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Photoluminescence performance of pulsed-laser deposited Al 2O3 thin films
with large erbium concentrations
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Erbium doped Al2O3 films with concentrations up to 631020 Er cm23 have been prepared in a
single step process by pulsed-laser deposition. Alternate ablation of Al2O3 and Er targets has been
used to control the in-depth distribution and in-plane concentration of Er31 ions independently. The
characteristic Er31 photoluminescence response at 1.53mm has been studied as a function of the
Er31 distribution. It is found that lifetime values can be greatly increased by increasing the
Er31– Er31 in-depth separation above 3 nm. This result can be related to a reduced Er31– Er31

energy migration process. The in-plane Er31 concentration was increased by either increasing the
number of pulses on the Er target or the laser energy density for ablation. By the latter method
in-plane concentrations as high as 1.131014 Er cm22 per layer ~corresponding to 2
31020 Er cm23! were achieved, while keeping lifetime values as high as 6 ms. This result is
explained in terms of shallow Er31 implantation during deposition. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1409575#
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I. INTRODUCTION

After the success of the Er-doped silica fiber amplifier
1.5mm, the Er-doped planar optical waveguide amplifier h
received great attention as it will be one of the key eleme
for the development of high performance integrated opt
circuits on silicon.1–3 The fabrication of small integrated de
vices opens new challenges to the material design, sinc
the planar optical amplifiers only a few centimeters are av
able, compared with the tenths of meters available in
fiber optical amplifier. Due to the relatively small emissio
cross section of the first Er31 excited state it has been calc
lated that to achieve amplification the concentration of o
cal active Er31 ions has to be in the 1020 ions cm23 range.2–4

At such high Er31 concentrations the interaction betwe
Er31 ions becomes an important gain-limiting effect, and t
Er-doped films show concentration quenching effects suc
energy migration and cooperative upconversion~also called
cross relaxation! which deteriorate the amplifie
performance.1,3,4 Both effects depend partially on the natu
of the host material and, moreover, they depend strongly
the so-called microscopic distribution of the Er31 ions in the
host material. Recently, comparing the performance of
integrated planar amplifiers, one prepared by ion implan
tion and the other by co-sputtering, it has been suggested
in order to achieve efficient amplification it is essential
optimize the preparation method to obtain an homogene
Er31 ion distribution.5

a!Electronic mail: rserna@io.cfmac.csic.es
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In this work, pulsed-laser deposition~PLD! is used for
the synthesis of Er-doped thin films. This technique h
proven to be excellent for the preparation of complex ox
structures. PLD involves high kinetic energy species wh
enable the production of high density films with good adh
sion. These unique features make PLD a very attractive te
nique for the deposition of high quality films for optica
applications.6 Lately PLD is being successfully used for th
preparation of Er-doped thin films of a wide range of ma
rials including semiconductors,7,8 and glasses.9,10 In these
works a single Er-doped target is used as source material
there are no precise means to control the desired Er31 con-
centration and distribution. A similar situation is found fo
the many works in which sputtering from a single target h
been used.11,12 In our previous works we have followed
different approach to prepare Er-doped thin films based
the use of two separate targets of pure Er and Al2O3 that are
alternately ablated.13,14 In this way the concentration of eac
film can be designed in each deposition experiment. Mo
over, we have shown that the Er31– Er31 in-depth separation
can be controlled and that it has an important influence
the photoluminescence~PL! response of the films.14 It should
be mentioned that chemical methods, such as plasma
hanced chemical vapor deposition15 and sol-gel,16 have also
been used for the preparation of Al2O3 thin films with Er31,
but they do not allow tailoring of the Er31 ion distribution.

