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Abstract

Transparent semiconductor ZnO thin films were spin-coated onto alkali-free glass substrates by a sol–gel process. The influence of ZnO sols

synthesized via different solvents (2-ME, EtOH or IPA) on the surface morphologies, microstructures, optical properties and resistivities of the

obtained films were investigated. The as-coated films were annealed in ambient air at 500 8C for 1 h. X-ray diffraction results showed all

polycrystalline ZnO thin films to have preferred orientation along the (0 0 2) plane. The surface morphologies, optical transmittances and

resistivity values of the sol–gel derived ZnO thin films depended on the solvent used. The ZnO thin films synthesized with IPA as the solvent

exhibited the highest average transmittance 92.2%, an RMS roughness of 4.52 nm and a resistivity of 1.5 � 105 V cm.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) thin films

typically serve as the active channel layers in thin film

transistor (TFT) arrays that drive liquid crystal displays (LCDs)

and organic light-emitting device (OLED) displays. Recently,

ZnO-based TFTs have been attracted much interest as potential

replacements for a-Si:H TFTs. Moreover, ZnO-based TFTs

also have potential applications in flexible displays [1],

transparent electronics [2–4] and UV photodetecting devices

[5]. ZnO is an n-type oxide semiconductor material with a

direct wide bandgap (3.3 eV), large free exciton binding energy

(60 mV), a wide range resistivity (10�4 to 1012 V cm), high

electron Hall mobility (200 cm2 V s�1) and high transparency

at room temperature [6]. Moreover, ZnO is a cheap, abundant,

chemically stable and non-toxic material that has been widely
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used in microelectromechanical systems (MEMS), photovol-

taic devices and optoelectronic devices.

Polycrystalline ZnO-based thin films have been prepared by

means of various vacuum deposition techniques and chemical

solution deposition processes [7]. Chemical solution deposition

offers a simple, low-cost and large-area thin film coating

alternative to vacuum deposition techniques. The sol–gel

process is a widely known solution deposition technique. It not

only provides easy, low-cost preparation of a large-area thin

film, but also provides easy control over film composition and

uniformity of film thickness. Moreover, oxide film thickness

can be controlled by simple adjustments to solution viscosity or

coating conditions.

The fabrication process for large-size TFT-LCDs continu-

ously develops; manufacturing performance improves, the

number of processing steps declines and the costs of mass

production shrink. Amorphous Si TFTs have been produced by

thin film deposition, photolithography and etching, but the

fabrication of metal oxide TFTs by direct patterning

techniques, including inkjet printing [8,9], microcontact

printing [10,11] and nanoimprinting [12,13], can accomplish
d.
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Fig. 1. X-ray diffraction patterns of sol–gel derived ZnO thin films.
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the same results with a smaller number of process steps and at a

lower cost. However, this economical manufacturing method

needs appropriate ink materials or solution-type reagents. This

work reports on the preparation of ZnO transparent semi-

conductor thin films by a sol–gel process and a spin-coating

technique. This preparation includes solvents used to synthe-

size ZnO sols; these solvents have important effects on the

surface morphology, crystallization, microstructure, optical

properties and electrical resistivity of ZnO thin films.

2. Experimental

This research synthesized ZnO sols by taking Zn ions from a

zinc acetate material that was free of chlorine ions. First zinc

acetate dihydrate (Zn(CH3COO)2�2H2O) was dissolved in a

solvent (2-methoxyethanol, ethanol or isopropyl alcohol), and

then a monoethanolamine (MEA) stabilizer was added to the

mixed solution. The concentration of zinc ions was 0.75 M and

the molar ratio of solvent to zinc ions was maintained at 1.0.

Each complex solution was stirred with a magnetic stirrer at

60 8C for 2 h to yield clear and homogenous sols. Those were

aged for 48 h at room temperature before their use as coating

precursors. All ZnO sol–gel films were spin-coated onto pre-

cleaned glass substrates (Nippon Electric Glass OA-10 with a

size of 50 mm � 50 mm) at a speed of 3000 rpm for 20 s. After

which, the coated films were dried at 300 8C for 10 min, and

then annealed in ambiance air at 500 8C for 1 h in a tube

furnace.

The crystal structures of sol–gel derived ZnO thin films were

examined by X-ray diffraction (XRD, MAC Science MXP3 X-

ray diffractometer) with Cu Ka radiation. Plane views and

cross-sectional views of ZnO thin film micrographs were

observed via Field-Emission Scanning Electron Microscopy

(FE-SEM, Hitachi S-4800). The film’s surface morphologies

and surface roughness levels were examined by tapping mode

Scanning Probe Microscopy (SPM, Digital Instrument NS4/

D3100CL/MultiMode). The optical transmittance spectra of

these films were examined with a UV–vis spectrophotometer

(Shimadzu UV-1601). The sheet resistances of the ZnO

semiconductor thin films were measured by a contact type

resistive meter (Mitsubishi Chemical Co. MCP-HT450) at

room temperature.

