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Abstract We present here the registration of pseudo-surface modes, PSMS, propagating on 
MFdGaAs(ll1) hetemstructures (M = Ca. SI), by means of Brillouin spectroscopy. The 
observed propagation of PSMS can be reasonably accounted for in terms of the simple theory of 
elwticity. Neverheless. a lowering of 3-7% of the velocity values of the PSMS is detected in 
the case of leaky modes with relatively strong leakage. The observed deviations of the velocity 
of the PSMS are then thought to be connected with the presence of a region of roughness of the 
Ruoride/GaAs(lIl) interface extending for several nanometres. 

1. Introduction 

For a detailed description of the effective acoustic properties of real solid systems with 
overlayers it is very important to find correlations between their structural characteristics 
and the velocities, attenuation factors, and surface acoustic mode spectral content. From this 
point of view epitaxial systems are favourable objects for investigation. In many practical 
cases their structural distortions are not very significant and experimentally detected surface 
acoustic wave data can be clearly interpreted in terms of simple elastic continuum theory 
[l]. On the other hand, in the case of CaF&(l11) heterostructures the experimentally 
determined values of the Rayleigh mode (RM) velocity for several thicknesses (65, 100 nm 
[Z] and 1OC-120 nm [3-51) were found to be 3-5% lower than the calculated ones. 

The lowering of RM velocity, V w ,  has been attributed to the presence of the so-called 
misfit dislocations [4,5]. At early stages the growth of the CaF2 film proceeds coherently, 
with the growing layer accurately following the planar parameter of the substrate. This 
produces a planar compression of the film. Thermal relaxation of mismatch stresses induces 
misfit defect formation, and the majority of these was found to be distributed in a region 
near the interface having a thickness that depends on the total thickness of the film, h 
[6]. For h N 100 nm, the relative thickness of the distorted region appears to reach its 
maximum value (- 30 nm). This leads to the detectable softening of the elastic properties 
of the structure and the corresponding 3-5% reduction of VM. 

On the other hand, in the case of SrF&Si(lll) heterostructures no systematic deviations 
between experimentally registered velocity VRM values and calculated ones were found 
[5]. SrFz/Si(lll) is characterized by 6.8% lattice mismatch as compared to 0.6% lattice 
mismatch in the case of CaF~/Si(lll) heterostructures. A lattice mismatch of this size 
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induces the presence of misfi t  dislocations right from the initial monolayer growth stage. 
These dislocations are highly concentrated in a thin interface region several nanometres thick 
[5]. and its contribution to the total film thickness is negligible. In this case no lowering of 
the V w  value was detected. 

In other words, the different behaviour of the V w  and consequently of the elastic 
properties of MFZ/Si(lll) heterostructures, for M = Ca. Sr. can be explained by the 
existence of different scales of the thickness of the distorted region near the interface 
thickness, the probing sound wavelength being about 300 nm. 

At h 2 15C-200 nm MFZ/Si(lll) systems exhibited the presence of localized acoustic 
modes of Sezawa type [2,4,5]. Their velocities correlate with the calculated ones, but 
the deviations in the velocity were larger than those found for the RM. The latter may be 
connected with deeper oscillation of the higher-order modes into the substrate, and therefore 
a more pronounced influence of the defects of the region near the interface on the localized 
propagation of acoustic modes [2]. 

From this point of view, and due to its structure, the most sensitive modes to the 
presence of the defects in the interface region should be leaky, or so-called pseudo-surface 
modes (PSMs). In this case, and in contrast to the normal surface modes, only two of the 
three partial waves are evanescent when leaving the surface, whereas the third partial wave 
is an increasing one [SI. It is also important to notice that in MFz/Si(l11) systems the PSM 
was detected irregularly [2,4] and this complicates its propagation studies. 

Heteroshuctures of MF2/GaAs( 11 1) type (M = Ca, SI) are proved to be a more suitable 
object for the investigation of how the presence of the interface defects would influence the 
PSM propagation. PSMS have been detected successfully in the substrate material, in a wide 
range of azimuthal directions close to [l YO] [9, lo]. Additionally. the existence of the Pshf 
in a sufficiently wide range of the h parameter was predicted by theoretical calculation. 