The aim of this work is to demonstrate that alterna
PLD allows us to obtain thin Al2O3 films with large Er con-
centration and enhanced photoluminescence performa
Aluminum oxide~Al2O3! has been chosen as a host mate
because waveguide fabrication technology has been de
0 © 2001 American Institute of Physics
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oped, and high-quality low loss waveguides are readily m
on silicon using lithographic techniques.11,17 The high con-
trast in reactive index of Al2O3 and the SiO2 cladding layer
leads to a high confinement of the guided light, making p
sible small device structures. The Al2O3 Er-doped films are
prepared in a single-step process, with independent con
of the number of laser pulses and laser energy density
each of the Al2O3 and Er targets allowing tailoring of bot
the in-depth and in-plane Er31 ion distribution. Furthermore
it will be shown that a controlled nonhomogeneous distrib
tion of the Er31 ion distribution can yield good luminescenc
performance of the films.

II. EXPERIMENT

The thin films were deposited in vacuum~1027 Torr! on
chemically cleaned Si~100! wafers held at room tempera
ture. An ArF excimer laser~l5193 nm,t520 ns full width
at half maximum! was used to ablate the Al2O3 and Er tar-
gets. These were mounted in a computer-controlled ho
which permits their alternate ablation.12 The Er Al2O3 depo-
sition cycle was repeated a number of times~up to 400!, the
final deposition always being Al2O3 in order to protect the
active ions from reactions with air. The total Er content
well as its concentration depth profile were varied fro
sample to sample by varying the ratio of the number of la
pulses on the Al2O3 target to that on the Er one, and the las
energy density on the Er target. The latter was modified
selectively inserting an attenuator at the laser output o
when the Er target was to be ablated. The film thickness
controlled during growth by in situ reflectivity
measurements.18 After deposition, the films were annealed
air in 50 °C steps from 600 to 850 °C to improve their ph
toluminescence response.13 Annealing of the films above
850 °C led to surface damage and deterioration of the ph
luminescence performance.

The Er concentration and in-depth profile distributi
were measured by Rutherford backscattering spectrom
~RBS! using a 2.0 MeV He1 beam and a scattering angle
165°. It was checked that the abovementioned annealing
cedure does not cause any significant change in the meas
Er profile distribution of the films.

PL measurements were made at room temperature u
a single grating monochromator~focal length 250 mm! with
a wavelength resolution of 2.5 nm, a liquid-nitrogen coo
Ge detector, and standard lock-in techniques. The 514.5
line of an Ar1 ion laser~power 140 mW! chopped at 10 Hz
was used as the excitation source, the incident beam form
an angle of 25° with the sample normal. The emitted lig
was collected along the direction perpendicular to the fi
Luminescence decay curves at the peak of the emission s
trum were averaged and recorded with a digital oscillosco

III. RESULTS

The RBS spectra of the PLD erbium-doped films ha
the same general features as the RBS spectrum shown in
13. The part of the spectrum corresponding to the Er profi
indicates that approximately flat concentrations through
the Al2O3 film have been obtained within the resolution
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the measurement. In pulsed-laser deposited Al2O3 doped
with metal nanocrystals we have previously observed a w
defined layered structure at the sub-nm scale, showing
significant diffusion of the dopant into the matrix under o
deposition conditions.18–20 We expect therefore that the in
corporated Er31 ions are distributed in layers, one per grow
ing cycle, not resolvable by RBS. It is worth noting that the
are no traces of impurities. Other preparation methods m
introduce impurities into the films: for example, the Ar, us
as sputter gas in the case of radio-frequency magnetron s
tering and the impurities from precursors in the case of
sol-gel preparation.11,16

In order to obtain quantitative information from the RB
spectra, the total Er areal density was determined with
accuracy using a Bi-implanted amorphized Si standard. S
sequently the spectra were simulated using the RUMP co21

to obtain the atomic areal density of the amorphous Al2O3.
From these data the film thickness was determined using
density of our amorphous aluminum oxide, which has be
experimentally determined to be (8.760.8)31022 at cm3,
and thus slightly less dense than crystalline Al2O3.

