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Transparent semiconductor thin films of Zn;_ Mg O (0 <x <0.36) were
prepared using a sol-gel process; the crystallinity levels, microstructures, and
optical properties affected by Mg content were studied. The experimental
results showed that addition of Mg species in ZnO films markedly decreased
the surface roughness and improved transparency in the visible range. A
Zn_Mg,O film with an x-value of 0.2 exhibited the best average transmit-
tance, namely 93.7%, and a root-mean-square (RMS) roughness of 1.63 nm.
Therefore, thin-film transistors (TFTs) with a ZnggMg, 20 active channel
layer were fabricated and found to have n-type enhancement mode. The
7Zng sMgo 2O TFT had a field-effect mobility of 0.1 cm?/V s, threshold voltage of
6.0 V, and drain current on/off ratio of more than 107.
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INTRODUCTION

Wide-bandgap (>3 eV) metal oxides such as zinc
oxide (ZnO), tin oxide (SnOy) and indium tin oxide
(ITO) have been extensively used for optoelectronic
devices. Among these materials, ZnO is nontoxic
and has high transparency and high crystallinity.
When prepared in the low-temperature region, ZnO
is a promising candidate for transparent field-effect
transistors (TFETSs) and transparent electronic cir-
cuit applications. Its unique electrical and optical
properties have made it popular for use in varistors,
chemical sensors, and piezoelectric devices.
Recently, interest in ZnO thin films has focused on
solar cell and flat-panel display applications, such
as the window layer for thin-film solar cells, trans-
parent conductive layer for touch panels, and active
channel layer for thin-film transistors (TFTs). ZnO
is an n-type oxide semiconductor material with a
direct wide bandgap of 3.3 eV. Its electrical char-
acteristics can be controlled by doping or incorpo-
rating ternary elements such as Al, Ga, and In.’
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The carrier mobility of pure ZnO exceeds the field-
effect mobility of the hydrogenated amorphous sili-
con (a-Si:H) that serves as the active channel layer
in typical TFT arrays. Additionally, transparent
semiconductor ZnO thin films can be prepared in air
under atmospheric pressure. Because ZnO may
replace hydrogenated amorphous silicon as an active
layer, it is presently attracting much attention.

The solution-based process offers a simple, low-
cost, and large-area thin-film deposition method as
an alternative to the vacuum deposition techniques
of physical or chemical vapor deposition (PVD or
CVD). Metal oxide semiconductors formed from the
solution process might enable maskless processes,
such as inkjet printing,? to improve the manufac-
turing throughput of microelectronic devices. The
sol-gel process is a solution process that is com-
monly used for polycrystalline oxide thin-film
deposition. ZnO-based semiconductor films have
been used as the active channel layer in TFTs.*™®
Kwon et al.” indicated that control of the carrier
density of the active channel layer in ZnO-based
TFTs is a challenge because the active channel layer
supplies high carrier density that will conduct when
an applied gate voltage is absent. The ionic radius of
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Mg?* (0.65 A) is smaller than that of Zn%* (0.74 A),
and thus the limit of solid solubility of MgO in ZnO
can approach 40 at.%.>° The incorporation of Mg
into ZnO films tends to decrease both the amount of
interstitial oxygen vacancies'® and the electron
density.!! Many reports have demonstrated that the
solubility limit of Mg in Zn;_,Mg,O films strongly
depends on the deposition or growth technique, e.g.
pulsed laser deposition (PLD),%12 sputtering,lé
metalorganic vapor-phase epitaxy (MOVPE)® or sol—
gel process.'*'® Recently, several reports have dis-
cussed the active channel layer of ZnO-based TFTs
prepared by solution-based processes; for example,
Norrs et al.’® fabricated a ZnO transparent TFT in
which the active channel layer was prepared by
spin-coating. The TFT exhibited a mobility of
0.2 cm?V s. Cheng et al.'” also fabricated a trans-
parent ZnO TFT using a combination of sol-gel and
chemical bath deposition methods. The optimum
device had a mobility of 0.67 cm?V s. Lee et al.'®
used dip coating to deposit Zn;_Mg,O films. At
x = 0.2, the active layer of that TFT showed an
on/off current ratio of 10°. Furthermore, Chang
et al.'® developed a high-performance zinc tin oxide
(ZTO) TFT in which an amorphous semiconductor
thin film was deposited by spin coating.