One may also stress that in contrast to MFZ/Si( 11 l), the MFz/GaAs( 11 1) heterostructures 
are layered systems of ‘accelerating’ character. This means that the velocity of the RM 
increases with thickness until it reaches the Vp value (Vp is the velocity of a slow bulk 
transverse wave of the substrate having the same propagation direction as the RM), and then 
a degradation of the RM takes place, its energy being redistributed among collective surface 
excitations of the bulk velocity range V > Vp [ I ,  1 I]. 

Additionally, the heterostructures with M = Ca. Sr have different relative layerhbstrate 
velocity scales, thus allowing us to vary the character of the dispersion dependences. 

2. Materials, instruments, and methods 

The MFz/GaAs(lll) films were deposited on GaAs(ll1) wafers by molecular epitaxy in a 
research chamber. The substrate temperature was 530-600 “C, and the fluoride deposition 
rate was 3-5 nm min-’. The quality of the lattice, as well as its surface morphology, 
was properly monitored during the growth using high-energy electron diffraction techniques 
[12]. The fluoride layer thickness h was determined by using both ellipsometry data (for 
details see [13]), and by interferometric methods, the experimental error being negligible. 

For the present work CaFZ/GaAs(lll) shctures with film thickness h = 10. 20,40, 50, 
100, 120, 1.50, 160, 170, 220 nm and SrFz/GaAs(lll) systems with film thickness h = 10, 
20, 50, 150, 230 nm have been chosen. 

Propagation of RMS and PSMS in MFZ/GaAs(ll 1) systems was investigated by the 
Brillouin spectroscopy method [14]. The registrations of the spectra of the scattered light 
were conducted by means of the five-pass piezoscanned Fabry-Perot interferometer of 
Burleigh. In all the experiments the electric vector E of the incident beam was parallel to 
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the plane of the incident light. Backscattering geometry was used. For a detailed description 
of the observation conditions see [4,15]. 

As an example, spectra of light scattered by the (1 11) free surface of GaAs, and by 
an SrFz/GaAs(lll) heterostructure with h = 150 nm, are presented in figures 1 and 2 
respectively (see also [ll]). Surface waves propagate along the [IT01 direction in the 
(1 11) plane. Here Brillouin frequency shifts are also represented in velocity units, V .  
V = 6fA/(Zsin(a)), where A is the wavelength of the initial laser beam, and [Y is the angle 
of incidence. 

One can see that the spectrum in figure 1 contains an intense satellite corresponding to 
a Rayleigh mode located at Sf = 10.84 GHz (3.22 km s-l), and another one related 
to the PSM. located at Sf = 8.11 GHz (2.41 km s-'). On the other hand, only the 
spectral component corresponding to the PSM was detected in the case of the sample with 
h = 150 nm, Sf = 9.26 GHz (2.75 km s-'). 

Two theoretical approaches were employed in the identification of the Brillouin satellites 
registered, and to determine the velocities and attenuation factors of the PSMS and RMs. 
Both of them are based on the elasticity theory and employ as input in their calculations 
the stiffness coefficients of the bulk materials [ I ,  161. 

One of the methods follows the scheme of [I], while the second one is based on the 
surface Green hnction matching (sGFM) method [ 171, and it has been used previously by us 
in the interpretation of the Brillouin spectra of semi-infinite systems. The SGFM method was 
also extended to study heterostructures with cubic symmetry [18]. It allows one to obtain 
the RM modes as well defined peaks outside the bulk continuum and the PSMS as the mostly 
Lorentzian peak merged in the continuum density of states [17]. The frequency distribution 
of surface phonons responsible for the Brillouin light scattering spectral content (i.e. normal ' 

and tangential displacements [14]) is shown in the lower parts of figures 1 and 2. Normal 
excitations causing dynamic corrugation of the surface (ripple light scattering mechanism) 
are depicted by the dashed curves, and the tangential ones, manifesting themselves via 
dielectric tensor modulation (elasto-optic coupling) are shown by the dotted lines. 

The experimental attenuation of the PSM was estimated from Brillouin satellite 
linewidths, special deconvolution procedures being applied [19]. Due to the fall of Brillouin 
scattering cross section for the majority of the samples, h = 100-300 nm, caused by 
the destructive interference between the light scattered by both film surfaces [20, 211, the 
intensity of the Brillouin lines corresponding to the RM and PSM was insufficient for absolute 
attenuation value calculations. Meanwhile, the spectral components of light relating to the 
PSM were found to be wide enough to make proper qualitative linewidth comparisons, similar 
to those conducted by us earlier in [22,23]. 

