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ABSTRACT: Amorphous indium-gallium-zinc oxide (a-IGZO)
films, which are widely regarded as a promising material for the
channel layer in thin-film transistors (TFTs), require a relatively
high thermal annealing temperature to achieve switching character-
istics through the formation of metal—oxygen (M—O) bonding
(ie, the activation process). The activation process is usually
carried out at a temperature above 300 °C; however, achieving Pl (acyie o
activation at lower temperatures is essential for realizing flexible o & o8,

display technologies. Here, a facile, low-cost, and novel technique ' & : . S

using cellophane tape for the activation of a-IGZO films at a low \ oo/“'d:.".‘:.'.:?'“' \ ' Mzo =
annealing temperature is reported. In terms of mechanochemistry, \“’/ e

mechanical pulling of the cellophane tape induces reactive radicals
on the a-IGZO film surface, which can give rise to improvements in
the properties of the a-IGZO films, leading to an increase in the number of M—O bonds and the carrier concentration via radical
reactions, even at 200 °C. As a result, the a-IGZO TFTs, compared to conventionally annealed a-IGZO TFTs, exhibited improved
electrical performances, such as mobility, on/off current ratio, and threshold voltage shift (under positive bias temperature and
negative bias temperature stress for 10,000 s at 50 °C) from 8.25 to 12.81 cm*/(V's), 2.85 X 107 to 1.21 X 10° 6.81 to 3.24 V, and
—6.68 to —4.93 V, respectively.
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1. INTRODUCTION

In recent years, evolving technologies based on flexible, low-

low glass-transition temperature.'® To overcome this problem,
several studies have been proposed for low-temperature

cost, and easily fabricated electronics have been extensively
studied because of their promising prospect in display and
sensors.' > Accordingly, the interest in these technologies has
mainly focused on thin-film transistors (TFTs), which are
considered one of the most fundamental devices used within
display backplanes. In particular, amorphous indium-gallium-
zinc oxide (a-IGZO) TFTs have attracted much attention for
next-generation display devices because of their superior
performance compared to conventional amorphous silicon
TFTs across a number of parameters: high field-effect mobility,
high uniformity over large areas, low leakage current, and high
transparency in the visible light.°”® Despite these advantages,
there are still some challenges to the use of a-IGZO TFTs in
wearable, flexible display devices. One of the main issues is a
high-temperature annealing process (>300 °C)? because the a-
IGZO film deposited by sputtering requires a thermal
annealing process (i.e., the activation process) to obtain
proper electrical characteristics. However, the high-temper-
ature activation process damages flexible substrates such as
poly(ethersulfone) (PES), poly(etheretherketone) (PEEK),
and poly(ethylene naphthalate) (PEN), which have a relatively
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activation processes using additional external energy such as
chemical combustion processes, the use of microwave
radiation, and high-pressure annealing, to achieve switching
characteristics at temperatures below 300 °C.''™'* However,
these methods require a relatively complicated fabrication
process or expensive equipment. Additionally, these complex
fabrication processes cannot be applied to selective area
treatment, which may limit the diversity of a-IGZO TFT-based
applications.

In this study, we propose a facile method to reduce
temperature for the activation process of a-IGZO film just
using a cellophane tape, which is commonly used in everyday
life. With simple taping and detaching on a-IGZO film, it is
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Figure 1. Fabrication process of a-IGZO TFTs with mechanochemical treatment using cellophane tape to reduce activation temperature.

