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Strain-fluctuation effect on Raman spectra
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We show that the interaction of phonons with static strain fluctuations induces an inhomogeneous shift and
a broadening of Raman spectra. The Raman scattering cross section is calculated in terms of the averaged
strain, which relaxes smoothly in real space, and of the strain correlation function. Two regimes of short- and
long-range disorder with different line shapes are found. The agreement with experiment data collected on the
3C-SiC/Si interface is satisfactor{S0163-18207)51922-9

The Raman spectra present a very complex picture ansmall shift cannot explain the observed large width as well as
attention to their subtle aspects was paid only recently. Ithe asymmetry of the line shape.
particular, it was lately discovered that the interaction of the In this theoretical and experimental study, we show that
phonon resonances with the electron-hole continuum leads fé€ strain consists of a spatial fluctuating component besides
characteristic changes in the resonance line siitigeFano the term which reduces smoothly. The strain fluctuations
resonance' > The metal-insulator transition also results in over distances of the order of the optical wavelength origi-
the change of Raman line shape through the electron-phondite from dislocations, bloc!< structures and other structqral
interaction(e.g., see the experimental results on fullerfiles defects. In the back-scattering Raman geometry, an optical
Another aspect of this problem can be found in the interacPhonon excited by light has the double light wave momen-

tion of vibration modes with crystal imperfectiofsee Ref. UM an? thsel'esht smoolth s;[rr]a|$hefl;lectts at\_/eragteq o_v(ejr the
5 and references therain range of the light wavelength. The fluctuating strain induces

In this work we consider the influence of stress inhomo-2" inhomogeneous broadenirfd"‘“) anda shift Aw™" of

geneity on the Raman mode. From the experimental point oﬁh.e Raman lines. To our knowledge, the influence of S.UCh a
disorder on the Raman phonons has never been considered.

VIew, .Raman. sgattermg 'S a very useful FOOI to mvest.lgate We propose a model of phonon interaction with strain
the microstrain in bulk materials and multilayered S_em'co_n'fluctuations, which brings us to the asymmetric line form.
ductor structures. However, up to now, only the line shiftg ., the theoretical point of view, our problem has several
resulting from a constant sgram has been studied both experecyjiar features. First, because of the small uniform split-
mentally and theoretlcallgl. However, in many cases the ting of the degenerate phonons, both interband and intraband
strain changes in samples. For instance, the strain induced Bygnsitions of phonons are possible in the scattering process
the differences of lattice constants and thermal coefficientgy the static strain fluctuations. Second, the momentum
between adjacent heteroepitaxial layers relaxes when movingansfer from light to phonons is relatively small. We calcu-
from the interface to the free surface. This is illustrated injate the phonon shift and width near the top of the optical
Fig. 1, where a Si(substratgSiC (epilayey interface is phonon branches, where the momentum transfer from the
drawn. strain fluctuations is comparable to the phonon width. Third,
Because the strain may change its value on the largeince the phonon Raman scattering is determined by the pho-
range, one can observe the smooth strain variation in het-
eroepitaxial layers by displacing a laser spot on the lateral
surface and measuring the phonon line shifi™ & we call
this effectthe uniform shiftSince there are layers in the laser
spot with different strains, the uniform strain relaxation re-
sults in a Raman linewidth “"=da(A w“™)/ 5z, whered
is the laser spot diameter. A typical example is shown for the
LO phonon modes of SiC in Fig. @eft pane). From bottom
to top, the three different spectra correspond with different
spot positions: at the interface, 1.1 away from the inter-
face, and 3um from the interface. The spectra show clearly
that the strain relaxes over distance$ wm and induces a FIG. 1. Raman back-scattering geometry used to investigate the
line shiftAw™~2 cm™". In our experimenti=1 um, and  strain relaxation at a@SiC/Si interface. The incident and scat-
then the broadening “" is negligible in comparison with tered light propagate parallel to thel10) direction &’ axis);
the observed linewidtkseveral cm ). We see that the very x,y,z are cubic axes.
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includes the long-wave expansion of the dynamic matrix

Hij= xij — ijmKikm, the intrinsic phonon damping ™

(Ref. 9 and the averaged strain effec{V;(r))

=\ijim{&im(r)). For cubic crystals, the tensaf; = wgdj; ,

both Njjim and ui;m have three independent components.

The symmetry of the averaggd;;) is determined by the

48 1 experimental conditions.

o o The transition probabilityW;y,;(k’—k) is the Fourier

860 92;;:%&12‘“930 960 9::q ug:gy 575980 transform of the correlation function Wiy;(r—r")

=(8Vim(r)8Vy;(r')). The poles ofD®~(k,w) give the

FIG. 2. Raman spectra of the LO phonon of au8n thick pgonofs 2dls_perT0r21 zlii\.N I(r?m)the absence of  disorder

commercial sampléRef. 13 for various laser spot positior@eft i (k)= 0j(k=0)—s/k I.wl"j - The parameters, hgve

pane). Starting from interfacéa), at 1.5um (b), and at 3um from the Order of sound_ velocity and depenq on thei!rec.:tlc_)n

the interface(c), the Raman line becomes more narrow but stays(We Wil neglect this dependenceThe uniform shift is in-

asymmetric. This is clear evidence of inhomogeneous short-rang%'llded inwj (k=0).

