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Although ytterbium aluminum garnets (YbAG) belong to a group of promising optical materials, no physical method of
thin films deposition has been described so far. In this work we present the comparison of two valuable physical deposition
techniques: pulsed laser deposition and electron beam evaporation. Erbium (Evr’") dopedytterbium garnet (E¥ ;YD o95) ;4150
(Er:YbAG) thin films were prepared using own sol-gel derived ceramic targets. The phase composition of the films and
crystallite size were determined using X-ray diffraction. Microstructure and surface morphology were studied by scanning
electron microscopy and atomic force microscopy. Deposition parameters of used methods were optimized,; however, both
techniques produced amorphous films with insufficient microstructure. The effect of additional annealing on the crystallinity
and luminescent properties of erbium ions was studied. A pure infrared emission of Er** ions was observed only in samples
prepared by pulsed laser deposition with subsequent annealing.

INTRODUCTION

Er'" ion is one of the most studied activator in
optical materials. With minor modifications such as
the concentration of Er’* or co-doping, the erbium
ion can provide pure green [1], red [2] or infrared [3]
emission in almost all host materials. Its transition
*I,3,—"1,5, (the infrared emission at 1530 nm; the third
telecommunication window) is now used worldwide for
optical signal propagation through silica based optical
fibres. To produce a material with a high efficiency of
luminescence, the problem of low absorption cross
section of erbium has to be solved. To overcome this
phenomenon, Yb*" has been successfully used as a sen-
sitizer in many host materials such as LiNbO, [4, 5],
KY(WO,), [6], NaYF, [7] or YAG [8, 9]. The energy
transfer from ytterbium (°Fs,) to erbium (*I;;,) is highly
effective when ytterbium is used as a part of the host
material and not just as a co-dopant (e.g. in Yb;AL;0,,)
[3]. However, the synthesis of a phosphor with supe-
rior luminescent properties isn’t a final task for the con-
struction of a signal amplifying device. The material
should also require microstructure quality enabling the
guiding of an optical signal.

Among oxide host materials, the garnets have
a superior position. Garnets with a general formula
A;B;0,,, where A is yttrium or a rare-earth metal and
B is a trivalent d- or p-block metal (e.g. Al, Ga, Fe or
their combination), are promising hosts for many optical
applications. The main benefits of these materials are
a wide transparency range, good thermal conductivity,
isotropic optical properties and high thermal and che-
mical stability. Moreover, the garnet structure allows
to modify both refractive index and lattice parameter
with a composition change [10]. Thanks to these charac-
teristics, the garnets have been used as a host material for
many optical activators such as Cr*' [11], Nd*" [12], Ce*"
[13], Yb* [14] or Er*" [15].

So far, methods such as liquid phase epitaxy [16],
sol-gel [17], ion implantation [18] or sputtering [19]
have been used to prepare the garnet based planar wave-
guides (yttrium aluminum garnet, YAG or yttrium iron
garnet, YIG). Each method has its own advantages and
limits. In our group, the Er’*:Yb;AlL;O,, thin films have
been prepared using liquid phase epitaxy (LPE) and
various sol-gel techniques [20-22]. Although the LPE
method produced a monocrystalline films with high opti-
cal quality, due to the potential of YbAG material, the
comparison with other deposition techniques is desired.
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However, YbAG thin films have not been prepared
using physical deposition techniques so far. In this work,
we describe Er'':Yb;Al;O,, thin films prepared from
physical vapors using either pulsed lased deposition
or electron beam evaporation. The microstructure of
prepared films was characterized by scanning electron
microscope and atomic force microscope. The effect
of additional annealing on the phase composition and
luminescent properties of Er’*ions was also studied.

EXPERIMENTAL

Target preparation

Targets  with stoichiometric composition
(Erg 005 YD 005);A10,, were prepared by an aqueous
sol-gel method. Ytterbium acetate was dissolved in dilu-
ted acetic acid (volume ratio acetic acid: H,O = 15:85);
ethylenediaminetetraacetic acid (EDTA) was added.
To fully dissolve EDTA, pH was adjusted by ammonia
up to 6. Then triethanolamine (TEA) was added to the
ytterbium solution. Finally, AI** and Er*" ions were in-
troduced by adding an aqueous solution of aluminium
chloride (0.1 mol'l') and solid anhydrous erbium
acetate, respectively. The molar ratio between EDTA,
TEA and metals was 1:1:1. The final solution was gelled
at 80°C for 2 h. Clear, slightly yellow gel was dried for
2 h at 250°C. The dried gel was calcined at 500°C and
900°C for 2 h in an ambient atmosphere. The precursor
powder was uniaxially pressed into pellets by a pressure
of 500 MPa for 1 min. Finally, the pellets were sintered
at 1300°C for 168 h in an ambient atmosphere. For more
details see our previous study [3].

