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Investigation of surface acoustic wave fields in silicon crystals by x-ray
diffraction: A dynamical theory approach
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X-ray diffraction spectra at different x-ray energies from a Si crystal subjected to a deformation
produced by surface acoustic wave propagation have been modeled using the general framework of
dynamical diffraction theory. The simulations have been successfully compared with the
corresponding experimental results confirming the accuracy of the elastic model describing the
acoustic wave fields inside the crystal.2005 American Institute of Physics
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I. INTRODUCTION tal data® It was indicated that high-resolution x-ray diffrac-
tion could be used to “follow” the generation and propaga-

X-ray diffraction has been found to be a powerful tool to tion of a Rayleigh SAW in a Si crystal. In this work we

characterize surface acoustic wa®AW) fields in crystals present a model based on the x-ray dynamical theory allow-

owing to its high sensitivity to the propagation of theseing a quantitative analysis of the parameter characterizing the

waves. High-quality experimental data have already beeacoustic wave field in a very large acoustic amplitude range.

collected in the case of classical Rayleigh-type SAWdt

has been shown that a simple model based on the kinemati-

cal apprOX|mlat|on could be used someﬂme; to d.Etermmﬁ.ACOUSTICS

some acoustic parameters from hard x-ray diffraction data.

As expected, the kinematical approximation describes well  gaws propagating on nonpiezoelectric substrates can be
the diffraction process if the crystal is far from being perfect.;sed for the development of devices combining acoustical,
When the x-ray penetration depth is much smaller than thgptical, and semiconductor microelectronic functions in a
layer where the acoustic deformation is confined to, x-raysnonolithic form on a compatible substrate. A piezoelectric
interact only with the deformed part of the crystal. In such afjm covering a transducer is a well-known method for gen-
case the kinematical approximation is good and allows th%rating a SAW on nonpiezoelectric substrates and ZnO is
numerical description of the Rayleigh acoustic wave field incgnsidered as one of the most efficient materials for this
the crystal to be validated with sufficient accuracy or Simp'Ypurpose. It can be readily deposited on a wide variety of
the acoustic amplitude and penetration depth to be detegpstrates as an oriented crystalline material of high acoustic
mined in a straightforward mann‘é?.Unfortunater, this cri- coupling efficiency.
terion is not satisfied in many practical cases, especially Tpe sample used in this experiment was similar to the
when Si crystals are considered, as in this work. Kinematicahne described by Tucoulaet al’ A 1.5-um ZnO layer was
theory cannot be applied at small acoustic amplitudes Wheaeposited on a S{001) substrate, covering an interdigital
the crystal can still be considered as perfect. Even in the casfansducer(IDT) which generated a 1@m wavelength
of stronger acoustic fields, x-rays might interact with deepsaw in the ZnO layer. The traveling SAW is initially excited
undistorted crystal regions. In both cases numerical simulgy, the piezoelectric layefby supplying the IDT with af
tions based on dynamical diffraction theory are needed te-365-MHz sinusoidal voltage and is then transmitted
precisely analyze the diffraction spectra and for providingthrough the Si crystal propagating along f140] direction.
quantitative information about the SAW field inside the The acoustic amplitude at the surface can be adjusted from
crystal. zero to a few angstroms by varying the voltage supplied to
A first paper on diffraction by ultrasonically excited Si he transducer(0—10 V). The relationship between the
crystals was already published presenting solely experimenycoustic amplitude and the voltage is assumed to be linear.
However, the proportionality coefficient between the
¥Electronic mail: tucoulou@esrf.fr acoustic amplitude and the applied voltage is not known, and
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TABLE |. Parameters for Eq(1) for the direction[100] in (001) cut of Us = | 8Y e 41ik*s2 co + 71 ko) ekxe 2
crystalline silicon. 3 |B3 | ~°(¢B Cir 3) ) (2)

where{;, and{y; are the real and imaginary partsfand ¢,

ParameteZ ReZ+ilmZ |Zlexpli¢) the phase of3}". A crystalline lattice excited by a SAW can

4 —0.4038-0.5312 0.6673 exp-2.2208) be seen as a periodical grating. X-rays diffracting on de-
L 0.4038-0.5312 0.6673 ex-0.9208) formed atomic planes are sensitive to the grating periodicity
4 -0.3435+0.000 0.3435 ex(3.1416) and produce by constructive interference some diffraction

