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Techniques for fabricating solution-processed zinc oxide (ZnO)-based thin-film transistors (TFTs) are feasible with solution
using various routes. Here, ZnO TFTs were fabricated via sol-gel method using zinc acetate as the starting reagent with differ-
ent modifiers and solvents. The ZnO thin-film semiconductors with well-controlled, preferential crystal orientation and densely
packed ZnO crystals can be prepared with the optimized fabrication conditions, exhibiting excellent field-effect far exceeding
those of hydrogenated amorphous silicon (a-Si:H). However, the field-effect characteristics of ZnO TFTs were different for
different precursor systems which were constituted by zinc acetate, modifiers and solvents. The co-modification of acetoin and
monoethanolamine for the precursor system exhibited higher extent of crystal orientation and field-effect. The maximum mo-

bility of 7.65 cm®V~'s™" and current on-to-off ratio of ~10° — 10° have been obtained.
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1 Introduction

The innovative technologies for transparent electronics have
been eagerly researched and developed in the past decade.
Numerous applications and designs have been developed,
such as transparent conducting electrodes, light emission,
sensing devices, optical wave guide devices, head-up dis-
plays in windshields of cars or planes, and transparent ac-
tive-matrix displays including transparent flat-panel TVs,
etc [1-4]. Being the key active device for logic integrated
circuits and memories, the most prevalent transparent
field-effect transistors (FETs), are made of metal-insulator-
semiconductor FET based on zinc oxide (ZnO) and related
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oxides [4-6].In the near future, they are most likely to sub-
stitute amorphous silicon thin-film transistors in active-
matrix displays due to their excellent environmental stabil-
ity, non-toxic nature, transparency and superior electronic
properties (electron mobility and on/off-ratio), that are nec-
essary to drive future display formats such as ultra-high
definition and higher frame rates.

The fabrication of oxide semiconductor devices is gener-
ally based on multiple photolithographic steps and vacu-
um-deposition processes [4—13]. Solution-processed, high-
performance semiconductors have been considered for the
manufacturing of low-cost thin-film transistor (TFT) arrays/
circuits through newly developed roll-to-roll [12-26]. To
date, a variety of soluble organic semiconductors have been
extensively explored as potential materials with desirable
electrical characteristics [17, 18, 21, 24]. However, these
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soluble organic semiconductors still have limitations owing
to their relatively inferior electronic properties, bias/enviro-
nmental-stress induced instability, and process-dependent
performance variation, all of which make them difficult to
be employed practically. In contrast, inorganic semicon-
ductors have been solution-processed into high performance
semiconductors that have better electronic properties and
stability in comparison to organic semiconductors [19, 20,
22, 23, 25-31]. In addition, much effort has been directed
toward generating high-performance ZnO-based oxide
semiconductors in the last decade [12,13].

Zinc oxide film can be formed by using a variety of solu-
tion processes, such as printed electronics [13, 32], nanopar-
ticle or nanowire-based ZnO semiconducting layers based
on colloidal processes [33—39], and chemical bath deposi-
tion [40—46], etc. Among the methods of solution-processed
semiconductor film fabrication, the sol-gel method offers
the advantages of being inexpensive and ease of the deposi-
tion [47-56]. The key to the sol-gel method involves the
preparation of a stable solution for the deposition. In order
to apply the sol-gel derived ZnO film for a wide range of
applications with high performance, the tailoring of the
crystallographic orientation and the microstructure of the
film is of great importance. Li et al. developed an approach
of sol-gel processed ZnO thin-film semiconductor for TFTs
through thermally annealing a solution for fabricating ZnO
precursor film [48-50], which demonstrated as a superior
FET in TFTs with high c-axis orientation perpendicular to
the substrate surface of polycrystalline ZnO thin-film. These
studies systematically explained influence of the fabrication
conditions on the FET for ZnO TFTs [50]. By optimizing
the fabrication process, such as the order of concentration of
precursor system in every coating cycle and the temperature
of thermal annealing, etc., the prepared ZnO TFTs exhibited
high FET mobility and current on/off ratio, far exceeding
than those of amorphous silicon and other similar thin-film
semiconductors. In this work, it was found that the FET
performance of ZnO TFTs fabricated by sol-gel process was
also greatly influenced by the compositions of the precursor
systems which were constituted by zinc acetate, modifiers
and solvents. o-Hydroxyketones and their ethanolamine
derivatives are very effective modifiers for the preparation
of precursor solutions for semiconductor metal oxides [57—
59]; considering this, we studied the results of the sol-gel
ZnO TFTs. Under similiar optimized fabrication condition,
a co-modification of the mixture of acetoin and monoethan-
olamine for the precursor system can exhibit a high degree
of crystal orientation and field-effect. The maximum mobil-
ity of 7.65 cm®*V~'s™" and current on-to-off ratio of ~10° —
10° were obtained.