3. Results and discussion

The crystal structures and crystallization of sol–gel derived

ZnO thin films were studied by X-ray diffraction. Fig. 1 shows
Table 1

Microstructures, optical properties and electrical resistivities of sol–gel derived Zn

Solvents Degree of

orientation of

the (0 0 2) plane

Average

crystallite

size (nm)

RMS

roughness

(nm)

2-ME 0.215 13.9 26.34

EtOH 0.232 11.5 7.06

IPA 0.234 11.6 4.52

a The average transmittance values were calculated the transmittance data of wa
the X-ray diffraction patterns of ZnO thin films synthesized by

different solvents. Results show these films to be polycrystallite

with a hexagonal wurzite structure and preferred orientation

along the (0 0 2) basal plane. The degree of orientation of

crystalline thin films collected in Table 1 have been calculated

by the following formula [14]:

f ðh k lÞ ¼
Pðh k lÞ � P0ðh k lÞ

1� P0ðh k lÞ ; (1)

where f (h k l) is the degree of (h k l) orientation, Pðh k lÞ ¼
Iðh k lÞ=

P
Iðh k lÞ and P0ðh k lÞ ¼ I0ðh k lÞ=

P
I0ðh k lÞ. Here

I(h k l) is the (h k l) peak intensity and
P

Iðh k lÞ is the sum of

the intensities of all peaks in the ZnO films’ diffraction data.

I0(h k l) is the (h k l) peak intensity and
P

I0ðh k lÞ is the sum of

the intensities of diffraction peaks in the recorded data of the

standard card (JCPDS 36-1451). It can be noted that ZnO films

synthesized with EtOH and IPA exhibited a higher degree of

orientation of the (0 0 2) plane compared to the films synthe-

sized with 2-ME.

Previous reports indicated that the crystal orientation of sol–

gel derived ZnO active layer exerts great influence over charge

transport and TFT mobility [15]. The preferential crystal

orientation of sol–gel derived ZnO thin films is related to the

solvents used, the MEA/Zn ratio, the sol concentration, the

coating parameters (film thickness), the heat treatment
O thin films.

Average

transmittancea

(%)

Bandgap (eV) Resistivity

(V cm)

85.4 3.22 5.6 � 102

92.1 3.26 8.6 � 104

92.2 3.27 1.5 � 105

velength from 550 to 850 nm.
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conditions, and the substrates used [14,16–21]. ZnO thin films

possess (0 0 2) orientation because such growth is kinetically

preferred. The highest density of Zn atoms is found along the

(0 0 2) plane [22]; that plane possesses the higher grain-packing

density [23].

The average crystallite size of the films estimated by the

Scherrer’s formula [24] is listed in Table 1, namely 13.9, 11.5

and 11.6 nm for films synthesized with 2-ME, EtOH and IPA,

respectively. ZnO films synthesized by using the low-boiling-

point solvents, EtOH and IPA, showed average crystallite sizes

about 20% smaller than those films synthesized using 2-ME.

Fig. 2 shows the surface micrographs of ZnO thin films

synthesized with various solvents. The plane view SEM

micrograph of the ZnO film synthesized with 2-ME shows

irregular fiber-like stripes and a wrinkle network (Fig. 2a).
Fig. 2. Plane view SEM micrographs of ZnO thin films. These sol–gel films

were synthesized from different solvents: (a) 2-ME, (b) EtOH and (c) IPA.
However, the micrographs of EtOH and IPA samples do not

display that appearance; rather, those micrographs display

superior surface flatness (Fig. 2b and c). The free surfaces of

sol–gel derived ZnO thin films tend to exhibit fiber-like stripes

and wrinkles when those films have undergone substantial loss

of OR (hydroxy or alkoxy) groups of coating precursors [25].

Thus, a relatively smooth surface can be obtained if the starting

materials provide enough OR groups.

Cross-sectional SEM micrographs of ZnO thin films (Fig. 3)

show the polycrystalline ZnO films to have a granular structure

and average thickness of about 170, 180 and 185 nm for films

synthesized with 2-ME, EtOH and IPA, respectively. Fig. 3a

and b is SEM micrographs of the 2-ME and EtOH samples; they

show some nano-voids and nano-pores in the films that could

degrade the quality of the film’s physical properties,
Fig. 3. Cross-sectional SEM micrographs of ZnO thin films. These sol–gel

films were synthesized by means of different solvents: (a) 2-ME, (b) EtOH and

(c) IPA.



Fig. 4. SPM images of ZnO thin films that were synthesized with (a) 2-ME and

(b) IPA solvents.
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respectively. The ZnO thin films synthesized with IPA show

superior surface flatness, more uniform film thickness, and

smaller average grain size; XRD measurements confirm these

results.

