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Abstract: An ultraviolet (UV) nanosecond pulsed laser with a wavelength of 355 nm was applied to anneal 
amorphous indium-gallium-zinc oxide (a-IGZO) thin-film transistors (TFT) at various laser beam powers 
ranging from 0 to 280 mW. Laser irradiation was selectively carried out on the a-IGZO channel area using the 
beam scanning method after the a-IGZO TFT was formed through indium-tin oxide (ITO) electrode patterning 
and a subsequent lift-off process. After laser annealing, negative shifts in the threshold voltages and enhanced 
on-currents were observed at laser-beam powers ranging from 54 to 120 mW. No meaningful parameters were 
investigated for laser beams higher than 200 mW. By extracting the energy band gap and work function of a-
IGZO from the transmittance and ultraviolet photoelectron spectroscopy (UPS) results, the ITO electrode/a-
IGZO channel energy band structures were established under different laser annealing conditions, and the 
electron injection mechanism from the ITO to the a-IGZO channel was analyzed and optimized at a laser beam 
power of 120 mW. The results show that the electrical characteristics of the a-IGZO TFTs can be improved 
without any heat damage to the substrate because of the selective annealing process. 

Keywords: UV pulsed laser annealing; a-IGZO TFT; ITO/IGZO energy band structure; selective 
annealing 

 

1. Introduction 

Metal-oxide semiconductors are of interest as core materials for next-generation displays owing 
to their advantages of low off-current and low-temperature processing. In particular, metal-oxide 
semiconductors are deposited by low-temperature sputtering, and process compatibility can result 
in better uniformity over a large area and higher reliability over a longer time [1–6]. Amorphous 
indium-gallium-zinc oxide (a-IGZO) has been widely used as a channel material for thin-film 
transistors (TFT) because of its moderate electron affinity, low threshold voltage, and high 
transmittance caused by its high-energy band gap [7–12]. Although a-IGZO has a relatively high 
energy bandgap, the orbital overlap of indium and oxygen vacancies in the zinc oxide (ZnO) structure 
enables high electron mobility and electrical conduction [13–15]. The ionic bonding of IGZO makes 
maintaining high carrier mobility possible in amorphous metal-oxide semiconductors, in contrast to 
the covalent bonding of amorphous Si. At a positive gate voltage (on position), an a-IGZO TFT can 
show 20–50 times higher electrical current than a hydrogenated amorphous silicon (a-Si:H) TFT, and 
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the off-leakage current of an a-IGZO TFT is much lower than that of low-temperature polysilicon 
(LTPS) TFT [16]. Therefore, a higher speed without motion blur or low power consumption can be 
obtained while driving the display. 

In previous studies, in the fabrication process of a-IGZO TFT, to improve the electrical stability 
and reliability of a-IGZO thin films, they were thermally annealed using an oven, a vacuum furnace, 
and rapid thermal annealing (RTA). Considering the melting point of the soda-lime glass substrate, 
the annealing temperatures have been mainly maintained under 500–600 °C [17–20]. However, the 
completion of the annealing process takes a relatively long time because of the cooling process time 
in RTA and the stabilization time in a vacuum furnace. Moreover, the conventional annealing 
temperature is so high that it is not suitable for flexible substrates such as polyimide (PI) or 
polyethylene terephthalate (PET). As a new low-temperature rapid annealing process, we applied a 
xenon (Xe) flash lamp for the annealing of a-IGZO TFT, which showed enhanced electrical 
characteristics [21]. However, Xe flash lamps are also applied to the entire area of the substrate, and 
unexpected side effects such as electrode damage can occur [22]. 

For the selective annealing process, a laser beam was used in the fabrication of a-Si:H TFT, and 
an LTPS TFT was realized and used as the driving TFT in active matrix organic light-emitting diode 
(AMOLED) displays. This process, however, has some drawbacks, such as the high cost of laser 
equipment and damage to thin films caused by laser beam tracing [23,24]. Because the laser beam 
energy is not transferred thermally, no cooling is required during the annealing process, and the 
process can be completed in a short time. Furthermore, laser beams can be easily optimized by 
controlling parameters such as their pulse duration, frequency, and scanning speed [25–27].  

