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The depositions of a thin graphene as the inter layer of the indium gallium zinc oxide (IGZO) ﬁlm and
polyimide substrate and a Ti ﬁlm bellow the IGZO layer to induce the IGZO crystallizations have been
reported by the authors' study [1] to have a signiﬁcant reduction in the electrical resistivity (R) and
increases in carrier mobility (Mb) and concentration (Cc) via the annealing as compared to those created
in the specimens without graphene. In the present study, Ti/IGZO/graphene/polyimide specimens were
fabricated using Ti as the top layer, with the IGZO ﬁlm prepared using e-beam evaporation and radiofrequency magnetron sputtering, in order to compare the ability of preserving the structure integrity
of graphene after the IGZO deposition. When sputtering was used, the thicknesses of the Ti and IGZO
ﬁlms were controlled by the deposition power; when e-beam evaporation was used, the thicknesses
were controlled by the deposition time. Rapid thermal annealing (RTA) was further applied to some
specimens to investigate the combined effects of the IGZO deposition method and heat treatment on the
microstructure defects, electrical and mechanical properties, and surface morphology of the specimens.
The quantities of bulges and microvoid defects increase after the RTA, and become the governing factors
for increasing surface roughness (Ra). The X-ray photoelectron spectroscopy spectra for O1s were
deconvoluted to evaluate the peak intensity ratio, IRO2, deﬁned for the evaluation of the oxygen vacancies
in the microstructure. When sputtering was used, IRO2 increased after RTA; in contrast, when e-beam
evaporation was used, IRO2 decreased after RTA. For all specimens without RTA, an increase in either the
deposition power or time of IGZO has decreased IRO2. TiO2, ZnO, and Ga2O3 are the three oxides created
in the specimens. The ways of increasing the TiO2 grains result in a rise of IRO2. The electrons released
from the TiO2 formations are available to raise the quantity of ZnO. The peak intensity (PIZnO) of ZnO is
lowered by annealing, irrespective of the IGZO deposition method. With sputtering and without RTA,
increasing the IRO2 value increased the carrier mobility (Mb), but decreased the resistivity (R) and carrier
concentration (Cc), irrespective of the deposition power. After the RTA, carrier concentration and resistivity are lowered, and carrier mobility is risen. With e-beam evaporation and without RTA, the vague
interface between Ti and IGZO ﬁlms and the void defects in IGZO make these electrical properties more
complicated in behavior and dependent on IGZO deposition time. Specimen's resistivity was lowered and
carrier concentration was elevated by applying the RTA. The deposition of the Ti ﬁlm as top layer can
result in a much bigger reduction of R and further increases in Mb and Cc for these two IGZO deposition
methods as compared to those shown in Ref. [1].
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
The amorphous (a)-IGZO material is a promising transparent
conducting oxide. It has been applied to attain a high performance
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for thin ﬁlm transistor (TFTs) [2e4], active-matrix liquid crystal
displays [5], light-emitting diode displays [6], and LCD display applications [7]. Amorphous indium gallium zinc oxide (a-IGZO) TFTs
have attracted much attention for applications in electronic and
opto-electronic devices due to their relatively large ﬁeld-effect
mobility.
Several studies have examined the characteristics of a-IGZO
ﬁlms. The electrical properties and photosensitivity of a-IGZO
degrade with increasing O content and decreasing density of
electrons [8]. The addition of hydrogen and heat treatment have
great impact on the carrier concentration and electrical resistivity
of a-IGZO ﬁlms [9]. The effects of O2 plasma immersion on the
electrical properties and transistor performance of IGZO ﬁlms can
be attributed to a reduction of oxygen-related defects in the ﬁlms
[10].
a-IGZO TFTs with a Ti/Cu source/drain were fabricated to reduce
data-line resistance [11]. An indium-deﬁcient IGZO layer was the
origin of the reduction of the oxygen vacancy concentration in the
channel. Speciﬁc contact resistances between a-IGZO and metallic
electrodes (Ag, Au, In, Pt, Ti) were examined [12,13]. Low contact
electrical resistances were obtained for Ag, In, and Ti electrodes
[12]. The low-resistance Ti contact to a-IGZO can be ascribed to the
effect of the structural relaxation of a-IGZO ﬁlms at elevated temperatures and the interfacial reaction between Ti/Au and a-IGZO,
which produced oxygen vacancies near the surface. A Ti contact
with an a-IGZO channel also results in higher saturation mobility
[14,15]. The performance of a TFT device with n-type Ti-doped
GaZnO as the channel layer has veriﬁed that the crystal quality is
improved and oxygen vacancies decreased when the O2/Ar ratio
increased [16].
In order to understand the effect of post-deposition thermal
treatment, one study [17] presented the experimental results of
sputter-deposited ﬁlms after annealing. Thermal treatment can
change the electron conduction properties [18]. Upon annealing at
temperatures up to 500  C for the preparation of a-IGZO ﬁlms using
the radio-frequency (RF) magnetron sputtering operation at room
temperature, the optical band gap and number of oxygen vacancies
increased, and the surface became smooth [19]. The electrical, optical, and structural properties of a-IGZO ﬁlms were examined
before and after annealing [20]. The carrier concentration and resistivity greatly depend on the addition of hydrogen and heat
treatment. Lee et al. [21] examined the effects of composition on
the electrical characteristics and optical properties of a-IGZO ﬁlms.
The average transmittance of a-IGZO ﬁlms with more zinc atoms
was greater than 80% because of the higher oxygen absorption of
the zinc atoms [22]. Increase in oxygen vacancies of a-IGZO ﬁlm
could result in the increase in carrier concentration and reduction
in resistivity [23]. In the review [24] focusing on the applications of
new advanced energy electrode materials, microwave-assisted
synthesis has been reported to be an efﬁcient approach to control
the composition and morphology of solids. In the study of Ur
Rehman et al. [25], a new phase cubic p-SnSe was investigated
under pressure. The lattice parameters and cell volume show an
inverse relation to the pressure which might be the key factor for
the enhancement of the near/mid infrared light activity. The thermoelectric properties of this material was explored [26]; and ﬁgure
of merit was shown with the temperature rise; an insight for prospective applications in optoelectronics and clean energy storage
devices had been studied [27].
Defects, including hillocks and nanovoids, are frequently found
in bottom-gate TFTs due to stress migration arising at a high
annealing temperature [28,29]. Hillocks form preferentially at grain
boundaries or triple points due to fusion creep [30e32]. For all ﬁlm
compositions, the number of hillocks increases rapidly with temperature [33]. Nathan et al. [34] carried out a study on the effect of
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sputter deposition conditions on hillock formation. The threshold
value of the annealing stress (san) required for the formation of
hillocks was determined [35]. The stress change parameter, sf e san
(sf: internal stress after annealing), is a positive value that increases
linearly with negative san. The number of hillocks increases linearly
with (sf e san) when (sf e san) is beyond the threshold.
Graphene has been studied extensively due to its unique characteristics. It has obtained a large potential applications in ultrasensitive strain tensor [36], organic photovoltaic cells and ﬁeld effect transistors [37], bioimaging and related ﬁelds [38,39], highspeed electronics [40]. Allen et al. [40] gave a review to discuss
the progresses in the production of graphene and its implementation in devices. In the study of Zhang et al. [37], applications
of graphene formed by CVD, including as ﬂexible transparent
conductors for organic photovoltaic cells and ﬁeld effect transistors
were discussed. Monolayer graphene oxide was found to have a
lower effective Young's modulus compared to that of pristine graphene [41]. Stone-Wales defects generally deteriorate sheet
strength of graphene [42,43]. Graphene has the unique ability to
reconstruct its lattice around intrinsic defects via the smart manipulations of defects, impurities, and adsorbates [44]. Impurities
and adsorbates act as dopants to enhance carrier concentration,
controlling n- and p-type conductions for transistor applications
[45]. The effects of the graphene layer in an IGZO/grapheneþNi/
SiO2/Si wafer sample on optical and electrical properties show that
the incorporation of the O atoms in IGZO into graphene as substitutional impurities resulted in a sharp drop in electrical resistance
[46].
The study in Ref. [1] shows that a deposition of grapheme ﬁlm in
the IGZO/Ti/Graphene/polyimide specimens could enhance the
crystallizations of IGZO (0012) signiﬁcantly, and has brought in a
big drop in the electrical resistivity, especially after applying a
sufﬁciently high annealing temperature. These performances
inspire us that the integrity sustenance of the graphene layer after
the deposition of IGZO and the improvement of the Ti-induced
crystallizations in the IGZO ﬁlm are the key factors for the electrical properties of specimens. The present study focuses on the
advantage of coating the Ti ﬁlm as the top layer of specimen to
improve the IRO2 of oxygen vacancies in the structure and the
ability of preserving the graphene integrity after depositing the
IGZO ﬁlm by the two methods. RF magnetron sputtering and ebeam evaporation are two methods commonly applied to deposit
IGZO ﬁlms. Ion-beam irradiation becomes attractive due to its
reliability, controllability, and noncontact deposition process.
However, it shows drawbacks such as the effect by the composition
of the deposited material and the high energy required to modify
the surface of material [47]. The radio-frequency (RF) sputtering
using the oblique deposition technique shows the advantage that
the nanostructure can be fabricated on the substrate without the
direct inﬂuence on the surface composition of the deposited materials, and the uniformity can be achieved by lowering the deposition power [7]. The differences in their deposition principle and
conditions for the composite ﬁlm and the protection of the graphene integrity after the IGZO deposition lead to big differences in
the microstructures of the composite ﬁlms and their interface,
which cause signiﬁcant effects on electrical, optical, and mechanical properties. The causes for these differences in properties are
seldom studied. In the present study, Ti/IGZO/graphene/polyimide
specimens were prepared, with the IGZO deposition conducted
using RF magnetron sputtering (the S method) and e-beam evaporation (the E method), respectively. The Ti ﬁlm was deposited as
the top layer in order to investigate the IGZO crystallization effect
on the electrical properties of the specimens before and after rapid
thermal annealing (RTA). The two deposition methods produced
the IGZO ﬁlm either with different deposition power or different
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deposition time. Eight kinds of specimen were thus prepared. RTA
was applied to change the specimen microstructure and the void
defects in the composite ﬁlm. X-ray diffraction (XRD) was used to
determine the mean diameter (D) of the TiO2 (101) particles. The
effect of D on three mean surface roughness parameters was also
evaluated. The microstructures in the Ti, IGZO, and graphene layers
and the interfaces of these layers created before and after RTA were
investigated, and the distinction between the two IGZO deposition
methods was identiﬁed. X-ray photoelectron spectroscopy (XPS)
spectra of the Ti 2p3, O 1s, Zn 2p3, Ga 3d, and C 1s core levels and
their deconvolutions were obtained. The deconvolutions of O 1s
were used for the evaluation of the peak intensity ratio of oxygen
vacancies (IRO2). The effects of RTA and the IGZO deposition method
on IRO2 and defects formed in microstructure were examined. The
XPS peak intensities (PIs) of the oxides formed in the specimens
and microstructure defects were presented to establish their correlations to the IRO2 change electrical properties, and band gap
energy. From the comparisons of the results in the present study
and Ref. [1], the superiorities of placing the Ti ﬁlm as the top layer of
specimen for the band gap energy (Eg) and the three electrical
properties can be investigated.
2. Experimental details
Many studies have used a plastic substrate for ﬂexible displays
[48]. Polyimide was chosen as the substrate material in the present
study, which was cleaned with acetone, isopropanol, and deionized
(DI) water in sequence, with each cleaning process carried out in an
ultrasonic cleaner for 10 min. Then, graphene, which was synthesized using chemical vapor deposition (CVD) over copper, was
transferred onto the polyimide substrate. The percentage of the
monolayer is over 95% when graphene is synthesized using CVD
over copper [49].
The method of wet transfer was used for graphene production in
this study since it can maintain the integrity of graphene ﬁlm [50].
There are four steps in the transfer process: building a support,
etching, transfer, and cleaning. A polymer, namely poly(methyl
methacrylate) (PMMA), was ﬁrst spin-coated onto the graphene. A
thinner layer is more difﬁcult to graphene transfer, but less of it
remains. Then the PMMA/graphene/Cu specimen was heated at a
stage to solidify the PMMA as the protection layer. Then, the Cu
surface of the specimen was dipped in the FeCl3 solution to remove
the Cu foil. The DI water rinsed the PMMA/graphene several times
to get rid of the Cu remains. The graphene/PMMA layer was then
attached to the target substrate. Finally, the polymer protection
layer was removed using an organic solution (acetone) and
annealing. Applying PMMA as a support is necessary because
without it, the graphene would be scattered after copper etching.
The amount of PMMA was reduced by annealing but few PMMA
still remained, as detected by atomic force microscopy and XPS.
Nevertheless, the properties of graphene were acceptable from the
conductivity tests.
After the graphene was transferred, two coating methods were
used to prepare the IGZO ﬁlm, namely sputter deposition and ebeam evaporation, respectively. Sputter deposition is a physical
vapor deposition (PVD) method (deﬁned as the S method) of thin
ﬁlm by sputtering. This involves ejecting material from a target that
is a source onto a substrate. At sufﬁciently high gas pressures, the
ions collide with the gas atoms which act as a moderator and move
diffusively, reaching the substrates or vacuum chamber wall and
condensing after undergoing a random walk. The entire range from
high-energy ballistic impact to low-energy thermalized motion is
accessible by changing the background gas pressure. Electronbeam evaporation (the E method) is also a method of physical vapor deposition in which a target anode is bombarded with an