B 0.6035-0.2976 0.6729 exp-0.4582) satellites around the Bragg peak. The angle between adjacent

B? ~0.6035-0.2976 0.6729 exp-2.6834) satellites measured on a rocking curve depends on the acous-

B 0.0000+0.0000 0.000 exjp-0.000) tic wavelength and can be easily calculated starting from the

By 0.0000+0.0000 0.000 exp-0.000) grating equatioh

B2 0.0000+0.0000 0.000 ex(p—0.000)

B, 0.0000+0.0000 0.000 exg—0.000) 86=N2A sin 6g = dy/ A (3

ﬁ%z 0.4018-0.8148 0.9082 exp-1.1125) where \ is the x-ray wavelength) is the acoustic wave-

Ps 0'4018+0'814.5 0-9082 expL 1125) length, 65 is the Bragg incident angl is the inter-

B 0.0000+0.0000 0.000 ex($0.000) gth, og 99 gle, anty, is the inter

planar spacing of the considered reflection.

Actually, the grating extends only in a near-surface re-
gion characterized by the acoustic penetration dqp;th
therefore the real value of the acoustic amplitude on the crysyhich can be expressed from E(@) as the produck(y;.
tal is a parameter, which has to be determined numerically.Again, the interaction of x-rays with a surface acoustic wave

As described by Royer and Dieulesainfor example, depends strongly on the ratio between the acoustic penetra-
the displacement componenisof surface acoustic waves in tion depthu,> and the x-ray extinction length, the latter de-
the linear approximation propagating in a crystal of cubictermining the region of crystal that significantly contributes
symmetry can be written in the form to the diffraction process. A simplified model taking into
account this relation has been introduced in a previous paper
on the base of a kinematical model.

3
uj/u0 = 2 Bj(s)eigskxs»ei(kxl—wt)’ 0
” I1l. DYNAMICAL SIMULATIONS

Several dynamical theory models describing the effects
wherej=1,2,3,x, is the spatial coordinate in the direction of acoustic wave fields on x-ray diffraction spectra have al-
of the wave vectory; is the spatial coordinate perpendicular ready been published. Most of them deal, however, only with
to the surfacepositive above the surfaget is the time co-  pylk acoustic wave®? or with SAWs but without any com-
ordinate k is the wave numbety is the angular frequencys  parison with experimental dat&**
are the decay coefficientﬁ(s) are the amplitude coefficients, Recently some of us have published a paper showing
anduy is a characteristic oiisplacement. One should note thahat rocking curves of a SAW excited LiNQ@rystal can be
¢y and the,B}s) are generally complex-valued constants deterwell simulated by using a dynamical theory motfelThe
mined from solving the secular equation subject to stressaim of this paper is to present the results of an additional
free surface boundary conditiofisthe B are normalized  investigation for a crystal of a nonpiezoelectric material such
such that? +u3+uj=u3. To solve for the unknown constants as Si and to assess the degree of accuracy of the simulation
in Eq. (1), it is necessary to input several material param-in the quantitative analysis of acoustic wave fields in such
eters. For the results described below, the following seconderystals.
order elastic moduli from Hearmébmwere used for silicon: The dynamical theoryDT) describes exactly the x-ray
€11=165 GPac;,=64.0 GPag,,=79.2 GPa. diffraction for a perfect crystdf In the case of a deformed

Results are given in Table | for tH801) cut of a silicon  crystalline lattice the Takagi-TaupifTT) equations have
crystal with a direction of propagatidi®11]. Surface acous- proven to provide a particularly powerful formalism that
tic waves in this direction are confined to the sagittal planegeneralizes the dynamical diffraction theory describing the
[,8(23):0], and the principal axis of the surface particle trajec-propagation of x-rays in a crystal with an arbitrary
tory is perpendicular to the free surface. Note also that theleformationt*~*6
nonzero real parts of; and {, mean that the surface wave Strictly speaking, DT and the TT equations hold for a
components oscillate as a function of depth in addition tocrystal at rest, without considering temporal variations. This
their decay. Let us definldoz[,B(sl)+ ,8&24 Bf)]ug (see Table is entirely justified in the case of ultrasonic acoustic waves
I) to be the amplitude at the surfag8=0 of the component where the period of the acoustic wavg=1/w,. is of the
perpendicular to the surface. order of 108 s.

