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Abstract—The theory of oxygen vacancy related deep energy 

defects and valence band offset (VBO) between gate insulator and 

channel codetermining the threshold voltage shift (∆𝑽𝐓𝐇) of ZnO 

thin film transistor under negative gate bias and illumination 

stress (NBIS) is proposed and investigated systematically. Two 

kinds of ZnO thin film transistors are fabricated by atomic layer 

deposition with different gate oxide structures, a control sample 

with Al2O3 gate oxide and an improved sample with SiO2/Al2O3 

gate oxide structures. Among two kinds of devices, the device with 

SiO2/Al2O3 gate oxide achieves a smaller ∆𝑽𝐓𝐇  under the NBIS 

with SiO2 thin film acting as a holes-blocking layer, despite the 

existence of more defects than control device. The improvement in 

stability is attributed to large VBO up to 3.08 eV. Moreover, the 

device with SiO2/Al2O3 gate oxide is evaluated on a 500-nit LCD 

back light to simulate the practical working environment in 

displays, which exhibits good stability of ∆𝑽𝐓𝐇= -0.3 V for 3600 

seconds. 

 

Index Terms—Zinc oxide, thin-film transistor, negative bias 

illumination stress (NBIS), stability, holes-blocking layer (HBL). 

I. INTRODUCTION 

N recent years, smartphones have pushed on a rapid 

development in advanced active matrix organic light emitting 

diodes (AMOLED) displays demanding high resolution and 

high refresh rate. To keep balance between long battery life and 

high power consumption resulting from high refresh rate, low 

temperature polycrystalline oxide (LTPO) is proposed as an 

emerging technology for next-generation displays, which 

combines the high mobility of the low temperature poly-silicon 

(LTPS) thin film transistors (TFTs) and the low leakage current 

of the metal oxide TFTs [1-3]. Especially, nano-crystalline zinc 

oxide (ZnO) is a representative material of channels in oxide 

TFTs that can be used in LTPO backplane for its high mobility, 

high ON/OFF ratio, low leakage current, good uniformity and 

high optical transparency [4]. Except for these advantages, ZnO 

TFTs like other oxide-based TFTs still suffer from some 

problems, such as the threshold voltage (𝑉TH) shift under gate 

bias and illumination stress[5, 6]. In our previous works [6-8], 

ZnO TFTs exhibit good reliability under negative and positive  

 

gate bias stress (NGBS, PGBS), but a great negative shift of VTH 

under negative gate bias and illumination stress (NBIS). This 

phenomenon will cause failure of display when TFTs stay in 

off-state with negative gate voltage and light emitting from 

OLED, ambient illumination or sunlight, because the switching 

TFTs could be turned on improperly. Although various reports 

tried to explain this serious NBIS phenomenon, including 

injection of photo-excited holes into the gate dielectric or the 

interface of channel and gate insulator [9-11], valence band 

offset [12], ionization of oxygen vacancy [13, 14], subgap states 

attributed to oxygen vacancy defects [15-17] and ambient 

atmosphere [18, 19], the mechanisms of NBIS in oxide TFTs 

are still ambiguous and even contradictory due to the different 

device structures and materials. The origin of the NBIS in oxide 

TFTs is usually complex and induced by various factors 

concurrently. 

Meanwhile, many methods were proposed to solve the 

instability of the oxide-based TFTs, for example, versatile light 

shielding design [20, 21], change of the defect and band state 

by reactive oxygen radicals [22], using a distributed bragg 

reflectors composed of ZnS and LiF as functional passivation 

layers [23], passivating defects in oxide semiconductors with 

fluorination, oxidation and boron addition [13, 24-30], 

passivation layers [31], and so on. Therefore, clarifying the 

origin of instability of VTH induced by NBIS and developing a 

valid approach to suppress this issue without extra complicated 

treatment and cost are extremely important for application of 

oxide-based TFTs in current and future transparent displays. 

In this article, two-type devices with different dielectric 

structure designs are fabricated and evaluated under NGBS 

with white LED, different wavelengths laser of 405 nm ~ 650 

nm. It is observed that the degradation of devices under NBIS 

attributes to the co-effect of deep energy donor-like defects and 

valence band offset (VBO). Eventually, the device with silicon 

oxide (SiO2) /alumina (Al2O3) multi-layer gate oxide exhibits 

less ∆𝑉TH under NBIS than initial devices due to its large VBO. 

