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This study examined the effect of oxygen plasma treatment on light-enhanced bias instability in

Zn-Sn-O (ZTO) thin film transistors (TFTs). The treated ZTO TFT exhibited only a threshold

voltage (Vth) shift of �2.05 V under negative bias illumination stress (NBIS) conditions, whereas

the pristine device suffered from a negative Vth shift of 3.76 V under identical conditions. X-ray

photoelectron spectroscopic analysis revealed that the oxygen vacancy defect density was diminished

via the oxygen plasma treatment. This suggests the Vth degradation under NBIS is due to photo-transition

of oxygen vacancy defects. VC 2011 American Institute of Physics. [doi:10.1063/1.3634053]

Multi-component metal oxide thin film transistors

(TFTs) have been intensively studied for their perspective

applications in novel active-matrix (AM) display, such as a

transparent and/or bendable AM display, because they offer

the advantages of high field-effect mobility, optical clarity,

excellent electrical uniformity, and low processing

temperature.1–3 In particular, the ZnO-based semiconductor

has a wide band-gap (>3.0 eV) that enables the transparent

electronics or display to be realized. The intriguing transpar-

ent aspect, however, should be carefully exploited, because

sunlight or ambient light through the transparent electronic

devices can cause a significantly reliability concern in con-

junction with the electrical bias and/or thermal stress. The

application of the negative bias illumination stress (NBIS) in

metal oxide TFTs causes the serious threshold voltage (Vth)

shift in the negative voltage direction, while the positive bias

illumination stress (PBIS)-induced instability is relatively

negligible.4 This extreme asymmetric deterioration can be

understood by considering the trapping or injection mecha-

nism of the photo-created hole carriers.5 The validity of the

hole trapping model has been confirmed by the strong gate

dielectric material dependence on the NBIS instability of

the resulting oxide TFTs.6,7 Recently, an entirely different

degradation mechanism has been proposed, based on the

photon-transition model from the neutral oxygen vacancy

[VO] to double positive charged oxygen vacancy [VO
2þ].8,9

Ji et al. reported that the removal of the [VO] defect center,

via intentional oxygen diffusion, results in the strong sup-

pression of NBIS instability in the InGaZnO TFTs. This sup-

ports the involvement of the oxygen vacancy defect.10 Thus,

the origin of NBIS instability in oxide TFTs is still under

debate. In addition, from the viewpoint of the actual applica-

tion of the metal oxide TFTs, it is urgent to develop a practi-

cal process to prevent NBIS instability, as well as its

complete clarification.

In this letter, we report the effect of oxygen plasma

treatment on the NBIS-induced instability of Zn-Sn-O

(ZTO) TFTs. We chose the ZTO semiconductor as a channel

layer of the metal oxide TFTs, because the most popular

InGaZnO system components are rare in the earth crust, as

well as the expensive cost of In and Ga cations. Compared to

the pristine device, the treated ZTO TFTs exhibited more

stable behavior against the application of NBIS. This result

can be explained by the VO transition model. This was con-

firmed by x-ray photoelectron spectroscopy (XPS) data.

The fabricated ZTO TFTs have a bottom gate (BG) and

bottom contact configuration. Lithographically patterned in-

dium tin oxide (ITO) 150 nm thick on a glass substrate, with

an area of 100� 100 mm2, was used as the gate electrode for

the BG TFT. A 176 nm thick Al2O3 film as a gate insulator

was deposited by atomic layer deposition (ALD) at a temper-

ature of 150 �C. ZTO films with thicknesses of 20, 40, and

60 nm as a channel layer were grown using metal organic

chemical vapor deposition (MOCVD). The fundamental

details regarding the MOCVD-derived channel layer will be

published elsewhere. Oxygen plasma treatment was

performed on the ZTO/ITO/Al2O3/ITO/glass substrate. The

plasma power and treated time were 500 W and 60 s, respec-

tively. ALD-derived 9-nm-thick Al2O3 films were deposited

as a passivation (or protective) layer on a ZTO/Al2O3/ITO/

glass substrate, which was followed by the patterning of the

active layer/Al2O3 stack simultaneously. The thermal contact

annealing was performed at 250 �C for 2 h. The electrical

measurements were performed at room temperature in air

using an Agilent B1500A precision semiconductor parameter

analyzer.

Figure 1 shows the transfer characteristics of the pristine

ZTO TFTs (reference device) and oxygen plasma-treated

ZTO TFTs with W/L¼ 40 lm/20 lm, respectively. The

extraction procedures for device parameters were described
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in the previous report.10 It can be seen that the field-effect

mobility (lFE) for the O2-treated device was slightly reduced

from 4.97 cm2/Vs (reference device) to 2.75 cm2/Vs, which

was reflected as the diminished drain current in the output

characteristics, as shown in Fig. 1(b). In contrast, the sub-

threshold gate swing (SS) for the O2-treated device improved

from 0.43 V/decade (reference device) to 0.36 V/decade,

suggesting that some of the tailing trap states can be cured

by oxygen plasma treatment. The threshold voltage (Vth) and

Ion/off ratio for both devices were comparable to 1.3–1.5 V

and 1–2� 108, respectively.

Figures 2(a) and 2(b) depict the evolution of transfer

characteristics, as a function of NBIS duration for both devi-

ces. The devices were stressed under the following condi-

tions: VGS and VDS were set to �20 V and 0 V at room

temperature, respectively. The stress duration was 10 000 s.