2 Experimental Procedures

Precursor solutions for fabricating ZnO thin films were
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constituted of zinc source salt, modifiers and solvents. Zinc
acetate dihydrate was employed as zinc source; Monoeth-
anolamine, diethanolamine and the mixture of acetoin and
monoethanolamine with 1:1 molar ratio were employed as
modifiers; and 2-propanol and methoxyethanol were em-
ployed as solvents. Precursor solutions were prepared by
dissolving zinc acetate dihydrate and modifiers with a 1:1
molar ratio in solvents. Precursor-1 solution was constituted
of zinc acetate dehydrate, diethanolamine and methoxy-
ethanol; Precursor-2 solution was constituted of zinc acetate
dehydrate, diethanolamine and 2-propanol; Precursor-3 so-
lution was constituted of zinc acetate dehydrate, monothan-
olamine and methoxyethanol; Precursor-4 solution was
constituted of zinc acetate dehydrate, monothanolamine and
2-propanol; Precursor-5 solution was constituted of zinc
acetate dehydrate, mixture of acetoin and monoethanola-
mine and 2-propanol. By diluting with different volumes of
solvents, precursor solutions with the zinc concentration
being 0.05, 0.1 and 0.25 M were prepared respectively.

The bottom-gate and top-contact device design was used
in our ZnO TFTs; a typical device structure of which is
shown in Figure 4(a). The ATO/ITO/glass substrate for
ZnO channel, supplied by Planar Systems Inc, was struc-
tured by a glass substrate coated with a 260 nm thick layer
of sputtered indium tin oxide (ITO) and a 180 nm thick lay-
er of aluminum-titanium oxide (ATO) deposited by atomic
layer deposition. ITO is a highly transparent, n-type con-
ductor and served as the gate electrode. ATO, which acted
as the gate dielectric, is an engineered insulator consisting
of a super-lattice of alternating layers of Al,O; and TiO,.
The average capacitance of the ATO layer measured was 70
nF cm™. The channel was based on sol-gel processed ZnO
thin film, of which every deposition was done by a cycle of
precleaning, oxygen plasma, spin-coating, preheating and
annealing: The substrate was treated with a standard acetone
and isopropanol precleaning, followed by blow dry with a
clean dry nitrogen gas, and subsequently, subjected to oxy-
gen plasma. Precursor solution of a specified concentration
was spin-coated atop the ATO layer with the speed of 1000
r/min for 1 min. The gel film was preheated on a hot plate at
180°C for 10 min, and then instantly annealed at a preset
temperature (400°C—600°C) in ambient air for 30 min to
convert the zinc precursor into ZnO. ZnO thin films were
obtained by three such cycles with the zinc concentration of
precursor solution in every deposition being 0.05, 0.1 and
0.25 M consecutively. To fabricate thin film transistors, 250
nm thick zinc source/drain electrodes were thermally evap-
orated through a shadow mask onto the ZnO film. The
source/drain contact dimensions were 90 pm of length (L)
and 600 pm of width (W). To make electrical contact with
the ITO gate, scratches were made through to the ATO lay-
er and zinc thin films were deposited in them by vacuum.
After fabrication, the TFT devices were left for 48 hours
before electrical characterization to ensure achievement of
stable FET characteristics. The measurement of electrical
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characteristics of the TFT devices was performed with ref-
erence to our previous work [50].

