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p-ZnO thin films were grown by electrochemical deposition (ECD) technique on n-Si substrate in order
to form the p-ZnO/n-Si heterojunction. Hall measurement and hot probe techniques were used to
determine the conductivity type of the ECD grown ZnO thin film. X-ray diffraction measurements
revealed the peaks corresponding to the ZnO crystal directions of (002), (101) and (200) confirmed by
the Joint Committee on Powder Diffraction Standards (JCPDS) files, indicating the polycrystalline
nature of the films. The electrical characterization of p-ZnO/n-Si heterojunction was carried out in the
temperature range of 80-300 K. The ideality factor and barrier height of the structure exhibited a
variation between 2.49 to 5.36 and between 0.574 and 0.173 eV for this temperature ranges, respectively.
The variation with temperature observed on the electrical parameters of the p-ZnO/n-Si heterojunction
was explained by the introduction of a spatial distribution of barrier heights due to barrier height in
homogeneities that prevail at the p-ZnO/n-Si heterojunction interface.
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INTRODUCTION

ZnO is a member of II-VI compound semiconductor
family which has a wide and direct band-gap of about 3.4
eV. Its physical properties such as high transparency,
large excitonic binding energy of 60 meV, wurtzite crystal
structure (almost the same lattice parameters with GaN),
resistance to high energy radiation and temperature
makes it very attractive for both optical and electrical
devices. Many ZnO based devices have been already
reported such as lasers (LDs) (Buzas and Geretovszy,
2007) and light emitting diodes (LEDs) (Guo et al., 2008)
working in ultraviolet region and thin film transistors
(TFTs) (Fortunato et al., 2005; Kim et al., 2009) for solid-
state electronics. Also, it can be easily grown with any
growth technique since Zn is one of the most easily
oxidized elements. Variety of growth methods have been
used to grow ZnO thin films so far, such as chemical

vapor deposition (Sen Chien et al., 2010), ionized cluster-
beam deposition (Whangbo et al., 2000), pulsed laser
deposition (Zhu et al., 2010), DC sputtering (Ye et al.,
2003) and magnetron sputtering (Kim et al., 2003), metal
organic chemical vapour deposition (MOCVD) (Mohanta
et al., 2008), sol-gel method (Li et al., 2010), chemical
spray pyrolysis (Krunks et al., 2009) and
electrochemicaldeposition (ECD) (Sharma et al., 2010;
Cembrero and Busquets-Mataix, 2009; Dalchiele et al.,
2001; Inguanta et al., 2013; Mouet et al., 2010). ECD
growth technique has a number of advantages that
makes it ideal for some specific applications, which are
being low cost, allowing growth of thin films with large
area at low temperature, controllable thickness and
deposition rate which is relatively higher than other
techniques (Izaki and Omi, 1997). The technique is also
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less hazardous and more environmentally friendly (lzaki
and Katayama, 2000). One of the most important
challenges of ZnO based technologies which is
preventing the progress in device arena is difficulty in
obtaining p-type conductivity. Although first p-type
conductivity in ZnO reported in 1997, it has still been
difficult to deposit p-type ZnO with high homogeneity,
quality and purity for optoelectronic device applications.
However, a lot of different doping elements have been
reported as a source of p-type conductivity such as N, Li,
Mg, K, Cu, Na, As, P, Sb, Ag, etc. (Liu et al., 2008; Xiao
et al.,, 2006; Fang and Kang, 2010; Jun and Yintang,
2008; McCluskey and Jokela, 2009; Janotti and Van de
Wall, 2009; Kim et al., 2009; Lin et al., 2008; Fan et al.,
2007; Doggett et al., 2007; Pan et al., 2007; Kim et al.,
2009). The most promising, reliable and preferable one is
doping with only N and co-doping N with group Il
elements (Tizemen and Gar, 2007).

Zn3N, powder was used to obtain p-type ZnO in the
present study, which was shown previously that
annealing ZnsN, powder in oxygen media helps to obtain
p-ZnO (Zou et al., 2009; Kaminska et al., 2005). Also,
Wang et al. (2003) and Erie et al. (2008) reported that
ZnO thin films doped with ZnsN, deposited by DC
magnetron sputtering and pulsed laser deposition
techniques are resulted in p-type conductivity.