disorder. The total width including the inhomogeneous broadening Being transformed to the diagonal form, Ed) gives the

(cm™%, top) and shift(bottom) as a function of the frequency trans- inhomogeneous broadening and shift. Its solution can be

fer (cm~1) are shown in the right panel. Theoretical model assumegound in the form

anisotropic  strain fluctuations with small correlation radius

N w
+

Raman intensity

inhomogeneous shift, total width

ro/a=6. The fits for line position, intrinsic and total widtat the Dji'(k,0) =i~ sk’ ~iol |- o? )
center of linesgive, respectively(a) 972.7, 3.0, 5.2(b) 972.9, 3.0, ] )
4.3,(0) 973.1%%.0, soom v where = w;=w;(k=0)+Aw[" (k) and I;=I}"

+T{"(k,w). Substituting Eq(3) in Eq. (1) and taking the
imaginary and real parts, we arrive at a system of coupled
integral equations fof (""" (k,») andAw{"(k,®).
non Green'’s function averaged over the strain fluctuations, To make estimates, we approximate the strain correlator
we solve the appropriate Dyson’s equation for the Green'dy a Gaussian function with the Fourier transform
function considering the interaction of phonons with the )2
static strain fluctuations. We emphasize that the integral Wim|j(k):(277)3/282wgrgwim|je_k o2, 4
equations for the width and shift, which are functions of the : .
where parametew;,; is the mean-squared fluctuation at

frequency transfer, are solved self-consistently. We have . L . i
found the inhomogeneous broadening and shift in terms o?o'nt r, divided by the squared mean strain and the fre

the strain correlation function. Using the obtained width anduency parametea, to the fourth power. The correlation

shift, we calculate the Raman line shape. Our method can b@d'usro defines the average domain size with a more or less

! . : : constant strain value.
applied also to the scattering of optical phonons by imper- The Raman cross section is proportional toDifk, o),

fections and other problems where the momentum transfer i\%h re the momenturk and fr nove have th N ‘
comparable to the collision rate. ere the momentuk a equency» have the sense ot a

We have compared the theory with Raman spectra COI[nomentum and frequency transfer from the light. In the op-

. — 71 . .
lected on two different @-SiC/Si samples. More experimen- tical rangek~10° cm " %, the frequencies and damping of

. ~ -1 . _ -1 . _
tal results, as well as the details of calculations will be pre—o.ptIcal phonop&)i—5lf§cm /' FT”% 3f cm t,hthe dls(;ﬁ.r
sented in a later work. sion parameters=5. cm/s. erefore, the condition

The interaction of optical phonons displacementss''?fmV wI is valid 'Qn‘f};' experiments discussed below. Then
Ui(r,®) with strainepn(r) in the formV;;(r)=\jmem(r) L1 (K©) andAwj"(k,»), given by the integrall), can
was proposed previously for the constant strain dsecu- ~ be regarded as independent. Concernirg=k’ —k, the val-
bic crystals there are three optical phonons in Fheoint uesqg’< 2/r§ determine the final states for phonons scattered
with a triple degenerate frequency=(1,2,3). The long- by the strain fluctuations. The domaiff<2w,I'/s* is es-
range Coulomb forces split this degeneracy in such a wagential in the integrand Green’s functi@n given in Eq.(3).
that the LO phonon has a higher frequency than the twoThis is because we are interesteddn— w|=I". We see that
times degenerate TO modes. two limiting cases are possible, depending on whether the

The averaged phonon Green’s function depends on thparametern/I'/w,7r,/a is small or large §=ws/w, being
coordinates difference—r’. For its Fourier transform, col- of the order of the lattice parametem both cases, all inte-
lecting the important diagrams, we obtain the Dyson’s equagrals can be done analytically, and we obtain the system of
tion coupled algebraic equations fB§""(w) andAw{"”(w).
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. . ) . FIG. 4. Same as Fig. 2 for a@m thick noncommercial sample
FIG. 3. Theoretical Raman intensifeft pane), phonon width (Ref. 12. Spectra correspond with the four spot positions: at inter-

(top of the right pangland shift(inhomogeneous component only, .
. . ace(a), at distances 2zm (b), 3 um (c), and 6um (d) away from
bottom plotted as a function of the frequency transfer in the case 0{nterface. This is an example of long-range disorder with correlation

smal![ cotzelatlgq.radlisilf; 3bfo;‘t_hr§e VaL‘jESOOf thetlnt_erillctlon radiusr,/a=25 (parameter ,w,/s=80). The fit gives for the line
constania, cm- = (@ A=15,(b) A=.3, (c) A=0, no strain fluc- position, intrinsic and total widtiat center of ling and the inter-
tuation. action constanB, respectively(a) 972.4, 3.0, 4.38, 20b) 972.8,

