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ABSTRACT 

We report on the optimization of the plasma treatment conditions for a solution-processed silicon 

dioxide gate insulator for application in zinc oxide thin film transistors (TFTs). The SiO2 layer 

was formed by spin coating a perhydropolysilazane (PHPS) precursor. This thin film was 

subsequently thermally annealed, followed by exposure to an oxygen plasma, to form an 

insulating (leakage current density of 10
7
 A/cm

2
) SiO2 layer. Optimized ZnO TFTs (40 W 

plasma treatment of the gate insulator for 10 s) possessed a carrier mobility of 3.2 cm
2
/Vs, an 

on/off ratio of ~10
7
, a threshold voltage of -1.3 V and a subthreshold swing of 0.2 V/decade. In 

addition, long-term exposure (150 min) of the pre-annealed PHPS to the oxygen plasma enabled 

the maximum processing temperature to be reduced from 180 C to 150 C. The resulting ZnO 

TFT exhibited a carrier mobility of 1.3 cm
2
/Vs and on/off ratio of ~10

7
.  
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1. INTRODUCTION 

High quality gate insulators are key to the commercial success of thin film transistors (TFTs). 

The dielectric layer has a major influence on the electrical properties of the transistors, for 

example by controlling the charge carrier density accumulated in the semiconductor channel. 

Aside from the obvious electrical insulating requirement, there is a focus on developing solution-

processible dielectrics that can be formed at low temperatures (e.g. for compatibility with plastic 

substrates).  

Zinc oxide is a popular choice as the semiconductor for TFTs. Morales-Acsta et al.
1
 have 

reported sputtered ZnO TFTs with a field effect mobility, μFE, of 7 cm
2
/Vs and an on/off ratio of 

~10
5
; the device exploited a PMMA-SiO2 hybrid gate insulator, formed by spin coating on Si 

followed by annealing at 90 °C. Meena et al.
2
 demonstrated PS-b-PMMA/ZnO TFTs utilizing 

the same processing method as Morales-Acsta et al., and achieved μFE of 2.4 cm
2
/Vs, an on/off 

ratio of ~10
6
 and a threshold voltage, VTH, of 2.6V.  

There is now an increasing interest in using solution processing to form both the 

semiconductor and insulating layers in thin film transistors.
3-6

 For example, ZnO TFTs using 

spin coated alumina/polyimide
7
 cured at 200 °C and HfLaOX

5
 cured at 500 °C have been 

reported (mobilities of 0.1 cm
2
/Vs and 1.6 cm

2
/Vs, respectively). In other work, either the 

processing temperature was too high for flexible substrates or the devices exhibited poor 

electrical properties.  

Silicon dioxide is a well-established gate dielectric, with excellent insulating properties. 

Unfortunately, it is difficult to exploit this material in solution-processed transistors because a 

thin film is typically formed using plasma enhanced chemical vapour deposition, physical vapour 

deposition or sputtering at high temperature. Perhydropolysilazane (PHPS), mainly composed of 
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Si-N and Si-H, is a precursor for the formation of SiO2 by solution processing and is an 

alternative gate material. Matsuo et al.
8
 first reported that PHPS could be converted to high 

quality SiO2 by heat treatment at 450 °C. Consequently, refinement of this reaction has attracted 

much attention, with the aims of both accelerating the curing process and reducing the curing 

temperature.
9-11

 Bauer et al.
9
 noted that a moisture-containing atmosphere promotes the 

hydrolysis and polycondensation reactions needed for the film transformation. In addition, these 

authors used infrared spectroscopy to demonstrate that a minimum curing temperature of 150 °C 

is required to form a fully converted SiO2 film. The action of aqueous ammonia vapour at room 

temperature for 24 hr on a spin-coated PHPS film was also studied by Kozuka et al.
10

 This group 

confirmed that exposure to the ammonia atmosphere partially supported the conversion of PHPS 

to SiO2. Recently, solution-processed SiO2 has been used for sputtered indium-doped ZnO TFTs 

(IZO TFTs).
12

 This study demonstrated that the sputtered IZO semiconductive layer combined 

with the solution-processed SiO2 insulator resulted in TFTs with a high mobility of 261.6 cm
2
/Vs. 