possible to perform the activation process at low temperature
without external energy. From this technique, we were able to
discuss two effects of unstable radical species formed by
functionalization: (1) through the reaction of a-IGZO films
with radical species, the annealing temperature of the a-IGZO
film could be lowered compared to the conventional process
temperature of the a-IGZO film used in commercialized
display backplanes (>300 °C) and (2) the improvement of
electrical characteristics especially reliability due to the
generation of negatively charged species. In addition, we are
the first team to demonstrate the connection between oxide
thin films and the mechanochemical phenomenon. Further-
more, we are able to say that our method has the potential to
be used in various applications by selectively taping only
desired areas of a-IGZO films.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. Figure 1 shows the fabrication process
flow of a-IGZO TFTs. To fabricate a-IGZO TFTs with an inverted
staggered structure, heavily doped p*-type Si wafers with 120 nm thick
thermally oxidized SiO, were prepared. After cleaning the substrate,
we deposited the a-IGZO channel layer on SiO, with a shadow mask
on top by radio frequency (RF) magnetron sputtering at room
temperature using an In,0;—Ga,0;—ZnO (molar ratio 1:1:1)
sputtering target. The sputtering power, chamber working pressure,
and time of the channel deposition were set at 150 W, 5.0 X 107 torr,
and S min, respectively. After the tape was attached on the channel
surface and peeled off in three cycles at 1 cm/s speed (Figure SI,
Supporting Information), activation of a-IGZO film was performed in
air for 1 h using a hot plate. The activation temperature range was set
from 100 to 300 °C (Figure S1, Supporting Information). Finally,
aluminum (200 nm thick) source/drain electrodes were deposited by
RF magnetron sputtering with a shadow mask. The width and length
of the channel (W/L) were 1,000 and 150 pm, respectively.

2.2. Analysis Method for Thin-Film Characteristics. The
transfer characteristics of the a-IGZO TFTs were measured with a
parameter analyzer (4156C; Hewlett-Packard). The a-IGZO TFTs
were measured with V, sweep from —30 to 30 V, with a V, of 10 V.
To analyze the stability of the a-IGZO TFTs, a positive bias
temperature stress (PBTS) test was conducted under V=20V, V, =
10 V, and temperature = S0 °C for 10,000 s. In addition, a negative
bias temperature stress (NBTS) test was performed under Vg = —20
V, Vp = 10 V, and temperature = 50 °C for 10,000 s. Fourier
transform infrared (FT-IR) (Jasco 6800) spectroscopy was used to
measure the organic residues on the surface within the range of
1,000—4,000 cm™. The X-ray photoelectron spectroscopy (XPS)
spectra were obtained in a constant analyzer energy mode at 50 eV
with an Al Ka source. The surface morphology and distribution were
studied with atomic force microscopy (AFM) (Park NX10; Park
Systems).

3. RESULTS AND DISCUSSION

The process flow for the realization of a-IGZO TFTs using
mechanochemical and thermal annealing (MCT) treatment is
shown in Figure 1. Before thermal annealing, we performed a
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mechanochemical treatment using cellophane tape by simple
sticking and pulling, which can leave organic residues on the
surface of the a-IGZO film. Subsequently, the mechanochem-
ical-treated a-IGZO film was annealed at 200 °C for activation.
In this process, we analyzed the physical surface properties of
the a-IGZO film before and after the mechanochemical
treatment.

Figure 2 shows the surface analyses of the a-IGZO film
according to the mechanochemical treatment. Surface images

Without
( a) mechano-chemical treated

with
mechano-chemical treated

Organic residues

/

(c)

RMS: 0.383 nm

(d)

Deg.

Without mechano-chemical treated

With mechano-chemical treated

Figure 2. Surface analysis of the a-IGZO film: SEM images (a)
without mechanochemical treatment and (b) mechanochemical
treatment; AFM phase images (c) without mechanochemical
treatment and (d) with mechanochemical treatment.

