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Abstract—Main types of growth defects—stripes, twins, mosaicity, amorphous inclusions, periodic modula-
tion of the distributions of Gaand La atoms along the growth axis—are revealed in langasite crystals grown by
the Czochralski method using high-resolution X-ray diffractometry, topography, and microfluorescence analy-
sis. The specific features of the propagation of surface acoustic wavesin different cuts of langasite crystals are

studied. © 2004 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Intensive development of telecommunication sys-
tems based on acoustoelectric devices that process
complex digital signalsin real time (mobile telephones,
pagers, GPS systems, and so on), requires new piezo-
electric materials. Well-known piezoelectric crystals
(SIO,, LiNbO;, LiTaO;) do not correspond the new
communication standards. Langasite (LasGasSiO;,,
LGS) is a promising material for acoustoelectronics
since it combines good acoustic properties of LiNbO4
(high electromechanical-coupling coefficient) and
quartz (some cuts of LGS have a zero frequency coeffi-
cient) [1, 2] Thus, LGS can be used to form acousto-
electric microdevices operating on surface and bulk
acoustic waves [3-5].

The LGS structureis similar to the structure of trig-
onal quartz and has the following unit-cell parameters:
a=8.170and c = 5.095 A [6]. LGS crystals are grown
by the Czochralski method [7-11]. During the crystal
growth, severa types of growth defects are formed,
which deteriorate the propagation of acoustic wavesin
the crystals (ultrasound is scattered by structural
defects and its propagation velocity changes). The for-
mation of defectsin LGS crystalsis determined by both
the blend and growth-atmosphere compositions and the
temperature conditions during the growth. The follow-
ing types of growth defects were revedled in LGS crys-
tals by X-ray topography and transmission electron
microscopy: decorated color centers, stripes, and amor-
phous glassy inclusions [8, 11, 12]. Note that it is most
expedient to use X-ray diffraction to study structural
defects since this technique is sensitive to defect-
induced lattice distortions [13].

The purpose of this study is to investigate the per-
fection of the LGS crystal structure and the effect of
growth defects on the propagation of surface acoustic
waves (SAWSs) in LGS by X-ray diffraction, topogra-
phy, and microfluorescence analysis.

We investigated 4-inch LGS crystals grown by the
Czochralski method in the FOMOS Materias. Figure 1
shows the photograph of an LGS crystal grown in the
{011} direction.

SPECIFIC FEATURES OF INTERACTION
OF X-RAY RADIATION WITH LGS CRYSTALS

LGS crystals are a complex object of study for
X-ray measurementswhich isdueto the presence of the

Fig. 1. 4-inch LGS crystal grown along the {011} axis.
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La L-absorption edge and Ga K-absorption edge. The
linear absorption coefficient of LGS is high, which
results in a very short penetration depth of X-rays in
LGS crystals. The kinematic theory of diffraction
shows that the penetration depth of X-raysin acrystal
isrelated to the absorptance in the form of afunction of
the X-ray energy E:

W (E) = sin(Ba(E))/21(E), )

where |, is the linear absorption coefficient and 65 is
the Bragg angle of incidence of X-rays.

Figure 2 shows the penetration depth of X-rays in
LGS as a function of the X-ray energy, u*(E), calcu-
lated from expression (1) for a number of successive
reflections from X and Y cuts. The presence of the LaL
edge at an energy of 6 keV and the Ga K edge at an
energy of 10.5 keV results in jumps in the X-ray
absorption in these regions. As can be seen from Fig. 2,
the use of Cu radiation with an energy of 8.048 keV
makes it possible to investigate only a very thin
(<1 pm) surfacelayer of acrystal. Hence, the structural
perfection of LGS crystals was studied using Mo radi-
ation with an energy of 17.479 keV, for which the pen-
etration depth of X-raysin LGSis several micrometers.

SCHEMATIC OF THE EXPERIMENT

The structural perfection of LGS crystals was stud-
ied on a high-resolution double-crystal X-ray diffracto-
meter (Fig. 3). A Rigaku Rotoflex Ru-200 X-ray tube
with arotating Mo anode was used as an X-ray source.
The horizontal and vertical dimensions of the X-ray
source were 10 um and 10 mm, respectively. X-rays
were collimated by the 10-um entrance slit and mono-
chromized by adouble Si(111) monochromator crystal.