In actual working environment, the device achieves a good 

stability of ∆𝑉TH= -0.3 V under NBIS. 

II. EXPERIMENTS 

The structures of two devices with different designs of gate 

insulator are illustrated in Fig. 1(a) and Fig. 1(b) respectively. 

The source/drain electrodes of indium-tin-oxide (ITO) (200 nm) 

were deposited by DC magnetron sputtering and patterned in 

aqua regia on a glass substrate at first. Then a 20 nm thick ZnO 

layer was deposited by atomic layer deposition (ALD) as 

channel. Subsequently, a 10 nm thick Al2O3 layer was deposited 
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by ALD as protection/gate oxide layer in device A and a 9 nm 

thick SiO2 layer was deposited by RF magnetron sputtering as 

a holes-blocking layer (HBL) in device B. The second gate 

insulator of device A/B were a 20 nm thick Al2O3 layer and a 

15 nm thick Al2O3 layer, respectively. The Al2O3 film was 

prepared by thermal ALD at 200 ℃ using trimethylaluminum 

(TMA) and water as precursor and oxidant respectively. A 100 

nm thick ITO layer was deposited by DC magnetron sputtering 

and patterned as gate electrode by lift-off process. Finally, these 

devices were annealed at 400 ℃ in O2 for 5 minutes. The 

devices were tested under NBIS with different light sources: 

white LED of 1200 lux, red laser (650 nm) of 57000 lux, green 

laser (532 nm) of 311400 lux, cyan laser (488 nm) of 3400 lux, 

blue laser (450 nm) of 6500 lux, and purple laser (405 nm) of 

650 lux. 

The field-effect mobility (𝜇𝐹𝐸), subthreshold swing (SS) and 

the charge trap density of interface between the channel and 

dielectric layers (Nit) are extracted by the following equations: 

 𝜇𝐹𝐸 =

𝑑𝐼𝐷
𝑑𝑉𝐺𝑆

𝐶𝑜𝑥
𝑊

𝐿
𝑉𝐷𝑆

 (1) 

 𝑆𝑆 =
𝑑𝑉𝐺𝑆

𝑑(log 𝐼𝐷)
 (2) 

 𝑁it =
𝐶ox

𝑞
(

𝑞𝑆𝑆

𝑘B𝑇 ln 10
− 1) (3) 

where W and L are the channel width and length, respectively; 

VGS, VDS and ID represent gate voltage, drain voltage and drain 

current, respectively; 𝐶𝑜𝑥 means the capacitance per unit area 

of the insulator; 𝑞 is the electron charge and 𝑘B and 𝑇 are the 

Boltzmann constants and the measurement temperature, 

respectively. 

The electrical characteristics and energy band structures of 

these devices were measured respectively by semiconductor 

parameter analyzer (Agilent B1500A) and UPS (HeI: 21.22 eV, 

Kratos Axis Spura). The spectrum and illumination were 

measured by spectrograph (OHSP-350UV). 

III. RESULTS AND DISCUSSION 

Fig. 1(c) shows the ID-VG of the two types of devices, and 

their 𝜇𝐹𝐸 , SS and Nit are extracted according to equations (1) (2) 

(3) listed in Table I. The results reveal that device A exhibits 

higher field-effect mobility of 17.9 cm2/Vs, compared with 

device B of field-effect mobility of 11.36 cm2/Vs at VDS of 5 V. 

The ION/IOFF ratios of device A/B are over 1010 due to the good 

quality dielectric layer of Al2O3. The SS values of device A/B 

are 225 mV/dec, 271 mV/dec respectively. Therefore, the Nit of 

device A and B can be estimated by equation (3) with values of 

2.97× 1012 cm-2e-1V-1 and 3.80× 1012 cm-2e-1V-1 respectively 

[32], because of the bombardment of high-speed particles in 

magnetron sputtering of SiO2 resulting in more interfacial 

defects at interface of SiO2/ZnO. These defects also impede the 

movement of carriers and reduce the mobility of device B. The 

saturation current of device A is close to 80 A, higher than that 

of device B as shown in Fig. 1(d), which also confirms 

conclusion above. Also, the double sweep of transfer 

characteristics of different ZnO TFTs were measured as shown 

in Fig. 2(a) and (b). Both devices exhibit clockwise hysteresis 

due to electrons trapped at the channel/insulator interface. 