electron beam given off by a charged tungsten ﬁlament under high
vacuums. The electron beam causes atoms from the target to
transform into the gaseous phase. These atoms then precipitate into
solid form, coating everything in the vacuum chamber with a thin
layer of the anode material. For the S method, a mole ratio of
In:Ga:Zn ¼ 1:1:1 was used for the target. A pressure of 20 mTorr
and an argon ﬂow rate of 20 sccm were used. Sputtering was
conducted at a deposition power of 60 and 100 W respectively for
30 min. The details of the sputtering conditions are shown in
Table 1. According to the SEM image of specimen's lateral surface
prepared using a focused ion beam (FIB), IGZO thicknesses of 46.2
and 102.0 nm were obtained for specimens synthesized at 60 and
100 W, which are coded as 60S and 100S, respectively. For the E
method, IGZO ﬁlm with thicknesses of 60.5 and 104.4 nm, coded as
60E and 100E respectively, were prepared by varying the deposition time. The base pressure was 2  105 Torr; the pressure
became 6  105 Torr after the introduction of oxygen. The substrate was heated up to 200  C during the deposition process. The
deposition rate was around 0.8 Å/s. The evaporation conditions are
detailed in Table 2. After the deposition of the IGZO ﬁlm, a Ti ﬁlm
was deposited as the top layer with a deposition time of 15 min. The
deposition conditions are shown in Table 3. The ﬁlm thickness of
the Ti ﬁlm still varied with the deposition method of IGZO, even
though the same deposition conditions for Ti were applied. Half of
the specimens with each of the four codes were further treated
using RTA. The annealing process was carried out under highvacuum conditions (2  105 Torr) and at 300  C for 1 h. The letter
“R” marked behind either subscript “S” or “E” represents that a
specimen had been annealed. The thickness data of Ti ﬁlm before
RTA are shown in Table 4. The precise thickness of the Ti ﬁlm after
the RTA are not provided because this ﬁlm was forced to protrude
upward by the micro voids formed in the IGZO þ graphene layer
and thus became zigzag proﬁles in large areas.
The thin ﬁlms were examined using a JEOL 200 kV TEM. X-ray
photoelectron spectroscopy (XPS) analyses were performed using a
spectrometer (Physical Electronics, PHI 5000 VersaProbe) with
monochromatic Al Ka (1486.6 eV) X-ray radiation. An X-ray
diffraction (XRD, Bruker AXS Gmbh, Germany) was used for crystalline analyses. The wavelength l of the XRD is 0.15405 nm.
3. Results and discussion
The morphology and the average surface roughness (Ra) of
specimen before RTA are strongly dependent on the deposition
method of IGZO. Fig. 1(a) shows the scanning electron microscopy
(SEM) image of the 60S specimen; Fig. 1(b) shows the SEM image
for the 60E specimen. Island-shaped bulges formed in the 60S
specimens are distributed sparsely over the top surface with ﬁne Ti
grains, they will be identiﬁed to be due to the void defects generated in the IGZO layer including the interface of the
IGZO þ graphene layer and the polyimide substrate. For the 60E
specimen, numerous Ti grains with a relatively larger mean size
(about 50 nm) were uniformly and densely distributing over the
surface without larger-size bulge. They make the mean surface
roughness (Ra j 7.7 nm) of specimen to be still smooth. The mean
Table 1
Details of sputtering (S) conditions.
Target
Power (W)
Chamber pressure (Torr)
Substrate temperature
Sputtering time (s)
Ar ﬂow rate (sccm)

