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We report two-step annealing, high temperature and sequent low temperature, for

amorphous indium-gallium-zinc-oxide (a-IGZO) thin-film transistor (TFT) to improve

its stability and device performance. The annealing is carried out at 300 oC in N2

ambient for 1 h (1st step annealing) and then at 250 oC in vacuum for 10 h (2nd

step annealing). It is found that the threshold voltage (VTH) changes from 0.4 V

to -2.0 V by the 1st step annealing and to +0.6 V by 2nd step annealing. The

mobility changes from 18 cm2V-1s-1 to 25 cm2V-1s-1 by 1st step and decreases to

20 cm2V-1s-1 by 2nd step annealing. The VTH shift by positive bias temperature stress

(PBTS) is 3.7 V for the as-prepared TFT, and 1.7 V for the 1st step annealed TFT, and

1.3 V for the 2nd step annealed TFT. The XPS (X-ray photoelectron spectroscopy)

depth analysis indicates that the reduction in O-H bonds at the top interface (SiO2/a-

IGZO) by 2nd step annealing appears, which is related to the positive VTH shift and

smaller VTH shift by PBTS. © 2017 Author(s). All article content, except where oth-

erwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5008435

Amorphous oxide semiconductor (AOS) is getting more attention for its TFT application for

displays. The amorphous indium-gallium-zinc oxide (a-IGZO) is the most popular AOS used for

thin-film transistor (TFT) of active-matrix displays because of its advantages such as relatively

high field-effect mobility (> 10 cm2V-1s-1), low threshold voltage (< 1 V), low subthreshold swing

(< 0.3 Vdec-1), low-temperature process (< 200 oC) and optical transparency in visible region. There-

fore, a-IGZO TFTs are being used for liquid-crystal display (LCD) and organic light-emitting diode

(OLED) displays.1–5 However, there are still many issues related to the control of threshold volt-

age and bias-induced degradation.6–11 Therefore, there have been many studies on improving AOS

TFT stability such as high-pressure oxygen annealing,12 annealing in hydrogen environment,13 O2

plasma treatment,14 suitable passivation materials,15 long channel TFT16 and long-time annealing,

etc.17

Especially, the performance of a-IGZO TFT depends on channel length, and the TFTs with

channel length less than 2 µm exhibit mostly depletion mode behavior.18,19 Hence, the annealing

technique to make the transfer shift to the positive gate voltage (VG) is significant. However, it is also

found that the threshold voltage (VTH) of oxide TFT usually shifts to negative VG by high-temperature

annealing (> 300 oC).20 Therefore, there are lots of studies on bias stability using relatively long

channel TFTs (> 6 µm) under the NBIS (negative bias illumination stress) or PBTS (positive bias

temperature stress) because the device with short channel length can be more easily affected by the

electrical stress under the PBTS or NBTS (negative bias temperature stress).16 Note that most of

the oxide TFTs studied for improving stability have channel length longer than (> 6 µm) a-IGZO

TFTs.

In this letter we studied the improvement of device performance and stability for relatively

short channel (channel width/length = 20/4 µm) TFTs by introducing two-step annealing; 1st step is
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annealing at 300 oC for 1 h in N2 ambient, and 2nd step is annealing at 250 oC for 10 h in vacuum.

Here we found that the device performance and bias-stability can be improved by 1st and subsequent

2nd step annealing. By XPS (X-ray photoelectron spectroscopy) depth analysis, it is found that O-H

concentration at the top SiO2/a-IGZO interface could be reduced significantly by 2nd step annealing.