Device B with HBL exhibits a large hysteresis of 0.39 V, while 

 

Fig. 1. Cross-sectional schematics of (a) Device A and (b) Device B. (c) Transfer 

characteristics and (d) output curves of device A and B. 
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Fig. 2. Double sweep of transfer characteristics under VD=5 V of (a) device A 

and (b) device B. (c) Normalized drain current noise spectral density of device 

A and B. 

 

 

 
Fig. 3. UPS spectrum and its VB region (inset) of (a) ZnO, (b) Al2O3 and (c) SiO2 

to determine the value of work function and valence band maximum relative to 

fermi level by linear fit. (d) Valence band maximum’s diagram of ZnO, Al2O3 

and SiO2. 
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TABLE I 

ELECTRICAL PARAMETERS OF TWO-TYPE TFTS  

Type Device A Device B 

Dielectric 30 nm Al2O3 15 nm Al2O3 

HBL
＊

 N/A 9 nm SiO2 

W/L 5 m5 m 5 m5 m 

Cox (nF/cm2) 186 197 

𝝁𝑭𝑬 (cm2 V-1s-1) 17.9 11.36 

VTH (V) 3.23 2.56 

ION/IOFF 1010 1010 

SS (mV∙dec-1) 225 271 

Nit (cm-1e-1V-1) 2.97×1012 3.8×1012 

＊: Holes blocking layer 
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device A shows a negligible hysteresis of 0.02 V. According to 

the formula 𝑁it ∝ 𝐶𝑂𝑋∆𝑉TH [33], SiO2 thin film deposited by 

sputtering increases the interface trap density and reduces the 

mobility, which are consistent with SS values above. 

Furthermore, the normalized drain current noise spectral 

density of device A and device B is also measured to evaluate 

the defects as shown in Fig. 2(c). When device A/B achieve the 

same drain current of 0.01 A, device B shows higher noise 

than device A in subthreshold regime attributed to larger subgap 

density of states (DOSs) at the interface of channel and 

insulator [34, 35]. Therefore, the RF magnetron sputtering of 

SiO2 film results in more interface traps than atomic layer 

deposition of Al2O3 film. In addition, SiO2 as single insulator in 

our top gate structure device would cause large gate leakage 

current and hysteresis [36]. Thus, a bilayer insulator of SiO2/ 

Al2O3 is chosen in device B to improve these performances. 

To determine the VBO of ZnO and insulator fabricated in this 

experiment, the VBM of ZnO, Al2O3 and SiO2 are measured by 

UPS. From Fig. 3(a), (b) and (c), the work function and the 

valence band maximum relative to fermi level (inset) can be 

extracted by linear fit, and the valence band maximum relative 

to vacuum level can be calculated as the sum of these values. 

Fig. 3(d) depicts that the practical VBM of ZnO, Al2O3 and SiO2 

are 6.76 eV, 8.48 eV and 9.84 eV, and the VBO of ZnO/Al2O3, 

ZnO/SiO2 are 1.72 eV and 3.08 eV, respectively. Thus, device 

B shows higher VBO than device A. 

Then, the stability of device A/B under NBIS is evaluated. 

The illumination is a white LED (1200 lux, 0.36 mW/cm2) with 

wavelength ranging from 390 nm to 720 nm (1.72 eV to 3.18 

eV). The transfer characteristics of device A and B under NBIS 

are shown in Fig. 4(a) and (b). Fig. 4(c) demonstrates the VTH 

changes of devices under different duration of NBIS. Under 

negative stress of VGS=-13 V with white LED of 1200 lux for 

4214 s, device A and B exhibit the ∆𝑉TH of -7.17 V and -3.24 

V, respectively. Obviously, device B achieves the lower ∆𝑉TH 

than device A, which means that the SiO2 as HBL could prevent 

holes from being injected into the gate insulator effectively and 

significantly improve the NBIS induced instability.  

The schematic energy band diagram in Fig. 4(d) explains the 

probable principle of threshold voltage shift under NBIS. For 

one thing, the holes accumulated in the valence band overcome 

the energy barrier of valence band offset (VBO) and jump into 

the gate insulator under the combined action of negative gate 

bias and illumination [12]. As mentioned above, the results of 

low Nit extracted from SS of the two devices demonstrate that 
device B has worse interface, while device B has better stability 

under NBIS. Therefore, the results of NBIS indeed reveal that 

widening VBO between the gate insulator and the active layer 

could suppress the threshold voltage shift of TFTs under NBIS. 