before and after mechanochemical treatment on the as-
deposited a-IGZO film were first investigated by scanning
electron microscopy (SEM), as shown in Figure 2a, b,
respectively. As a result, it is clearly confirmed that the surface
of the a-IGZO film with mechanochemical treatment had
organic residues within the size ranges from a few nanometers,
which appeared to have been transferred from the cellophane
tape to the a-IGZO surface, as shown in Figure 2b. In parallel,
to investigate transferred organic residues in more detail, the
phase image was analyzed using an atomic force microscope
(AFM), as shown in Figure 2c, d; the phase image can vividly
exhibit the image of a heterogeneous surface with different
mechanical and adhesion properties." "> As shown in Figure
2c¢, the surface of the untreated a-IGZO film was rather smooth
with a relatively uniform phase distribution; however,
according to Figure 2d, in the treated a-IGZO film, there
were sharp peaks in the surface phase distribution due to the
formation of organic residues. Therefore, we verified that the
organic residues transferred from the cellophane tape to the
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surface of the a-IGZO film. We also compared the surface
properties of the untreated and treated a-IGZO films after
thermal annealing through SEM and AFM phase images.
Interestingly, organic residues could not be observed after
thermal annealing, indicating that the organic residues
disappeared (Figures S2 and S3, Supporting Information).
From these results, we investigated two possibilities: that the
organic residues either reacted with the a-IGZO film or
evaporated. Meanwhile, we analyzed the effects of the organic
residues on the properties of the a-IGZO film annealed at
various temperatures. In this case, if the organic residues
reacted with the a-IGZO film, the properties of the film would
be changed; however, if the organic residues simply
evaporated, there would be no observable effects on the film.
Therefore, the electrical characteristics were evaluated to verify
whether the organic residues affected the a-IGZO film after
annealing.

Figure 3a, b indicates the transfer characteristics of the a-
IGZO TFTs with the only-thermal and the MCT treatment as
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Figure 3. Transfer characteristics of the a-IGZO TFTs with (a) only-
thermal-treated and (b) MCT-treated samples, (c) comparisons of
only-thermal (300 °C)- with MCT (200 °C)-treated samples, and (d)
statistical parameters including mobility and on/off current ratio of
only-thermal (300 °C)- and MCT (200 °C)-treated a-IGZO TFTs.

a function of temperature, respectively. As shown in Figure 3a,
the only-thermal-treated a-IGZO TFTs annealed at below 250
°C did not exhibit sufficient on/off current ratios for
applications as switching devices (i.e, > 10°)."*'” Thus, we
confirmed that a-IGZO films eventually achieve a proper
switching characteristic above 300 °C with thermal treatment,
indicating that sufficient formation of metal—oxygen (M—O)
bonding requires at least 300 °C of external energy to activate
the a-IGZO film. In contrast, the MCT-treated a-IGZO TFTs
exhibited effective reduction of the off current at 200 °C, as
shown in Figure 3b. Furthermore, the switching characteristics
of the a-IGZO TFT with MCT treatment at 200 °C were
comparable to those of the a-IGZO TFT with thermal
treatment at 300 °C, as shown in Figure 3b. From these results,
Figure 3c represents the transfer characteristics of a-IGZO
TFTs with only-thermal and MCT treatment, respectively. In
this case, both “only-thermal (300 °C)”- and “MCT (200
°C)”-treated a-IGZO TFTs exhibit semiconducting character-

istics. Notably, the MCT (200 °C)-treated a-IGZO TFT
showed proper electrical characteristics for application as a
switching device, even below 300 °C. Furthermore, the on/off
current ratio and subthreshold swing (SS) values of MCT (200
°C)-treated a-IGZO TFTs were comparable to those of only-
thermal (300 °C)-treated a-IGZO TFTs, as shown in Table S1
(Supporting Information). Figure 3d shows the statistical
parameters including the field-effect mobility (ypgr) and on/
off current ratio of only-thermal and MCT-treated a-IGZO
TFTs, respectively. These results indicate that MCT treatment
can be possible with low-temperature processing by activating
the a-IGZO films at a lower temperature and providing better
electrical characteristics. In addition, from the results of
applying various kinds of tape in this technique, we could
confirm that the amount of adhesive material was an important
factor in the experiment (Figure S4, Supporting Information).