In this study, we performed the p-type growth of ZnO
thin film on n-type Si substrate using ECD technique in
order to investigate the electrical characteristics of p-
ZnO/n-Si heterojunction. The electrical parameters of p-
ZnO/n-Si heterojunction were determined with current-
voltage (I-V) measurements in the temperature range of
80-300 K.

EXPERIMENTAL

Before forming the p-ZnO/n-Si heterojunction, n-Si (100) substrate
were cleaned using the root cause analysis (RCA) procedure
(waited in boiling NH3+H20.,+6HO for 10 min and then,
HCl+H20,+6H20, at 60°C for 10 min) as reported in literature
(Aydogan et al., 2009). Then, ZnsN» powder was spread out on n-Si
wafer and annealed at 450°C for one hour to obtain a
homogeneous film on the Si substrate. The electrochemical growth
process was carried out by using an electrochemical cell having
three electrodes which are counter (Zn), reference (Ag/AgCl) and
working electrodes (n-Si). The growth process was controlled by a
Gamry Reference 600 Potentiostat-Galvanostat/ZRA (Zero
Resistance Ammeter). For p-ZnO growth, we prepared a solution of
0.05 M Zn(ClOs)2 and 0.1 M Li(ClO4) in dimethy! sulfoxide [DMSO-
(CH3)2S0] as a solution. The ECD growth was carried out under the
cathodic potential of -1 V and lasted one hour at solution
temperature of 130°C. After deposition, sample was cleaned with
de-ionized water.

Indium is used as an ohmic contact material on both sides of the
structure which can be seen in Figure 1. The conductivity type of
the ZnO thin films was determined using the Hall and resistivity
measurements and hot probe technique. The Hall measurements
were performed by a home-made Hall kit using a Varian 2901
regulated magnet power supply. The carrier concentration,
resistivity and mobility parameters were calculated from Hall
measurements. The |-V characteristics of p-ZnO/n-Si heterojunction

were obtained by using a Keithley 487 picoammeter equipped with
a closed-cycle helium cryostat. The samples were also
characterized by X-ray diffraction (XRD) technique structurally using
Rigaku D/Max-1lIC diffractometer, with Cu Ko radiation of 1.54 A,
within the 26 angle ranging from 20-80°.

RESULTS AND DISCUSSION

Michael Faraday reported that the thickness of the film
can be calculated with the help Faraday’s laws of
electrolysis focused on the electrochemical researches in
1834 as follows:

F=mQ/(p.n.A1) (1)
d=mQ/(nFAp) (2)

where are d is the thin film tickness, A; the surface area,
F; Faraday’s number (96485 C/mol), n; the charge
number (2 for ZnO), Q; the charge passed, p; density (5.6
g/cm®), m; the molecular weight (81.4 g/mol). We have
calculated about 1.5 pm to the thickness of the thin film
with the help of this formula.

Figure 2 shows XRD pattern of ECD grown p-type ZnO
thin film on n-Si substrate. The ZnO crystal planes of
(002), (101) and (200) confirmed by the Joint Committee
on Powder Diffraction Standards (JCPDS) files (36-1451
and 65-0682) can be clearly seen which indicates the
polycrystalline structure of the grown thin films. The full
width at half maximum (FWHM) values of the peaks
corresponding to the (002), (101) and (200) planes are
0.094, 0.312 and 0.086, respectively. In addition, grain
sizes of the (002) and (101) peaks were calculated as
88.54, 26.7 and 98.8 nm, respectively.

The p-type conductivity of the grown ZnO thin film was
confirmed by both hot probe and Hall measurements with
the Van der Pauw configuration. The carrier
concentration and Hall voltage of p-ZnO thin film were
determined as 3 x 10" ¢cm™ and 0.986 mV using Hall
measurement technique, respectively.