19 The
total thickness for all the films studied in this work is mai
tained constant at a value of 270620 nm.

The PL performance of three different series of samp
has been studied in this work. In each of these three se
the Er content of the films has been varied from sample
sample by modifying one deposition parameter while ke
ing constant values for the others. In the first series, the n
ber of Er layers included in the films varies from 33 to 40
with the number of pulses and energy density per pulse
the Er target fixed respectively at 1 pulse and 2 J cm22, this
resulting in the distance between two consecutive lay
varying from 0.6 to 9.0 nm. In the second and third series
Er layer separation is maintained constant at'2.6 and 5.4
nm, respectively, but the Er concentration per layer is var
in two different ways. For the second series the number
pulses on the Er target in each cycle is varied from 1 to
with a constant energy density of 2 J cm22 per pulse, while
for the third series the laser energy density on the Er targe
varied from 2 to 5 J cm22 with the number of pulses fixed a
a 1 per layer.

Figure 1 summarizes the values obtained for the tota
areal density and its distribution~Er31–Er31 layer separation
and Er per layer areal density! for each series as a function o
the number of Er layers included in the film, the number
pulses on the Er target, and the laser energy density on th
target, respectively. The plotted values have been obtaine
follows. The total Er areal density is the value directly det
mined from the RBS analysis, the Er31–Er31 layer separa-
tion is calculated by dividing the total film thickness by th
number of cycles used to deposit the film, and the Er ar
density per layer is the measured total Er areal density
vided by the number of cycles used to deposit the film.
can be seen in Fig. 1~a!, the total Er areal density can b
increased linearly by increasing each of the three differ
parameters: the number of Er layers, or the numbers
pulses on Er per layer, or the laser energy density on the
target. In Fig. 1~b! it is shown that, as expected, the Er lay
separation decreases as the number of Er layers incre
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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while it does not depend on the number of pulses per laye
on the laser energy density on the Er target. The series gr
as a function of the number of pulses on the Er target has
cycles while that as a function of the laser energy density
50 cycles and thus the latter has an in-depth Er31–Er31 dis-
tance twice than the former. Finally the areal density
layer for the different films is seen in Fig. 1~c!. The series of
films prepared as a function of the number of Er lay
shows a fairly constant Er areal density per layer, wherea
the two other series the Er areal density per layer increa
linearly with the number of pulses on the target or with t
laser energy density on the Er target, respectively. Thus
have devised two different ways of modifying the Er i
plane concentration.

FIG. 1. Er areal density~a!, Er31–Er31 in-depth separation~b!, and Er areal
density per layer~c! as function of the number of Er layers in the film
~circles!, the number of pulses on the Er target per layer~squares!, and the
laser energy density on the Er target~triangles!. Each symbol should be rea
with the corresponding horizontal axes as marked.
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All the as-grown films exhibit a weak PL emissio
whose spectrum shows the characteristic peak at around
mm corresponding to the transition between the4I 13/2 and
4I 15/2 sates of Er31 ions.13 The thermal annealing procedur
causes an increase of both the PL intensity and lifeti
which has been explained in terms of defect removal.13,22

Thus in the following we will refer to the results obtained f
the annealed films.

Figure 2 shows the dependence of both the PL inten
at 1.53mm and the lifetime, as a function of the Er31–Er31

layer in-depth separation in the range 0.6–9.0 nm. Th
results were partially published in a previous article14 and
now they have been extended for smaller Er layer separa
values. As the Er31–Er31 in-depth separation increases, th
PL intensity decreases. This is consistent with the fact t
the larger the in-depth separation layer the lesser the t
number of Er31 ions. The PL lifetime increases and it
confirmed that a saturation is reached for a separation v
of about 6 nm.14 The largest lifetime value is 7.1 ms.