To investigate changes in electrical stability due to MCT
treatment, we performed various stability tests such as stability
of the hysteresis loop, the voltage bias, and the temperature.
From the hysteresis results, shown in Figure 4a, b, both the
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Figure 4. Hysteresis characteristics of a-IGZO TFTs for (a) only-
thermal samples at 300 °C and (b) MCT samples at 200 °C. The
inset shows the AFM image of the thermal-treated IGZO film. Time-
dependent plots showing the positive and negative Vy, shifts of the
only-thermal (at 300 °C)- and MCT (at 200 °C)-treated a-IGZO
TFTs: (c) positive bias temperature stress test and (d) negative bias
temperature stress test.

only-thermal and the MCT treatment of devices show
clockwise hysteresis, which is as small as 0.1 V of window
even under a higher gate sweep voltage of +30 V. This
negligible hysteresis of both only-thermal- and MCT-treated a-
IGZO TFTs demonstrates that MCT treatment does not lead
to electron trapping or charge migration within the back-
channel region through hysteresis curves on a linear scale
(Figure S5, Supporting Information).'® From these results, the
MCT-treated a-IGZO films were comparable to the only-
thermal-treated films at 300 °C. To further evaluate the
stability, we investigated the effect of the MCT treatment of a-
IGZO film under long-term stress and positive and negative
bias temperature stress (PBTS and NBTS, respectively). As
shown in Figure 4c,d, the threshold voltage (Vy,) shift of
MCT-treated a-IGZO TFT was less than that of thermal-
treated a-IGZO TFT under both PBTS and NBTS. In detail,
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the Vi, shifts of the thermal- and MCT-treated a-IGZO TFTs
decreased from +6.81 to +3.24 V under the PBTS test and
from —6.68 to —4.93 V under the NBTS test. Furthermore, as
shown in Figure S6, it was confirmed that the electrical
properties of the devices fabricated at a temperature higher
than 200 °C were not degraded. Since the process temperature
of the oxide TFT used in the industrial display is commonly
below 300 °C, we set the highest annealing temperature to 300
°C. Two possible mechanisms of instability could explain these
results: (1) the defect creation model and (2) the charge
trapping model. In the defect creation model, the turn-on
voltage (V,,) shift and change in the SS value are caused by
bias and temperature stress generating trap sites.'”*° However,
the SS value did not change with stress time (Figure S6,
Supporting Information). Therefore, the defect creation model
could be excluded, and charge trapping should be considered
instead.”’ Because the MCT treatment was performed only at
the back-channel region, a negative charge trap could be
considered for the adsorption of molecules from the
environment in the back-channel surface. Note that the
MCT treatment can result in the formation of organic residues
on the surface of the a-IGZO film, which can react with the a-
IGZO film rather than evaporating during thermal annealing.
As a result, MCT treatment reduces the adsorption of
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environment gas molecules such as H,O and O, through the
formation of hydrophobic carbon groups such as —CO and
—COO on the surface.”” In addition, the organic residues can
change the potential of the back-channel surface from positive
to negative and prevent the adsorption of —OH™ species.”’ For
the verification of two effects, the additional surface analysis
was performed as shown.

Figure Sa represents the attenuated total reflectance Fourier
transform infrared (ATR FT-IR) absorption spectrum in the
range of 1,000—4,000 cm™! for the MCT-treated a-IGZO films
to investigate the composition of the organic residues. From a
mechanochemistry perspective, peeling off the cellophane tape
could result in the breakage of organic bonds (i.e., weak van
der Waals bonds) and the generation of surface charges. As a
result, we observed the four sharp peaks identified, which
resulted from polyacrylates within the adhesive surface of the
cellophane tape.”*** This indicated that the organic residues
were composed of the above-mentioned carbon groups (i.e.,
—CO and —COO groups). At a microscale, magnetic force
microscopy (MFM) provides evidence for the distribution of
magnetism by measuring the magnetostatics coupling between
a magnetized probe-tip and the surface of the sample. In this
case, the separation of the adhesive materials and the tape can
result in bond cleavage that can generate surface radicals that
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Figure 7. XPS-surface O 1s spectrum analysis for the a-IGZO films: (a) nontreated, (b) only-thermal (300 °C)-treated, and (c) MCT (200 °C)-
treated films. XPS-depth spectrum analysis for the a-IGZO films: (d) metal—oxygen bonding, (e) oxygen vacancy, and (f) hydroxide bonding.