The full-width-at-half-maximum of the exposure to green

light was approximately 610 nm near 530 nm and photo

intensity was �1 mW/cm2, as calibrated by photometry. It

can be seen that the parallel Vth shift to the negative gate

voltage with increasing NBIS time was observed for both

devices without any significant change in the lFE, SS, and

Ion/off ratio. However, the amount of Vth movement for the

ZTO TFTs during the application of NBIS strongly depends

on the O2 plasma treatment. The Vth value for the reference

device was shifted approximately �3.76 V after NBIS for

10 000 s. In contrast, the negative Vth shift in the O2 treated

device was suppressed to �2.05 V, as shown in Fig. 2(b).

The negative Vth shift in oxide TFT under NBIS has

been attributed to the following three mechanisms, including

the oxygen photo-desorption model,11 the hole trapping

model,5–7 and the photo-transition model from [VO] to

[VO
2þ].8–10 The first model can be explained by dynamic

desorption of oxygen molecule/ions residing on the channel

back surface by photon irradiation and subsequent donation

of free electrons in the conduction band. In this study, the

Al2O3 film, as a high quality passivation layer, was formed

on the ZTO channel using atomic layer deposition. Therefore,

we can exclude the possibility of the dynamical ambient inter-

action on NBIS instability. In addition, the photo-created hole

trapping at or into the gate insulator cannot account for these

observations, because the oxygen plasma treatment is

unlikely to affect the underlying gate insulator interface and

bulk region due to the protection of the ZTO channel layer.

Thus, it would be quite reasonable to postulate that the oxy-

gen vacancy model is responsible for NBIS instability. In a

previous report, it was shown that the oxygen vacancy plays

a crucial role in determining the Vth instability under NBIS

condition.10 The deep state [VO] can be excited to the posi-

tively double charged [VO
2þ] by light irradiation that gives

the two delocalized free electron in the conduction band.

This kind of behavior is well-known as the negative-U

defect.12 The lowering of the Fermi level near the oxide

channel by the negative gate voltage during the NBIS dura-

tion would reduce the formation energy of [VO
2þ], leading

to the asymmetric Vth instability aforementioned.13 Thus, it

can be understood that the oxygen plasma treatment

decreases the concentration of [VO] via the in-diffusion

of radical oxygen species into the back surface region of

the ZTO channel. This speculation can be confirmed by the

spectroscopic analysis of the oxygen chemical state in the

ZTO thin film. Figure 3 shows their O 1s XPS spectra.

The O 1s peaks centered at binding energies of 530.1 eV,

531.6 eV, and 533.5 eV are, respectively, related to oxygen

in oxide lattices without oxygen vacancies, with oxygen

vacancies, and with OH� impurities.14 It can be clearly seen

that the relative area of the oxygen vacancy-related peak

FIG. 1. (Color online) Representative (a) trans-

fer and (b) output characteristics for both devi-

ces. Transfer curves were measured at

VDS¼ 0.5 V and 15.5 V. Output curves were

measured with increasing VGS from 0 to 20 V

(step size¼ 4 V).

FIG. 2. (Color online) Evolution of the transfer curves for the (a) reference

device and (b) the O2 treated device with increasing NBIS time from 0 to 10

000 s at room temperature. Transfer curves during the NBIS duration were

measured at VDS¼ 10 V.
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decreased by O2 plasma treatment. The values are 33.3%

and 25.0% for the reference and treated device, respectively.

The strong correlation between [VO] concentration and

NBIS instability indicates that the improvement of photo-

stability of the O2 treated device arose from the reduction in

[VO] defect density. The creation of [VO
2þ] by the photo-

transition would be strongly dependent on the thickness of

the channel layer, because the number of preexisting [VO]

defects will be proportional to the light-illuminated channel

volume. Figure 4 shows the effect of channel thickness on

NBIS induced Vth instability. It can be seen that the Vth shift

for the 60 nm thick treated device was increased from �2.05

V (20 nm thick treated device) to �12.22 V. Therefore, the

[VO] based model is well corroborated with the fact that

the Vth shift increased with increasing channel thickness of

the ZTO thin film.

In summary, the Vth stability of the ZTO TFTs under

NBIS conditions can be improved considerably by modest

oxygen plasma treatment. The enhancement of photo-

stability was attributed to the reduction in the concentration

of [VO] defect due to radical oxygen diffusion into the chan-

nel layer. This result supports the validity of the photo-

transition mechanism from preexisting [VO] to [VO
2þ] for

the plausible origin of the NBIS instability. Given that the

oxide channel layer is not thick, the process of O2 plasma

treatment can be effectively implemented into the low tem-

perature flexible electronics, as well as the transparent AM

flat panel display, to secure the photo-bias stability of metal

oxide TFTs due to its relatively low temperature processing.
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FIG. 3. (Color online) XPS O 1s spectra for the (a) reference ZTO and (b)

O2 treated ZTO thin films.

FIG. 4. (Color online) Variation in Vth value as a function of the applied

NBIS time for the O2 treated ZTO TFTs with different channel thickness (20

nm, 40 nm, and 60 nm). Vth variation for the reference device with 20 nm-

thick channel is inserted for comparison.
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