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Abstract
This study investigates the process–microstructure–property relationship during a UV laser crystallization of a transparent 
conductive layer—gallium doped zinc oxide (GZO) films after pulsed laser deposition (PLD). UV laser induced crystal-
lization technique is able to apply ultra-fast post-treatment to modify GZO films with better structural and optoelectronics 
properties, suggesting a potential for large-scale manufacturing. A physical simulation model coupled laser–matter interac-
tion and heat-transfer was utilized to study pulse laser heating and heat dissipation process. The laser crystallized GZO film 
exhibits low resistivity of ~ 3.2 × 10−4 Ω cm, high-Hall mobility of 22 cm2/V s, and low sheet resistance of 22 Ω/sq. High-
transmittance (T) over 90% at 550 nm is obtained (with glass substrate). The optoelectronic performance improved mainly 
attributes to grain boundary modification in the polycrystalline film, e.g., decrease of grain boundary density and passivation 
of electron trap at grain boundaries.

1  Introduction

Transparent conducting oxide (TCO) films, achieving both 
electrical conduction and optical transparency, are critical 
in many large consumer optoelectronic devices such as flat 
panel displays, photovoltaic cells, light emitting diodes, and 
electrochromic windows. Generally, these major applica-
tions require TCO exhibiting electrical resistivity less than 
10−3 Ω cm while transparency more than 80% in visible 
(Vis) and near-infrared region (NIR) [1]. Until recently, over 
90% mainstream market of TCOs were dominated by indium 
tin oxide (ITO), whose resistivity is approaching 10−4 Ω cm. 
However, due to the toxicity, scarcity and escalating cost 
of indium, there are urgent needs to seek alternative TCO 
films [1, 2].

Zinc oxides (ZnO) have drawn considerable attention for 
three decades as a promising substitute for ITO, since it is 

non-toxic, abundant and inexpensive, and has been demon-
strated in many applications [3–7]. As an II–VI wide band 
gap (3.34 eV) semiconductor, ZnO exhibits high-Vis and 
NIR transparency [8]. However, pure ZnO has high-resistiv-
ity, which could be decreased by controllable n-type doping 
with group III elements. And un-doped ZnO thin films also 
show instable electrical properties, resulting from the chem-
isorption of oxygen at the surface and grain boundaries, 
which leads to higher resistivity [9]. The properties of the 
films can be stabilized by extrinsic dopants. Among n-type 
dopant group III elements, aluminum (Al) and gallium (Ga) 
were the most widely used. Ga dopant attracts more attention 
due to Ga–O has similar ionic (0.62 vs. 0.74 A) and covalent 
radii (1.26 vs. 1.25 A) as compared to Zn–O, meaning a 
highly Ga doped ZnO could be achieved without substantial 
lattice deformation.

Ga doped ZnO (GZO) is currently under intense inves-
tigation and development to replace ITO as the transparent 
conductive coating. To manufacture the GZO film, usually 
physical vapor depositions (PVD) was utilized to pursue 
high-electron conductivity [10–13]. Various deposition tech-
niques are applied to prepare GZO films, such as sputtering 
[12], ion beam assisted deposition (IBAD) [11], atomic layer 
deposition (ALD) [13] and pulsed laser deposition (PLD) 
[10, 14], mainly operating at elevated temperatures. On 
the other hand, there are some reports of depositing GZO 
by low temperature PVD for optical devices or solution 
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based sol–gel fabrication, but poor optoelectronic proper-
ties were obtained [15, 16]. To the author’s knowledge, the 
electrical conductivity of GZO film was difficult to exceed 
4 × 10−4 Ω m, especially for low thickness (< 200 nm) film 
with high-optical transparency. To compete with ultra-con-
ductive ITO film (conductivity approaching 1 × 10−4 Ω m), 
there is a need to develop a post-processing method to 
improve the electrical conductivity of GZO films deposited.

In this study, the UV laser crystallization post-treatment 
following deposition of GZO was explored to overcome the 
bottleneck. The GZO polycrystalline film was deposited 
by PLD onto the glass and followed by UV laser crystal-
lization to minimize the extended defects and improve the 
optoelectronic performance as shown in Fig. 1. Significantly, 
the electrical conductivity of PLD deposited GZO film has 
been boosted up to around 1.5 times after post-UV laser 
processing. The conductivity achieved here is among the 
highest of all GZO transparent conductors film thickness 
in nanometers range. In addition, the process mechanism 
and process–microstructure relationship during UV laser 
crystallization in GZO thin film need systematic investiga-
tion. Herein, these key issues are tackled with experimental 
and modeling efforts, which could not only be applied to 
GZO film, but also provides guidance for deposition of other 
transparent conductive oxide layers on various substrates.