However, the devices suffered from a low on/off current ratio and large hysteresis because of the 

hygroscopic nature of the silazane-derived SiO2 film. The transistor characteristics were 

significantly improved by using a spin-coated LaZrOx film as an additional gate insulator. 

In previous work, we have described the use of an oxygen plasma to improve the dielectric 

properties of PHPS insulator films.
13

 It was found that PHPS films cured in a high humidity 

environment possess a hydrophobic surface, which can be affected by the oxygen plasma. The 

plasma accelerates the conversion reaction within the PHPS network making it more insulating. 

Based on these results, we demonstrated a significant improvement in the electrical behavior of 

ZnO TFTs.  
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Here we report further details of the conversion of PHPS films to SiO2 insulators. We also 

introduce a simple solution-processed approach using only plasma treatment. The changes in the 

dielectric properties of PHPS following plasma exposure are investigated using atomic force 

microscopy (AFM), Fourier Transform Infrared (FTIR) spectroscopy and electrical conductivity 

measurements.  

 

2. EXPERIMENTAL SECTION 

Thin Film Fabrication 

Solution-processed SiO2 was formed by the chemical reaction between hydrogen and 

nitrogen in PHPS solution, as depicted in Fig. 1(a)
9
 

 

[H2Si–NH]n + nH2O 
Heat
→  𝑛Si(OH)4 +  2𝑛H2 +  𝑛NH3  (1) 

𝑛Si(OH)4 
Heat
→  𝑛SiO2 +  2𝑛H2O  

 

PHPS solution (10% in di-n-butylether (DEB), DPS-10, DNF Co. Ltd) was spin coated on 

glass slides that had been pre-coated with aluminium (Al) (100 nm thickness) at 3000 rpm 

followed by pre-annealing in air on a hotplate for 5 min at 150 °C. Pre-annealing at low 

temperature removes the solvent (boiling point 142 °C). We suggest that this can prevent the 

generation of defects such as pores or cracks in the film, which are caused by sudden evaporation 

during curing. These films were placed in an Espec SH-641 bench-top type temperature and 

humidity chamber (75 °C, 75%), and cured on a hotplate for 1 hr at 180 °C, which were found to 

be the minimum time and temperature for formation of the SiO2 network (Fig. S2 and Fig. S3). 

Immediately after annealing, the films were exposed to an oxygen plasma (Yield Engineering 
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System Inc., YES-R3) for 10 sec at RF powers of 20, 40 and 80 W. To produce PHPS films 

without the curing stage, the pre-annealed film was exposed to the plasma for 150 min at 40 W. 

Throughout this paper, the following nomenclature is used to identify PHPS layers that had 

been subjected to the various processing steps: 

PS – as-deposited PHPS 

APS – pre-annealed PHPS 

CAPS – cured and pre-annealed PHPS 

OPS – oxygen plasma-treated as-deposited PHPS  

OAPS – oxygen plasma-treated and pre-annealed PHPS  

OCAPS – oxygen plasma-treated, cured and pre-annealed PHPS 

 

Transistor fabrication and characterization 

Solution-processed PHPS/ZnO TFTs were fabricated on clean glass substrates. The TFT 

structure used in this study is shown in Fig. 1(b). CAPS, OCAPS, OPS and OAPS films were 

formed onto pre-patterned Al gate electrodes
14-17 

(100 nm thick) fabricated by thermal 

evaporation through a shadow mask. Zinc oxide solution,
18

 composed of 0.081 g of ZnO 

(Sigma–Aldrich, ≥99.9%) in 9.8 g aqueous ammonia solution, was spin-coated (3000 rpm, 30 

sec) on the gate insulator to a thickness of approximately 20 nm and then annealed at 140 °C for 

