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by Stroboscopic Topography

I. Orientation Contrast
By
H. Cerva?) and W. GrAnz®

Surface acoustic waves ave investigated by stroboscopie topography using synchrotron radiation
from the storage ring DORIS. The observed contrast of the acoustic displacements of the lnttice
planes has the same periods as the acoustic wave. It is demonstrated that the major part of the
contrast is due to orientation contrast of the curved net planes. Intensity maxima eorrespond to
troughs of the acoustic wave, minima to crests. A numerical treatment yielding ray tracing maps,
intensity curves as well as focusing conditions which ave in quantitative agreement with the
oxperimental data are presented.

Akustische Oberflichenwellen werden mittels stroboskopischer Réntgentopographie untersucht.
Dazu wird die Synchrotronstrahlung des Speicherrings DORIS benutzt. Der beobachtete Kontrast,
der durch die akustische Verschiebung der Netzebenen entsteht, hat die gleiche Periodizitit wic
die akustische Welle. Bs wird gezeigt, daBl der Hauptanteil des Kontrastes durch Orientierungs-
kontrast der deformierten Netzebenen zustande kommt. Die Intensititsmaxima entsprechen den
Tilern der Oberflichenwelle, die Minima den Bergen. Eine numerische Behandlung ermdoglicht
die Berechnung der Strahlwege und damit die Simulntion des Kontrastes. AuBerdem erhiilt man
einen Ausdruck fiir den Intensitiitsverlauf und Fokussicrungsbedingungen, die mit den experi-
mentellen Ergebnissen quantitativ {ibereinstimemen.

1. Introduction

During the last two years X-ray topography experiments using a stroboscopic techni-
que have been performed in the MHz region using the time structure of synchrotron
radiation. Gliier et al. [1] studied standing bulk waves and their effect on the image
formation of dislocations in quartz. Whatmore et al. [2, 3] made use of this new
method when imaging travelling surface acoustic waves (SAW) on a LiNbO, television
IF filter. At present the scanning electron microscope (SEM) working in the strobo-
scopic voltage contrast mode as introduced by Feuerbaum et al. [4, 5] is the most
important tool to control SAW device performance.

Though travelling waves can be visualized in the SEM no information concerning
crystallographic defects and strains in the substrate can be obtained. Stroboscopic
X-ray topography, however, permits to image the surface waves, crystal defects,
and mechanical deformations simultaneously.

From our investigations on a similar LiNbQ; device we found that the charac-
teristics of the wave contrast formation need explanation first. Then it is evident
which conditions and effects should be noticed to make guantitative statements on
surface wave propagation and its interaction with crystal properties,

1) Notkestr. 85, D-2000 Hamburg 52, FRG.
#) On leave from Inst, f. Angewandte u. Techn. Physik, Techn. Universitiit Wien, A.1040 Wien,
Austria,
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9, The Stroboscopic Technigque

Synchrotron radiation from storage rings has a very pronounced time structure as
the circulating particles (electrons or positrons) are concentrated in so-called bunches.
Two parameters of this time structure are fixed and one can assume certain predefined
values. The fixed parameters are circulation time of an individual bunch and its length,
in case of DORIS 960 ns and 150 ps, respectively. The variable parameter is the
number N of stored bunches which at DORIS can vary between 1 and 480 with the
restriction that 480/X is an integer. Hence the pulse repetition time varies between
2 ng (N = 480) and 960 ns (V = 1).

Most of our experiments have been performed with the storage ring running in
single-bunch mode which offers the greatest flexibility for stroboscopic topography
as phenomena of n times the source frequency can be investigated.

The key to stroboscopic topography is the exact synchronization of the observed
process, here surface acoustic waves, to the time structure of the source. The latter
is defined by a master oscillator which controls the HF cavities of the storage ring
(see Fig. 1). From this oscillator a bunch trigger signal is derived to phaselock a fre-
quency synthesizer via its external clock input to 1.040968 MHz, the frequency of
a reference bunch. The frequency synthesizer can produce multiples of this fundamen-
tal frequency up to 1 GHz. A subsequent broad-band amplifier delivers the driving
signal for the sample up to 15 V amplitude. A variable delay allows for changing the
phase relation between the bunch trigger and the actual photon pulse arrival in steps
of 2 ns. :

As the typical exposure time in our experiments was about 1s, purely periodic
proceases can be imaged by this technique with fime resolution of the order of nano-
seconds but any irreversible phenomenon occurring on a time scale shorter than the
exposure time will obviously not be visible.

