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Abstract 
    This work proposes a high-quality type of PECVD SiO2 

stack for TFTs, which contains a layer of SiH4-sourced 

PECVD SiO2 (SiH4-SiO2) with a layer of TEOS-sourced 

PECVD SiO2 (TEOS-SiO2) underneath. The issues of high 

hydrogen content in the SiH4-SiO2 and rich hydroxyl 

groups in the TEOS-SiO2 were found to be well addressed 

when the TEOS-SiO2 was capped by the SiH4-SiO2. 

Fabricated Al/SiO2/n++ Si capacitors with separate and 

stacked PECVD SiO2 dielectrics revealed that the 

electrical properties of the SiO2 stacks are superior to 

their mono-layer counterparts. This is owing to the mutual 

interactions between hydrogen atoms in the SiH4-SiO2 and 

hydroxyl groups in the TEOS-SiO2. Top-gated ITO-

stabilized ZnO TFTs with stacked gate insulators (GIs) 

were demonstrated and shown to be free of hysteresis with 

a fairly high on-off ratio of over 4×1010 and extremely 

sharp subthreshold swing of 87.7 mV/decade. The 

combination of TEOS-SiO2 and SiH4-SiO2 initiates a 

strategy to realize reliable GIs for MO TFTs.   

1. Introduction 
    Metal oxide (MO) thin-film transistors (TFTs) have 

recently exhibited their potential in fields like active-

matrix flat-panel displays (AM-FPDs) [1]-[3], advanced 

sensors [4]-[6] and integrated circuits (ICs)  [7]-[9]. For 

TFTs, especially those with process-sensitive MO active 

channels (ACs), the gate insulator (GI) is one of the core 

device components. The proper adoption of GI materials 

[10],[11] and deposition processes [12],[13] will directly 

affect the quality of GIs and GI/AC interfaces, which are 

further relevant to device performance and reliability 

[11],[14],[15]. Owing to its merits including a mature 

technique, low cost, and high quality and throughput, SiO2 

created using the plasma-enhanced chemical vapor 

deposition (PECVD) technique is generally chosen as the 

GI layer or one layer of a GI stack. Among PECVD SiO2, 

there are two popular embodiments. One is based on a 

gaseous silane (SiH4) source (SiH4-SiO2), and the other 

uses a liquid tetraethyl-orthosilicate (TEOS) precursor 

(TEOS-SiO2). However, there always exist some 

undesirable issues when they are separately employed as 

the GIs of MO TFTs. It is known that the content of 

hydrogen (H) in SiH4-SiO2 is quite high, which can easily 

diffuse into the ACs [16]-[18]. These hydrogen atoms can 

donate electrons by forming M-OH bonds with metal 

cations [19], or generate subgap states near the valence 

band maximum (VBM) by forming M-H bonds and hence 

degrade negative bias illumination stress stability [20]. On 

the other hand, hydroxyl (OH) groups and water are very 

rich in TEOS-SiO2 [18]. It is reported that OH groups are 

able to induce electric dipoles at the GI/AC interfaces of 

MO TFTs, resulting in remarkable hysteresis [21]. 

Meanwhile, water molecules can serve as either electron 

donors or acceptor-like trap sites with regard to the 

thickness of MO thin films [22].  

    In order to address the abovementioned drawbacks, we 

have demonstrated a type of PECVD SiO2 stack that 

includes a SiH4-SiO2 layer with a TEOS-SiO2 layer 

underneath. The content of H and OH groups in the 

separate and stacked SiO2 thin films were first measured 

and compared. Next, related Al/SiO2/n++ Si capacitors 

were fabricated, then investigated in terms of leakage 

current density and capacitance density. The electrical 

properties of the dual-layer SiO2 were found to be 

enhanced compared with its mono-layer counterparts. 

Finally, top-gated MO TFTs incorporating the stacked GIs 

were successfully fabricated, and exhibited good electrical 

performance. 

2. Fabrication Processes 
    The schematic of the top-gated MO TFTs in this work 

is shown in Fig. 1(a). The device substrates are 4-inch p-

type Si wafers coated with 500-nm-thick thermally grown 

SiO2. Initially, 50-nm-thick ITO source/drain (S/D) 

electrodes were sputtered and patterned. Then, ITO-

stabilized ZnO thin films were deposited at room 

temperature, with a thickness of 50 nm. The detailed 

sputtering conditions are described elsewhere [23]. Next, 

a 1/2000 molar aqueous hydrofluoric acid solution was 

used as the AC wet etchant after photolithography. 

