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ABSTRACT

In-Ga-Zn-0 (IGZO) films deposited by sputtering process generally require thermal annealing above 300°C to achieve satisfac-
tory semiconductor properties. In this work, microwave and e-beam radiation are adopted at room temperature as alternative
activation methods. Thin film transistors (TFTs) based on IGZO semiconductors that have been subjected to microwave and
e-beam processes exhibit electrical properties similar to those of thermally annealed devices. However spectroscopic ellipsom-
etry analyses indicate that e-beam radiation may have caused structural damage in IGZO, thus compromising the device stability
under bias stress.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5082862

Amorphous silicon (a-Si) has been the most commonly
used semiconductor material for thin film transistors (TFTs) in
the field of flat panel displays for the past many decades. How-
ever, its field effect mobility is limited to less than 1 cm? /Vs,
and stability can be a problem in some applications.! Amor-
phous oxide semiconductors (AOSs) have attracted consid-
erable attention as possible substitutes owing to their high
carrier mobility and areal uniformity.?* The oxide semi-
conductor material that is already available in the market
is amorphous In-Ga-Zn-O (a-IGZO), which is implemented
in TFT backplanes of liquid crystal displays (LCDs) or
organic light emitting diode (OLED) panels.>¢ Devices based

on IGZO semiconductor exhibit relatively high field-effect
mobility (>10 ¢cm?/Vs) compared to their a-Si counterparts.”
To deposit a-IGZO, magnetron sputtering is commonly used.
However, the fabrication of IGZO TFTs with reasonably good
electrical performance usually requires thermal annealing at
temperatures near 300°C.>° Many research group aim at
decreasing the annealing temperature to enable the fabrica-
tion of devices on plastic substrates, so that flexible displays
may be realized in a cost effective way.'0-12

In this work, microwave and electron beam (e-beam) radi-
ation methods are adopted to reduce the treatment tem-
perature for the activation of IGZO TFTs. It is shown that
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reasonable TFT performance may be obtained by both meth-
ods, however e-beam annealing appears to cause structural
damage in the IGZO layers, resulting in devices that are more
susceptible to degradation upon bias stress.

IGZO TFTs with an inverted staggered bottom gate struc-
ture were fabricated on highly doped p-type Si substrates
with thermally grown 100 nm-thick SiO; layers. The highly
doped p-type Si and 100 nm SiO, were used as the gate elec-
trode and gate insulator, respectively. 30 nm-thick IGZO films
were deposited by radio frequency (RF) magnetron sputtering
using a 3-inch IGZO target with an atomic composition ratio
of In:Ga:Zn = 1:1:1. The plasma gas used was Ar, at a flow rate
of 20 sccm. The working pressure was maintained at 7 mTorr
and an RF power of 100 W was applied to the IGZO target.
After performing the annealing treatment on the IGZO film, a
150-nm thick indium tin oxide (ITO) film was deposited and
patterned to form the source /drain electrodes, using shadow
masks. The channel width and length of the IGZO devices were
800 and 200 um, respectively.

The microwave annealing of IGZO layers was performed
at a power and frequency of 600 W and 2.45 GHz, respectively.
Microwave radiation was applied for 1 hour in air ambient. In
general, ZnO-based materials can absorb the electromagnetic
wave energy in frequency range of 2 to 18 GHz.'* Therefore,
it is anticipated that IGZO will absorb the microwave energy
at the frequency applied in this work. For e-beam anneal-
ing, an electron beam with an energy and current of 0.2 MeV
and 10 mA, respectively. Here the duration was varied from
3 to 10 minutes in air. Additionally, a reference IGZO TFT with
a typical thermal annealing process was fabricated for com-
parison. The thermal annealing was conducted in a conven-
tional rapid thermal annealing system in air ambient for 1 hour
at 300 °C.

The crystal structures of the IGZO films were examined
by grazing incidence angle X-ray diffraction (XRD; Rigaku,
D/MAX2500, Cu Ka radiation). The diffraction patterns of the
samples were taken in the 26 range from 20 to 80° with a
step size of 0.05°. The chemical bonding states were exam-
ined using X-ray photoelectron spectroscopy (XPS) using a
monochromatic Mg Ka (1253.6 eV) source and a pass energy
of 50 eV.

The electrical characteristics of TFTs were evaluated in
the dark at room temperature using an HP 4156B semicon-
ductor parameter analyzer, under air ambient conditions. The
field-effect mobility was extracted in the saturation regime
with the drain voltage (Vp) fixed at 10 V. The devices were
subjected to negative bias stress (NBS), positive bias stress
(PBS) and negative bias illumination stress (NBIS). For NBS and
NBIS, the gate voltage (Vi) and drain voltage (Vp) applied were
-20 and 0.1V, respectively. A light source with a luminance of
1500 lux was used to illuminate the devices from the top dur-
ing NBIS. For PBS, the applied Vg and Vp, were 20 and 0.1V,
respectively. Each stress test was conducted in air at room
temperature for 1 hr.