The structure and characteristics of the materials were
analyzed by field emission scanning electron microscopy
(FE-SEM, AMRAY-1910), X-ray diffraction (XRD, Rigaku
Dy YA X-ray diffractometer with Cu-Ko radiation, A=
0.154178 nm) and atomic force microscopy (AFM, VEECO
Multi-Mode with Nawo-Scope IV Controller).

3 Results and Discussion

The used precursor solutions—a mixture of zinc acetate and
modifiers in solvents, the modifiers used in precursor solu-
tions acted as stabilizing agent to stabilize the formed sol
and its gel film, thereby influencing the structure of the fab-
ricated ZnO thin films. The thermogravimetric and differen-
tial thermal analyses [58—60] indicated that the crystalliza-
tion and crystal growth took place largely between 400°C to
600°C during annealing processes in air. It suggested that an
annealing temperature range of 400°C-600°C would be
necessary for the fabrication of ZnO crystal film.

X-ray diffraction pattern (XRD) of the ZnO crystalline
thin films fabricated from every precursor system is shown
in Figure 1. It indicates that ZnO has a Wurtzite structure in
crystalline thin films, and shows only the (002) peak at
34.4°, conclusively demonstrating a crystalline ZnO thin
film with a hexagonal structure and preferred orientation of
its c-axis being perpendicular to the substrate. 2-propanol
and methoxyethanol both have barely any effect on the peak
intensity. However, XRD traces of ZnO semiconductor thin

Intensity

Figure 1 XRD patterns of ZnO thin films on ATO/ITO/glass fabricated
from precursor-1 solution (a), precursor-2 solution (b), precursor-3 solution
(c), precursor-4 solution (d) and precursor-5 solution (e), respectively; and
by using the annealing temperature (7,) of 400°C, 500°C and 600°C, re-
spectively.
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films display a progressive increase in (002) peak intensity
with increasing annealing temperatures. For the ZnO thin-
films fabricated from precursor-3 and precursor-4 system,
the (002) peak intensity gradually increases from annealing
temperature of 400°C to 600°C. Similarly, for the ZnO thin
films from precursor-1 and precursor-2 system, the (002)
peak intensity increases slowly with the annealing tempera-
tures of 500°C to 600°C. For the ZnO thin film from pre-
cursor-5 solution, with the co-modifier of acetoin and mo-
noethanolamine, distinct increase is exhibited with the in-
creasing annealing temperature and the strongest intensity is
displayed at the annealing temperature of 600°C compared
to other samples. The SEM images of the ZnO crystalline
films from precursor-5 system, as shown in Figures 2(a)—(d),
demonstrates that the sizes of ZnO particles are obviously
expanding at the annealing temperature ranging from 400°C
to 600°C. In comparison, the particle sizes of ZnO films
from precursor systems modified with monoethanolamine
or diethanolamine alone weakly increased from the anneal-
ing temperature of 500°C to 600°C (not shown here). An-
nealed at 600°C, the size of ZnO crystalline particles fabri-
cated with precursor-5 system was about 50-80 nm, larger
than those with the precursor systems containing only mo-
noethanolamine or diethanolamine, as shown in Figure 2,
which were general below 50 nm. This is in consistence to
the XRD results. ZnO crystalline films fabricated from pre-
cursor systems with the modified monoethanolamine de-
monstrate some plicate structure on surface, as shown in
Figures 2(g) and (h). By comparing Figures 2(e) and (f),
Figures 2(g) and (h) respectively, it can be demonstrated
that the role of the solvent was insignificant for the particle
sizes and the surface structure.

