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Pulsed laser deposition (PLD) is a very efficient and versatile technique 
for doped thin film synthesis and processing. Until now, doped thin films 
were deposited using only one laser source irradiating a doped target 
of a given composition. The main drawback that prevents successful 
thin film deposition at any desired dopant concentration is the differ-
ent ablation threshold intensities of dopant and host materials, leading 
to selective vaporization. Fortunately, as reported here, this restriction 
may be surmounted with the aid of two synchronized laser systems. 

Doping plays an essential role in the 
improvement of material properties for 
planar devices, such as telecommunication 
waveguides, optical amplifiers, lasers, sur-
face acoustic wave (SAW) filters, or trans-
parent conducting films. Dopant density 
and profile produce controlled modifica-
tions in the morphology (crystalline state), 
electrical conductivity, optical (transmis-
sion/absorption) and photoluminescence 
properties of the materials. 
A new deposition setup for Al doped ZnO 
thin films consists of an ArF* excimer 
laser and a Nd:YAG laser for ablation in 
an oxygen atmosphere of the host (Zn) 
and dopant (Al) targets, respectively. Our 
approach allows for the independent and 
accurate setting of the fluences (energy 
per unit area) of the two laser beams, in 
accordance with the energy requirements 
of the host and dopant materials. 
The method introduced here additionally 
permits an in-situ and real-time change of 
the doping conditions throughout the thin 
film growth process. The controlled modi-
fication of the dopant profile inside the 
growing film can be obtained relatively easi-
ly by appropriate variation of the Nd:YAG  
laser fluence and/or number of pulses 
applied to the Al target during deposition. 

1 Introduction

In previous PLD experiments, doping was 
obtained by irradiation of targets pre-
pared from premixed powders having 

the desired host-dopant composition and 
that have been subsequently pressed or 
sintered. However, this procedure meets 
limits in the achievement of the desired 
dopant concentration and causes signifi-
cant non-uniformities of dopant distribu-
tion in the deposited thin films as the 
different physical properties of the host 
and dopant materials lead to selective 
target vaporisation [1]. Moreover, doped-
target preparation is time-consuming 
and costly and systematic measurements 

of dopant concentration are mandatory  
to ensure satisfactory results. 
Solutions to overcome these impediments 
have resorted to set-ups with two targets 
(host and dopant) ablated i) alternatively 
by the same laser beam [2] or ii) by split-
ting the initial laser beam into two parts, a 
method known as a dual-beam configura-
tion [3,4]. Nevertheless, restrictions were 
evidenced related to the available fluence 
incident onto the two targets or the laser 
ablation wavelength. 

Figure 1: High vacuum deposition chamber with attached 1.2 m long time-of-flight mass 
spectrometer for plasma diagnostics
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Figure 2: Two-laser, two-target arrangement for controlled doping

Figure 3: Two-laser, 
two-target arrange-
ment. Plasma coming 
from the bottom-
right: strong host 
material emission 
(induced by 193 nm 
laser pulses focused 
on a Zn target in 
oxygen atmosphere). 
Above, coming from 
the right-hand side, 
the weak dopant  
mater ia l  p lasma 
(induced by 355 nm 
laser pulses focused on 
an Al target in oxygen atmosphere). The black shadow in the middle of the photo- 
graph is a Cu tube used to introduce the necessary process gas (oxygen) close to the 
plasma region

The novelty of our proposal lies in the use 
of two independent laser sources (excimer 
and Nd:YAG lasers) which can be delayed 
in time. The first laser ablates the host and 
the second the dopant material. Compared 
to those applied thus far, this approach 
allows for greater versatility and reliability 
in the proper selection of wavelengths, 
intensities, repetition rates of the two puls-
es and relative delay between the pulses 
generated by the two lasers. It permits the 
in-situ change of the doping conditions 
throughout the film deposition process: 
indeed, the dopant profile inside the grow-
ing film can be tailored by the appropriate 
choice of the laser fluence incident on the 
dopant target. Moreover, if several sub-
strates are placed on a carousel system, 
one can prepare thin films with different 
dopant concentration and profiles by the 
sole modification of the two laser opera-
tion parameters, without any supplemen-
tary procedure inside the deposition cham-
ber. This accelerates optimization studies of 
dopant concentration and its profile in the 
film, and their influence on the properties 
requested by a specific application. 

2 Experimental

Zinc oxide (ZnO) was chosen as a test can-
didate for being a wide band-gap semi-
conductor with high thermal and chemical 
stability and good transparency in the 
infrared-visible spectral region. Doping of 
ZnO with Al has attracted considerable 
interest in the last few years, as besides 
transparency, doped ZnO is highly conduc-
tive [5] and thus finds use in applications 
such as transparent electrodes, solar cells, 
sensor devices, or flat panel displays [6].
The experimental setup has been described 
(also in this journal) previously [7-9]. Only 
a short description will be presented here 
as well as some modifications, as is neces-
sary for the purposes of the present work. 