The velocity values obtained by both theoretical procedures are always the same. For 
the PSM attenuation rate (imaginary part of the velocity) we employed the method described 
in [I]. 

3. Experimental results 

The dependence of surface acoustic wave velocities on the normalized layer thickness, q h ,  
for a CaFz/GaAs( 11 1) heterostructure is represented in figure 3. Here the wave vector of 
the RM q is parallel to the [liO] crystallographic direction. The positions of the maxima 
of the observed Brillouin satellites corresponding to the RM are marked by circles, the ones 
corresponding to the PSM by squares. Solid curves are calculated results for VRM as well as 
PSM velocities (VPSM). Experimental velocity values located at qh = 0 correspond to free 
(1 11) GaAs surface measurements. 
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Figure 1. Brillouin specmm of light suttered by a sample of GaAs with a (1 11) free surface. 
The surface wave vector q is parallel to the [IT01 direction. OL = 60'. A = 514.5 nm. Brillouin 
lines corresponding lo Rayleigh wave, pseudo-surface mode and longitudinal resonance ar? 
marked by RM, KM and LR. respectively. The lower pm of the figure represents the calculated 
surface phonon density distribution. 

During Brillouin spectra registration the angle of incidence of the light, 01, was varied 
from 40° to 70" for each sample investigated. This permits us to obtain several experimental 
values of the velocities of the RM an PSM corresponding to the region of qh = (1.5- 
2.3)xlO-' h. It should be remarked that the deviation between the experimental velocity 
values of the measurements of nearly equal q h  parameters but for samples of different h 
do not exceed standard experimental error. 

Figure 3 shows that a smooth increase of V w  is observed with qh ranging from 0 to 
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Figure 2. Brillouin specmm of light scattered by an SrFdGaAs(ll1) heterosvucture with 
h = 150 nm. The surface wave vector q is parallel to the [IiOl direction. CI = 60‘. 
1 = 514.5 nm. Same conventions as in figure 1. 

0.8, and the experimental velocity values are in good agreement with the calculated ones. 
In the range of qh = 0.8-12 tbe RM gradually degrades. and the corresponding Brillouin 
satellite was not detected [ll].  

In contrast with the RM degradation, the PSM exists in the whole span of qh. The PSM 
velocity is smoothly increased, reaching its maximum value, 3.295 km s-’, at qh 2 1.7. 
Further qh increase leads to the V~SM reduction asymptotically limited by the velocity of 
the layer material Rayleigh mode (see the broken horizontal line, V = 3.18 km s-]), The 
experimental results for VBM appear to he correlated with calculated ones. Nevertheless, 
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Figure 3. Experimental-and calculated data for surface acoustic wave velocities versus qk in 
CaF2/GaAs(lll), q I/ [llO]. Theoretical dispersion curves for the RM and PSM (solid lines) were 
calculated using elastic constanis of bulk CaF2 and CaAs [16]. Experimental velocity values are 
shown by circles; squw are those comsponding to the PSM. Broken horiwntal lines mark the 
velocity values of the slow transverse bulk wave of the substrate material ( V r  = 2.41 km s-'), 
and the layer one (V., = 3.246 km s-I): VWS = 2.421 km Ct, corresponding to the RM 
velocity of the substrate material, and that of the layer, VRMt = 3.19 km s-l. are represented 
by dotted c w e s .  The lower parr of the figure represents the calculated imaginary pm of VPSM. 
and the crosses are the results of the Brillouin satellite linewidth measuremenis expressed in 
arbitrary mils. 

one may observe that there is a 2 3 %  systematic deviation from corresponding iheoretical 
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values toward lower-velocity ones. 
The results of a calculation of the imaginary part of V p s ~  are represented in the lower 

part of figure 3. Corresponding linewidths of Brillouin liues after deconvolution are shown 
on an arbitrary scale, and are represented by crosses. The linewidth value located at qh = 0 
corresponds to the free (1 11) GaAs surface measurements. 

One can observe qualitative agreement between the variation of the linewidth of the 
Brillouin satellite corresponding to the PSM and the character of the dotted curve describing 
PSM attenuation. It is seen from figure 3 that the PSM becomes the most rapid and the 
most ‘leaky’ at the same qh value, qh 1.7. With further q h  increase the PSM attenuation 
decreases and by its structure the PSM is shown to go to the normal surface mode playing 
the role of the pre-Rayleigh mode of the system. 