IGZO
60, 100
20  103
Room temperature
1800
20
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Table 2
Details of e-beam evaporation (E) conditions.
Target
Power
Deposition rate (Å/s)
Substrate temperature ( C)
Chamber pressure before introduction of oxygen (Torr)
Chamber pressure after introduction of oxygen (Torr)

IGZO
4 kV  30 mA
0.8
200
2  105
6  105

Table 3
Details of Ti ﬁlm deposition.
Target
Power
Chamber pressure (Torr)
Deposition rate (Å/s)
Substrate temperature
Thickness (nm)

Ti
6 kV  40 mA
5  106
0.8
Room temperature
80

surface roughness (Ra) data of these four specimens are shown in
Table 4. They show the following characteristics: (1) the Ra values
(17.0e23.0 nm) for the specimens prepared by sputtering are
generally larger than those (14.6e17.0 nm) for the specimens prepared by e-beam evaporation; (2) a small difference in Ra exists
between the specimens even if operating at different IGZO deposition power in the S method; (3) the Ra values of the specimens
increase with increasing the deposition time in the E method. The
measurements of Ra for the four specimens after RTA were also
conducted. Fig. 2(a) shows the SEM image of the 60SR specimen.
The quantity of budges after the RTA increases as compared with
that shown in Fig. 1(a). As the lateral surface proﬁles shown in later
section, these bulges were produced due to the formations of
microvoids and defects. The number of bulges is determined by the
annealing stress (san) and the difference in the stress after ﬁnishing
annealing (sf) and san, it increases with increasing either (negative)
san or (sf - san) [51] after the RTA. From the results obtained before
and after RTA, the following behaviors can be drawn: (1) when the
deposition power was at 60 W, the number of newly formed bulges
increased after annealing; (2) when the deposition power was risen
to 100 W, both the number and mean height of bulges after
annealing increased. Fig. 2(b) shows the SEM image of the 60ER
specimen. There is a little change in the number of grains between
the code-E and -ER specimens. This feature is valid, for different
deposition time in the E method. The Ra values in the 60SR, 100SR,
60ER, and 100ER specimens are relatively shown in Table 4. The
changes in Ra due to the annealing for the 60SR and 100SR specimens are larger compared to those for the 60ER and 100ER specimens. Ra results indicate that the RTA use has increased surface
roughness.
Specimen's average surface roughness is mainly governed by the
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quantity of bulges/grains formed on the specimen surface, and the
mean grain (D) size of the crystalline microstructure. The bulges are
related to the defects such as voids/cracks formed in the thin ﬁlms.
Fig. 3(a)-(d) show cross-section SEM images of the 60S, 100S, 60E,
and 100E specimens, respectively. For the 60S and 60E specimens,
the microstructure of all layers are quite solid and dense (see
Fig. 3(a) and (c)). However, when the total thickness of the Ti and
IGZO layers increased to be sufﬁciently large by increasing either
the power or time, many voids and even microcracks formed in the
IGZO layer (see Fig. 3(b) and (d)). These microstructural defects
were produced beneath the bulges. The growth of defects (bulges/
microvoids) perhaps occurred during the preparation of the
IGZOþgraphene and Ti layers. The size and amount of these defects
are affected by RTA. The cross sections of the 100SR and 100ER
specimens are shown in Fig. 4(a) and (b), respectively. Two comparisons, between Figs. 3(b) and 4(a) and between Figs. 3(d) and
4(b), show that the mean size and quantity of defects increase after RTA, irrespective of the deposition method of IGZO. According to
the literature [35], the numbers of bulges and voids are proportional to the Ds (¼ sf - san) values during ﬁlm deposition. The Ds
value generally increases with increasing temperature and thus
deposition power. The defects in the code-S specimens prepared
with different power and without RTA also satisfy this behavior.
The explanations for the defects created in the code-E specimens
prepared at the same deposition conditions but different deposition time, and thus different thickness, are made on the basis of the
(negative) annealing stress, san, formed in specimen during the
annealing process. This stress was developed in the study of Flinn
et al. [52] and expressed as

san ¼ BflnðB=RÞ  ln½t þ ðB=RÞ,expðs0 =BÞg

(1.a)

B ¼ 5kT=lb

(1.b)

R ¼ ½E=ð[  yÞ,_ε0 expð  DF=kTÞ

(1.c)

where k: Boltzmann's constant; T: the absolute temperature; l: the
absolute spacing (¼ 102b); y: poisson's Ratio; b: Burgers vector;
△F: the total Helmholtz free energy required to surmount an
obstacle in the absence of applied stress; ε_ 0 : the characteristic
constant (¼ 106/s ~108/s); t: operating time; s0: specimen's stress
before annealing; and E: elastic modulus.
The initial stress, s0, in Eq. (1.a) for a specimen is determined as

ðs0 Þ ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðs0 Þ2x þ ðs0 Þ2y

(2.a)

where (s0)x and (s0)y are obtained using Stoney's formula:

Table 4
Mean surface roughness (Ra), ﬁlm thicknesses of IGZO and Ti ﬁlms, and mean diameter of TiO2 (101) grains for Ti/IGZO/graphene/PI specimens.
Specimen code

Parameter
Average roughness (nm)

(Code S)

(Code E)

60S
60SR
100S
100SR
60E
60ER
100E
100ER

Diameter (D) of TiO2 (101) particles (nm)

Film thickness (nm)

Ra

IGZO

Ti

17.2
19.1
17.0
23.0
7.7
7.8
11.0
14.6

46.2
e
102.0
e
60.5
e
104.4
e

79.9
e
83.7
e
61.1
e
86.7
e

6.6
7.0
7.1
6.9
6.2
6.4
6.7
6.3
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Fig. 1. SEM images of (a) 60S, and (b) 60E specimens before RTA.

Fig. 2. SEM images of (a) 60SR, and (b) 60ER, specimens after RTA.

Fig. 3. SEM images of lateral surfaces of (a) 60S, (b) 100S, (c) 60E, and (d) 100E specimens before RTA.
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Fig. 5. XRD patterns of 60S, 60SR, 100S, and 100SR specimens.

Fig. 4. SEM images of lateral surfaces of (a) 100SR and (b) 100ER specimens after RTA.