The transfer characteristics of IGZO films are shown
in Figure 1. Table I consists of representative parameters
such as saturation filed effect mobility (usat), threshold volt-
age (Vy,) and subthreshold swing (SS). Metallic behavior was
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FIG. 1. Representative transfer characteristics of the IGZO TFTs with the active
layer subjected to different annealing processes.

observed in the pristine TFTs fabricated without annealing,
which implies that a relatively high carrier concentration is
present in the IGZO layer. Semiconducting properties could
be obtained after thermal, microwave, and e-beam treatment.
Thermally annealed IGZO TFTs exhibit usat, Vi, and SS val-
ues of 8.10 cm?/Vs, -1.34 V and 0.32 V/decade, respectively.
Increased field effect mobility (11.3 cm?/Vs) is observed in
devices fabricated with microwave annealed 1GZO, accom-
panied with a slight negative shift of the initial Vy, value
(-1.54 V). Devices that have been exposed to 3 min e-beam
annealing exhibit relatively low mobility (7.40 cm?/Vs) with
slightly negative Vy, (-1.95 V) values. As the e-beam annealing
time is increased to 10 minutes, extremely low performance is
obtained, as shown in Figure 1.

TABLE . Device parameters of the IGZO TFTs, including the pgqt, S.S., Vi, and
lon/loff ratio values, with respect to different annealing processes.

AIP Advances 9, 025204 (2019); doi: 10.1063/1.5082862
© Author(s) 2019

Annealing Type o (cm?/Vs)  S.S(V/dec) Vi (V) Ion/Io
Pristine N/A
Thermal 8.10 0.24 -1.34 10°
Microwave 11.25 0.32 -1.54 109
e-beam 3min 7.40 0.60 -1.95 10°
e-beam 10min N/A
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TABLE II. A Vy, values under NBS, PBS, NBIS, for the IGZO TFTs with respect to
different annealing processes.

Annealing Type Thermal Microwave e-beam
NBS
AV, (V) -0.38 -0.57 -1.08
PBS
AV (V) 0.6 0.54 0.99
NBIS
AV (V) -0.1 -0.3 -6.86
- Pristine
3_ —— Thermal
(0] Microwave
; e-beam 3min
= e-beam 10min
n
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FIG. 2. Grazing incidence angle X-ray diffraction (GIAXRD) patterns of IGZO TFTs
with respect to different annealing processes.

Pristine

scitation.org/journal/adv

To evaluate the stability of IGZO TFTs, negative bias stress
(NBS), positive bias stress (PBS), and negative bias illumina-
tion stress (NBIS) tests were conducted on three samples,
each having been subjected to thermal, microwave, and 3-min
e-beam annealing. The results are summarized in Table IL
As the stress time increases, all IGZO TFTs undergo negative
(NBS, NBIS) and positive (PBS) shifts in Vy,. While the devices
fabricated with microwave and thermal annealing undergo
relatively small shifts in threshold voltage (V| < 1 V) under
all stress conditions, those having been subjected to e-beam
annealing exhibit rather poor stability with AVy, values of
-1.08, 0.99, and -6.86 V under NBS, PBS, and NBIS, respec-
tively. At this point it may be anticipated that a high concen-
tration of defects acting as charge traps is present in the IGZO
film exposed to e-beam radiation.

X-ray diffraction (XRD) and atomic force microscopy
(AFM) analyses were carried out to examine the microstruc-
ture of the IGZO films annealed under different conditions.
Figure 2 shows the diffraction patterns of each type of IGZO
films appear to be amorphous regardless of the annealing pro-
cess. This indicates that both microwave and e-beam radi-
ation used in the present study do not crystallize the IGZO
films. The AFM surface topography images are shown in
Figure 3. Compared with the pristine IGZO film (0.12 nm), the
surface roughness increases with thermal annealing (0.28 nm).
Microwave annealed IGZO has a lower root mean square (RMS)
roughness value (0.19 nm) than those of e-beam annealed
IGZO layers (0.44 and 0.83 nm for 3-min and 10-min e-beam
radiation, respectively). The above results imply that as the
thermal budget increases, the surface roughness increases,
and may be indicative of the overall defect density in the IGZO
film.

XPS analyses were performed to analyze the chemical
bonding states of oxygen anions in the annealed IGZO layers.
Figure 4 shows the O 1s peak spectra of each film. Peaks were

20

10

0 FIG. 3. Atomic force microscope topog-
raphy images of IGZO films with respect

10 to different annealing processes.

20
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FIG. 4. XPS O 1s spectra of IGZO films
with respect to different annealing pro-
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resolved as the sum of three sub-peaks, centered at 530.7 eV
(01), 531.4 eV (02), and 532.5 eV(03). The sub-peak Ol is related
to oxygen ions forming metal-oxide bonds, while peak O2
originates from oxygen anions near oxygen vacant sites, and
peak O3 is related to hydroxyl groups in the IGZO films.'* In
oxide semiconductors, oxygen deficiency is strongly related
to the generation of free carriers,’> therefore sub-peak O2 is
generally used to estimate the concentration of oxygen related
defects and free carriers. All annealing processes result in
decreased sub-peak O2 area, which is indicative of decreas-
ing free carrier density, thus inducing relatively positive initial
Vi, values.