In the present study, transparent semiconductors
of Zn,_,Mg,O thin films were prepared using a sol—
gel process, and the effects of Mg content on crys-
tallinity, microstructure, and optical properties
were investigated. Moreover, single-phase, defect-
free Zn;_,Mg,O films with good surface flatness
were fabricated; further examination showed their
electrical characteristics to be suitable for TFTs.

EXPERIMENTAL

For szynthesis of Zn;_,Mg,O sols, the x values of
the Mg“* molar fraction was varied from 0 to 0.36. A
mixture of zinc acetate dehydrate [Zn(CH3COO); -
2H,0] and magnesium acetate tetrahydrate
[Mg(CH3COO), - 4H50] was dissolved in a solution
of 2-methoxyethanol and monoethanolamine
(MEA). The molar ratio of MEA to metal ions in the
Zn;_Mg,O sols was maintained at 1.0, and the
concentration of metal ions was controlled at
0.75 mol/L. The complex solution was stirred for 2 h
at 60°C, after which a clear and homogenous sol was
obtained. Each of the Zn;_,Mg,O gel films was
coated onto alkali-free glass (Corning 1737,
5 cm x 5 cm) using the spin-coating method at a
speed of 3000 rpm for 30 s. The as-coated films were
preheated at 300°C for 10 min immediately after
coating. After repeating the coating procedure three
times, the films were annealed in air in a tube fur-
nace at 500°C for 1 h.

The crystallinity of pure ZnO and Mg incorpo-
rated ZnO thin films after annealing was deter-
mined by glancing-angle x-ray diffraction (GAXRD).
These diffracted patterns were examined on a MAC
Science MXP3 diffractometer with a glancing
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Fig. 1. Schematic cross-sectional structure of the TFT with ZnO:Mg
thin film as active channel layer.

incident angle of 1°. The surface morphology and
microstructure of the Zn;_,Mg,O films were
observed using scanning electron microscopy (SEM,
HITACHI S-4800, Japan). Each film’s surface
roughness was analyzed using scanning probe
microscopy (SPM, Digital Instrument NS4/
D3100CL, Germany). Moreover, optical transmit-
tance spectra of these films were examined by a
ultraviolet (UV)-visible spectrophotometer (Mini-
D2T, Ocean Optics Inc., USA).

The ZnO:Mg film with the best performance in
this study (a defect-free polycrystalline thin film
with a single phase and uniform thickness) was
evaluated for use as the active channel layer of a
TFT application. A bottom-gate structure device (as
shown in Fig. 1) was fabricated by a hybrid method
that combined the standard microelectronic fabri-
cation process with the sol-gel process. Figure 1
shows a schematic diagram of this device, which
functions as a TFT and that used the ZnO:Mg thin
film as its active channel layer. The fabrication
procedure was as follows. A molybdenum-tungsten
alloy (MoW) thin film with a thickness of 100 nm
was deposited and patterned onto an alkali-free
glass substrate. The thin film constituted the bot-
tom gate electrode. A 300 nm thickness of silicon
dioxide (SiOy), prepared by plasma-enhanced
chemical vapor deposition (PECVD), served as the
gate insulator. A 100 nm thickness of indium tin
oxide (ITO) thin film was sputtered onto the device
and then patterned by a conventional photolitho-
graphy process into a source and a drain. The
channel length and width of the TFT device were
offset at 500 um and 60 um, respectively. Finally, a
Zn0O-based semiconductor thin film was spin-coated
onto the multilayer MoW/SiOy/ITO structure; it was
patterned by a photolithography and wet etching
process to finish the ZnO:Mg TFT. An HP 4155B
semiconductor parameter analyzer was used in a
darkroom to examine the current—voltage (I-V)
characteristics of the transistors.

RESULTS AND DISCUSSION

XRD patterns of pure ZnO and Mg-incorporated
ZnO films are presented in Fig. 2. These patterns
correspond to three main diffraction peaks of ZnO:
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Fig. 2. XRD patterns of Zn;_,Mg,O thin fiims (0 < x<0.36)
annealed in air at 500°C for 1 h.

