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CHARACTERISTICS
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ABSTRACT

To investigate the effects of Mn dopant on n-ZnO/p-Si device performance, ZnO films were produced in different Mn dopant
by the sol gel spin coating method. Morphological properties of the films were studied by FESEM. Then, the n-ZnO:Mn/p-Si
heterojunction diodes were fabricated. The diode parameters were determined by I-V measurements. The n values of the diodes
were found to be 8.38, 6.84 and 3.87, respectively, for the diodes produced using undoped, 1% Mn doped and 3% Mn doped
ZnO films. At the same time, electrical parameters were determined to compare by using Cheung and Norde methods.
According to the evaluation of n values obtained by different methods, an improvement on the rectifying properties of the ZnO
diode with Mn dopant has been observed. In the continuation of the study, the photovoltaic properties of the heterojunction
diodes have been studied. The results obtained at different illumination intensities showed that the diodes are sensitive to light.
C-V measurements of the fabricated diodes are also investigated in detail.
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1. INTRODUCTION

Zinc oxide (Zn0) is a semiconductor with a wide band gap and a large exciton binding energy (3.37 eV,
60 meV). When the literature is examined, it has been found that many methods have been used to
deposit undoped and Mn doped ZnO films. Some of these methods are hydrothermal synthesis [1], spray
pyrolysis [2] and sol gel [3]. Among these methods, sol gel method has many advantages such as: ease
of use, low cost, applicability at low temperatures, short processing times and easy coating of different
substrates. Many researchers have studied the structural, morphological and electrical properties of
transition metal (Fe, Ni, Mn, etc.) doped semiconductor materials [4-6]. ZnO is a suitable host material
for Mn doped as it is appropriate to replace the Zn?* cations of Mn?* metal ions when considering the
ionic diameters of Mn?* and Zn?*. Researchers have done some experimental studies on Mn-doped ZnO
using physical and chemical methods [7— 9]. These studies reported currently relate to the physical
property of Mn-doped ZnO films but there are very few studies on the n-ZnO:Mn/p-Si heterojunction
[3], [10]. One of these studies in the literature was conducted by R.N. Gayen and R. Paul [3]. R.N. Gayen
and R. Paul synthesized Mn doped ZnO films by using sol gel method. They investigated the structural,
morphological and optical properties of films. The results of the microstructural and compositional
analysis showed that the Mn dopant did not affect the hexagonal structure of ZnO. They reported that
the films had high transparent in the visible region. In their work, it was reported a decreasing in both
the particle size and optical band values with increasing Mn dopant. They reported that the diode
parameters changed with Mn dopant. Both ideality factor and barrier height decreased with Mn dopant.
The authors reported that the Schottky diode became more ideal with increasing Mn dopant. In other
study, I. Tasgioglu et al. [10] deposited Mn doped ZnO films by the same method. The authors
investigated the electrical properties of the diodes fabricated using these films and they reported that
while the ideality factor value of diode decreased with Mn dopant, barrier height of diode increased.
Also, using Norde method, they calculated barrier height values and series resistance values as 0.91 eV,
13.77 kQ for ZnO: Mn/p-Si diode, 0.82 eV, 5.18 kQ for ZnO/p-Si diode, respectively.
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In this paper, undoped and Mn doped ZnO films were prepared by sol gel spin coating technique (SSCT)
on p-Si substrates. The prepared films were characterized by FESEM. The influence of Mn
concentration on the electrical properties of obtained diodes has been investigated in detail. The values
of n, ¢, and R, were calculated by different methods. In addition, in the scope of the electrical
properties, capacitance-voltage (C-V) properties of the diodes have been also studied.

2. EXPERIMENTAL DETAIL

Undoped and Mn doped ZnO films were deposited by SSCT. Manganese (Il) acetate tetrahydrate
(Mn(CH3CO0)..4H,0, MnAc, 99.9%, Acros) was used as a manganese cation precursor. MnAc was
added as 1 and 3 wt% into the ZnAc solution. The concentration of these solutions was 0.05 M. The
samples are named ZnO, ZM1 and ZM3, respectively. Detailed information on the experimental
procedure was included in our previous study [11, 12]. The surface morphology of the films was
determined by using ZEISS Ultraplus model field emission scanning electron microscopy (FESEM).
Aluminum ohmic contacts were made using PVD-HANDY/2S-TE (Vaksis Company, Turkey) vacuum
thermal evaporation system. 1-V and C-V characteristics of the diodes were carried out using a
KEITHLEY 4200 SCS/CVU and Signatone probe station at room temperature. For illumination, solar
simulator (Asahi-HAL320) with 1.5AM filter was used.

