The effect of alpha particle irradiation on electrical properties and defects of ZnO thin films
prepared by sol-gel spin coating
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Abstract

ZnO thin films were prepared using the sol-gel spin coating technique. The structure was investigated using X-ray diffraction (XRD). The XRD spectra
exhibited typical randomly orientated structure with a slight preference for growth along the (002) plane and a crystallite size of ~ 48 nm. The
Schottky barrier diodes were fabricated on the synthesized ZnO thin films. The electrical properties before and after irradiating the devices with alpha
particle irradiation were characterized using current-voltage (I-V), capacitance-voltage (C-V), deep-level tran-sient spectroscopy (DLTS) and Laplace-
transform deep-level transient spectroscopy (L-DLTS) techniques. Pd/ZnO/n-Si/AuSb Schottky diodes exhibited good rectifying properties. Before
irradiation, the DLTS spectra re-vealed one defect E4 with activation enthalpy 0.41 eV. After irradiation, there is a new defect Eq with the activation
enthalpy 0.35 eV. Laplace-transform deep-level transient spectroscopy (L-DLTS) revealed the fine structure of the Ey to be made up of 0.53 eV and

0.36 eV defects.
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1. Introduction

ZnO can be used in a wide range of applications. Due to its high
resistance to radiation, direct band gap of approximately 3.4 eV and
large exciton binding energy of 60 meV at room temperature, these
applications include solar cell window layers, piezo-electric sensors, UV
detectors and a variety of similar applications for space deployment [1].
ZnO thin films can be synthesized by different techniques such as
pulsed laser deposition, chemical vapour deposition, spray pyrolysis
and sol-gel [2], from these techniques, sol-gel deposition is preferred in
the preparation of high-quality ZnO thin films due to its low cost,
simplicity and ability to deposit large area films [3]. The quality,
structure and properties of ZnO thin films are influenced by fabrication
parameters and techniques used [4]. Defects in semiconductors may be
impurities or crystalline defects. Impurities can be introduced either
intentionally or unintentionally during crystal growth and device pro-
cessing [5]. The performance of ZnO-based devices is affected by the
presence of impurity atoms and point defects such as oxygen vacancies
and Zn interstitials because these defects create electronic states in the
band gap of ZnO [6,7].

For space applications, the devices should be operating in harsh
radiation conditions and information of radiation effects on devices
performance is required. The effect of alpha particle and high energy
electron irradiation on ZnO has been reported [8,9]. To the best our

knowledge, there is no research available regarding the exposure of sol-
gel ZnO thin films to alpha particle irradiation studied using DLTS and
LDLTS techniques. In this work, the effect of alpha particle irradiation
on the electrical properties of sol-gel ZnO thin films was studied using I-
V, C-V, DLTS and L-DLTS techniques.

2. Experimental

ZnO solution was prepared by dissolving zinc acetate dihydrate in
isopropanol. Monoethanolamine (MEA) was added to the solution,
maintaining a molar ratio of MEA to zinc acetate dihydrate of 1.0 and
the concentration of zinc acetate of 0.5M. The solution was con-
tinuously stirred for 2h at 60 C to obtain a homogeneous and clear
solution. This solution was aged for 48 h.

The ZnO solution was deposited on ITO/glass and n-Si substrates by
sol-gel spin coating. Before deposition ITO/glass was cleaned in a three-
step procedure, using acetone, ethanol and deionized water in an ul-
trasonic bath and dried in flowing N,. A n-Si substrate (13-17 ym thick
with a resistivity of 1.4-1.8 Qcm) was cleaned using trichloroethylene
followed by isopropanol, then methanol and rinsed in deionized water,
each step was carried out for 5 min in an ultrasonic bath. Thereafter, the
n-Si substrate was etched using hydrofluoric acid to remove the native
oxide and dried in flowing N,. The substrates (ITO/glass and n-Si) were
spin coated at 4000 rpm for 40 s whilst the aged solution dropped onto
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Fig. 1. The X-ray diffraction (XRD) patterns of ZnO thin films deposited onto
ITO/glass substrate after annealing at 600 C.

the substrates. The film was then dried at 200 C. The coating and
drying steps were repeated several times to obtain the desired thick-
ness. The final films were annealed at 600 C in air for 1h.

The ITO/glass substrate was used for structure, surface and optical
characterizations, whilst n-Si substrate was used for electrical and de-
fects characterizations.

To form an ohmic contact on the back side of the n-Si, 150 nm thick
AuSb (94 : 6) was resistively deposited and then annealed at 350 C in
Ar to improve the series resistance of the contact. Finally, Pd contacts,
0.60 mm in diameter and 100 nm thickness, were resistively deposited
on the ZnO layer.

