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We report Raman scattering and high-resolution X-ray di�raction measurements performed
on a series of MBE-grown Si=Gen=Si quantum wells with n varying from 3 to 6. Our
results are consistent with a gradual evolution of the Si/Ge interface which starts with Ge
segregation and formation of terraces for low Ge coverage, to smooth 2D Ge layers, bounded
by interfacial alloy layers, for coverages superior to 4MLs:

I. Introduction

Structures obtained by alternating a few monolayers

(MLs) of Si and Ge have received a lot of attention, both

for their intriguing electronic properties and for their

potential device application[1]. The optical and elec-

tronic properties of these structures, and consequently

the performance of the devices, depend strongly on the

properties of the Si/Ge interface. Hence, it becomes im-

portant to develop experimental methods which diag-

nose interface roughness on the di�erent scales in which

it may appear in Si/Ge quantum wells (QWs) and su-

perlattices (SLs).

It was recently shown that Raman scattering by op-

tic phonons could be very e�ective in diagnosing inter-

face roughness in Si/Ge nanostructures[2, 3, 4]. The

shape and position of the Raman lines were used to

detect roughness on two typical length scales. On

the atomic scale, roughness manifests itself by the for-

mation of GexSi1�x alloy layers, of v �1ML depth,

around the Si/Ge interface. The second type, terracing,

has a much larger lateral scale and results in the exis-

tence of more than one characteristic well-width within

a given Ge layer. This produces changes in lineshape

and position of the Raman line originating in vibra-

tions con�ned within the Ge layers as the wavelength

of the exciting radiation is varied[2]. Theoretical mod-

els used to simulate the Raman spectrum of terraced

samples allow quantitative estimation of the depth of

these terraces[4].

Recently Sunamura et al performed a low tem-

perature photoluminescence (PL) study on Ge QWs

of nominal widths varying between 1 and 12 MLS,

obtained by gas-source molecular-beam epitaxy on Si

(001) substrates[5]. The observed PL-features are in-

terpreted as recombinations taking place within the

Ge-QWs. With this assumption, they conclude that

growth initiates in a two dimensional (2D) way up

to a given critical average thickness (v 3:7MLs) and
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changes abruptly to 3D-island formation as the nomi-

nal thickness increases. Their interpretation does not

explicitly include the formation of interfacial alloy lay-

ers (atomic-scale roughness), with the attending possi-

bility of recombination at precisely those regions of the

sample. The latter possibility would be in line with cur-

rent theoretical ideas[6]. In view of this, con�rmation

of the conclusions of Sunamura et al. should be sought

in other experimental sources.

In the present work we undertake a study of the in-

terfaces of Si=Gen=Si QWs using Raman spectroscopy

and high-resolution X-ray di�raction. Our conclusions

are at variance with those of Sunamura et al. Their

experimental data, however, can be interpreted within

the framework of our vision of the interface, provided

that one accepts that their PL signal is produced by

recombination at the interfacial alloy layers rather that

in the Ge QWs.

II. Experimental Details

Our samples were grown by molecular beam epitaxy

(MBE) at T = 500oC on Si (001) substrates. They con-

sist of a thick (200nm) Si bu�er layer followed by 25

repetitions of Gen layers (n = 3; 4; 5 and 6), separated

from one another by 70MLs-thick Si spacer-layers. De-

pending on the type of experiment being performed, the

samples can be viewed as isolated Gen QWs or GenSim
periodic structures with m � n . The �rst description

determines the optical response of the samples, while

the second de�nes the shape of the rocking curves ob-

tained in the high-resolution X-ray di�raction experi-

ments.

High resolution di�raction pro�les (
�rocking

curves) were obtained for all samples using a Phillips

Materials research di�ractometer equipped with a two-

crystal four-re
ection Ge (200) monochromator, which

provides a nearly parallel (5-15 seconds of arc diver-

gence) and highly monochromatic (��=� v 3 � 10�5)

X-ray beam. The Cu-K� line from the point-focus

side of a long �ne-focus tube was used as an X-ray

source. Dynamical theory simulations of di�raction

pro�les were performed, based on the nominal parame-

ters of the samples, using a program which models the

di�raction from perfect substrates and epitaxial layers

with the Tagaki-Taupin formalism[7]. Two-dimensional

reciprocal-space maps were obtained performing a se-

quence of 
 � 2� scans, with an o�set of 
; using the

same high-resolution di�ractometer.

