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Aiming  to a  future  use  in thin  film  solar  modules,  the  processing  of  aluminum  doped  zinc  oxide  thin  films
with good  optoelectronic  properties  with  a nanosecond-pulsed  ultraviolet  laser  has  been  studied.  The
eywords:
aser processing
luminum zinc oxide

ablation  threshold  fluence  of  the  films  has  been  determined  and  associated  with  the  material  properties.
The  ablation  process  has  been  optimized  and  grooves  with  good  properties  for  photovoltaic  devices  have
been  obtained.  The  morphology  of  the  ablated  surfaces  has  been  observed  by confocal  microscopy  and
its structure  has been  characterized  by Raman  spectroscopy.  The  influence  of  ablation  parameters  like
focus distance,  pulse  energy  and  repetition  frequency  in  the groove  morphology  has  been  studied  with
special  attention  to the thermal  effects  on  the material  structure.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Aluminum-doped zinc oxide (AZO) and its use as a transpar-
nt conductive oxide (TCO) have received great attention in recent
ears [1,2,5–7]. Besides mandatory properties such as high visible
ransparency in the visible wavelength range and a high electrical
onductivity, its chemical stability, non-toxicity and the low cost
nd abundance of its components in the nature make AZO a very
nteresting and promising TCO material. Several techniques have
een used to deposit AZO thin films but most of them need high
emperature processes to obtain low resistivity values. Radio fre-
uency (RF) magnetron sputtering allows the deposition of AZO
t low temperatures, down to room temperature (RT), with good
orphological, mechanical and optoelectronic properties at high

eposition rates [1].
Due to the properties of thin film cells and to the need of reduc-

ng fabrication costs, thin film solar modules production is based
n the monolithical interconnection of the solar cells. The process
o form the electrical union between adjoined cells includes three
aser steps that are integrated into the fabrication process. Each of
hese steps electrically isolates zones of the various films forming
he cell structure, allowing the connection (monolithic union), as

ollows: TCO cutting, a-Si:H ablation, and back contact removal.
his work deals with the first of these steps, used to pattern the
ront TCO contact to electrically isolate the different cells [2,3].
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The quality of the monolithic union strongly affects the final
properties of the whole module. Several methods have been used
to perform the monolithic union, like mechanical scribing, pho-
tolithography or masking wires. In recent years laser scribing is
being considered a very appropriate tool, because of its selectivity
and the possibility to obtain high quality grooves [4].  This evidences
the need to study the laser processes involved in module production
since defects generated during the scribing process have terrible
effects on solar-panel operation. Typical issues found in poorly opti-
mized laser scribes in a-Si:H devices include flake generation at the
scribe edges, presence of debris in the surrounding area and laser-
induced thermal effects. All of them generally result in irreversible
damages to the finished product that can even cause the complete
failure of the solar panel and must be minimized.

In the ablation processes the selection of the laser wavelength
results of main importance. AZO is a degenerated semiconductor
with a direct band gap. It has the lower states of the conduction
band occupied by free electrons, which increases very much its con-
ductivity. If the incident laser light energy is smaller than the optical
band gap (Eg) of the material the energy is mostly absorbed by elec-
trons inside a band and is transferred to the lattice on a picosecond
timescale. Much of the energy absorbed goes to the lattice of the
material, heating it. On the other hand, if the laser light energy is
greater than Eg, the absorbed energy is used to promote electrons
from the valence band to the conduction band and less energy is

used to heat the lattice. If the laser light used has energy similar
to the material Eg most of this energy is spent in the ablation pro-
cess, minimizing thermal effects. AZO films reported bangap range
from 3.2 to 3.7 eV, varying with the film properties [1,5]. Taking this
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Table 1
Main properties of the samples used in this work.

Sample Deposition T (◦C) Thickness (nm) Resistivity � (� cm) Taverage (%) 400–800 nm

A 25 740 3.0 × 10−3 70.6
−3
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nto account, 355 nm laser light, with energy of 3.49 eV, seems an
dequate tool for the ablation processes.

The main aim of this paper is to study the interaction between
55 nm laser light with AZO thin films deposited by RF magnetron
puttering. For that purpose, AZO films have been deposited at dif-
erent temperatures, and the ablation threshold, i.e. the minimum
nergy density needed to start the ablation over the material sur-
ace, have been measured and related to the films optical properties.
n order to achieve grooves with optimal characteristics for appli-
ation in PV devices a study of the influence of the main process
arameters was carried out. Pulse energy, repetition frequency and
pot profile have been related to the effects over the groove mor-
hology, and the thermal effects on the material structure have
een evaluated.

