteristics for the samples

4.  Conclusion

In this work, we have fabricated Au/Al,Os/n-Si/Au, Au/ZnO/n-Si/Au and
Au/In,03/n-Si/Au Schottky diodes. The electrical properties of Al,O3, In,0O3 and ZnO
films deposited by rf magnetron sputtering on n-Si substrate were investigated and
discussed. The metal oxide layers on the n-Si indicated a good rectifying behavior. The
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sputtering deposited metal oxide films were the thickness of 50 nm. For this purpose, I-
V measurements were taken in dark and at room temperature and ideality factor (n)
values for Al;O3, ZnO and InyOs/n-Si contact found to be 1.23, 2.05 and 2.19,
respectively. Furthermore, barrier height values for Al,O3, ZnO and In,03/n-Si contact
found to be 0.773 eV, 0.707 eV and 0.675 eV, respectively. The ideality factor value of
1.23 for Al,O3/n-Si diode is lower while the barrier height value of 0.773 eV for the
same diode is larger than the values reported for ZnO/n-Si or In,O3/n-Si diodes. It was
obtained that the values of n computed from I-V measurement were larger than unity.
The deviation from the ideal behavior is explained on the basis of interface state density
and series resistance. The series resistance parameter of these diodes was extracted from
the Cheung functions and computed as 294 Q, 307 Q and 325 Q for Al,O3, In,0O3 and
ZnO thin film, respectively. As a result, metal oxide thin film interface layer deposited
with rf magnetron sputtering on n-Si can be utilized as an alternative to other methods
and for obtaining diodes with higher barrier height.
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