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One of the most challenging issues in transparent conductive oxides (TCOs) is to improve their

conductivity without compromising transparency. High conductivity in TCO films often comes

from a high carrier concentration, which is detrimental to transparency due to free carrier

absorption. Here we show that UV laser crystallization (UVLC) of aluminum-doped ZnO (AZO)

films prepared by pulsed laser deposition on sapphire results in much higher Hall mobility,

allowing relaxation of the constraints of the conductivity/transparency trade-off. X-ray diffraction

patterns and morphological characterizations show grain growth and crystallinity enhancement

during UVLC, resulting in less film internal imperfections. Optoelectronic measurements show that

UVLC dramatically improves the electron mobility, while the carrier concentration decreases

which in turn simultaneously increases conductivity and transparency. AZO films under optimized

UVLC achieve the highest electron mobility of 79 cm2/V s at a low carrier concentration of

7.9� 10þ19 cm�3. This is realized by a laser crystallization induced decrease of both grain

boundary density and electron trap density at grain boundaries. The infrared (IR) to mid-IR range

transmittance spectrum shows UVLC significantly enhances the AZO film transparency without

compromising conductivity. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879643]

Aluminum-doped ZnO (AZO) is currently under intense

investigation and development to replace indium tin oxide

(ITO) as a transparent conductive coating. AZO thin films

exhibit high electro-optical quality, sufficient material avail-

ability, environmental benefits, and low cost to manufac-

ture.1,2 Meanwhile, the good electro-optical properties and

reliability of AZO films lead to wide applications in display

windows,3 thin film solar cells,4 and optoelectronic devices5

such as transparent thin film transistors. Various deposition

techniques are applied to fabricate AZO films, such as sput-

tering, chemical vapor deposition, cathodic arc deposition,

atomic layer deposition (ALD), and pulsed laser deposition

(PLD).6–14 Some attempts of depositing AZO by low tem-

perature PLD15–17 for optical devices encounter issues like

poor optoelectronic properties. Extended defects like grain

boundaries and inter-grain voids play an important role in

the electrical properties of AZO films.18 For instance, these

defects may create energy levels in the band gap (traps) that

tend to decrease the carrier lifetime so as to decrease the

electron mobility.19 In order to reduce the drawback effect of

these defects, post-deposition annealing is utilized to

enhance the electrical properties of the AZO film. The

enhancement results from alleviating accumulated strain

energy and improving crystallinity.20 However, annealing

might cause lower conductivity because of the ionization of

oxygen vacancies and the oxidation of aluminum.21 On the

other hand, increasing the optical transparency in the red/in-

frared (IR) range can be achieved by reducing the carrier

concentration; however, this is usually results in lower con-

ductivity.22 Thus, high carrier mobility and low carrier con-

centration are desired for simultaneously achieving high

conductivity and extended IR transparency. Some methods

are now being developed to relax this conductivity/transpar-

ency trade-off by increasing the carrier mobility.22,23

In this study, AZO films were deposited on sapphire

substrates by room temperature PLD. UV laser crystalliza-

tion (UVLC) was used to achieve high carrier mobility for

improving the conductivity and transmittance, aiming to

relax the conductivity/transparency trade-off.

Before PLD, (0001) orientation sapphire substrates were

cleaned by acetone, methanol, and DI water in an ultrasonic

cleaner for 5 min each, sequentially. A substrate was put into

a high vacuum chamber with a base pressure of

4.0� 10�6 Torr, where ZnO (99.99%) and 2% Al2O3-doped

zinc oxide (AZO) targets were ablated by a KrF excimer

laser (k of 248 nm with s of 25 ns). A 50 nm thick i-ZnO

nucleation layer was deposited at laser fluence of 1.5 J/cm2,

repetition rate (RR) of 10 Hz for 20 min, and then 200 nm

thick Al-ZnO was deposited on top at 0.5 J/cm2, 5 Hz for

90 min. O2 pressure was set to be 150 and 1 mTorr for i-ZnO

and AZO films, respectively.

As-deposited samples were then transferred into a 10

mTorr vacuum chamber for the UVLC process. The same

laser was used with RR of 10 Hz with the beam shaped to a

square, top-hat profile (8 � 8mm). The sample was placed

on a motorized hotplate stage at 500 K which enabled trans-

lations along both X- and Y-axes as shown in Fig. 1(a).