For the other two studied series of films, the in-depth
distribution remains constant, while its plane concentratio
modified. The evolution of the PL intensity and lifetime fo
these series are plotted against the Er in-plane areal de
per layer in Fig. 3. The PL intensity increases as the Er a
density per layer increases, and therefore as the total num
of Er31 ions in the film increases@see Fig. 1~a!#. The PL
lifetime behavior with respect to the Er areal density p
layer is different depending on how this increase is obtain
It shows a decreasing trend when the number of pulses
the Er target increases. On the contrary, there is a clea
crease of the lifetime when the laser energy density on the

FIG. 2. Dependence of the PL intensity at 1.53mm and lifetime on
Er31–Er31 in-depth separation for the films prepared varying the numbe
Er layers.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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target is increased, reaching a saturation value abov
31013 Er cm22 per layer.

Figure 4 presents the dependence of the PL intensity
the pump power, measured for the series of films made w
different numbers of Er layers. The dashed lines show
linear extrapolation of the first two data points. At high
pump intensities the measured PL intensity curves star
deviate from the linear extrapolation. At 1.2 W~correspond-
ing to an intensity of;150 kW/cm2 on the sample! the sig-
nal from the sample with Er31–Er31 separation of 0.6 nm is
10% lower than the linear extrapolation. The deviation is
same for all the studied films. The PL lifetimes do not d
pend on the power up to 1.2 W. The same behavior a
function of the pump power, namely a deviation from t
linear extrapolation for the PL intensity and no change

FIG. 3. Dependence of the PL intensity at 1.53mm and lifetime as a func-
tion of the Er areal density per layer for the films prepared varying
number of pulses on the Er target per layer~squares! and the laser energy
density on the Er target~triangles!.

FIG. 4. Dependence of the PL intensity at 1.53mm on the pump power at
514.5 nm, for the samples prepared varying the number of Er layers.
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the lifetime, has been found for the other series of stud
films.

In order to analyze the PL performance of all the PL
films regardless of their deposition conditions, the obtain
PL values have been plotted as a function of the Eraverage
volume concentration, i.e., assuming the equivalent Er c
centration as it would be if the Er31 ions were homoge-
neously distributed throughout the film. Figure 5~a! shows
the PL intensity measured for each film and divided by
total Er areal density~I PL /@Er#), i.e., the PL intensity per
incorporated Er31 ion, and Fig. 5~b! shows the PL lifetime. It
can be seen that, in this study, high Er concentrations, u
631020 Er cm23, have been achieved. As shown in Fi
5~a!, the PL intensity per incorporated ion for concentrati
values higher than 331020 cm23 is similar for all the avail-
able films, either prepared with a different number of laye
or with a different number of pulses per layer. For low co
centrations, the intensity values depend on the prepara
conditions. The PL intensity per incorporated Er31 ion seems
to be higher for the series of films prepared as a function
the number of layers. The longest lifetime values are fou
for the films of the first series prepared with a low number
Er layers and for the films of the third series prepared wit
high laser energy density on the Er target. It can be dedu
from the figure that films with good PL performance~high
PL intensity and lifetime! can be found for Er concentration
around 231020 Er cm23.

IV. DISCUSSION

The above results clearly show that the PL response
the PLD films strongly depends on the precise Er distrib

e
FIG. 5. Evolution of (I PL /@Er#) ~a! and lifetime~b! as a function of the total
Er volume concentration for the films prepared varying the number of
layers ~circles!, the number of pulses on the Er target per layer~squares!,
and the laser energy density on the Er target~triangles!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tion, which can be varied by changing the preparation c
ditions. For the first series of samples the Er concentra
per layer has been maintained almost constant at 3.5–
31013 Er cm22 @see Fig. 1~c!# and only the number of E
layers has been varied. This is quite a high local concen
tion since it means that the average in-plane Er31–Er31 ion
separation is 1.6 nm. Hence no improvement in the lifeti
should be expected for the films with Er31–Er31 in-depth
separations larger than 2 nm, since in a first approxima
the luminescence quenching should be dominated by
Er31–Er31 in-plane interaction. Nevertheless, Fig. 2~b!
shows that, although the close in-plane packing of the E31

ions is maintained for the films in which the Er31–Er31 in-
depth separation is above 3 nm, there is an important
crease of the lifetime value for Er31–Er31 in-depth separa-
tions up to 6 nm, where a saturation is found. This res
suggests that, in spite of the high local in-plane concen
tion, the PL quenching can be controlled by choosing
adequate Er31–Er31 separation in the perpendicular dire
tion. The price that is paid is a moderate decrease in the
Er volume concentration.