The preferred crystal orientation during the annealing
process could be determined by several factors. The gel film
was expected to decompose first from an atmosphere-film
interface due to the compositional gradient. The initial ZnO
crystal nuclei were formed and oriented at the interface
during the pre-heating stage. While heated instantly up to a
pre-set high temperature, the gel films experienced higher
heating rates. The vaporization, decomposition and crystal-
lization of gel films occurred within a short period. The
ZnO crystalline nuclei grew larger by consuming amor-
phous ZnO during annealing, and the rapid heating gave the
film less opportunity to relax structurally, resulting in an
oriented texture. By contrary, if the heating rate was low,
the gel film had enough time before crystallization; thereby
resulting in randomly oriented crystals [50]. In addition,
there was large volume contraction during the change from
sol to gel with the successive decomposition of gel caused
tensile stress parallel to the substrate surface. This stress
might be helpful for the formation of the oriented structure
[58, 61]. The plicated structure of the ZnO films involving
modified monoethanolamine might be due to its low de-
composition temperature [59]. Once the ZnO crystal is
formed on the surface of the coated film at a relatively low
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Figure 2 SEM images of ZnO semiconductor thin films deposited on
ATO/ITO/glass. (a) From precursor-5, T,: 600°C; (b) cross-section of ZnO
thin film, from precursor-5, T,: 600°C; (c) from precursor-5, T;,: 500°C; (d)
from precursor-5, T,: 400°C; (e) from precursor-1 solution, 7,: 600°C; (f)
from precursor-2, T,: 600°C; (g) from precursor-3, T,: 600 °C; (h) from
precursor-4, T,: 600 °C.

temperature, the fluidic interior of the film could cluster
under capillary force to form the plicated structure. Moreo-
ver, the decomposition of monoethanolamine at a low tem-
perature was strictly along with the growth of ZnO crystal
growth, which diminished the effect of a higher temperature
on the crystalline structure of ZnO films. The crystal growth
might mainly be completed at a lower temperature; while
the crystal structure was hardly changed at higher tempera-
ture. Therefore the XRD peak intensity and grain sizes of
ZnO crystalline films from monoethanolamine modified
precursor system gradually increased with increasing tem-
perature. In ease of the precursor system modified with di-
ethanolamine; considering that the crystallization and crys-
tal growth basically completed below 500°C [48], the fab-
ricated ZnO crystalline films also demonstrated weak in-
crease in XRD peak intensity and grain sizes at the anneal-
ing temperature of 500°C to 600°C. For the precursor sys-
tem co-modified with monoethanolamine and acetoin, the
reaction of monoethanolamine and acetoin generated imine
and resulted in a higher decomposition temperature of the
gel [56, 58], alongwith the crystallization process and crys-
tal growth that can also be well processed at a higher tem-
perature. Therefore, the ZnO crystalline film from precur-
sor-5 system displayed noticeably increased (002) peak of
XRD and grain sizes as the annealing temperature was in-
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creased, much larger than those from the precursor systems
with a single modifier annealed at 600 °C.

Figure 3 shows the AFM topographic images of the sur-
faces of the ZnO films from each precursor system after
annealing at 600°C. The difference in height along the sur-
face of the ZnO film from precursor-5 system, as shown in
Figure 3(e), was smaller compared to other samples, indi-
cating its surface had the lowest roughness due to the ex-
panding crystalline grains, which enhanced the density of
the crystalline film, decreased the porosity and made highly
uniform distribution of crystalline particles. The plicated
structure of the surfaces of ZnO films from monoethanola-
mine modified precursor systems led to a high surface
roughness with huge height differences along the surface of
the ZnO films, as shown in Figures 3 (c) and (d). By com-
paring Figures 3 (a) and (b), Figures 3 (c) and (d) respec-
tively, it was evident that the solvents had little contribution
to the roughness of ZnO films. Experimental results demon-
strated that the crystal structure of ZnO films was weakly
influenced by the solvents. The preheating stage is a key
reason in which the solvent was evaporated and a dense gel
film was formed before annealing treatments. The tempera-
ture of preheating (180°C) was higher than the boiling
points of the solvents and lower than the temperatures of
decomposition and crystallization of the gel films, thus the
newly formed gel films could have similar properties after
the evaporation of the different solvents.