2 � Experiment

The fabrication process consists of pulsed laser deposi-
tion (PLD) of GZO thin film and UV pulsed laser crys-
tallization. Before PLD, a 50.4 mm diameter, 0.33 mm 
thick, (0001) orientation sapphire substrate was cleaned by 

acetone, methanol, and DI water in an ultrasonic cleaner 
for 5 min each, sequentially. The sapphire substrate was 
put into a high-vacuum chamber with a base pressure of 
4.0 × 10−6 Torr. In this chamber ZnO (99.99%) and 2% 
Ga2O3-doped zinc oxide (GZO) targets with 50 mm diam-
eters were ablated by a KrF excimer laser (λ of 248 nm 
with τ of 25 ns). The target-substrate distance was fixed 
at 80 mm. Targets and substrates rotated at 7 and 5 rpm, 
respectively. A 50 nm thick i-ZnO film was deposited on 
the sapphire substrate at laser fluence of 1.5 J/cm2, repeti-
tion rate (RR) of 10 Hz for 20 min, and then 200 nm thick 
GZO was deposited at laser fluence of 0.5 J/cm2, RR of 
5 Hz for 90 min. Finally, a 250 nm thick GZO film was 
deposited at laser fluence of 0.5 J/cm2, RR of 5 Hz for 
90 min. O2 pressure was set to be 150 and 1 mTorr for 
intrinsic zinc oxide (i-ZnO) and GZO films, respectively.

After PLD, the sample was transferred into a 10 mTorr 
vacuum chamber for the UV laser crystallization pro-
cess. The same excimer laser was used with RR of 10 Hz. 
The laser beam was shaped to a square, top-hat profile 
(8 × 8 mm). The sample was placed on a motorized stage 
which enables translations along both x- and Yy-axes as 
shown in Fig. 1. Laser intensities used in the crystalli-
zation experiments ranged from 90 to 130 mJ/cm2. The 
laser pulse number (N) used ranged from 10 to 200. After 
the laser crystallization, field emission scanning electron 
microscopy (FE-SEM) was used to measure the thickness 
of the GZO film via cross-section; top FE-SEM imaging 
was used to observe the surface structure. X-ray diffraction 
(XRD) was used to determine the GZO film’s crystallinity 
and internal stress. Electrical resistivity and carrier mobil-
ity and concentration were measured by the Hall effect 
with the Van der Pauw method. Optical transmittance 

Fig. 1   Experiment set up: PLD was used to deposit GZO film onto 
glass substrate and a pulsed UV laser was scanning on the GZO film 
with enabled translations along both x- and y-axis to boost the pro-
cess efficiency. Laser generation, intensity, scanning path and beam 

size could be integrated into computer aided design program for 
potential digital manufacturing. After laser crystallization, the treated 
film could be characterized
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spectra were measured by Lambda 950 ultraviolet–visible 
and infrared spectrophotometers.

3 � Results and discussion

Figure 1 depicts the setup of the experiment. As shown, 
pulsed laser deposition was used to coat wurtzite structure 
zinc oxide film onto glass substrate, with gallium dopant 
integrated in one source. After deposition of GZO by PLD, a 
pulsed UV laser was scanning on the GZO film with shaped 
square beam and top-hat profile with size of 8 × 8 mm and 
enabled translations along both x- and y-axis to boost the 
process efficiency. As shown, the laser generation, intensity, 
scanning path and beam size were integrated into computer 
aided design program for potential digital manufacturing. 
After UV laser crystallization, the treated film was charac-
terized for quality analysis, device fabrication and practi-
cal application. During laser scanning, each laser pulse was 
able to introduce a localized high-temperature field from 
photo energy absorption, because the band gap of GZO film 
(~ 3.6 eV) is lower than the photo energy of excimer laser 
[17–19] (5 eV). This laser pulse induced heat treatment 
would lead to microstructure change and physical property 
improvement afterwards, which will be discussed later in 
this letter.

To understand the laser heating process, COMSOL 
Multiphysics® was applied to simulate the laser energy absorp-
tion [20–22] as schemed in Fig. 2a. The electromagnetic mod-
ule (EM) was used to simulate laser irradiation, and the heat 
transfer module (HT) was used to describe the temperature 
increase in GZO polycrystalline film during a single laser 
pulse delivery. Laser beam is assumed to be in the fundamental 
mode with wavelength of 248 nm for crystallization process. 
Primary controlling parameters are laser pulse energy (E), 
pulse duration (τ), and beam radium (γ). The spatial distribu-
tion of laser pulse could be written as Eq. (1).