Table I. Microstructure and Optical Properties
of Zn,_,Mg,O Thin Films

x in Zn,_,Mg,0 0 01 02 03 033 0.36

Average crystallite 89 88 87 84 85 84
size (nm)

RMS roughness
(nm)

Average
transmittance (%)

Optical bandgap
(eV)

16.24 781 1.63 1.97 2.79 3.82
86.4 90.8 93.7 92.7 92.5 88.3

3.24 3.36 351 3.52 3.47 347

the (100), (002), and (101) planes. All Zn;_ Mg, O
(x = 0 to 0.36) gel films were preheated at 300°C
and then annealed at 500°C, which yielded poly-
crystalline films with a hexagonal wurzite structure
(Zincite, JCPDS 36-1451). These x-ray diffracto-
graphs show that the intensity values of diffraction
peaks decrease with increasing Mg content, i.e., Mg
incorporated within the ZnO films degrades film
crystallinity. The Zng gMgg 20 film shows a highly
c-axis-oriented (002) peak (curve ¢ in Fig. 2). To
estimate the average crystallite size (d) of these
samples, Scherrer’s formula®® is used:

_ 09)
" BecosOg’

where / is the x-ray wavelength (1.54 A), 0g is the
Bragg diffraction angle, and B is the full-width at
half-maximum (FWHM) of 0g. The calculated aver-
age crystallite size of the Zn;_,Mg,O films exhibited
in Table I shows that Mg-incorporated ZnO thin
films have a slightly reduced average grain size. In
the XRD patterns of Zngy ;Mgg 30, Zng ;Mg 330 and
Zng g4Mgg 360 films (curves d to f in Fig. 2) a weak
diffraction signal at 20 = 42.9° corresponds to the
(200) plane of the MgO cubic phase. The results
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Fig. 3. SEM micrographs of surface morphology of (a) pure ZnO and
(b) Zng.gMgo.20 thin films.

show that, when the Mg content is more
than 30 at.%, the MgO phase becomes segregated.
Previous reports have demonstrated the high solu-
bility of the Mg ion in ZnO films. For example,
Ohtomo et al.?! reported that the soluble range of
the epitaxial Zn;_,Mg,O films’ growth by PLD was
from 0.25 to 0.33. Also, Zhao et al.'* demonstrated
that, when the Mg content exceeded 0.36, MgO
phase segregation would occur at 800°C. In their
study, the Zn,_ Mg, O films were fabricated by the
sol—gel process.

On the vertical SEM micrograph of the annealed
pure ZnO film one can observe fiber-like streaks or
wrinkles (Fig. 3a). However, these features are
absent from the samples that incorporate Mg, e.g.,
the image of the Zny sMgg 2O film shown in Fig. 3b.
The fiber-like streaks or wrinkles are induced by
short OH and/or OR groups, as a previous report
has explained.?> However, in the present study,
magnesium acetate tetrahydrate is used as a source
of Mg ions, and it can provide sufficient OH groups.
Thus, Zn;_,Mg,O thin films can be produced with
relatively smooth surfaces.

SPM images of the Zn;_,Mg,O thin films are
shown in Fig. 4. The surface morphologies show the
influence of the Mg incorporation into the ZnO thin
films. It is apparent that a reduction of surface
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Fig. 4. SPM images of Zn,_,Mg,O thin films: (a) x =0, (b) x= 0.2,
and (c) x = 0.36.

roughness results from a decrease in the average
crystallite size in the ZnO thin films after Mg sub-
stitution. Table I gives the values of RMS roughness
of the Zn,;_ Mg, O thin films. A significant
improvement of surface roughness with Mg incor-
poration can be observed. RMS roughness decreased
as Mg concentration went up to x=0.2 but
increased with concentration greater than that.
That is, the ZnggMgy 2O thin film exhibited the
smallest RMS value (1.63 nm) of all the annealed
Zni_Mg,O thin films investigated in this study.
However, the phase-segregated impurities of the
x = 0.3 to 0.36 samples could possibly degrade the
surface textures of those thin films.

(c) x=0.56 )

Fig. 5. SEM micrographs of cross-sections of Zn;_,Mg,O thin films:
(@) x=0, (b) x=0.2, and (c) x = 0.36.