30 min. Conductivity through the ZnO films was investigated by tunnelling atomic force 

microscopy (TUNA), as shown in Fig. S1. Finally, 100 nm thick Al source/drain (S/D) 

electrodes
7,19-22

 were deposited by thermal evaporation onto the semiconducting layer through a 

shadow mask, creating transistors with a channel width (W) and length (L) of 1000 μm and 50 

μm, respectively.  
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The contact angles and morphologies of the insulator films were measured using a water 

drop contact angle system and a Digital Instruments Nanoman II AFM, respectively. FTIR 

spectra of the gate dielectric films before and after the plasma treatment were obtained using a 

Nicolet Nexus spectrometer with a HgCdTe crystal detector. The measurements were made in 

reflection mode (angle of incidence 80).  The background spectrum was recorded by collecting 

128 scans over the range 400 cm
-1

 to 4000 cm
-1

 using an Al coated glass slide. The current 

density, J, versus electric field, E, of Al/gate insulator/Al structures after plasma treatment was 

measured using a Keithley 2400 SourceMeter. Characteristics of transistor devices were 

monitored using a Keithley 4140B pA meter/DC voltage source. The capacitance versus 

frequency characteristics of insulator films deposited onto Au electrodes and with evaporated Al 

top contacts were measured using an HP 4192A LF Impedance Analyzer over the frequency 

range 1 kHz to 1MHz. Electrical measurements were undertaken in air and in the dark, without 

any encapsulation. 

 

Figure 1. (a) Conversion of PHPS into SiO2 in a high humidity environment. (b) Architecture of 

PHPS/ZnO TFTs. 
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3. RESULTS AND DISCUSSION 

Morphology and chemistry of the gate insulator 

The contact angles on CAPS and after plasma treatment (OCAPS) at 20, 40 and 80 W for 10 

sec are shown in Fig. 2. The value for CAPS was 78°, which is indicative of a hydrophobic 

surface. However, this was reduced to less than 1° after the oxygen plasma treatment at 80 W. 

This is certainly due to the production of hydrophilic groups on the CAPS surface by binding of 

oxygen radicals from the plasma. The minimum plasma RF power to change the surface from 

hydrophobic to hydrophilic was 40 W.  

 

 

Figure 2. The contact angles for water measured on (a) CAPS and OCAPS with plasma 

treatment at (b) 20, (c) 40 and (d) 80 W for 10 sec. 

 

Figure 3(a)-(d) shows tapping mode AFM topography images (not normalized) of CAPS and 

OACPS films on Al as a function of the plasma RF power. The films are all similar, with no 

evidence of roughness or cracking, suggesting that, irrespective of the power used, the plasma 

treatment does not induce surface damage. AFM images of ZnO spin-coated onto CAPS and 20, 

40 and 80 W OCAPS are shown in Fig. 3 (e)-(h). As predicted by the contact angle 
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measurements, ZnO films on CAPS possess very poor surface uniformity (Fig. 3(e)). However, 

well-formed grains are evident for ZnO films deposited on OCAPS processed at both 40 W and 

80 W, Fig. 3(g) and 3(h). No definite conclusions can be drawn from the AFM image of the 20W 

OCAPS, Fig. 3(f)). Either the ZnO has not deposited or its grain structure is relatively fine.  

These results demonstrate that plasma treatment using an optimized power enables the formation 

of a completely uniform semiconductor film. 

 

 

Figure 3. AFM topography images of (a) CAPS and (b) 20, (c) 40, and (d) 80 W OCAPS films 

on Al. AFM topography images of ZnO thin films spin-coated onto (e) CAPS/Al and (f) 20, (g) 

40, and (h) 80 W OCAPS/Al. 

 

Infrared spectra are shown in Fig. 4 while Table 1 provides the IR peak assignments.
8, 23-26

 It 

has previously been shown that above 300 °C, the hydrolysis of Si-N and Si-H bonds leads to the 

formation of a SiO2 network.
8, 23-24

 In the case of CAPS, the main absorption bands are observed 

at approximately 1180 cm
-1

 and 3360 cm
-1

 and correspond to the bend and stretch modes of N-H, 

respectively. In addition, bands at 920 cm
-1

, 840 cm
-1

 and 2160 cm
-1

 indicate the presence of Si-
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N and Si-H bonds in the CAPS film. These results imply that a SiO2 network is only partially 

formed after the curing process, probably because of the relatively low curing temperature. 