In this study, we irradiated an a-IGZO TFT with a 355 nm ultraviolet (UV)-pulsed laser and 
investigated and analyzed the annealing effect on the electrical characteristics of the TFT. Considering 
the TFT size used in the display industry, a-IGZO TFTs with channel lengths of less than 10 mm were 
fabricated using source/drain photolithography and liftoff processes for IGZO channel formation. 
Indium tin oxide (ITO) was used as a source/drain electrode to avoid laser-induced damage to the 
metal electrodes. Upon fabrication of the a-IGZO TFT, the 355 nm UV pulsed laser beam was 
selectively irradiated on the a-IGZO channel layer using the scanning method. The laser beam energy 
was controlled from 54 mW to 280 mW by adjusting the off time. The electrical characteristics and 
the effect of the laser beam energy were analyzed. To investigate the structural characteristics of the 
laser-annealed a-IGZO TFT, a-IGZO thin films were deposited on glass and Si wafer substrates, and 
the laser beam was irradiated under identical conditions. 

2. Experimental Methods 

Figure S1 shows the sequence of the fabrication process of the a-IGZO/ITO TFT. A boron-doped 
p-type silicon wafer with a resistivity of 1–10 Ω ▪cm was used as a substrate. For the gate dielectric 
layer of the TFT, silicon dioxide (SiO2) was thermally grown on a Si wafer. Before the ITO sputtering 
process, the silicon wafer was cleaned with isopropyl alcohol (IPA), acetone, and deionized (DI) 
water in an ultrasonic bath for 15 min. After the cleaned silicon wafer was vertically loaded into a jig 
in the load-lock chamber, it was moved to the process chamber of the in-line sputter. The silicon 
substrate was moved in front of a 99.99% indium tin oxide (ITO) target of size 165 mm × 540 mm × 7 
mm (InO3:SnO2 = 90:10) at a base vacuum of 9×10-6 Torr, and plasma was generated with a DC power 
of 2 kW at a pressure of 4 mTorr and at room temperature. Ar and O2 gas injections were maintained 
at 50 and 1.2 sccm, respectively [28,29]. During the ITO sputtering, the jig was scanned in front of the 
ITO target at a speed of 45 cm/min (15 Hz). The thickness and sheet resistance of the ITO target were 
about 80 nm and 65.5±0.6 ohm/sq, respectively. 

For photolithography of the ITO electrode, an AZ GXR 601 positive photoresist (PR) was used 
for spin-coating at a speed of 4000 rpm. After the PR was soft-baked on a hot plate at 90 °C for 60 s, 
it was irradiated with UV light for 3 sec through a source and drain Cr pattern on the photo mask. 
The distance between the mask and photo mask was maintained at 100 mm. PR source and drain 
development was carried out using AZ 300 MIF developer solution after post-exposure baking on a 
hot plate at 110 °C for 60 s. The PR was hard-baked, and the ITO source and drain patterns were 
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obtained by wet etching using an AP-KIT ITO etchant at room temperature for 20–30 s, as shown in 
Figure S1(a). The widths of the mask patterns were designed to be 20, 40, and 60 mm, and the lengths 
were 2, 3, 4, 5, and 6 mm. For patterning the IGZO active layer, PR patterns were developed using 
the same photolithography process parameters as for ITO patterning, as shown in Figure S1(b). 
Figure S1(c) shows the a-IGZO active layer deposited with a thickness of 30 nm using radio frequency 
(RF) sputtering at room temperature for 3 min 30 s. An IGZO target with a diameter of 4 in and 
thickness of 1/8 in (In2O3:Ga2O3:ZnO = 1:1:1) was used, and plasma was generated with an RF power 
of 60 W at a pressure of 4 mTorr. The lift-off process was performed using acetone dipping and N2 
blowing, and an IGZO/ITO TFT was obtained, as shown in Figure S1(d).  

Figure 1(a) shows the 355 nm UV pulsed laser system used for the laser annealing of the a-
IGZO/ITO TFT. The laser power was controlled precisely by rotating the half-wave plate installed in 
front of the polarized beam splitter. The laser beam was scanned across the a-IGZO channel layers of 
a-IGZO/ITO TFTs using a galvanometer. The diameter and repetition rate of the laser beam were 
fixed at 20 mm and 100 kHz, respectively. The laser-beam scanning speed was maintained at 100 
mm/s, and the scanning direction was aligned for application to multiple TFTs in a single stroke, as 
shown in Figure 1(b). Laser annealing was performed at laser powers ranging from 0 (no annealing) 
to 280 mW.  