After the monochromator crystal, MoK, radiation

(A = 0.7093 A) isincident on a crystal under study at
the Bragg angle 6. A Kodak Electron SO-163 film
with a grain size of 1 um was used to record X-ray
topograms. To obtain animage of acrystal, thefilm was
mounted parallel to the crystal surface. Since the X-ray
sourcewas 10 umin size, the crystal and the X-ray film
were shifted simultaneously with respect to the source
to obtain animage of the crystal surface of alarger area.

X-ray diffraction permits integral estimation of the
perfection of a crystal structure. To measure rocking
curves, a Cyberstar Nal scintillation detector was
installed in the exact Bragg position and 6 scanning of
the crystals was performed.

When studying the homogeneity of crystals along
the growth axis, a solid-state Ge detector was used to
measure the distribution of the fluorescent yield of Ga
and Laalong the crystal growth axis upon scanning the
X-ray beam over the crystal surface. To perform alocal
analysis, the X-ray beam was additionally collimated:
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E =17.479 keV

Fig. 2. Dependences of the penetration depth of X-raysin
LGS on the X-ray energy.
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Fig. 3. Schematic of a high-resolution double-crystal X-ray
diffractometer.

Fig. 4. X-ray topogram of concentric stripes. (022) reflec-
tion, 6 = 9.879°.

the horizontal and vertical beam dimensions were,
respectively, 5 and 100 um in this case.

X-RAY TOPOGRAPHY OF LGS CRYSTALS

The LGS crystals grown by the Czochral ski method
along the {011} and {001} axes were investigated by
high-resolution X-ray topography.

Figure 4 shows the topogram of atransverse cut of a
4-inch LGS crystal grown in the {011} direction. The
topogram was recorded for the (022) reflection at the
Bragg angle 85 = 9.879°. Concentric stripes can be
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Fig. 5. 76-mm wafer in the YXIt/48.5°/26.6° cut of an LGS crystal: (a) optical image; (b) stripes; (c) mosaicity; (d) periodic defor-

mations. (022) reflection, Bg = 9.879°.

Fig. 6. X-ray topogram of the X cut of an LGS crystal. (330)
reflection, 8 = 15.101°.

observed on the topogram. Generally, stripes are per-
pendicular to the growth axis, but, for crystals of large
diameter, the crystallization front has a spherical shape,
which leads to the formation of stripes repeating the
shape of the crystallization front.

Figure 5 shows the results of measurements for a
76-mm wafer in the YXIt/48.5°/26.6° cut of an LGS
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Fig. 7. X-ray topogram of amorphous inclusionsin the ini-
tial growth part of an LGS crystal. (330) reflection, 6g =
15.101°.

crystal. This cut is characterized by a zero frequency
coefficient; it is used in production of SAW devices.
The wafer was cut from a crystal grown in the {011}
direction. Decorated areas of color centers can be seen
in the optical image of the wafer (Fig. 5a). The areas
from which X-ray topograms were measured for the
(022) reflection are marked in Fig. 5a. Thetopogramin
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Fig. 8. Rocking curves for the Y cut of an LGS crystal: (a) (100) reflection, 65 = 2.874°; (b) (200) reflection, 65 = 5.755°; (c) (300)
reflection, Bg = 8.650°; and (d) (400) reflection, g = 11.569°. (€) X-ray map along the growth axis { 001} ; (300) reflection.

Fig. 5b contains a bright area corresponding to the area
of color centers in the optical photograph. The differ-
ence in the contrast is related to the change in the inter-
plane distances due to the presence of color centers. In
addition, stripes outgoing to the crystal surface can be
observed in the topogram. Note that the brighter areais
characterized by the presence of mosaicity with linear
sizes of mosaic blocks of 30 x 500 um? (Fig. 5¢). The
topogram obtained for the boundary of the decorated
regions (Fig. 5d) shows the presence of periodic modu-
lation of the crystal structure, whichis caused by elastic
strains at the interface between the two regions with
different interplane distances.
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Thetopogram of the X cut of the crystal growninthe
{001} direction was obtained for the (330) reflection at
the Bragg angle 8 = 15.101°. Transverse stripes with a
period of about 145 um can be seen on the topogram,
as well as atwin in the form of a parallelepiped. This
twin has a brighter contrast due to the deviation of its
planes from the reflecting position. The angle between
this twin and the growth axis {001} is 30°. The twin
beginsto grow into the crystal from the boundary of the
stripe region. It is noteworthy that twins are often
observed on X-ray topograms of LGS crystals.