Electron beam evaporation

Er'":Yb;Al;0,, layers were deposited by vacuum
evaporation using LEYBOLD-HERAEUS Univex 450
device with an electron gun source. The evaporation was
performed at room temperature at a rate of 0.5 nm-s™.
Distance between the source material and a sapphire
substrate was 135 mm. Accelerating voltage was 9.5 kV
limiting the current of electron beam to 80 mA. The
pressure inside the working chamber was constant
during the deposition at the level of 2x10° mbar. Both
deposition rate and thickness of deposited material were
controlled in-situ by a crystal oscillator. Under these
evaporation conditions, the resulting Er’':Yb,Al,0,,
layers were about 200, 700 and 3000 nm thick (measu-
red by AFM [23]).

In the case of 3 pm thick films, the deposition
process had to be accomplished in two steps by adding
the source material. Otherwise, there has been a risk of
damage of an electron gun hole by electron beam because
of a rapid loss of deposited material. When refilling the
source material, it was necessary to aerate the apparatus.

Pulsed laser deposition

The samples were prepared by a PLD system [24]
equipped with a turbo pumped high vacuum chamber
(limit pressure 1 x 10 mbar) utilising Nd:YAG laser
Quantel Brilliant with module for the generation of
4™ harmonic frequency — 266 nm, repetition rate 10 Hz,
pulse duration 4 ns, laser pulse energy 40 mJ. The laser
beam was focused by optics to achieve a suitable energy
density of 2 J-cm™ on the source material target. The
target and substrate were rotating during deposition
to avoid crater effects and to achieve good thickness
homogeneity on the substrate. The distance between
source and target was 45 mm.

Sample characterization

The phase composition of the prepared samples
was determined by X-ray diffraction (XRD). The device
used was Bruker AXS D2 Phaser powder diffractome-
ter with parafocusing Bragg—Brentano geometry using
CoK, radiation (I = 1.7890 A, U =30 kV, 7 = 10 mA).
Data evaluation was performed in the software package
HighScore Plus. Scanning electron microscopy (SEM)
was carried out using Vega 3 LMU (TESCAN) equipped
with an EDS analyzer INCA 350 (Oxford Instruments).
The morphology of samples surface was determined by
atomic force microscopy (AFM) using Ntegra Spectra
(NT-MDT). Surface scans were performed in a tapping
(semi-contact) mode. Cantilevers with a strain constant of
1.5 kN-m™ equipped with a standard silicon tip (curvature
radius < 10 nm) were used for all measurements. The
photoluminescence spectra of the prepared films were
collected within a range of 1440 - 1650 nm at room
temperature. A semiconductor laser POL 4300 emitting
at 980 nm was used for the excitation of electrons
(power used was 65 mW, 10 W-cm™). The luminescence
radiation was detected by a two-step-cooled Ge detec-
tor J16 (Teledyne Judson Technologies). To scoop spe-
cific wavelengths, a double monochromator SDL-1
(LOMO) was used. Synchronous detection technique
was implemented by chopping the laser beam at a mo-
dulation frequency of about 35 Hz, and by employing
a lock-in amplifier (EG&G 5205). For evaluation, all
luminescence spectra were transformed to the base level
and normalized using a standard measurement.

RESULTS AND DISCUSSION

Firstly, both deposition methods were optimized to
achieve sufficiently thick films. With respect to refractive
indexes of YbAG and substrates (SiO, or Al,O,), the
thickness of 700 nm and higher would be suitable for
light propagation. Other important parameters for the
construction of a light amplifying device are surface
roughness, microstructure and photoluminescent proper-
ties. All these aspects were studied and the results are
given below.
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Figure 1. XRD patterns of as-deposited and annealed films prepared by PLD (a) and electron beam evaporation (b).

¢) pulsed laser deposition d) electron beam evaporation

Figure 2. SEM images of films prepared by PLD (a,c) and electron beam evaporation (b,d) with magnification 1 000x and 5 000%
for (a, b) and (¢, d), respectively.
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It can be seen from X-ray diffraction patterns of
the films after deposition (Figure 1) that the as-depo-
sited films were amorphous and only diffraction lines
of substrates were visible in both used deposition
techniques. Because of this phenomenon, all samples
were additionally annealed (1000°C for 1 h) to achieve
crystalline films. Diffraction patterns of the annealed
samples show the single phase composition of the films
prepared by both deposition methods. The only visible
phase was Yb;Al;O,, (PDF 01-073-1369). From diffrac-
tion lines broadening, the crystallite size and micro-
strain can be estimated using Williamson—Hall method.
For the construction of Williamson—Hall plot only (211),
(220), (321) and (400) diffraction lines were used (suffi-
cient intensity, no overlap with substrate peaks). The
estimated crystallite size was 46 and 58 nm for films
prepared using PLD and electron beam evaporation,
respectively. Identical heat-treatment was used for both
samples, both values of micro-strain were about 0.5 %.
It also indicates that the use of different substrate (either
SiO, or Al,0,) had no influence on the micro-strain after
heat treatment.