Figure 3 demonstrates both forward and reverse bias
log (I-V) plot of p-ZnO/n-Si hetero junction. The current
flow through a p-n junction can be defined by thermionic
emission (TE) theory as follows (Rhoderick and Williams,
1998):

=1, exp(%]{l - exp(— %ﬂ (3)

where g is the electronic charge, k Boltzmann constant,

T temperature, V the applied voltage, n ideality factor
which is given by:

£

"=k d(n )

1, is the reverse saturation current which is obtained
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Figure 1. The schematic diagram of the p-ZnO/n-Si
heterojunction

from the straight line intercept of In/at V=0 in
Equation (3) and is given:

I, = A*AT? exp(—q:;f’oj (5)

where A* is the effective Richardson constant, A the
diode area and the zero-bias barrier height.

The experimental values of n and ®,, can be

determined from intercepts and slopes of the forward bias
I-V plot at each temperature (Figure 3) using Equations

(4) and (5), respectively. n and ®,, values of the p-

ZnO/n-Si heterojunction exhibit a variation between 2.49
and 0.574 eV at 300 K and 5.36 and 0.173 eV at 80 K,
respectively. There may be a mixture of different metallic
phases with different barrier heights (BHs) at
heterojunction interface due to incomplete interfacial
reaction. Image force-lower, generation-recombination,
interface states and TFE are the mechanisms caused the
large values of the ideality factor. The absolute value of
ideality factor can be determined by the help of these
calculated mechanisms. Also, the contamination at a
interface is often present at the interfaces of junction
prepared by the routine processing methods used in the
semiconductor electronics industries. These
contaminants may act directly to introduce inhomogeneity
or they may simply promote inhomogeneity, through the
generation of defects, additional interfacial chemical
phases and etc. Even if the absence of chemical
contaminants, BH inhomogeneity may be present. Thus,
interface roughness may contribute to the presence of
BH inhomogeneity due to effectively increasing or
decreasing the low-BH patches. Finally, there are
numerous structural defects, grain boundaries,
dislocations, stacking faults, at interfaces, and these may
contribute to BH inhomogeneity (Sullivan et al., 1991;
Soylu and Yakuphanoglu, 2010; Tung, 1992).
Figure 4 shows the variation of ideality factor and
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barrier height with temperature. As can be seen in Figure
4, the values of n are indicated by the open triangles
(experimental) and the closed triangles show estimated
value of ideality factor using Equation (12) with
coefficients p, and p,. The values of ¢ by the open

squares (experimental) and the closed squares represent
estimated values of ®,, using Equation (11) with o ,.
While ¢, increases with increasing temperature, n

decreases. This behavior may be explained by current
flow through the patches of lower barrier height and
larger ideality factor and has been successfully explained
on the basis of TE mechanism which takes into
consideration spatial distribution of the barrier heights
due to the inhomogeneities prevailing at the p-n junction
interface. Since current transport across the interface is a
temperature activated process, electrons at low
temperatures are able to surmount the lower barriers and
therefore, the current transport will be dominated by
current flow through the patches of lower barrier height
(BH) and a larger ideality factor. As the temperature
increases, more and more electrons have sufficient
energy to surmount the higher barrier (Sullivan et al.,
1991; Tung, 1992; Biber et al., 2002; Karatas et al., 2003;
Gullg et al., 2007).

A conventional activation 1n(7,/7>) energy 1/kT
versus 1/nkT or plot is shown in Figure 5. 1 (7, /72)

versus 1/kT plot is found to be non-linear in the
measurement temperature range. The non-linearity of
m(r, /r2) versus 1/kT plot is caused by the

temperature dependence of the barrier height and ideality
factor. According to Equation (5), one obtains:

[ L] = (a4 %) 980 (6)
(45)=maa)

: kT

According to Equation (6), the plot yields a straight line
with a slope given by a barrier heightat 0K, &, (1 = 0)

and intercept is the Richardson constant (A*). This
straight line yields activation energy of 0.257 eV, as
shown in Figure 5. The deviation in the Richardson
constant may be due to the spatial distribution of
inhomogeneous barrier heights and potential fluctuations
at the interface that consist of low and high barrier areas
(Tung, 1992; Karatas et al., 2003; Gdllu et al., 2007).

