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ABSTRACT: We studied the effects of high-pressure annealing (HPA) on InGaZnO (IGZO) thin-film transistors (TFTs).
HPA was proceeded after TFT fabrication as a post process to improve electrical performance and stability. We used N, as the
pressurized gas. The applied pressures were 1 and 3 MPa at 200 °C. For N, HPA under 3 MPa at 200 °C, field-effect mobility
and the threshold voltage shift under a positive bias temperature stress were improved by 3.31 to 8.82 cm®/(V s) and 8.90 to 4.50
V, respectively. The improved electrical performance and stability were due to structural relaxation by HPA, which leads to

increased carrier concentration and decreased oxygen vacancy.
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1. INTRODUCTION

Oxide thin-film transistors (TFTs) have many strengths, such as
a high mobility, high transparency, low off current, high
uniformity, and a variety of deposition methods by simple
processes.' © As a result, oxide TFTs have been intensively
researched to challenge amorphous Si-based TFT's in the display
industry and for adoption in backplanes for the next-generation
flat panel display industry. The application fields of oxide TFTs
include liquid crystal,7 3D} high resolution,” flexible,"® and
organic light-emitting diode displays.®"'® Higher mobility and
flexibility make oxide TFTs advantageous relative to Si-based
TFTs. Many companies have already produced display products
using oxide TFTs. However, to become the mainstream for
backplanes in the display industry, some issues must be solved.
These include lower stability, not enough mobility for above
ultrahigh definition display, and an immature manufacturing
process. Much research has been performed to overcome the
above issues, including studies of channel materials and
composition,'' ™' investigations of structures,'*'® and applica-
tions of additional treatments.'” "

Recently, high-pressure annealing (HPA) has been researched
for improved electrical characteristics and stability.'”~>' Among
approaches used to overcome the drawbacks of oxide TFTs such
as their mobility and stability, HPA has been studied for both
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solution and vacuum processes. In solution process, HPA was an
in situ process for thin-film formation. Therefore, high-
performance devices at low temperature could be fabricated,
because pores in thin films were decreased by densification.” In
vacuum process, HPA was conducted as a post treatment to
reduce oxygen-related defects.'”>' Therefore, the positive bias
temperature stress (PBTS)" and negative bias temperature
illumination stress (NBTIS)*' results of InGaZnO (IGZO)
TFTs were enhanced by decreasing oxygen vacancies in deep
levels. In previous research, HPA was used with pressurized gases
such as oxygen® and H,0."”*' However, these gases could affect
the electrical characteristics of oxide TFTs without HPA.
Therefore, it is hard to know if the improved electrical
performance by HPA can be attributed to HPA or pressurized
gas effects. However, there has been no research on the effects of
HPA on oxide semiconductors, despite its importance. Here, we
focus the HPA effects themselves using N, as the pressurized gas,
which was treated as inert gas.
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Figure 1. Transfer curves of the reference, 1-HPA, and 3-HPA with (a) log and (b) linear scales for I,s (inset image is the schematic of HPA process).

Table 1. Electrical Properties of the Reference, 1-HPA, and 3-HPA

condition pgpr (cm?/(V's)) on/off ratio S.S (V/dec.) N, (/cm?) Vg (V) N, (/em?)
reference 331 1.81 x 10° 0.48 6.78 x 10" 7.16
1-MPa 424 4.62 % 10° 0.36 4.80 x 10" 1.42 5.52 x 10"
3-MPa 8.82 1.07 x 10° 0.33 437 x 10" 0.67 623 x 10"
2. EXPERIMENTAL METHODS _ C AV,
e e ind —
2.1. Fabrication of IGZO TFTs. IGZO TFTs were prepared with an " q (2)

inverted staggered structure with an etch stopper layer (ESL). A MoW
gate electrode was used and deposited by a sputtering system. The gate
insulator, ESL, and passivation layer were SiO, using plasma-enhanced
chemical vapor deposition. The IGZO channel layer was deposited by a
sputtering system (IGZO target; InO,:Ga,05:Zn0O = 2:2:1 mol %) and
patterned with a width of 14 ym and length of 10 gm. Mo was used as
the source/drain electrode, and deposited by sputtering system. After
the TFT's were fabricated, they were postannealed at 300 °C for 1 h in
ambient. HPA was conducted at 200 °C for 2 h in a N, atmosphere after
finished TFT fabrication (inset image of Figure la). The pressurized
pressures were 1 and 3 MPa. There were three experimental samples
used to study the high-pressure effect: nonannealed (reference),
annealed at 200 °C for 2 h under a 1 MPa N, atmosphere (1-HPA),
and annealed at 200 °C for 2 h under a 3 MPa N, atmosphere (3-HPA).