3. Rayleigh Waves on Lithium Niobate

Surface acoustic waves are elastic waves propagating on the surface of a solid or liquid
medium (e.g. Rayleigh waves) [6]. For SAW applications this medium is a piezoelec-
trie, anisotropic crystal. By means of an interdigital transducer (IDT) — an array of
conducting strips deposited on the crystal surface — electromagnetic signals generate
surface waves due to the inverse piezoelectric effect (Fig. 2).

electron buncheas
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technique. The SAW issynchronized
- to the incident photon pulses result-
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generator pliien t.hi film & ¥
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Fig. 2. Photomicrograph of the 36 MHz ¥YZ LiNbO, SAW device with a single interdigital trans-
pucer

The linear theory of elasticity permits to describe elastic waves in a charge-free
piezoelectric solid. These waves are found by solving a system of four coupled wave
equations for the three clastic displacements w; and the electric potential ¢. At large
depth of the crystal «; and p should vanish, At the surface which is assumed not to be
metallized the potential should be continuous and fulfil Laplace’s equation outside the
crystal. Usually the solution for SAW is written as a linear combination of partial
waves,

uy = {3 CWa exp (KM} exp [EK (2, — )]; =123,
¢ = {¥ O™l exp (1KbMay)} exp [ K (x, — o1)],

where K is the acoustic wave number, » the phase velocity, 0™ weighing coefficients,
o) the amplitudes, and b™ the decay constants of the partial waves. The geometry is
explained in Fig. 8. A procedure how to find the solution is outlined in {6].

The motion of an individual atom in an arbitrary SAW is elliptical. At the surface
the elliptical motion is retrograde and changes its sense of circulation deeper in the sub-
strate.

(1)

Fig. 8, X, ¥,Z are rectangular crystal axis while =, x,, x4
are the coordinates of an orthogonal systom defining SAW
propagation in the Y cut, Z propagating case. K ig the
acoustic wave vector
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. For ¥-cut, Z-propagation LiNbO, (trigonal 3m, space group R3c) the wave equa-
tmnf] decouple and only the components u,, g, and ¢ form the SAW. The component
Uy Blves an additional transversely polarized bulk wave. The particle motion of the
SAW lies in the sagittal plane (¥Z plane) and «, and u, are nearly in phase quadra-
ture, We have calculated the partial wave constants mentioned above for the case of
1% LiNbO,. The values are given in Table 1 (values for » = 4 are omitted as they do
nob contribute to the SAW in this case). They are normalized to u4(0) = 1. The
ahsolute squared values of the surface displacement amplitudes for YZ LiNbO, are

[24(0)]% cw
4P

given in [6], with ¢, == 8,16 x 10-2 m3J-! and ¢y == 6.86 X 10712 m3J-1, » ig the
frequency of the SAW and P the power per unit width carried in the wave parallel to
the propagation direction. In order to estimate |%3{0)], § = 1, 3 corresponding to a
voltage {7, applied to theIDT we assume that |24(0)| increases linearly with Uy, (which
might be false for large Uy, due to anharmonic effects). The input power Py, is given by

== Cy; i=1,3, 2)

Py — 2270 @

where UJy, is the peak applied voltage and G(w) the frequency dependent input con-
ductance.

This power is completely converted into acoustic power of the SAW if the number
of finger pairs in the IDT is sufficiently large [7]. Then we may write

P
Vo= 4
I R (4)
where e is the aperture of the IDT. This yields
I [eG(w)\V2
: = (N 5
o) =5 (N, 5)

For the next sections we define the abbreviations ay = |uy(0)] and a, = |uy(0)].