 

 
Figure 1. Schematic of (a) the 355 nm UV pulsed laser system and (b) the experimental setup for laser 
annealing on a-IGZO TFT. Multiple TFTs were scanned using the laser and the scanning direction of 
laser beam was perpendicular to the direction of the TFT channel. 

The current-voltage characteristics of the laser-annealed a-IGZO/ITO TFT were measured using 
a probe station and parameter analyzer (HP-4156 C). The laser scanning traces were investigated 
using a high-resolution scanning electron microscope (Hitachi S-4700). The transmittance and 
absorbance of the laser-annealed a-IGZO were measured using a UV visible spectrometer (VARIAN, 
Cary 100). To analyze the energy band structure of the laser-annealed a-IGZO, the cutoff energy and 
valence band maxima (VBM) were obtained using ultraviolet photoelectron spectroscopy (UPS) 
(Thermo Fisher Scientific, ESCALAB 250). 
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3. Results and Discussion 

3.1. Current-Voltage Characteristics Depending on the UV Pulsed Laser Beam Energy 

Because the electrical characteristics were obtained from a-IGZO TFTs with different channel 
widths and lengths, the transfer and output characteristics of the a-IGZO TFTs after laser annealing 
(Figure 2) were normalized for comparison. Figure 2(a) shows the transfer characteristics of the a-
IGZO TFTs after laser annealing at laser beam energies ranging from pristine (no annealing) to 90 
mW. As the laser beam energy increased to 90 mW, the threshold voltage (VTH) shifted in the negative 
direction, and the on/off current ratio increased. The subthreshold swing (S.S.) was also slightly 
reduced from 2.0 V/dec to 1.66 V/dec, as shown in Table 1. However, for higher laser beam energies 
ranging from 119 to 280 mW, the electrical parameters were steeply degraded, as shown in Figure 
1(b). Furthermore, above 200 mW, no transfer characteristics were investigated, and no device 
parameters were obtained, as shown in Table 1. Figures 1(C), (D), and (E) show the output 
characteristics of the a-IGZO TFTs for laser beam energies of 0 (pristine), 55, and 90 mW, respectively. 
When the gate-to-source voltage (VGS) was increased from 5 to 25 V, the drain-to-source current 
distinctly increased when the laser beam power was 55 mW and 77 mW. The enhanced on-current is 
thought to result from laser annealing.  

 

Figure 2. Transfer characteristics of a-IGZO TFTs after a 355 nm UV pulsed laser annealing process 
for a laser beam energy (a) from pristine (no annealing) to 90 mW and (b) from 119 mW to 280 mW. 
Output characteristics of a-IGZO TFT after a 355 nm UV pulsed laser annealing process for a laser 
beam energy of (c) pristine, (d) 55 mW, and (e) 77 mW. 

Table 1 shows the dependence of the device parameters such as VTH, S.S., saturation mobility, 
and on/off current ratio (Ion/Ioff) on the laser beam energy. As shown in Figure 1(b), when the laser 
beam was higher than 200 mW, an off-current was generated and was constant regardless of the value 
of VGS. Similar results were obtained for the 308 nm XeCl excimer laser annealing, 248 nm KrF excimer 
laser annealing, and 800 nm femtosecond laser annealing of sputtered IGZO TFTs [26,30,31]. The 
unstable electrical characteristics are expected to be due to the damage to devices caused by excessive 
laser beam energy and excessive carriers resulting from laser annealing. In particular, degradation 
by laser annealing is more effective for small-dimensional TFTs based on a two-dimensional heat 
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simulation of laser heating [31]. As the laser beam energy was increased to 90 mW, the enhanced on-
current may have affected Ion/Ioff, and the S.S. was also slightly improved. However, no dependency 
or relationship between mobility and laser beam energy was investigated. In the case of CO2 laser 
spiking annealing (LSA) of a-IGZO TFT, the optimized LSA condition that enhances the saturation 
mobility of the laser-annealed TFT is difficult to find because improvements in mobility are not 
dependent on the LSA condition determined by peak temperatures and dwell time [32]. Figure 3 
shows that VTH linearly negatively shifted as the laser beam energy increased, and its mechanism 
may be explained by the limitation of the relaxation of structural defects. In contrast to conventional 
thermal annealing, the time required to prevent oxygen vacancies from being ionized and to 
compensate for laser-induced damage may be impossible to achieve because of the limited timescale 
[32,33]. 