2.2. Characterization of IGZO TFTs. Electrical characteristics of
IGZO TFTs were measured with an HP 4156C semiconductor
parameter analyzer in ambient. Transfer characteristics were measured
under Vg = 10.1 V and Vg from —30 to 30 V. To analyze the positive
bias stability, a PBTS test was performed under Vg3 =20 Vand Vg =0.1
V at 60 °C for 15000 s. To investigate IGZO thin films as a function of
pressure, we used spectroscopic ellipsometry (SE) and X-ray photo-
electron spectroscopy (XPS).

3. RESULTS AND DISCUSSION

Figure 1 shows the transfer characteristics of three samples, the
reference, 1-HPA, and 3-HPA, with log (Figure 1a) and linear
(Figure 1b) scales for I Electrical parameters, such as the field-
effect mobility (upgr), on/off ratio, subthreshold swing (S.S),
equivalent maximum density of states between channel and gate
insulator (N,,,,), threshold voltage (Viy), and the induced
carrier concentration (IN4), which was net-created carrier by
HPA were summarized in Table 1. N, was calculated using the
following equation™

N = (S. Slog(e) 3 1)&
kT/q q (1)

where k is the Boltzmann constant, T is absolute temperature, g is
the electron charge, and C; is the capacitance of the gate insulator.
N,,4 was calculated as
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where AVyy is the Viy shift by post process, in this case HPA.
Ugpr was 3.31 cm?/(V s) for the reference, 4.24 cm?/(V s) for 1-
HPA, and 8.82 cm?/(V s) for 3-HPA. It was therefore improved
by 28% for 1-HPA and 166% for 3-HPA. Moreover, as shown in
Figure 2, AV under PBTS was also decreased as the applied
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Figure 2. AV under PBTS for the reference, 1-HPA, and 3-HPA.

pressure was increased. AV under PBTS at 15000 s were 8.90,
495, and 4.50 V for the reference, 1-HPA, and 3-HPA,
respectively. In other words, PBTS results were improved by
44% for 1-HPA and 49% for 3-HPA. From these results, we
determined that HPA was an effective treatment for improving
electrical parameters and stability. These enhancements were
caused by modulating defect states near the conduction band
minimum (CBM) and decreasing the oxygen vacancy.

Figure 3c shows the band alignments of three samples using SE
and XPS. Figure 3a shows that the band offsets between the
Fermi level (Eg) and the valence band maximum (Eg, = Ey, —
E(), and the band offsets between the Fermi level (Ez) and CBM
(Ecg = Ec — Eg) can be calculated using Egy. The bandgaps (E,)
increased with the N, pressure, as shown in Figure 3b. In
semiconductor physics, the electron concentration (1) can be
calculated as
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Figure 3. (a) XPS spectra near the valence band. (b) SE spectra of the absorption coefficient. (c) Band alignment of the reference, 1-HPA, and 3-HPA

using XPS and SE data.

E
n= NCexp[—ﬂ]

kT (3)

where N_ is the effective density of states at the conduction band
edge. Equation 3 shows that the electron concentration increases
as Ecp was decreases. In the percolation model, the higher the
carrier concentration, the higher Hall mobility appeared in oxide
semiconductors.*

As shown in Figure 3c, Ecp decreased as the applied N,
pressure increased. The decreased Ecp can explain the increased
Hall mobility under N, HPA because a decreased Ecp leads to
increased carrier concentration. In addition, E, was increased by
HPA. In general, E;, can be varied by increased carrier
concentration through the combination of two opposite effects:
bandgap widening from the Burstein—Moss effect,”>™>° and
bandgap narrowing from a many-body interaction between free
carriers or free carriers and ionized impurities.”®’ E, usually
increases with the carrier concentration in oxide semiconductors,
because the bandgap widening effect is dominant.***” For IGZO
thin films in particular, E, and the carrier concentration are
increased by structural relaxation,”® which reduces the localized
state near the CBM. This experiment showed similar results to
the literature”*™2® in terms of E; and the carrier concentration
variation. As shown in eq 2, a negative shift of V1 under post
process creates an additional charge, which is N 4. Nj,q was 5.52
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X 10" /em® for 1-HPA and 6.23 x 10" /em® for 3-HPA.
Generally, for oxide TFTs, ppgr was increased with Hall
mobility.”” > Therefore, increased carrier concentration leads
to higher electrical performance.