Laser fluence applied ranged from 120 to 200 mJ/cm2 with

exposure time 2.5–5 ls, e.g., (25 ns) (100 pulses)¼ 2.5 ls.

a)Author to whom correspondence should be addressed. Electronic mail:

gjcheng@purdue.edu. Tel.: 765-494-5436.
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After UVLC, field emission scanning electron micros-

copy (FE-SEM) and x-ray diffraction patterns (XRD) were

used to observe the film morphology and crystallinity.

Electrical resistivity, carrier mobility, and carrier concentra-

tion were measured by the Hall Effect with the Van der

Pauw method. Optical transmittance was measured by UV-

visible-IR spectrometers.

Figs. 1(b)–1(d) show the plane-view FE-SEM surface

morphology of the AZO film as-deposited by PLD and proc-

essed by UVLC (120 mJ/cm2 and 160 mJ/cm2) for 5 ls expo-

sure time. It can be seen in Fig. 1(b) that the as-deposited

AZO film contains inter-grain defects like voids, gaps, and

grain boundaries, exhibiting inhomogeneity and discontinu-

ity.1,24 Comparing to Fig. 1(c), when UVLC is applied to an

AZO film with fluence of 120 mJ/cm2 for 5 ls, facetted grains

begin to form and impinge with each other, achieving com-

pact and continuous surface, suggesting film quality and crys-

tallinity have been significantly improved.18,24 Fig. 1(c)

subject to UVLC with higher fluence of 160 mJ/cm2 for 5 ls

exposure shows similar surface morphology such as good film

homogeneity and surface flatness. Whereas the facetted grains

with boundaries become more apparent, since more thermal

energy is delivered for thorough crystallization. Not only grain

shapes change but also grain growth is detected. The investi-

gation of grain growth is carried out by observing the grain

size distribution as shown in insets of FE-SEM images. It can

be observed that higher laser fluence results in better grain

growth. In most of the cases, grain size distribution is bi-

modal. There is a swift transition of smaller grains into larger

grains. On the other hand, at laser fluence higher than the opti-

mum threshold (160 mJ/cm2) window, there is a clear-cut

grain growth as compared to the as-deposited film as shown in

supporting Fig. 1. Film lack long range crystalline order, as

higher laser fluence like 200 mJ/cm2 causes ablation of mate-

rial,25,26 that is, laser evaporated material would redeposit

back on the surface but no crystallization energy is available

for them, so that resultant surface would lack crystallinity.

To understand the mechanism of UVLC, COMSOL

Multiphysics
VR

was utilized to study the film temperature

evolution during a single laser pulse exposure (25 ns),1 as

shown in Fig. 1(e). The initial temperature of the sapphire

substrate and AZO film was set at 500 K corresponding to the

temperature of the hotplate. Then, an electromagnetic-heat

transfer module (EM-HT) was used to simulate the laser expo-

sure and temperature increase. As a result, the temperature of

the AZO film increases to 850, 1160, and 1560 K in 60 ns for

laser fluence of 120, 160, and 200 mJ/cm2, respectively.

According to van de Pol et al.,27 the calibrated melting point

of AZO is 1400 K. Thus, the peak temperature of 850–1160 K

triggered by the laser fluence of 120–160 mJ/cm2 corresponds

to 60%–80% of the melting point of the AZO film, which is

in the desired range for the crystallization stated by the

Thornton structure zone model.28 As thermal energy continues

along longer exposure time, large crystals tend to merge with

smaller ones until faceted grains form and impinge with each

other. On the other hand, the peak temperature of 1560 K trig-

gered by laser fluence of 200 mJ/cm2 is above the melting

point of AZO film which causes material ablation.28

The improvement in crystallinity of AZO films processed

by UVLC was confirmed by XRD patterns, which were col-

lected and analyzed as shown in Figs. 2(a) and 2(b). In Fig.

