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X-ray imaging and diffraction from surface phonons on GaAs
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Surface acoustic wave€SAWS) are excited on the GaA§01) surface by using interdigital
transducers, designed for frequencies of up to 900 MHz. The emitted phonons with wavelengths
down to 3.5um are visualized and characterized by combined x-ray diffraction techniques. Using
stroboscopic topography, the SAW emission of a parallel and a focusing transducer geometry are
imaged. High-resolution x-ray diffraction profiles show up to 12 phonon-induced satellite reflections
besides the GaA®04) reflection, with a width of 9 arcsec each. The diffraction pattern is simulated
numerically, applying the kinematical scattering theory to a model crystal. From fits to measured
diffraction profiles at different excitation voltages, the SAW amplitudes were calculated and found
to be in the sub-nm range. @999 American Institute of Physid$S0003-695(99)01538-1

Phonon excitations in crystals have been investigated fofraction, the energy was adjusted by a double-crysidl13)
some time by x-ray, neutron, and light diffraction methods.monochromator to 12 keV. Using the symmet(@4) re-
Of interest is the visualization of the wave field and the de4lection of the GaAs single crystal, the penetration depth of
termination of the amplitude of the surface wave. Possiblghe x rays is below 5um and about the same as the penetra-
applications are tunable monochromators for x tags tion depth of the surface acoustic wave.
neutrons’ Surface acoustic wave§SAWs) on the most In Fig. 2(@), an image obtained from a sample with a
prominent SAW material LiNb@were studied by different parallel transducer structure is shown. Due to the projection
x-ray methods: topography in the MHz frequency redibn of the sample surface at the Bragg angle of 20.7°, the image
and at 300 MHZ. Under grazing incidence angles, x-ray is compressed and tilted in the vertical direction. The SAW-
beam modulation was demonstétedd the influence on sur- propagation directiorf110] is indicated, and the SAW is
face reflections was showf. imaged by a strain-induced variation in contrast with the

In this letter, we describe diffraction experiments undersame period as the wavelengthga,=5um. The vertical
SAW excitation on GaAs. The orientation of the surface isline on the right marks the edge of the transducer. Beyond
(001 and the direction of SAW propagation [410]. The the SAW-induced contrast variation, the defect structure of
efficiency of both parallel and focusing transducers is demthe substrate becomes visible. It represents a dislocation net-
onstrated and it is shown that the mechanical amplitudesork typical for Bridgman-grown GaAs, which is distributed
below 1 nm can be detected. Due to its properties as a direcver the whole crystal. Figure(l® shows an image of the
band-gap semiconductor, GaAs is a very promising materiaéxcited waves from a focusing transducer structure in the
for further SAW applicationg,as well as a material for a form of a segment of a circle. The transducer is located again
SAW-tunable x-ray monochromator. at the right edge of the image and the SAW is focused to a

The synchrotron x-ray source at the European Synchrospot 1000um away on the left side of the image, marked by
tron Radiation Facility(ESRF, Grenoble, offers the possi- two arrows. The magnification shows the focusing wave
bility to perform time-resolved experiments. In the 16-bunchfronts, formed in front of the transducer structure.
mode, out of 992 positions, only 16 uniformly distributed Besides topography, high-resolution reciprocal space in-
positions of the ring are populated by electron bunches. On&nsity maps were collected at the Ga@84) reflection with
bunch packet passes the insertion device in less than 100 ps.
In this mode of operation, the source provides well-defined ]
x-ray pulses with a repetition frequency of 5.68 MHz. As ~ Fro|7 T imestructure
shown in Fig. 1, the driver frequency of the synchrotron was Ry TIONOChrOMaAtOr 20 |

|
208! !
multiplied 102 times by a phase-locked lo@PLL), ampli- 16 bunci’R 2oali pridg | }
fied, and used as excitation frequency for the SAW device. N EQ02| | 100ps | |
S . q y- . 5.68 MHz ¢ §:\ 00500 ade  e6o
This implicates that the surface wave is always in phase to  t=50ps N \=\\§\\\\ ths] <
the light pulses and one obtains a standing image of the 0)%0 nm\\\§\ ~ P
propagating wave. The large x-ray spot size ok4% mn? ' \\\Q X
at the topography beamline allows us to illuminate the whole PLL amplifier ~ < film
sample surface. For both topography and high-resolution dif- x 102 [P579 MHZ R = |
sample
¥Electronic mail: wsauer@Irz.uni-muenchen.de FIG. 1. Experimental setup for imaging surface waves by x-ray topography.
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FIG. 3. Log-scaled, reciprocal space intensity map at the Gad4 reflec-
tion without (left) and with (right) SAW excitation.