. . L 3.0, 411, 15,(c) 973.0, 3.0, 3.66, 8(d) 973.0, 3.0, 3.29, 3.2
(i) The correlation radius is smallyT'/wy7r,/a<l. In -1 © (@

this case ,/a<10 for the above-listed set of parameters and

a phonon can considerably change its momentum when SCfye see that the disorder width and the intrinsic damyirey

tered by the strain fluctuations. In the integral for the width,t 54ditive The inhomogeneous shift of the LO phonon in
[imaginary part of Eq.(1)] we can take the correlator at o leading approximation is

g=0 and integrate ovek’. The leading contribution in the

integral for the shifffreal part of Eq.(1)] comes from the A ™ =(Al7w) Y3, .

large q values, where the exponent factor is only essential. . ]

The next term should also be held, since it depends dror ~ The extension of the theory to the degenerate ¢agech

the nondegenerate cageg., the LO phonon in SiC sub- cqrrespon_ds with the TO phonor_15 in $igives a more com-
scripts ins;, T'j, andw;,; take one value and will be omit- plicated picture. There are two mtrabanq and one m_terband
ted. Then only one intraband constantdescribes the inho- constantsv, which describe the phonon interaction with the
mogeneous width. Typical computer solutions of the couple&tram fluctuations. We shall not discuss this case any longer.
system together with the Raman cross section which is pro- (i) The correlation radius is large:I'/ womr,/a>1.
portional to InD(k,w) are shown in Fig. 3. The Raman line Now we consider the long-scale disorder and, consequently,
is asymmetric and, for large scattering, resembles the Farife small-angle scattering of phonons by the strain fluctua-
resonance. One can see that the inhomogeneous width esséAns. Then the correlator is a sharp function, and the phonon
tially increases below the branch maximum. The explanatiofsreen’s function in the integrand should be expanded in

of this behavior is to be found in the LO-phonon density ofPowers ofg. The zeroth-order term gives the final result for
state, which is equal to zero far?>w?, (if T(")—0) and  the width but terms up to the second order are needed for the

proportional tom below the top of branch. The shift (the zero-order term vanishes at the top of branch and

square-root singularity exists also in the frequency depent_he first-order term vanishes since the correlator is an even
dence of the shift. function). We obtain again the system of two coupled alge-

At the center of the line, i.e., ab=w, o, the width and braic equations. Computer solutions of the systéme total

: . : : width and the inhomogeneous shift as a function of fre-
shift can be found analytically. We obtain the total width quency transfértogether with Inb (w) are shown in Fig. 4.

[=004 A2+ [ (A2)2+T(MDAY2 (5)  Raman spectra collected on a second SiC sample are shown
) ) ] . _for comparison. The line shape is non-lorentzian, but appears
whereA is associated with the phonon scattering by strainymore symmetric than in the previous case of short-range dis-
fluctuations: order. At the center of lined=w, o):

6 _ _
w2 [=r0024[(r/2)2+B2]Y2,

6
™ wol o ™ Tl
A= —w084( ) W2= — e —

4 S 4 a

. Aw ™ =155sB/r )% w,~1.50,(aB/mr I")?
If the intrinsic width TU"W<A/4, the total width @ S(sBIrol) Y wo o(@B/arol)

I'=A+2r0"_In the opposite casd,=T™IA+T(M  whereB?=¢2w3w.
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We wish to emphasize that all foregoing formulas givethe center of the lines, the diagrams with intersections of the
observed values of width and shift, when using the abovecorrelator lines make the contribution of order of the leading
listed set of phonon parameters, the value10 ° known diagram(1) and a more sophisticated theory is needed. Then
from various experimentS andw;,;=1. one can consider Eq1) as a sensible interpolation between

So far it was assumed that the disorder is isotropic. Howhe extreme limits. Finally, we should compare the effect of
ever, in the presence of a heterointerface, the strain correl§rain inhomogeneity with the Fano resonance effect. The
tion function may have an anisotropic behavior. The lattice=an0 resonance in conducting systems is due to the phonon-
mismatch at the interface creates dislocations which appe&!€Ctron interactions or, in another way, arises from an ap-

as line imperfections. This disorder can be described using B€arance of the imaginary part in the electron loop, which
two-dimensional correlation function. If it has the short- 99€S ot depend on the phonon density of states. The results

range behavior, we obtain the asymmetric Raman line shap%f our paper show that a S|m|.Iar asymmetnc line shape origi-
ates from the phonon density of final states, when we con-

with a smoother high frequency side in comparison with the'! . . ;
three-dimensional short-range disorder. Such an effect Wa%der the phonon scaftering by imperfections.
indeed observed on the first sample and corresponds with the The authors thank H. Capellmann, A. losselevich, G.
series of theoretical lines displayed in Fig. 2. Pikus, and V. Fateev for discussions. One oflu#\.F.) was

In closing, the conditions of validity for the basic EG)  supported in the framework of INTAS programme 0101-
should be outlined. The line shape on wings can be obtaine@T93-0023. He greatly thanks J. L. Robert and A. Neveu for

using the perturbation theorffhe Born approximation At ~ warm hospitality in Montpellier.
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