Raman experiments were performed at room tem-

perature with a Jobin-Ivon micro-Raman spectrometer

equipped with CCD detection. Several discrete lines

from argon and krypton ion lasers were used as exciting

radiation. The backscattering con�guration z (x; y) z

was used, where z is the (001)growth direction and x

and y are the other two cubic axes. This con�gura-

tion minimizes the contributions of second-order Ra-

man scattering from the Si-parts of our samples.

III. Results and discussion

The Raman spectra from the Si/Gen/Si QWs has a

very strong peak at ! v 520cm�1 due to the Si-parts

of the sample, another, weaker one, at ! v 300cm�1

originating in vibrations con�ned within the Ge-layers

and a complex structure in the region between 400 �

450cm�1[4]. This ubiquitous multiple peak structure

appears in strain-symmetrized SLs[8, 9, 10, 11, 12, 13]

as well as in single and multiple Ge-QWs grown lat-

tice matched on Si substrates[2, 3].This feature can be

unequivocally attributed to presence of GexSi1�x al-

loy layers at the Si/Ge interface, since it is identical in

shape and position to the peaks appearing in the spec-

tra of bulk GexSi1�x alloys [14, 15, 16]. This can be

appreciated in Fig. 1, where the relevant portion of

the Raman spectra of our QW-samples is reproduced,

together with that of a thick Ge0:5Si0:5 alloys-layer de-

posited by MBE on a Si (001) substrate (top curve).

This spectrum is identical to that of the 6ML Ge QW

displayed immediately below. The spectra in this �g-

ure are composed of a main peak at ! v 410cm�1 (A)

followed by subsidiary peaks (B,C,...) at higher fre-

quencies. The detailed lattice dynamical calculations

of de Gironcoli and Baroni identi�es the �rst peak as

being produced by the vibrations of the Si-Ge bond

and the others as arising from the vibrations of the Si-

Si bond when surrounded by a di�erent number of Ge

neighbors[16]. For homogeneous bulk alloys the ratio

IB/IA decreases monotonically as the Ge molar frac-

tion increases, in the range 0 � x � 0:5. This trend

is shown in the inset of Fig.1 (open circles), obtained

from the data of Renucci et al[14]. In the spectra of the

Si/Gen/Si QWs this ratio depends on the nominal value

of the Ge layer thickness, decreasing monotonically as

n increases, as shown by full circles in the inset of Fig.

1. In fact, the behavior of this ratio as a function of n

in the QWs mirrors that of its behavior in bulk alloys

as a function of x. This comparison leads to the conclu-

sion that alloying at the Si/Ge interface occurs for all
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samples, but that the alloy composition varies in such

a way that the e�ective Ge-molar fraction increases as

n increases, stabilizing at x v 0:5 for n & 5. The fact

that the Ge molar fraction is low for small values of n

points out to segregation of Ge at these low coverages,

which could lead to the formation of steps or terraces.

Figure 1: Raman spectra in the region of the Si-Ge vibra-
tions, of a thick Ge0:5Si0:5 layer (top curve) and of our Gen
QWs. (Inset) Ratio of intensities of peaks B and A vs. alloy
composition in bulk alloys and vs. n in the QWs.

