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a  b  s  t  r  a  c  t

Pulsed  laser  deposition  in a delayed-double  beam  configuration  is  used  to incorporate  in situ  Al  in ZnO
thin  films.  In this  configuration,  two  synchronized  pulsed-laser  beams  are  employed  to  ablate  indepen-
dently  a ZnO  and  an Al target.  We  investigated  the  effects  of relative  time  delay  of plasma  plumes  on
the  composition  of the  films  with  the  aim  of evaluating  the  performance  of  this  technique  to  produce
doped  materials.  Relative  delay  between  plumes  was  found  to  control  the  incorporation  of  Al in the  film
vailable online 7 February 2014
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in the  range  from  14%  to 30%.  However,  to produce  low  impurity  concentration  of  Al-doped  ZnO  (with
Al  incorporation  less  than  2%)  the fluence  used  to produce  the  plasmas  has  more  influence  over the film
composition  than  the relative  plume  delay.  The  minimum  incorporation  of  Al corresponded  to a relative
delay  of 0  �s,  due  to  the interaction  between  plumes  during  their  expansion.

©  2014  Elsevier  B.V.  All  rights  reserved.
ntroduction

Pulsed laser deposition (PLD) has been employed to grow thin
lms of a great diversity of materials including polymers, semicon-
uctors, metals and even biological materials. Its main advantages

n comparison with other deposition techniques are the high
rowth rate, lack of harmful precursor chemicals, stoichiometric
ransfer and that it can be applied to essentially any material [1].

 disadvantage of conventional PLD (as in other physical meth-
ds for films deposition), is the necessity to prepare new targets
f specific compositions in order to produce films with different
ompositions. This drawback has been addressed using alternative
onfigurations that involve multiple targets and laser beams. In the
ase of two different targets ablated simultaneously, the ejected
aterials can be mixed directly in the colliding plumes resulting

n films of binary or ternary compounds [1,2]. Moreover, the inter-
ction between plasma plumes can enhance the nonequilibrium
ature of PLD, affecting the limit of solubility of materials or result-

ng in the formation of abnormal metastable structures or new

rdered intermetallic phases [1].

Multi-laser and multi-target PLD has already been employed to
roduce thin films of complex compositions specially designed for
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particular applications [3,4]. However, the composition of the film
depends on several experimental parameters, which must be opti-
mized to produce high quality materials. Two parameters that play
an important role in the interaction between plasma plumes and
therefore in the composition of the films are: the laser fluence and
the relative time delay between plumes. Both parameters can be
modified during the growing stage making it possible to modify the
composition of the film in situ. The relative delay between plumes
dictates the kind of interaction between plasmas and also affects
the relative arrival time of the plume components to the substrate.
Despite its importance, there are only few reports in which the
influence of this parameter on the deposited films has been stud-
ied, and some results are contradictory. For example, Hussey et al.
[5] found that the quality of YBCO films was  independent of the
delay between pulses. Sloyan et al. [3] found that the relative time
delay between plumes on thin garnet crystal films affect both the
lattice constant and elemental composition of the films. We  previ-
ously found [6] that by changing the relative delay between plasma
plumes it is possible to modify the dopant incorporation in Mn-
doped ZnO films. The reason for the diversity of these results is that
the interaction between plasmas depends on several parameters
such as: laser fluence, the material from which the target is made,
the background pressure during the film growth, among others.
Here we study the influence of the relative time delay between
plumes in double-beam PLD on the incorporation of Al into ZnO
films. We  chose this material since it has been exhaustively charac-
terized and its structural, electrical and optical properties are well

dx.doi.org/10.1016/j.apsusc.2014.01.051
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.01.051&domain=pdf
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ig. 1. (a) View from above of the experimental setup: PG: pulse delay generator
ateral view of the target arrangement; left: heater over which the substrates are 

aser  beams.

nown. The experiments were performed using different laser flu-
nces with the aim to evaluate the potential of this technique to
roduce doped thin films.

