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ABSTRACT: We proposed a simple method to deposit a vertically
graded oxygen-vacancy active layer (VGA) to enhance the positive
bias stress (PBS) stability of amorphous indium gallium zinc oxide
(a-IGZO) thin-film transistors (TFTs). We deposited a-IGZO films
by sputtering (target composition; In,05:Ga,05:ZnO = 1:1:1 mol %),
and the oxygen partial pressure was varied during deposition so that
the front channel of the TFTs was fabricated with low oxygen partial
pressure and the back channel with high oxygen partial pressure. Using
this method, we were able to control the oxygen vacancy concentration
of the active layer so that it varied with depth. As a result, the turn-on
voltage shift following a 10000 s PBS of optimized VGA TFT was
drastically improved from 12.0 to 5.6 V compared with a conventional
a-IGZO TFT, without a significant decrease in the field effect mobility.
These results came from the self-passivation effect and decrease in
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oxygen-vacancy-related trap sites of the VGA TFTs.
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1. INTRODUCTION

Amorphous oxide semiconductors (AOSs) have attracted con-
siderable research attention in recent years as an active layer
material for use in thin-film transistors (TFTs) because of their
superior electrical characteristics compared with conventional
amorphous Si.' > AOSs exhibit many advantages in terms of
electron mobility, transparency in visible wavelengths, and
uniformity for large area fabrication.*”® Moreover, the low-
temperature deposition process of AOSs makes it possible to
deposit the active layer materials on flexible substrates.”” In
spite of these advantages, instabilities of AOSs in response to
various stress conditions such as illumination, bias, current, and
temperature remain an issue.'*"'> These instabilities are a
critical problem that must be addressed to utilize AOSs in TFT
applications. A number of reports have proposed methods to
enhance the stability of AOS TFTs, including high-pressure
annealing,13 gate insulator modification,'* and additional
plasma treatment on the active layer.">'® However, these
methods require additional process steps, leading to increased
complexity of the process and manufacturing costs.

It has been reported that positive bias stress (PBS) stability
can be improved by controlling oxygen vacancy (V) concen-
tration in the active layer."”'® Tt is well-known that the Vg, in
oxide semiconductors acts as a carrier supplier, so it contributes
to current flow.'”*° It has also been reported that the Vy in the
active layer leads to instabilities of electrical ?roperties under
PBS because it can act as electron trap sites.”>> Thus, a high
concentration of Vj in the active layer may lead to favorable
electrical performance but is also a major cause of poor PBS
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stability. It follows that control over the concentration of Vg in
the active layer is important in AOS TFTs.

In this study, we developed a simple method to fabricate a
vertically graded Vj, active layer (VGA) by varying the oxygen
partial pressure during active layer deposition to control the
V concentration according to the depth. This simple method
leads to PBS stability improvement of TFT's without additional
complex processes.

2. EXPERIMENTAL SECTION

2.1. Fabrication of TFTs. We fabricated the a-IGZO TFTs with
inverted staggered structure using a heavily doped p-type Si wafer with
thermally oxidized SiO, of 1200 A as a substrate. The 40 nm thick
a-IGZO active layer was deposited by radio frequency (RF) magnetron
sputtering on the cleaned substrate by using a 3 in. IGZO target
(In,04:Ga,04:ZnO = 1:1:1 mol %). The RF power was 150 W; the
working pressure was 5 mTorr; the total deposition time was 300 s;
and the process was carried out at room temperature. We set the
oxygen partial pressure ([O,]/[Ar + O,]) to 0% to fabricate the V-
rich film and 5% to deposit the Vy-poor film. To fabricate the VGA,
the oxygen partial pressure was increased from 0% to 5% during
fabrication, whereas the oxygen partial pressure was fixed at either 0%
or 5% to fabricate the conventional TFTs used for reference. Active
layers were fabricated with different time for the 0% oxygen partial
pressure and 5% oxygen partial pressure, i.e., time ratios of 0% and 5%
and oxygen partial pressures of 100:0, 75:25, 50:50, 25:75, and 0:100;
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Figure 1. Transfer characteristics of conventional and VGA TFTs with
various thickness ratios of the Vy-poor to Vy-rich regions.

these samples are henceforth termed L100, H25/L75, HS0/L50, H75/
L25, and H100, respectively. These deposition time ratios were
directly related to the thickness ratio of the V-rich region to Vy-poor
region. Following deposition of the active layer, the samples were
annealed at 300 °C for 1 h in ambient air. Aluminum source/drain
electrodes with a thickness of 200 nm were deposited using thermal
evaporation via a shadow mask. The width and length of the channel
were 1000 and 150 pm, respectively.