can be visualized by MEM.”**” As a result, the surface of the a-
IGZO film without MCT treatment and little surface
magnetism was reversed after MCT treatment, as shown in
Figure Sb. Similarly, the charge distribution of the surface was
confirmed by Kelvin force microscopy (KFM) analysis. Figure
Sc shows that organic residues can change the charge
distribution on the surface of the a-IGZO film. In the case
of the a-IGZO film without MCT treatment, the thin film has a
uniform positive potential. On the other hand, the surface of
the MCT-treated a-IGZO film changes appreciably, which has
a negative potential due to the organic residues formed by the
MCT treatment. Consequently, Figure Sd is a schematic
representation of the results from FT-IR, MFM, and KFM
analyses, which can be verified to characterize the organic
residues formed on the surface of the films.

To further unveil the mechanism of the charge effect of
MCT treatment, the surfaces were characterized by a (-
potential analysis, which can measure the quantitative data on
the magnitude of surface charge. As shown in Figure 6a, the
surface of the untreated a-IGZO film had a positive {-potential
(18.56 mV). After thermal annealing at 300 °C, the value was
reduced (8.72 mV) but maintained a positive {-potential. In
contrast, after the MCT treatment, the surface of the a-IGZO
film had a negative {-potential (—10.68 mV), and after 200 °C
thermal annealing, the magnitude was reduced although the -
potential remained negative (—8.45 mV). Consistent with the
previous report, the surface potential of nontreated a-IGZO
films has a positive value, but we have noticed that the surface
potential of the mechanochemical-treated a-IGZO film
changed to a negative potential.”® As could be seen from
KFM imaging, the organic residues formed by mechanochem-
ical treatment have immobile negative charges (Figure Sc).
Therefore, the immobile negative charges on the surface of the
a-IGZO film imposed an electrical field from the back channel,
which could lead to the repulsion of the trapped electrons to
the front channel, as shown in Figure 6b. As shown in the
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energy band diagram of Figure 6c, the band bending is induced
by the surface potential because of the negatively charged
organic residues at the surface of the a-IGZO layer and the
energy bands bending upward for an n-type semiconductor.”
Electrons accumulated at the interface between the channel
and the insulator layer due to the field-effect-induced band
bending from the surface of the MCT-treated a-IGZO film.
Electrons are enough to fill trap sites and thus Fermi energy
(Eg) pinning is eliminated in TFTs.* In this case, the trapping
in the a-IGZO layer significantly decreased, known as field-
effect passivation.”’ Hence, more electrons will accumulate at
the same gate voltage, which can be expected to have higher
carrier mobility.