ðs0 Þx=y

Es ds2
1
¼
6 ð1  ys Þdf

1
1

ðRÞx=y ðR0 Þx=y

!
(2.b)

where df, ds: the thickness of ﬁlm(s) and substrate, respectively; R,
R0: radii of curvature after and before the deposition of thin ﬁlm(s),
respectively; Es: elastic modulus of substrate; ys : Poisson's ratio of
the substrate. In the code-E specimens, increasing the deposition
time and thus ﬁlm thickness, df, according to Eq. (2.b), can reduce
the (positive) value of s0. Then Eq. (1.a) shows that negative
annealing stress, san, increases with increasing the deposition time
and decreasing s0. Deﬁne sf as the ﬁnal stress after ﬁnishing the
annealing. Then, the simulational results show that bulge defects
increase with increasing the (positive) value of (sf - san) too. The
above illustration is provided to ﬁt the behavior demonstrated in
the code-E specimens without RTA.
The XRD patterns of the 60S, 60SR, 100S, and 100SR specimens
are shown in Fig. 5 and those for the 60E, 60ER, 100E and 100ER
specimens also have been made. The peaks at 2q z 26 corresponding to the sole crystalline phase for all eight specimens are
identiﬁed as TiO2 (101) (anatase). The full width at half maximum
(FWHM) values of these XRD patterns can be used to evaluate the
grain size of TiO2. The grain diameter (D) can be estimated from the
Scherrer equation [53]. Table 4 shows the D values for the TiO2
(101) crystals generated in these eight specimens. The results
indicate that the D values for the code-S specimens (6.6e7.1 nm)
are slightly larger than those (6.2e6.7 nm) for the code-E specimens. The trend in the D results due to the RTA is found to resemble
that demonstrated in Ra. It is concluded that a relatively larger
surface roughness of a specimen is partly attributable to TiO2 (101)

crystals with a relatively larger grain size. The D data in Table 4 also
depend on the total thickness of the IGZO and Ti ﬁlms. In these two
categories of specimens, an application of RTA to a specimen with a
relatively smaller total ﬁlm thickness can increase the mean grain
size of TiO2.
A Raman system (Jobin Yvon/Labram HR-800UV, France) was
utilized to inspect the graphene/polyimide specimen before
depositing IGZO. In Fig. 6(a), the peaks at 1598 and 2690 cm1 are
identiﬁed as the G-band and 2D-band, respectively. The D-band
peak at 1349 cm1 is negligibly small. The 2D-to G-band peak intensity ratio (I2D/IG y 8) has a value much larger than 1. Therefore,
the monolayer graphene before the IGZO deposition was obtained
to be a high quality. In order to investigate the Raman spectra for
the graphene ﬁlm in the Ti/IGZO/graphene/PI specimens, a Raman
spectrometer (MRI532S, Protrustech, Taiwan) with a power of
127 mW was applied to detect it from the side of the PI substrate.
The graphene layer was exposed after the ablation of the PI substrate by the laser beam of the spectrometer. The Raman spectra for
the 60S and 60SR specimens are shown in Fig. 6(b). The results
show that the peak intensity of 2D band is lower than those of D
and G bands as the IGZO and Ti ﬁlms were deposited in sequence
(I2D/IG y 0.38). Therefore, the use of RTA can bring in a signiﬁcant
reduction of I2D/IG. Fig. 6(c) shows the Raman spectra for the 100S
and 100SR specimens. The vertical line is shown as the Raman shift
of 2D band. As the laser power is elevated to 100W, the peak intensities of the 2D band for these two specimens are lowered to be
nearly undetectable. An increase in the deposition power seems
unfavorable for the intensity of the 2D-band in the Raman spectrum. The Raman spectra for the code-E and -ER specimens are not
presented because of their I2D/IG magnitude to be negligibly small
too.
The XPS spectra for all eight specimens were acquired, but only
those of the 60S and 60E specimens are shown in Fig. 7(a) and (b),
respectively. The elements and bonds for the main peaks are
identiﬁed. The peak marked for O 1s and ZnO at a binding energy
(BE) of about 530 eV is the highest of those for these two kinds of
specimen. For the 60S specimen, the peak for Ti 2p3/2, TiO2, and In
with a BE about 460 eV shows the second place, and that for TiC
with a BE about 385 eV is the third. For the 60E specimen, the peak
for Zn 2p3/2 and ZnO with a BE about 530 eV becomes the second
place, and that for Ti 2p3/2, TiO2, and In is the third. XPS analyses
were conducted for the elementals, In, Ga, Zn, Ti, and O, in these
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Fig. 7. The XPS spectra for the (a) 60S and (b) 60E specimens.

eight specimens. The XPS O 1s core level spectra for the 60S
specimen are shown in Fig. 8 as the example. This spectrum can be
further decomposed into three Gaussian-like spectra with BEs at
about 530, 531, and 532 eV, respectively. The peak at ~530 eV
(labeled as O1) is ascribed to the O2 ions surrounded by metals In,
Ga, and Zn atoms in the a-IGZO structure, representing oxygen in
the oxide lattice without oxygen vacancies. The O2 peak (~531 eV)
represents the oxygen vacancies or OH groups, which are produced
with the oxygen-deﬁcient regions. The O3 peak (~532 eV) corresponds to weakly bonded oxygen species on the ﬁlm surface, and is
attributable to H2O and absorbed species integrated into the materials. Fig. 8 shows the decompositions of the O1s proﬁles for the
60S specimen. The peak intensities (PIs) of O1, O2, and O3 for the
eight kinds of specimen are shown in Table 5. The peak intensity
ratio (IRO2) of O2 is deﬁned as:
Fig. 6. Raman spectra for (a) the graphene/polyimide specimen; (b) the 60S and 60 SR
specimens; and (c) the 100S and 100SR specimens.

IRO2 ¼ IO2 =ðIO1 þ IO2 Þ

(3)

The IRO2 values for the eight specimens are shown in Table 5. The
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Fig. 8. Deconvolutions of O 1s XPS spectrum for the 60S and specimen.

effect of RTA on IRO2 for the code-S specimens is exactly opposite to
that demonstrated for the code-E specimens. For the code-S specimens, the IRO2 values increase after RTA. Conversely, the IRO2 value
decreases after applying RTA for the code-E specimens. In the
specimens without RTA, an increase in either the deposition power
or time had decreased IRO2. The results of deconvolution area (DA)
and full width half maximum (FWHM) for O1~O3 have been evaluated and shown in Table 5. However, the correlation among (DA)O2
and (FWHM)O2 and IRO2 due to the use of either the RTA or the
deposition method of IGZO seems unable to establish.
An interesting correlation of IRO2 with peak intensities, PITiO2
and PITi, can be established; it depends on the annealing conditions
and the deposition power/time. In the code-S and -E specimens
before RTA, PITiO2 is governed by the IRO2. The results, (PITiO2)100S/
E > (PITiO2)60S/E and (IRO2)60S/E > (IRO2)100S/E, reveal that a decrease
in PITiO2 by decreasing either the deposition power or time had
increased IRO2. Subscript “S/E” is here deﬁned as the property is
valid for both the code-S and eE specimens. After the RTA, (PITi)60S/
E > (PITi)60S/ER and (PITi)100S/ER > (PITi)100S/E exist; a decrease in PITi
always increased PITiO2, irrespective of the IGZO deposition
method. With the S method and the RTA, an increase in IRO2
occurred for these two depositions powers. With the E method and
the RTA, a decrease in IRO2 occurred for these two values of deposition time. IRO2 in a specimen has its magnitude affected by the
TiO2 intensity formed in the interfacial reactions between the IGZO
and Ti layers and the defects created in the specimens. The details
will be discussed in later section.
Fig. 9(a) and (b) show the XPS spectra of Zn 2p3 for the specimens prepared using the S and E methods, respectively. The BE

Fig. 9. Zn 2p3 XPS spectra for (a) 60S, 60SR, 100S, and 100SR specimens and (b) 60E,
60ER, 100E, and 100ER specimens.