In Figure 2 (b), a SEM of cross-section of ZnO thin film
fabricated from precursor-5 system at annealing temperature
of 600°C indicates that the ZnO film was densely coated on
ATO/ITO/glass substrate with a thickness of about 45 nm,
which was adequate for exploiting the device performance.
The other samples also possessed a similar level of the
thicknesses of ZnO film. Bottom-gate, top-contact TFTs
were constructed on a ATO/ITO/glass substrate using ATO,
ITO, and vacuum deposited thin-film Zn metal, respectively,
as gate dielectric, gate electrode, and source/drain elec-
trodes (Figure 4 (a)). The measured FET activity of ZnO
TFTs with sol-gel ZnO channels from each precursor sys-
tem by using the annealing temperature of 600°C is shown
in Figure 4 (b). The output curves exhibit clear pinch-off
and current saturation indicating that the operation of the
TFT devices conformed to standard FET theory and the
Fermi level in the channel was effectively controlled by the
gate bias [62]. The TFT is operated as an n-channel en-
hancement mode device, as evident from the fact that little
drain current occurred at a gate bias of 0 V. A positive gate
bias was required to generate carriers, thereby a conducting
channel was induced and the channel conductivity was in-
creased with increasing positive gate bias [4, 62]. In ZnO
crystalline, excess of interstitial Zn ions or oxygen vacan-
cies can contribute free electrons for electrical conduction
[63]. Increasing the gate voltage raised the number of ac-
cumulated charges available in the channel to fill localized
traps. As the traps became filled, additional charges might
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Figure 3 AFM topography images and typical line scans of ZnO samples prepared from all precursor solution after annealing at 600°C. (a) From precur-
sor-1; (b) from precursor-2; (c) from precursor-3; (d) from precursor-4; (e) from precursor-5.

be transported with the intrinsic mobility of the delocalized
semiconductor bands [4]. The mobility values extracted
from the measured electrical characteristic plots can be
compared with the previous work [4, 62,64].

It is believed that for efficient charge transport in TFTs
along the semiconductor channel length, the most favorable

ZnO crystal orientation would be one with its (002) plane
parallel to or its c-axis perpendicular to the substrate for
reason that the charge carriers are apt to transport along the
paths parallel to the channel length [50, 65], while the ran-
domly oriented crystalline in ZnO channel would result in
low FET properties [50]. Experiments also indicated that



2158 Dong YM, et al.

Channel-ZnO

Dielectric-ATO

Gate-ITO
Substrate-glass

Sci China Tech Sci

November (2014) Vol.57 No.11

Drain current (A)

=== TFT from precursor-4
weses TFT from precursor-3

=== TFT from precursor-2

TFT from precursor-1
=== TFT from precursor-5

Figure 4 (a) Schematic structure of the TFT device; (b) the plots of drain current, Ips, versus gate voltage, Vs, at constant drain voltage, Vps = 50 V, of the
ZnO TFTs fabricated from every precursor system by using the annealing temperature of 600 °C.

the FET activities of the TFTs with sol-gel ZnO channels
were improved as the annealing temperature was increased,
reflecting that the expanding crystalline grains and higher
extent of crystal orientation in ZnO channels enhanced the
FET performances due to the reduction of Schottky barrier,
the trapping and scattering of charge carriers and promoting
transportation of charge carriers [4, 66]. Moreover, our work
demonstrated that the optimum sol-gel ZnO film could be
obtained by multi-deposition with the precursor solutions
where their concentration would increase step by step and
this was apt to form a higher density of the crystalline film
with superior FET activities for ZnO TFTs [50]. Experiment
results indicated that every precursor solutions could be
used in order to obtain maximum FET activities of ZnO
TFTs with a low process cost. Incidentally, ZnO thin films
should be fabricated by deposition with the zinc concentra-
tion of precursor solution thrice and every deposition being
0.05, 0.1 and 0.25 M in turn. This optimal concentration
order is consistent to the results of our previous work [50].
The ZnO TFT with sol-gel ZnO channel from precursor-5
system annealed at 600°C demonstrated the best FET per-
formance, which could be attributed to its strongest (002)
peak of XRD (Figure 1), the largest grain sizes (Figure 2)
and the flattest surface (Figure 3). It is the most regular
crystal-plane orientation to let the charge carriers effectively
transport along the paths parallel to the channel length with
the lowest resistance and carrier scattering. Large grain siz-
es increased the density of the crystalline film and de-
creased the boundaries between the grains or domains, thus,
dropping the Schottky barrier, and diminishing the trapping
and scattering of charge carriers in these areas. Flat surface
reduces the trapping and scattering of charge carriers in
channel—dielectric interfaces and promotes transportation of
the charge carriers. The extracted saturation mobility and
current on-to-off ratio from the transfer plot (Figure 4 (b)) at