On the topogram of the wafer cut from the crystal

part grown in theinitial stage, amorphous glassy inclu-
sions can be seen, which do not reflect X-rays. They

2004



I, arb. units (a)

1.0 1.0
0.8+ 0.8+
0.6 0.6

FWHM = 2.66 arc s
0.4F 04L
0.2+ 0.2
1 1

ROSHCHUPKIN et al.

(b)

FWHM =2.44 arc s

O 1
-20 -15-10 -5 0 5
()

10

0
15 20 -20 -15 -10

-5 0 5 10 15 2

1.0 O, arc s
36 d)
0.8F
18
0.6
FWHM = 1.78 arc s .
0 = -
041 .
0.2F —18F
O 1 1 1 - I_36 1 1 1 ]
-20-15-10 -5 0 5 10 15 20 O 0.6 1.2 1.8 2.4
Q,arcs {001} axis, mm

Fig. 9. Rocking curves for the X cut of an LGS crystal: (a) (110) reflection, 6g = 4.982°; (b) (220) reflection, 8g = 10.002°; and
(c) (330) reflection, 8g = 15.101°. (d) X-ray map aong the growth axis { 001} ; (330) reflection.

have a lens shape and are perpendicular to the growth
axis.

HIGH-RESOLUTION X-RAY DIFFRACTION
IN LGS CRYSTALS

High-resolution X-ray diffraction based on measur-
ing the full width at half maximum (FWHM) of rocking
curves makes it possible to analyze the degree of per-
fection of real crystals. Rocking curves are measured
using 8 scanning of crystal's under study near the Bragg
peak and the diffracted radiation is measured by a scin-
tillation detector located at the exact Bragg position
(Fig. 3).

The rocking curves for the Y cut of an LGS crystal
for the (100), (200), (300), and (400) reflections are
showninFig. 8. The FWHM valuesfor these curvesare
FWHM(]_OO) = 3.34 arc S, FWHM(ZOQ) = 3.00 arc S,
FWHM (350 = 3.11 arc s, and FWHM ) = 2.67 arc s.
The small FWHM values of LGS crystals ensure ahigh
contrast for growth defects when X-ray topography is
used. Since the X-ray-beam size was 10 um by 10 mm
in our experiment, the measurement of the rocking
curves was local. Thus, to study the structural perfec-
tion of a crystal, one should measure rocking curves
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from its different parts. Figure 8e shows the X-ray map
measured along the growth axis {001} for the (300)
reflection. The X-ray beam was scanned over the crys-
tal surface with astep of 10 um and 661 rocking curves
were measured to plot a map along the growth axis. It
can be seen from Fig. 8e that the diffraction maximum
isglightly shifted along the growth axis, which isdueto
the change in the interplane distance dzq along this
axis. The maximum deviation of the Bragg peak posi-
tion was AB = 2.5 arc s at a distance of 6.6 mm along
the growth axis, which corresponds to the relative vari-
ation in the interplane distance Adzy)/d(z0) = 8 x 107°.

Similar investigations were al so performed for the X
cut of the LGS crystal (Fig. 9), where the rocking
curves were measured for the (110), (220), and (330)
reflections. The corresponding FWHM values were
FWHM (330 = 2.66 arc s, FWHM ) = 2.44 arc s, and
FWHM 335 = 1.78 arc s. Figure 9d shows the X-ray
map aong the growth axis {001} measured for the
(330) reflection. The X-ray beam was scanned over the
crystal surface with a step of 10 pum, and 241 rocking
curves were measured to plot a map along the growth
axis. In this case, the Bragg peak is also sightly shifted
aong the growth axis, which is due to the changein the
interplane distance dzs. The maximum deviation of
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Fig. 10. (a) Fluorescent yield of an LGS crystal and (b) the distributions of the fluorescent yields Lal, and GaK along the growth

axis{001}.

the Bragg peak position is A8 = 5.0 arc s at a distance
of 2.4 mm along the growth axis, which corresponds to
Ad(330) /d(330) =0 x 10_5

Thus, the measured rocking curves demonstrate
high structural perfection of the LGS crystals.