From electron scanning microscopy (Figure 2), it
is clearly visible that the microstructure of samples pre-
pared by PLD and electron beam evaporation differs
considerably. Although the phase composition of targets
used for both methods was identical, the microstruc-
ture of resulted films was driven by different kinetics
of nucleation and different deposition mechanisms.
PLD produced layers with uniform but rough surface
(Figure 2a, c). On the other hand, the e-beam films had
a smooth surface combined with isolated spherical par-
ticles connected by cracks through the layer (Figure 2b,
d). Figure 2¢ and d show the details of the smoothest
sections of PLD and e-beam film (5 000 " magnification),
respectively. The PLD film exhibited relatively homoge-
neous grain growth with nucleation in a volume of
deposited amorphous layer resulting in rough surface.
On the other hand, two different nucleation mechanisms
can be seen in the e-beam film. In higher magnification
(Figure 2d), the circular areas with lower porosity

0.99 um

0.00 um

a) pulsed laser deposition

suggest the nucleation on the substrate surface and the
volume nucleation can be seen in the porous rest of the
film. This phenomenon and the presence of spherical
particles (Figure 2b) suggest the inhomogeneous
deposition.

The surface morphology was also observed using
atomic force microscopy. The 3D images are displayed
in Figure 3. The results are in good agreement with
SEM observations. The arithmetic average (R,) and
root mean squared (Ryys) roughness of the PLD film
was 120 nm and 153 nm, respectively. Thanks to the
character of e-beam films surface, the determination of
R, and Ry strongly depends on the actual position of
the scan. The roughness of the smooth parts was about
5 nm (R,); however, the height of the spherical artifacts
was about 1 um (even higher artifacts were observed,
but not measured by AFM).

The microstructure and surface morphology of
prepared film was insufficient for light propagation due
to the impossibility to establish optical contact. The
quality of the film surface is one of the key parameters
for the construction of a planar waveguide. In our pre-
vious works, we prepared films with the same com-
position by liquid phase epitaxy and sol-gel method.
The surface roughness (R,) of these films was only
0.2 nm and 1.9 nm, respectively and the films were
planar waveguides at wavelength of 1550 nm in both
cases. However, methods presented in this work could
produce films with a better surface morphology when
a more advanced experimental setup is used.

Besides a suitable thickness and microstructure, the
efficient infrared emission is needed for the construc-
tion of a light amplifying device. Erbium with its Er’":
*1,3,—"1,5, transition (maximum at around 1530 nm) is
commonly used for signal transmission through silica
fibers. Figure 4 shows the emission spectra of this transi-
tion for the PLD film after deposition and also after the
additional annealing. It can be seen that the erbium
ions had no radiative transition in amorphous matrix
(as-deposited film). After the crystallization, the spec-
trum exhibits characteristic bands for Er** in the YbAG

1.6 um

0.0 um

b) electron beam evaporation

Figure 3. Surface morphology of prepared films — 3D images from AFM.
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matrix. The overlapping particular emissions form broad
maxima at wavelengths about 1460 nm and 1530 nm.
This broad emission is characteristic for nano-crystalline
materials where the emission is strongly influenced by
different symmetry of erbium surroundings close to the
grain boundaries. This fact is in good agreement with
the crystallite size calculated from XRD patterns. Films
prepared by the electron beam evaporation did not exhi-
bit infrared emission even after subsequent annealing.
This phenomenon could be caused by erbium cluster
formation during the deposition or by an inhomogeneous
transfer of ions during deposition. Both mechanisms
would result in this type of behavior, but there is no direct
proof for either due to the low concentration of erbium.
The e-beam sample was analyzed by XPS (X-Ray photo-
electron spectroscopy), however the presence of neither
Er** nor Er’ was detected. Another reason for the lack of
infrared erbium emission could be the presence of iron
impurities. Iron impurities were detected by the EDS
measurement in all samples (starting target, PLD and
e-beam), but the iron concentration in the e-beam films
was significantly higher. The high concentration of iron
in the e-beam samples could be due to contamination
from a source material holder which contains iron.
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Figure 4. The emission spectra of Er'*: *I,;,—"I,5, transition
in PLD sample after deposition and after subsequent annealing.

CONCLUSIONS

The polycrystalline films with a single-phase garnet
structure were successfully prepared by two physical
vapor deposition methods: pulsed laser deposition and
electron beam evaporation. Sol-gel derived ceramics
with stoichiometry (Erg gos Ybg.995);A1504, (Er: YbAG) was
used as a target material. The experimental conditions
were adjusted to produce films with a thickness about
700 nm. To achieve a single-phase crystalline structure,
the additional annealing (1000°C for 1 h) was necessary.
The film prepared by PLD exhibited a homogeneous but

rough surface with R, about 120 nm. The film deposited
using the electron beam evaporation was smoother, but
artifacts such as cracks or spherical particles appeared
due to inhomogeneous deposition. The microstructure of
prepared films could be further optimized by employing
more advanced deposition apparatus (e.g. with a sub-
strate heating). The sample deposited using PLD with a
subsequent annealing exhibited a pure infrared emission
of Er'": *I,3,—",5, transition with a broad maximum
around 1530 nm. Despite the additional annealing, the
films prepared using the electron beam evaporation did
not show any emission of erbium ions. Although the used
physical vapor deposition methods were not successful
at this multi-cation waveguide preparation, we plan to
employ other more suitable equipment to achieve this
goal.
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