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ABSTRACT 

We fabricated IGZO/ZnON phototransistor by adopting 
in-situ deposition of IGZO and ZnON thin films. ZnON thin 
film, deposited using ZnO ceramic target, successfully 
enhanced the recombination of VO2+ states in IGZO so that 
negligible persistent photoconductivity (PPC) effect was 
achieved. 

1 Introduction 
Over the past years, IGZO has been utilized for various 

optoelectronic devices such as neuromorphic computing 
and photodetector [1, 2]. It is attributed to promising 
characteristics of IGZO, which involve low-temperature 
process and moderate electron mobility. Besides, IGZO 
exhibits transparency and detects UV photons owing to a 
wide optical bandgap (>3.0 eV). In fact, IGZO can absorb 
photons in the visible range by photo-excitation of oxygen 
vacancy (VO) to form VO2+ and 2e-. However, a severe 
drain current is usually observed in IGZO TFT after the 
light-off, which is called PPC effect. This PPC effect 
prohibits IGZO TFT from distinguishing light illumination 
conditions and deteriorates the dynamic range as a 
photodetector. In other words, the PPC effect should be 
minimized, which can be realized by the passivation of VO, 
the main origin of PPC effect. 

ZnON has been employed as an alternative because 
nitrogen with a higher 2p orbital energy than oxygen can 
occupy VO states that are widely distributed above the 
valence band maximum (VBM) of ZnO-based materials [3]. 
In addition, the optical bandgap can be narrowed with 
nitrogen incorporation due to VBM upshift induced by 
repulsion between p orbital of anions and d orbital of Zn.  

The general method to prepare ZnON was a reactive 
sputtering using metallic Zn target under the gas mixtures 
of Ar, O2, and N2 [4, 5]. Most studies mainly focused on N-
rich ZnON; however, it has been recently reported that 
optoelectronic properties were degraded by excess 
nitrogen [6, 7]. Thus, intermediate nitrogen incorporation 
is desired. 

In this study, ZnON thin film was prepared by radio-
frequency (RF) magnetron sputtering using ZnO ceramic 
target. There have been some literatures where ZnO 
ceramic target was used for ZnON thin film, and TFT by 
reactive sputtering [8] and pulsed laser deposition (PLD) 
[9, 10], respectively. To our knowledge, this is the early 
report on ZnON TFTs utilizing ZnO ceramic target. Optical, 

structural, and chemical properties of ZnON thin film 
were characterized. The device performance of ZnON 
TFT was compared with those of ZnO and IGZO TFT. 
Finally, IGZO/ZnON phototransistor was demonstrated 
with negligible PPC effect and improved photo-response. 

2 Experiment 
Three kinds of thin film (ZnO, ZnON, and IGZO) were 

prepared by RF magnetron sputtering at room 
temperature using ZnO (purity:99.999 %) and IGZO 
(purity:99.99 %; In:Ga:Zn=1:1:1 at%) ceramic targets. 
The base pressure was evacuated below 5x10-7 Torr by 
turbomolecular pump. ZnO was deposited under the 
Ar/O2 mixture with each of gas flow rate at 20/1 sccm. 
ZnON was prepared under the pure nitrogen plasma 
where the flow rate of N2 was 100 sccm. The RF power 
for ZnO and ZnON was 70 W. IGZO was grown under 
the Ar/O2 mixture with each of gas flow rate at 50/0.5 
sccm at a RF power of 90 W. The purity of all gases was 
99.999 %. The thickness and working pressure for single 
channels were fixed at 30 nm and 5 mTorr.  

Fig. 1 shows the schematic of device structure and 
TFT fabrication sequence. Heavily doped p-type silicon 
substrate with thermally grown SiO2 (200 nm) was used 
as a gate and gate dielectric, respectively. The substrate 
was cleaned by sonication in acetone, ethanol, and DI 
water for 10 min each and then dried by N2 blowing. The 
semiconductors were deposited above the SiO2. For 
IGZO/ZnON phototransistor, pre-sputtering of ZnO 
target under pure Ar plasma for 10 min was performed 
after IGZO deposition and prior to ZnON deposition. The 
thickness of IGZO and ZnON was 10 and 20 nm. 120 nm 
thick Al was thermally evaporated for source and drain 
electrodes. Finally, TFTs were post annealed in air for 1 
hr at 250 oC. All patterns were defined by metal shadow 
masks and the channel length and width were 90 and 
1000 μm. 

