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Linear-chain-model interpretation of resonant Raman scattering in GgSi,, microstructures
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We use a linear-chain model with bond polarizabilities to simulate the Raman spectrum ofSi; Ge
microstructure which presents interface roughness both in the atomic scale and in the form of terraces of lateral
dimensions equal or superior to48. The model is not very successful in reproducing the effects of the short
range roughness, but simulates effectively the consequences of terracing on the Raman spectrum of our sample.
A detailed line shape analysis of one of these Raman lines leads to insights into the electronic states which are
responsible for the resonant effects in the Raman cross sefi0h63-182006)02220-5

[. INTRODUCTION ture is composed of several repetitions ofGesSis) 5Ges
sequence separated by thick 300 A) Si spacer layers. In a
Raman scattering is a useful technique for characterizingrevious work® we used this model to analyze in detail the
short period superlattices since lattice vibrations have a&pectra of similar structures, both in the acoustic<( 100
strong dependence on their structural characteristiisis cm ') and optic @= 250 cn'!) frequency shift range.
technique has been successfully applied tq,&g (n and There, we showed that the latter depends only on the
m of the order of a few monolayersmultiple quantum wells  Ge,Si,, unit within the sample. Therefore the spectrum of
and superlattices by comparing experimental results witlour more complicated sample, in this frequency-shift region,
theoretical model calculatiorfs® The acoustic part of the is indistinguishable from that of an infinite G8i, superlat-
spectrum is very sensitive to the large scale structure of théce. Here we explore the advantages, as well as intrinsic
sample, such as overall periodicity, capping and buffer laylimitations, of the model and apply it to the quantitative
ers, number of repetitions, et¢.0On the other hand, the op- study of the Raman spectrum of a sample containing both
tical modes are sensitive to characteristics of the,<®%g  short and long range interface roughness. We concentrate on
unit, such as layer thickness and interface roughfiess. the properties of the Raman line originating in the Ge-Ge
Also, the dependence of the Raman cross section of opticaibration and explain its line shape for a given photon energy
modes on the photon energy of the incoming laser lighof the incoming laserf{w,) as a superposition of lines pro-
(resonant Raman scatterjngives useful information about duced from Ge layers of different thicknesgdgfferentn).
electronic transitions, yielding their transition energy as wellin this way we simulate the existence of terraces within a
as determining whether these transitions take place betweejiven Ge layer. By fitting the experimental line shapes for
extended or confined electronic states. In particular,nfor variousfw,’s in this manner, we obtain resonances for the
andm of the order of 5 monolayer@iL ), a resonant transi- cross sections of modes confined within terraces of different
tion ath w ~ 2.4 eV confined within the Ge layers has beenwidths. This allows us to estimate the confinement energies
reported. The precise nature of this transition and its conne®f the electronic states as a function of layer width which, in
tion to bulk Ge states is still unclear, being attributed toturn, yields information about the nature of the electronic
either E 4-like or E;-like transitionsi®~1° A recent study of transition involved in this resonance.
the Raman spectrum df5esSis)  structures = 1 — 5
has shown that not only the intensity but also the line shape
of some Raman lines depend strongly on the incident photon
energy’® This dependence was attributed to large scale lateral The sample was grown by molecular beam epitaxy at low
terracing @= 100 A), which would produce exciton con- temperature on a Gi00) substraté® It consists of six quan-
finement in wells of different well widthgdifferent n) tum wells(QW'’s) of approximately 5 ML of Ge separated by
within a given Ge layer in théGe,Si,,) y Structure. For this 5 ML of Si. Those (GesSis) sGes units are repeated ten
to be true one assumption is made: that the quasiconfineiimes and are separated from one another by thiek300
Ge-Ge optical mode has a monotonic increase in its freA) spacer layers of Si.
guency as1 increases, just as a truly confined optical mode Raman scattering measurements were performed at room
would. This assumption was madasing purely phenom- temperature in the backscattering configuration using several
enological arguments and indications given by calculationdines of Ar-ion and Kr-ion lasers. Normalized intensities
performed for materials similar to those actually studigtl. were obtained by dividing the intensity of the Raman feature
In the present work we use a linear-chain modeCM)  of the Gg;Sis structure by that of the Si optical phonon peak
with bond polarizabilities® to simulate the Raman spectra of originating in the bulk Si parts of the sample. Since the pur-
one of the samples studied in Refs. 9, 12, and 13. Its strugose of our discussion is to compare the resonant cross sec-
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tion of a given phonon line originating in different lateral T r T r T
sections of the same Ge layer, more elaborate absorption C A
correction$? are not necessary. Unpolarized scattered radia- B Exp.