. Materials and methods

.1. Sample preparation

AZO thin films were deposited on 10 cm × 10 cm Corning glass
059 in a commercial MVSystems magnetron sputtering operat-

ng by RF power. The ceramic target (ZnO:Al2O3, 98%:2%wt) had a
urity of 99.995% and a density of 6.6 g/cm3. The target to substrate
istance was kept at 84 mm and the base pressure and working
ressure were 2.7 × 10−5 Pa and 0.7 Pa, respectively. The sputter-

ng RF power was fixed at 60 W and the temperatures of deposition
sed in this study were room temperature (RT) (sample A), 100 ◦C
sample B), 250 ◦C (sample C) and 300 ◦C (sample D). More details
f this process can be found in Ref. [1].

.2. Laser source

The laser used in this work was a diode-pumped solid-state laser
Nd:YVO4) from Spectra Physics with a fundamental frequency of
064 nm that can be doubled (532 nm)  or tripled (355 nm)  using
odules. An electro-mechanical shutter allows the operation with

 repetition frequency within 15–300 kHz with pulse duration of
bout 13 ns. In this study only light with 355 nm and an average
ower of 5 W at a repetition frequency of 50 kHz was  used. The

aser beam was led and focused on the sample surface by an optical
ystem including two mirrors, a beam expander that can change the
pot size, a digital scanner (HurryScan II 14, Scanlab) and a lens with
50 mm focal. This allowed an operation zone of 150 mm × 150 mm
ith a scanning speed of 11 mm/s  to 10 m/s. The beam profile was
easured using a beam analyzer. An almost Gaussian shape, with a

ittle distortion in one of the directions (fitting of 92% and 85% to a
aussian function in the X, Y axis) was observed. A Gaussian beam
rofile was assumed in all the calculations performed in this work.

.3. Material characterization

The optical transmittance and reflectance of the AZO films were

easured with a Perkin–Elmer Lambda 1050 UV/Visible/NIR spec-

rophotometer. The absorption coefficient was obtained from the
ransmittance spectra using a numerical method based in nonlinear
rogramming models [6].
1.1 × 10 80.8
3.8 × 10−4 85.0
7.8 × 10−4 84.6

For  morphological characterization of the grooves an optical
microscopy (Olympus PMG3, Olympus SZ-CTV) and a confocal laser
scanning microscopy (Leica DCM 3D) were used. Raman spectra
were measured using a commercial InVia Renishaw Raman spec-
trometer employing the 514.5 nm line of an Ar laser.

The measurement of the laser spot size and of the ablation
threshold was  based in the fluence (energy per unit surface) profile
˚(r) of the Gaussian laser pulse [7,8]. The pulse fluence has a radial
distribution characterized by Eq. (1), where ˚0 = 2Ep/�w2

0 is the
fluence maximum, located at the centre of the pulse, Ep is the pulse
energy, r is the radius from the pulse centre, and w0 is the radius
were the fluence value drops to 1/e2 of ˚0.

˚(r) = ˚0 exp

(
−2r2

w2
0

)
(1)

From this equation a relation between the square of the crater
diameter D made by a laser pulse with the fluence was obtained
(Eq. (2)):

D2 = 2w2
0 ln

(
˚0

˚th

)
(2)

where ˚th is the ablation threshold fluence, defined as the mini-
mum  laser fluence required for start the material ablation.

By plotting D2 versus the natural logarithm of the pulse energy
the laser spot size can be obtained and the maximum fluence of
the laser pulse calculated. With this, the ablation threshold can
be determined from the relation between the D2 and the natural
logarithm of ˚0.

To calculate the total fluence received by the material surface
during a laser process a numerical addition of the fluence of con-
secutive pulses at the centre of the groove was made, using Eq. (1)
for the pulse fluence.

3. Results and discussion

3.1. AZO films properties

The AZO films used in this study showed good optoelectronic
properties. Table 1 shows the main properties of each sample.
Its average transparency in the range of 400–800 nm varied from
70% to 85%, and its electrical resistivity varied from 7.8 × 104 to
3 × 103 � cm.  Because of the conditions of deposition, the thickness
of each sample was  different, and not homogeneous in the entire
glass surface. The value given in Table 1 is the maximum thickness,
in the central area of the glass, were optical measurements were
made.

Fig. 1 shows the absorption coefficient for each of the sam-
ples obtained from the transmittance spectra. Focusing in the
laser wavelength, 355 nm,  the values for the absorption coeffi-
cient ranged from 1.5 × 104 cm−1 for the less absorbent film to
3.5 × 104 cm−1.