Table 5
Peak intensities of O 1s and peak intensity ratios of eight kinds of specimen.
Peak intensities of O 1s (a.u.)
IO1

IO2

IO3

O1

O2

O3

O1

O2

O3

(Code S)

10361.1
7374.1
8806.3
10362.9
8100.3
8762.3
11313.9
11774.3

4100.8
3687.1
3429.1
5970.6
4320.9
3229.6
4505.3
4486.9

3852.0
4295.1
4812.8
5126.7
4663.0
5424.5
4353.9
5448.2

6.56
4.76
5.30
6.44
4.56
5.88
7.83
8.05

1.75
1.66
0.48
3.16
1.30
0.89
2.16
1.91

1.55
2.76
3.07
2.89
3.24
3.65
1.74
2.98

1.18
1.21
1.16
1.15
1.10
1.23
1.27
1.21

1.83
1.4
0.76
1.34
0.96
1.37
1.93
1.59

2.08
1.68
1.87
1.68
2.04
1.58
1.75
1.51

(Code E)

60S
60SR
100S
100SR
60E
60ER
100E
100ER

Deconvolution areas of
O1s (eV)

Peak intensity ratio IRO2 ¼ IO2/(IO1þIO2)

Specimen code

FWHM (eV)

0.284
0.333
0.280
0.366
0.348
0.269
0.285
0.276
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Fig. 10. Ga 3d XPS spectrum for the 60S specimens.

values corresponding to these two peaks are at about 1022 and
1045 eV, respectively. Each of these two peaks can be further
deconvoluted into Zn2p3/2, Zn2p1/2 atoms (donor defects) and Zn-O
band actually. The results are summarized as: (1) the peak intensities (PIs) of Zn2p3/2 and Zn2p1/2 in the specimens after RTA are
lower than those before RTA, irrespective of the IGZO deposition
method; (2) the specimens prepared by differing the deposition
power/time show the results that (PIZn2p)60S > (PIZn2p)100S and
(PIZn2p)100E > (PIZn2p)60E exist before RTA. The decrease in the
atomic percentage of Zn2p is partly due to zinc vacancy formation
via the out-diffusion of Zn from the IGZO ﬁlm [54]. Zinc vacancies
created in the IGZO ﬁlm deposited by sputtering are stronger than
those formed by e-beam evaporation. The ﬁnal outcome of these
zinc vacancies is detailed in the later section.
Fig. 10 shows the XPS spectrum of Ga 3d for the 60S specimen as
the example. This broad spectrum can be decomposed into three
Gaussian spectra with BEs of about 20, 22, and 23.5 eV, to be
identiﬁed as the Ga 3d5/2, Ga 3d atoms (donor defects), and O 2s
(GaeO) bond/atom, respectively [55,56]. The following values of PI
values, the FWHM of intensity proﬁle, and the area (DA) beneath
the Gaussian intensity curve are evaluated for these eight specimens and shown in Table 6. The behaviors demonstrated in these
three peak intensities of Ga 3d due to the RTA are found characteristically consistent with those shown in the deconvolution area,
respectively; which are valid for both the code-S and -E specimens.
The PI results are summarized and shown in Table 7. The same
tendency is exhibited in the PIs of Ga 3d5/2 and Ga 3d after the RTA,

irrespective of the IGZO deposition method. PIGa3d5/2 and PIGa3d are
risen by applying the annealing to the code-S specimens;
conversely, these two peak intensities are lowered by annealing the
code-E specimens.
Fig. 11(a) and (b) show the C 1s spectra for the specimens whose
IGZO ﬁlm was prepared using sputtering and e-beam evaporation,
respectively. The relatively higher peaks of these curves are
investigated to be varying in a range of 284.75 eVe284.85 eV. The
binding energy is slightly greater than the C]C species (sp2 bonded
carbon 284.5 eV) [57], but is smaller than the C-C species (adventitious carbon with an ubiquitous nonuniform carbonaceous layer,
285 eV) [57,58]. These peaks are thus formed to have the mixture of
C]C and C-C species. Graphene is generally a one-atom thick
covalently boned sp2 carbon prototype 2D material. The binding
energy results indicate that the graphene layer in the specimens
has been partly turned out to be the impurities of adventitious
carbon during the deposition of the IGZO onto the graphene surface. The lower peaks in these curves are varying in a range of
288.56 eVe288.75 eV, and their binding energy is lying between OC]O (carbonyl carbon, 288 eV) [57] and COOH (carboxylic,
290.0 eV) [59]. Therefore, these peaks are created to be the mixture
of these two species with O-C]O as the dominant one. The O-C]O
bond created point defects in the graphite-like ﬁlm during the
deposition of the IGZO ﬁlm, and then, substitutional impurities
were produced at the interface of the IGZO and graphene layers.
The RTA application to the same specimen yields (PIO-C]OþCOOH)S/
(PIAdv.CþC]C)S > (PIAdv.CþC]C)SR,
and
E > (PIO-C]OþCOOH)S/ER,
(PIAdv.CþC]C)ER > (PIAdv.CþC]C)E, irrespective of the IGZO deposition
method. The results in Table 7 for the specimens without RTA show
the characteristic that PIAdv.CþC]C decreases with increasing the
PIO-C]OþCOOH, it is valid for these two deposition methods. The
PIAdv.CþC]C is lowered by applying the RTA in the code-S specimens,
whereas it is elevated in the code-E specimens. The effect of
PIAdv.CþC]C on the band gap energy (Eg) will be examined later.
Fig. 12(a) and (b) show the Ti 2p3 spectra for the specimens
whose IGZO ﬁlm was prepared using sputtering and e-beam
evaporation, respectively. In each XPS spectrum, there are two
peaks, Ti 2p3/2 and Ti 2p1/2, with BEs of about 459 and 464.5 eV,
respectively. The effects of RTA and the deposition method of IGZO
on the PIs of these two kinds of Ti quantum number are summarized in Table 7. (PITi2P)60S/E > (PITi2P)60S/ER and (PITi2P)100S/ER > (PITi2P)100S/E are obtained in response to the RTA use; and
(PITi2P)60S > (PITi2P)100S and (PITi2P)100E > (PITi2P)60E are obtained to
respond the deposition method of IGZO. For a specimen without
RTA, decreases in these two kinds of Ti peak intensity have
increased the mean grain size (D) of TiO2 in the code-S specimens
and decreased the D value in the code-E specimen. The above
characteristic is also valid for both the code-S and E specimens after
the RTA. In this study, the IO2 parameter related to oxygen vacancies
is also affected by the contacts of Ti with a-IGZO. Before RTA,
increasing the PI of Ti 2p3 had increased (decreased) the IRO2 of

Table 6
Peak intensities, deconvolution areas, and full width half maximum values of Ga3d.
Specimen code

Peak intensities of Ga3d

Deconvolution areas of Ga3d (eV)

Full width half max. FWHM (eV)

Ga3d5/2

Ga3d

O2s

Ga3d5/2

Ga3d

O2s

Ga3d5/2

Ga3d

O2s

60S
60SR
100S
100SR
60E
60ER
100E
100ER

141.68
103.52
138.40
145.63
264.05
188.66
341.59
179.11

321.75
173.58
270.55
366.26
324.14
280.02
363.46
353.18

152.15
201.82
154.64
190.12
182.76
201.17
197.64
212.89

3.59
1.84
5.45
1.20
6.39
4.34
11.36
1.22

14.86
6.06
11.17
18.33
13.61
8.49
23.56
20.23

10.88
17.40
8.85
16.03
7.70
10.08
8.53
16.36

3.21
3.96
6.24
1.25
1.70
2.70
2.06
0.83

2.41
2.48
2.39
2.55
2.48
2.04
2.23
3.15

8.01
5.62
6.28
7.43
5.10
5.20
6.58
6.64
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(PI)100E > (PI)60E
(PI)100E > (PI)60E

(PI)60E > (PI)100E (PI)100E > (PI)60E

E > (D)60S/E

(D)100S/
(PI)60S > (PI)100S (PI)100S > (PI)60S (PI)60S > (PI)100S
(PI)60S > (PI)100S (PI)100S > (PI)60S
(PI)60S > (PI)100S

(PI)60S > (PI)100S (IRO2)60S/
E > (IRO2)100S/E
(PI)100E > (PI)60E

(PI)ER > (PI)E

(PI)S/E > (PI)S/ER valid for two (D)60S/
deposition methods with
ER > (D)60S/E
different deposition power/ (D)100S/
time
E > (D)100S/ER
(PI)S > (PI)SR