In this equation, Eo represents the central pulsed energy of 
laser beam, and x, y are coordinates. Temporal distribution of 
the laser is represented by normalized Weibull function which 
could manipulate the pulse duration and power by modifying 
its shape factors. The incident laser heating was induced by 
near-field scattering occurring on polycrystalline GZO struc-
ture, which can be depicted by resistive heating (QRH), and 
expressed in Eq. (2)

(1)E = Eo × exp

[

−2

(

x2

r2
+

y2

r2

)]

.

(2)QRH =
1

2
Re {�EE∗ − j�ED∗}.

Fig. 2   a Comsol multiphysics simulation set up, with EM module 
to simulate laser–mater interaction and HT module to simulate heat 
transfer occurs in GZO film and substrate. b Laser selective heating 
occurs at 45 ns simulation time, in which thermal energy was mainly 
absorbed by GZO film rather than glass substrate due to high-absorp-
tion coefficient. c Temperature evolution of GZO film top surface 

during laser crystallization with single pulse delivery. d Temperature 
distribution along depth (160  nm GZO film to − 300  nm substrate) 
at simulation time of 45 and 600 ns for single pulse delivery. e SEM 
surface morphology of as-deposited GZO film. f SEM surface mor-
phology of laser crystallized GZO film
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The governing equations in the EM module in this study 
are Ampere’s law with Maxwell’s correction and Faraday’s 
law of induction as shown in Eq. (3). Due to the conserva-
tion of energy for the electromagnetic filed, where the first 
term and second term on left hand side represent the resis-
tive losses and radiative losses, respectively.

During resistive heating, as heat transfer occurs, tempera-
ture (T) would form in the system. A typical T field is given 
by solving a coupled HT module with QRH as the heating 
source. The heat transfer equation is governed by Eq. (4)

Equations (2)–(4) are then numerically solved in cou-
pled EM module and HT module as shown in Fig. 2a. Laser 
parameters, materials properties and film properties are set 
as essential input in the simulation. As calculated in Fig. 2b, 
heat energy was mainly absorbed by the GZO layer due to 
higher absorption coefficient comparing to glass substrate. 
Figure 2b represents the temperature distribution at the 
simulation time of 45 ns, in which heat transfer into bottom 
glass substrate is still insufficient. The highest temperature 
in GZO film reaches 1500 K (on some hot spots as show 
in Fig. 2b), while low temperature less than 600 K was 
observed in substrate. However, heat transfer occurs then 
due to temperature gradient in the GZO-substrate interface. 
The result of one laser pulse irradiation and afterwards are 
represented in Fig. 2c, the average temperature of GZO film 
increases to 800–1200 K in 45 ns depending on laser inten-
sity of 90–125 mJ/cm, respectively. Then the temperature 
of the GZO would be lowered by thermal dissipation, as 
demonstrated at 600 ns simulation time, before subsequent 
laser pulse delivery. This fast heating and following thermal 
dissipation also could be demonstrated by Fig. 2d, in which 
the temperature distribution over GZO film–substrate inter-
face was recorded. In simulation time of 45 ns (black curve), 
thermal energy exchange from laser beam to GZO film 
governs. GZO film located from depth of 0–160 nm shows 
apparent elevated temperature (1000–1200 K). However, 
when depth goes from 0 to − 300 nm for substrate, a sharp 
decrease to room temperature (300 K) was observed. This 
discontinuous circumstance renders the fact of laser induced 
selective heating. On the other side, thermal dissipation is 
able to transfer heat into substrate across interface drive by 
high-temperature gradient. This is also demonstrated by 
simulation result in 600 ns (red curve), in which both GZO 
film and substrate swing around 600 K. This fast thermal 

(3)
∫ J × EdV + ∮ (E × H) × nds = −∮

(

E
�D

�t
+ H

�B

�t

)

dV .