xperimental setup

Fig. 1 shows a schematic diagram of the experimental configu-
ation. Two lasers were used: a Nd:YAG (1064 nm,  pulse duration:

 ns repetition rate: 10 Hz) and an Excimer KrF (248 nm, pulse dura-
ion: 30 ns repetition rate: 10 Hz). Both laser beams were directed
o a vacuum chamber using a set of mirrors until their arrival to
heir respective plane-convex lens that focuses the beam to their
espective targets. The excimer laser beam was  focused onto a 1-
nch-diameter ZnO target while the Nd:YAG laser impinges on a
-inch-diameter Al target. The ZnO target was located below the
l target with a separation of 1 mm and the distance between the

aser spots was  1.6 cm (Fig. 1b). Two types of substrates were used:
orning glass and silicon wafers (100). The substrates were located
ight next to each other at a distance normal to the targets of 4.5 cm.

ith this disposition, both substrates were reached by the over-
apping plumes during the deposition of the films. Two  different
ets of films were grown under different experimental conditions
n order to evaluate the effect of the delay between pulses on the
omposition of the films. Table 1 shows the used fluence for both
ets as well as other relevant deposition parameters. The Nd:YAG
aser fluence was changed between both sets to affect the amount
f Al extracted from the target and therefore its incorporation in the
lm. For the case of the ZnO target, we kept fixed the fluence of the
xcimer laser, but changed the values of the energy and spot size.
hese parameters affect the density of the plasma and the energy

f the species in the expanding plume. In this way, we  evaluate
he influence of those parameters on the interaction between plas-

as  for different delays between plumes. The delay between laser
ulses (�) was controlled by means of a pulse delay generator. The

able 1
nergy, spot area and used fluence for the two deposited set of films. Deposition conditio

Excimer laser 

Laser energy (mJ) Area (cm2) Fluence (J/cm2) 

Set 1 60 ± 6 0.020 ± 6 × 10−4 3.0 ± 0.4 

Set  2 23 ± 2.3 7 × 10−3 ± 6 × 10−4 3.0 ± 0.6 
irror, S: beam splitter, L: lens, F: photodiode, T: target, VC: vacuum chamber, (b)
d, right: ablated targets, (c) oscilloscope signal of the temporal delay (�) between

used temporal differences were: 0, 5, 10, 100 and 1000 �s. The first
emitted beam always corresponded to the excimer laser.

The films were deposited at a constant temperature of 400 ◦C.
A 1 mTorr O2 atmosphere was established in the chamber after a
pressure of 1 × 10−6 Torr has been achieved. The Al content in the
doped ZnO films was  measured using energy dispersive x-ray spec-
troscopy (EDS, JSM-7600F, Jeol) and the crystalline structure was
analyzed by x-ray diffraction (D8 Advance Bruker) using the Cu K�1
wavelength (1.54056 Å). The resistivity of the films was  determined
by the four-point probe technique. The transmittance of the films
was measured using an Analytical Instrument Systems light source
model DT-1000CE-S and an Ocean Optics fiber optic spectrometer
model USB2000. EDS and Resistivity were measured on the silicon
wafer substrate, while XRD and transmittance were measured on
the corning glass substrate.

Results and discussion

Fig. 2a and b show the XRD results of sets 1 and 2, respectively.
In both sets, the ZnO films grown by conventional PLD using a single
target (black line) show the (0 0 2) and (0 0 4) peaks of the wurtzite
structure [7,8]. These films were deposited using the same laser
fluence, nevertheless the values of the laser energy and the spot
size were different (see Table 1). Both variables affect important
physical parameters of the plume, which in turn affect the proper-
ties of the deposited film. For example, the laser energy can affect
the kinetic energy of the species and the composition of the plume,
meanwhile the spot size can modify the amount of ablated material
and the volume of the plume. It has been shown that the O/Zn and
ionized/neutral flux ratios affect the crystallinity and morphology
of the films [9,10] and that the kinetic energy of the species reaching

the substrate affects the structure and stress in the film [11]. Here
we used two  conditions of the same fluence in which the deposited
films have similar crystalline structure, transparency and bandgap
(shown below). We  chose these conditions to study the influence of

ns: deposition time: 30 min, repetition rate: 10 Hz.

