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The paper reports the experimental and theoretical analysis of current—voltage characteristics of
n-ZnO/p-Si (100) heterostructures. Y ttrium-doped ZnO films were deposited on p-Si by the sol-gel proc-
ess using the spin coating technique. Their structural and electrical properties were studied as a function
of annealing temperature. The experimenta data were analysed by modifying the current voltage relation
predicted by Perlman and Feucht. An estimate of the defect density at the ZnO/Si interface was made
using Mott-Schottky (C>-U) plots.
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1. Introduction

It is well recognized that a reliable and mass-produceable blue-ultraviolet semi-
conductor diode laser will have a major importance in information storage, display,
photochemistry, and other areas of technology. GaN-based lasers and LEDs are al-
ready achieving commercial realization and undergoing improvements in lifetime and
synthesis techniques. ZnO has been used for decades in powder form for phosphors
and in polycrystalline form for varistors. ZnO has a direct band gap of 3.3 €V at room
temperature, comparable to that of GaN. It is refractory, with a melting point of 1975
°C compared to 1100 °C for ZnSe, leading us to expect that it will be more robust
with regard to defect generation under electronic and thermal stress. In contrast to
GaN, large single crystals of ZnO can easily be grown. The exciton binding energy in
ZnO is 60 meV, three times larger than that of ZnSe or GaN, and more than twice as
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large as KT at room temperature (RT) [1]. This means that the recombination and lu-
minescence properties of ZnO should retain exciton characteristics at and above RT,
including the substantial enhancement of oscillator strength. ZnO thin films can be
prepared by a wide variety of techniques, including sputtering [2], reactive evapora-
tion [3], chemical vapour deposition [4], spray pyrolysis [5], and the sol-gel [6] proc-
ess. In particular, the sol-gel method has advantages over the other processes, because
of its simplicity and low equipment cost. With regards to the transparent and conduct-
ing window layer for optoelectronic devices, ZnO has an additional advantage over
ITO —it is able to tolerate reducing chemical environments. For instance, ZnO films
are more stable than ITO-based films in the presence of hydrogen plasma. They can
match, if not exceed, optical and electrical properties of 1TO. Furthermore, the com-
ponents of ITO, namely In and Sn, are limited in supply and are more expensive than
zinc.

A renewed interest in the luminescence and electrical properties of ZnO/Si het-
erostructures has also emerged. There have been reports on undoped n-ZnO/p-Si het-
erostructures fabricated by magnetron sputtering, chemical vapour deposition and
spray pyrolysis. Jeong et al. [7] and Lee et al. [8] have reported the fabrication of an
undoped n-ZnO/p-Si photodiode by sputter deposition. They have also reported that
the fabricated photodiode exhibits good photoelectric performance when ZnO is de-
posited at 480 °C. It has also been concluded that the photodiode exhibits an induced
photocurrent proportional to the reverse bias for UV illumination and saturation at
moderate bias for visible illumination. Park et al. [9] have reported that there is an
effective reduction in the dark |eakage current after implanting Si* ions into the device
structure of insulating ZnO and semiconducting n-ZnO overlayers on p-Si. Thin film
ZnO/InP and ZnO/Si heterojunctions obtained by thermal decomposition of Zn acety-
lacetonate have been investigated by Purica et al. [10] for optoelectronic device appli-
cations. Baik et al. [11] have studied Al-doped ZnO/n-Si junction solar cells prepared
by spin coating.

In the present work, n-type ZnO films, pure and yttrium-doped, have been grown
on p-silicon substrates by spin coating, using zinc acetate and ethanol as the precur-
sors and DEA as the stabilizer. The effects of yttrium doping on the structural, €l ectri-
cal and optical properties of the films are reported.

The |-U characteristics of n-ZnO/p-Si heterostructures have been studied as
afunction of annealing temperature, and analysed by taking into account the diffusion
and generation recombination current [12]. An estimate of the defect density at the
ZnO-Si interface has been made using capacitance-voltage(C—U) measurements [13].