STUDY OF THE DISTRIBUTION OF LaAND Ga
ATOMS ALONG THE GROWTH AXIS
OF AN LGS CRYSTAL
BY MICROFLUORESCENCE ANALYSIS

The composition of an LGS crystals along their
growth axes was studied by X-ray microfluorescence
analysis in the X cut. The corresponding topogram is
shown in Fig. 6. The X-ray beam was 5 x 100 um in
size and the angle of incidence of X-rays on the crystal
was 45°. In this case, the projection of the X-ray beam
on the crystal surfaceis 7 x 100 um (7 pum correspond
to the growth direction). X-rays with the energy E =
17.479 keV (MoK,,) excites the La L fluorescence
(6 keV) and GaK fluorescence (10.47 keV). Figure 10a
shows the fluorescent yield of an LGS crystal recorded
by a solid-state Ge detector |ocated parallel to the crys-
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tal surface. The fluorescent yields LaL, and GaK,
(Fig. 10b) were used to investigate the distribution of
La and Ga atoms in the LGS crystal along its growth
axis. With this purpose, the X-ray beam was scanned
along the growth axis(i.e., perpendicular to the stripes).

As can be seen from Fig. 10b, the distributions of
the fluorescent yields LaL, and GaK, are synchro-
nously modulated along the growth axis with a period
of 145 um, which corresponds to the period of stripes
on the topogram in Fig. 6. The result obtained demon-
strates that the La and Ga concentrations synchro-
nously drop at the interface between neighboring
stripes.

VISUALIZATION OF ACOUSTIC WAVE FIELDS
IN LGS CRYSTALS BY X-RAY TOPOGRAPHY

Generally, SAW propagation in crystals is studied
by X-ray diffraction [14-15] and topographic [16-18]
methods. X-ray diffraction measurements make it pos-
sible to determine the SAW amplitude and analyze the
SAW decay aong the propagation direction and over
the crystal depth. X-ray topographic methods visualize
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X-ray

Observation plane

Fig. 11. Schematic diagram of the SAW-image formation
by X-ray topography.

the SAW field on a crystal surface. In order to visualize
arunning SAW, one should synchronize the SAW exci-
tation with the time characteristics of the synchrotron
radiation, which significantly hinders the experiments
and limits the frequency range of acoustoelectric
devices that can be studied by X-ray topography
[16-17]. In contrast to running SAWS, there is a real
possibility of studying devices based on standing
SAWSsiin al the frequency range using both laboratory
and synchrotron X-ray sources [18].

ROSHCHUPKIN et al.

The principle of visualization of a standing SAW is
shown schematically in Fig. 11. It is based on focusing
X-rays by a standing SAW. The nodes of a standing
SAW are immobile and are located in the crystal sur-
face plane, while antinodes serve as concave focusing
mirrors and perform aternating focusing of X-raysin
the observation plane located at a distance D from the
crystal surface. The value of D can be determined from
the expression:

D = snBg/2hK*(sin‘0,sin’B + cos’B),  (2)

where 65 is the Bragg angle, h is the SAW amplitude,
K = 217 isthe SAW wave vector, A isthe SAW wave-
length, and [ is the angle between the projection of the
X-ray wave vector on the crystal surface and the SAW
wave vector. When 3 = 0, expression (2) is significantly
simplified:

D = A’sin’64/817h. ©)

As can be seen from expressions (2) and (3), it is
most expedient to use large reflection indices and soft

Fig. 12. X-ray topograms of the X cut of an LGS crystal
excited by astanding SAW: (&) Fresnel diffraction patternin
an acoustic beam and (b) image of the standing SAW. (220)
reflection, 6g = 22.142°, A = 100 um, f = 23.5 MHz, D =
5cm,andh=95A.

CRYSTALLOGRAPHY REPORTS  Vol. 49

Fig. 13. X-ray topograms of the Y cut of an LGS crystal
excited by a standing SAW: (a) acoustic wave field and
(b) image of the distortion of the standing SAW wavefront.
(300) reflection, 8g = 19.008°, A = 100 pum, f = 23.1 MHz,
D=6cm,andh=6.9A.
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X-raysto simplify the experimental conditionsfor visu-
alization of acoustic wave fields. Thus, we used CuK,;
radiation (E = 8.048 keV) for visualization of the stand-
ing-SAW fieldsinthe Xand Y cutsof LGS crystals. The
period in the obtained image of a standing SAW in two
times smaller than the SAW wavelength, since one
wavelength of a standing SAW contains two nodes and
two antinodes. To excite standing SAWSs, we formed
cavity structures on the crystal surfaces by photolithog-
raphy. Each such structure consists of an interdigital
transducer and two reflecting gratings. The interdigital
transducer has the following parameters: the aperture
W = 8 mm, the number of electrode pairs N = 40, and
the SAW wavelength A = 100 um. Thefield of a stand-
ing SAW is formed as a result of the interference
between a running SAW excited by the interdigital
transducer and the SAW reflected from the gratings.