2(a), the diffraction peaks appearing at 34.5� and 41.7� corre-

spond to the (0002) peak of hexagonal wurtzite structure AZO

and the (0006) peak of sapphire, respectively.29–31 It is well

known that (0002) is the dominant orientation in Al doped

ZnO films grown by various methods including PLD, sputter-

ing, and CVD.1,15 No characteristic peaks of metallic Zn, Al,

or ZnAlO4 were detected, indicating that the films have highly

crystalline structure with a c-axis preferred out-of-plane orien-

tation. After UVLC, the AZO (0002) peak was found to

become stronger and stronger associated with laser fluence

increase from 0 to 120 mJ/cm2 and finally 160 mJ/cm2. The

stronger peaks attribute to the crystallinity enhancement

including a larger grain size and preferable orientation, i.e.,

low misalignment or tilt along the c-axis. However, a laser flu-

ence of 200 mJ/cm2 is too high, which lowers the XRD peak

height, implying degraded crystallinity. The well-known

Debye-Scherrer Formula was utilized to calculate crystal sizes

FIG. 1. (a) Schematic setup of AZO

film UVLC; (b) as-deposited AZO film

by PLD; AZO film processed by

UVLC (at 500 K): (c) 120 mJ/cm2,

5 ls; (d) 160 mJ/cm2, 5 ls. Insets in

(b)–(d) show grain size distribution.

(e) Temperature evolutions of AZO

film on sapphire substrate carried out

by COMSOL Multiphysics
VR

simula-

tion for a single laser pulse at

k¼ 248 nm, s¼ 25 ns;

201907-2 Nian et al. Appl. Phys. Lett. 104, 201907 (2014)
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from the full width at half maximum (FWHM) of the XRD

patterns as presented in the right column of Table I. The aver-

age crystal size of AZO film increased from 24.9 to 32.4 nm

when a laser fluence of 160 mJ/cm2 and 5 ls exposure is

applied. However, a clear-cut crystal size decrease was

detected with a fluence of 200 mJ/cm2, which is not desired.

Furthermore, a 0.1� shift to higher angle of AZO (0002)

peak was detected in processed samples as shown in Fig. 2(b)

and Table I. This upshift indicates the lattice distortion induced

due to strain. The strain most likely originated from the substi-

tution of Al3þ for Zn2þ.32,33 For 2% Al doped ZnO film in this

work, the Al3þ has a smaller radius (�0.05 nm) than Zn2þ

(�0.074 nm), thus leading to a decrease in the lattice con-

stant.32 The smaller radius of the Al3þ brings about higher ion

mobility, which drives the Al3þ more likely getting across the

crystal boundary than Zn2þ in UVLC process and resulting in a

better crystalline orientation at AZO (0002) peak. Therefore, af-

ter UVLC process, the substitution of Al3þ to Zn2þ is

enhanced, causing the crystallinity enhancement and the lattice

constant decrease which are shown as AZO (0002) peak

strengthening and upshifting in Figs. 2(a) and 2(b).

Due to crystallinity improvement after UVLC, an

enhanced electrical conductance was expected. Hall Effect

measurements were carried out to investigate the resistivity,

mobility, and carrier concentrations each for 3 times, whose

mean values are shown in Table II. The resistivity of as-

deposited by PLD was measured to be 1.68� 10�3 X-cm,

but decreased to 9.90� 10�4 X-cm after optimized UVLC

(160 mJ/cm2, 5 ls) exposure at 500 K. This reveals UVLC

coalescences a few small crystals into larger ones and reor-

ganizes the facetted grains into a compact and homogenous

film which decreases the internal defects density that influen-

ces polycrystalline AZO film conductance.1,21,24,34

To understand the conductance enhanced by UVLC, Hall

mobility, and carrier concentration of AZO films as-deposited

and processed by optimized fluence (160 mJ/cm2) with 2.5ls

and 5ls exposure were analyzed. It is found Hall mobility

increases from 6.7 to 19.5 and 79 cm2/Vs after 2.5ls and 5ls

exposures. While the carrier concentration decreases from

5.5� 10þ20 to 3.2� 10þ20 and then 7.9� 10þ19 cm�3. The car-

rier concentration decrease is caused by the non-equilibrium and

low-oxygen UVLC process that produces zinc vacancies that

then capture excited electrons from the Al dopant and thus lower

the carrier density.35 However, polycrystalline Hall mobility

lHall depends on intragrain mobility li and grain boundary mo-

bility lg, usually dominated by ionized impurity scattering or

grain boundary scattering, according to different carrier concen-

trations.22,34,36,37 Equation (1) shows the relationship, neglecting

neutral impurity scattering, lattice vibration scattering, and intra-

grain cluster scattering36

FIG. 2. (a) h–2h XRD patterns of AZO films as-deposited by PLD and processed by UVLC at 120 mJ/cm2, 160 mJ/cm2, and 200 mJ/cm2 at 500 K, respectively.