tion was analyzed by a SPEX 1401 double monochromator
with standard photon-counting detection.

(a)

A\

" SCM (rough) / \ (¢)
J\JEM {rough) A (d)

Ill. RESULTS AND DISCUSSION

The experimental data are compared to the simulated
spectra produced by a LCM with bond polarizabilities for the
calculation of Raman intensities. The model is very well
knownl~3 and its applications to the type of Ge/Si micro-
structures used in our experiments are described in detail in

Raman intensity (arb. units)

Ref. 3. In this model, whole planes of atoms are represented LCM (perf) A (e)

by a single point of mass given by that of the atom compos- ' ! : : '

ing the plane. Force constants between these point masses 300 400 500

are chosen so as to reproduce the bulk dispersion relation of frequency shift (cm™)

the constituent bulk materials. In particular, for longitudinal ] ) )

phonons in Si-Ge systems two force constdfitst and sec- FIG. 1. Raman spectra of a @®i, strain-symmetrized super-

. . . . lattice. () Experimental results; SCM calculation féb) perfect
ond neighborsare sufficient to give a good reproduction of X !
9 B 9 9 P and(c) rough interfacesall from Ref. §; our LCM calculation for

the dispersion relations of both Si and &&To a certain (d) perfect ande) rough interfaces
extent, interface smudging can be introduced in this one- P 9 '
dimensional chain by substituting the pure Si or Ge atoms on

both sides of the interface by mixed atoms with masses terrace will be enhanced over those of the vibrations local-
ized at different terraces. This would provoke the observed

Mad X) = (1—X) Mget XMg;, (1) Vvariations in line shape and apparent peak position of the
Ge-Ge Raman line a8w_ is swept around the resonant
Msi(X) = (1 —X) Mg+ XMge, 2) region? Thus the crucial points to be tested theoretically are

that of the confinement of these vibrations and that of the
with 0<x=0.5. Similar averages for the force constants bedependence of their frequencies on the thickness of the Ge
tween mass points in the linear chain complete a simple agayers. Once this is done, the actual line shape could be re-
proach to simulate short range interface roughness due froduced as a superposition of contributions from different
atomic interdiffusion of Si and Ge across the interfacen’s in Ge,Si,, structures. In this way we try to simulate the
planes. The simplicity of the model makes it useful to ex-terracing, which implies the existence of wells of different
perimentalists as a tool for interpreting actual spectra. Howwidths within a given Ge layer. Finally, the dependence of
ever, this simplicity can introduce artifacts which must beeach relative contribution ofiw, can be obtained. This we
spotted in order to use it correctly in the interpretation ofshall pursue in steps. First we examine the strong and weak
experimental results. In a recent worke discussed the ap- points of the model by comparing its predictions with those
plication of the model to the interpretation of spectra fromof more sophisticated supercell mod&i§Next we study the
structures of the typé(Ge,Siy) n-1G€,Siu],, of which  issue of confinement of the Ge-Ge vibration by examining
the one discussed here is a particular case=1i=5, the calculated results for fictitious structures of the type
N=6, M=221, andp = 10). There we found out that for Ge;Si,, with m = 5-60 (from superlattices to isolated
frequency shiftss= 250 cn %, the spectra from these com- MQW’s). In so doing we separate the predictions which ap-
plex structures were indistinguishable from those of infiniteply to a real structure from eventual artifacts introduced by
Ge,Si, superlattices. Hence, in order to save computinghe simplification of reducing the actual three-dimensional
time, we use infinite GgSiy, periodic structures for our cal- (3D) problem to a one-dimensional chain. Finally we apply

