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Nanostructuring the Er—Yb distribution to improve the photoluminescence
response of thin films
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Thin films of amorphous aluminum oxide{Al,O3) codoped with Et* and YB'* ions have been
in-depth nanostructured by distributing the rate e@RE) ions in layers separated in the 0—3 nm
range. The Yb to Er concentration ratio is varied from 0 to 3.6. The photolumines¢Bhge
response at 1.5@m exhibits an increase of up to two orders of magnitude with respect to that of
films doped only with Er. The PL intensity is improved when®Yband EF* ions are in separate
layers and the results show that efficient®Ybto E** energy transfer can be achieved for
separations up to 3 nm. Furthermore, it is shown that designing an adequate RE distribution, for the
same total RE content and Yb to Er concentration ratio, can enhance the PL intensity by a further
factor of two. It is shown that the Bf PL response is improved because of a reduction of the RE
clustering and an improvement of the energy transfer fromi*io EF™* ions. © 2004 American
Institute of Physics.[DOI: 10.1063/1.1664034

In scaling down the system dimensions to substitute th¢10-° Torr). An ArF excimer laser X=193 nm, =12 ns
Er doped fiber amplifier by an integrated device, thin fl|meu|| width at half maximum with an energy density of25
with an Er content two orders of magnitude higher with re-j/cn? was alternatively focused on #Ds, Er, and Yb tar-
spect to that of fibers are required in order to achieve comgets. Thea-Al,O, deposition rate was 210 3 nm/pulse,
parable levels of optical gaProcesses related to coopera- yhich means that a fine control on the nanometer scale of the
tive interaction between neighboring Er ions such as upy_a|,0, thickness can be achieved. Each time the RE ions
conversion and inter-ion energy migration become a key o deposited on the surface of previously grawal,O5, a
issue. Another important aspect is the enhancement of thl-ezE-doped layer is created. In this way, films with RE-doped
Er** absorption in the range of 980 nm where integrateqayers at fixed in-depth positions have been forrtedl ref-
semiconductor diode lasers operate3Ythas been broadly erence film has been synthesized doped only wifit EThe
useq as a sensitizeﬁ:fpr the3Erabsorptign since, upon de- film consists of 50 alternate- Al,O;/RE-doped layers with
excitation of the.Y. ons, th? energy 1S resonaqtly tZr%ns- an in-depth separation between consecutive Er-doped layers
[i;rﬁd l:{yt?nfrlrsgcl)atilxe (::pslzircér;tsefrjcflnc;g t?atzzgignlsif.i;ar in of 6 nm. This structure has been chosen since we have earlier
phos?)hate glass f]ag been repoftathe ng to Er(YtF::Er) shown that the PL response was optimized for films with this

Er—Er in-depth separatiofi. The configuration of the Er-

concentration ratio usually determines the optimum Er pho ) )
toluminescencéPL) responsé-® However, it has been evi- QOped layers for the casg of the codlolped films is the same as
in the reference film, with the additional Yb-doped layers

denced that the mean separation betweeti Emd YB'* : _ :
ions is a fundamental parameter in the energy transfer prdocated at different in depth separations from the Er-doped

cess and therefore the rare ea®E) ion spatial distribution ~ ONes- Figure 1 shows a scheme of the resulting in-depth dis-
in the matrix is expected to play an important role in the PLtribution of the RE. The Yb to Er doped layer in-depth sepa-
responsé. Indeed, in our earlier studies on Er-doped amor-ration(S) has been selected to be 0 nm{Eand YI#* ions
phous aluminum oxidea-Al,Os) films, we have shown that together in the same layed or 3 nm. The Yb:Er concentra-
nanostructuring the Er distribution was essential for an imion ratio has been varied through the number of laser pulses
proved PL performance!® The aim of this work is to show on the Yb target per doped layer, that was chosen to be either
that the photoluminescence response of Er—Yb codopetl or 2. Finally a reference film doped only with Yb and with
a-Al,0; films can be optimized by nanostructuring the REthe same structure as the Er reference film has been grown.
distribution, namely by controlling the ¥b to EF* ions  Table | summarizes the synthesis parameters of each film.
separation independently of the Yb:Er concentration ratio. The RE content and the total thickness have been deter-
The study has been performed for two different Yb:Er con-mined by Rutherford backscattering spectrosctRBS) us-
centration ratios. ing a 2 MeV He beam and a scattering angle of 15°. The
The samples have been grown by pulsed laser depositiogtal thickness has been determined to be (320) nm,
(PLD) on Si substrates held at room temperature in vacuunyhich is in excellent agreement with the value estimated
from the deposition rate of tha-Al,O5 and consequently
¥Electronic mail: rserna@io.cfmac.csic.es confirms that the separation between Er and Yb layers is
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FIG. 1. Schematics of the in-depth distribution of the (Hot9 and Yb
(dash doped layers in the films. The separation between two consecutive Er
doped layers is fixed to 6 nm and S indicates the variable Er to Yb doped-
layers separation. The film structure consists of 50 repetitions of the depo-
sition sequence EatAl,O3(S nm)/Yb/a-Al,O5[ (6-S) nm].
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equal to the assumed valugs 1, and 3 nmwithin an error exc