Cross-sectional SEM  micrographs of the
Zn_Mg,O thin films are shown in Fig. 5. Figure 5a
shows an SEM micrograph of the ZnO film that
shows its average thickness to be about 140 nm.
Two SEM micrographs of the nanocrystalline
Zn;_Mg,O films (x = 0.2 and 0.36) are shown in
Fig. 5b and c, respectively. They show that the
thickness of a typical incorporated film is about
150 nm, and that addition of Mg species to the ZnO
films markedly improves the surface flatness and
enhances the uniformity of the film thickness. These
SEM images (Fig. 5) also reveal that Mg-incorpo-
rated ZnO films can reduce the average crystallite



1966
100
@—
_:;,—a—"'"' N----- Y- - ---~=~—
80|
- il @ ©
& i ®
41
g eof /i
g !
E=] (a) i1 |(b) (a). substrate
£ L i! (b). x=0
g 40 ; (c). x=0.1
@ ! (d). x=0.2
= / (e). x=0.3
201 i (). x=0.36
/,
0 == L 1 A ] .
200 400 600 800

Wavelength (nm)

Fig. 6. Optical transmittance spectra of pure ZnO and Mg-incorpo-
rated ZnO thin films.

size; this result agrees with XRD measurements. In
addition, microscopy of the ZnggsMgo 360 film, as
shown in Fig. 5c, reveal a porous and noncompact
microstructure. That film exhibited poor quality
with an x-value over 0.3.

Figure 6 shows the optical properties of the
Zn; Mg,O thin films at room temperature. All
samples show sharp absorption edges in the UV
region; this absorption edge shifted to shorter
wavelengths when Mg was incorporated in the ZnO
thin film. A previous study reported that the
absorption maxima of Zn;_,Mg,O films blue-shifted
as a function of Mg content.’® The average trans-
mittance in the visible range for the pure ZnO film
is about 86.4%, and it exhibits an absorption edge
approaching 362 nm (curve b in Fig. 6). Table I also
presents average transmittance for wavelengths
from 500 nm to 700 nm; this reveals that
Mg-incorporated samples show higher transparency
compared with the pure ZnO sample. However, the
transmittance of higher Mg content samples, when
x > 0.3, shows a slight decrease compared with the
x = 0.2 sample. This result is in good agreement
with the results of XRD, SEM, and SPM and relates
to Mg phase segregation. In this study, the
Zny gMgo 2O sample exhibits the best transparency
(namely 93.7%) among the Mg-incorporated sam-
ples. This represents an increase of about 8.5% over
the pure ZnO sample.

In a direct-bandgap semiconductor, the absorp-
tion edge can be analyzed by the relation?:

(ahv) = A(hv — Eg)*?, (2)

where o is the absorption coefficient, v is the pho-
ton energy, A is a constant, and E, is the optical
bandgap. The absorption coefficient («) in the UV
region of these Zn;_,Mg,O thin films can be calcu-
lated from I = I,e~*,** where I is the intensity of the
transmitted light, I, is the intensity of incident
light, and ¢ is the thickness of the Zn;_,Mg,O film.
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Fig. 7. Plot of (xhv)®> versus photon energy of pure ZnO and
Mg-incorporated ZnO thin films.

Figure 7 shows a plot of («hv)? versus photon
energy. These curves were evaluated from the
transmittance spectra in Fig. 6. Thus, it is possible
to extrapolate the optical bandgap of Zn,_ Mg O
thin films. The optical bandgap (¥,) values listed in
Table I show that the bandgap increased with Mg
content, from 3.24 eV to 3.51 eV, for 0 < x < 0.2. Tan
et al. have indicated that the optical bandgap blue-
shift is caused by the poor crystallinity of ZnO
films.?® Moreover, at x values exceeding 0.3, E,
approaches 3.47 eV. It is possible that film defects
and phase separation cause this effect.

An MgO phase separated from the Zn;_,Mg,O
film can degrade its crystallinity, electrical charac-
teristics, and optical properties. Thus, according to
this research, in order to make sure the Zn,_ Mg, O
film possesses a pure hexagonal crystal structure,
the content of Mg?* should not be greater than
x = 0.3. A defect-free, single-phase polycrystalline
semiconductor thin film with uniform thickness and
a flat surface can serve as the active channel layer
for carrier propagation from source to drain. As
previously discussed, the ZnggMgy2O thin film
produced in this study possessed such good char-
acteristics. Therefore, TFTs with a ZnggMg,o 20
active channel layer were fabricated and their
current—voltage (I-V) characteristics were evalu-
ated. Two cross-sectional views of a ZnggMgg 20
TFT are shown in Fig. 8. The images illustrate that
a polycrystalline semiconductor ZnggMgo20O film
was successfully deposited on the multilayer struc-
ture. There were no voids or pores in or between the
ITO/Zng sMg, 20 and SiOo/Zngy sMg 20 interfaces.