(PI)S/ER > (PI)S/E valid for two (PI)SR > (PI)S
deposition methods with
different deposition power/ (PI)E > (PI)ER
time
(IRO2)SR > (IRO2)S (PI)S/E > (PI)S/ER valid for two (PI)SR > (PI)S
deposition methods with
(IRO2)E > (IRO2)ER different deposition power/ (PI)E > (PI)ER
time
(PI)60S/
E > (PI)60S/ER
(PI)100S/
ER > (PI)100S/E

Effect of increasing
the deposition
power or time
(without RTA)

Sputtering
(S)
E-beam
evaporation
(E)
Sputtering
(S)
E-beam
evaporation
(E)
RTA effect

C-C
(Adventitious
C) þ C-C
Ga 3d
O 2s
Ga 3d5/2
Zn 2p3/2, Zn 2p1/2
Ti 2p3/2, Ti 2p1/2 IRO2

Ga 3d
Zn 2p3
O 1s
Ti 2p3

Specimen condition Deposition
method of
IGZO

Table 7
Comparisons for the intensities of Ti 2p3, O 1s, Zn 2p3, Ga3d, and C 1s, and diameter of TiO2 particles for the code-S and -E specimens before and after RTA.

C 1s

OþC]O þ COOH

Mean size of
TiO2
particles, D
(nm)
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Fig. 11. C 1s XPS spectra for (a) 60S, 60SR, 100S, and 100SR specimens and (b) 60E,
60ER, 100E, and 100ER specimens.

specimen having their IGZO deposition with the sputtering (the ebeam evaporation) method. The connections among IRO2, PITiO2 and
thus the electrical properties are discussed later.
The results in Table 7 allow us to summarize as follows: (1) In
the code-S specimens after the RTA, IRO2 and PIO2S increased and
PIAdv.CþC]C, PIO-C]OþCOOH and PIZn2P decreased; the other PI values,
however, depended on the deposition power. (2) For the IGZO
deposition using the E method, the application of RTA reduced IRO2,
PIGa3d5/2, PIGa3d, and PIO-C]OþCOOH but raised PIZn2p, PIO2S and
PIAdv.CþC]C; (3) In the code-S specimens without RTA, increasing
the deposition power of IGZO has decreased the values of IRO2,
PITi2p3, PIZn2p, PIGa3d5/2, PIGa3d and PIO-C]OþCOOH, but increased PIO2s
and PIAdv.CþC]C; (4) In the code-E specimens without RTA,
increasing the deposition time of IGZO has brought in decreases in
IRO2 and PIAdv.CþC]C, but the increases in PITi2p3, PIZn2p3, PIGa3d5/2,
PIGa3d, PIO2s and PIO-C]OþCOOH. The above results reveal the characteristic that the PI values for Ti2p3, Ga3d (except for O2s) and C1s
produced in the code-S specimens without RTA demonstrate their
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Fig. 12. Ti 2p3 XPS spectra for (a) 60S, 60SR, 100S, and 100SR specimens and (b) 60E,
60ER, 100E, and 100ER specimens.

behavior basically opposite to that exhibited in the code-E specimens. This can be ascribed to the difference in the structure the
integrity of graphene ﬁlm and the defects in the microstructure
after depositing the IGZO and Ti ﬁlms by these two methods.
The determinations of the binding energy for the oxides were
carried out by referring to the NIST X-ray Photoelectron Spectroscopy Database. Fig. 13(a)-(c) show the XPS spectra for the oxides of
TiO2, ZnO, and Ga2O3 respectively, which are created in the 60S,
60SR, 60E, and 60ER specimens. The BEs for the peaks at about
464.5 and 458.7 eV are identiﬁed as TiO2. The XPS spectra of ZnO
are distributed with the peaks at ~530 eV and ~1022 and 1045 eV,
respectively. The peak intensity data in Tables 7 and 8 reveal that a
decrease in the PITi2p3 can result in an increase in the PITiO2 of
specimen for these two IGZO deposition methods. For the oxide of
Ga2O3, Ga is one of the known elements in the host composite ﬁlm.
It contains seven possible spectral lines which include 2p3/2, 3d,

3d3/2, 3d5/2, 3p1/2, 3p3/2 and 3s and demonstrate the energy between 20.0 and 22.5 eV. The PI results of these oxides are obtained
in order to examine the RTA effect on the PI of oxides. Table 8 shows
the changes of PI for these three oxides in the specimens before and
after the RTA. The IRO2 comparisons are also made in order to
investigate the correlations of IRO2 with PITiO2, PIZnO, and PIGa2O3:
(1) with the S method, an increase in PITiO2 by the RTA results in an
increase in IRO2 and decreases in PIZnO (~530 eV) and PIGa2O3 for the
60S and 60SR specimens; conversely, a decrease in PITiO2 and increases in PIZnO(~530 eV) and PIGa2O3 for the 100S and 100SR
specimens; (2) with the E method, a decrease in PITiO2 created in
the specimens without RTA results in an increase in IRO2 and increases in PIZnO (~530 eV) and PIGa2O3 for the 60E and 60ER specimens; conversely, an increase in PITiO2 and decreases in PIZnO
(~530 eV) and PIGa2O3 for the 100E and 100ER specimens; (3) the
application of RTA results in the reduction of PIZnO, irrespective of
the two IGZO deposition methods; (4) increasing PITiO2 can
decrease PIZnO (~530 eV) and PIGa2O3, irrespective of the deposition
method of IGZO.
The study of Choi and Kim [14] shows that an increase in the
intensity of TiO2 formed in the interfacial reaction between Ti and
the a-IGZO layer is favorable for the rise of IRO2, which can bring in
the chemical reduction of oxygen ions and release of electrons
simultaneously, thus resulting in the elevation of carrier mobility.
However, this behavior is valid for the applications of RTA to the
60S and 60E specimens only. That is, the effect of RTA on the PITiO2
and IRO2 of these two kinds of specimen demonstrates its behavior
consistent with that of the study [14]. It is found that the validity of
this correlation between PITiO2 and IRO2 exists only in the specimens without forming noticeable microvoids in the IGZO layer. The
opposite behavior is exhibited in the 100S and 100E specimens, it
can be ascribed to the microvoid defects shown in the microstructure, irrespective of the RTA use.
Fig. 14(a) shows a SEM image of the lateral surface of the 60S
specimen without bulge (hillock). “1”, “2”, “3”, and “4” are marked
for the positions of the Ti ﬁlm, the interface between Ti and IGZO
ﬁlms, the IGZO ﬁlm, and the interface between IGZOþgraphene and
the polyimide substrate, respectively. In Fig. 14(b), the crystalline
areas with d-spacing were identiﬁed, by referring the International
Centre for Diffraction Data (ICDD) ﬁles, as TiO2 (101, 111) particles
formed during the Ti deposition. The oxygen ions decomposed
from IGZO have reacted with titanium under vacuum conditions
(5  105 Torr). The matrix materials prepared by the E method are
identiﬁed to be amorphous Ti ﬁlm. The selected area electron
diffraction (SAED) pattern of the transmission electron microscopy
(TEM) reveals that TiO2 (101), (110), (111), and (002) coexisted, and
that (101) was dominant. Fig. 14(c) shows the microstructure near
the interface between the Ti and IGZO ﬁlms. On the IGZO side of the
interface, labeled as "2" in Fig. 14(a), the microstructure is amorphous. For region "3", within the IGZO ﬁlm, the TEM image and
SAED pattern (not shown here) also conﬁrm that the ﬁlm is
amorphous. Fig. 14(d) shows the TEM image of the area marked as
"4", which includes the graphene ﬁlm lying between the IGZO ﬁlm
and the polyimide substrate. The graphene ﬁlm (thickness:
2e3 nm) shows an intact layer still existing after the sequential
depositions of the IGZO and Ti ﬁlms.
Fig. 15(a) shows the lateral surface of the 60SR specimen in a
position without bulge. “1” to “4” are the positions near those
shown in Fig. 14(a). Fig. 15(b) shows the TEM image of the Ti ﬁlm
marked by “1”. The crystalline materials were identiﬁed with the
aid of ICDD ﬁles. The pitch values measured on the crystal plane for
these areas are shown in the ﬁrst column of the table below this
ﬁgure. The pitch values of the crystals of Ti (100), Ti (101), Ti (102),
and TiO2 (101) are shown in the second column. The crystals and
orientations corresponding to these areas are shown in the third
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Fig. 13. XPS spectrum for (a) TiO2, (b) ZnO, and (c) Ga2O3 oxides.