Our synchronized system 
consists of: i) an exci-
mer laser (λ = 193 nm, 
τFWHM ~ 12 ns) 
and ii) a Nd:YAG 
laser (λ = 355 nm, 
τFWHM ~ 10 ns), both 
driven by a common 
10 Hz generator with 
controllable delay. The 
thin film deposition 
was performed inside a 
stainless steel vacuum 
chamber (see Fig. 1) 
with residual pressure 
7x10-4 Pa and in 10 Pa 
dynamic oxygen pres-
sure. For the host ZnO 

material, we focused the excimer laser 
pulses onto a Zn foil, while for the ablation 
of the dopant Al target we used pulses from 
the Nd:YAG laser. The targets were placed 
on a specially constructed brass base, 
mounted on a vacuum-compatible compu-
ter controlled XY translator (see Fig. 2). A  
meander-like movement of both targets 
was programmed to avoid their drilling. 
The Si (001) substrates, heated to tem-
peratures of up to 300°C, were positioned 
40 mm from the targets at the point were 
the two ablation plasmas (see Fig. 3) inter-
sect each other.

3 Results and discussion 

3.1  RBS diagnostics
The compositional depth profile of our 
Al doped films was studied by Ruther-
ford Backscattering Spectrometry (RBS) 
using the 1.4 MeV 4He2+ ion beam  

ARAMIS accelerator at CSNSM-Orsay 
(www-csnsm.in2p3.fr). The backscattered 
ions were recorded by a Si detector placed 
at 165° with respect to the beam. The 
recorded RBS spectra were processed by 
the RUMP computer simulation program 
[10]. The RBS spectrum of a film deposited 
at 200°C substrate temperature is shown 
in Fig. 4. The numerical simulations fit 
well with the experimental spectrum, 
assuming a step-like Al concentration pro- 
file. 
This result is in good agreement with the 
deposition conditions, i.e. the step-like 
increase of the fluence value of the laser 
that ablated the Al target. Indeed, the 
films were deposited as a three-layered 
structure with respect to the Al concentra-
tion. The first layer in contact with the film 
surface is characterized by the highest Al 
concentration of about 3%, followed by 
a step-like decrease down to the constant 
level characteristic to the second layer of 
about 1.2%. Finally, the Al concentration 
decreases in the same step-like way to the 
border with the Si substrate. 
The inset in Fig. 4 shows a linear depend-
ence of the Al concentration on the  
Nd:YAG laser fluence incident on the Al 
target. The lowest, 1.8 J/cm2 fluence value, 
corresponds to the ablation threshold of 
Al. The numerical simulations confirmed 
also that the films are stoichiometric, with 
a Zn to O atomic ratio of about 1:1. We 
emphasize that within the studied range 
of experimental parameters, all films show 
the same features and similar Al concen-
tration values. From the RBS data the 
thickness of the films was evaluated to be 
around 350 nm. 
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Figure 4: RBS spectrum of a film deposited at 10 Pa oxygen pres-
sure and 200°C substrate temperature. The insert shows the Al 
concentration as a function of the Nd:YAG laser fluence incident 
on the Al target during deposition

Figure 5: XRD diffractograms of the thin films deposited at 10 Pa 
oxygen pressure: (a) 200°C and (b) 300°C substrate temperatures. 
The diffraction pattern of hexagonal ZnO is taken from the powder 
diffraction database of materials (JCPDS 36-1451 file [11])

3.2  XRD investigations
The composition and crystalline status of 
the films were investigated by X-ray dif-
fraction (XRD) in a Θ-2Θ configuration 
with a Philips MRD diffractometer (Cu Kα 
radiation, λ = 1.5418 Å). The X-ray dif-
fractograms of the thin films deposited at 
substrate temperatures higher than 200°C 
consist of one intense line at 34.5° and two 
weaker lines at 36.4° and 62.9° (Fig. 5). 
They are assigned to the (002), (101) and 
(103) lattice plane reflections of hexagonal 
phase ZnO [11]. These results suggest that 
the films are composed of crystallites with 
the c-axis growing preferentially normal to 
the plane of the substrate. 
The increased intensity of the (002) line 
in Fig. 5b, accompanied by the diminish-
ment of the (101) and (103) lines in 
the diffractogram of the film grown at 
300°C substrate temperature, points to an 
enhanced growth with a c-axis preferential 
orientation. 
The existence of a special set of deposition 
parameters that leads to oriented c-axis 
growth of the ZnO films perpendicular 
to the substrate surface, independent of 
the substrate material and its crystallo-
graphic structure, was attributed to a self-
arrangement effect. This self-arrangement 
is caused by the minimization of the crystal 
surface free energy already favoured at 
the nucleation stage [12]. The slight shift 
towards higher diffraction angles of the 
(002) line, as compared to reference dif-
fraction patterns with ZnO powder [11] 
could be due to the existence of residual 
tensile strain in the film as a consequence 

of the Al substitution into Zn sites in the 
crystal. 

4 Conclusions

Al doped ZnO thin films were successfully 
deposited using two synchronized laser 
sources for the simultaneous ablation of the 
host (Zn) and dopant (Al) targets. The pre-
sented method allows for a simple in-situ  
change of the doping conditions and thus 
the tailoring of the dopant depth profile 
during thin film deposition. Our results 
demonstrate that a controlled modification 
of the Al concentration can be achieved by 
the appropriate setting of the laser fluence 
incident on the Al dopant target. The step-
like change of the fluence value was clearly 
reproduced in the growing thin films as a 
layered structure, as given by the fact that 
each layer has a constant Al concentra-
tion. Moreover, the deposited thin films 
were crystalline and c-axis orientated. The 
method is versatile and can be applied to 
any host – dopant materials combination.
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