The higher energy barrier makes the holes excited by light to be 

injected into the gate insulator more difficult under negative 

bias. For another, HBL could not fully eliminate the instability 

induced by NBIS, since the donor-like defects in deep level also 

play important role in instability of TFTs. The donor-like 

defects are generally believed to be related to oxygen vacancies 

[15, 24, 27-30]. The VO would be ionized and excited to be VO
2+ 

under illumination. The excited electrons jump to conduction 

band and are pushed out under the negative voltage. The ionized 

VO
2+ acted as fixed positive charge forms extra positive electric 

field applied on the channel. Therefore, the TFTs would be 

turned on early. 

Furthermore, the reliability of device A/B under PBIS, PBS 

and NBS is evaluated. The transfer characteristics and summary 

are shown in Fig. 5 (a)-(f) and listed in Table Ⅱ. Fig. 5(a) and 

(d) show that device A has negligible negative shift of 𝑉TH 

under NBS for 4214 s, and device B has slightly larger negative 

shift than device A. Device B achieves negative shift of 𝑉TH, 

while device A has a small positive shift of 𝑉TH under PBS as 

shown in Fig. 5(b) and (e). The negative shift of 𝑉TH under PBS 

attributes to doubly-ionized oxygen vacancy, ionized hydrogen 

and so on. On the contrary, the electron trapping results in 

positive shift of 𝑉TH [37-40]. Obviously, donor-like defects in 

device B overwhelm electron trapping due to more VO defects 

resulting from RF magnetron sputtering. The transfer process 

between ALD and RF magnetron sputtering steps also 

introduces more absorption of moisture in the air diffusing in 

 

 
Fig. 4. The transfer characteristics of (a) device A and (b) device B at VGS=-13 

V, VDS=0 V for 4214 s with white LED of 1200 lux. (c) The ∆𝑉TH of device A 

and device B at VGS=-13 V, VDS=0 V for 4214 s with white LED of 1200 lux. 

(d) The schematic mechanism diagram of the threshold voltage shifting under 

NBIS. 
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Fig. 5. The transfer curves of device A under (a) NBS of VGS=-13 V, VDS=0 V, (b) 

PBS of VGS=13 V, VDS=0 V, (c) PBIS of VGS=13 V, VDS=0 V with white LED of 

1200 lux for 4214 s and the transfer curves of device B under the same condition 

of device A: (d) NBS (e) PBS (f) PBIS. 
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(f)

TABLE Ⅱ 

THRESHOLD VOLTAGE SHIFT OF TFTS UNDER VARIOUS STRESSES 

           Type         ΔVTH NBIS NBS PBS PBIS 

Device A -7.17 V -0.05 V 0.23 V 0.12 V 

Device B -3.24 V -0.15 V -0.98 V -1.48 V 

 

This article has been accepted for publication in IEEE Journal of the Electron Devices Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2022.3212477

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



IEEE manuscript 

 

4 

ZnO, leading to more interstitial hydrogen related defects, 

which will exacerbate the negative shift of device under PBS. 

For the same reason, device A still shows better stability with 

small positive ∆𝑉TH  than device B with negative ∆𝑉TH  under 

PBIS. These results once again explain that device B with HBL 

has better stability under NBIS with more defects at interface 

and in channel. The enlarged VBO indeed largely suppresses 

the ∆𝑉TH under NBIS. 