However, the number of unreacted groups, such as N-H and Si-H, in the CAPS film gradually 

decreases with an increase in the plasma power. It is evident that the IR absorbance spectrum of 

the film treated at 40 W shows only two main absorption peaks, at 460 cm
-1

 and 1060 cm
-1

, 

relating to the Si-O bond, with shoulders at 800 cm
-1

 and 1170 cm
-1

 (Si-O-Si stretching). We 

suggest that the partially converted PHPS film is completely changed to SiO2 as a result of the 

removal of unreacted groups by the oxygen plasma. 

When the plasma treatment power was increased from 40 W to 80 W, a new broad peak 

appeared at 3600 cm
-1

; this was assigned to a Si-OH stretch and was only observed for the CAPS 

film that was subjected to plasma treatment at 80 W. This indicates that this peak is not related to 

dangling bonds that were unavoidably generated during the CAPS film formation. An increase in 

the RF power leads to an increase in both the density and energy of the radicals in the plasma. 

We propose that the new feature in the FTIR spectrum for the 80 W OCAPS is related to a 

reaction between the residual oxygen radicals on the OCAPS surface and the water in the 

surrounding environment
27-28

 

 

O ∙  + H2O → ∙ OH + ∙ OH   (2) 

 

The optimum RF power needed to provide a complete SiO2 network appears to be 40 W. 
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Figure 4. FTIR spectra measured for OCAPS films as a function of the plasma RF power. 
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Group vibration Wavenumber (cm
-1

) 

Si-O rock 460 

C-H bend 680-860 

Si-N stretch in Si-N-Si 920,840 

Si-O stretch 1060 

Si-O-Si stretch 800, 1170 

C-N stretch 1000-1250 

N-H bend 1180 

Si-H stretch 2160 

N-H stretch 3360 

Si-OH stretch 3600 

 

Table 1. IR peak assignments. 

 

Electrical characteristics of the gate insulator 

Figure 5 shows the current density versus electric field through Al/insulator/Al structures 

with thicknesses in the range 150-160 nm and for a contact area of 0.8 x 10
-2

 cm
2
. The bias was 

swept at a scan rate of 2.0 x 10
-2

 V/s over the range 0V >±20V > 0V. No reliable data were 

obtained for current densities less than about 10
-10 

A/cm
2
 as the measured currents became 

comparable to the offset in our instrumentation system. For the CAPS film (Fig. 5(a)), a current 

density of 1.0 x 10
-5

 A/cm
2
 at 1 MV/cm was measured, with hysteresis in both the forward and 

reverse scans. The 20 W OCAPS layer (Fig. 5(b)) shows slightly smaller current density with 

reduced hysteresis. In contrast, the 40 W OCAPS film (Fig. 5(c)) exhibits a current density 

approximately two order of magnitude lower, i.e. 7.5 x 10
-7

 A/cm
2
 at 1 MV/cm, which is 
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comparable to the conductivity of this insulator reported by others.
3-4, 29

 For this sample, the 

hysteresis in the J vs E characteristic is significantly reduced. As the plasma treatment power was 

increased to 80 W, a similar current density to that exhibited for 40 W OCAPS is noted (Fig. 

5(d)), but with increased hysteresis. It has been demonstrated that precursor groups (Si-N, Si-H) 

remaining after conversion and hydroxyl groups on the SiO2 surface lead to the presence of 

hysteresis.
30-33

 On the basis of the IR results shown in Fig. 4, we suggest that the hysteresis in the 

J vs E curves for CAPS and 20 W OCAPS is attributed to incomplete reaction of the PHPS 

precursor, and that hydroxyl groups generated after plasma treatment introduce hysteresis for 80 

W OCAPS films.  