 
 

 
Fig. 1 Device structure and fabrication sequence 
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The absorption spectra of thin films were obtained by 
UV-visible spectrophotometer (UV-Vis, Hitachi, U-2900). 
The optical bandgap was determined by Tauc plot. Top 
view image of ZnON was characterized by scanning 
electron microscope (SEM, ZEISS, Merlin Compact). The 
atomic compositions were analyzed through energy 
dispersive spectroscopy (EDS) equipped on SEM under 
8.0 x 10-7 Torr to improve accuracy. For SEM and EDS 
analysis, ZnON thin film on silicon substrate was used 
after HF etching to eliminate the native oxide. The crystal 
structure was identified by grazing incidence X-ray 
diffraction (GIXRD, PANalytical, X’pert Pro) utilizing Cu Kα 
radiation. The chemical states were studied by X-ray 
photoelectron spectroscopy (XPS; PHI, Versaprobe III) 
after Ar+ ion sputtering (2 kV) for 100 s. The electrical 
properties of TFT were measured using a Keithely 4200-
SCS semiconductor parameter analyzer under ambient 
conditions. To evaluate the phototransistor performance, 
blue light (λ=450 nm, intensity= 7 mW/cm2) was used. 

3 Results 
Fig. 2 shows Tauc plots of ZnO and ZnON. The optical 

bandgap was determined to be 3.26 and 1.84 eV, 
respectively. The inset in Fig. 2 shows digital photograph 
of ZnON thin film deposited on the glass substrate with 
brownish color. This reflects that substantial nitrogen 
incorporation is also possible by reactive sputtering of ZnO 
ceramic target under nitrogen plasma. 

Fig. 3 shows GIXRD spectra of ZnO and ZnON to 
investigate the structural property. ZnO thin film had the 
highest intensity of (002) diffraction pattern which 
corresponds to hexagonal (wurtzite) structure. In contrast, 
three weak diffraction patterns of cubic Zn3N2 were 
observed in ZnON thin film with broad distributions in the 
range from 30o to 40o. This indicates a highly disordered 
structure due to substitution of nitrogen with oxygen within 
the fundamental ZnO matrix. This agrees well with the 
previous studies where ZnON deposited by reactive 
sputtering of metallic Zn target exhibited amorphous/ 
nanocrystalline mixed phase [11]. We therefore believe 
that our ZnON thin film is mixed phase of amorphous and 
Zn3N2 nanocrystallites.  

Fig. 4 shows the surface morphology of ZnON thin film 
characterized by SEM, implying nanocrystallites formation. 
The quantitative analysis through EDS mapping revealed 
that the relative composition was Zn:O:N=48:39:13 at%. 

Fig. 5 (a) shows normalized O 1s core level spectra of 
ZnO and ZnON, indicating that nitrogen has passivated 
oxygen deficient states in the vicinity of 531 eV. Fig. 5 (b) 
shows normalized Zn LMM auger spectra, where the 
entire spectra of ZnON was blue shifted relative to those 
of ZnO, which was consistent with the previous report [11]. 
Fig. 5 (c) shows N 1s core level spectra of ZnON 
composed of non-stoichiometric ZnxNy, stoichiometric 
Zn3N2, N-N, and NO2 chemical states. The nitrogen of 
ZnON thin film mainly participates in forming 

stoichiometric Zn3N2 chemical states. 
 
 

 
Fig. 2 Tauc plots of ZnO and ZnON. The inset shows the 
digital photograph of ZnON thin film. 
 

 
Fig. 3 GIXRD spectra of substrate, ZnO, and ZnON thin 
film. 
 

  
Fig. 4 Top view SEM image and EDS mapping results of 
ZnON thin film. 
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Fig. 5 XPS spectra of (a) O 1s, (b) Zn LMM auger, and (c) 
N 1s. 
 

Fig. 6 (a) shows transfer curves with extracted electrical 
parameters (μ; mobility, S.S; subthreshold swing, and VTH; 
threshold voltage) of TFTs. Compared with ZnO TFT, the 
μ and S.S of ZnON TFT were significantly enhanced as a 
result of nitrogen incorporation. It is attributed to the 
density functional theory (DFT) calculations that the 
effective mass of Zn3N2 is smaller than IGZO and In2O3 [3, 
13]. Note that for our ZnON thin film, the diffraction 
patterns and chemical states of Zn3N2 were identified in 
Fig. 3 and Fig. 5, respectively. Fig. 6 (b) shows the 
phototransistor performance when blue light was 
illuminated for 45 s. For ZnO and IGZO TFT, the 
photocurrent (Ip) consistently increased along the 
illumination time at higher slope than ZnON TFT. Since the 
energy of incident blue photon (~2.8 eV) was smaller than 
the optical bandgap of ZnO and IGZO, the photo-
generation by VO-to-band would be dominant and keep  

 
Fig. 6 The (a) transfer curves and (b) phototransistor 
performance under the blue light illumination. 
 