The ablation threshold of the samples was  measured as
explained before. Fig. 2a shows the relation between the square

of the crater diameter D2 versus the natural logarithm of the
maximum fluence of the laser pulse for each sample. The extrapo-
lation of D2 to zero yields ˚th. Fig. 2b shows the relation between
the ablation threshold fluence as a function of the absorption
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Fig. 1. Absorption coefficient of the AZO films, obtained from the transmittance
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pectra. The values at the laser wavelength 355 nm (3.49 eV), are pointed out.

oefficient at the laser wavelength. As the absorption coeffi-
ient of the film increased, the ablation threshold decreased from
.47 J/cm2 to 0.23 J/cm2. That is, as the film has a stronger absorp-
ion a lower density of energy is needed to begin to damage the
aterial.

ig. 2. (a) Square of the crater diameter D2 versus the natural logarithm of the maxi-
um  fluence of the laser pulse ˚0. The extrapolation of D2 to zero makes the calculus

f  ˚th possible. (b) Ablation threshold fluence versus the absorption coefficient of
ZO  films at 355 nm (laser wavelength).
ience 258 (2012) 9447– 9451 9449

3.2. Groove characterization

Since the ultimate objective is for these grooves to be used in
thin film PV devices it is necessary that the scribes performed have a
clean aspect, with no ridges on the edges and a flat bottom without
substrate damage. To obtain grooves with optimal characteristics,
laser processes were performed on samples at different distances
from laser beam focus, at different repetition frequencies (from 15
to 150 kHz) with Ep from 3.5 × 10−7 J to 1.4 × 10−5 J and processing
speeds v from 10 to 120 mm/s. To avoid effects of the thickness in
the groove characteristics, tests were made in regions with similar
thickness for all the samples about 400 nm.

Initial experiments were performed with the sample positioned
in the focus plane. It is worth mentioning that the same following
behaviour was observed in all of the samples tested, regardless of
the deposition temperature used.

By varying Ep, the effect of the laser fluence was investigated.
The results showed that working at too high fluence the substrate
was damaged whereas an incomplete ablation of the AZO films was
observed when the fluence was  too low. In addition, it was also
observed that some of the material was melted and pushed over the
groove sides, where it solidified resulting in ridges and spikes. The
height of these ridges vary with the proccess parameters, specially
with the total fluence and the repetition frequency, and ranges from
less than 100 nm to several microns. Fig. 3 shows confocal images
and profiles of grooves made in focus position using a high (Fig. 3a)
and a low (Fig. 3b) repetition frequencies and slightly out of focus
using low repetition frequency (Fig. 3c). These images are from the
sample A, but the same behaviour was observed in all the samples.
Larger ridges were observed working at high repetition frequencies.
As a general behaviour, working at fluences of about 10–15 J/cm2

decreases the lateral ridges height, being these smaller for low rep-
etition frequencies. Since these ridges can cause shortening of the
device structure they must be minimized. Working slightly out of
focus led to a wider laser beam radius and hence a lower ˚0 value
for the same value of Ep. In this position at low frequency (20 kHz)
and using a total fluence of about 10–15 J/cm2 clean, complete
grooves were obtained for all the samples. The obtained grooves
had much better morphologic characteristics: almost no melted
material was  observed and the ridges in the groove edges did not
appear. Grooves had smooth walls and a relative flat bottom, and
no debris or residues in the AZO surface were observed. On the
other hand, cracks in the surface at the groove edge appeared. These
cracks were present in all the samples. Although of small size, they
will be a source of weakening of the material, or of shunts between
the films deposited in later steps. A preliminar study by Raman
spectroscopy has been made to determine any changes in the film
structure, but the optimal use of these processes must be checked
in final devices.

3.3. Raman spectroscopy

Grooves made at low repetition frequency (20 kHz) with the
AZO samples positioned slightly out of focus were studied by
Raman spectroscopy to analyze the effect of laser ablation in their
structures, especially in the surrounding areas of the grooves that
showed little cracks.

Raman spectra taken on the samples deposited at different tem-
peratures showed structure differences. Fig. 4 shows the Raman
spectra of the four samples. Due to the thickness of the samples
(less than a micron) the signal of the substrate is visible in all cases.