culations. these results to the spectra of our sample.
The question we would like to pursue is that of large scale

roughness, or terracing, raised in Ref. 9. In this earlier work
we proposed the existence of lateral structures of length scale
of the order of or larger than 100 A in order to explain the Alonso et al used a supercell modéSCM) to simulate
broad asymmetric shape of the Ge-Ge Raman peak and itse spectrum of a Gg5i, superlattice. The upper curve of
dependence on the photon energy of the exciting lasdrig. 1 shows the experimental spectrum of such a sample, in
(fw)). The basic premise in Ref. 9 was that this vibrationthe optical-phonon region. Peaks B, andC in this spec-
was confined within the Ge layers and thus its frequencyrum are normally called the Si-Si, Si-Ge, and Ge-Ge peaks.
increased monotonically as layer thickness increased. WheBuch peaks appear in G8i,, structures for a wide variety of
working close to resonance with electronic transitions bevalues ofn andm (from n,m~ 2 up ton,m~ 20).*® Super-
tween states also localized in the Ge layére, can reso- cell calculation$™ reproduce three peaks. Figuré)lrepro-
nate with terraces of a given sigarovided the lateral dimen- duces the spectra calculated in Ref. 4 assuming perfect inter-
sions of the terrace are of the order of coherence length dhaces. The eigenmodes show that the vibrations producing
the electronic stat¢sUnder this condition, the contribution peak A are entirely confined in the Si layers, while those
to the Raman line shape from vibrations localized in thisproducing pealC are nearly confined in the Ge layers, with

A. Comparison of the LC and SC models
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FIG. 2. Atomic displacements calculated with the LCM for a,6i superlattice with(a) perfect ande) rough interfaces. Dispersion
relations calculated for this sample for perfect interfaces Wi)hLCM and (c) SCM; (d) LCM with rough interfaces.

a small “leakage” into the Si layers where they propagate asides of the interfacgéFig. 1(c) and Fig. 3 of Ref. §l. The

an acoustical mod&? The interpretation of peaB is more  more recent, and very thorough, calculation of this type by
delicate. The eigenmodes of the supercell calculation for perde Gironcoliet al.” shows that this line originates in longi-
fect interfaces and those of our linear-chain mddabwn in  tudinal vibrations in these two alloy planes, which are con-
Fig. 2(@)] are identical, and so are the dispersion relations fofined within them. Thus they are interface modes because
the different phonons obtained by both modghgs. 2b)  they are confined in these planes on both sides of the inter-
and Zc)]. So both models agree in their predictions for struc-face, and also they are the Si-Ge vibration of a disordered
tures with perfect interfaces. Introducing short range inter-

face roughness into the LCM does not greatly affect either
the normal modes or the dispersion relatipfgys. 2d) and
2(e)]. This is also true for the SCM, except where péals
concerned. For this particular vibration, the Si and Ge atoms
on either side of a perfect interface vibrate out of phase,
which led Alonsoet al* to dub this mode a Si-Ge mode. On
the other hand, the atomic motidAsortrayed in Fig. 2a)

bear a closer resemblance to those of the first overtone of the
Si-confined optical mode, which spills over into the first Ge
layer. This property led Dharma-wardarfal? to name it
thel =2 Si-Si mode. The real difference between these two
ways of thinking becomes evident when we take into consid-
eration the effects of short range interface roughness. The
first striking difference between Fig(d) and Fig. 1b) is that

in the experimental spectra this pegleakB) is broad and
asymmetric, in contrast with the calculated dirég. 1(b)].