2. Experimental
The precursor solution of ZnO (0.2 M) was prepared from zinc acetate

(Zn(CH3CO,),-2H,0, purity 99.5%) dissolved in anhydrous ethanol. Yttrium nitrate
hexahydrate (Y ,NO;-6H,0) was used as the dopant (3 wt. %). The mixture so ob-
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tained was stirred with a magnetic stirrer for about 4 h at room temperature, after
which it remained milky. An equimolar amount of diethanolamine (DEA) was added
to the solution drop by drop which eliminated the obtained turbidity and precipitates
completely. The resultant solution was very clear, transparent, and homogenous. The
solution was left to age for 48 h to obtain optimum viscosity before film deposition.
The corning glass (7059) substrates, after being cleaned with acetone and methanol in
an ultrasonic bath for 20 minutes, were rinsed with deionised water for 5 min and
dried in a nitrogen atmosphere. The Si (2—4 Qxcm resistivity) samples were cleaned
in trichloroethylene, acetone and isopropyl acetate consecutively for 10 min in an
ultrasonic bath. The substrates were rinsed in overflowing deionised water for 10 min
and treated with a 2% HF solution in order to remove the native oxide, then washed
with deionised water for 20 minutes, and dried with dry nitrogen gas. The deposition
of yttrium-doped zinc oxide (Y ZO) film was carried at room temperature with a spin-
ning speed of 2700 rpm for 20 sec. The films were left in air for 10 min to hydrolyse
(by esterification) and then dried in air at 250 °C in order to gel. The process was
repeated 12 tol5 times to obtain the film thickness of ca. 250 nm. The films were
annealed in air in the temperature range 300-600 °C for an hour. The YZO films so
devel oped exhibit n-type conductivity [14].

The structural properties of the films were investigated with an X-ray diffractome-
ter. The thickness of the ZnO layer was measured with a Dekteck**"surface pro-
filometer. The 1-U characteristics of these heterostructures were recorded using
aKeithley Source Meter (2400) and C-U measurements were carried on a Biorad
C-U meter (DL 4600) using a voltage source (4140 V) and a Boonton capacitance
meter. Optical transmittance measurements were carried out in the wavelength range
200-800 nm using a doubl e beam spectrophotometer (Shimadzu 330).

3. Result and discussion

3.1. Structural properties

The X-ray diffraction patterns of pure and doped films annealed in air at various
temperatures are shown in Figure 1. As-grown n-Y ZO films exhibited an amorphous
nature, whereas annealing at 350 °C caused the conversion from the amorphous to the
polycrystalline structure with (100), (002), and (101) peaks. It was observed that with
an increase in annealing temperature from 350 to 450 °C, the (002) reflection peak
became more intense and sharper as compared to the other peaks, indicating a prefer-
ential c-axis orientation.

Figure 2 shows the variation of the full-width half-maximum (FWHM) of the
(002) peak with annealing temperature. The decrease of FWHM with increasing an-
nealing temperature indicates an improvement in the crystallinity of the ZnO layer.
No further improvement in crystallinity was observed at annealing temperatures above
450 °C (up to 600 °C).



378 N. KuMAREt al.

£l
, (002)
=
2 |
2
E |
undoped at 450 °C |
450 °C (100), U]

R W AL S PV LYo LV ‘KJ‘\/‘I N

400 °C

350 °C

30 25 30 35 40

20 [deg]

Fig. 1. XRD patternsof aYZO filmon aSi substrate
annealed at various temperatures

0.34 -

0.32 -

0.30

FWHM [deg]

0.28 A

0.26 L~ : : :
350 400 450 500
Annealing temperature [*C]

Fig. 2. Effect of annealing temperature on the FWHM
of the (002) peak of aYZO filmon a Si substrate

3.2. Optical transmittance

The transparency and homogeneity of pure and yttrium-doped ZnO thin films can
be tested by optical transmittance measurementsin the UV, VIS, and NIR ranges. The
optical transmittance of pure and doped films on corning glass is shown in Figure 3.
The films exhibit high transparency (>80%) in the visible region 400-800 nm. In the
UV region, the optical transmittance falls sharply, indicating the onset of absorption
in this region. The threshold of optical absorption shifts toward shorter wavelengths
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for yttrium-doped ZnO films, suggesting an increase in the band gap due to yttrium
doping. The observed optical interferences in the transmittance curve indicate a ho-
mogenous nature of the film.
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Fig. 3. Transmittance curves for pure and Y -doped ZnO films
on corning glass annealed at 450 °Cin air

3.3. Electrical properties

The electrical properties of the n-ZnO/p-Si heterostructures were investigated by
I-U and C-U measurements. An attempt has been made to analyse the data theoreti-
cally. The I-U characteristics (I vs. U semi-logarithmic plots) of the heterojunction
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Fig. 4. Experimental and theoretical semi-logarithmic plots of 1-U curves
for the n-ZnO/p-Si heterostructure annealed at 350, 400, and 450 °C
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n-ZnO/p-S a various annealing temperatures are shown in Figure 4. A typical rectifying
behaviour was observed for these heterostructures. With increasing annealing temperature,
the current was found to increase both in the forward and reverse directions. The increase
in the current can be caused by preferential c-axis growth of the n-ZnO films and/or are-
duction of defect dengity at the interface with annealing temperature.