The sample deposited at higher temperature showed two

intense peaks at ∼270 and ∼580 cm−1. The peak at ∼270 cm−1

belonged to the scattering due to the B2 silent mode and 580 with
a LO mode [9].  A less intense peak was  observed at ∼370 cm−1, cor-
responding to A1TO modes, and two  weak peaks at ∼440 cm−1 (E2
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Fig. 3. Confocal microscopy images and profiles of grooves made with similar fluence (about 10–15 J/cm2 at the groove centre) over the sample A. The same behaviour was
o (>50 kHz). (b) At focus position with low repetition frequency (20 kHz). (c) Out of focus at
l ed on the edges of the groove. Meanwhile, working at low repetition frequencies slightly
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ow  repetition frequency (20 kHz). Working in focus, ridges and peaks were observ
ut  of focus no peaks appeared.

ode) and ∼510 cm−1, corresponding to modes highly localized
ear the grain boundaries. These bands were characteristics of AZO
hin films [9,10].

As the deposition temperature was lower the Raman spectra
hanged. A wide band centred at ∼565 cm−1 and ranging from 530
o 590 cm−1 appeared, with an asymmetry at lower energies. The
symmetry of the band at low energies has been observed pre-
iously by Tzolov et al. [9] and is associated to the coupling of LO
honon-plasmon modes (PPM) The broadening of this band and the
ppearance of another broad band from 100 to 250 cm−1 is under
tudy. The peak at ∼510 cm−1 showed a slightly increased intensity
eanwhile the B2 silent mode (∼270 cm−1) was less intense and

he E2 and A1TO modes disappeared.
The main differences appear between samples A and C,

eposited at RT and 250 ◦C. To study the influence of the ablation
arious spectra were taken on these samples, at points located at

he groove centre, at the groove edge and at four and eight microns
ar from the groove edge. Also a spectrum was taken at the non-
reated sample surface.

ig. 4. Normalized Raman spectra taken on the surface of samples A (deposited
t  RT), B (100 ◦C), C (250 ◦C) and D (300 ◦C). The substrate Raman spectrum is also
epresented.

Fig. 5. Normalized Raman spectra taken on samples A and C at the centre of the
groove (a), at the groove edge (b), at 4 �m (c) and 8 �m (d) from the groove edge,
and  at a point on the surface far from the groove (e). The grooves were made at
low repetition frequency (20 kHz) and with the sample out of focus. Sample A and
sample C were deposited at RT and 250 ◦C, respectively.



ace Sc

b
s
o
q
c
t
c
l
T
e
a
r

R
t
fi
fi
a
p
t

4

d
l
t
a
a

p
t
r
t
t
o
t

p
t

D. Canteli et al. / Applied Surf

In the case of the sample C (Fig. 5b) no substantial differences
etween the spectra taken at different points were observed. The
pectrum taken at the centre of the groove is very similar to the one
f the substrate. Over the groove wall (Fig. 5b, spectrum b) the lesser
uantity of material leads to less intensity peaks, but they have the
haracteristics of the surface without attacking. On the other hand,
he spectra of the sample deposited at RT (Fig. 5a) showed a clear
hange. As the measured zone is closer to the groove the wide bands
ocated at ∼530–590 cm−1 and ∼100–250 cm−1 reduced its size.
he ∼530–590 cm−1 band also was slightly shifted to the higher
nergies. The peak located at ∼510 cm−1 reduces its intensity and

 weak peak appears about ∼440 cm−1, while the peak at 270 cm−1

emains invariable.
The changes observed in the spectra of the sample deposited at

T near the groove were due to the influence of the heat transmit-
ed to the material during the laser process. This heat changed the
lm structure in that zone, becoming similar to the structure of the
lm deposited at higher temperature. Since the spectra of zones d
nd e regain the shape of the spectra of films deposited at low tem-
erature we can postulate that the heat affected zone can reach up
o 17 �m from the centre of the groove.

. Conclusions

In the present work a study of the ablation of AZO thin films
eposited at different temperature conditions with nanosecond UV

aser light for photovoltaic devices has been performed. The abla-
ion threshold of AZO thin films was measured and related with the
bsorption coefficient of the films at the laser wavelength, showing

 direct correspondence.
The set of parameters needed to obtain grooves with good mor-

hological characteristics was explored. An important influence of
he rhythm of the flow of energy to the material, especially with the
epetition frequency, was observed. At high repetition frequencies
he material melted easily, forming ridges of solidified material at
he groove edges. Grooves with good morphologic features were
btained working at low repetition frequencies (20 kHz) and with

he sample positioned slightly out of the laser beam focus.

Raman spectroscopy was used to study the surface and groove
roximities. A change in the material structure in the areas closest
o the edges of the laser groove was observed in samples A and B

[

ience 258 (2012) 9447– 9451 9451

deposited at RT and 100 ◦C. In these areas the structure looked like
the structure of the films deposited at temperatures over 200 ◦C.
The affected area was quite wide, reaching several microns at each
side of the groove. A study of this influence and its relation to
thermal and optoelectronic properties of the material will be done.
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