Figure 5(a) shows the refractive indices (R-value) as a
function of photon energy, extracted from spectroscopic
ellipsometry (SE), which may reflect the structural density
of the films. Generally, dense layers exhibit relatively high
R-values.’®'7 Compared to the pristine IGZO, the samples
that have been subjected to thermal and microwave annealing
exhibit higher R-values over the entire photon energy range
(1 to 5 €V). On the other hand, e-beam annealing appears to
reduce the R-values considerably. This suggests that the rel-
atively rapid e-beam treatment induces structural modifica-
tions within the IGZO layer, while the time for rearrangement
is not sufficient. Figure 5(b) shows the extinction coefficients,
also extracted from the SE spectra. The optical band gap
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values can be extrapolated using the Tauc method, as shown
in the equation below:'8

(ah)/? = A(hy - Eg)

where h is Planck constant, v the photon frequency, o the
absorption coefficient, Eg the band gap, and A a propor-
tionality constant. The band gap values are summarized in
Table III. All annealing processes result in increased optical
bandgap.

Figure 5(c) shows the band edge states below the con-
duction band minimum of each IGZO films, extracted from the
imaginary dielectric functions. The fitted Gaussian peaks rep-
resent unoccupied trap states within the forbidden gap. The
band edge state below the conduction band may be resolved
into a shallow band edge state (D1) and a deep band edge state
(D2), which are located at 3.18 and 2.56 eV from the valence
band maximum, respectively. Shallow band edge states are
related to the free carrier concentration, while deep band
states reflect the amount of defects that act as traps of scat-
tering centers.'? In oxide semiconductor, the carrier mobility
is generally proportional to the free carrier concentration.?®
In addition, trapping or scattering of carriers are most likely
to be associated with the degradation of TFT devices under
bias stress. The sub-area peak ratios of the D1 and D2 states
are summarized in Figure 5(d). The number of shallow band

AIP Advances 9, 025204 (2019); doi: 10.1063/1.5082862
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FIG. 5. (a) Index of refraction and (b)
extinction coefficient and (c) enlarge-
ment of band edge states below the
conduction band minima of the 1GZO
films with respect to different annealing
processes, measured by spectroscopic
ellipsometry (SE). (d) Relative sub-peak
areas of the D1 and D2 states in IGZO,
with respect to the different annealing
processes.
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edge states (D1) appears to decrease under all annealing pro-
cesses compared to the pristine IGZO, resulting in positive
shifts in the initial Vy, in the associated TFTs. The relative area
of D1 states is smallest after 10 min e-beam annealing, which
indeed results in the poorest TFT performance. Microwave
and 3 min e-beam annealing have similar D1 sub-peak area,
however the D2 portion is larger in the latter, which may
account for the more pronounced degradation of the corre-
sponding TFT under bias stress. Here the D2 states are antic-
ipated to act as charge traps, thus causing relatively large
Vi shifts upon prolonged bias stress. Such defects are highly
likely to be generated by the physical energy of the e-beam,
which may induce structural damage within the IGZO layers. It
is therefore necessary to optimize a balance between the total
thermal budget and physical damage induced in the semicon-
ductor, in order to lower the process temperature for the
fabrication of IGZO TFTs. Here, microwave annealed devices
exhibit the best performance and stability, owing to the con-
version of microwave energy into thermal energy without
causing structural damage.

In the present study, effects of microwave and e-beam
annealing on IGZO films and their corresponding TFTs have
been investigated. The IGZO TFTs fabricated by microwave

TABLE lIl. Optical band gap values of IGZO films with respect to different annealing
processes, extracted using the Tauc method.

Annealing Type Band gap (eV)
Pristine 3.25
Thermal 341
Microwave 3.42
e-beam 3min 3.40
e-beam 10min 3.39

D1 D2
Band Edge States

annealing exhibit a typical field effect mobility of 11.3 cm? /Vs
and a threshold voltage of -1.54 V. The devices subjected
to e-beam annealing exhibit a slightly lower mobility of
7.40 cm? /Vs and a more negative threshold voltage of -1.95 V.
Both annealing processes activate the IGZO active layer suc-
cessfully at room temperature. As a reference, it is shown that
thermally annealed IGZO TFTs exhibit usae and Vi, values of
8.10 cm? /Vs and -1.34 V, respectively. IGZO TFTs fabricated by
thermal and microwave annealing exhibit good performance
and stability throughout NBS, PBS, NBIS. On the other hand,
while similar performance may be obtained by e-beam anneal-
ing, the stability appears to be compromised, especially in
the presence of light (NBIS). Thin film analyses suggest that
structural damage is induced during e-beam radiation, which
generate electrical defect levels within the forbidden bandgap
of IGZO. The latter are manifested as band edge states in the
spectroscopic ellipsometry results.
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