Nd:YAG

Laser energy (mJ) Area (cm2) Fluence (J/cm2)

60 ± 6 0.010 ± 6 × 10−4 6.0 ± 1
2.5 ± 0.25 4 × 10−3 ± 6 × 10−4 0.6 ± 0.2
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Fig. 2. XRD results of the set of films grown with a Nd:YAG fluence of (a) 6 J/cm2

and (b) 0.6 J/cm2. Inset (a) zoom of the diffraction spectra for the films grown at
�  = 100 �s and � = 1000 �s. Inset (b) zoom of the (0 0 2) peak. The dotted line in both
graphs represents the center of the (0 0 2) peak of the undoped ZnO film. In (a) the
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ntensity of the diffraction data of the undoped ZnO film was decreased by a factor of
0,  while in (b) the data corresponding to the film grown at � = 100 �s was  decreased
y a factor of three.

he delay between plumes in double-beam PLD since the ZnO plas-
as  are different although the films have similar characteristics. For

he case of set 1 (see Fig. 2a), the films grown using double-beam
LD show a decrement in the intensity of the (0 0 2) and (0 0 4) peaks
ith the increase of the delay between plumes indicating a loss

f crystallinity [8,12]. Furthermore, both diffraction peaks show a
hift towards greater angles with increasing �, and disappear for

 > 10 �s. This result indicates an increment of the Al content with
 and is consistent with the EDS results shown below. The shift of
he (0 0 2) peak has been reported before for ranges of 1% to 6% of
l doping of films deposited on silicon, glass and quartz substrates

8,12,13], and it has been associated with a residual stress parallel to
he c-axis of the wurtzite structure and the substitution of Zn2+ with
l3+. As the ionic radius of Al3+ is smaller than that of Zn2+, the value
f the c-axis is expected to decrease, therefore causing the peaks

o shift towards greater angles. Those results strongly suggest that
or � ≤ 10 �s the incorporation of Al in the films is substitutional.
n contrast, the films grown at � = 100 and 1000 �s do not present
iffraction peaks corresponding to ZnO while there is presence of a
 Science 302 (2014) 46–51

diffraction peak around 38.6◦ (also present for � = 5 �s). This indi-
cates the presence of a second phase, which could be associated
to the (1 1 0) planes of Al2O3 [14]. The presence of Al2O3 peaks has
been reported before in Al-doped ZnO films for doping percentages
of 30% [8], indicating that the films grown with � = 100 and 1000 �s
have larger amount of Al than those for � ≤ 10 �s.

Fig. 2b shows the XRD results for the second set of samples. For
this group, all the films maintained the wurtzite structure crys-
talline structure, presenting the (0 0 2) and the (0 0 4) peaks. The
presence of both peaks in all films indicates that a lesser amount of
Al has been incorporated in comparison with that of set of Fig. 2a.
This result was expected as the first set was  grown at a greater
laser fluence (for the Al target) than the second set. The diffrac-
tion peaks have a shift towards greater angles, suggesting again
that the incorporation of Al is substitutional. In particular, the film
corresponding to a delay of � = 100 �s shows the greatest shift and
intensity among all the samples. In regard to the former, this can
be the result of a greater stress inside the film in comparison to the
rest of the samples, while the latter suggests a better crystalline
structure within the film. The XRD results show that the effect of �
and the used fluence are different in both sets. The crystalline struc-
ture of the films of set 2 remained constant while the films of set 1
showed noticeable changes, indicating important modifications in
their composition.