The dielectric constants for CAPS were estimated to be 5.8 and 4.7 at 1 kHz and 1 MHz, 

respectively; in the case of the 40 W OCAPS film, the corresponding values were 5.1 at 1 kHz 

and 4.7 at 1 MHz (Fig. S4). These figures are somewhat larger than those expected for SiO2; 

however it should be noted that (i) the dielectric constant for SiO2 varies with processing 

conditions
34

 and (ii) the PHPS films may contain additional polar groups that can contribute to 

the measured permittivity. 
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Figure 5. Current density versus electric field characteristics of Al/insulator/Al structures: (a) 

reference CAPS and (b) 20 W, (c) 40 W and (d) 80 W OCAPS films. Film thicknesses 150-160 

nm. Data are shown for both forward and reverse voltage scans. 

 

We have attempted to fit our data to electrical conductivity models that might be expected to 

operate under the high field regime for silicon dioxide thin films, specifically Schottky emission 

and Poole-Frenkel conduction.
35

 These processes both result from the reduction of Coulombic 

potential barriers by an applied electric field. Whilst Schottky emission is an electrode-limited 

conduction process, the Poole-Frenkel effect is a bulk-limited mechanism. The current densities 

may be expressed as
35,36 

 

𝐽𝑆 = 𝑇
2exp[

𝑞

𝑘𝑇
√

𝑞𝐸

4𝜋𝜀0𝜀
− 

𝑞𝛷𝑠

𝑘𝑇
] for Schottky emission, (3) 

𝐽𝑃𝐹 = 𝐸exp[
𝑞

𝑘𝑇
√
𝑞𝐸

𝜋𝜀0𝜀
 − 

𝑞𝛷𝑃𝐹

𝑘𝑇
] for Poole-Frenkel emission, (4) 
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where 𝜀, 𝛷𝑆 and 𝛷𝑃𝐹 are the relative permittivity of the insulating layer, and the barrier heights 

for trapped electrons in the case of Schottky emission and Poole-Frenkel emission, respectively. 

The dominant mechanism can be determined by demonstrating a linear relationship between ln(J) 

vs E
1/2

 for Schottky emission and ln(J/E) vs E
1/2

 for Poole-Frenkel conduction. Figure 6 depicts 

Schottky and Poole-Frenkel plots for CAPS and 40 W OCAPS. Although improved fits for both 

conduction processes are obtained for films that had been subjected to the plasma processing, the 

plots do not reveal convincing straight lines over the entire range of electric field used. We have 

evaluated the permittivity of the CAPS and 40 W OCAPS gate insulators from the slopes of the 

best straight line fits to the Schottky and Poole-Frenkel equations (Eqns. (4) and (5)). In both the 

forward and reverse scans, permittivities of the order 10
-2

 were obtained, suggesting that other 

electrical processes are likely to be contributing to the electrical conductivity of these particular 

insulators. This is further discussed in the later section dealing with OAPS layers. 

 

Figure 6. Schottky (ln(J) vs E
1/2

) and Poole-Frenkel (ln(J/E) vs E
1/2

) plots for CAPS and 40 W 

OCAPS. Data are shown for forward and reverse voltage scans. 
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Transistor characterization 

Figure 7(a) shows the transfer characteristics, drain-source current, IDS, versus gate voltage, 

VG, for TFTs having CAPS gate insulators exposed to different oxygen RF plasma powers. All 

devices were measured at VDS = 50 V, which is in the saturation region of the output curve 

shown later in Fig. 8; the characteristics for the linear region, VDS = 10 V, are provided in Fig. S5. 

The field effect mobility and threshold voltage in the saturation region of the devices were 

extracted from the linear fits of the following expression 

 

𝐼𝐷𝑆
1/2
= (

𝑊𝐶𝑖𝜇𝐹𝐸

2𝐿
)

1

2
(𝑉𝐺 − 𝑉𝑇𝐻) (5) 

 

where 𝐶𝑖 is the capacitance per unit area of the insulator layer, as shown in Fig. 7(b) for the 

CAPS/ZnO reference TFT and that exposed to the 40 W plasma (40W OCAPS/ZnO). The 

subthreshold swing (SS) was calculated from the linear region of the forward scan using 

 

𝑆𝑆 =
𝑑𝑉𝐺

𝑑(log𝐼𝐷𝑆)
  (6) 

 

SS is defined in this study as the value of VG required to increase IDS by a factor of ten (from 10
-10

 

to 10
-9

 A).  