It is noted that the O-H bonds at the SiO2/a-IGZO interface affect the device performance and

stabilities.15,21

The a-IGZO TFT used in this study is a bottom gate, back-channel etched (BCE) structure as

shown in Fig. 1(a), cross-sectional view, and (b) optical image. The fabrication process of the BCE

TFTs appears elsewhere.22 On glass substrate, 100 nm molybdenum (Mo) layer was deposited by DC

sputtering and patterned as gate electrode. A bilayer of 100 nm SiNx and 150 nm SiO2 was deposited

through plasma enhanced chemical vapor deposition (PECVD) as a gate insulator, followed by deposi-

tion of an a-IGZO by sputtering. Note that the gate dielectric and active layer were deposited in a cluster

deposition system and thus impurity contamination could be reduced, supporting the device repro-

ducibility. Following the active layer deposition and patterning, a 150 nm Mo layer was deposited and

patterned to form source/drain (S/D) electrodes. Then, 300 nm SiO2 layer was deposited by PECVD

as a passivation layer. Finally, the post fabrication annealing was carried out at 250 ◦C in vacuum for

4 h. The channel width and length of the TFTs studied in this work are 20 µm and 4 µm respectively.

The post-fabrication annealing for the TFT for 4h at 250 oC is called “as-fabricated” TFT. Note that

this annealing step is a forming process because the TFT performance can be reproducible by this

process.

To investigate the change in TFT performance by the annealing step, it was measured after 1st

step annealing and then again after 2nd step annealing. All transfer curves are plotted at a drain voltage

(VDS) of 0.1 V. The threshold voltage (VTH) is defined as the gate voltage giving drain current of

IDS = W/L x 10-11 (A), subthreshold swing (SS) is obtained from (d log (IDS)/d VGS)-1 of the range

0.1 pA ≤ IDS ≤ 10 pA with VDS = 0.1 V and linear mobility (µLin) from trans-conductance (gM)

∂IDS/∂VGS at VGS = 20 V and VDS = 0.1 V.

The performance of “as-fabricated” TFT shown in Fig. 2 indicates that the VTH, SS and µLin are

0.4 V, 0.32 Vdec-1, and 18 cm2V-1s-1, respectively. It is found that the transfer curve shifts to negative

VGS direction, which makes mobility increases after 1st step annealing, resulting in VTH shifts from

0.4 V to -2 V and µLin from 18 cm2V-1s-1 to 25 cm2V-1s-1. On the other hand, after the 2nd step

annealing, the transfer curve shifts to the positive VGS direction and VTH shifts from -2.0 V to 0.6 V.

FIG. 1. The back channel etched (BCE) a-IGZO TFT fabricated for this work. (a) A cross-sectional view of a-IGZO TFT and

(b) optical image of a-IGZO TFT. TFT channel width/length is 20 µm/4 µm.
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FIG. 2. Representative transfer characteristics of the a-IGZO TFTs according to annealing conditions; as-fabricated, 1st step

annealing (300 oC in N2 ambient for 1 h) and 2nd step annealing (250 oC in vacuum for 10 h).

The SS of the as-fabricated TFT is 0.32 Vdec-1, and it changes to 0.60 Vdec-1 by 1st step annealing,

and 0.43 Vdec-1 after 2nd step annealing.

The average value and standard deviation of the TFT parameters are shown in Fig. 3, obtained

from the 10 TFTs fabricated simultaneously. The changes in VTH, SS, linear mobility and saturation

mobility are shown in (a), (b), (c) and (d), respectively. The VTH shifts to the negative gate voltage

by 1st step annealing.16 On the other hand, 2nd step annealing makes the transfer shift back to the

positive VGS direction and thus TFT shows accumulation mode behavior, which is better for the

application to gate driver.5 Given that higher temperature (300 oC) for shorter annealing time might

be attributed to the wider TFT parameter deviation after 1st step annealing. To investigate the stability

of the TFTs, PBTS at 60 oC was measured by applying gate bias of +20 V with source/drain electrodes

grounded. The evolution of transfer curves of the as-deposited TFT according to PBTS time exhibits

FIG. 3. Summary for the a-IGZO TFT parameters according to annealing step. (a) Constant current threshold voltage

extracted at IDS =W/L X 10-11 (A), (b) subthreshold swing (Vdec-1), (c) linear mobility (cm2V-1s-1) and (d) satura-

tion mobility (cm2V-1s-1) from the square root plot of drain currents for the 10 TFTs fabricated at the same preparation

conditions.
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significant shift toward positive VGS direction, resulting in ∆VTH of 3.6 V as shown in Fig. 4(a). The

positive shift is due to the electron trapping at the gate insulator/active interface. The TFT after the