of 6%. The RBS spectra show a single peak related to the o

total RE content in the films since the close atomic numbef'G: 2 PL excitation spectra measured at 1,58 for an Er doped©) and
S an Er-Yb codopedM) film. The values for the film doped only with Er

of Er and Yb(Er: 68, Yb: 70 prevents discrimination be- pave been multiplied by a factor of 40. The inset shows the PL intensity at

tween them. From the measurement of the reference films,53um pumped at 975 nm as a function of the number of pulses on the Yb

doped only with Er and only with Yb, respectively, it has target per layeflower axi§ and the Yb:Er concentration ratiapper axis

been calculated that 10 arf of Er and 2.0 B s hS-0nm. Notehechange of sl he vercal i or e
X 10" at/cnt of Yb have been deposited per respective laser
pulse. These values vary within 10% from sample to sample
due to fluctuations in the deposition rate of the RE. Theexistence of an efficient energy transfer process from'Yb
Yb:Er concentration ratio in the codoped films synthesizedo Ef* ions is evidenced since the excitation range corre-
with one Yb and one Er laser pulse per layer is 1.8 and fosponds to theé’F,,,—2Fs,, transition band of Y&'. The
films with two Yb pulses per layer it is 3.6. Note that the Er highest emission intensity for both films corresponds to
content in all the films is the same, within the experimentalg75+3 nm, being higher for the codoped film due to the
error. larger absorption cross section of the®Ykions? In the fol-
The films were annealed in air after deposition up tojowing, this will be the excitation wavelength to characterize
850 °C, following the step annealing procedure describeghe pL response of the films.
elsewheré. The PL measurements were subsequently per-  The inset of Fig. 2 shows the PL intensity as a function
formed at room temperature using a liquid—nitrogen coolecy the number of pulses on the Yb targbbttom axi3 or the
Ge detector and a cw Tiisapphire laser as the excitatiop:Er concentration ratio in the filmgop axig. In both
source;wnh an incidence angle of 25°. _ . axes, the value equal to zero corresponds to the film doped
[Er" doped a-Al,0; films exhibit the characteristic qniy with Er. The plotted values are representative of the
emission band peaking at 1.38n which corresponds to the pepayior exhibited by all the codoped films. The PL intensity

4 4 HY + 12,13 H H . . . . . .
1371 15/ transition of EF* ions***PL excitation spec- s shown to increase with the Yb:Er concentration ratio with

trum has been normalized for an excitation power of 200, tendency to saturate. For the Yb:Er concentration ratio of
mW. Figure 2 shows the PL excitation spectrum for both the3_6 there is an increase of two orders of magnitude with

reference film doped only with B and one of the codoped espect to the film doped only with Er. Note that the local Yb
films. For the former, PL is detected only under excitation Nin-plane concentration for this film is very large, equal to 4

a narrow range (FWHM 10 nm) centered O? 9253 NM. 141 at/en?. This concentration is equivalent to an Yb—Yb
This absorption band corresponds to they,—“l 1y transi- — aan in plane separation of only 0.5 nm, assuming a homo-

. L ; .
tion of EP" ions. However, PL is detected in all the mea- onaqys in plane distribution of the ions, so quenching pro-
sured range of wavelengths for the codoped film. Thus, th€  cqes due to clustering among®Ykons can occut* How-

ever, the fact that the PL intensity is increasing as a function

TABLE I. Summary of the samples studied in this work and their depositiongf the Yb content. within the studied range, suggests that the

conditions: the number of pulses on the Er and Yb targets, the Er—Yb in- . . . .
depth separatioS and the total rare earth contefRE]) in the film, increase of the number of optically active ions available to

determined by RBS.

absorb the excitation energy dominates over the increase of
the number of nonactive ions forming clusters.