intensity (arb. units)

T
A\, =514.5nm §
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o | FIG. 3. Simulations of the spectrum for(&esSis) ¢ Structure
Also, the position of the calculated peak for perfect inter-ysing the LCM with randomly chosen rough interfageee text

faces is Considerably different from that of the similar line in The dashed curves each represent a given random configuration
the experimental spectrum. Theoretical and experimental linghile the bottom curve is the average of those. The inset shows the
shapes can be brought into coincideificeboth position and  comparison between the calculated and experimental spectrum for
shape by introducing disordered G&i;_, planes on both peakB.
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Ge,Si;_ alloy. This view is reinforced by the experimental
fact that this line appears with the same shape and position in
all types of GgSi,, superlattice§® as well as in Ge single
quantum well$, where the concept of an “overtone” of a Si
mode is meaningless. In sharp contrast to this, introducing
roughness in the LCM, in the manner described above, does
not alter the nature of the vibrations originating p&ain the
Raman spectrum. This mode remains better described as an
overtone of the Si-Si vibratiofsee Fig. 2e)]. The failure of

the LCM to give a realistic description of this Raman peak
results from the inability of the 1D representati@vhich has
exact symmetries, even when interface roughness is in-
cluded to reproduce the effects of disorder, successfully
simulated in the SCM. In order to see if this deficiency could
be overcome, we tried to introduce randomness into the 1D
LCM. For this type of calculation we chose a £55 struc-

ture, the eigenmodes of which represent those of the sample
used in our experiments. Disorder is introduced by construct-
ing a six-period(GesSis) 5 sequence which we then repeat
infinitely. We introduced roughness in all 12 Ge/Si interfaces
in the manner of Eq(l) , but the value ok for each inter-
face was chosen randomly among=0.15, x=0.20,
x=0.25, with equal probability for each value xf Various
randomly generated configurations were calculated. The re-
sults are displayed in Fig. 3, where the bottom curve is the
superposition of the five configurations of the upper curves.

frequency shift (cm'll

frequency shift (cm'l)
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The inset shows a detail of th& peak which is how asym-

metric, but still does not reproduce the experimental peak G, 4. (a) Frequencies of the modes originating lifesupper
position. Also the eigenvectofsot shown arenotthose of  tracg andC (lower tracg for different thicknesses of the Si or Ge
vibrations localized around the interface region. This ranqayers. The values calculated with the LCM are displayed as closed
domization procedure does not affect the positions and lingircles while those predicted by Eq8) and(4) are represented by
shapes of peak& andC. It is clear, then, that the effects of solid lines.(b) Frequencies of peaks (closed circlesandC+1
microroughness are not very well reproduced by the LCM(open circle} calculated with the LCM for a GSi5 structure with
and, in particular, the results obtained for pdakvith this  variablem.
model cannot be used to interpret experimental spectra. On

the other hand, the model can still be used to simulate the

effects of terracing on pealds andC. The first originates in
vibrations entirely confined within the Si laye(Big. 2). In

B. Confinement of the Ge-Ge vibration

The crucial point now is to see how the LCM describes
the confinement effects in the Ge-Ge vibratigeak C of
this case the model predicts, for (&i, structures, symmet- the Raman spectrumAs previously discussed, this peak is
ric peaks which do not depend on the valueaind are well  mostly confined within the Ge layer with a small leakage
described by the conventional treatment of cutting theinto the Si layer, where it propagates as an acoustic mode
bulk-Si dispersion relation at points @ space given by'®  (Fig. 2. In a perfect crystal, this leakage will produce inter-
ference effects in a periodic G8i,, structure, which cause
strong oscillations ofv as a function oih or m. The one-

wa=o(q)), (3 dimensional LCM reproduces this eccentric behavior, as re-
ported in Ref. 2. This oscillation has a periodicity for both
A7l n andm, which depends on the mass ratio of the constituent
qQ=—-, (4)  atoms’ Such behavior is exemplified in Fig.( where
a(m+6)

