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Effects of negative gate-bias stress on the electrical properties of ZnO thin-film transistors (TFTs)

are investigated. Under negative gate-bias stress, the ZnO TFTs exhibit higher carrier mobility,

larger OFF-state current, and a negative shift in threshold voltage with no significant change in

subthreshold slope. The time dependence of threshold-voltage shift on various bias stress

conditions can be described by a logarithmic equation. Based on the analysis of hysteresis

behaviors in current–voltage and capacitance–voltage characteristics before and after the negative

gate-bias stress, it can be clarified that the threshold-voltage shift is predominantly attributed to the

trapping of positive charge carriers in the defect states at the gate-dielectric/channel interface or in

the dielectric during the negative gate-bias stress. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4901505]

I. INTRODUCTION

Recently, ZnO-based thin-film transistors (TFTs) have

attracted considerable attention as alternatives to silicon-

based TFTs due to their high carrier mobility, low processing

cost, high transparency, and low-temperature processing as

compared to conventional amorphous silicon and organic

TFTs,1–3 and thus are particularly suitable for driving

high-resolution liquid-crystal displays and organic light-

emitting-diode pixels.4,5

For switching or driving transistors in commercial active-

matrix liquid-crystal displays (AMLCD) or active-matrix

organic light-emitting-diode (AMOLED) flat-panel displays,

it is crucial to overcome the problem of bias-voltage-depend-

ent instability because any shift in the threshold voltage of

the driving transistor under on- or off-bias stress conditions

will cause a change in its output drain current, thus leading

to variation in the brightness of the relevant pixel. Since the

total stress time of the negative gate bias is more than 500

times that of the positive gate bias for AMLCD and

AMOLED applications, device degradation due to negative

gate-bias instability is a critical issue that must be addressed.

So far, several studies on bias-induced instabilities in ZnO-

based TFTs have reported deterioration in their electrical

characteristics,6,7 and some methods have been used to

suppress the bias-induced instability, e.g., Hf, Sn, and Al

dopings, annealing treatment in nitrogen ambient.8,9

Moreover, several mechanisms have been proposed to

explain the bias-induced instability, such as charge trapping

or defect-state creation in the gate dielectric or at the gate

dielectric/channel interface. However, since these mecha-

nisms were developed only from the output and transfer

characteristics of ZnO-based TFTs,10,11 there are not enough

experimental results to support these deductions. In this

work, the electrical instabilities of radio-frequency (RF)-

sputtered ZnO TFT are investigated under negative gate-bias

stress. In particular, the mechanism of the threshold-voltage

shift is further clarified based on the analysis of hysteresis

behaviors in current–voltage and capacitance–voltage char-

acteristics before and after the negative gate-bias stress.

II. EXPERIMENTAL SECTION

The characterization of the devices was performed on

bottom-gate top-contact structure, where a heavily doped

n-type silicon wafer acted as both the substrate material and

gate contact. A 100 nm thick SiO2 was formed as the gate-

oxide layer by thermal oxidation, and a 110-nm ZnO active

layer was deposited on the SiO2 layer using RF magnetron

sputtering with ceramic ZnO target (99.999%, purity). The

sputtering process was carried out at a base pressure of

4� 10�4 Pa, a substrate temperature of 300 �C, and a RF

power of 60 W. The mixing gas ratio of O2/Ar was 2/5 with

a working pressure of 0.5 Pa. Aluminum was then thermally

evaporated through a shadow mask to form the source/drain

(S/D) electrodes of the transistor. The channel width (W)

and length (L) of the device were defined as 600 and 50 lm,

respectively.

The thicknesses of the silicon oxide and ZnO thin film

were measured by spectroscopic reflectometer. X-ray dif-

fraction measurements were performed using Cu–Ka radia-

tion (Bruker D8 ADVANCE diffractometer). The electrical

properties of ZnO TFT devices were measured in air using

an Agilent 4156C semiconductor parameter analyzer.