Fig. 3a and b show the EDS results as a function of the delay
between laser pulses of the set 1 and the set 2, respectively. Fig. 3a
shows that the film deposited at � = 0 �s has the smallest content
of Al (blue dotted line) and the maximum incorporation of Zn (red
dotted line). As � increases, the presence of Al in the film increases
while the presence of Zn diminishes. The oxygen content oscillates
around a constant value except for the film grown at � = 100 �s.
The decrement of Zn and increase of Al content for delays ≤10 �s
suggests that Al replaces Zn in the film. This result agrees with the
shift towards larger angles of the peaks (0 0 2) and (0 0 4) observed
in the XRD spectra (see Fig. 2a). In contrast, for values of � ≥ 100 �s
the amount of Al and Zn remain practically constant and the only
differences in the film composition correspond to that of O. Those
films have an incorporation of Al about 30%, which explains the
presence of the Al2O3 peak observed in Fig. 2a. The changes in the
amount of incorporated Al as function of � in this set, agree with
those previously reported for Mn-doped ZnO films [6]. In that work
it was found that the influence of � on the composition of the films
was due to the interaction between plasma plumes. Such interac-
tion takes place in two  different regimes depending on � [3,6]. For
values of � ∼ 10 �s or smaller, an overlapping of the plumes causes
scattering of lighter cations from the plumes. For the case of delays
of about few hundreds of �s, the first plume expands through the
background gas and lefts behind a partial vacuum, which affects the
expansion of the second plume. In the case of Fig. 3a, for � ≤ 10 �s,
the interaction between plasma plumes causes the atoms and ions
that compose the Al plasma to deflect from their original trajec-
tory [6], eventually causing less incorporation of Al in the deposited
films. For � ∼ 100 �s, the interaction between plumes is not colli-
sional, because when the second plume is produced, the species of
the ZnO plasma have already reached the substrate. Nevertheless,
a slight increase in the amount of O was  observed. This result is
unexpected and probably is due to the formation of a second phase
(Al2O3), which in turn is caused by the high content of Al (larger
than 30%) and might be influenced by the expansion of the Al plume
through a partial vacuum created by the propagation of the earlier
plume [3]. Finally for � ≥ 1000 �s, the interaction between plas-
mas  is practically negligible, therefore the Al plume can reach the

substrate such as in conventional PLD.

Fig. 3b shows the EDS results for the second set of films. A ten-
dency of the Zn to decrease with increasing delay � is observed,
until � = 100 �s where the behavior of Zn in the films does not show
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Fig. 4. Transmittance of the set of films grown with a Nd:YAG fluence of (a) 6 J/cm2
ig. 3. Chemical composition of the set of films grown with a Nd:YAG (Al tar-
et)  energy of a) 60 mJ (fluence: 6 J/cm2) and (b) 2.5 mJ  (fluence: 0.6 J/cm2). The
orizontal lines represent the chemical composition of the films grown at � = 0 �s.

ignificant variation. The O seems to increase its presence as the
elay between laser pulses increases, passing through a minimum
t � = 5 �s. As in set 1, the film deposited at � = 0 �s has the smallest
ontent of Al (blue dotted line). For larger delays the amount of Al
n the films varies between values from 0.42% to 1.74% and shows
o clear tendency in relationship with �· For � ≥ 10 �s the content
f Al can even be considered constant taking into account the error
ars, which correspond to the standard deviation calculated with
he measurements in different regions of the films. Also, due to the
ehavior of oxygen in this set of films, the substitution of Al for Zn
oes not have a clear behavior as the one found for the first set of
lms. However, Hong et al. [15] found that for Al-doped ZnO films
here is no clear relationship between the presence of Al and O in
he films, while showing a decrease in the presence of Zn with a
apid increase of Al concentration. This suggests that even though
he O in the films appears to be increasing with respect to �, the
ubstitution of Zn2+ for Al3+ may  still be taking place.
The variation in the amount of Al between both sets is due to the
tilized fluence to ablate the Al target, which was  lower for the set
. This caused a smaller extraction of material and consequently
he presence of Al in the films was diminished in comparison to
and (b) 0.6 J/cm2.

that found in the first set. However, for both sets the lesser amount
of Al in the films was  found for simultaneous pulses. This suggests
that for both sets there exists a similar underlying physical pro-
cess taking place at � = 0 �s that minimize the incorporation of Al
in the films. The nature of the physical processes that occur dur-
ing the plasmas expansion was not studied in this work. However,
according to a previous work [6], for simultaneous pulses there
exists a larger deviation of the plasma plumes before reaching the
substrate, which can decrease the Al in the films.