Figure 12 showsthe X-ray topograms of the X cut of
an LGS crystal modulated by a standing SAW at the
resonance excitation frequency f = 23.5 MHz. The
SAW propagation velocity in this cut isv = 2350 m/s.
The measurements were performed for the (220) reflec-
tion at the Bragg angle 6 = 22.142°. The distance
between the X-ray film and the sample surfaceisD =
5 cm. Thetopogram in Fig. 12 shows a Fresnel diffrac-
tion pattern in the acoustic beam, which is due to the
SAW diffraction at the aperture of theinterdigital trans-
ducer. Thedifferencein the directions of the SAW wave
vector and the acoustic power flow vector (PFV) can
also be seen on the topogram in Fig. 12a. The drift
angle of the acoustic power flow was 6.4°. Figure 12b
shows the X-ray topogram of a standing-SAW image.
The dark and bright fringes on the topogram corre-
spond, respectively, to antinodes and nodes of the
standing SAW. The period of the observed periodic
structureis equal to 50 um, which correspondsto a half
of the SAW wavelength. Using the parameters of the
experiment performed (D, A, 6g) and expression (3),
we can find the SAW amplitude. For the topograms
shown in Fig. 12, the calculated value of the SAW
amplitudeish=9.5A.

Figure 13 showsthe X-ray topograms of the Y cut of
an LGS crystal modulated by a standing SAW. Theres-
onance frequency of SAW excitation wasf =23.1 MHz
at the SAW propagation velacity v = 2310 m/s. For the
Y cut, the direction of the acoustic power flow coincides
with the direction of the SAW wave vector. The topo-
graphic measurements were performed for the (300)
reflection at the Bragg angle 65 = 19.008°. The topo-
grams were recorded at the distance D = 6 cm from the
crystal surface, which corresponds to the SAW ampli-
tude h = 6.9 A. The difference in the contrast on the
topogram shownin Fig. 13aisrelated to the presence of
growth defectsin the crystal. The bright contrast corre-
sponds to the regions with color centers. Figure 13b
shows a distortion of the SAW wavefront, which is due
to the difference in the propagation velocities in the
regions showing bright and dark contrasts in Fig. 13a.
As can be seen from the topogram in Fig. 13b, growth
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defects affect significantly the process of SAW propa-
gation.

CONCLUSIONS

Structural perfection and acoustic propertiesof LGS
crystals grown by the Czochralski method in FOMOS
Materialswereinvestigated by the methods of high-res-
olution X-ray topography, diffractometry, and microf-
luorescence analysis.

High-resolution X-ray topography revealed the fol-
lowing main types of growth defects in LGS crystals:
stripes, twins, amorphous inclusions, mosaicity, and
elastic deformations at the boundaries of the regions of
color centers.

Rocking curvesfor different reflectionsin the X and
Y cuts of LGS crystal were measured on adouble-crys-
tal X-ray diffractometer. It has been shown that the
FWHM of therocking curvesisvery small; hence, LGS
crystals can be used as monochromators for laboratory
and synchrotron X-ray sources. Moreover, narrow
rocking curves permit to obtain high-contrast images of
growth defects in LGS crystals by X-ray topography.

X-ray microfluorescence analysiswas used to inves-
tigate the distribution of La and Ga atoms along the
growth axisin LGS crystals. It has been ascertained that
the concentrations of La and Ga atoms are synchro-
nously modulated along the growth axis; the modula-
tion period corresponds to the period of the stripes. It is
shown that the La and Ga concentrations drop at the
stripe boundaries. Study of the propagation of standing
SAWSs in the X and Y cuts of an LGS crystal by X-ray
topography made it possible to observe diffraction phe-
nomena in acoustic beams, determine the drift angles
for acoustic power flows and the SAW amplitudes, and
to visualize the effect of growth defects on the SAW
propagation.
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