Capacitance–voltage (C-V) measurements were performed

by using a conventional LCR meter (Agilent 4284A) before

and after a fixed-bias stress. To evaluate the effects of the

negative gate-bias stress on the electrical properties of thea)Electronic mail: phlyr@scut.edu.cn
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devices, their transfer characteristics needed to be measured

periodically during the stress experiments, and fast measure-

ments and a small number of measured points per transfer

curve were required to minimize the influence of the

measurement process on the overall bias stress experiments.

Since the bias-stress instability was recoverable after

removal of the bias for several hours,12 to avoid the varia-

tions among different devices, all the bias-stress measure-

ments were performed on the same device, and the device

was kept in dark and dry air for more than 4 h during stress

recovery according to relaxation measurement after stressing

for our sample as shown in Fig. 5.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction pattern of the

RF-sputtered ZnO thin film. Only the ZnO (002) peak at

2h¼ 34.18� is observed, revealing that the film is polycrys-

talline with a hexagonal structure and a preferred orientation

with the c-axis perpendicular to the substrate. The full width

at half maximum (FWHM) of diffraction peak usually

reflects the grain size in the material. According to the

Sherrer formula D ¼ 0:89k=ðB � cos hÞ (where D is the grain

size; k is the wavelength of x-ray; B is FWHM of the (002)

peak; and h is the diffraction angle), the grain size of the

ZnO film can be calculated to be about 40 nm.

In order to test the electrical instability of the ZnO TFT

under negative gate-bias stress, various negative gate biases

are applied to the gate electrode with the source and drain

connected to the ground (VDS¼ 0 V). Figure 2 shows the

evolution of typical transfer characteristics of the ZnO TFT

at drain voltage of 20 V after subjected to a negative gate-

bias voltage of �20 V for different stress times at room tem-

perature and the change of the gate leakage current before

after stressing. It can be observed that there is a clear shift of

the transfer curve in the negative direction, and the shift is

from rapid to slow with increasing stress time. The OFF-

state current increases with increasing stress time. This is

because the negative gate bias can attract positively charged

holes in ZnO to the ZnO/SiO2 interface, and they are then

trapped by the interface state. At the same time, the ionized

oxygen vacancies (VO
2þ) in ZnO are also attracted by the

negative gate bias to the ZnO/SiO2 interface13 and increase

with increasing stress time, thus resulting in the increase of

the OFF-state current. In addition, Fig. 2(a) also shows the

change of the gate leakage current before and after stressing

under the gate-bias stress of VGS¼�20 V for 120 min. It

can be observed that there is a slightly increase in the

gate leakage current after stressing, and the position of the

minimum gate leakage current shifts toward negative

direction.

In an effort to clarify the negative gate-bias-stress

behavior, the effects of gate bias and stress time on

the electrical properties of the device are investigated.

Figure 3 shows the time dependence of threshold-voltage

shift (DVth) under different negative gate-bias stresses at

room temperature. It is evident that the time dependence of

DVth follows a logarithmic time-dependence model for

each bias stress, described elsewhere as symptomatic

charge-trapping instabilities.14 Charge trapping occurs

when charge carriers from the semiconductor channel are

captured by electrically active traps located at or near the

semiconductor/dielectric interface and throughout the

dielectric via tunneling or thermionic emission. The loga-

rithmic time-dependence is defined as15

DVth � r0ln 1þ t

s0

� �
; (1)

FIG. 1. Typical x-ray diffractogram of the RF-sputtered ZnO film.

FIG. 2. Transfer characteristics of the ZnO TFT at drain voltage of 20 V for

variable stress times under the gate-bias stress of VGS¼�20 V, and the

change of the gate leakage current before and after stressing. (a)

log(ID)–VGS curve and IG–VGS curve and (b) sqrt(ID)–VGS curve.
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where r0 is the decay rate constant; and s0 is the time

constant of the decay.16 This model provides a good fit to

measured data, and fitting parameters are shown in Fig. 3.

Therefore, the rate of the threshold-voltage shift decreases

with increasing stress time because the trapped holes at the

gate-dielectric/channel interface or in the dielectric can par-

tially screen the applied electric field during the negative

gate-bias stress.