The sample was irradiated at room temperature with 5.4 MeV alpha
particles from an Am-241 radionuclide for 21h at a flux of 7.1 X
10°cm™2s™ !, through the Schottky contact.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XPERT-PRO diffractometer, PAN
analytical BV, Netherlands) patterns of ZnO thin films deposited onto
ITO/glass substrate. In the XRD patterns, there are strong peaks cor-
responding to the (100), (002) and (101) planes. Small peaks corre-
sponding to the (102) and (110) planes were also observed, indicating
that the films have hexagonal wurtzite structure. It is clear from this
pattern that the films consist of randomly orientated polycrystalline
particles with a slightly preferred orientation along (002) plane. The
values of the lattice constants obtained are in good agreement with the
values from the JCPDS data with card number (76-0704) and are shown
in Table 1. The crystallite size D of the ZnO thin films was calculated
from Scherrer’s equation [10].

The surface morphology and cross-section of the films were studied
using scanning electron microscopy (SEM). The thickness of the films
was found to be ~ 800 nm as reported previously [11].

Fig. 2 shows the room temperature I-V characteristics of fabricated
Pd/ZnO/n-Si/AuSb Schottky barrier diodes before and after alpha
particle irradiation. The rectification before and after irradiation were 3

Table 1
Structural and lattice parameters of ZnO thin films.
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Fig. 2. Room temperature semi-logarithmic plot of I-V measurements of Pd/
ZnO/n-Si/AuSb Schottky diode before and after irradiation with alpha-parti-
cles.

and 2.5 orders of magnitude, respectively.

Before alpha particle irradiation the diode exhibited generation-
recombination effects at voltages lower than 0.5V causing the kink in
the forward bias curve, above this voltage thermionic emission is the
dominant current transport mechanism across the Schottky barrier. At
voltages V> 1.0V, the diode characteristics deviated from linearity due
to series resistance. After irradiation generation-recombination is ob-
served at voltages lower than 0.2V. Above that, thermionic emission
was dominant and the diode deviated from linearity at high voltage due
to the series resistance.

The diode parameters shown in Table 2 were calculated by per-
forming a linear fit in forward bias region using thermionic emission
theory [12].

Irradiation caused an increase in leakage current and ideality factor
as well as a decrease in series resistance and the Schottky barrier height
(SBH). The increase in leakage current and ideality factor are attributed
to irradiation induced defects and interface states in ZnO thin films [6].

The C-V characteristics before and after irradiation at room tem-
perature are shown in Fig. 3 (a). Fig. 3 (b) shows the 1/C? vs V curves
which are split into two regions reverse bias and forward bias. The free
carrier concentration calculated from the reverse bias curve of ~
10'%em ™3, and is related to n-Si. On the other hand, the free carrier
concentration calculated from the forward bias curve (see Fig. 3 (b)
inset) of ~ 10" cm ™3, indicating that this free carrier concentration is
related to ZnO. The capacitance and free carrier concentration (Np)
decreased after irradiation. E. Giir et al. [13] observe the decrease of
the capacitance and free carrier concentration after studying the effects
of high energy electron irradiation on electrical properties of Au/n-ZnO
Schottky diodes and attributed the decrease in the carrier concentration
to the trapping effect of the deep defect states produced by high energy
electron irradiation. The Schottky barrier height obtained from C-V
measurements is greater than that obtained from I-V measurements,
this due to inhomogeneity in SBH and image force effects [14].

Fig. 4 shows the energy band diagram of the Pd/ZnO/n-Si hetero-
junction at equilibrium and after applying the bias, constructed based

FWHM 26 D (nm) 28 (nm) Lattice constants (A) Lattice constants (A) from (JCPDS)
(002) (100) (002) (002) (002) a (100) ¢ (002) a c
0.181 31.805 34.477 48 0.0004 3.246 5.198 3.253 5.213




Table 2
The Schottky diode parameters from I-V measurements before and after irradiation.

Events SBH (eV) Ideality Saturation current, I Series Np (em™3) (C-V)
v c-v Factor (n) (A)x 1070 Resistance (Q) x 1017
Before irradiation 0.635 1.24 3.41 11.2 53 12
After irradiation 0.536 1.18 3.48 519 43 4.0
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Fig. 3. C-V measurements before and after irradiation at room temperature at 1 MHz.
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Fig. 4. Energy band diagram of Pd/ZnO/n-Si heterojunction (a) Under thermal equilibrium (b) After applying a small reverse bias (c) After increasing the reverse
bias.
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Fig. 5. DLTS spectra obtained from Pd/ZnO/n-Si/AuSb Schottky diode (a) before and (b) after irradiation, recorded at different a quiescent reverse bias, different
amplitude of the filling pulse, filling pulse width of 1 ms and rate window of 80.2 Hz in the temperature range 20-350 K.
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Fig. 6. Laplace DLTS spectra showing the shift of E,; and E,, defects at three
temperatures in ZnO thin films after irradiation.
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Fig. 7. Arrhenius plots of the defects in ZnO thin films, obtained at a quiescent
reverse bias of 0 V with a filling pulse amplitude of 0.3 V for E4, E, and 0.2V for
E. and Eg,. The filling pulse width was 1 ms.