drain voltage (Vps) of 50 V and gate voltages (V) of -20 to
60 V for this TFT device were 7.65 cm”* V™' s' and 7.33 x
10°, respectively. The extracted saturation mobility of ZnO
TFT devices fabricated from precursor-1 and precursor-2
systems was 5.18 and 5.24 cm® V™' s7', respectively. Their
current on-to-off ratios were also ~10°~10°. The ZnO TFTs
fabricated from precursor-3 and precursor-4 system which
were modified by monoethanolamine demonstrated relative
low FET performances, their extracted saturation mobilities
them were 1.75 and 1.88 cm”® V's™', respectively. Their
current on-to-off ratios were ~10°-10°, which were consid-
erably inferior. The reason was due to their plicated struc-
ture on surface, as shown in Figures 2 (f) and (g), which
would increase the trapping and the scattering while drop
the transport efficiency of the charge carriers during the
transport process. Moreover, this plicated structure in sur-
face also increases the interfacial contact resistance between
semiconductor channel and electrode materials, resulting in
an inferior FET performance. The experiment results shown
in Figure 4 also indicates that the role of the solvent was of
little significance for the FET performances of ZnO TFTs
due to its limited influence on the crystal structure of the
sol-gel ZnO films.

Through the measurement of optical absorbance spec-
trum, the optical transmittance of all the ZnO TFTs was
above 80% in the spectral range of visible light, which is an
advantage in electronic driver for displays.

4 Conclusions

Transparent conductive oxides are promising candidates for
manufacturing transparent electronics for display applica-
tions. The use of solution-processing techniques allows a
dramatic reduction in cost per unit area of electronic func-
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tionality. By optimizing the deposition processes, it is pos-
sible to construct the solution-processed transparent semi-
conductor films that offer enhanced performance compara-
ble to those fabricated by physical methods, in addition to
being economical.

In this work, we prepared stable and highly mobile ZnO
thin-film transistors through sol-gel process. Monoethano-
lamine, diethanolamine and the mixture of acetoin and mo-
noethanolamine were examined as sol-gel modifiers for a
preparation of ZnO TFTs. When the modified sol was used
in the ZnO film preparation by rapid heating, c-axis orien-
tated ZnO grains were crystallized. The extent of the crystal
orientation, grain sizes and the surface flatness of the re-
sultant ZnO film from the sol co-modified with acetoin and
monoethanolamine were greater than those of the films
from the sol modified by monoethanolamine or diethanola-
mine alone. Results of optimization of fabrication condi-
tions have shown that, TFTs incorporating sol-gel ZnO
channel semiconductors possess excellent FET characteris-
tics. TFT with ZnO channel fabricated from the co-modified
sol by acetoin and monoethanolamine with the annealing
temperature as 600°C exhibited the highest field-effect per-
formance, the maximum mobility of 7.65 cm?VIs™ and the
current on-to-off ratio of ~10°-10°. The excellent FET
characteristics of the sol-gel ZnO TFTs are appropriate
enough for enhancing the brightness and resolution of active
matrix organic light-emitting diodes and is applicable for
the switching devices in active-matrix flat-panel displays
[67,68]. The performance was largely endurable, highly
consistent and reproducible with little transistor-to-transis-
tor variation.

This work was supported by the Major State Basic Research Development
Program of China (Grant No.10332020).
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