The Richardson constant obtained from 1,(;, /72) versus
i/kr plot was determined as 1.53 x 107 A/em’K® This
value obtained from the temperature dependence of the
I — v characteristics may also be affected by lateral in
homogeneities of the barrier heights. This discrepancy
can be explained by supposing that the distribution of the
barrier heights is a Gaussian distribution of barrier
heights with a mean value @, and standard deviation
o, in the form of:
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Figure 2. XRD measurement result of the p-type ZnO thin film deposited on
n-Si substrate.
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Figure 3. The current-voltage characteristics of the p-ZnO/n-Si heterojunction
at temperature between 80-300K.
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where 1/ 2z is the normalization constant of the

Gaussian barrier height distribution. The total current
under the forward bias of V' can be expressed as:

1(v)= Tl(d>b,V)P(d>b)dd> ®)

where 1/ 2r is the current at the bias for a barrier

height based on the ideal thermionic emission-diffusion
theory and p(®,) is the normalized distribution function

giving the probability of accuracy for barrier height. Upon
integration,

- o2 74 1- ﬂ
1(V)=A*Tzexp[—%[d)b—gkifﬂexp[nqﬁ]x exp kT

(9)

with

IOZAA*TZCXP(—C]:)TW]! (10)

where @ and n,, are the apparent barrier height and
apparent ideality factor , respectively, and are given by:

2
- qo;
D, =Dr— 2k7? (11)
]
Hap (12)

In Equation (12), p, and p, values are the coefficients

of voltage deformation of the barrier distribution. That is,
the voltage dependencies of the mean barrier height and
the barrier distribution width are given by coefficients and

P, and p,, respectively. Then, o is the zero bias

standard deviation of barrier height distribution. The
standard deviation is a measure of the barrier
homogenity. Song et al. (1986) and Werner and Gauttler
(1991) were used in the above expression for the
apparent barrier homogeneity construction. If standard
deviation is small it can be neglected. The temperature
dependence of the ideality factor can be understood on

the basis of Equation (12). The plot of n,, versus 1/2kT

should give a straight line that gives voltage coefficients
P, and p, from intercept and slope respectively, as

shown in Figure 6. The p, values from the slope of
(n'—1)-(1/2kT) plot were obtained as -0.515 at a
temperature range between 300-160K and determined as
-0.586 for 160-80K, respectively. Also, the p, values

from the same plot were determined as -0.0049 for 300-
160 K range and then measured as -0.0031 at for the

range of 160-80K. &, and o, values were calculated
from the slope of barrier height vs. (1/2kT) plot (Figure 7).
@, and O, were measured as 0.818 eV and 117 mV at

the range 300-160K while they were determined as 0.481
eV and 54 mV between 160-80K, respectively.

The continuous solid line in Figure 7 represents data
estimated with these parameters using Equation (11).
Combining the Equations (10) and (11), we get:

2 2 -
in Lo || 4% | _jp(an%)- 9 Pu0 (13)
T? 2k°T? kT

According to Equation 13, a modified
In(1,/72)- (g2 /26> T?) versus 1/T plot should give
a straight line with the slope directly performed by the
mean and the intercept (=InAA*) at the ordinate,
determining A* for a given diode area A. Figure 8 shows
in(7,/72)-(q%02 /2k>T>)  versus yr plot. The

1n(10/T2)—(q20-§/2k2T2) versus 17 plot yielded ¢, of
0.794 €V in the range of 300-160K and 0.329 eV in the
range of 160-80K, respectively. These values are
convenient with what it is obtained from the mean BHs as
shown in Figure 7. Richardson constant is obtained as
0.011 A/em°K® in the range of 160-80 K and 6.235
A/lcm?K?® for 300-160K from the modified activation
energy plot, respectively.

Conclusion

p-Zn0O thin films were deposited by ECD technique on n-
Si substrate to obtain p-ZnO/n-Si heterojunction. The |-V
characteristics of the electrochemically fabricated p-
ZnO/n-Si heterojunction were measured at a temperature
range of 80-300 K. It is observed that the ideality factor of
p-ZnO/n-Si heterojunction increases while the barrier
height decreases within this temperature range. The |-V
characteristics of this structure have been interpreted on
the basis of TE mechanism with Gaussian distribution of
the barrier heights. Richardson constant is calculated
between 0.011-6.235 A/cm®K? for the temperature range
of 300-80 K from In(1, /72 )- ¢ /2k>T> —1/kT plot.
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