Table 1
Partial wave constants for o SAW on YZ LiNbQ,, v = 3488 m/s

n b(n) i Cn) oey(n)

1 0.3804 — ¢ 1.0378 —0.324 — 7 0.497
0.0
—0.078 - ¢ 0.360

—0.781 7 0.211
0.392 — 4 0.209
0.0
0.098 — ¢ 0.500
0.784 + 7 0,480

—0.064 4 7 0.088
0.0
0.980 -7 0.139
0.089 — 40,139

&

—0.39569 — 1 0.7738

3 0.0646 — £0.1218

Lo R LR RS SR
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4. Experiments

For our experiments we used YZ LiNbO, devices as shown in Fig. 2 equipped with one
IDT only. We had IDTs with different center frequencies (35 and 56 MHz) and sub-
strates of different crystal quality at our disposal. The substrate was chosen such that
no grain boundaries or ferroelectric domains impaired the wave excitation or propa-
gation. In order to avoid strains and torsions the plate was glued onto the mounting at
its right edge only. Both edges were then covered with an adhesive acting as an acoustic
absorber. The complete device was fixed on a goniometer.

Experiments have been performed at the white beam topography station at
HASYLAB. The electron energy of the storage ring DORIS was 5 GeV with an average
current of 17 mA.. Two types of photographic material were used, single coated Kodak
Industrex R film and Ilford L. 4 nuclear emulsion plates. The exposure times were
about 0.5 s for the Kodak film and two to three times longer for the nuclear plate.
The distance from the sample to the source is 34 m and the source size is about 2 mm
vertically and 4 mm horizontally. The film was placed 5 to 20 em behind the sample
which was set for taking reflection topographs in the vertical diffraction plane because
of the intrinsic polarization of the synchrotron radiation beam. The crystal was
exposed to the white beam. Therefore, one has to take into account the superposition
of several harmonics in each Laue spot.

Tig. 4. (a) Reflection topograph of
the device shown in TFig. 2 (Kodak
R film) 24 mA, 0.2 8 exposure time,
0 = 25°, (03.0) reflection. b indientes
the projection of the diffraction
veetor onto the film; b) same as ),
but with SAW excitation
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We concentrated on the (0k.0) reflections, & = 8, 6, ..., which represent net planes
parallel to the Y2 LiNbQ, surface. This gives a symmetric Bragg case with the SAW
amplitudes a, normal to the surface and g, parallel to the Z-axis.

Yig. 4 shows two reflection topographs from the same crystal. In topograph a no
surface waves are excited., Each conducting wire gives rise to two shadows because
they are illuminated by the incident and reflected beam simultaneously. The crystal
has a dislocation density of about 10 ecm™! (or even higher — because of invisible dis-
locations) and no grain boundaries. The left side of the topograph appears much
brighter and the edge is no straightline. This is the side where the crystal is fixed to
the mounting. The distortions give a strong orientation contrast. The adhesive on the
edges of the sample absorbs photon intensity as can be seen on the right side of the topo-
graph. The IDT is visible ag a more strongly reflecting area because of the strains
induced by the electrode structure.

In topograph b surface waves are excited at 35.4 MHz with 16 V. On the left part
of the topograph where the waves pass the strongly distorted surface the orientation
contrast can be observed best. Depending on the sense of the curvature of the net pla-
nes the spacing of the acoustic wave fronts appears broader or narrower. The oblique
edge reflects surface waves despite of the adhesive. In addition the IDT excites spuri-
ous waves propagating along the X-axis, The fact that they are visible in the (03.0)
reflection indicates a displacement component perpendicular to the surface.

The contrast formation of the SAW is demonstrated by the following experiment.
A wire of 25 pm diameter was placed in front of the crystal at a height of about 1 mm
inclined to the propagation direction of the SAW. The illumination condition was as
ilustrated in Fig. 5a so that the wire casts two shadows s, and s, onto the film. When
comparing with the topograph in Fig.5b s, has wavy but sharp borders. The troughs of
the surface wave bring the reflected X-rays into focus, the crests defocalize, which ex-
plains the wavy shape. Shadow s,, however, already occurs in the incident beam and
its border lines give a diffuse image. This additional contrast arises from the penetrat-
ing wave fields which are deflected by the strain field of the SAW and emerge in area s5.
This phenomenon has been investigated in case of homogeneous [8] and dislocation
strain fields [9] and will be considered for this particular case in Part IT of this paper.