Table 1. VTH , subthreshold swing (S.S.), mobility (m), and the on/off ratio (Ion/Ioff) for different laser 
beam energies. 

Laser beam power VTH [V] S.S [V/dec] mn [cm2/V·s] Ion/Ioff 
     
     
     
     
     
     
  22  4.06ㄸ+ 
   0.84  

Pristine 2.48 
2.76 2.00 0.84 4.06E+7 

54 mW 
60 2.76 1.77 1.20 

6.79E+7 
1 

60 mW 1.19 1.81 0.77 1.88E+7 
77 mW -0.77 1.81 0.35 2.41E+8 
90 mW -1.10 1.61 0.30 4.84E+8 
119 mW -1.39 1.86 1.13 2.91E+7 
155 mW -1.88 2.28 0.32 5.42E+7 
202 mW -4.47 2.64 0.03 4.62E+6 
227 mW - - - 3.45E+0 
253 mW - - - 4.27E+0 
280 mW - - - 1.36E+1 

     

 
Figure 3. Threshold voltages (VTH) of a-IGZO TFTs after a 355 nm UV pulsed laser annealing process 
for a laser beam energy ranging from pristine (no annealing) to 280 mW. 
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3.2. Structural Characteristics and Energy Band Analysis with Laser Beam Energy 

During the laser scanning of the a-IGZO TFT, the beam diameter (20 mm) was much larger than 
the TFT channel length (2–6 mm). In addition, the direction of laser scanning was manually aligned 
parallel to the multiple TFT channels, as shown in Figure 1(b). To analyze the structural 
characteristics of the laser-annealed TFT, Figures 4(A), (B), and (C) show the scanning electron 
microscopy (SEM) images of the a-IGZO TFT, laser-annealed at powers of 0 (pristine), 77 mW, and 
227 mW, respectively. As shown in Figure 4(B), no laser beam traces or etching residues were 
observed at the laser beam energy of 77 mW. No apparent dependence of the a-IGZO layers on the 
laser beam energy was observed. The laser line scanning traces were observed at 227 mW, as shown 
in the left image of Figure 4(C). All the laser-annealed TFTs were observed using SEM, and laser line 
traces were found for laser beam energies higher than 200 mW (Figure S2). The line beam traces may 
result in laser-induced damage to the a-IGZO TFTs and degraded electrical characteristics, such as a 
high off-current.  

 

Figure 4. Scanning electron microscopy (SEM) images of a-IGZO TFTs after a 355 nm UV pulsed laser 
annealing process for the laser beam energies of (a) pristine (no annealing), (a) 77 mW, and (c) 227 
mW. In case of the high energy of 227 mW, laser beam line traces are investigated. 

To further analyze the enhanced on-current and negatively shifted VTH of the laser-annealed a-
IGZO TFTs, the optical bandgaps of the laser-annealed a-IGZO layers were obtained by measuring 
the transmittance data. a-IGZO thin films were RF-sputtered on soda-lime glass substrates under the 
same process conditions as for TFT fabrication, and a 355 nm UV pulsed laser was irradiated at 
energies of 0 (pristine), 60 mW, 120 mW, and 280 mW.  

Figures 5(A) and (B) show the transmittance data of the laser-annealed a-IGZO thin films and 
the absorbance calculated using the logarithm of the reciprocal of 5(A), respectively. For wavelengths 
above 400 nm, all a-IGZO thin films showed transmittances higher than 80%, and the average 
transmittances from 380 to 780 nm were 87.54%, 87.18%, 88.45%, and 89.22% for laser energies of 0 
(pristine), 60, 120, and 280 mW, respectively. The transmittance increased slightly as the laser beam 
energy increased. From the absorbance data in Figure 5(B) and the thicknesses of the a-IGZO thin 
films, the optical bandgap of the laser-annealed a-IGZO layer was calculated using a Tauc plot, as 
shown in Figure 6. The optical bandgap of a-IGZO was 3.61 eV, 3.58 eV, 3.62 eV, and 3.65 eV for laser 
powers of 0 (pristine), 60 mW, 120 mW, and 280 mW, respectively. 
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Figure 5. (a) Transmittance and (b) absorbance of a-IGZO thin films annealed using a 355 nm UV 
pulsed laser for laser beam energies of 0 (pristine), 60, 120, and 280 mW. 