Figure 4 shows the change in subthreshold slope (SS)

with stress time for different gate-bias stresses. It can be

seen that the subthreshold slope increases slightly (<2.5%)

for various negative gate-bias stresses. The SS value is

known to be influenced by the interfacial states between the

gate insulator and channel layer in TFTs, and the density of

trap states (Nt) at/near the interface can be calculated by17

Nt ¼
SS log eð Þ

kT=q
� 1

� �
Ci

q
: (2)

Therefore, it can be deduced that the creation of trap states

at the interface in the device induced by the negative gate-

bias stress is relatively slight. The subthreshold slope is rela-

tively stable with the increase of stress time, indicating that

the creation of extra defect states at the ZnO/dielectric

interface and/or at the grain boundaries in the ZnO channel

region is not significant, and charge trapping is the dominant

instability mechanism.18 However, any change in subthres-

hold slope only reflects changes of defect state in the upper

part of the band gap. The only fact that the subthreshold

slope is unchanged is not enough to prove that the creation

of extra defect states is negligible. Figure 5 shows transfer

characteristics of the ZnO TFT at drain voltage of 20 V for

variable relaxation times after stressing for 120 min under

the gate-bias stress of VGS¼�20 V. It can be seen from

Fig. 5 that the gate-bias tress effect is recoverable, and deg-

radation induced by the gate-bias stress is about 90% recov-

ery after 120 min of relaxation. Therefore, the fact that the

device recovers its initial state without any annealing proce-

dure further suggests that trapped charge at the interface is

the cause of device instability under the negative bias stress,

because thermal annealing is usually necessary to remove

any defects that may have been created during stressing.19

Normally, the increase of effective trap-state density

results in a degradation of effective carrier mobility.20

However, of greater interest is the apparent increase in

carrier mobility with increasing stress time and stress voltage

for the devices in this work as shown in Fig. 6. Here, the car-

rier mobility is deduced from the plot of square root of drain

current (ID) versus gate voltage (VGS) in saturation region

according to the following equation:

l ¼ 2LB2

WCi

; (3)

where B ¼ @ðIDÞ1=2=@VGS is the slope of the plot. For the

gate bias of �30 V, the relative increase of the mobility

(Dls=l0) can be up to 80%. The reason is as follows: for a

defective-channel TFT, part of the induced charge is trapped

at defect states in the channel, the measured drift mobility

(l) could be expressed as21

l ¼ ln

nf

ni

; (4)

where ln, ni, and nf are the band mobility, the sheet density

of total induced electrons, and the sheet density of the free

FIG. 4. Change in subthreshold slope with stress time for different negative

gate-bias stresses.

FIG. 3. Threshold-voltage shift as a function of stress time for different nega-

tive gate-bias stresses.

FIG. 5. Transfer characteristics of the ZnO TFT at drain voltage of 20 V for

variable relaxation times after stressing for 120 min under the gate-bias

stress of VGS¼�20 V.
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electrons in the conducting channel, respectively. When new

trap states generated by the negative gate-bias stress are too

few to cause a clear change in mobility, the mobility is

mainly determined by the ratio of nf to ni. During the nega-

tive gate-bias stress, the holes trapped at the gate-dielectric/

channel interface or in the dielectric can induce electrons in

the channel, and then these electrons can partially fill up

defect states in the channel. Once occupied, these defect

states will not act to trap electrons, and so the density of the

free electrons will increase under same gate voltage. From

Eq. (4), this would result in an increase of the mobility.

Since the trapped holes increase with increasing stress time

and stress voltage, the mobility also increases with stress

time and stress voltage.

In order to further clarify the mechanism of the instability

in the threshold voltage, the hysteresis test of transfer curve

is conducted before and after stressing with different nega-

tive gate-bias stresses applied to the ZnO TFT for 120 min.