No. pulses  No. pulses S Ry Figure 3 shows the PL intensity as a function of the
Sample on Er on Yb (nm) (<107 atcm?) separation from the Er to the Yb layers for the two studied
Er 1 - - 0.6 Yb:Er concentration ratios. The films with £r and Y&*
Yb - 1 - 1.0 ions together in the same layer, i.85 0 nm, always exhibit
E:XE 1(1) i i (1) i; the lowest PL intensity. Note that, in this case, despite the
ErYb 1-3 1 1 3 16 Yb3* to ER" ion separation in the direction perpendicular to
ErYb 2-0 1 2 0 25 the plane is 0 nm, the estimated in-plane average separation
Eryb 2-3 1 2 3 3.0 is 0.5 nm, assuming an in-plane homogeneous distribution of
ErYb 2-12 1 2 1 2.8

the RE ions. This value confirms that the local RE concen-

aTwo pulses on the Yb target are distributed in two separate layers, one JHation Is very h'gh and, Consequemly’ the quenCh'ng of the
either side of the Er layer.
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200 - 0. ' ] tration ratio is 3.6. In this new sample, the Yb was distrib-

uted in two layers, each grown by one pulse on Yb, sym-
metrically distributed above and below the Er layer. The PL
intensity measured in this film has also been plotted in Fig. 3

= and is found to be the highest of all the analyzed films.
S 100}.‘ ---------------------------------------- b Compared to the other films with an Yb:Er concentration
-= - ratio of 3.6, the PL intensity increases by a factor of 2.3. This
P increase can be a result of a reduction of the Yb clustering

L derived from the splitting of the two pulses on Yb in two
O0 7 3 3 separated layers, which means that the number of active

Yb3* ions has been effectively increasédhe symmetry of
Er-Yb separation (nm) the Yb distribution around Er ions, in addition to the appro-

FIG. 3. PL intensity at 1.5% dat 975 function of the £ priate inter-ion separation, could also contribute to the PL

. o, intensity at 1. m pumped a nm as a runction o ecr . . .

to Yb layer separation for films with a Yb:Er concentration ratio equal to 1.8_enhancemem' This result is eVIdence that .the Er PL can be

(W) and 3.6(@), (O). The arrow indicates the PL intensity obtained for the iIMproved by means of an appropriate design of the Er and

film doped only with Er. For the film$®) the two pulses on Yb are in the Yb distribution on the nanometer scale.

same doped-layer whereas for the filf) each pulse on Yb corresponds to In conclusion, Er—Yb codoped films with a controlled

a separate layer, one above and the other below the Er layer. distribution of the’ YB* and EF* ions in layers with an

. . . in-depth separation in the 0—3 nm range have been success-

intensity observed. Figure 3 shows that, for the lowest Yb:Eky|ly produced by PLD. The PL response of the codoped

concentration rati¢1.8), the PL intensity increases a factor fjims is found to improve when the &f and YB* ions are

of 2 whenSincreases from 0 to 1 nm. This resultis probably i separate layers, independent of the Yb:Er concentration

due to a decrease of the RE m“"f?" clustering as a conseatio. In addition, an efficient energy transfer from3bto

quence of locating the Bf and YB'* ions in different lay- __Er* has been found for ion separations up to 3 nm, suggest-

ers. Nevertheless, it should also be noted that the probablhtmg that both radiative and nonradiative 3bto ER* energy

of nonradiative energy transfer from %50 Er* ions de-  transfer processes might be playing a role. Further analysis

creases as a sixth power of the?Ybto EF'" separation due  of the dependence of the PL response on the Er—Yb distri-

to its dipolar naturé® Therefore, the observed increment in pytion on the nanometer scale is needed since the present

the PL intensity forS=1nm means that the reduction of resyits open up new perspectives for optimizing the perfor-

clustering dominates over the decrease of the probability ofyance of waveguide gain devices.

energy transfer from Yb' to ER*. In the literature, a criti-
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