wc is plotted vsm for various GgSi,, structures. In a real
situation, however, we expect that these interfereraes
wherel represents thith confined modea is the bulk lattice  their accompanying variations iwc(m)] should be de-
parameter, and accounts for penetration of the envelope stroyed by the presence of the (8, , planes at the inter-
function of the displacements into adjacent layers. A com{aces. In this case-(m) should be approximately indepen-
parison of the results of the LCM model far=5 and vari-  dent ofm. Thus, the oscillations imc(m) calculated by the
ous values om with the predictions of Eq(3) for the first model would not be observed and can be treated as an
(I=1) Si confined mode is shown in the upper part of Fig.artifact!® In order to eliminate this artifact from the calcu-
4(a). Excellent agreement is obtained with= 0.65, which  lated values ofw-, we have to examine the nature and pe-
coincides with the conventional wisdom for confined opticalriodicity of these oscillations in more detail. In Figtb} we
modes® The treatment of pealc, normally called Ge-Ge see that the pattern of oscillations repeats itself with a period
vibration, is more delicate and deserves a separate discuAm=6. An examination of the normal modes of the vibra-
sion, which we do next. tions originating pealC and those of the two neighboring
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branchesgthe ones immediately above and below in engrgy —————T———— —
reveals that for most values of there are two Raman-active 0.70 L, (r;=12.0 cm)) 6QW
modes(eitherC andC+1 or C andC—1), which are de- 0.911,(r,=9.0 cm™)
noted in Fig. 4b) by full (open circles for theC(C=1) 0.51 L (r;=7.0 cm™)
mode. These frequencies oscillate in a periodic pattern sym-
metrically around its mean valuaog = 311.2 cm'l). In
each period, a single value af exists for which theC+1

lines are not Raman active. In these casgdalls exactly on

the horizontal line e = 311.2 cm!) which defines the
mean value of these oscillations. After each of these values,
the pattern repeats itself in a way similar to energy level
anticrossings, with theC and C+1 Raman-active lines
“pushing” one another away from the line defining the
mean value. AftedAm = 6, again, there is only one Raman-
active line C) whose frequency is exactlw. = 311.2 e T
cm 1. This goes on repeating itself indefinitefwe tested 260 280 800 L2 340
the interval fromm = 5 to 50 in exactly the same fashion. frequency shift fem)

The points with only one Raman linen=5,11,17,23, ..) FIG. 5. Line C in the Raman spectrurttircles fitted with a

all havewc = 311.2 cm* and this is the mean value of the superposition of lines calculated for different Ge layer thicknesses
oscillation inwc(m) for each period. These “anticrossings” (solid line). Each line composing the fit is shown below.
are the results of the exact symmetry that microroughness

destroys in the real 3D case. Hence the recipe for eliminating
this artifact® is to find this mean value ab. for each value _ Iy
. ; Llw,wc(n),I']= 7. (6)

