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Abstract

Yttrium auminum garnet (YAG) layers, doped with some rare-earth ions can be used as thin film solid-state lasers. Thin films of
Nd>*-doped YAG have been grown on undoped YAG substrates by the isothermal liquid phase epitaxy (LPE) dipping technique. The
layers have been obtained from a supercooled molten garnet-flux high temperature solution. Y ,_ ,Nd, Al O, films (2—-30 wm) grown on
the (111) plane of YAG substrate have been investigated as a function of neodymium concentration using electron spin resonance (ESR)
and X-ray diffraction techniques. According to those measurements it can be concluded that the obtained thin films possess high quality.
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1. Introduction

Rare earth doped yttrium auminum garnet (YAG)
epitaxial layers possess excellent lasing properties. The
first epitaxial Ho®>" and Nd*" doped YAG laser layers on
pure YAG substrates were reported by Van der Ziel et al. in
1972 [1]. During the last few years much attention has
been focused on IR diode lasers — pumping solid state
lasers with planar monocrystalline structures. These de-
vices allow fabrication of planar active components for
fiberoptic communication. The most promising material for
this purpose is rare earth doped yttrium aluminum garnet
(Y3Al50,).

Planar active optical structures in garnet crystals are
fabricated by two basic techniques: ion implantation and
epitaxy. lon implantation has been the principal technique
for fabrication of planar active optical structures within
laser-gain media such as Er:-YAG, Nd:YAG or Nd:GGG
[2—4]. Liquid phase epitaxy (LPE) has been employed for
growing rare earth doped YAG and GGG laser waveguid-
ing layers on the YAG and GGG substrates [5-7]. Liquid
phase epitaxy is a technique suitable for production of
epitaxia thin film lasers with a quality higher than that of
the implanted structures [8]. In this study, the lattice
distortions in grown YAG/YAG:Nd*" films were investi-
gated by the ESR and X-ray diffraction techniques.

*Corresponding author.
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2. Experimental
2.1. LPE growth of Nd:-YAG films

For growing of Nd:YAG thin garnet layers the method
of liquid phase epitaxy (LPE) was chosen. We applied the
LPE technique that has been used in several laboratories
for iron-garnet epitaxy in the case of the nonmagnetic
garnets YAG and GGG.

The layers were grown from a supercooled (supersatu-
rated) molten garnet-flux high temperature solution. Stan-
dard isothermal LPE dipping technique with reversed axial
rotation has been used to obtain YAG thin films doped with
Nd** ions. The AT which is the difference between the
saturation temperature T4 and the growth temperature Tg
is necessary to obtain the epitaxial growth of garnet layer
from the garnet-flux (PbO-B,0,) solution.

The composition of molten garnet—PbO-B,0O, high
temperature solution is specified by the following parame-
ters:

_ [Al,O,] _ [PpO] _ [Y,04]
1 [Y,0,+Nd,0,]" % [B,O,]" 5 [Nd,O4]
and
[Y,O; + AlO,; + Nd,O,]
R4

~[Y,0, + AlLO, + Nd,O, + PbO + B,O.]"

The same molar ratios of the melted compounds were
used by Blank et al. for the epitaxy of magnetic garnets
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Table 1
R parameters

No. R, R, R, Ry Ts AT fs Ab,,, Aalag X at.%

(°C) (°C) (n.m/min) (arcse) x10*

4 5.0 12.0 0.0275 14.0 970 20 10 0 0 ~0.03 1

7 41 12.0 0.0284 35 989 15 0.4 —489 48 0.088 29
13 34 120 0.0295 1.75 1003 12 0.5 —105.1 10.2 0.186 6.2

[9]. The R parameters are important in controlling the
growth conditions and properties of the films. The R,
parameters are listed in Table 1 for the Nd:YAG films
grown with different values of: neodymium concentrations,
growth temperatures, supersaturations (AT), growth rates
fg, fractional mismatches Aa/ag = (a- — ag)/ag (Where a.
and ag are film and substrate lattice constants, respective-
ly), estimated from Aa/a measurements, compositional
parameters x (in the formula Y,_ NdAl O,,) and the
concentrations of Nd*>* ions in the films.

Epitaxia Nd:YAG layers were grown on both sides of
the polished (111) YAG substrates. The substrate off-
orientation was about 4°.