For greater delays the Al incorporation increased in both sets.
However, the properties of the films and their incorporation of
Al changed with the use of different conditions. For set 1, a clear
increasing substitution of Zn2+ for Al3+ with increasing time delay
was observed. However for set 2 such clear behavior was not
present. This shows that laser fluence is a critical factor for pre-
cisely controlling the amount of Al present in the films and that
there exist physical processes within the plasma plumes that affect
the dopant quantity, which in turn, also modify the structure and

properties of the films.

Fig. 4a shows the transmittance spectra of the first group of
films. The mean transmittance of this group was  (73.00 ± 9.45)%.
The spectra can be directly compared with exception of that for the
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Table 2
Bandgap and thickness of the films of set 1 and set 2. The resistivity for set 2 is also shown.

Set 1 Set 2

Bandgap (eV) Thickness (nm) Bandgap (eV) Thickness (nm) Resistance (� cm)

ZnO 3.27 189.3 ± 69.0 3.28 91.6 ± 29.4 3.78 × 10−2 ± 9.03 × 10−4

� = 0 �s 3.69 402.4 ± 51.5 3.55 69.5 ± 36.9 5.84 × 10−4 ± 1.23 × 10−5

� = 5 �s 3.85 173.6 ± 10.6 3.50 68.2 ± 14.9 8.00 × 10−4 ± 4.64 × 10−5
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� = 10 �s 3.86 169.6 ± 36.2
� = 100 �s 3.97 174.6 ± 71.6 

� = 1000 �s 4.01 176.8 ± 8.6 

lm grown with � = 0, since its thickness was considerable larger
han that of the rest of the group (see Table 2). That film was  grown
nder the condition of maximum overlapping between plumes. The
hysical mechanisms for which this film was the thickest of set

 were not determined. However, a possible explanation is that
he collision between plumes decreases the species kinetic energy
voiding the sputtering of the deposited film.

The absorption coefficient (˛) was determined using the trans-
ission spectra, in order to analyze the optical band gap of the

lms. Considering that ZnO is a direct transition semiconductor,
˛h�)2 against the photon energy h� was plotted. The extrapola-
ion of the linear part of the curve to zero gives the value of Eg,
hich showed a blue-shift as the Al percentage increased for the
lms of set 1 (Table 2). This could be mainly due to the Burstein-
oss shift since the incorporation of Al in the films is in the range

rom 14% to 30%. This effect states that the introduction of impu-
ities may  fill states at the bottom of the conduction band. As the
auli’s exclusion principle forbids a double occupied state and the
ptical transitions are vertical, the electrons in the valence band
equire higher energy to be excited to the states in the conduction
and producing a blue-shift of Eg [16]. However, other factors can
e responsible for it, such as a stress present inside the film, which
grees with the shift of the diffraction peaks in the XRD results and
lso variations in the density of impurities caused by the change in
he crystalline structure [17,18].