(4)

QRH = �(X, T)c�(X, T)
�T(X, t)

�t
− ∇[�(X, T)∇T(X, T)]

+ �(X, T)c�(X, T)vs∇T(x, t).

dissipation indicates a fast cooling process of GZO film 
after initial selective laser heating. Thereby multiple laser 
pulse shinning with repeatable heating–cooling process is 
able to drive microstructure change of target film, similarly 
to abnormal grain growth in solid recrystallization process 
[20, 22]. Figure 2e, f shows the top view FESEM image of 
the laser scanned film comparing to as deposited film, as 
thermal energy continues along multi laser pulse delivery 
(200 pulses in this image), the polycrystalline microstruc-
ture tends to reform large grains and faceted boundaries. 
Comparing untreated (e) to treated (f), it is found that the 
crystallized film is more compact and continuous, imply-
ing the crystallinity of the GZO film has been significant 
enhanced [18, 23].

The changes of grain morphology and surface rough-
ness after laser crystallization were revealed by atomic 
force microscope (AFM), as shown in Fig. 3. Note that the 
standard deviation on the roughness values (Ra, arithmeti-
cal mean deviation of the assessed profile) are 0.21 nm, 
0.18 nm, 0.14 nm, 0.16 nm for 105.6 mJ/cm2 after 1p, 10p, 
50p, 200p, respectively and 0.41 nm, 0.39 nm, 0.40 nm, 
0.32 nm, respectively, for 113.7 mJ/cm2 after 1p, 10p, 50p, 
200p, respectively. The grain structure before laser crystal-
lization was shown as nanoparticles stacked together after 
PLD (Fig. 3a, d). After laser crystallization under laser 
fluence of 105.6 mJ/cm2, the grain boundary between the 
nanoparticles are much better connected with each other. 
With the laser pulse number (p) increases from 10p to 50p 
and 200p, the grain structure become denser. The rough-
ness reduces significantly from 1.45–0.914 nm after 50p, 
which contribute to less optical scattering of the thin film. 
As laser fluence increases to 113.7 mJ/cm2, the grain size 
increases more significantly than under 105.6 mJ/cm2. Clear 
grain boundary can be seen after laser crystallization with 
50p and 200p.

The crystallinity modification of GZO film could be veri-
fied by X-ray diffraction patterns (XRD) as shown in Fig. 4a. 
Typical peak located at 2θ = 34.6° is well indexed to wurtzite 
zinc oxide crystal planes of (002). Comparing to signals 
before laser crystallization, it is clear seen that (002) peak 
of GZO film achieve much higher intensity after multiple 
laser pulse delivery (200 pulses), implying textured crystal 
orientation. Further exploring of the structural modifica-
tion on GZO film was characterized by calculating the full 
width half maximum (FWHM) and the grain size according 
to XRD peaks. The FWHM was measured by the Lorenz fit 
of the (002) peak, while crystal size could be drawn from 
Bragg’s equation with FWHM as the input [24, 25]. Fig-
ure 4b illustrates the FWHM and grain size of the GZO film 
as a function of laser processing conditions. Apparently with 
multiple laser pulse delivery for both laser intensity of 105.6 
and 113.7 mJ/cm2, the FWHM show much narrower FWHM 
and grain show much larger size comparing to as-deposited 
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film. These results are in good agreement with Fig. 3, in 
which large grain and faceted boundaries are formed com-
bining with homogeneous and continuous surface [18, 26].

To study the effects of crystallization on GZO film 
electrical performance, Hall measurement was carried 
out. With small size grain merged and larger size grain 
formed, it is straightforward to draw that grain bound-
ary density was decreased. Furthermore, since the grain 
shape changed to facetted and surface compacted, the inter 
grain defects like voids, gaps and discontinuity decrease, 
which originally may create energy levels in the band 
gap that tend to trap the free electrons and decrease their 
lifetime [27]. Both lower grain boundary density and less 
electron traps at boundaries are able to diminish the grain 
boundary barrier scattering and boost the electron mobil-
ity cross boundaries, which contribute to or dominate the 
polycrystalline GZO film mobility [9, 28, 29]. As dem-
onstrated in Fig. 4c, d, the electrical properties of GZO 
films as a function of laser parameters, detected by Hall 
effect measurement was plotted. After the crystalliza-
tion, a strong increase in mobility and decrease in sheet 
resistance are observed for all different laser parameters 
as shown in Fig. 4c, d. The as deposited GZO film per-
forms a Hall mobility of 16 cm2/V s, on contrast, the Hall 

mobility increases to ~ 20.2 ± 0.20 cm2/V s with 10 laser 
pulses delivery and ~ 21.9 ± 0.38 cm2/V s with 200 laser 
pulses delivery. Note that, the improvement indicates an 
around 20% increase of electron mobility after UV laser 
processing, which is critical for many applications in opto-
electronic industry to relax the tradeoff between optical 
transparency and electrical conductivity of GZO thin film.