2.2. Electrical and Chemical Characteristic Measurement.
The current—voltage (I-V) characteristics of the fabricated TFTs
were measured using an HP4156C semiconductor parameter analyzer
in the dark and at room temperature. The electrical parameters of the
TFTs were analyzed from their transfer characteristics with a drain
voltage (Vp,) of 10.1 V in this work. The field effect mobility (ug) was
extracted from the transfer characteristics using the following relation

(et

where C,, is the gate insulator capacitance per unit area; L/W is the
ratio of length to width; and G,,,, is the derivative maximum of the
square root of the drain current with respect to the square root of the
gate voltage, i.e.
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Additionally, we performed depth profile X-ray photoelectron spec-
troscopy (XPS) to investigate the chemical composition of the films.

3. RESULTS AND DISCUSSION

Figure 1 shows the transfer characteristics of the conventional
and VGA a-IGZO TFTs. As the thickness of the high oxygen
partial pressure layer increased, both the on-current and pgg
decreased. The L100 TFT deposited by conventional methods
with low oxygen partial pressure exhibited the highest pizg of
10.77 cm?*/(V s), whereas the H100 TFT exhibited the lowest
uzg of 3.06 cm?/(V s). The VGA TFTs with the H25/L75 and
HS0/L50 showed the gy of 9.27 and 8.04 cm?/(V s), respec-
tively, and these values were slightly decreased in y; compared
with the L100 TFT. However, the pg; of the H75/L25 TFT
was 6.52 cm?/(V s), and this value was degraded about 40%
compared with the L100 TFT. Because we are interested in
improving the PBS stability without degrading the electrical
characteristics, we did not investigate the H75/L25 TFT fur-
ther. Consequently, the PBS tests were carried out for the
H25/L75 and HS0/L50 among the VGA TFTs and for L100
and H100 as the reference, respectively.

The PBS tests were performed with Vg = 20 V and Vg =
10.1 V, applied for 1000 s. The variation of turn-on voltage
(V,,) shift was investigated to compare the PBS stability of the
TFTs. Figure 2a—c shows the evolution of the transfer
characteristics of the L100, H25/L75, and H50/L50 TFTs.

a) 10°
( ) 10" L100
[ (PBS, 1000 s)
1osr
10 1
1
10" |
—_— 8
< 10
~ 9
- 1010 4 —=— Initial
10 +—1s
10" —4—10s
12 —+—100s
10“' «1000s
10' ' 1 1 1 L
30 20 -10 0 10 20 30
V. (V)
10°
(C) 10* HS50/L50
L[ (PBS, 1000 s)
10°
6
10°
a1
10 3
< 10°}
~ 9
=L 11:'0 5 —a—Initial
+—1s
10.11 : —a—10s
107 v 100s
- <—1000s
10 : ; ; ) )
30 20 10 0 10 20 30

Figure 2. PBS test results of a-IGZO TFTs with (a) L100, (b) H25/L75, and (c) H50/LS0. (d) Variation in g5 and
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Figure 3. Transfer characteristic of a-IGZO TFT with (a) L100 and (b) H25/L7S as a function of the applied PBS time.
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Figure 4. XPS results for the O 1s peak for different a-IGZO films at different depths: (a) L100, (b) H25/L7S, and (c) H100 at S nm from the
surface and (d) L100, (e) H25/L75, and (f) H100 at 20 nm from the surface.

The V,, shift of L100 TFT after 1000 s was 7.0 V, and it was
the worst PBS stability among the all TFTs. The H25/L75 and
HS50/L50 TFTs showed V., shifts of 3.2 and 2.8 V, respectively.
Figure 2d shows the variation in ppg and V, shift after the
1000 s PBS for each TFT. The PBS stability of VGA TFT's was
drastically improved compared with the L100 TFT. Further-
more, as the thickness of the high oxygen partial pressure layer
increased, the PBS stability of the a-IGZO TFT also improved,
while the ppg decreased. The H25/L75 TFT showed superior
PBS stability compared with L100 TFT without a significant
decrease in pigg. The HS0/LS0 TFT also showed improved PBS
stability; however, the decrease in ypg was larger, and the PBS
stability was not significantly improved compared with that of
H25/L75 TFT. Therefore, the optimal VGA condition was
H25/L7S.

We performed an additional 10 000 s PBS test on the L100
and H25/L75 TFTs, as shown in Figure 3. The V,, shift of
H25/L75 TFT after a 10 000 s PBS was 5.6 V, whereas that of
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the L100 TFT was 12.0 V. These results show that the PBS
stability of the H25/L75 TFT was improved by a factor of
more than 2 in terms of V, shift without a significant change
in pipg compared with the L100 TFT.