In the second series of samples, films grown as a fu
tion of the number of pulses on the Er target, the PL inten
increases as a consequence of the increase of the Er
density per layer, and thus the total number of incorpora
Er31 ions. The PL lifetime is found to decrease, suggest
that in this case the PL response is dominated by in-pl
concentration quenching. Note that for the film grown w
four pulses the average in-plane distance is about 0.8 nm

Concentration quenching of the Er31 PL may occur by
up-conversion processes or by excitation energy migratio23

Up conversion can be disregarded in our case as being
sponsible for the Er concentration dependence of the lifet
because the PL emission intensity has been found to g
linearly with the excitation pump power at least up to
power value of 200 mW and the PL lifetime does not chan
The most likely Er31–Er31 interaction contributing to the
lifetime decrease is thus excitation migration, by which so
of the excited Er31 ions transfer their energy to a nearb
unexcited Er31 ion, luminescence extinction occurring whe
some of the latter ions are coupled to defects acting
quenching sites. A typical defect found in Er-doped films
the hydroxyl ion~OH2 complex!, whose stretch vibration is
resonant with the Er31 transition from the first excited stat
to the ground state, and has been shown to be responsib
luminescence quenching in thin films grown by metalorga
chemical vapor deposition24 and sol gel.25 Preliminary Fou-
rier transform infrared absorption measurements in our fi
show no traces of OH2 complexes, thus suggesting that th
are at low concentration.

For the films prepared varying the laser energy den
on the Er target and a single pulse~third series!, the PL
lifetimes are longer than in the films prepared using sev
pulses at a fixed energy density@second series, Fig. 3~b!#.
This can be partially explained by the fact that the separa
between Er layers~5.4 nm! is larger than in the previous cas
@2.6 nm, Fig. 1~b!#. However, the trend of the lifetime evo
lution with the Er areal density in the third series films
opposite to that of the second series films: an increase o
Downloaded 23 Feb 2010 to 161.111.180.191. Redistribution subject to A
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lifetime is observed as a function of the areal density an
saturation is reached for Er areal densities per layer of ab
831013 cm22. For areal densities as large as 1
31013 cm22 the measured lifetimes do not decrease. N
that this areal density is equivalent to an Er31–Er31 in-plane
average distance of 1.0 nm, very similar conditions to th
found for the second series of films. This lifetime behavior
opposed to the expected concentration quenching when
Er areal density increases, therefore a new process is cle
occurring. It is well know that PLD involves high kineti
energy species~E.150 eV!.6 In our system for laser energ
densities of a few mJ cm22 it has been found that the veloc
ties of the ablated species are typically around
3104 m s21.26 Taking into account the mass of Er the es
mated kinetic energy of the species arriving at the subst
can be as large as 175 eV. TRIM simulations27 show that 175
eV Er31 ions reach a depth of 1 nm from the Al2O3 surface.
So a possible explanation for the behavior observed in
samples prepared with the largest laser energy densities
pulse ~.3 J cm22! could be the fact that a low-depth E
implantation is achieved during the PLD processes, and t
the Er31 ions cannot be considered deposited on the surf
of the Al2O3 layers. It can be suggested that this shallo
implantation prevents the formation of very high in-plane
density areas, and thus the energy migration processes o
ring between coupled Er31 ions are reduced. The lower th
laser energy density the lower the kinetic energy of the E31

ions arriving at the Al2O3 surface. For the lowest laser en
ergy densities~,1 J cm22! no Er implantation at all takes
place, thus a flux of Er31 ions arrives and remains at th
surface; in these conditions the formation of Er31 clusters
may take place. For most of the films studied in this arti
~first and second series! the laser energy on the target~'2
J cm22! is such that a very limited implantation can occ
~depth<0.5 nm! and effectively the initial assumption tha
the Er31 ions are deposited on the Al2O3 layer still holds.