To delve into the mechanism of electron mobility 
improvement, the electron’s mean free path l  could be 
calculated using the following Eq. (5) [24, 25]

where h is the Plank’s constant, e is the electron charge, N is 
the carrier concentration and µ is the Hall mobility. Inputting 
Hall measurement values in Table 1, the mean free path of 
the carriers for as-deposited GZO film could be calculated 
as 3.1 nm, which is in the same range of grain size shown 
in Fig. 4b. This indicates the electron mobility inside poly-
crystalline GZO film is mainly dominated by grain boundary 
scattering mechanism. To analyze the grain boundary scat-
tering dominated mobility µg enhancement of GZO film after 
laser crystallization, the polycrystalline structure and energy 

(5)l =
h

2e

(

3N

�

)

1

3

�,

Fig. 3   AFM images and roughness of a starting film after PLD; b–d after a and laser crystallization under 105.6  mJ/cm2, 10p, 50p, 200p, 
respectively, e starting film after PLD; f–h after a and laser crystallization under 113.7 mJ/cm2, 10p, 50p, 200p, respectively
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Fig. 4   a θ–2θ XRD patterns of GZO films as-deposited by PLD and 
processed by laser at 105.6  mJ/cm2, 113.7  mJ/cm2 with 10 pulses 
and 200 pulses, respectively. The GZO films have a preferred (002) 
out-of-plane orientation on substrate. b Corresponding FWHM and 

grain size characterization of GZO films as-deposited and processed 
by post-laser crystallization. c Laser parameter dependence of Hall 
measurements collected electron mobility. d Laser parameter depend-
ence of Hall measurements collected sheet resistance
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level could be referred [20]. The grain boundary density is 
determined by grain size L while the scattering intensity 
at grain boundaries is determined by energy potential bar-
rier height Φb. The latter one is controlled by electron trap 
density (Nt) and the free electron concentration (Neff). Seto 
[30] and Baccarani et al. [31] extend Petriz model [32] on 
the basis of the first approximation to describe the energy 
potential barrier at grain boundary as shown in Eq. (6) [9, 
28, 29, 33], in which ��0 is the static dielectric constant, m* 
is the electron effective mass and e is the elementary charge.

The basic result of this equation is based on electrons 
transport through grain boundary by thermionic emission 
over the barrier, taking into account of electron traps as a 
depletion region formed on either side of the grain bound-
ary barrier. Based on Eq. (6), the electron mobility inside 
GZO film is mainly dominated by grain size L and electro 
trap density at grain boundaries Nt. Thereby, after laser 
crystallization, the increased mobility by Hall measure-
ment could be used for reverse derivation. As derived with 
inputting of Hall mobility of ~ 20 and ~ 22 cm2/V s into 
Eq. (5), the mean free path of electrons should be 3.8 and 
4.2 nm, respectively. This value is slightly higher compar-
ing to the measured grain size in Fig. 4b (3.2 and 3.6 nm), 
implying the larger grain formation is the main reason for 
electron mobility increase. However, there might be other 
possible reason such as decrease of electron trap density 
Nt contributing to electron mobility enhancement in GZO 
film after laser crystallization. The decrease of electron 
trap density attributes to both removal of extended defects 
(mid-band energy level) and desorption of oxygen species 
at grain boundaries [17, 28]. Desorption of oxygen species 
by UV laser exposure would release free carriers from 
traps which is stated by prior reports [17, 28]. Subject to 
current series of samples, this could be demonstrated by 
a moderate increase of carrier concentration after laser as 
shown in Table 1.

(6)

�g = �0 exp

�

−
ΦB

kT

�

=
eL

√

2�m∗kT
exp

�

−
e2N2

t

8kT� ∫
0
Neff

�

.
The electron mobility increase would result in sheet 

resistance decreases from 33 to 21 Ω/sq, when multiple laser 
pulses were delivered to GZO film with optimal laser inten-
sity. As demonstrated in Fig. 4d, the sheet resistance of GZO 
films varies as a function of laser parameter. Both higher 
laser intensity and multiple laser pulses would contribute to 
low sheet resistance. The optimal laser intensity and pulse 
number was observed as 113.7 mJ/cm2 and 200 pulses. The 
optimal laser conditions could be varied according to differ-
ent metal oxide and different substrate, however, are straight-
forward to discover with a series of experiments. And note 
that, although conductivity enhancement associates with 
a strong increase in carrier mobility, a moderate increase 
in carrier concentration also should not be neglected. This 
moderate increase of carrier concentration inside GZO film 
not only reflects in sheet resistance decrease, but also in 
optical transmittance change. As demonstrated in Fig. 4e, 
the optical transmittance as a function of wavelength, it is 
clearly that the optical transmittance encounters a slight 
blue shift after laser crystallization. The relatively decreased 
transmittance in near-infrared range (700–1200 nm) indi-
cates free carrier absorption, which is in good agreement 
with moderate carrier concentration increase in Table 1. 
Note that, the transmittance of current series of samples 
were all measured with glass substrate, which still achieve 
around 90% transmittance in visible range.