The AZO films have a preferred (0002) out-of-plane orientation on the c-plane sapphire substrate. (b) Thermal strain introduced by UVLC. AZO (0002) peak

of the crystallized samples show 0.1� high angle shift. (c) Electron mobility vs. electron concentration for AZO films as-deposited by PLD and processed by

UVLC, comparing with nine research groups. The red curve shows current work, the other marked points and curves represent high mobility AZO films listed

in Table I in supporting materials. The diagonal dashed lines show constant conductivity on a log-log scale.

TABLE I. Peak position, FWHM of XRD AZO (0002) peaks and grain size

for as-deposited and processed AZO films.

Sample Peak position (�) FWHM (�) Crystal Size (nm)

As-deposited by PLD 34.378 0.328 24.9

UVLC (120 mJ/cm2, 500 K) 34.484 0.284 29.1

UVLC (160 mJ/cm2, 500 K) 34.487 0.255 32.4

UVLC (200 mJ/cm2, 500 K) 34.476 0.274 30.1

TABLE II. Electrical properties of 200 nm thick n-type AZO films as-

deposited and processed by UVLC.

AZO films

Mean resistivity

(X cm)

Mean Hall

mobility (cm2/Vs)

Mean carrier

density (cm�3)

As-deposited by PLD 1.68� 10�3 6.7 5.5� 10þ20

UVLC

(160 mJ/cm2, 2.5 ls)

9.92� 10�4 19.5 3.2� 10þ20

UVLC

(160 mJ/cm2, 5 ls)

9.90� 10�4 79.0 7.9� 10þ20

UVLC

(200 mJ/cm2, 5 ls)

1.87� 10�1 9.9 3.4� 10þ20

201907-3 Nian et al. Appl. Phys. Lett. 104, 201907 (2014)
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1

lhall

¼ 1

li

þ 1

lg

: (1)

For the relative high carrier concentrations (>2� 1020 cm�3), it

is generally agreed that mobility is dominated by ion impurity

scattering, explaining that the Hall mobility increase from 6.7 to

19.5 cm2/Vs is mainly due to the carrier concentration decrease

from 5.5� 10þ20 to 3.2� 10þ20 that diminishes ionized impu-

rity scattering.34,37 However, for the relative low carrier concen-

tration of 7.9� 10þ19 cm�3 after UVLC, the dominant factor is

grain boundary scattering, which depends on the grain boundary

density and the energy potential barrier (UBÞ at grain bounda-

ries.37,38 To describe lg, Seto and Baccarani39,40 extended the

Petritz model41 as presented in the following equation:

lg ¼ l0 exp �/B

kT

� �
¼ eLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pm�kT
p exp � e2N2

t

8kTee0Nef f

 !
;

(2)

where L is the grain size, Nt is the electron trap density at grain

boundaries, Neff is the free electron concentration, m� is the elec-

tron effective mass, e�0 is the static dielectric constant, and e is

the elementary charge. After UVLC, grain size L is enlarged,

with an increase factor of �2 times according to Fig. 1 histo-

grams, which does not explain the significant mobility increase

from 6.7 to 79 cm2/V s. Thus, electron trap density Nt must

have been lowered to achieve high mobility. It is well known

that extended defects like inter-grain voids, gaps, and grain

boundaries might form electron traps at grain boundaries.18 The

UVLC process forms facetted grains that impinge with each

other to achieve a compact structure, thereby significantly low-

ering the internal defect density and decreasing the electron trap

density. In addition, prior reports22,42 also state that UV light ex-

posure is able to desorb oxygen species at grain boundaries,

which help decrease electron trap density as well. Both enlarged

grain size and decreased electron trap density contribute to Hall

mobility enhancement at low carrier concentration.

To demonstrate the performance boost by UVLC, the

electrical properties of processed AZO film are compared with

prior advancements,6–14 as shown in Fig. 2(c) (red curve), that

is, electron mobility vs. free electron concentration data for

AZO thin films deposited by different research groups. It is

well known that as the free carrier concentration increases over

2� 10þ20 cm�3 in polycrystalline AZO films, the traps

between grains can be partially or completely filled, reducing

the barrier height and width, and thereby increasing Hall mo-

bility. However, for relative low carrier concentration, grain

boundary scattering modification would play dominant role in

Hall mobility enhancement. When a carrier density of

7.9� 10þ19 cm�3 is fixed, the UVLC processed AZO film

obtains higher carrier mobility than previous reports, indicating

a diminishing grain boundary barrier or decreasing grain

boundary density. Additionally, grain boundary density also

could be affected by film thickness which would further influ-

ence the carrier mobility.22 Considering the 200 nm thick film

in our work is thinner than prior advancements, UVLC has a

potential to achieve even higher Hall mobility.