Figure 4 shows an analysis of the subgap state of the channel
layer using SE analysis. Figure 4a shows two deconvoluted defect
states (D1 and D2) with the Gaussian model form SE peaks near
the conduction band. Figure 4b shows the relative areas of D1
and D2, and Figure 4c shows the peak position of D1 and D2
away from the CBM. The relative area of D1 was increased, and
that of D2 was decreased as the applied pressure was increased.
Figure 4d shows renewed band alignment with D1 and D2 using
XPS (Egy) and SE (Eg, D1, and D2) data. In general, D1
represents a shallow-level defect, which implies a donor-like
state, and D2 represents a deep-level defect, which implies an
acceptor-like state. As shown in panels b and c in Figure 4, the D1
peak position was shifted to CBM, and the relative area of D1 was
increased as the N, applied pressure increased. This means that
more free electrons were generated by the increased relative area
of D1, and the generated free electrons were easily moved to the
CBM.*® In other words, generated free electrons lead to
increased mobility by HPA.>® However, the relative area of D2
was decreased by HPA. That means that the number of electron
trapping sites was decreased. Moreover, N, was decreased by
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Figure 4. (a) SE spectra of absorption coeflicients near the conduction band with deconvolution of two defect states (D1 and D2). (b) Relative area of
the defects of the reference, 1-HPA, and 3-HPA. (c) Peak position of the defects of the reference, 1-HPA, and 3-HPA. (d) Band alignment of the
reference, 1-HPA, and 3-HPA using XPS and SE data with D1 and D2 states.

29% for 1-HPA and 36% for 3-HPA. These were also plausible
explanations for the increased mobility by HPA.

Figure Sa—c show O 1s peaks from XPS analysis for the
reference, 1-HPA, and 3-HPA. XPS data were calibrated using
the C 1s peak centered at 284.8 eV, and O 1s peaks were
deconvoluted into three peaks, which were centered at 532, 531,
and 530 + 0.1 eV. The lower binding energy peak represented a

13499

metal oxide lattice without oxygen vacancy, the medium binding
energy peak represented a metal oxide lattice with oxygen
vacancy, and the higher biding peak represented metal hydroxide
species. Figure 5d shows the relative area with oxygen vacancy in
the metal oxide lattice (O,, ") and without oxygen vacancy in the
metal oxide lattice (M-O’). Generally, the instability origin of

positive bias stress originated from the electron trap sites which
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Figure 5. O 1s peaks from XPS analysis: (a) reference, (b) 1-HPA, and (c) 3-HPA. (d) O,,. in the metal oxide lattice (O,,.") and M-O in the metal oxide

lattice (M-O’).

were oxygen vacancy in oxide semiconductors.>*** Compared to
the reference, the relative area of the medium binding area (O,,.)
was decreased 9% for 1-HPA and 13% for 3-HPA, whereas that of
the lower binding area (M-O) was increased 9% for 1-HPA and
10% for 3-HPA. Moreover, O,,. was also decreased from 32.88
to 27.93%. Therefore, HPA increased the film quality of IGZO
thin films through increased M-O’ and decreased O,,., and
improved positive bias stability through decreased O,, '

vac

4. CONCLUSION

We investigated HPA-treated IGZO TFTs under a N,
atmosphere. Structural relaxation occurred due to HPA, and
carrier concentration and mobility were increased. As N,
pressure was applied, the electrical properties and stability
were improved due to increased shallow-level defects and
decreased oxygen vacancies and deep-level defects. piggr, S.S, and
AVyy under PBTS improved 3.31 to 8.82 cm?/(V's), 0.48 to 0.33
V/dec., and 8.90 to 4.50 V, respectively. Therefore, we confirmed
that HPA was a simple and effective method to improve electrical
performance by structural relaxation.
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