The high-optical transparency and simultaneous low 
sheet resistance of the laser crystallized GZO film imply 
a significantly improved overall optoelectronic property, 
which could also be demonstrated in Fig.  5. Figure  5 

Table 1   Laser crystallization conditions on GZO films and the 
derived Hall measurement performance

Laser 
intensity 
(mJ/cm2)

Pulses Rsheet (Ω/
sq)

ρ (Ω cm) µ 
(cm2/V s)

Neff (cm3)

0 0p 33.23 5.12 × 10−4 16.1 − 7.56 × 1020

105.6 10p 26.98 4.05 × 10−4 20.1 − 7.66 × 1020

105.6 200p 21.95 3.29 × 10−4 21.8 − 8.70 × 1020

113.7 10p 27.18 4.08 × 10−4 20.5 − 7.46 × 1020

113.7 200p 21.59 3.24 × 10−4 22.1 − 8.73 × 1020

Fig. 5   a Influence of laser crystallization on transmittance: visible–IR 
transmittance spectrum (with glass substrate during measuring) pro-
cessed GZO films encounter a blue shift. b Electron mobility vs. elec-
tron concentration for GZO films in this work comparing with high-
vacuum deposition by 12 research groups. The red spots show current 
work, the other marked points and curves represent high-mobility 
GZO films listed for comparison. The diagonal dashed lines show 
constant conductivity on a log–log scale
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shows electron mobility vs. free electron concentration 
data for GZO thin films deposited by several high-vac-
uum methods from 12 groups [10–13, 34–41]. These prior 
advancements have achieved highest electrical conductiv-
ity on different substrates (polymer, glass and sapphire), 
which provide a comparison with our results based on 
laser crystallization (red spots in Fig. 5). Comparing PLD 
and followed laser crystallization method in our work with 
other groups in Fig. 5, the laser crystallized GZO films 
exhibit high-mobility (22 cm2/V s), implying diminish-
ing grain boundary barrier and decreasing grain bound-
ary density. The highest electrical conductivity of current 
series of sample achieves over 3000 S/cm, which performs 
better than almost all the prior vacuum methods, as stated 
in Fig. 5. Additionally, grain boundary density also could 
be affected by film thickness and crystal growth method 
which would further influence the carrier mobility [20, 
25]. And according to Eq. (6), the grain boundary density 
influences the grain boundary mobility with a linear fac-
tor. This supplies an explanation that charge mobility in 
our study is still lower than some high-vacuum fabrica-
tions. However, considering the 160 nm thick top layer 
in our work is thinner than prior advancements, our laser 
crystallization has potential to achieve even higher carrier 
mobility.

4 � Conclusion

In summary, the method of PLD followed by laser crystal-
lization was explored to deposit transparent conductive 
GZO films onto glass substrate. This UV laser induced 
crystallization technique is able to apply fast post-heat 
treatment to modify the microstructures in GZO films with 
better optoelectronics properties, suggesting a potential 
for large-scale manufacturing. Multiphysics simulation 
model coupled laser–matter interaction and heat transfer 
was utilized to study pulse laser heating and heat dissi-
pation process. The laser crystallized GZO film exhibits 
low resistivity of ~ 3.2 × 10−4 Ω cm, high-Hall mobility 
of 22 cm2/V s, and low sheet resistance of 22 Ω/sq. The 
high-transmittance (T) over 90% at 550 nm is obtained 
for sample with glass substrate. The optoelectronic per-
formance improved mainly attributes to the polycrystal-
line film grain boundary modification by UV laser such 
as grain boundary density decrease and the passivation 
of electron traps near grain boundary, as demonstrated by 
the results from material characterization. The ultra-fast 
and flexible laser treatments have the potential to apply in 
semiconductor oxides layers after deposition of thin film 
by physical vapor deposition, sol–gel, ink-jet printing, or 
spray-coating.
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