It has been proven that high Hall mobility is necessary

for relaxing the conductivity/transparency trade-off, that is,

increasing the transparency in the red/IR range can be readily

achieved by reducing the impurity doping level without the

expense of conductivity.22 High Hall mobility satisfies electri-

cal conductance requirements even at lower impurity doping

levels. The transmittance spectra of UVLC samples on sap-

phire were collected to compare with as-deposited ones as

shown in Fig. 3. As observed, the transmittance of an as-

deposited film decreases in the red to near IR (NIR) region

(750–1500 nm) because of increasing reflectance and free car-

rier absorption.43 While, UVLC dramatically enhances the

red/IR transmittance in the wavelength range of 750–1500 nm

for processed samples as shown in Fig. 3(a). The enhanced

red/IR transmittance attributes to decreasing reflectance and

free carrier absorption, resulting from improved film flatness

and diminished carrier concentration.44 UVLC with all three

fluences shows the capability to boost red/IR (700–1500 nm)

transmittance. The electrically optimal condition with fluence

of 160 mJ/cm2 achieves the strongest enhancement in IR

transmittance: over 21% average transmittance increase in the

wavelength range 900–1500 nm, subject to a significantly

decreased carrier concentration. In order to further demon-

strate the feasibility of an optimally processed sample as an

infrared transparent conductor for windows and optoelectronic

devices, transmittance measurements from 350–8000 nm were

conducted as shown in Fig. 3(b). It is found that in the NIR to

FIG. 3. (a) Effect of laser crystallization conditions on UV to near IR transmittance spectra of AZO films; (b) UV to mid wave IR transmittance spectra of

uncoated sapphire substrate and AZO films deposited by room temperature PLD (RS¼�67 X/sq) and processed by UVLC (RS¼�40 X/sq and �7500 X/sq).

201907-4 Nian et al. Appl. Phys. Lett. 104, 201907 (2014)
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mid wave IR (MWIR) region (900–5000 nm), the average

transmittance increase of 36% is achieved under 160 mJ/cm2,

implying a decreased internal defects level and reduced free

carriers.44 This transparency improvements are associated

with decreased carrier concentration, but increased Hall mo-

bility, and decreased sheet resistance (from 67 X/sq to 40

X/sq), without any expense of conductance, which relaxes the

conductivity/transparency trade-off.22 Considering the light

absorption of sapphire, the sole AZO film of current series of

samples can achieve even higher transparency, which is com-

parable or higher, as compared with previous literatures.43–47

However, too high fluence like 200 mJ/cm2 reduced the

film conductance back to a low level (Fig. 3(b)), demonstrating

that extra thermal energy beyond optimal fluence degrades the

film quality, though the mid-IR transmittance is dramatically

increased over 60% to 6000 nm wavelength (grey curve in

Fig. 3(b)) due to an intensively decreased carrier concentration.

Optical interference effects in these thin films change

the transmittance at shorter wavelengths. As shown in Fig.

3(a), the transmittance minimum shifted from 78.2% at

490 nm to 76.5% at 590 nm because the film became denser

with fewer voids after laser processing. The shift to a longer

wavelength and the greater difference between the peak and

valley transmittance in the processed film indicate a higher

index of refraction and lower free carrier absorption than the

as-deposited film. The peak transmittance is equal to that of

the sapphire substrate indicating very low absorption loss for

450< k< 1100 nm in the UVLC samples.

In a summary, UVLC was applied to transparent and

conductive AZO films prepared by room temperature PLD.

This technique is able to solve the problem of compromised

transparency while increasing conductivity in transparent

conductive oxide (TCO) layers. After UVLC, high quality

AZO films were produced with high Hall mobility of 79

cm2/Vs, and low carrier concentration of 7.9� 10þ19 cm�3,

resulting in relaxation of constraint in conductivity/transpar-

ency trade-off. The near to mid IR range transmittance from

900–5000 nm of this UVLC processed AZO film (RS¼ 40

X/sq) was dramatically enhanced, around 36% higher than

as-deposited AZO (RS¼ 67 X/sq).
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