Figure 9a shows the drain current-drain voltage
(Ip—Vp) characteristics for a ZnggMgy 20 TFT. Vg
was increased from 0 V to 100 V in 20 V steps. The
plot shows that the field-effect transistor operates in
n-type enhancement mode, and the drain current
increases with positive gate bias. Furthermore, the
slope of each Ip curve is flat and exhibits hard



Characterization of Zn;_,Mg,O Films Prepared by the Sol-Gel Process and Their Application 1967

for Thin-Film Transistors

(a)
RS
N \'L.' e (' ks

i
- A " A
“.-"t- btb'? . : s .-\ > E’ .

Fig. 8. Local cross-section view of ZnggMgo O TFT: (a) the active
channel region and (b) the source electrode region.

saturation for the large-Vp, region. Hoffman et al.?®

indicated that hard saturation for the entire layer of
the ZnO-based active channel layer could deplete
free electrons, and that a device that possesses large
drain current is desirable for most circuit applica-
tions. Indeed, multiple interfaces are observed
within the polycrystalline semiconductor layer
of the ZnggMgy,20 TFT (Fig.8a and b). Any
macrodefects on the transferring path of the carrier
would cause the TFT to exhibit low on-currents and
large gate bias relative to the active channel of the
ZnO-based TFT deposited by PVD?"2® or CVD.2%:30

Typical transfer characteristics [loglp)-Vg] and
gate leakage current [log(Ig)—V ] of the same device
are shown in Fig. 9b. These numbers were mea-
sured at fixed Vp of 30 V. This log(Ip)-Vg curve
reveals a maximum drain current on/off ratio of
more than 10°. From this figure one can observe
that the gate leakage current (Ig) slightly increased
with increasing gate voltage. The magnitude of Ig
was below 10710 A; therefore, the SiO, gate insula-
tor was usefully utilized in this device. The inset of
Fig. 9b shows an extrapolation of the linear portion
of an (Ip)Y2-Vg curve that estimates a threshold
voltage (Vi) of 6.0 V. Moreover, the field-effect
mobility (upgsat) Of the drain current in the

Drain current, | (nA)

0 20 40 60 80 100
Drain voltage, V_ (V)
10"
F (b) v=30V
10° ¢
g 10°® 3
E F
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5 3
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Gate voltage, V (V)
Fig. 9. (a) Ib—Vb curve (output characteristics); (b) log(/b)—Va
(transfer characteristics) and log(/g)—Vg curves of Zng gMgo 2O TFT.
The inset shows how the threshold voltage (Vi) was defined by

fitting a straight line, and then intercepting the x-axis of the (Ip) "2~V
curve.

saturated region was determined from the following
equation®!:

w
ID(sat) = :uFEsatCI (i) (VG - Vth)zy (3)

where Cj is the unit capacitance of the gate insu-
lator, and W and L are the channel width and
length, respectively. The upgsat of the ZnggMgo 20
TFT was calculated to be 0.1 cm?/V s.

CONCLUSIONS

Zn,_Mg,O (x =0 to 0.36) thin films have been
successfully deposited on alkali-free glass by the
sol-gel process. The results show that Mg?* incor-
poration within ZnO thin films markedly decreased
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surface roughness, improved transparency in the
visible range, and gave a finer microstructure than
that of a pure ZnO film. The optical bandgap of
Zn;_,Mg,O thin films can be tuned from 3.24 eV
(x = 0) to 3.51 eV (x = 0.2) by varying the Mg con-
tent. The ZnggMgy.0 film exhibited the best
transparency, 93.7%, and its RMS roughness value
was 1.63 nm. When the Mg content exceeded 0.3
(x value), MgO phase segregation occurred. This
impurity phase caused the film quality to degrade.
In this study, a TFT with a ZnggMg,20 active
channel layer was fabricated using the sol-gel pro-
cess. The resulting field-effect device exhibited
n-type enhancement mode behavior and had a field-
effect mobility of 0.1 cm? V~! 571, threshold voltage
of 9.0 V, and drain current on/off ratio of more than
10°.
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