The detailed electrical properties of these ZnO TFTs are summarized in Table 2; all values are 

calculated from the forward scan of the transfer curve. The TFTs appear to be partly turned on at 

negative gate bias, presumably by holes generated below the gate insulator or via leakage paths. 

This effect is evident in other reports on ZnO transistors.
4,37-39

 The on/off ratios given in Table 2 

are the ratios of the IDS magnitudes at gate biases of 80 V and 0 V. It is clear that the ZnO TFT 
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using CAPS exhibits relatively poor transistor characteristics (low mobility), while the plasma 

treatment leads to enhancement of the electrical properties. The transfer characteristics measured 

for the 20 W OCAPS layer confirm the presence of the ZnO semiconductive layer (see earlier 

discussion of the AFM images in Fig. 3). The calculated leakage currents of CAPS and 40 W 

OCAPS films measured at 1 MV/cm shown in Fig. 5 are ~10
-9

 A and ~10
-11

 A, respectively; the 

electric field corresponds to VG ≈15 V. The inferior electrical properties of CAPS/ZnO TFTs are 

attributed to the non-uniform nature of the ZnO semiconductor layer on the insulator caused by 

the hydrophobic nature of CAPS (Figs. 2 and 3) and to the presence of unconverted PHPS 

precursor in the film (Fig. 4).  

Zinc oxide TFTs using 40 W and 80 W OCAPS reveal improved transistor performance with 

a μFE of 3.2 cm
2
/Vs, on/off ratio of ~10

7
, VTH of -1.3 and -1.5 V, and SS of 0.2 and 0.6 V/decade, 

respectively. This trend is consistent with the decreasing current density with increasing plasma 

power, evident in Fig. 5. Larger hysteresis is observed for ZnO TFTs fabricated with 80 W 

OCAPS. This is probably related to the hydroxyl groups on the insulator surface, identified by IR 

measurements, acting as trap sites.  

Further insight into the device behavior can be provided by calculation of the trap density, 

Dit, from the SS value, according to the following equation
40 

𝐷𝑖𝑡 = (
𝑞𝑆𝑆log(𝑒)

𝑘𝑇
− 1) ∙

𝐶𝑖

𝑞
  (7) 
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Figure 7. (a) Transfer characteristics of CAPS/ZnO TFTs, measured at VDS = 50 V, with various 

plasma treatment powers. Data are shown for forward and reverse voltage scans. (b) Plots of 

IDS
1/2

 versus VG for CAPS/ZnO and 40 W OCAPS/ZnO TFTs (forward scans). The full lines are 

best straight line fits to the data points. 

 

 

Figure 8. Output characteristics (IDS - VDS curves) of (a) CAPS and (b) 20 W, (c) 40 W, and (d) 

80 W OCAPS/ZnO TFTs. Data for each VG value are shown for forward and reverse VDS scans. 

 



 19 

It is evident from Table 2 that the Dit value is minimized for the 40 W OCAPS/ZnO TFT, at a 

figure of 3.5 x 10
11

 /eVcm
2
.  

Figure 8 shows the output characteristics, IDS, versus drain-to source voltage, VDS, for TFTs 

treated with different oxygen plasma powers. The gate voltage was measured in the range 0 to 50 

V in steps of 10 V. Typical n-channel electrical properties are observed. Although all devices 

showed good current saturation, devices using CAPS, 20 W and 80 W OCAPS exhibit hysteresis, 

due to the presence of traps on the surface of the SiO2. The current at low IDS, generally 

influenced by the contact resistance(s) between the semiconductor and S/D,
41

 slowly increased 

and exhibited non-linear behavior. This can be explained by the (unavoidably generated) natural 

oxide on Al following exposure to air.
42

 This thin oxide layer provides a higher work function 

than pure Al, leading to a poor contact between the ZnO and the source and drain electrodes. In 

further work, it might be possible to reduce this effect by using a suitable plasma treatment, 

although a different TFT architecture would be needed.
42,43 

The negative values of VTH in Table 2 

suggest that our transistors may operate in depletion mode. This has been noted for oxide TFTs 

and is related to fixed charges in the insulator, interface and semiconductor regions.
44-46