b. Orientation Confrast Formation

Usually the extinction length A, which measures the thickness of the surface layer of
the crystal whieh builds up the reflected beam is small compared to the acoustic wave-

Incident beam ¥
I

S -

F -
Y LB

Fig. 5, 0) Sketch how the two shadows in topogmp]ﬁ b) rm‘e fOI;H‘lBl‘Il% ];) Ré‘fleoio t '
: . . . pograph
‘(215(0dak R film) 18 mA, 0.3 s exposure time, 6 = 35° (03.0) reflection. The wire diameter was
pm
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length /. For instance, in the case of a 35 MHz IDT on Y2 LiNDbO, considered above
we have approximately A = 100 pm and for the 03.0 reflection with A = 0.18 nm
the extinction length A, = 6 um. Even with the second order 06.0 (1 = 0.09 nm),
Ao = 22 pm is still a small fraction of the acoustic wavelength. In this case the curva-
ture of the net planes due to a travelling Rayleigh wave does not change very much
over the extinetion length.

We then may approximate the Bragg reflection from a set of net planes parallel to
the surface (symmetric Bragg case) by a simple mirror reflection from & corrugated
surface, We neglect the changing lattice orientation inside the cryatal which is seen
by a penetrating wave field. This effect can be separated from the surface reflected
beam as demonstrated in Fig. 5 and will be discussed in Part IT of this paper. The orien-
tation contrast can be investigated by ray tracing calculations.

For this purpose we define a coordinate system with the sy-plane forming the un-
disturbed crystal surface. The az-plane defines the scattering plane although small y
components are allowed. This coordinate system differs from the one used in the previ-
ous section by a rotation about the z-axis, Thus the acoustic wave propagation is not
bound to the scattering plane. A source point is located at R, = (—L cos 6, 0, L sin 6),
& distance L away from the crystal. The unit vector 8§, = (cos 0, 0, —sin 0) points
from the source to the origin. The angular deviation of a ray with respect to §; is
expressed by angles ¢ and @, p lying in the xz-plane and ¢ perpendicularly. Hence the
ray direction is s, = 8§, + As, with As; = (—ypsin 0, ¢, — cos 0). This ray hits the
erystal surface at », = (-—Ly/sin 0, L, 0) (see Fig. 6).

The Rayleigh wave is expressed in coordinates #, = (x, ) of the unperturbed crystal
surface,

r = (x — a, cos § sin @, y — a,sin f sin D, a, cos D) (6)
with

b = r K =(LK(p sinf —p g)

f is the angle of the acoustic wave vector I{ towards the z-axis.
The local surface normal n is parallel to the vector f = (8»/0x) x (0r/8y) which is
evaluated to
[ = (a K cos f sin D, a K sin D, 1 4 a) K cos P) (7)
and

f=1fl =¥1 4 2a,K cos @ + K2(af cos® @ + af sin? @)

Neglecting terms of second order in the amplitude we obtain

n = {- == (a0, K cos § sin @, ¢, K sin fsin @, 1) . (8)

Fig. 6. Coordinate systems used to simulate orientation
contrast. Letters are exploined in the text
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Obviously the longitudinal part of the Rayleigh wave can be omitted (which is no long-
er true with asymmetric reflections).
The “diffraction condition” s, = s, + h for unit vectors s, and s, yields

h* = —2s,. h,
h= —2(8,-7)n,
20y K sin @ sin 0 cos f
h=| 2a.K sin @ sin 0 sin ' (9)

2 sin 0 — 2 cos O( a K sin D cos f — )
Then we can determine the direction s, of the reflected ray

co8 @ — ysin § -+ 20, K sin @ sin 0 cos f
s, = ¢ + 2¢q,K sin D sin 6 sin . (LO)
sin 8 4 y cos O + 2a,K sin @ cos § cos f
The film is located a distance D away from the origin and is perpendicular to 8, =

= (cos #, 0, sin 6) so that any point 7; on the film fulfils the relation#; - 8, = D. The
reflected ray with direction s; coming from » hits the film at

e = P, -+ I8y, (11)

where ¢ = D -- Ly/(tan §. The vector »; — (D cos 8, 0, D sin ) lies in the film plane
and leads to the film coordinates by setting