3. RESULTS and DISCUSSION
3.1. Morphological Properties

FESEM was used to investigate the morphological properties of films. Figure 1 shows the FESEM
images of the films under the different magnifications. FESEM images show that all films consist of
spherical structures. The surface morphology of the films is similar to the with Mn doped ZnO films in
the literature [13-15]. In addition, when the amount of Mn dopant increases, the particle size increases
slightly and the aggregation of the particles on the surface are appeared. So, as a result of this
aggregation, the bigger particles on the surface depending on increasing Mn dopant have been clearly
seen in SEM images.

3.2. Current-Voltage and Capacitance-Voltage Characteristics of the Heterojunction Diodes

One of current transport mechanisms is thermionic emission (TE) theory. In addition to TE process,
there are (direct) tunneling and thermally assisted tunneling process. These two processes should be
important due to the temperature [16]. According to TE theory, carriers exceeding the barrier are only
energized carriers larger than ¢, and they contributed to the current. The concentration of this carrier
significantly influences the transport processes in the heterostructures. The carrier concentration of p-Si
is higher than the carrier concentration of ZnO (~10 ' cm 3 for n-ZnO and ~10 ** cm 3 for p-Si) [17,
18]

The current-voltage (I-V) characteristics of the heterojunction diodes measured at low bias voltage

indicate that the characteristics exhibit an exponential behavior. Therefore, the I-V characteristics of the
heterojunction diodes can be analyzed by the following relationship [19]
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Figure 1. FESEM images of the ZM films.

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

where q is the electronic charge, V is the applied bias voltage, n is the ideality factor, k is the Boltzmann
constant, R, is the series resistance and T is the absolute temperature in Kelvin, I, is the reverse
saturation current and given by,

x qop
I, = AA*T?exp (— ﬁ) 2
where A is the rectifier contact area, A* is the effective Richardson constant (32 A/cm?K? for p-Si and
n-ZnQO) and ¢, is the apparent barrier height at zero-bias. The slope of the linear region in the forward
bias of the I — V plot gives the n value, and Equation (1) can be written as follows:

dv
"= kq_T (d(lnl)) ®)
In addition, the barrier height can be obtained from Equation (2),
oo =S (M15) @
q Iy
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The experimental values of n and ¢, are given in Table 1. The ideality factor values of the
heterojunction diodes were calculated from Figure 2. The ideality factor of the heterojunction diodes
approached to the ideal value with the increase amount of Mn dopant. Nevertheless, the ideality factor
values of the heterojunction diodes are significantly greater than the expected value. It is thought that
this difference is due to the surface states, the oxide layer on the surface of p-Si or the series resistance
effect. R.N. Gayen and R. Paul found similar results and reported that this was due to non-ideal junction
formation. They reported the cause of the non-ideal junction as surface defects acting as a recombination
center and series resistance [3].

Table 1. Heterojunction diode parameters of heterojunction diodes

n ¢y (eV) R (k)

Sample oW Ty ayar 1-v HU)  Norde  dvjdl | H(I)  Norde
ZnO  835x10°® 838 873 054 069 0.41 283 111 707
ZM1  355x10° 684 697 056  0.70 049 4114 1579 361
ZM3  625x10° 387 408 061 075 056 3656  9.09 2050

1E-3 4

Figure 2. I-V characteristics of heterojunction diodes

There are three interfaces, in the metal/n-ZnO:Mn/p-Si heterojunction, such as metal/p-Si, p-Si/n-ZnO
and ZnO/metal. Metal/p-Si and ZnO/metal are ohmic between these interfaces. A thin native SiOy layer
is also present in the n-ZnO/p-Si interface. However, in this study, n-ZnO/p-Si heterojuction diode
parameters are discussed without considering a thin native SiOy layer present in the n-ZnO/p-Si
interface. The ultra-thin (~ 1-2 nm) SiO barrier, which carriers can easily tunnel through the barrier,
does not affect both forward and reverse direction current. Therefore, the diode parameters of the n-
ZnOl/p-Si heterojunction are mostly unaffected by the presence of the SiOy interface layer. In this study,
the effect of p-Si/n-ZnO interface can be mentioned in this study [18].