 

Figure 6. Tauc Plot for the energy band gap of a-IGZO thin films shown in Figure 5. The 355 nm UV 
pulsed laser beam energies are (a) 0 (pristine), (b) 60, (c) 120, and (d) 280 mW. 

To obtain the energy band structures of the laser-annealed a-IGZO layers, UPS spectra were 
measured for the laser-annealed a-IGZO thin films on p-type silicon wafers, as shown in Figure 7(A). 
The RF sputtering and laser-annealing conditions were the same as those shown in Figures 5 and 6. 
The cutoff energy and VBMs were extracted from enlarged Figures 7(B) and 7(C), respectively [34].  

Figure 8(A) shows the energy band diagrams of the laser-annealed a-IGZO thin films designed 
using the work functions calculated from Figure 7(B) and the VBMs extracted from Figure 7(C). From 
the vacuum energy level, the work functions were calculated as 4.11 eV, 4.16 eV, 4.13 eV, and 4.22 eV 
for laser energies of 0 (pristine), 60 mW, 120 mW, and 280 mW, respectively. The VBMs were 
extracted as 6.58 eV, 6.72 eV, 6.91 eV, and 6.78 eV from the vacuum energy level for laser energies of 
0 (pristine), 60 mW, 120 mW, and 280 mW, respectively. Considering the optical energy bandgaps in 
Figure 6, the conduction band minimum (CBM) was calculated as 2.97 eV, 3.14 eV, 3.29 eV, and 3.08 
eV from the vacuum energy level for laser energies of 0 (pristine), 60, 120, and 280 mW, respectively. 

The junction between the ITO electrode and a-IGZO channel layers was described for different 
laser beam energies, as shown in Figure 8(B). Considering that the Fermi energy of ITO is identical 
to that of a-IGZO, the difference between CBM and Fermi energy of a-IGZO and the energy barrier 
for electrons to move from ITO to the conduction band of a-IGZO was calculated as 1.14 eV, 1.02 eV, 
0.84 eV, and 1.13 eV for laser energies of 0 (pristine), 60 mW, 120 mW, and 280 mW, respectively. The 
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optimized laser beam energy was 120 mW, which is the distance between the Fermi level and the 
conduction band of a-IGZO. Therefore, the energy barrier between the ITO electrode and the channel 
was reduced, leading to an enhancement in the carrier concentration and on-current.  

 
Figure 7. (a) Ultraviolet photoelectron spectroscopy (UPS) spectrum of 355 nm UV pulsed laser 
annealed a-IGZO thin films for direct determination of (b) cutoff energy and (c) valence band 

maximum (VBM). 

 
Figure 8. Energy band diagrams of (a) a-IGZO thin films and (b) a-IGZO/ITO junction structures 
extracted from the UPS results shown in Figure 7. 

4. Conclusions 

We investigated the effect of 355 nm ultraviolet nanosecond pulsed laser annealing on the 
performance of amorphous indium-gallium-zinc oxide thin-film transistors. Devices selectively laser-
irradiated using a beam scanning method in the a-IGZO channel region showed a negative shift in 
threshold voltage and on-current enhancement at laser beam powers ranging from 54 to 120 mW. To 
investigate the mechanism of laser annealing, we performed UPS analysis and found that the energy 
barrier between the CBM and Fermi level decreased, resulting in an increase in the carrier 
concentration at the surface. SEM analysis confirmed that no heating damage occurred on the 
substrate at laser beam powers lower than 120 mW during the process. Therefore, the ultraviolet 
nanosecond pulsed laser annealing process improves the electrical characteristics of the a-IGZO TFT 
and can be applied to flexible substrates with temperature limitations. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: Fabrication process of an a-IGZO/ITO TFT (a) ITO sputtering and 
patterning (b) photolithography for lift-off (c) IGZO sputtering (d) lift-off; Figure S2: SEM images of a-IGZO 
TFTs after a 355 nm UV pulsed laser annealing process for laser beam energies of (a) 119 mW, (b) 155 mW, (c) 
202 mW, (d) 227 mW, (e) 250 mW, and (c) 280 mW.  
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