Table 3
The defect energy Er below conduction band and the apparent capture cross-
section g, of defects in ZnO thin films deposited on the n-Si substrate.

Defect label Er(eV) Gap (cm?)

Ey 0.41 4.8 x 10716
Eq 0.35 5.7 x 1077
Em 0.53 7.7 x 10714
Eu 0.36 2.3 x 10716

on Anderson’s model [15]. Both the ZnO thin film and the Si are n-type
semiconductors with carrier concentration Np of 12 x 107cm ™2 and
~10% cm ™3, respectively calculated from C-V measurements. Thus, the
Fermi level in n-ZnO and n-Si should as close to the conduction band
edge at equilibrium (see Fig. 4 (a)). For n-type semiconductors the
Schottky barrier height is predicted by Ref. [16]:

Poer = Pm — Xy 1)

where ®,, is the work function of Pd metal = 5.12eV and y, is the
electron affinity of ZnO = 4.35eV [17]. Thus, The ¢B,eﬁ calculated of
0.77 eV. The SBH calculated before and after irradiation of 0.635 eV
and 0.536 from I-V measurements and 1.24 eV and 1.18 eV from C-V

measurements. The ¢; . obtained from simple theory is greater than
¢p o Obtained from I-V measurements and smaller than ¢y . from C-V
measurements. The difference in simple theory and experimental re-
sults of SBH is due to the presence of surface states and SBH in-
homogeneity at the Pd/ZnO interface.

According to Anderson’s model, the conduction band offset and
valence band offset is given by:

ABc = Xzn0 = Xsi 2)
AE, = (EanO - EgSi) + AEc 3

where yg; electron affinity of Si = 4.05eV [18], thus AE¢ calculated of
0.3eV.

From equation (3) Egzn0 is the band gap of ZnO of 3.23 eV calcu-
lated from Tauc’s plot (not shown here), Eg; is the band gap of n-Si of
1.20 eV, so the valance band offset AE, calculated of 2.33eV. The
smaller value of conduction band offset than valence band offset sug-
gests that concentration of the electrons injected from n-ZnO into n-Si is
greater than that of holes injected from n-Si into n-ZnO.

The DLTS spectrum exhibited one peak before irradiation labelled
E,, Fig. 5 (a). This defect has been observed by Auret et al. [19] in
vapour-phase-grown single-crystal ZnO. Mtangi et al. [20] also ob-
served this peak in bulk ZnO and they attributed it to the oxygen va-
cancy.

Fig. 5 (b) shows the presence of a new peak labelled E,, introduced
by a-irradiation. Using Laplace DLTS under reduced bias (see Fig. 6),
the E, was found to be made up of two energy levels E,; and E,, at
0.53 eV and 0.36 eV respectively, below the conduction band. The shift
in Laplace DLTS spectra of E, and E,, defects measured at three
temperatures are displayed in Fig. 6. The apparent capture cross sec-
tions of E,, and E,, were calculated from Arrhenius plots, Fig. 7, and
found to be 7.7 x 10~ cm? and 2.3 x 107 '° cm?, respectively. The
uniqueness in activation enthalpy and apparent cross sections means
that these defects are different. The electronic properties are summar-
ized in Table 3.

There are four peaks observed in all curves (see Fig. 5 (b)) after
irradiation located below 250 K and labelled by (*), their signatures are
attributed to defects in the n-Si substrate. Under a quiescent reverse
bias of —2.0V and filling pulse amplitude V, = 2.2V, only defects in
the n-Si were observed, as shown by the dotted curve (green) in Fig. 5
(b).

4. Conclusion

The structure of ZnO thin films deposited by the sol-gel technique
showed the films to have hexagonal wurtzite structure, with a crystal-
lite size of 48 nm.

From I[-V and C-V characteristics, the SBH decreased after alpha
particle irradiation and ideality factor and leakage current increased.
The DLTS technique was used to identify the defects in the ZnO thin
films before and after irradiation. It revealed defects before irradiation
with an activation enthalpy of 0.41 eV. The defect with energy level
0.35eV below the conduction band was observed after alpha particle
irradiation. The 0.35eV level was split using L-DLTS and found to
consist of two defects at 0.53 eV and 0.36 eV. The relative heights of the
peaks changed with biasing conditions, showing that the depletion re-
gion could be manipulated to profile through the ZnO-Si heterojunc-
tion.
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