One may also conclude from figure 3 that the more leaky the PSM is, the greater the 
deviations from the calculated V p s ~  values are. That is. V p s ~  deviations reach 3-5% when 
PSM attenuation is maximal, qh = 1-3.5, but in the range of qh < 1. qh > 3.5, i.e. far 
from the maximum of the attenuation curve, V p s ~  deviations do not exceed 2-2.58. 

The results of similar observations in the case of the SrFz/GaAs( 11 1) heterostructure 
are shown in figure 4. Here the RM velocity rises from 2.427 to 2.74 km s-’ with variation 
of qh, qh = 0-1.5, until finally the degradation of this mode takes place. In the whole area 
of RM existence good agreement between the experimental and calculated VRM values can 
be observed. 

With variation of qh from zero to six the V ~ S M  value is reduced monotonically from 
3.2 to 2.67 lan s-’, and, as in the previous case, at large qh values the PSM is found to be a 
precursor of a new RM of the structure. Experimental values of V=M satisfactorily correlate 
with the theoretical curve, systematic deviations being practically absent for the regions of 
q h  = 0-1, and for qh > 4.5. In the region of qh = 1.54 experimentally determined 
V B ~  values show a 4-7% lowering relative to the evaluated ones. Similarly to figure 3 the 
latter qh parameter values correspond to the maximal PSM attenuation (see the lower part 
of figure 4). The results of the determination of the satellite linewidth corresponding to the 
PSM are also represented. The variation of the linewidth versus qh agrees with the dotted 
curve, corresponding to the imaginary part of VSM. 

For the [121] crystallographic direction, the velocities of the surface acoustic waves for 
different qh values are presented in figure 5 for CaF2/GaAs(lll) heterostructures. Note that 
for this propagation direction the particle displacements in the RM are found to be purely 
sagittal, and the PSM is initially (qh = 0) absent [SI. 

It is seen from figure 5 that with the increase of the q h  parameter a degradation of 
the RM followed by a V, rise from 2.6 to 2.72 km s-l is observed (qh = 0-1.5), and 
the measured VRM values agree with the calculated ones. For the qh = 1.5-2.7 range the 
system does not show any reasonable surface resonance, and only at qh = 2.7-3 has a new 
surface excitation of typical layer material velocity values been formed [ 111. 

This new excitation by its structure proves to be a PSM with a relatively strong attenuation 
at its initial stages, qh = 3 4  The velocity of the new mode monotonically decreases with 
increasing qh, asymptotically approaching the RM velocity limit of the layer material, and 
becoming less and less ‘leaky’. 

Values of the velocity of the new mode measured by Brillouin spectroscopy correlate 
with the theoretical curve, but deviate from it towards smaller velocities by 3-7%. As for 
the previous cases, the deviation appears to be more pronounced for the stronger attenuation 
values, qh = 3 4 .  

The results of surface acoustic wave velocity measurements in the SrFz/GaAs(lll) 
heterostructure for the [121] direction are shown in figure 6. Here, in contrast to figure 5, 
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Figure 4. Experimental and calculated data for surface acoustic wave velocities versus q h  
in SrFZ/GaAs(lll), q jj [IiO]. Theoretical dispersion curyes for RM, PSM were calculated 
using elastic constanls of bulk SrF2 and GaAs [161. Same conventions as in figure 3. 
Vp = 2.414 km s-’, VTi = 2.95 km s-I; V w s  = 2.427 km s-’, Vmi = 2.615 km s-’, 

the VT. value is found to be higher than the layer material Rayleigh velocity value-the 
‘upper’ limit of VRM. Therefore one should not expect the disappearance of the initial RM 
with qh increase, and the RM proves to be the normal mode of the structure in the whole 
span of qh.  The latter is confirmed by a good coincidence between measured and calculated 
V w  values, qh  = &5. 
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figure 5. Experimental an$ calculated data for surface acoustic wave velocities versus qh 
in C&/GaAs(ill), p 11 [IZI]. Same conventions as in figure 3. V v  = 2.749 km s-', 
V,, = 3.696 km s-'; V-* = 2.61 km s-l, Vm, = 3.43 km s-I. 