The energy profile of the heterojunction of the two semiconductors having differ-
ent energy gaps is shown in Figure 5 in the equilibrium conditions. Eg, ¢, y, and ¢
represent the energy gaps, dielectric constants, electron affinities, and work functions
of the two semiconductors, respectively. It can be seen from the figure that the discon-
tinuity in the conduction band edges (AE,) is equad to the difference in the dectron affini-
ties of the two semiconductors. The totd built-in voltage (Ug) due to the difference in the
work function (¢, — ¢,) isequal to the sum of built-in voltages on both sides.

1, =4.05¢V

¢, = 4.35eV

Fermi level , . EC?

____________________________________

p-Si E n-ZnO
Fig. 5. Energy band profile of the n-ZnO/p-Si heterostructure

The current-voltage relation for the studied heterojunction, for which y1 < 7, < 31 + Eg
and ¢ > ¢, has been obtained by Perlman and Feucht [14] and is given below:

| = Aexp{%}{exp[%} —1} (1)

where

1/2
D
A=agXN, [T—”] , AEc=p—n

n
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Uy is the total built-in voltage, g is the electron charge, k is the Boltzman constant, T
is temperature, a — the area of the diode, X — the transmission of electrons across the
interface D, if the diffusion constant, and z,, is the lifetime of electrons in p-type mate-
rials. It may be mentioned that the experimental current values are much smaller than
those predicted by this equation. The observed low values of current could be due to
imperfections in the two semiconductors, resulting in defect states near the interface.
Therefore, the current—voltage equation should be modified by introducing the imper-
fection parameter 5 (5> 1):

| = Aexp{_q(%_fud)} x{exp[;%j —1} 2

Using the above equation, the I-U characteristics were theoretically obtained. The
values used for various parameters are given in Table 1. It was found that the value of
S decreases from 9 to 8 as the annealing temperature increases from 350 to 450 °C for
aunit area of the diode. The decrease in f suggests an improvement in heterostructure
and reduction of defect state density at the interface with annealing. The defect den-
sity of states for the heterostructure annealed at the temperature of 450 °C was esti-
mated by the C-U measurements.

Table 1. Physical parameters used to fit
the electrical data of the n-ZnO/p-Si heterostructure

Annealing Donor )
temperature [°C] concentration Ng [cm™]
450 (undoped) 2.4x10% 10
350 5.1x10" 9
400 5.95x10'® 8.5
450 9x10" 8

To investigate the effect of annealing on the |-U characteristics, the values of Ny
as obtained from Hall measurements were used in theoretical calculations. In the case
of the undoped ZnO/Si heterostructure, the value of f was found to be 10, which is
higher than that obtained for doped heterostructures.

The Mott—Schottky plot of a' YZO/p-Si diode annealed at 450 °C and measured in
the dark at room temperature is shown in Figure 6. The capacitance of the heterojunc-
tion is found to obey an approximately linear C*-U relationship in the reverse bias
condition. This linear relationship implies that the depletion region in the vicinity of
the heterojunction interface expands with increasing reverse bias. Since the band
bending is primarily on the Si side, the C*-U intercept on the x-axis is essentially
equal to the diffusion potentiad Uy within the Si. The dope of the line gives an estimate for
defect dengity. At room temperature, the values of Uy and N were found to be 0.45 eV and
9.4x10™ cm™®, respectively. The datawas analysed using the Anderson model.
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Fig. 6. C>-U curve for the n-ZnO/p-Si heterostructure
at room temperature (300 K)

The C-U characteristics, as described by conventional heterojunction theory, can
be expressed as

_qNgg, 1

CZ
2 (Ud _UR)

3)

where Ug is the applied reverse voltage. Using this equation, we can estimate the ef-
fective density of defects from the slope of C?~Ug relationships. The value of
9.4x10™ cm™ is obtained for &; = 9 and &, = 11.9, the electric permittivities of ZnO
and Si, respectively. The potential barrier at the junction, as determined from the C*-U
characteristics as the intercept on the x-axis, was found to be 0.45 eV. Anderson
model [13] predicts that thisis the energy difference of the work functions between Si
and ZnO. The Fermi level below the vacuum level is 4.8 eV for p-Si and 4.35 eV for
n-ZnO, as shown by the energy band profile of the heterojunction. These experimental
results suggest that the junction between the n-ZnO thin film and p-Si substrate is
governed by conventional heterojunction theory.

4. Conclusions

Yttrium-doped n-ZnO/p-Si heterostructures have been fabricated by depositing
n-ZnO films on p-Si (100) using the sol-gel process. The 1-U characteristics are found
to improve with improving crystallinity of the ZnO films during annealing. The calcu-
lated height of the potential barrier at the junction, using C-U measurements, is found
to be egual to the difference in the work function of ZnO and silicon. The imperfec-
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tion parameter 3, in the present case, is found to decrease with increasing annealing
temperature. The defect density at the interface, as calculated from the M ott—Schottky
plot at an annealing temperature of 450 °C, was found to be nearly 10" cm™.
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