Table 8
Comparisons for the results of IRO2, PITiO2, PIZnO, and PIGa2O3 in code-S and -E specimens before and after RTA.
Deposition
method of IGZO

Specimen
code

IRO2

Sputtering
method
E-beam
evaporation
method

60S
100S
60E
100E

(IRO2)SR > (IRO2)S, irrespective
of the deposition power of IGZO
(IRO2)E > (IRO2)ER, irrespective
of the deposition time of IGZO

PITiO2

PIZnO

(PITiO2)60SR > (PITiO2)60S
(PITiO2)100S > (PITiO2)100SR
(PITiO2)60ER > (PITiO2)60E
(PITiO2)100E > (PITiO2)100ER

column. The Ti layer of the 60SR specimen is thus composed of a-Ti,
Ti (100), Ti (101), Ti (102), and TiO2 (101). A TEM image of an area
including the Ti-IGZO interface is shown in Fig. 15(c). The boundary
of the Ti and IGZO ﬁlms can be identiﬁed clearly via the difference
in darkness. In the IGZO layer nearby the interface, the three
crystalline areas marked by 0.322, 0.213, and 0.245 nm are identiﬁed as TiO2 (101), Ti (101), and Ti (100), respectively. Of note, they
are a ﬂat head in the interface and exist on the IGZO side only. In the
deposition of the Ti ﬁlm, TiO2 particles where formed in this layer,
they can cause oxygen vacancies in the IGZO ﬁlm. These vacancies
were reﬁlled with Ti material via diffusion. In the RTA process, titanium was partly operating at a sufﬁciently high annealing temperature to react with the surrounding oxygen ions in the IGZO ﬁlm

PIGa2O3

BE: ~530 eV

BE: ~1022 eV and
1045 eV

(PIZnO)60S > (PIZnO)60SR
(PIZnO)100SR > (PIZnO)100S
(PIZnO)60E > (PIZnO)60ER
(PIZnO)100ER > (PIZnO)100E

(PIZnO)S > (PIZnO)SR
(PIZnO)E > (PIZnO)ER

(PIGa2O3)60S > (PIGa2O3)60SR
(PIGa2O3)100SR > (PIGa2O3)100S
(PIGa2O3)60E > (PIGa2O3)60ER
(PIGa2O3)100ER > (PIGa2O3)100E

to produce TiO2 particles. This behavior explains why the TiO2
particles formed on the IGZO side as well as with a ﬂat head aligned
with the interface.
Fig. 16(a) shows a SEM image of the lateral surface of the 60E
specimen. There are two microstructures that are quite distinct
from those shown in the 60S specimen. The ﬁrst distinction is the
interface of the Ti and IGZO ﬁlms, which is presented to be a vague
boundary; the second is the microstructure of the IGZO ﬁlm full of
void defects. The identiﬁcation of defects will be discussed in a later
section. The areas in Fig. 16(a) enclosed by dashed curves are
identiﬁed to have TiO2 (002) and (211) particles. A TEM image of the
small area marked for the interface between Ti and IGZO ﬁlms is
shown in Fig. 16(b). In this ﬁgure, the boundary between the Ti and
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Fig. 14. (a) SEM micrograph of lateral surface of 60S specimen; (b) TEM image and SAED pattern of Ti layer; (c) TEM image of interface between Ti and IGZO layers; (d) TEM image of
interface between IGZOþgraphene and polyimide substrate.

IGZO ﬁlms is indistinct. Additionally, there exists a relatively light
area near the interface, but it seems more apt to be on the IGZO
side. This area is identiﬁed as a void defect, which was formed
during the deposition of IGZO using the E method. Here, the TEM
image of the area within the IGZO ﬁlm is not provided, but it is full
of void defects whose pattern resembles that shown in the light
areas of Fig. 16(b). Fig. 16(c) shows the microstructures of the areas
of IGZO, graphene, and polyimide substrate. In the use of the E
method, the graphene layer broke into disconnected, and was
mixed with IGZO and voids during the deposition of IGZO. The
thickness of the mixing region is much larger than that in the 60S
specimen.
Fig. 17(a) shows a SEM image of the lateral surface of the 100ER
specimen in the area without hillock. The horizontal white line
indicates the energy-dispersive X-ray spectroscopy (EDX) scanning
from the polyimide substrate to the protective layer of platinum.
Fig. 17(b) shows the EDX spectra of the chemical elements, O, Ga,
and Zn, in sequence. From the contrasts among these chemical elements, the depth regions in the spectra associated with the Ti and

IGZOþgraphene ﬁlms and polyimide substrate are thus identiﬁed
roughly. In the IGZOþgraphene region in Fig. 17(a) for element O,
white stains (void defects) on the right half of this region are
quantitatively much more than those on the left half. The cps values
for the chemical elements, Ga, Zn, and O, show a trend exactly
opposite to that of the density of white stains shown in Fig. 17(a).
That is, cps decreases in Ga, Zn, and O elements in the IGZO ﬁlms
due to the increase of voids in the microstructure result in the
density increase of white stains.
Hall measurements were made to determine the carrier
mobility (Mb), carrier concentration (Cc), and resistivity (R) of
specimens. The data are shown in Table 9. The differences in the
microstructure and defects between the two IGZO deposition
methods have the carrier concentrations of the code-E and -ER
specimens generally lower than those of the code-S and eSR
specimens. However, the resistivities and carrier mobilities of the
code-E and -ER specimens are higher than those of the code-S and
-SR specimens.
The IRO2 value of specimen is obviously a controlling factor of
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Fig. 15. (a) SEM micrograph of 60SR specimen; (b) TEM image of Ti layer; (c) TEM image of interface between Ti and IGZO layers.

electrical properties. With Ti as the source/drain electrode in the
specimens, the interfacial reaction between Ti and a-IGZO is helpful
for the generation of oxygen vacancies near the interface. An increase in oxygen vacancies is advantageous for the electron releases
from the reduction of oxygen ions, thus resulting in an elevation of
carrier mobility [14]. An increase in either deposition power or time
can reduce specimen's IRO2. Due to the distinctions in the

microstructure integrity of graphene and the IGZO-Ti reaction between these two IGZO deposition methods, the IRO2 reduction in
the code-S specimens without RTA can bring in an increase in Cc
and decreases in R and Mb; conversely lead to a decrease in Cc and
increases in R and Mb in the code-E specimens. As the RTA was
applied, the IRO2 in the code-S specimens was elevated, and caused
decreases in Cc and R and an increase in Mb; however, IRO2 was
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lowered in the code-E specimens, and caused an increase in Cc and
a decrease in R. The behavior of Mb is, however, dependent upon
the deposition time of IGZO. The specimens with the Ti ﬁlm as the
top layer have the electrical properties to compare with those
shown in Ref. [1], where the Ti ﬁlm was deposited below the IGZO
ﬁlm as the interlayer of IGZO and graphene. In the study of Ref. [1],
1.53 to 0.16 U cm and 1.13  1018 to 2.31  1017 cm3 and 35.24 to
18.21 cm2/V.S were obtained as the resistivity, carrier concentration
and mobility, respectively. The resistivities created in this study (in
a range of 1.003  102 to 5.541  103 U cm) are much lower and
the carrier concentrations (in a range of 1.500  1020 to
1.300  1019 cm3) are much higher than those shown in Ref. [1].
The electrical resistivity of a-IGZO has been reported to be
greatly affected by Ti contacts. In the present study of having the Ti
ﬁlm as the top layer, the results of the code-S specimens reveal that
IRO2, the diameter (D) and peak intensity (PITiO2) of TiO2, and the
mean size and quantity (SQD) of void defects have increased after
applying the RTA, irrespective of the IGZO deposition method.
However, the resistivity (R) is a parameter governed by the combined result of the above factors (disadvantageous for R reductions)
and the IRO2, which ﬁnally resulted in the R values in this study
much lower than those in Ref. [1]. In the present study, a relatively
lower electrical resistance obtained from increasing the Ti contacts
is valid only for the conditions of (PITi)100S/ER > (PITi)100S/E and
(PITi)60S > (PITi)100S.
The data in Table 9 for these two IGZO deposition methods
reveal that the maintenance of the graphene integrity and quality is
of importance to have a relatively lower resistivity and carrier
mobility and higher carrier concentration although the IRO2 value
and the quantity and size of microvoids are also involved in the
specimens after annealing.
The optical absorption coefﬁcient (a) can be evaluated as [60]:

.

a ¼ lnð1=TÞ tf

(4)

if the transmission T and composite ﬁlm thickness tf are available.
The optical energy (band) gap, Eg, can be evaluated as [61]:



ðahv Þ2 ¼ A hv  Eg

Fig. 16. (a) SEM micrograph of 60E specimen; (b) TEM image of interface between Ti
and IGZO layers; (c) TEM image of interface between IGZOþgraphene layer and polyimide substrate.

(5)

where A is a constant, and hn is the energy of photon. Eg can be
determined by extrapolating the linear portion of the a2-curve to
intersect the hn axis.
Table 9 shows the Eg values of the eight specimens prepared
using sputtering and e-beam evaporation, respectively.
(Eg ¼ 2.240 eV)60SR < (Eg ¼ 2.247 eV)60S
and
(Eg ¼ 2.334 eV)100SR < (Eg ¼ 2.402 eV)100S, are shown in the code-S
specimens, and (Eg ¼ 2.371 eV)60E < (Eg ¼ 2.404 eV)60ER
and
(Eg ¼ 2.456 eV)100E < (Eg ¼ 2.489 eV)100ER, are the results in the
code-E specimens. In the code-S specimens, the application of RTA
can reduce the Eg, irrespective of the deposition power of IGZO.
Conversely, the RTA can increase the Eg of the code-E specimens.
The Eg value can be evaluated by increasing the deposition power in
the code-S specimens or the deposition time in the code-E specimens. In general, graphene has its Eg to be very small. A specimen
with a better graphene integrity and less voids in the structure and
generally helpful to have a lower Eg. The above characteristic ﬁts
the Eg behavior demonstrated in the specimens with different IGZO
deposition method. The results in Table 5, Table 7, and Table 9 show
that Eg decreases with decreasing the PIAdv.CþC]C but increasing the
IRO2; this behavior is valid for both the two deposition methods of
IGZO. Decreasing the Eg of specimen can decrease its carrier concentration. This behavior happens in the current n-type IGZO material because the electrons induced by oxygen vacancies
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Fig. 17. (a) SEM image showing EDX scanning line for 100ER specimen; (b) EDX analyses for O, Ga, and Zn elements along scanning line across polyimide substrate, IGZOþgraphene
layer, Ti layer, and protective layer (PT).

Table 9
Results of mobility, resistivity, and carrier concentration and band gap energy for the eight specimens.
Specimen code

Mobility, Mb (cm2/V$s)

Resistivity, R (U$cm)

Carrier concentration, Cc (cm3)

Band gap energy, Eg (eV)

60S
60SR
100S
100SR
60E
60ER
100E
100ER

21.734
88.192
6.207
22.135
5.667  102
7.798  102
5.933  102
3.733  102

1.003  102
5.451  103
6.715  103
6.098  103
3.372  102
6.977  103
7.760  102
2.921  102

2.866  1019
1.300  1019
1.500  1020
4.630  1019
3.271  1017
1.149  1018
1.357  1017
5.733  1017

2.247
2.240
2.402
2.334
2.371
2.404
2.456
2.489

accumulated in the conduction band such that the Fermi level lays
in conduction band and the “apparent” band gap obtained from the
experimental results is greater than the intrinsic band gap of IGZO
with a difference indicating the Burstein-Moss shift. Due to the
defect distinctions in the microstructure and the interface of the Ti
and IGZOþgraphene ﬁlms, the resistivity behavior demonstrated in

the code-S specimens after the RTA is consistent with the variation
of Eg; however, its behavior in the code-E specimens is exactly
opposite to that of Eg.
The results without annealing in Fig. 11(a) and (b) also show that
the (PI)C-CþC]C value created in the sputtering method is higher
than that by the e-beam evaporation method. This feature is
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consistence with the results of the 2-D-band peak intensity shown
in Fig. 6(b) and (c). Since the (PI)C-CþC]C parameter is an indication
of graphene intensity, ((PI)C-CþC]C)S > ((PI)C-CþC]C)E has resulted in
(Eg)E > (Eg)S, (R)E > (R)S, (Mb)E [ (Mb)S, and (Cc)S > (Cc)E, irrespective of the IGZO deposition method.
4. Conclusion
Big differences in thin ﬁlms' microstructure and the interface of
Ti and IGZOþgraphene topography are created in the specimens
prepared by different deposition method of the IGZO ﬁlm and the
deposition conditions, they are the main causes of having distinctions in the electrical and mechanical properties. The mean surface
roughness (Ra) of specimens whose IGZO ﬁlm was produced by
sputtering was generally larger than that of specimens whose IGZO
ﬁlm was prepared using e-beam evaporation. The RTA application
increased the mean surface roughnesses of all specimens. Specimen's Ra is mainly governed by the formation of bulges in the
specimen and the mean grain sizes of the oxides in the crystalline
microstructures. The mean TiO2 grain size and the quantity of
bulges and microvoid defects increased after RTA, irrespective of
the deposition method of IGZO.
The effect of RTA on IRO2 for the specimens whose IGZO ﬁlm was
prepared using sputtering is exactly opposite to that for the specimens prepared by the e-beam evaporation. For the specimens
prepared using sputtering (e-beam evaporation), IRO2 increased
(decreased) after RTA. For all specimens without RTA, an increase in
either the deposition power or deposition time of the IGZO ﬁlm can
decrease IRO2.
The interfacial reaction between Ti and a-IGZO becomes the
dominant factor for the production of oxygen vacancies and thus
the IRO2. In the code-S specimens, the RTA use can elevate the IRO2.
However, the use of RTA can reduce the IRO2 in the code-E specimens. A rise of IRO2 can result in a rise of carrier mobility. A
decrease in Eg can decrease the carrier mobility in the n-type IGZO
ﬁlm. In these two IGZO deposition methods, Eg decreases with
deceasing the PIAdv.CþC]C relevant to the quality of graphene ﬁlm in
the specimen. The three electrical properties are determined to be
the combined effect of the factors including IRO2, Eg, the grain
diameter (D) and peak intensity of TiO2, and the mean size and
quantity of void defects. An increase in the IRO2 of the code-S and
eSR specimens results in the reductions of band gap energy (Eg),
resistivity (R), and carrier concentration (Cc) but the rise of carrier
mobility. An increase in the IRO2 of the code-E and eER specimens
brings in the rise of R and decreases in the Eg and Cc.
The better preservation of the graphene structure in the code-S
and -SR specimens allows the resistivity and carrier mobility to be
relatively lower, and the carrier concentration to be relatively
higher compared to those shown in the code-E and eER specimens.
The placement of a Ti ﬁlm as the top layer can bring in much
bigger drops in electrical resistivity and larger increases in carrier
mobility and concentration compared to those created in the
specimens with the Ti ﬁlm placed below the IGZO layer. These
features are valid for these two IGZO deposition methods.
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