2.2. The measurements

The samples of (typical) size 3.5X3.5 mm were cut
from the epitaxia structure Nd**:YAG/YAG. The ESR
spectra were measured with a Bruker ESP-300 spectrome-
ter (X-band), equipped with a helium flow cryostat type
ESR-900 from Oxford Instruments. The ESR lines were
observed in the temperature range from 4 to 20 K.

Diffraction measurements were performed using X-ray
quasi parallel double-crystal arrangement with 400 reflec-
tion on a Ge monochromator and 444 YAG reflection of
Cu Ka, radiation. This arrangement allows one to obtain a
well monochromatized and collimated high intensity pri-
mary beam with the wavelength dispersion AA/A~ 2.8 X
10~*, where AA =3.8% 10"° A is the difference between
Ka, and Ko, spectral lines for Cu Ka radiation.

3. Results and discussion
3.1. ESR measurement

The width of paramagnetic lines (obtained in the tem-
perature range 5 to 15) might be influenced by interaction
of paramagnetic ions with surrounding nuclei, most proba-
bly related to the spatial distribution of the g factor caused
by the lattice strains.

Other factors, such as T,-spin—lattice interaction, T,-
spin—spin interaction have been assumed to be negligible
in the first approximation. Resonance magnetic field H, for
a paramagnetic ion is given by

H = v/(gB/h) — H, (1)

where » is the microwave frequency, B is the Bohr
magneton, h is Planck’s constant, H, is the local magnetic
field produced by the surrounding nuclear dipoles, g° = g>
1%+ gom® +g2n® |, m, n are direction cosines for plane
(111),

1/2

=[1/3sin’ ¢(gx+29 )+gy cos’¢] (2)

Values g and ¢ in EQ. (2) should be treated as averages
for al ions. Each ion is characterized by g, + &g,, g, +
89,, 9,+ 99, ¢+ ¢, SH,, therefore, its resonant field
differs from (1) by a value

oH = 6H, + 9H/ 99, 69, + IH/Ig, 69, + IH/Jg, og,
+ JH/ Y .
We have assumed that each of these five parameters
varies independently of the others. As a result, the root

mean square width of the ESR line is equa to (see Refs.
[11-13]):

o1 = (52 )<5@1x>+(a ><ag>+(a ) (o0
+<a ><a >+<8H><8Hd>

(8HY + (hv/g®B)*{1/9 g sin®e (897 + g; cos’e (5g;) +
41997 sin*e (592) +
+1/4sin°2¢[1/3(92 + 292) —

gy1° (5¢°). 3)

By neglecting (3g%), (595, (8g) with respect to (3¢°)
one obtains:
(BH?) = (8H3)
+ (hw/g®B)? 1/4 sin*2¢[1/3(g% + 29%)
- 9,17 (5¢%). (4)

The observed linewidth AH,; will be related to 6H by a
constant K (for Gaussian line shape K = 4)

AHZ = K(8H?). (5)

For example in Fig. 1a angular dependence for sample
no. 4 for the (111) plane is shown. We observe an
anisotropic spectrum of six magnetically inequivalent
complexes with the effective spin S=1/2 and 1=0
[13,24]. A difference between experimental points and



318 R. Jablonski et al. / Journal of Alloys and Compounds 300-301 (2000) 316-321

‘ : : a b
600 | T—— — H— @ 600 |
(111) plane
No4 s
T=15K
500 500
=
£
&) : _ .
— : : :
W 400 [ o\ O R — R 4 400
T - : :
O
|_
L
Z
2 : N A
300 e - X : 300
= ; ;
200 B i OO ORRRERR0 S 3 200
: I |
0 30 60

¢ [deg]

Fig. 1. (@ The angular dependence of the X-band ESR lines at 15 K of
Nd*":YAG films with magnetic field in the (111) plane; circles are
experimental data, solid lines are theoretical curves obtained with g, =
1.733, g, = 1.179, g, = 3.915. (b) ESR spectrum for H|[110] (¢ = 0).

theoretical solid lines with g, =1.739, g ,=1.179 and
g, = 3.915 results from the 4-5° disorientation. Additional-
ly, in Fig. 1b the ESR spectrum for magnetic field H||[110]
(¢ =0) is presented.

Fig. 2a shows temperature dependence of the ESR
amplitude for microwave power P=2 mwW. The signa
intensity decreases as 1/T for the samples no. 7 and no.
13. For the sample no. 4 at temperatures higher than ‘a the
saturation effect is negligible and similar to samples no. 7
and no. 13.