4. Discussion 

Reasonable agreement between experimentally determined and calculated RM velocity 
values, as well as the ones of PSM characterized by relatively low leakage (qh = 0-1.5, > 4, 
figures 3 ,4 :  qh = 0-1, > 5, figure 5 )  is observed for both MF2/GaAs(l 11) s@uctures, M = 
Ca, Sr. This fact shows their structural quality. Also, noticeable deviations of the measured 
V p s ~  values from those predicted by the theory were detected for those qh regions where 
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Figure 6. Experimental an! ealculoied data for surface acoustic wave velocities versus gh 
in SrF~/GaAs(llI), p 11 [121]. Same eonventions as in figure 3. V p  = 2.743 km s-', 
V,, = 2.893 km s-I; V a s  = 2.6 km s-I, Vat = 2.717 km SKI. 

the PSM leakage is relatively high qk = 1.5-3, figure 3; qh = 2 4 ,  figure 4; qk = 3-4, 
figure 5. 

As in the case of the normal surface mode propagation we assume the observed deviation 
to be connected with structural properties of the region near the interface, depending here on 
the PSM attenuation magnitude. In fact, the attenuation of the leaky mode defines uniquely 
the degree of its wave vector deviation from surface into the bulk. The wave with stronger 
attenuation, i.e. with stronger deviation of its wave vector from the surface plane. must 
interact more deeply with the interface regions and so it probes deeper into the structure 
distortions than waves having a smaller attenuation or the normal modes. 

In our opinion, the systematic 3-5% discrepancy in velocities in the case of QSM modes 
with a more pronounced attenuation, detected in both heterosystems, is connected with the 
interface roughness. After removing oxides from a GaAs wafer under As flux its (1 11) 
surface becomes rough, as was seen by 3D spots in the reflection high-energy diffraction 
pattern, the dimension of the hillocks being several nanometres [21]. During the fluoride 
film growth the surface becomes flatter, giving streaky diffraction patterns 1221, but the 
buried interface roughness remains. It exists in all the films (qk  = 0-6). However, it 
manifests itself in those structures, where the propagating modes are significantly leaky: 
q h  = 2.5-3.5 figure 3; qk = 1.5-3 figure 5; qh = 2 4  figure 6. 

The different sign of the lattice mismatch of CaF2/GaAs(l11) and SrF2/GaAs(lll) 
does not produce a difference in the elastic properties of the smctures, because in both 
films misfit dislocations are strongly situated in the thin rough layer near the interface 
and give the same mechanism of thermal relaxation of stresses. This feature distinguishes 
MF#hAs( 11 1) systems from the iW$Si( 11 1) structures studied earlier [2-5]. Atomic 
flatness of the Si substrate in the latter case gives rise to the divergence of the misfit stress 
relaxation among the two fluorides, and thus of the elastic properties of the structures. 
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Note that non-homogeneous defect distribution through the film depth in both types of 
heterostructure, MFdGaAs( 11 1) and MFZ/Si( 11 l) ,  should lead to an equivalent variation of 
the local elastic properties of the layer versus h. 

For 3 4 %  V w  mismatch compensation in the case of CaFZ/Si(lll) structures of 
h rr 100 nm where the region near the interface is 30 nm thick, the authors of [Z] had 
to vary the elastic modulus values up to 10% in terms of the simple elastic continuum 
model. 

This fact, as well as the results of our observations in MFz/GaAs( 11 I), shows that 
the local elastic properties of the fluoridehemiconductor heterostructures may considerably 
differ from those of the bulk material, and from continuum integrated estimations. 
Therefore, for the adequate characterization of the elastic properties of even fainter epitaxial 
systems theoretical models including flexible depth dependent elasticity variation should be 
developed. These models could be in the spirit of the planar defect approach [23], or the 
effective medium approximation 1241, employed in the case of superlattices. 

The behaviour of the Brillouin satellite linewidth corresponding to the PSM qualitatively 
follows the theoretical attenuation curve in all the cases discussed (see the lower parts of 
figures 3-5). However, present experimental spectral resolution was found to be insufficient 
to study the influence of the interface roughness on the PSM attenuation as well as on the 
broadening of the Brillouin satellites corresponding to RMs. 

5. Conclusion 

Both structures, MFdGaAs(ll1). M = Ca, SI, exhibit the presence of Rayleigh and pseudo- 
surface acoustic waves, which are reasonably well described in terms of elastic continuum 
theory. The lowering of the experimentally detected VPSM values is detected in the case of 
PSMS of relatively strong leakage. The observed V p s ~  deviations are thought to be connected 
with the presence of a roughness of the fluoride/GaAs(lll) interface region with a typical 
dimension of several nanomekes. 
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