1st step annealing exhibits ∆VTH of 1.7 V as shown in Fig. 4(b). Therefore, the PBTS stability can

be improved by the 1st step annealing at 300 oC. Moreover, after the 2nd step annealing at 250 oC,

the PBTS shows ∆VTH of 1.3 V as shown in Fig. 4(c). The turn-on voltage shifts to the positive VGS

direction by 1.3 V. These results are beneficial to design the gate drivers because of its accumulation

mode.

FIG. 4. The evolution of transfer characteristics under the positive bias temperature stress (PBTS) according to annealing

step; (a) as-fabricated, (b) 1st step annealing and (c) 2nd step annealing. For comparison, the results for (d) the as-fabricated

TFT annealed at 250 oC in vacuum for 10h are included. The PBTS was carried out at the gate bias stress = +20 V with

source/drain = 0 V at 60 oC for 3600s. (e) Stretched exponential plots for the TFTs with different annealing conditions and

(f) extracted Tau (τ) for the different annealing conditions (a) to (d).
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The PBTS results of the TFT annealed for 10 h at 250 oC without 300 oC annealing appear in

Fig. 4(d), indicating ∆VTH of 2.4 V which is larger than that (∆VTH of 1.3 V) of the 1st and 2nd step

annealed TFT. Note that the TFTs annealed in N2 ambient shows better stability than that of vacuum

ambient. The nitrogen can serve as an environmental shielding gas. The stretched exponential plots

shown in Fig. 4(e) are used to evaluate a long-term stability; log τ is plotted in Fig. 4(f). The stretched

exponential formula is expressed as,

|∆VTH (t)| =V0

{

1 − exp

[

−(
t

τ
)
β
]}

(1)

here, Vo is l∆VTHl at infinite time, τ is the time constant and β is the stretched exponential parameter.23

Here, we found that the τ of the as-fabricated TFTs is 4.18 x 105s. Moreover, the τ for the 1st and 2nd

step annealed TFTs are respectively 1.37 x 106s and 1.05 x 107s, indicating that the bias-stability of

TFT is much improved by the 1st and 2nd step annealing. The β’s for the as-prepared and 1st and 2nd

annealing steps are 0.34, 0.41 and 0.34 respectively.

To study the effect of annealing on the top SiO2/a-IGZO and bottom a-IGZO/SiO2 interfaces, the

XPS depth profile of SiO2/a-IGZO/SiO2 was measured. Fig. 5(a), (b) and (c) show the deconvolution

of O1s intensity at the top interface. The three peaks are due to the metal-oxygen (M-O) bonds at

530 eV, oxygen vacancy (Vo) at 531 eV and oxygen-hydrogen (O-H) at 532 eV.12 At the top interface,

it is found the significant change of M-O concentration according to annealing step, from 43.7 % for

as-fabricated, to 30.1 % after 1 step annealing, and to 41.5 % after second step annealing. Moreover,

Vo concentration exhibits a slight change from 30.1 % to 28.4 % and to 27.3 %, O-H bonds change

from 26.2 % to 41.5 % and to 31.3 %, respectively.

FIG. 5. Deconvolution of XPS O1s intensity at the top SiO2/a-IGZO interface according to the annealing step; (a) as-fabricated,

(b) 1st step annealing and (c) 2nd step annealing. Deconvolution of O1s intensity at the bottom interface between a-IGZO/bottom

SiO2; (d) as-fabricated, (e) 1st step annealing and (f) 2nd step annealing. (g) Depth profile of In3d intensity with inset which

is an enlargement of the circled area and the deconvolution of In3d intensity at (h) the top interface and (i) bottom interface

for the different annealing conditions.
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FIG. 6. The schematic of SiO2/a-IGZO/SiO2 structures at the top and bottom interfaces according to the annealing step.