We performed depth profile XPS analyses to examine the
chemical and structural changes related to the oxygen according
to the depth. The binding energy was referenced to the C 1s
peak centered at 284.8 eV for calibration, and the O 1s spec-
tra were deconvoluted into three different peaks centered at
530.1 + 0.1, 531.0 #+ 0.1, and 532.0 + 0.1 eV. The first peak
with a low binding energy region (O;) corresponds to lattice
oxygen related to In, Ga, and Zn metal—oxide bonds (M—O).
The medium binding energy region (Oy) corresponds to the
metal oxide lattice with V,, and the high binding energy region
(On) represents metal hydroxide species (M—OH).>*** Figure
4a—c shows the O 1s spectra of the three a-IGZO samples at
S nm from the surface, and Figure 4d—f shows the O 1s spectra
at 20 nm from the surface. As shown in Figure 4a and ¢, the
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Figure 5. Comparison of the samples with the area ratio of the middle
binding energy as a function of depth.

relative area of Oy (Oy’) of the L100 sample was larger than
that in the H100 sample. In other words, the films deposited
with a lower oxygen partial pressure exhibited V-rich regions,
i.e., a high Vi concentration.”>*® The XPS data of the samples
fabricated with conventional growth (i.e., L100 and H100) did
not change with depth, as shown in Figure 4d and f. Therefore,
L100 and H100 samples exhibited a uniform distribution of
oxygen-related bonds, such as M—O, V, and M—OH regard-
less of the depth. However, for the H25/L7S sample, the XPS
result at 5 nm from the surface exhibited a Vy-poor region,
whereas at 20 nm from the surface it exhibited a V5-rich region
as shown in Figure 4b and e.

Figure S shows Oy’ data as a function of the depth from the
surface. As mentioned before, the H25/L75 sample showed
variation in the Vg concentration with depth, whereas the
L100 and H100 samples exhibited constant V5 concentrations.
Because V, in oxide semiconductors acts as a carrier sup-
plier,”” 7 an increase in the V, concentration leads to an
increase in the carrier concentration of the film. High carrier
concentration of the film can bring the high mobility because of
a percolation conduction mechanism.*>" In this context, the
high mobility of the L100 and H25/L75 TFTs may result from
the high Vg concentration in the front channel because the

effective channel region of the TFTs is formed near the gate
insulator in the active layer.>>*®> The improvement in PBS
stability of the H25/L75 TFT may be explained by considering
the reduced V concentration of the back channel area com-
pared with that of the L100 TFT. One of the major causes of
PBS instability is the reaction between the back channel and the
ambient air.>* It has been shown that low V, concentration in
the back channel region inhibits reactions between the back
channel and the ambient air.>>~>’ In other words, a back chan-
nel region with low Vg concentration can act as a self-
passivation layer. For this reason, the Vy-poor back channel of
VGA TFTs may act as a self-passivation layer, so it decreases
the interaction between the exposed back surface and the
ambient atmosphere. Therefore, the VGA TFTs showed
improved PBS stability compared to the L100 TFT.

Additionally, V in the active layer can act as an electron trap
site, leading to PBS instabilities.>**° Therefore, the PBS stabi-
lity improvement of the VGA TFTs with thicker V-poor layers
may be expected because of an overall decrease in the concen-
tration of V-related trap sites in the active layer. However, in
this study, the interaction between the back surface and the
ambient air is expected to be the dominant cause of PBS
instability. It is consistent with the drastic improvement in the
PBS stability of the H25/L75 TFT compared with the L100
TFT and with the insignificant improvement in the PBS
stability of the H50/L50 and H100 TFT compared with the
H25/L75 TFT. Figure 6 shows a schematic diagram of the
VGA TFT structure. The active layer region near the gate
insulator had high V concentration, whereas the active layer
region far from the gate insulator had low Vg concentration.
The improved PBS stability of the VGA TFT is attributed to
self-passivation effects of the back surface region and a decrease
in Vg-related electron trap sites.

4. CONCLUSION

We have described a simple method to improve the PBS
stability of a-IGZO TFTs by controlling the oxygen partial
pressure during deposition of the active layer. We deposited
a Vgrich film at the front channel using low oxygen partial

V, poor region

V, rich region

’// ) \
—‘—o b W |
\\ — /,

= O

Source/drain electrode
Al (200 nm)

0 : Oxygen vacancy

> —

L SL S

Gate Active layer
insulator 1GZO (40 nm)
Si0O, (120 nm)

Figure 6. Schematic diagram of the VGA TFT structure.

21366

dx.doi.org/10.1021/am5063212 | ACS Appl. Mater. Interfaces 2014, 6, 21363—21368



ACS Applied Materials & Interfaces

Research Article

pressure and Vg-poor film at the back channel using high
oxygen partial pressure. Such vertical control over the Vj
concentration in the active layer enabled us to fabricate a-IGZO
TFTs with pgg of 921 cm?/(V s) and V,, shift of 5.6 V follow-
ing a 10 000 s PBS test when the thickness ratio of the Vy-poor
region to Vq-rich region was 25:75. These results showed that
the PBS stability was improved by a factor of more than 2 in
terms of V, shift with a decrease in pgg of only 10% compared
with the a-IGZO TFT fabricated with a conventional process.
The improvement in the PBS stability was attributed to the self-
passivation effect at the back surface and a decrease in the
V-related trap site of the VGA TFTs. As a result, we confirmed
that the VGA method by controlling oxygen partial pressure
during film deposition is a simple and effective process to
improve the PBS stability without an increase in manufacturing
cost and process complexity.
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