 

Overall, the manipulation of the SiO2 gate insulator network by plasma treatment resulted in 

improved transistor performance; the ZnO devices processed with 40 W RF power exhibited the 

optimum TFT device characteristics. 
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μFE 

(cm
2
/Vs) 

on/off  

ratio 

VTH 

(V) 

SS 

(V/decade) 

Dit 

(/eVcm
2
) 

CAPS 1 x 10
-2

 ~10
2
 -1.2 5.5 1.1 x 10

13
 

20 W 

OCAPS 
8 x 10

-2
 ~10

4
 -1.3 0.7 1.4 x 10

12
 

40 W 

OCAPS 
3.2 ~10

7
 -1.3 0.2 3.5 x 10

11
 

80 W 

OCAPS 
3.2 ~10

7
 -1.5 0.6 1.3 x 10

12
 

 

Table 2. Summary of the electrical properties of ZnO TFTs. 

 

Reduced processing temperature 

To reduce further the processing temperature of our TFTs, we have investigated the behavior 

of devices that had only been subjected to pre-annealing and plasma processing. Figure 9 shows 

the FTIR spectrum of OAPS after oxygen plasma treatment at 40 W for 150 min (note the much 

longer plasma processing time used in this experiment). The differences in the IR absorption 

peaks of APS as a function of plasma treatment time are revealed in more detail in Fig. S6. The 

IR absorbance spectra of APS exhibit relatively high intensity hydrogen and nitrogen peaks from 

the PHPS network, which disappear after plasma treatment for 150 min. For example, the APS 

film possesses a clear absorption maximum at 920 cm
-1

 (Si-H stretching) with shoulders at 1186 

cm
-1

 and 840 cm
-1

 indicating N-H bonding and Si-N stretching in Si-N-Si, respectively. In 

addition, small absorption peaks from N-H stretching and Si-H stretching are observed at 3360 

cm
-1

 and 2160 cm
-1

, respectively. However, the APS film was totally converted to SiO2 after 
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extended oxygen plasma treatment, confirmed by the existence of only well-defined absorptions 

related to Si-O bonding at 460 cm
-1 

(Si-O rocking) and 1060 cm
-1 

(Si-O stretching). These results 

indicate that an extended oxygen plasma treatment (instead of curing at 180 C in a high 

humidity environment) is an effective method for the complete conversion of PHPS into SiO2.  

 

Figure 9. FTIR spectra of an APS film and an OAPS film after an oxygen plasma treatment at 

40 W for 150 min.  

 

Figure 10 depicts the J-E properties of OAPS measured using an Al/OAPS/Al structure. 

Interestingly, the current density of 7.2 x 10
-7

 A/cm
2
 at 1 MV/cm for APS with plasma treatment 

for 150 min is lower than that observed for 40 W OCAPS (Fig. 5). To determine the dominant 

conduction mechanism in OAPS, the J-E plots (positive bias) of Fig. 10 are re-plotted as ln(J/E) 

as a function of E
1/2

 for Poole-Frenkel emission and as ln(J) vs E
1/2

 for Schottky emission. The 

results are presented in Fig. 11, which reveals significantly improved straight line fits in 
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comparison with Fig. 6, particularly for the Poole-Frenkel plot. In this case, the value of the 

insulator permittivity obtained from the slope of the line is 3.3, in reasonable agreement (i.e. 

within experimental error) with the extracted dielectric constant from this study (Fig S4) and 

vacuum-processed SiO2,
39 

suggesting that the dominant conduction mechanism of OAPS is the 

Poole-Frenkel effect. (The permittivity value obtained from the best fit to the Schottky plot was 

0.17.)  