For an evaluation of the diffraction data, the scattering
process was treated kinematical and the Fourier transform
over the crystal lattice was performed numerically. The x-ray
scattering amplitude is given by the Fourier transform of the
electron density and can be written in the general form:

N
F(Q)=i§l f,(Q)e'? i, 1)

The sum runs over aNl atoms in the crystal, wherf is
the atomic form factor and; is the position of the atom
The sum is calculated at each pof@talongQ,. With sur-
face phonons of Rayleigh type, propagating al@pg the
transversal displacements of the atoms are al@ngnd the
longitudinal displacements are aloqy . The third coordi-
nate remains constant. The displacement field can be
calculated® and is introduced in the model for the calcula-
tion of the scattering amplitude. To restrict the sum on a
FIG. 2. X-ray topographs of GaAReflection (004, A=0.10 ] with reasonable .number qf Fourier terms, the atoms are grouped
SAW excitation, emitted from a paralléd) and a focusingb) transducer on to cells, which contain 5 elementary cells alo@g and 10
the;right, propagating alonfl10], and magnified image of the indicated along @, . The third direction can be ignored, because the
area in(b). diffraction vector Q has no component in this direction.
Thus, the Fourier sum of Eql) can be written in the fol-

excitation of surface waves with a wavelength of lowing way:

Aspaw=3.5um. For this purpose, a four-crystal setup includ- Ns _
ing a S{111) double monochromator, the sample crystal, and ~ F(Q)= >, fg(Q)e'Q ('stu(re), 2
a Si111) analyzer was used. For a detailed description see =1

Ref. 10. In order to illuminate only the fraction of the acous- jere the sum extends ovBi cells. fs denotes the structure
tic path on the sample surface, the beam size was restrictggctor of one cell at the positions. The displacement of the
to a spot of 0.X0.2mnf. In comparison to Fig. 1, the AW is taken into account by adding the displacement vec-
sample orientation is now turned by 90°. Thus, rocking theg, us(rs) at each position of a cell. The structure factgof

sample and the analyzer stage allows us to record mappingge cell is calculated by summing over all the atoms inside:
in the area including the direction of SAW propagati@p),

and the direction perpendicular to iQ(). For comparison, .
logarithmically scaled mappings of the same region without fs(Q)ZiZl fi(Qe'? . 3

and with SAW excitation are shown in Fig. 3. The mappings -

show the GaAs reflection with a width of 9 arcsec in theThe comparatively small displacements due to the SAW
center, wher&®=K holds, withQ being the diffraction vec- within one cell of the specified size can be neglected because
tor andK the reciprocal lattice vector. Due to the wavelengththe total amplitude of the SAW over its wavelength of some
spread a streak alor@, is visible. Orientated oblique to this microns is below 1 nm.

streak, streaks from the Darwin curve of the monochromator  With this concept, we are able to calculate the scattering
and the analyzer crystal are also clearly visible. Under excipattern for the performed scans numerically by summing
tation of a SAW with a wave vectagsay, Symmetric satel- over aboulNg=2.5x 1(° cells. Periodic boundary conditions
lite peaks alond, at the position®)=K + N-qsaw appear. alongQ, have to be considered, which leads to a sum of cells
By increasing the amplitude of the SAW, up to 12 side peakslong a length of multiples of\ g,y in this direction. Of

on every side of th€004) reflection were resolved. With an course, the width of the peaks in the calculation depends on
amplitude of up to 50% of thé04) peak, they dominate the the number of scattering cells aloi§y,, which were used.
diffraction image and even suppress the sample streak.  To match the measured width of 9 arcsec, which is limited
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1.0 y In summary, the experiment demonstrates the potential
0.00 nm of imaging surface waves on GaAs both in direct and in
0.5 reciprocal space. By topography, the efficiency of focusing
transducers was probed. As there exists the technology for
structurizing the GaAs surface, a further application will be
= 0.0 v the imaging of SAW amplitude and velocity changes by in-
g, . 0.10 nm teracting with beam-steering structures in the path of the
%’ 0.51 SAW and with overlays. By high-resolution diffraction with
g an x ray of small spot size, the amplitude of the SAW can be
= measured with a high lateral resolution, even below surface
0.0 layers.
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