V. CONCLUSIONS

It has been demonstrated that PLD is an excellent te
nique to prepare Er-doped thin films with high dopant co
centrations. Good control of the dopant distribution~concen-
tration and profile! can be achieved in a single productio
step. Lifetimes longer than 6 ms for anaverageEr concen-
tration in the order of 1020 cm23 can be obtained when th
Er–Er in-depth separation is larger than 3 nm and the
in-plane concentration is about 1014 cm22 per layer, the Er
being deposited with a high laser energy density~.3 J cm23!
on the Er target. When high laser energy density is used
PLD, probably the local distribution of Er31 ions is altered,
avoiding the formation of clusters at the Al2O3 surface. The
fact that by adequately choosing the PLD deposition para
eters the Er distribution can be adjusted has interesting
plications in building of gain waveguide devices. For e
ample, films with an Er distribution to fit the propagatio
mode could be prepared, and as we have seen they can
high Er local concentrations where needed without a dete
ration of the overall luminescence performance.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Agulló-López ~World Scientific, Singapore, 1995!, Chap. 1.

7S. Komuro, T. Katsumata, T. Moritawa, X. Zhao, H. Isshiki, and
Aoyagi, Appl. Phys. Lett.76, 3935~2000!.

8S. Komuro, T. Katsumata, T. Moritawa, X. Zhao, H. Isshiki, and
Aoyagi, Appl. Phys. Lett.74, 377 ~1999!.

9S. Lanzerstorfer, J. D. Pedarnig, R. A. Gunasekaran, D. Ba¨uerle, and W.
Jantsch, J. Lumin.80, 353 ~1999!.

10R. Serna, J. M. Ballesteros, M. Jime´nez de Castro, J. Solis, and C. N
Afonso, J. Appl. Phys.84, 2352~1998!.

11S. K. Lazarouk, A. V. Mudryi, and V. E. Borisenko, Appl. Phys. Lett.73,
2272 ~1998!.

12Y. C. Yan, A. J. Faber, H. De Waal, P. G. Kik, and A. Polman, Appl. Ph
Lett. 71, 2922~1997!.
Downloaded 23 Feb 2010 to 161.111.180.191. Redistribution subject to A
e

s.

.

13R. Serna and C. N. Afonso, Appl. Phys. Lett.69, 1541~1996!.
14R. Serna, M. Jime´nez de Castro, J. A. Chaos, C. N. Afonso, and I. Vic

ridge, Appl. Phys. Lett.75, 4073~1999!.
15C. E. Chrissou and C. W. Pitt, IEEE J. Quantum Electron.34, 282~1998!.
16Y. Kurokawa, T. Ishizaka, T. Ikoma, and S. Tero-Kubota, Chem. Ph

Lett. 287, 737 ~1998!.
17G. N. van den Hoven, E. Snoeks, A. Polman, J. W. M. van Uffelen, Y.

Oei, and M. K. Smit, Appl. Phys. Lett.62, 3065~1993!.
18C. N. Afonso, R. Serna, J. M. Ballesteros, A. K. Petford-Long, and R.

Doole, Appl. Surf. Sci.127–129, 339 ~1998!.
19R. Serna, J. C. G. de Sande, J. M. Ballesteros, and C. N. Afonso, J. A

Phys.84, 4509~1998!.
20R. Serna, C. N. Afonso, J. M. Ballesteros, A. Naudon, D. Babonneau,

A. K. Petford-Long, Appl. Surf. Sci.138–139, 1 ~1999!.
21L. R. Doolitle, Nucl. Instrum. Methods Phys. Res. B9, 344 ~1985!.
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