The transfer curves are obtained by sweeping the gate volt-

age from negative to positive (forward sweeping) and then

in the opposite direction (reverse sweeping) under a fixed

drain voltage of 20 V, as shown in Fig. 7. For the two stress

voltages of �10 and �20 V, Vth shifts toward a more posi-

tive voltage for the reverse sweep of the hysteresis loop

before and after stressing, and the variation of Vth shift

increases subtly after stressing, which is slightly influenced

by the stress voltage. The positive shift of Vth could be

explained as follows: negative charge carriers are trapped at

the channel/gate-oxide interface or injected into the dielec-

tric from the channel during forward sweeping,22 thus result-

ing in a Vth shift toward positive direction for the reverse

sweep. But for the stress voltage of �30 V, a clear hump in

the transfer curve appears in subthreshold region after stress-

ing only for the reverse sweeping, and the hump becomes

more significant as the stress time increases. In previous

works, the hump generated by positive gate-bias stress was

proposed to be due to the parasitic transistor developed

in the back channel by adsorbing H2O molecule23 or meta-

stable oxygen vacancies induced near the semiconductor/

gate-insulator interface by gate-bias stress.24 According to

the above analysis on the threshold-voltage shift and

subthreshold slope before and after stressing, the new trap

states at the channel/dielectric interface induced by the nega-

tive gate-bias stress are not significant. We have thereby

determined that the hump should be due to the metastable

oxygen vacancies in the channel induced by high gate-bias

stress. The electrons in the channel are trapped in the meta-

stable oxygen vacancies during forward sweeping, and then

the trapped electrons emit during reverse sweeping for the

FIG. 7. Hysteresis loop of transfer curves before (full line) and after (dotted

line) stressing at a fixed drain voltage of 20 V when different negative gate-

bias stresses were applied to the ZnO TFT for 120 min at room temperature,

(a) bias stress of VGS¼�10 V, (b) bias stress of VGS¼�20 V, and (c) bias

stress of VGS¼�30 V. The arrows indicate the sweep direction of the gate

bias voltage.

FIG. 6. Effect of stress voltage and stress time on the carrier mobility of the

ZnO TFT.
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gate voltage less than the threshold voltage, thus resulting in

the hump in the transfer curve only for the reverse sweeping.

Normally, capacitance–voltage measurement is intrinsi-

cally a useful technique for investigating the charge phenom-

ena in TFTs because measured capacitance varies with

the trapped charges in the semiconductor bulk and at the

insulator/semiconductor interface as well as applied gate

voltage.25,26 To further investigate the effects of negative

gate-bias stress on the charge states at the gate-dielectric/

ZnO interface in the ZnO TFT, Fig. 8 shows the C-V hyster-

esis curve of the ZnO TFT before and after different

gate-bias stresses at a frequency of 500 kHz. It can be seen

that the C-V curve shifts parallelly toward the negative

direction after stressing, and the shift increases with the

increase of negative gate bias, but the distortion of the C-V

curves is not obvious (i.e., hysteresis size and direction, and

the slope from accumulation to depletion are unchanged),

indicating again that the negative gate-bias stress does not

generate new defect states at the interface between the chan-

nel and dielectric layer, and the shift in threshold voltage

after stressing should be attributed to the trapping of positive

charge carriers in the defect states at the gate-dielectric/

channel interface or in the dielectric. In addition, it is noted

that the C-V hysteresis (negligible) is much smaller than that

of the transfer characteristics. This is because negatively

charged carriers in the channel are easily trapped in the

defect states at the gate-dielectric/channel interface when a

fixed drain voltage (VDS¼ 20 V) and gate-sweep voltage

(VGS¼�10 to 40 V) are applied to the device during the

forward sweep of the transfer curve shown in Fig. 6, thus

leading to a larger hysteresis.27

IV. SUMMARY AND CONCLUSIONS

The electrical instability of ZnO TFT under negative

gate-bias stress has been investigated as a function of stress

time and stress voltage. Experimental results show that with

the increase of stress voltage or stress time, the carrier

mobility and OFF-state current of the TFT increase.

Moreover, its threshold voltage shifts toward the negative

direction, but the change of subthreshold slope is not signifi-

cant. The time dependence of threshold-voltage shift on

various bias stress conditions could be described by a loga-

rithmic equation. Based on the analysis of hysteresis

behaviors in current–voltage and capacitance–voltage charac-

teristics before and after the gate-bias stress, it can be clarified

that the threshold-voltage shift is predominantly attributed to

the trapping of positive charge carriers in the defect states at

the gate-dielectric/channel interface or in the dielectric.
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