Te == Tty

Ye =V (ree — D cos 0)® + (re, — D sin 6)2.
From (12) and (13) we finally have
= (L -F D)g + 2Da, K sin @ sin O sin g,

12
yr == (L -+ D)y — 2Da K sin @ cos f . (12)

Fig.7 shows some ray tracing maps for different crystal to film distances. The troughs
of the surface wave focus the reflected waves at a certain distance, whereas the crests
defocus, resulting in a non-sinusoidal pattern with /-periodicity.

Lines of constant ¢ which on the crystal surface form an angle § towards the y-axis
are imaged on the film with an angle « towards the xp-axis. These two angles are related

by
tan o = gin @ tan § . (13)
In order to calculate the local intensity we have to determine the area on the film illu-
minated by an incident ray bundle confined to the solid angle dip dg. This area dff
is obtained by
AF = (e, yr) w0 Be, ye)
o A

dyp dg

=l (L + D)2+ 2D(L + D) oy LK? cos @ (sin 0 sin%f - c:;:;g) l dy dp .

(1)
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With the area dF, = (L 4 D)>dy dep corresponding to zero amplitude we find the
intensity ratio

I dF . - cos? #\ L ]—1 T
_I.;zdﬁfx[l—|-2DatK2cosCD(sm651n ﬂ+sin6 1D - (15)

An analytical expression of the dependence of I/ on the film coor.dina,tes rat!ler thap
on the incidence parameters cannot be given, as the reverse function of (15) is Inllllt‘.l-
valued beyond a certain distance Dy, the focal distance. For D > Dy several contribu-
tions to the intensity must be added in certain areas (see Fig. 7).

The focal distance is found by setting cos @ = —1, dF = 0 and assuming D <€ L
which leads to
Dy = sin 6[2a,K?(sin? 6 sin? § 4 cos® £)]71. (16)
With K = 2¢/A we find for the extreme cases § = 0° and f = 90°
A?gin §
=0°) = ——— 17
DF(ﬂ =0 ) Sﬁzaﬁb ’ ( )
A2
(8= 90°) = — 18
Dy (ff = 907) 8%, sin 0 (18)

With § = 37.6° and /1 = 100 pm a focal distance Dy = 20 ¢m is achieved by an am-
plitude as low as 0.38 nm (8 = 0) or 1.04 nm (B = 90°), respectively.

For agiven amplitude a wave travelling oblique to the scattering plane gives a weak-
er contrast than one with a parallel direction. This must be kept in mind when looking
for scattered waves with different directions.

From (5) we may calculate the amplitude a, for the 35 MHz IDT. With o =
=27 - 36.4 X 10%571, & measured impedance ((w) = 0.43 mS, and an IDT aperture
@ = 1.57 X 107 m we find a,/U;, = 0.092 nm/V. Fig. 8. shows for a fixed distance D
and varying voltage U, the densitometer tracks of the SAW contrast observed under
# = 90°. They are compared with theoretical curves obtained from (15). In addition
an extended source was taken into account by convolution with the geometrical image
of the source produced on the film by reflection through one point on the crystal sur-
face. The agreement is quite satisfactory.

By finding the focal distance Dy and measuring the acoustic wavelength A as well
a8 the angles 0 and f, the acoustic amplitude ¢, can be determined in a straigthforward
manner. Unfortunately a source size of a few tenths of a millimeter is required for a pre-
cise determination of small amplitudes due to the increasing focal distance and the
simultaneously increasing source image. A small pinhole closge to the source is necessary
in case of DORIS to perform these measurements with sufficient accuracy.

/\m\M AA\/\/ Fig. 8. Comparison of densitometer curves

with theoretical curves. The input voltage
has the following values: a) Uy, = 2.5,
b) 5.0, ¢) 7.5 V. The distance D was fixed

at 18 cm, the Bragg angle 8 = 45° and

\/\/\/\/\/\/ B =90° The intensity curves caleulated
for a point source are oonvoluted with a

q h | source width of 3 mm corresponding to an

image width of 16 pm
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