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ELECTRICAL PROPERTIES OF AlI-DOPED ZnO
NANOSTRUCTURES PREPARED BY RF SPUTTERING

Ekasiddh Wongrat, Supab Choopun*, Pongsri Mangkorntong, and Nikorn
Mangkorntong

Department of Physics, Faculty of Science, Chiang Mai University, Chiang Mai
50200 Thailand

ABSTRACT

Al-doped ZnO nanostructures with 1% Al by mole were synthesized by RF magnetron
sputtering. The growth conditions such as power, argon pressure and time were optimized in
order to obtain the nanostructures. From FE-SEM results, ZnO:Al nanostructures on the front
side of copper substrate exhibited a pine-like structure with diameter ranging from 30-100 nm
but ZnO:Al nanostructures on the back side of copper substrate exhibited a wire-like structure
with diameter ranging from 10-100 nm. The resistivity of ZnO:Al nanostructure is in the order
of 10% Q.cm at 300 K which is lower than that of undoped ZnO thin film. From Hall
measurement, ZnO:Al exhibited an n-type semiconductor with the carrier concentration of
about 1x10% cm™ and Hall mobility of 3 cm?Vsat room temperature. The behavior of
temperature dependence on carrier concentration and Hall mobility of ZnO:Al nanostructure
could be explained by ionization energy of donor impurities and lattice scattering,
respectively. The obtained electrical information would be useful for further applications of
ZnO:Al nanostructure.

KEYWORDS: ZnO, Al-doped ZnO, RF sputtering, nanostructures, Hall measurement

1. INTRODUCTION

The impurity doping is a key technology in semiconducting technology. It can be done by
introducing controlled amounts of impurity dopants into semiconductor. The practical use of
impurity doping has been mainlyused to change the electrical properties of the
semiconductors. The doping with impurity for producing p-type and n-type is a great
importance in modern electronic applications because of the majority devices are based on the
p-n junctions such as bipolar transistor, thyristor, MOSFET (metal oxide semiconductor field-
effect transistor) and light emitting diodes.

Al-doped ZnO (ZnO:Al) is a n-type semiconductor that has attracted much attention
due to low resistivity, high carrier concentration, non toxicity, low cost, and high stability
against hydrogen plasma [2]. ZnO:Al has been widely used as transparent conducting oxide
(TCO) to fabricate transparent electrodes for solar cells, flat panel display devices [3] and
light-emitting diodes [4].

Recently, nanostructure is one of a focal topic in research community. The
nanostructures are interested due to some distinct properties from bulk or thin film such as
high surface-to-volume ratio. The nanostructures can be synthesized by many techniques such
as chemical vapor deposition (CVD) [5], pulsed laser deposition (PLD) [6], thermal
evaporation, heated at different temperature [7] and sputtering technique [8].

The synthesis of doped ZnO nanostructures have been reported, for example, S.M.
Zhou and X.H. Zhang have synthesized single—crystal Sc—doped ZnO nanowires by using (Sc
+ Zn) powders that were quickly heated to 850°C under 50 sccm oxygen gas flow at a

*Corresponding author. Tel:053-943375 Fax:053-357511
E-mail:supab@science.cmu.ac.th




pressure of about 10 torr for 1 hour and cooled at room temperature. The obtained nanowires
have a diameter of about 40 nm [9]. G. Shen and J.H.cho have synthesized sulfur—-doped ZnO
nanowires by a very simple chemical solution—conversion process at room temperature. They
have obtained the nanowires of 80 nm in diameters and 2 — 10 um in length [10]. A. Rahm
and G.W. Yang were successfully synthesized two—dimensional ZnO:Al nanosheets by
carbothermal evaporation. The nanostruntures of ZnO:Al have the thickness of the vertically
aligned ZnO:Al nanograss—blade of 20 — 80 nm and their height of 5 - 15 um [11].

Also, we have recently synthesized ZnO nanobelts on copper substrate by radio
frequency magnetron sputtering. In this work, Al-doped ZnO nanostructures were synthesized
by radio frequency magnetron sputtering on copper and quartz substrate. Electrical properties
of this structure were investigated via Hall measurement for resistivity, carrier concentration
and Hall mobility.