of n. This can be done by reproducing a plot such as that of [w—wc(n)]*+T]
Fig. 4(b) for each choice of Ge layer thickness, or by calcu-
lating wc(n,m) for the value ofm in which the neighbors of
peakC (C=1) are not Raman active. The considerations of In Eq.(5) w is the Raman shiftpc(n) is the frequency of
Dharma-wardanat al? suggest that each Ge atom, beingthe confined Ge-Ge phonon, afy is its homogeneous line
almost three times as heavy as a Si atom, is equivalent tbroadening. We assume that this line broadening is domi-
three Si atoms within a given linear chain. By this rule, oncenated by the short range roughness at the Ge/Si interface
wc(Ng) = we(ng,mp) has been isolated as one of thosewhich makesl', larger for smallem, since the fraction of
points lying on the mean line abc(ny,m), the equivalent the Ge layer taken over by this roughness is larger gsts
points for other values afi will be wc(ng*= 1my* 3), wc  Smaller. Such a fit for a representative spectrum is shown in
(no=2m,+ 6), etc. This recipe actually works, and the val- Fig. 5. Here we used only three terraces- 3, 4, and 5 and
ues of wc(n) found in this way for 3<n< 7 are on the [I'3:I'4:I's in the approximate ratio of 5:4:3, with the values
lower part of Fig. 4a) (circles. The solid line in this figure 0f wc(n) from Fig. 4. The observed fit is excellent and simi-
represents the “folded” frequencies from the bulk disper_|ar fits were obtained for the spectra of the same sample for
sion, in a manner analogous to that of E¢@.and(4) for the ~ several laser frequencies in the range 1.92<eVw < 2.7
Si-confined mode. We see that also for this mode the hypotteV.
esis of confinement works very well. In fact the valuesof The values ofx,(w) obtained from these fits are plotted
0.15 which gives the best fit suggests that this mode has df Fig. 6 for each terrace size. The lines are least-square fits
even greater degree of confinement than the Si-Si mode. to Lorentzians, the center frequenciésidth) of which
would represent the enerdiifetime broadeniny of the ex-
citon confined within each terra¢&The results of Fig. 6 are
consistent with the hypothesis of selective resonance by ex-

The above discussion shows that, after circumventing incitons confined in different terraces. This consistency is
trinsic artifacts of the LCM, this model can be used to de-shown because botﬁexc(n) and Fexc(n) increase as de-
scribe the results of terracing in the Raman spectrum of Ggreases. The first is a consequence of the greater confinement
nSim superlattices. In a sample containing several such tefor smallern’s and the second reflects the larger percentual
races the actual Raman intensity should be obtained asigfluence of the small scale roughness in narrower terraces,
superposition of peaks localized within each terrace. Thus H{yhich reduces the exciton lifetime.
could be written as Finally, the data of Fig. 6 can be compared to a simple
envelope-function calculation for the confinement of an
Ey-like electronic transition within the Ge layers of the
Geg,Si, structure. This simple calculation was found useful
in describing those parts of the modulated reflectivity spectra
where the facton occurs because each terrace contributes tattributed to these types of transitithThis comparison is
the intensity in direct proportion to its widtly, is the laser shown in the inset of Fig. 6, where the points are the value of
frequency,a,(w) contains the resonant part of the crossEg,.from our fit (with error bars given byt 0.2I',)) and the
section for the exciton confined within this terrace, and L issolid line is the result of the envelope-function calculation.
a standard Lorentzian line shape: The observed increase in the transition energy decreases

Raman intensity (arb. units)

C. Resonant cross section of the Ge-Ge mode

|c<wL,w>=;nan(woL[w,wc(n),rn], (5)
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is much slower than that predicted for B-type transition.  Ref. 9, and favors the interpretation of the resonance appear-
The results are, therefore, more in consonance with the hying in the Raman cross section as originatindgiptlike tran-
pothesis that the resonance in the Raman cross section origiitions of bulk Ge modified by the effects of confinement and
nates inEq-like transitions of bulk Ge states, modified by zone folding, proposed in Ref. 13.

folding and confinement as proposed in Ref. 13.
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|n this figure atomic displacements are shown perpendicularly to  scribe correctly peaB in the Raman spectrum.
the linear chain for the sake of display clarity. These displace*°This is a naive way of representing the resonant Raman cross
ments, however, are really along the chain and this should be section for a localized exciton. The real situation could be much
taken into account when checking the symmetnyof g) of a more complex and should be treated with a detailed understand-
given mode. ing of the Raman mechanism. The present approach intends only
18The term “artifact” is used to describe a prediction of the model to give rough estimates of the dependence of confinement en-

which is not observed experimentally. This prediction, however, gy on well width for the electronic transition responsible for
would be observed if a structure witthsolutelyperfect inter- this resonance.

faces could be grown. In this case, the model would even de-