To better understand the roles of VBO and oxygen vacancy 

in degradation of TFTs under NBIS, the extreme high 

brightness lasers with different wavelengths are also employed 

to irradiate on device A and B. Fig. 6(a) and (b) show the 

transfer characteristics of device A and B under stress of VGS=-

13 V, VDS=0 V for 214 s with red laser (650 nm, 57000 lux). 

The ∆𝑉TH of device B is -0.26 V, which is far less than -3.01 V 

of device A. The main reason is that the photon energy of 650 

nm laser (1.90 eV) cannot excite holes in channel’s valence 

band to cross barrier of VBO between ZnO and SiO2. For device 

A, holes in channel can be easily excited by photon energy of 

1.90 eV to enter Al2O3 due to its low VBO of 1.72 eV as shown 

in Fig. 3(d). Meanwhile, oxygen vacancies in channels are 

hardly ionized under this small photon energy. When a shorter 

wavelength of laser (450 nm, 2.73 eV, 6500 lux) is used in 

NBIS, as illustrated in Fig. 6(c) and (d), the ∆𝑉TH of device B 

is -4.42 V, close to -6.31 V of device A, as expected. Despite 

the low photon energy under VBO, device B still has a 

considerable negative ∆𝑉TH. It reveals that the oxygen vacancy 

related defects in channels have been ionized by the larger 

photo energy. The localized tail states also affect the real value 

of VBO, resulting in larger negative threshold voltage shift 

under gradual increasing photo energy. Moreover, excited by 

this short-wave laser, the off-current has an obvious increase. 

The main reason is that the electrons in valence band or trapped 

in forbidden band jump into conduction band after absorption 

of high photon energy. Three lasers of other wavelengths are 

also illuminated on devices with VGS=-13 V, VDS=0 V. The 

∆𝑉TH of device A and B are -5.76 V, -2.05 V under green laser 

(532 nm, 311440 lux), and -5.57 V, -2.59 V under cyan laser 

(488 nm, 3400 lux), -5.93 V, -4.22 V under purple laser (405 

nm, 650 lux), respectively. Owing to different power of the 

lasers, the relative suppression ratio is adopted in Fig. 6(e) to 

represent the improvement in ∆𝑉TH of device B compared with 

control sample device A, and the computational formula is 

described in the inset of Fig. 6(e), i.e. the better effect of 

suppression in ∆𝑉TH, the larger percentage described in ordinate. 

It can be found that the ∆𝑉TH of device B approaches that of 

device A gradually, when the light wavelength decreases or the 

photon energy increases. The case once again proves that the 

oxygen vacancy and the VBO between GI/channel codetermine 

the ∆𝑉TH  of devices under NBIS from another perspective. 

When the photon energy is too low to excite the deep oxygen 

vacancy, VBO will in a great measure determine the 

degradation of TFTs under NBIS. While the photon energy 

approaches and exceeds the energy difference of oxygen 

vacancy and conduction band, the ionization of oxygen vacancy 

will gradually dominate ∆𝑉TH in degradation of device under 

NBIS.  

Finally, device B is evaluated under the light of actual 

working environment as shown in Fig. 6(f), and the devices 

fabricated on glass in inset demonstrate a high degree of 

transparency. The device is measured on a 500-nit LCD back 

light panel for 3600 s, and exhibits the ∆𝑉TH of -0.3 V under 

VGS=-5 V, VDS=0 V. Generally, the luminance value of 

AMOLED/LCD screens in smartphones and displays is usually 

set at 250 nit that is entirely enough in most usage scenarios. 

Therefore, device B with HBL has potential to be used in 

transparent displays in future without sacrifice of transparency 

to suppress the NBIS issues of ZnO TFTs.  

IV. CONCLUSION 

In this work, the novel explanation of co-effect of valence 

band offset and oxygen vacancy on the ∆𝑉TH of ZnO devices 

under NBIS is investigated systematically. ZnO TFTs with 

HBL of SiO2 are fabricated and evaluated under NBIS showing 

SiO2 is an effective holes-blocking layer with a large VBO up 

to 3.08 eV relative to ZnO. A 500-nit LCD backlight is also 

used to simulate the working environment of TFTs in the 

display screen, and only -0.3V threshold voltage shift is tested 

under 3600 s. The result shows that device with HBL has better 

stability under NBIS without sacrifice of transparency and 

should be used in future study. 
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Fig. 6. The ID-VG of (a) device A, (b) device B under NBIS (650 nm laser of 

57000 Lux, VGS=-13 V, VDS=0 V) for 214 s. The ID-VG of (c) device A, (d) device 

B under NBIS (450 nm laser of 6500 Lux, VGS=-13 V, VDS=0 V) for 214 s. (e) 

The suppression percent in ∆𝑉𝑇𝐻  of device C relative to device A under laser of 

650 nm (1.90 eV), 532 nm (2.33 eV), 488 nm (2.54 eV), 450 nm (2.75 eV) and 

405 nm (3.06 eV) with VGS=-13 V, VDS=0 V for 214 s. (f) The ID-VG of device 

B under NBIS (back-light LCD of 500 nit, VGS=-5 V, VDS=0 V) for 3600 s. 
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