2. MATERIALS AND METHODS

Al-doped ZnO nanostructures were synthesized on copper and quartz substrates by radio
frequency magnetron sputtering using a ZnO target with 1 % Al by mole with the growth
conditions similar to our previous report [8]. The morphology of the nanostructures was
characterized by field emission scanning electron microscope (FE-SEM) and electrical
properties were studied via Hall measurement for resistivity, carrier concentration and Hall
mobility. The Hall measurement was performed on the nanostructures sputtered on quartz
substrate using van der Pauw method at magnetic field of 0.6 T and at temperature from 18 K
to 420 K.

3. RESULTS AND DISCUSSION

The colour of as-deposited ZnO:Al products on both copper and quartz substrate is white
indicating some nanostructures. A typical FE-SEM images of ZnO:Al nanostructures on the
front side of copper substrate were shown in Figure 1 (a) and (b) with magnification of 2500
and 10000, respectively. A pine-like structure with a diameter ranging from 30-100 nm has
been observed. Also, it can be clearly seen that a tip of the nanostructure is sharp.

However, ZnO:Al nanostructures on the back side of copper substrate exhibited
different morphology as shown in FE-SEM images of Figure 2 (a) and (b) with magnification
of 2500 and 10000, respectively. A wire-like structure with a diameter ranging from 10-100
nm has been observed. The reason for different structure at front side and back side of copper
substrate is may be due to the difference of zinc oxide vapor pressure at front side and back
side but the detailed study is an on-going research.
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Figure 1 FE-SEM images of ZnO:Al nanostructures on the front side of copper substrate at
magnification of (a) 2500 and (b) 10000
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Figure 2 FE-SEM images of ZnO:Al nanostructures on the back side of copper substrate at
magnification of (a) 2500 and (b) 10000

The temperature dependence on resistivity of ZnO:Al nanostructure from electrical
measurement was shown in Figure 3. The resistivity of ZnO:Al nanostructure is in the order of
102 Q.cm at 300 K comparing with undoped ZnO thin film of 1 Q.cm. The resistivity

increases as the temperature decreases which is a common behavior of a general
semiconductor [1].
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The temperature dependences on carrier concentration and Hall mobility of ZnO:Al
nanostructure from Hall measurement were shown in Figure 4. A sign of a carrier
concentration is negative indicating the carrier is electron and confirming ZnO:Al is an n-type
semiconductor. At low temperature, the carrier concentration is almost constant because the
thermal energy is not sufficient to ionize all donor impurities in the crystal [1]. The electron
concentration is less than the donor concentration because some electrons are frozen at donor
level. This region is called extrinsic region. At higher temperature, the carrier concentration
increases exponentially because the thermal energy can ionize electron from donor level to
conduction band as the common relation of exp(-E4/2ksT). Moreover, the carrier
concentration at room temperature is about 1x10% cm>.

The value of Hall mobility increases as temperature decreases and almost constant at
low temperature. This is mainly due to lattice scattering mechanisms [1]. The lattice scattering
results from thermal vibrations of lattice atoms at the temperature above absolute zero. At low
temperature, the lattice weakly vibrates, hence, the mobility is almost temperature
independence. At higher temperature, the lattice vibration is very strong leading to a strong
lattice scattering and Hall mobility decreases as temperature increases.

4. CONCLUSIONS

We have successfully synthesized Al-doped ZnO nanostructures by radio frequency
magnetron sputtering on copper and quartz substrate. From FE-SEM results, ZnO:Al
nanostructures on the front side of copper substrate exhibited a pine-like structure with
diameter ranging from 30-100 nm but ZnO:Al nanostructures on the back side of copper
substrate exhibited a wire-like structure with diameter ranging from 10-100 nm. The
resistivity of ZnO:Al nanostructure is in the order of 10 Q.cm at 300 K which is lower than
that of undoped ZnO thin film. From Hall measurement, ZnO:Al exhibited an n-type
semiconductor with the carrier concentration of about 1x10?° cm™ and Hall mobility of 3
cm’/Vs at room temperature. The behavior of temperature dependences on carrier
concentration and Hall mobility of ZnO:Al nanostructure could be explained by ionization
energy of donor impurities and lattice scattering, respectively. The obtained electrical
information would be useful for further applications of ZnO:Al nanostructure.
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