The ¢, values of the heterojunction diodes were calculated from the (I — V) characteristics by using

Equation 4 and given in Table 1. ¢, values increase with increasing Mn dopant and they are close to
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the difference in the working function of Si (4.97 eV) and the working function of ZnO (4.25 eV) [20].
The increase in the barrier height value with the increase in the amount of Mn dopant is consistent with
the studies in the literature [3, 10].

The Cheung method is defined by the following functions [21]:

I = ILexp [%] 5)

where the R, is the series resistance of heterojunction diode. The value of R, n, and ¢, is determined
by the following equation:

v kT
A~ Rstm (7) ©)
kT I
HW) =V =n () in(572) ()
where,
H(I) = IR, + n, ®)

Figure 3 shows the dV /din(I) — I plots drawn using I — V characteristics. The slope of the plot of
dV/d(Inl) — I will give the R value and the y-axis intercept of the plot of dV /d(Inl) — I will give
the (nkT/q) value. R, and n values determined using Figure 3 are given in Table 1. The n values
obtained from the I — V plot and the n values obtained by using Cheung's method are slightly different.
This situation is thought to be caused by series resistance and interface states [22]. However, in both
methods, the n values were decreased with increasing Mn dopant.

The H(I)-I graph plotted according to Equation 8 is given in Figure 3. In these graphs, the slope value
of the plot gives the value of R, while the intercept of the y-axis of the plot gives the value of n¢,,. R
and ¢, values determined from the plots (Figure 3) are given in Table 1. The ¢, values calculated from
the H(I) — I plots have the same trend as the ¢, values calculated from the I — V' characteristics. In
other words, ¢, values increase with Mn dopant in both methods.
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Figure 3. The forward bias bias dV /d(Inl) — I and H(I) — I plots.

Another method for determining the barrier height and the series resistance value is the Norde method.
The Norde method is given the following relation [23]:
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9
A*AT? ©
where y is a dimensionless and an integer greater than n. The F (V) — V plots are shown in Figure 4.
Using the following equations, the values of ¢, and R are calculated:

kT

by = F(Vo) + 2
b 0 V q

Vo kT(

rey =20 KT, (10 )
)4 q

(10)

kT(y —n)
qlo

where F (V) is the minimum point of F (V). Calculated ¢, and R, values are given in Table 1. R values
calculated from Cheung's method and Norde method were different. The reason of this difference may
be the application of Cheung's model and the Norde model at different voltage ranges. That is, while
Cheun's model is applied in the high voltage region, the Norde model is applied at full voltage range
[23]. The values of R, determined in this study are quite high. This may be due to the interfacial layer
and the resistance of the substrate. In addition, the low quality top contact of films can also increase the
serial resistance value. In other words, in order to be able to produce the ideal device, the electrical
contacts must be meticulously made. There is also a difference between ¢, values obtained from the
Norde method and I — V plot. This result is similar in the literature [10, 24] As mentioned earlier, the
reason for this situation is due to the use of all data in the forward bias region for the Norde method,
while the data in the linear region are used for the I — VV method.

Ry (11)
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Figure 4. F(V) — V plots of heterojunction diodes

In order to observe the photovoltaic behavior of the heterojunction diodes, I — V measurements of the
heterojunction diode were performed under dark and different light intensities. All these I-V
characteristics are given in Figure 5. I-V measurements under illumination were performed using Solar
simulator. Figure 5 shows that the heterojunction diodes are sensitive to the light and the reverse current
increases with increasing illumination intensity. In the Table 2, experimentally determined open circuit
voltages (V,.) and short circuit currents (I.) values are given. Under illumination, the reverse current
of the heterojunction diode is higher than the dark current. This result shows that the heterojunction
diodes in this study exhibit photovoltaic behavior as a result of the photovoltaic effect, which is defined
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as the creation of a voltage and current of p-n heterojunctions when exposed to light intensities. Table 2
ShOWS Inoro/Ipnoto Values under -2 V. According to the values in Table 2, n-ZnO/p-Si is the most
sensitive to light among the diodes. The rectifier ratio (RR) value given in Figure 6 is defined as the
ratio of a certain forward bias current to a certain reverse bias current. The RR value is associated with
lighting illumination [25]. When these values are examined, it is seen that the most sensitive structure
to illumination is n-ZnO / p-Si.