Table 1. The device performance parameters 

 ZnO ZnON IGZO IGZO/ZnON 
μ  

(cm2V-1s-1) 1.06 6 12.73 11.56 

S.S 
(V/dec) 

1.79 0.47 0.13 0.37 

VTH (V) -5.03 0.3 0.2 2.91 
SNR 

(Ip/Idark) 
18.5 13 9.6x102 2.63x105 

(s) 20 <0.1 30 <0.1 
(s) >300 <0.1 1.5 <0.1 

 
elevating Ip because neutralization of VO2+ may require 
high activation energy. This further supports the severe 
PPC effect of ZnO and IGZO TFT after light-off. On the 
other hand, photo-generation by band-to-band rules the 
photo-dynamic behavior of ZnON TFT considering its 
optical bandgap (~1.84 eV). This offers the highest 
probability of recombination by photo-generated electron 
hole pairs. However, a slight slope of ZnON TFT during 
light-on was observed, which can be explained from 
consistent photo-generation by nitrogen vacancy (VN). 
The PPC effect may also arise by the photo-ionized VNx+ 
(x=1, 2, or 3) and gets stronger when ZnON involves 
excess nitrogen and considerable non-stochiometric 
ZnxNy chemical states [14] . However, our ZnON thin film 
had nitrogen concentration of ~13 at% and was primarily 
composed of stoichiometric Zn3N2 chemical states. This 
led to the lowest slope during light-on and negligible PPC 
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effect after light-off. To evaluate the photo-response, the 
rise (  and fall (  time were defined as the time to 
reach  of the photocurrent (Ip) after light-on and before 
light-off. Besides, signal-to-noise ratio (SNR) was defined 
by Ip/Idark, where Idark represents dark current. Table 1 
summarizes device performance parameters where ZnON 
TFT exhibited extremely short rise and fall time less than 
0.1 s. However, ZnON TFT suffered from poor SNR. Thus, 
IGZO/ZnON TFT was fabricated to get benefit from the 
high SNR of IGZO and transient response of ZnON. As 
shown in Fig. 6 (a) and Table 1, the electrical properties 
were similar to those of IGZO TFT except for positively 
shifted VTH possibly due to thicker ZnON. As shown in Fig. 
6 (b), our proposed IGZO/ZnON phototransistor exhibited 
the best performance in terms of the highest SNR and 
transient photo-response as well.  

Fig. 7. illustrates an energy band diagram of our 
IGZO/ZnON phototransistor. Effective electric field on the 
thin IGZO (10 nm) would be strong and electrons photo-
generated by VO states quickly drift to the conduction band 
minimum (CBM) of ZnON, resulting in high SNR. At the 
same time, ZnON which has an excellent recombination 
characteristic by band-to-band enable nearly constant 
slope during light-on. We also suggest that the 
accumulated electrons in the CBM of ZnON can 
recombine with VO2+ states of IGZO and VNx+ states of 
ZnON. The former may be possible since the energy level 
of electrons has been lowered by drift to CBM of ZnON, 
providing higher probability to recombine with VO2+ states 
of IGZO. The latter is reasonable from the result in Fig. 6 
(b), where ZnON phototransistor had the lowest slope 
during light-on and negligible PPC effect. Thus, 
accumulated electrons in the CBM of ZnON would 
recombine with VBM and VNx+ states of ZnON, and VO2+ 

states of IGZO when the light is turned off.  

 
Fig. 7 A schematic energy band diagram of IGZO/ZnON 
phototransistor for light on and off state. 
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4 Conclusions 
ZnON thin film was deposited by reactive sputtering 

of ZnO ceramic target. Optical, structural, chemical 
characterizations revealed that the nitrogen was 
successfully incorporated into the fundamental ZnO 
matrix. The influence of nitrogen was noticeable in TFT 
characteristics. Electrical properties of ZnON TFT were 
improved compared with those of ZnO TFT. More 
importantly, the PPC effect was negligible. Finally, the 
heterojunction-based phototransistor employing in-situ 
deposition of IGZO/ZnON exhibited transient photo-
response and higher SNR than single ZnO, ZnON, and 
IGZO phototransistors.  
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