Afterwards, 150-nm-thick TEOS-SiO2 or SiH4-SiO2 GIs, 

and GI stacks of 50-nm-thick SiH4-SiO2 with 100-nm-

thick TEOS-SiO2 underneath were deposited using the 

PECVD technique at 300°C. Note that it is the TEOS-SiO2 

layer that forms the interfaces with the ACs in the TFTs 

with the stacked GIs. For the TEOS-SiO2 deposition, the 

TEOS cylinder was kept at 40°C, and the source was 

carried into the chamber using Ar gas. The gas flow rate 

of the N2O/O2/Ar, pressure and RF power were 

200/200/30 sccm, 220 mTorr and 30 W, respectively. For 

the SiH4-SiO2 deposition, the gas flow rate of the 

SiH4/N2/N2O, pressure and RF power were 8/400/1425 

sccm, 900 mTorr and 60 W, respectively. Then, the gate 

electrodes (GEs) were made of sputtered and dry-etched 

Al with a thickness of 300 nm. Finally, the SiO2 regions 

above the S/D electrodes were removed for testing using 
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reactive ion etching (RIE) in CHF3 plasma, followed by 

post-annealing at 300 °C in air.  

    The schematic of the fabricated Al/SiO2/n++ Si 

capacitors is shown in Fig. 1(b). To fabricate the 

capacitors, 4-inch heavily doped n-type (n++) Si wafers 

were employed as substrates and rear electrodes. Then, 

150-nm-thick TEOS-SiO2 or SiH4-SiO2 mono-layer 

dielectrics, or 100-nm-thick TEOS-SiO2 plus 50-nm-thick 

SiH4-SiO2 stacked dielectrics were deposited on n++ Si 

wafers. The front electrodes are made of 300-nm-thick 

sputtered and patterned Al. Last, the Al/SiO2/n++ Si 

capacitors were post-annealed at 300 °C in air. The 

electrical characteristics of the TFTs and the capacitors 

were measured in a dark probe station using a 

semiconductor parameter analyzer (B1500, Keysight) and 

an LCR meter (E4980, Agilent). For Fourier transform 

infrared spectroscopy (FTIR, Vertex 70 Hyperion 1000, 

Bruker) and secondary ion mass spectrometer (SIMS, PHI 

7200, Physical Electronics) characterizations, the 

structures and preparation of samples were similar to 

those of the capacitors but without front electrodes. 

 
Fig. 1. The schematic of (a) the top-gated MO TFTs with different GIs 
and (b) the Al/SiO2/n++ Si capacitors with different dielectrics. The 

typical (c) Ids-Vgs and (d) Igs-Vgs curves of the top-gated MO TFTs with 

different GIs. 

3. Results and Discussion 
    Fig. 1(c) plots the typical transfer curves of the top-

gated MO TFTs with different GIs. The devices with only 

SiH4-SiO2 GIs are short-circuited, even though the post-

annealing time was extended to >10 h (not shown here). 

The SIMS spectra in Fig. 2(a) reveal the level of H content 

in different SiO2 thin films. The spectra have been 

calibrated using the relatively stable SiO2
-signal as a 

reference. It is obvious that the H content in the SiH4-SiO2 

is much higher than that in the mono-layer TEOS-SiO2 

and the TEOS-SiO2 plus SiH4-SiO2 stacks. Thus, more 

hydrogen atoms may diffuse into the ACs and donate a 

larger number of electrons [16]-[19]. Moreover, there is 

also a Si-doping phenomenon in our hybrid-phase 

microstructural ITO-stabilized ZnO thin films during 

SiH4-SiO2 deposition, which enables the ACs to be 

durably conductive [23]. On the other hand, for the TFTs 

with only TEOS-SiO2 GIs, a clear anti-clockwise 

hysteresis is observed after a cyclic sweep, and the 

threshold voltage shift (ΔVth) reaches as high as -14.3 V. 

It is suggested that the large amount of electric dipoles 

induced by the OH groups at the GI/AC interfaces are 

responsible for this phenomenon [21]. The FTIR spectra 

in Fig. 2(b) verify our inference. The IR absorption of the 

mono-layer TEOS-SiO2 within the OH-related band 

(2500~3645 cm-1) is significantly stronger than that of the 

other SiO2 thin films. Additionally, the off-state current 

(Ioff) in the TFTs based on the individual TEOS-SiO2 GIs 

is comparable to their gate leakage (Igs) in Fig. 1(d), so 

their electrical quality should be the worst among the three 

types of SiO2 GIs in this work. 

 
Fig. 2. (a) The SIMS spectra of H- species in TEOS-SiO2, SiH4-SiO2, 

and TEOS-SiO2 plus SiH4-SiO2 stacks. The signal intensity of the H- 

species is calibrated using the relatively stable SiO2- signal as a 
reference. (b) The FTIR spectra of TEOS-SiO2, SiH4-SiO2, and TEOS-

SiO2 plus SiH4-SiO2 stacks. Inset: the specific IR absorption information 

within the OH-related band. 

    Unlike the TFTs employing the separate GIs, those with 

the stacked GIs have substantially different behaviors. 

Though a layer of SiH4-SiO2 is involved, these TFTs can 

be operated normally, and their turn-on voltage exhibits 

little shift when compared with the devices with only 

TEOS-SiO2 GIs (Fig. 1(c)). Thus, the impacts of the H and 

Si dopants, which may be blocked by the underlying 100-

nm-thick TEOS-SiO2, on the ACs along with the SiH4-

SiO2 deposition are slight. However, the existence of the 

TEOS-SiO2 does not bring any hysteresis issues at all. 