 

Figure 10. Current density versus electric field for OAPS with plasma treatment for 150 min. 

Data are shown for forward and reverse voltage scans. 
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Figure 11. Schottky (ln(J) vs E
1/2

) and Poole-Frenkel (ln(J/E) vs E
1/2

) plots for OAPS (plasma 

treatment for 150 min). Data are shown for forward voltage scan. 

 

If Poole-Frenkel conductivity is the dominant process in our OAPS layers, then it is curious 

that this conductivity mechanism does not seem so clearly established in the OCAPS layers (Fig. 

6). Although the infrared experiments suggest that the 40 W OCAPS film has been fully 

converted to SiO2, it is plausible that some surface states remain. These will trap charge and 

influence the distribution of the electric field across the thin film. The extended plasma 

processing (150 min) needed to convert the APS film to SiO2  leads to a complete elimination of 

these surface states and results in an electrical conduction process (Poole-Frenkel) that is 

dominated by bulk traps. For example, Jeong et al.
47 

have reported on Poole-Frenkel 

conductivity in siloxane organic-inorganic gate insulators and suggested that injected electrons 

are trapped at silanol groups in the insulator. More detailed studies (e.g. over an extended 

temperature range) are clearly needed to elucidate the nature of the surface and bulk states in our 

thin films as a function of the film processing conditions. 
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The transfer characteristics (IDS vs VG) measured at VDS= 50 V and output characteristics (IDS 

vs VDS) measured at several VG values in the range of 0 to 50 V in steps of 10 V obtained from an 

OAPS TFT are shown in Fig. 12. The device showed good current saturation in the output 

characteristics with relatively little hysteresis. Promising transistor performance was observed 

with a 𝜇𝐹𝐸 of 1.3 cm
2
/Vs, on/off ratio of ~10

7
, SS of 1.65 V/decade, VTH of -1.6 V and Dit of 3.4 

x 10
12

 /eVcm
2
. The carrier mobility of this TFT is somewhat lower than that obtained from ZnO 

TFTs using 40 W and 80 W OCAPS. However, our preliminary results indicate that simple 

processing at a relatively low fabrication temperature is a viable route to manufacture ZnO/SiO2 

thin film transistors. 

For completeness, we have also taken the opportunity to investigate the changes of PS using 

the plasma treatment for 150 min at 40 W (i.e. the pre-annealing device processing step at 150 

C is also eliminated). The results show that the PHPS precursor is fully formed into a SiO2 

network, evident by possessing the FTIR absorptions related to only Si-O bonding (Fig. S7). In 

addition, a current density of 3.6 x 10
-6

 A/cm
2
 at 1 MV/cm was measured with significant 

hysteresis (Fig. S8). However, reliable transistor operation could not be achieved using only the 

plasma processing step. 
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Figure 12. (a) Transfer and (b) output characteristics of a ZnO TFT using APS with plasma 

treatment for 150 min as the gate insulator. Data are shown for forward and reverse voltage scans. 

 

4. CONCLUSION 

This study explores the effect of oxygen plasma treatment of spin-coated 

perhydropolysilizane gate dielectric layers on the performance of zinc oxide thin film transistors. 

The surface wettability of pre-annealed (150 °C) and cured (180 °C in high humidity) thin films 

was changed from hydrophobic to hydrophilic by the plasma treatment. This leads to good 

adhesion between ZnO and the insulator. Infrared spectroscopic studies confirmed that the 

plasma treatment accelerated the hydrolysis and polycondensation reactions. This produced a 

marked improvement in the insulating properties of the resulting silicon dioxide layer. Optimum 

transistor performance was achieved using an RF plasma power of 40 W for 10 s. These devices 

possessed a field effect mobility of 3.2 cm
2
/Vs, on/off ratio of ~10

7
 and a threshold voltage of -

1.4 V. The device fabrication temperature could be further reduced, to 150 °C, by elimination of 

the curing stage and extended exposure of the pre-annealed perhydropolysilizane film to the 

oxygen plasma.  
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