In the case of symmetric Bragg reflection geometry, in-  This period is much longer than the characteristic time
plane displacements of the crystal lattice do not influencef x-ray diffraction, 7,,, that can be expressed as the ratio
x-ray Bragg diffraction. By straightforward calculations from between the extinction length projected along the direction
Eqg. (1), the SAW component normal to the surfagsgis  of propagation and the propagation speeaf light (extinc-
given by tion depth transversal timg "
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Aext Frequency

- C?’O’ generator ' o

where A, is the x-ray extinction length for the considered
reflection andy, is the cosine of the angle between the inci-
dent direction and the normal to the crystal. In our cage

Ampli

~108<r,,

‘One can thus consider the deformation as static in com- Detector §i(333) Double Si(111)
parison with the time scale of the diffraction process. This monochromator o ator
justifies the use of the classical dynamic theory and its gen-
eralization by the TT equations, without resort to their time- FIG. 1. Experimental layout.

dependent extension, which can instead be useful when the
deformation has more rapid temporal variations, as in thequivalent to the total intensity on the crystal in the direct
case of optical phonor?§. space.
Hence, we consider the TT equati(fﬁ§%6simplified for
the case of a Bragg symmetric reflection, like that we con-
sider in the experiment: IV. EXPERIMENT

D The experiment described in this paper was carried out
0 = —imky_Dp(r) using a double axis x-ray diffractometer on the optics beam-
ISo line (BMO5) at the ESRFsee Fig. 1
Dy . o The x-ray energy was selected by a standard double
s, = ~i7kxnDo(r) + 2amik 5'() Di(r) Si(111) monochromator slightly detuned to remove higher
harmonics. A second &33) monochromator was placed di-
14(hu) rectly in front of the vibrating $400) crystal to improve the
ﬂ’(r):—(a—eB)sin(ZeB)—E Pt (4) monochromaticity down toAN/A=10"° which is much
Sh smaller thanAN/\=107° accepted by the vibrating crystal.
wheres, and s, are the coordinates along the forward andPrimary and secondary slits with horizontal and vertical gaps
diffracted directions, respectively, and y_y are the compo- Of 1X1 and 0.1x0.1 mm, respectively, were used to colli-
nents of the Fourier expansion of the dielectric susceptibilityMate the beam. The dimensions of the crystal surface illumi-
k=1/\, h is the diffraction vectoru is the displacement Nated by the x-ray beam gave the spatial resolution of the
vector.D, andDy, are the forward and diffracted wave fields, measurement. The double axis diffractometer can provide an
respectively.f- 6 is the angular deviation from the Bragg @ngular resolution of~0.1 arc sec, which is sufficient to
law andr=(s,,s,) is the space variable in the diffraction Separate the diffraction satellites of the rocking curve. A Cy-

plane. berstar Nal scintillation counter was used to measure the
For the simulations presented in this study, #j.were diffracted intensity. _ _
solved numericall§f’ by inserting the displacement pro- The x-ray beam hits the Si surface far from the ZnO film

duced by the acoustic waves calculated from @yfor each 0 make sure that the probed SAW propagated in a free elas-

value of the angle. As mentioned abovey can be restricted tic regime. . . _
to Us. It should be noticed that in Ref. 3, rocking curves were

Because the incident wave on the crystal is monochroMeasured after a §833) analyzer. This analyzer has been
matized by the S{333 reflection, it is well justified to con- "emoved for the present experiment to measure the actual
sider the incident wave as a coherent monochromatic p|an|g_.rof|le of each _dn‘fractlon satellite. Resolutlo_n was still good
wave. The angular beam divergence delivered by the Sgnough to avoid overlap between the satellites.