Table 2. Photovoltaic parameters of heterojunction diodes

Iyhoto/ Tphoto(-2V)
Sample V,c.(mV I.. (NA photo/ I photo
P oc(MV) se (A) (100mW/cm?)
Zn0O 250 190 322
ZM1 240 5.97 75
ZM3 200 195 62
1E-3 1E4 1E4
Zn0
1E4 1£54 155
1E5 166 4 1E-6
< 3 z
FREE @ 1E7 D1E7
= in dark = in dark w
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p—— o 2
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Figure 5. Current—voltage characteristics of the heterojunction diodes under dark and illumination conditions

In Figure 7, photocurrent-time plots are given. As shown in Figure 7, after switching the light source
form on to off, the photocurrent values change over time. All of the heterojunction diodes exhibit
photoconductivity. After the light is applied on the heterojunction diode, the photocurrent shows a
sudden increase and after a while the photocurrent shows a plateau value. This situation is dependent on
the difference between the electron affinity of the semiconductor material on the substrate and the
substrate [23]. After the light source is turned off, the current returns to its first situation.
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Figure 6. Plots of rectification ratio values vs. illumination intensity
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Figure 7. Time dependent photocurrent response of the heterojunction diodes under illumination.

Figure 8 shows the C —V and C~2 — V plots of the heterojunction diodes. The capacitance value
changes as the width of the depletion region varies depending on the applied voltage. The relation

between capacitance and voltage in heterojunction structures is defined by Equation 12 [19]:
1 2+ V)

z=

following relation [19]:

A?g.qN,

where V,; is the built-in potential, &, is the dielectric constant of p-Si and N, is the acceptor
concentration of p-Si. The V}; values for the heterojunction diodes were determined from Figure 8 and
these given in Table 3. The barrier height of the heterojunction diodes was also calculated using the

303

12

14

(12)




Aksoy / Eskigehir Tech. Univ. J. of Sci. and Technology A — Appl. Sci. and Eng. 20 (3) — 2019

LY (N") (13)
bc-v) = C2Vpi p n N,

where N,, is the density of states in the valance band of p-Si (N,, = 1.82x10%° cm™®), C, is a parameter
inverse of the ideality factor (C, = 1/n). The ¢, values of the heterojunction diodes were calculated
using the V,; values determined using the =2 — V plots (Figure 8). These values are given in Table 3.
The ¢, values obtained from I —V measurement higher than the ¢, values obtained from C —V
measurements. This difference may be due to the fact that the interface layer thickness is non-uniform
[26-28].

Table 3. Heterojunction diode parameters obtained from C — V plots of the heterojunction diodes

Sample Vpi (V) Pp(eV)
ZnO 1.62 0.33
ZM1 2.52 0.42
ZM3 2.66 0.45

Figure 8. Capacitance—voltage characteristics of the heterojunction diodes
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3. CONCLUSIONS

Zn0 films were deposited in different Mn dopant ratio. Firstly, morphological characteristics of these films were
studied. FESEM images of the films showed that an increase in particle size and increased aggregation on the
surface depending increasing Mn dopant. Then, n-ZnO:Mn/p-Si heterojunction diodes were fabricated and the
device performances were investigated. Diode parameters of the heterojunction diodes were calculated using 1-V
plots. The results obtained from the I-V characteristics showed that the rectifying properties of the n-ZnO/p-Si
heterojunction diode could be improved by the Mn dopant. Norde and Cheung methods were used to compare
these parameters. In three methods, it was found that the calculated barrier height values increased with increasing
Mn dopant. In addition, it was determined that the heterojunction diodes are sensitive to the light. The findings of
this study showed that the heterojunction diodes fabricated using Mn-doped ZnO film are candidates for use in
semiconductor device applications.
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