According to Fig. 2b, temperature ~15 K has been
chosen for the performance dependencies of the ESR
amplitudes and linewidths. They are depicted vs. power in
Fig. 2c and d. With the use of the above mentioned
dependencies the T, and T, parameters have been ob-
tained. The results are shown in Table 2. The results of the
measurement shown in Fig. 2 have been attained for the
complex no. 5 (see Fig. 1) with the principal axes:

X — [110], y — [110], z— [001].

In Fig. 3a the experimental data of angular dependence

linewidth and theoretical curves for the sample nos. 4, 7,
and 13 are presented. The fitting was performed with the
use of Egs. (4) and (5) for — 20° < ¢ < + 30°. Results are
presented in Table 2 and shown in Fig. 4.

3.2, X-ray diffraction measurements

The lattice spacings were measured by X-ray high
resolution diffraction. The present measurements were
performed step by step with the constant counting time (5
9). Fig. 3b shows the XRD patterns of the Nd:YAG films
grown on YAG substrates under conditions which are
given in Table 1. The changes of Bragg angle difference
Ab,,, = 6- — 65 are due to the difference in the lattice
spacing between epitaxial film and substrate and are also
listed in Table 1.

The recorded rocking curve, shown in the Fig. 3b,
exhibited two maxima corresponding, respectively, to the
reflections from the epitaxial layer and the substrate.

From the measured angular spacing between the two
peaks one can calculate the difference between the inter-
planar spacing at the substrate and the epitaxial layer. The
substitution of yttrium by neodymium in dodecahedra
sites leads to the increase of the lattice mismatch. The
garnet epitaxial films were compressed and presented
elastic accommodation for the substrates. No cracks ap-
peared in the thin garnet layers.

From the substrate layer misfit (fractional mismatch) the
concentration of Nd*>* ions in strained Nd:YAG films was
estimated using an empirical formula given by Strocka et
a. [10]. The epitaxial films were doped with neodymium
concentration up to about 6 at.%. The point to be noted is
that growing of the Nd:YAG single crystals having lasing
parameters with neodymium concentration higher then
~1.3 a.% is aimost impossible.

In the case of specimen 4 the respective X-ray rocking
curve indicates no peak separation. It means that the lattice
constants of the film and the substrate are egual. This
observation is obvious since the unsubstituted YAG layer
obtained by the LPE method on a substrate which was cut
from a YAG single crystal bowl has a- <ag. Thus the
introduction of the neodymium of concentration about 1
at.% into the YAG film results in equality of the film and
the substrate lattice constant [2].

4. Conclusions

The neodymium concentration in Nd*":YAG epitaxial
layers was calculated from the ESR and X-ray diffraction
measurements. The good agreement between obtained
results has been obtained within about 15%. The relation-
ship AH,, = f ((3¢?), (8H2)) at temperature ~15 K shows
that there is an influence of the dopant concentration on the
|attice deformation near the Nd®>" ion sites. This deforma-
tion depended on the (§H?2) parameter which increases
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Fig. 2. The dependencies of ESR intensity (a) and linewidth (b) on temperature. The dependencies of ESR intensity (c) and linewidth (d) versus P*'?,
respectively.

with the Nd*"concentration. The parameter (5¢°) aso lographic directions has been observed. Such dependence
increases with the neodymium concentration. The minimal is typical for mosaic structures. These parameters suggest
broadening of the ESR linewidth for the principal crystal- local distortion caused by the lattice mismatch strains.
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(a)

(b)

Fig. 3. (8 Data and fitted (Egs. (4) and (5)) theoretical curves for the ESR linewidth. (b) Double crystal rocking curves for samples 4, 7 and 13,

respectively (Cu Ka radiation).
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Table 2
Results for samples no. 4, 7 and 13
No. T, T, AH,, (50 (8HZ) Relative intensity
107*s 107 s Gs Gs

4 51 6.3 23 3.0297e—6 133.06 1

7 9.13 2.52 43 6.2340e—6 440.02 3.0857
13 3.07 16 78 20.000e—6 1467.79 5.8368

1467

No4
Fig. 4. The bar graph of (8H3), (3¢?), AH,, for samples 4, 7 and 13, respectively.

They correspond to the angular difference Aé6,,,. More-
over, large decrease of the spin lattice time T, with
increasing neodymium concentration demonstrates creation
of the strains in the films.
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