(a) As-fabricated, (b) 1st step annealing and (c) 2nd step annealing. Hydrogen absorption upon 1st step annealing and desorption

after 2nd step annealing change the concentration of O-H bonds at the interfaces. Hydrogen exists as Ho, H+, and H- and the

bond length of oxygen with hydrogen (O-H: 0.0911 nm) is shorter than In with oxygen (In-O = 0.20167 nm).

High O-H concentration at the top interface appears upon 1st step annealing, but its concen-

tration decreases significantly by the 2nd step annealing, leading to more M-O bonds. On the other

hand, the Vo concentration changes a little. On the other hand, the bottom interface of a-IGZO/SiO2

changes a little as shown in Figure 5(d), (e) and (f), summarizing that M-O (46.5 %, 41.8 %, and

48.2 %), O-H (19.4 %, 20.9 %, and 15.8 %) and Vo (34.1 %, 37.3 %, and 36.0 %) for the three

different steps. This is due to the stable bottom interface because the bottom SiO2 is deposited

at high temperature (380 oC) than top SiO2 and thus makes a stable bottom a-IGZO/SiO2 inter-

face.24 As a result, comparing Figure 5 (a), (b), (c) with (d), (e) and (f) reveals that the reaction

with hydrogen is more active at the top interface. Fig. 5(g) shows the In3d atomic percentage as

a function of etching time, indicating that In at the interface diffuses toward the a-IGZO after

the 1st step annealing. It appears to be correlated with the hydrogen in a-IGZO with shorter O-H

bond (0.0911nm) compared with In-O (0.20167nm).25 This phenomenon is identified in Fig. 5 (h)

and (i) showing In3d intensity at the top and bottom interfaces respectively. As shown in

Fig. 5 (h), the InO3 peak at the binding energy 444.6 eV shifts to In (OH)3 peak at the binding energy

445.2 eV.

Fig. 6 shows the schematic diagram explaining the annealing effect for the a-IGZO TFT. The

hydrogen in the a-IGZO can be in the states of H0, H+, and H-. The H- can be placed at the oxygen

vacancy site and then form the metal-hydrogen bond (M-H) which is thermally stable.26 Therefore,

this does not change after annealing at 300 oC. On the other hand, H+ in a-IGZO reacts with O2- and

donates one electron by the following reaction;

(H+ + O2−→OH− + e−) (2)

The H+ in a-IGZO can react with O2- during 300 oC annealing and then form O-H, leading to

increase in O-H concentration as shown in Fig. 6 (b). The increase in O-H is confirmed by XPS result,

and the generated free electrons according to eq. (2) decrease the VTH and leads to negative shift of

transfer curve.

The 2nd step annealing, long time annealing at 250 oC, the H in the weak O-H bonds formed

during the 1st step annealing can diffuse out as shown in Fig. 6 (c). It leads to decrease in O-H

concentration and to increase M-O bonds. This leads to the reduction in free electron and positive

shifts of VTH and transfer curve. By optimization of annealing steps, the a-IGZO TFT can have

accumulation mode and stable operation under bias stress.

In summary, the two-step annealing for the a-IGZO TFTs is studied to improve the positive

bias stability and to move VTH into positive gate direction. The transfer curve shifts to the negative

gate voltage by 1st step annealing at 300 oC for 1h. However, VTH shifts to the positive gate voltage

direction by 2nd step annealing at 250 oC for 10h. The mobility increases from 18 to 25 cm2V-1S-1

by 1st step at 300 oC and to 20 cm2V-1S-1 by 2nd step annealing. The better PBTS stability can

be achieved through these two-step annealing process. It is found from the XPS analysis that the
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diffusion of hydrogen in a-IGZO layer affects the threshold voltage shift. These results indicate that

the threshold voltage of the TFT shifts to near zero and bias stability can be improved by two-step

annealing, first at high temperature for a short time and then low-temperature long time.
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