To investigate this mechanism of radical reaction, we used
X-ray photoelectron spectroscopy (XPS) to characterize the a-
IGZO films. Figure 7a—c shows the O 1s peaks of the XPS
images for the a-IGZO films under nontreated, only-thermal-
treated, and MCT-treated conditions. The results of the XPS
O 1s spectra can be used to index the change in oxide bonding
composition. In particular, the relative M—O bonding, metal—
oxygen vacancy (M—O,,.) bonding, and the oxygen—hydrogen
(—OH) bonding peak value (%) can be extracted by
deconvolution of the spectrum using a Gaussian distribution.
In this case, the O 1s peaks were located at 530.2 & 0.2, 530.8
+ 0.1, and 531.9 + 0.2 eV.** In the nontreated a-IGZO films
(M-0: 46.7%, M—O,,: 43.2%), the peak of M—O bonding
was lower and that corresponding to oxygen vacancy was
higher than those for thermal-treated (M—O: 61.1%, M—0,,.:
31.7%) and MCT-treated (M—O: 63.9%, M—O,,.: 27.7%) a-
IGZO films. Thus, the nontreated a-IGZO films had many
oxygen vacancies, which means that the bond between the
metal and the oxygen was not consolidated. However, the
only-thermal- and MCT-treated a-IGZO films had a greater
number of M—O bonds and a small M—O,,. value compared
to the nontreated a-IGZO films; both the only-thermal- and
MCT-treated a-IGZO films were considered to have been
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oxidized sufficiently for activation. Furthermore, the MCT-
treated a-IGZO films at 200 °C indicated a slight increase in
the value of M—O bonding and a decreased value of M—O,,,,
compared to the only-thermal-treated a-IGZO films (M—O
increased from 61.1 to 63.9%, and M—O,,. decreased from
31.7 to 27.7%). This demonstrates that a-IGZO films treated
by an MCT treatment, even below 200 °C, were as effective as
those activated at a high temperature of 300 °C. The increase
in the value of M—O bonding, which generates carrier
pathways for electron, was caused by the increase in organic
residues in cellophane tape through the application of the
MCT treatment. Then, the effect of MCT treatment was
maintained with film depth, as shown in Figure 7d—f.
Furthermore, the M—O,,. value rapidly decreased in the area
between the back- and front-channel regions by the radical
oxidation, as shown in Figure 7e. Similar to the M—O,, value,
it was found that the M—O value rapidly increases in the area
between the back- and front-channel regions by the radical
oxidation. Therefore, oxygen radicals can affect the back-
channel area in a-IGZO films through reactions.

The chemical mechanism of MCT activation is illustrated in
Figure 8. We previously reported these O° radicals as a
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Figure 8. Illustration of the radical and annealing treatment
mechanism for the activation of a-IGZO films using MCT treatment.
MCT-treated a-IGZO films underwent (a) generation of radical
species (due to mechanical peeling-off and decomposition of weak
organic bonds) and (b) increase of metal—oxygen bonding (oxygen
radical reaction with thermal annealing).

chemically reactive species with larger free energy than other
species (i.e, O and C7).>* Hence, the mechanochemical
treatment generates oxygen radicals, and the concurrent
thermal annealing not only induces the generation of the
M—O bonds but also promotes the reaction of O* radicals
with vacancy sites, including oxygen vacancies and interstitial
cations. Consequently, the MCT treatment improved film
quality by increasing the number of M—O bonds and
decreasing the number of defect sites.

Additionally, the MCT treatment could be applied to large-
scale electronics and specific areas for selective activation,
respectively (Figures S8 and S9, and associated text,
Supporting Information). Through this activation, the MCT
treatment is simpler and requires less processing costs than
conventional activation methods that require additional masks.

4. CONCLUSIONS

In this study, we successfully demonstrated a facile, novel
MCT treatment for reducing the activation temperature of a-
IGZO thin films. In addition, a comprehensive investigation
based on surface analyses and electrical measurements was
conducted to evaluate the underlying mechanisms based on
radical and surface charge formation and moderate-temper-
ature thermal annealing. Our findings showed mechanochem-
ical-based activation to be efficient in generating M—O bonds
and inducing surface potential. In addition, the approach
enhanced the electrical characteristics and the stability of the
MCT-treated a-IGZO TFTs at 200 °C compared to a-IGZO
TFTs with thermal annealing at 300 °C. This indicates that the
a-IGZO film can be activated using an easy low-temperature
MCT method for application to various flexible substrates.
Finally, selective area activation can minimize damage to the
substrate, which is expected to be of use in various flexible and
wearable device applications.
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