Fig. 4b shows the results obtained for the transmittance of the
econd set of films. The mean transmittance was (89.57 ± 0.35)%.
he thickness and the values of the optical band gap are shown in
able 2. The deposition rate, and therefore the thickness of the films
f set 2 was smaller than that for the set 1 due to the differences
f the used fluences between both sets. For set 2, the Nd:YAG laser
uence was an order of magnitude smaller than that for set 1. The
xcimer laser energy and the spot size were also small for set 2,
roducing less ablated material and therefore a lower deposition
ate. In this set, the thickness of the films depends on the delay
etween plasmas. The films grown with � = 0, 5 and 10 �s had the
mallest thickness, suggesting that there is an interaction between
lasmas. Further experiments should be performed to determine
he nature of that interaction and its effect on the thickness of the
lms. The absorption edge of the films in this set presents anew a
hift towards lower wavelengths in comparison to the ZnO film, but
he shift is smaller than in set 1. This could be attributed to the lower
mpurity level present in the Al-doped films as well as the increase
f O within them. Also, the band gap values do not show a uniform
rend as that measured in Set 1. This could be attributed to the lack
f uniformity of the Al inside the films, as showed in the error bars in
he EDS results. Another reason might be the differences between
lms thickness, where it has been shown that for values smaller
han 100 nm,  the thickness of ZnO:Al films heavily influences the
andgap value [19].

Comparing both sets, the films grown with the greater fluence

set 1) showed a lesser transparency to that grown with the smaller
uence (set 2). This is attributed to the Al difference between
oth sets. The shift towards lower wavelengths of the absorp-
ion edge observed in both sets might be caused not only by the
1 43.6 ± 2.1 7.64 × 10−4 ± 2.38 × 10−5

9 159.5 ± 10.4 4.85 × 10−4 ± 1.37 × 10−5

3 123.2 ± 71.6 6.37 × 10−4 ± 3.51 × 10−5

Burstein-Moss shift, but also due to stress, variation of impurities
within the film and the film thickness.

The resistivity was  measured only for the films of second set
since the presence of second phases was  not observed. The undoped
ZnO film was  measured to be 3.78 × 10−2 � cm whereas the resis-
tivity of the doped films oscillates around 6.5 × 10−4 � cm (Table 2).
A minimum was obtained at � = 100 �s of 4.85 × 10−4 � cm which
corresponds to a dopant percentage of 1.15%. These results show
that for set 2 there is not an evident trend between the resistivity
and �· A decrease in resistivity in the range (0–1.5)% of Al doping
has been previously observed [20]; such resistivity values increase
for greater Al doping percentages. The diminishing in resistivity of
Al:ZnO films has been associated with the substitution of Zn2+ by
Al3+ [21], fact that is strongly suggested in our films by the XRD
results previously presented. It has also been reported that films
highly oriented along the c-axis, exhibit a decrease in resistivity [22]
and it has been demonstrated that the film resistivity is inversely
proportional to the degree of (0 0 2) orientation of doped ZnO films
[23]. These findings coincide with our results, were the minimum
resistivity was found for � = 100 �s, film that corresponds to the
greatest c-axis orientation according to the XRD results.

Conclusions

The delayed double-beam pulsed laser deposition technique has
proved to be useful to incorporate Al in ZnO films in situ. The results
presented showed two different effects of � on the composition
and structure of the films. For the conditions used in set 1, the
delay between plumes modified the amount of Al in the films in
a wide range (approximately from 14% to 30%). On the contrary,
the films of set 2 had incorporation of Al <2% and did not show
a clear tendency with �. Our results showed that the composition
of the films depends on the delay between plumes as well as of
the utilized fluence of the incident laser beams. Moreover it was
shown that the laser fluence is a critical factor on the effect of the
delay between plumes and therefore in the properties of the films,
which explains the contradictory results found in the literature.
This study demonstrates that for the adequate experimental condi-
tions, delayed double-beam PLD is a useful approach to incorporate
large amounts Al in ZnO films in situ. Therefore it provides a method
to produce films with gradients in composition of different materi-
als. However, for incorporation of low amounts of Al in ZnO (doped
films), the fluence to produce the plasmas plays a more important
role than the relative plume delay. The results found in this work
could be extended to other materials to produce binary/ternary
compounds or doped thin films. However, further investigations
should be performed to relate the physical properties of the plas-
mas  with their interaction to improve the performance of delayed
double-beam PLD.
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