A SPM in tapping mode was used to examine the surface

roughness of the films over a 1 mm � 1 mm area. Two SPM

images of ZnO thin films (taken from 2-ME and IPA samples)

shown in Fig. 4 demonstrate that the solvents used in thin film

fabrication strongly influence the surface roughness of the ZnO

films. The RMS roughness of these thin films is given in

Table 1; thin films synthesized with EtOH and IPA had lower

RMS values, because EtOH and IPA reduced the average

crystallite size in the ZnO films, which produced smoother

surfaces. The ZnO thin films synthesized with IPA solvent

exhibited the smallest RMS value (4.52 nm) of all sol–gel

derived ZnO thin films investigated in this study.
Fig. 5. Optical transmittance spectra of sol–gel derived ZnO thin films. The

inset is the plot of (ahn)2 versus photon energy of thin film samples.
The optical transmittance spectra of ZnO films, with

wavelengths from 250 to 850 nm (Fig. 5) exhibited sharp

absorption edges in the wavelength region between 350 and

370 nm, and the EtOH and IPA samples’ transmittances

between 550 and 850 nm approached the transmittance of the

OA-10 glass substrate, respectively. The optical transmittance

spectrum of a ZnO thin film is expected to vanish in the UV

region. However, in this study, optical transmittance spectra in

the near UV region did not display high absorption

characteristics; this may be attributed to the poor crystallinity

[26] and to the nano-voids in the sol–gel derived ZnO thin films.

Table 1 lists the average transmittance of the ZnO thin films; the

2-ME sample exhibited worse optical transmittance (85.4%)

than the EtOH and IPA samples (>92.0%). A previous report

indicated that surface flatness strongly affects the transparency

of ZnO-based thin films [27]. The major reason for the poor

transparency of the 2-ME sample may be that its rough surface

scattered and reflected light.

The optical bandgap of a direct-transition semiconductor

thin film can be obtained by the analysis of the absorption edge

and application of the Tauc model [28]:

ðahnÞ ¼ Aðhn� EgÞ1=2; (2)

where a is the absorption coefficient, hn is the photon energy, A

is a constant and Eg is the optical bandgap. The absorption

coefficient (a) in the UV region of these ZnO thin films can be

calculated from I = Ioe�at, where I is the intensity of the

transmitted light, Io is the intensity of the incident light, and

t is the thickness of the thin film samples. The optical bandgaps

of ZnO thin films synthesized by using various solvents were

determined by extrapolation of the straight section of the plot of

(ahn)2 versus photon energy (inset of Fig. 5). Table 1 lists the

extrapolated bandgap values of ZnO thin films. The extrapo-

lated Eg values of EtOH and IPA samples are close to those of

previous reports (3.27 eV) [29,30], but smaller than that of ZnO

crystal (3.4 eV) [6]. The bandgap difference between the thin

film and crystal might be due to the grain boundaries and

imperfections in the polycrystalline thin films [31].

Undoped ZnO films that possess excess interstitial ZnO ions

or oxygen vacancies can contribute free electrons for electrical

conduction. ZnO-TFT devices with high carrier concentration

active layers exhibited high off-state currents, and have

operated as n-channel depletion-mode TFTs [32]. Enhance-

ment-mode transistors are preferable to depletion-mode

transistors because it is not necessary to apply a gate voltage

to switch off enhancement-mode devices. In order to produce

an enhancement-mode transistor and to enhance the perfor-

mance of a ZnO-TFT device, the background electron

concentration must be reduced in order to increase the carrier

mobility.

It was difficult to measure the Hall mobility of the ZnO

semiconductor thin films potentially used as the active channel

layer in the TFTs, due to their high resistivity. Therefore, their

electrical properties were measured using a high resistivity

meter. The resistivity of each sample can be calculated by

multiplying the sheet resistances by the film thickness. Table 1
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shows that the 2-ME sample exhibited a resistivity of

5.6 � 102 V cm, and that the resistivities of the EtOH and

IPA samples were 8.6 � 104 and 1.5 � 105 V cm, respectively.

The EtOH and IPA samples exhibited higher resistivities

possibly due to the grain-boundary trapping of mobile carriers.

ZnO film synthesized with IPA had a resistivity of 1.5 � 105;

this figure was close to the values reported for films fabricated

by RF magnetron sputtering [33]. For these the best field-effect

mobility for ZnO-TFTs was over 2 cm V s�1.

4. Conclusions

High quality, highly transparent ZnO semiconductor thin

films have been successfully prepared by a sol–gel spin-coating

process. All thin film samples exhibited a preferred orientation

of the basal plane of wurtzite-type ZnO crystal. Compared to

ZnO thin films synthesized with 2-methoxyethanol solvent,

films synthesized by using solvents of ethanol or isopropyl

alcohol had markedly lower surface roughness, improved

transparency in the visible range, and finer average crystallite.

The ZnO thin film synthesized with IPA exhibited the smallest

RMS roughness, 4.52 nm, the best average transparency 92.2%

and the highest resistivity, 1.5 � 105 V cm.
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