(333 crystal is accounted for by convolving the wave angu-

lar profile with the Si(333) reflectivity curve, assuming this v RESULTS

as perfect. Furthermore, in this case there is no crystal ana-

lyzer that would require the discrimination of the diffracted ~ In order to evaluate the accuracy of the acoustical model
directions from the vibrating crystal by means of a suitableve have used, it was decided to remain at a fixed x-ray
Fourier analysié! therefore the intensity recorded by the energy and to vary the acoustic amplitudgby varying the

detector is obtained as voltage amplitude supplied to the interdigital transducer. Fig-
. ure 2 shows several rocking curves measured at 14 keV and
(T 2 at voltages of 10, 20, 40, and 60 mV. The model can be
In(6) = J_x [Dy(x, )|, ®) validated only if all the rocking curves can be fitted with the

same numerical acoustical parameters except the acoustic
whereDy(x, 0) is the solution of the numerical integration of amplitudesH,, which should remain proportional to the sup-
Eqg. (3) along the entrance surface for a given incident plied voltages. The number of satellitdsincreases with the
angle#. The absence of an analyzer implies that the intensitamplitude following approximately the laiN= 27H,/d and
in Eq. (5) corresponds to all the diffracted directions from does not depend on the x-ray ene?g'l;/his equation allows
the vibrating crystal. For Parseval’s theorem this intensity isus to restrict the amplitude range to be tested by the simula-
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FIG. 2. Measuredfilled circleg and calculatedunfilled circles rocking

curves at various acoustic amplitudé&s:14 keV,A=13 um.

tion to approximately 0.22 A in the case of(&0) by sim-
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FIG. 4. Measured and calculated rocking curves for several acoustic pen-
etration depths at fixed acoustic amplitudg=1 A.

acoustical model adopted in the simulations is to study one
sample excited by a wave of constant ultrasonic amplitude
and frequency and to vary only the x-ray energy. The results
of the calculations should always converge to the same
acoustical parameters regardless of the x-ray energy. Figure 5
shows the rocking curves measured and simulated at con-
stant amplitudeH,=1 A and at x-ray energies 14, 18, and

25 keV. It can be seen that the agreement between the ex-

ply counting the number of satellites on the rocking curve toperiment and theory does not change over the whole energy

be simulated.

range. It also shows that in the case of Si crystals, the x-ray

All the theoretical rocking curves in Fig. 2 have beenenergy(at least in the range of 14—25 kg not a critical

calculated using Ed2) and by simply adjustingi, to obtain
a reasonable agreement with the measured data. Both calcu-
lated acoustic amplitudes and voltages supplied to the trans-

ducer follow the same linear variation.

To estimate the precision of the calculations, one can see
in Fig. 3 (Hp=1 A ,E=14 keV) that an acoustic amplitude
variation of 0.1 A introduces already a clear mismatch be-
tween the measured and calculated rocking curves. The ef-
fect of the variation of the acoustic amplitude is the most
visible in the region of the rocking curve where the highest-
order satellites grow up. Concerning the acoustic penetration
depth, the accuracy of the simulation is of the order of

0.5 um, as this can be noted in Fig. 4.

Another possible way of verifying the accuracy of the
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-A curve in Fig. 1, the scale is zoomed in on the angular range where theurves at three different energies. Calculations are performed with

highest-order satellite is growing.

=13 um, Ho=1 A, andu;l=k¢;;=3.9 um.
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The approach described in this work is clearly more
powerful than the kinematical one proposed in Refs. 2 and 4
because it is derived directly from the x-ray dynamical dif-
fraction theory by means of the TT equations for a two-beam
case. No approximation of any kind has been introduced in
the x-ray diffraction model. The coupling with the acoustical
model is accounted for in the deformation term of the TT
equations, which have to be solved numerically inasmuch as
no analytical solution exists for a displacement like that in
Eqg. (1). As far as Eq(1) holds true for the acoustic ampli-
tudes, our model enables us to simulate correctly the diffrac-
tion profiles, and not just predict the peak intensity point
values(as it was the case in Ref) Zor a wide range of
acoustic deformations: up to at least 70% of the atochic
spacing.

The classical description of the Rayleigh acoustic wave
has been confirmed to be very accurate, as anticipated. The
next step would be to study more complicated cases like
pseudo-SAWg,dispersive SAWSs in thin-film systerﬁ%,or
nonlinear SAW&?* to characterize the accuracy of the
acoustical models generally used in these specific situations.
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