This is because the OH group content in the TEOS-SiO2 

plus SiH4-SiO2 stacks approaches that in mono-layer 

SiH4-SiO2, which is far lower than that in individual 

TEOS-SiO2 layers according to Fig. 2 (b). But the 

decrease of OH groups is hard to simply explain by a 

thinner TEOS-SiO2 layer in the stacks, and there must be 

other reasons. In Fig. 2(a), the H- signal before 150 s 

represents the H content in the upper SiH4-SiO2 layer of 

the stacks. Apart from surface contaminations, its 

intensity is obviously weaker than that in the mono-layer 

SiH4-SiO2. Therefore, both H and OH traps in the stacks 

are actually reduced compared with their individual 

counterparts. This is favorable to realize PECVD SiO2 GIs 

with less traps and higher quality. One plausible 

explanation for the improvement is that excess hydrogen 

atoms in the SiH4-SiO2 and hydroxyl groups in the TEOS-

SiO2 can diffuse mutually. They will interact and even 

annihilate each other, then form water molecules that can 

be removed during the PECVD and the following post-

annealing processes, as illustrated in Fig. 1(b).  

    Furthermore, the separate and stacked SiO2 are 

investigated as capacitor dielectrics. Fig. 3(a) shows 

leakage current density as a function of the electric field 

intensity that is applied on the Al/SiO2/n++ Si capacitors. 

Although TEOS-SiO2 occupies the majority of the 

dielectric stacks, the leakage current of the corresponding 

capacitors is remarkably decreased when compared with 

the capacitors with only TEOS-SiO2 dielectrics. 

Meanwhile, the leakage current level is comparable to that 
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of the individual SiH4-SiO2 based capacitors. In addition, 

it is also found that the capacitors with the dielectric stacks 

are equipped with the highest critical electric field 

intensity for soft breakdown, indicating they have the 

fewest traps studied among the three kinds of capacitors 

in this work. Furthermore, the capacitance densities of the 

capacitors with 150-nm-thick dielectrics are measured at 

100 kHz. As shown in Fig. 3(b), when the dielectric 

material is the TEOS-SiO2, SiH4-SiO2, and TEOS-SiO2 

plus SiH4-SiO2 stacks, the average capacitance densities 

are 30.09±0.05, 25.55±0.01, and 28.64±0.02, 

respectively. Since the TEOS-SiO2 is thicker than the 

SiH4-SiO2 in the stacks, the result of the stacked capacitors 

is closer to that of the individual TEOS-SiO2 based 

capacitors. 

 
Fig. 3. (a) Leakage current density as a function of electric field intensity 

that is applied on the Al/SiO2/n++ Si capacitors. (b) C-V characteristics 

of the Al/SiO2/n++ Si capacitors. The 500-nm-thick SiO2 dielectric 
herein is TEOS-SiO2, SiH4-SiO2, or TEOS-SiO2 plus SiH4-SiO2 stacks. 

 
Fig. 4. The typical (a) transfer and (b) output curves of the top-gated MO 

TFTs with the stacked GIs containing 100-nm-thick TEOS-SiO2 and 50-

nm-thick SiH4-SiO2. The width and length of ACs are 100 µm and 25 
µm, respectively. 

    Fig.4 plots the typical transfer and output curves of the 

top-gated MO TFTs with the stacked GIs containing 100-

nm-thick TEOS-SiO2 and 50-nm-thick SiH4-SiO2. Due to 

the low free carrier concentration of the ACs and the low 

leakage current of the stacked GIs, Ioff is low enough to 

approach the measurement limit. Thus, the devices can be 

operated with a fairly high on-off ratio of over 4×1010. In 

addition, their subthreshold swing (SS) reaches as low as 

87.7 mV/decade. Then, the total trap density (Nt) in the 

AC bulks and at the stacked GI/AC interfaces can be 

calculated according to the following equation [10], 

𝑁𝑡 = [
𝑞∙𝑆𝑆∙log(𝑒)

𝑘𝑇
− 1]

𝐶𝑜𝑥

𝑞
,                          (1) 

where q, k, T, and Cox are the electron charge, 

Boltzmann’s constant, absolute temperature and gate 

capacitance density, respectively. The extracted result is 

2.63×1011 cm-2 eV-1. In the TFTs with the individual 

TEOS-SiO2 GIs, their SS and Nt are 212 mV/decade and 

6.49×1011 cm-2 eV-1, respectively. Thus, the GI/AC 

interfaces can be optimized thanks to the stacked GIs. 

4. Conclusions 
    In this work, it is found that both high H content in 

SiH4-SiO2 and rich OH groups in TEOS-SiO2 can 

decrease when two PECVD SiO2 layers are stacked 

together. This might be attributable to the mutual 

interactions between H and OH groups during the 300°C 

PECVD and post-annealing processes. The developed 

SiO2 stacks exhibited strengthened electrical properties. 

Fabricated top-gated MO TFTs with stacked GIs were free 

of hysteresis with a fairly high on-off ratio and extremely 

sharp SS. The combination of TEOS-SiO2 and SiH4-SiO2 

provides a strategy to realize reliable GIs for MO TFTs. 
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