The presence of terraces also a�ects the Raman

spectrum of the material, but their e�ects are seen

in the peak originating in the optical modes con�ned

within the Ge layers (! v 300cm�1)[2, 3, 4]. Terrac-

ing on a large enough lateral scale produces a Raman

peak, in this frequency range, which changes in posi-

tion and shape as the wavelength of the incident laser

(�L) is changed. This resonant e�ect occurs because

the observed line is a superposition of Raman lines pro-

duced by phonons con�ned in Ge quantum wells of dif-

ferent thicknesses. These QWs are produced by terraces

within a given Ge layer. In order to produce the reso-

nant e�ect, the lateral dimensions of these terraces must

be at least of the same order as the radius of the exci-

ton involved in the resonance i.e.: l & 3� 10nm. Thus,

the laser beam ( D & 1�m) samples a large number of

these terraces i.e.: a large number of QWs of di�erent

widths. Each one of these QWs contributes to the Ra-

man spectrum with a line centered around a di�erent

frequency, in such a way that wider wells contribute

to the higher-frequency part of the composite line and

vice versa[4]. For low values of !L resonant conditions

are met for the wider wells, increasing the intensity of

the high frequency side of the composite Raman line,

which causes an apparent shift of its maximum towards

higher frequency. As the laser photon-energy increases

narrower wells meet the resonance condition, causing

the low frequency part of the composite line to increase

its intensity, which produces an asymmetric broaden-

ing and shift of its maximum towards lower frequen-

cies. Fitting the Raman line with the contributions

from QWs of di�erent well-widths, the average thick-

ness of the Ge-layers in each terrace can be estimated[4].

In this manner it was estimated that terracing is acute

in Ge5Sim multiple QWs when m v 5, but this ten-

dency decreases rapidly as the thickness of the sepa-

rator Si layers increases[2, 3, 4]. In our case the Si

spacer-layers are always thick (m v 70); but the thick-

ness of the Ge layers varies from one sample to another.

In these samples we observe that the shape and posi-

tion of this Raman line changes, with changing �L; for

the samples with n = 3 and 4 but remains essentially

unaltered for n = 5 and 6. Representative examples

of this trend are shown in Fig. 2, where this spectral

feature is displayed for two di�erent values of �L and

two Gen samples: n = 3 (bottom) and n = 6 (top).

The spectrum of the sample with the thicker Ge-layer

is identical for the two values of �L, while that of the

sample with the thinner Ge-layers su�ers visible alter-

ations. The latter can be �tted with the contributions

of two di�erent well-widths, in the manner explained in

ref.[4]. The results of these �ts are displayed in Fig. 2,

where the solid line is the �t with the composite (single)

line for the sample with n = 3 (n = 6) and the dashed

curves represent each one of the composing lines. The

positions and widths (full-width at half-maximum) of

each line used in the �ts, for all our samples, are listed

in table I, as well as the average width of the QW that

produces this lines[4]. The latter show that while the

samples with n = 3 and 4 contain more than one char-

acteristic well-width, only one exists in the other two

samples. In all cases the well width that contributes
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more strongly to the Raman peak is very nearly equal

to the nominal value. The emerging picture, for the

thinner terraced samples, is one of regions of relatively

large lateral dimensions, with di�erent well-widths in

each layer, distributed randomly in the plane of the

Si/Ge interface. Roughness on a lateral scale smaller

than the exciton radius would not produce this resonant

e�ect. Rather, it would contribute to increase the life-

time broadening of both the electronic and vibrational

states. The existence of this roughness on a smaller

scale is evident from the widths of the Raman lines

(� v 17cm�1) of the QW-samples, when compared to

that of the corresponding line in bulk Ge taken under

the same experimental conditions (� v 5cm�1).

Figure 2: Raman spectrum of the optical vibrations con�ned
within the Ge layers, for two samples, taken with di�erent
laser wavelenghts (�L). Experimental data (open-circles)
are �tted with Lorentzian lineshapes (solid curves). For
n = 3 sample the two Lorentzians composing the �t are
shown as dashed curves.

The picture outlined above is con�rmed by the mea-

surements of high-resolution X-ray di�raction. In Fig.

3(a) we display the rocking curve for the sample with

n = 6 while in Fig. 3(b) we show the two-dimensional

reciprocal-space map of the same sample. The experi-

mental spectrum of Fig. 3(a) (top curve) is compared

with a simulation, as previously explained (bottom

curve). The good quality and parallelism of the lay-

ers is evidenced by the agreement between both curves,

as well as by the appearance of satellite lines, S (�1),

in the experimental spectrum. These features are also

visible in the reciprocal-space map of Fig. 3(b). Similar

results, with the attending conclusions, are obtained for

the sample with n = 5 (not shown). In contrast, the

results for the samples with n = 3 and 4 show bad

parallelism and evidence of more than one characteris-

tic period. Results for the former sample are shown in

Fig. 4. Here the satellites of the simulation do not ap-

pear in the experimental spectrum. Worse even, addi-

tional lines appear, probably indicating the presence of

more than one characteristic periodicity (n+m) : This

feature is also evident in the reciprocal-space map of

Fig. 4(b) [S1 (0) and S2 (0) respectively ]. The data

from the Raman and X-ray di�raction measurements

are consistent with the following picture of the Si/Ge

interfaces in our samples:

� Alloying at the interface is always present. For

thinner Ge coverage (n = 3 and 4) this alloy has

a small Ge-molar fraction which grows as n be-

comes larger. This happens because Ge atoms

segregate forming terraces of relatively large (at

least 3� 10nm) lateral dimensions.

� For n & 5, the interfacial alloy composition sta-

bilizes at x v 0:5:

� A transition from terracing to layers of con-

stant average thickness takes place between 4 and

5MLs.

This conclusions are at variance with those of Suna-

mura et al.[5], drawn from low temperature PL spectra

from samples similar to ours. Their samples were grown

on Si (001) substrates, at 7000C, by gas-source molecu-

lar beam epitaxy and consisted in Gen QWs embedded

between thick Si layers (n v 1�12MLs). They studied

the PL spectra of these samples at 22K. For small values

of n they observe sharp phonon-resolved luminescence,

which they attribute to recombination in the Ge QWs.

The peak of the no-phonon line shifts towards lower

photon-energy as n increases. This is attributed to the

diminishing of the con�nement shift with increasing n.

At n v 4 an abrupt change occurs. A broad PL feature
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appears at a photon-energy slightly lower than that of

the sharp PL-lines. This feature gains in intensity with

increasing n, while the sharp PL gradually fades away.

Beyond this point peak positions in both the broad and

sharp PL lines remain insensitive to further changes in

n. They interpret this as a transition between 2D and

3D growth occurring at n v 4. The sharp PL lines

would originate in 2D regions while the broad PL is

attributed to recombination in 3D islands created by

Ge segregation for larger values of n. The number of

these islands would increase as n increases at the ex-

pense of the 2D regions, while the average size of both

regions would remain constant. This explains both the

increasing (decreasing) intensity of the broad (sharp)

PL line and the fact that PL lines do not su�er any fur-

ther shifts in their peak position as n increases beyond

4MLs. The alloy interfacial layers play no role in their

analysis. However, it is possible that their PL lines

originate precisely in those layers, rather than in the

Ge QWs. This is in line with the theoretical results of

Turton and Jaros, which predict that alloy scattering is

the predominant mechanism for recombination in these

materials[6]. In fact, the spectra of Sunamura et al.

are identical to those obtainedfrom Si/GexSi1�x QWs

and SLs[17, 18]. In these samples sharp or broad PL-

lines are observed depending on the density of defects

present in the alloy layer and it is possible to switch

back and forth from one type of PL to the other by

a sequence of ion-implantation (which creates defects)

and annealing (which eliminates them)[18]. In all cases

the broad PL feature peaks at a photon energy slightly

lower than that of the sharp PL lines and both peaks

track the band gap of the alloy layer as alloy compo-

sition changes. If we assume that the PL-lines in the

spectra of Sunamura et al arise from recombination at

the interfacial alloy layer, their results are entirely con-

sistent with our conclusions. For low QW-thicknesses

the interfacial alloy layers have a low average Ge molar

fraction. Because of this, they are not very strained and

do not have a large density of defects. Hence, they pro-

duce sharp PL lines. As n increases the molar fraction

does so too and the PL peak shifts to lower photon-

energies. Finally the molar fraction stabilizes at x v 0:5

and peak positions remain constant from there on. The

broad PL appears at larger n because the number of

defects increases with increasing strain-energy. At very

large n the number of defects becomes very large and

only the broad PL line is observed. Thus, the Raman

and PL results are brought into harmony, at the ex-

pense of relinquishing the 2D to 3D growth transition

advocated by Sunamura et al[5].

Figure 3: (a) (004)-double-crystal di�raction rocking curves
for the n = 6 sample (top curve) and the simulation based
on dynamical theory for nominal sample composition ; (b)
two dimwnsional reciprocal-space map obtained from a se-
quence of 
-2� scans.

Figure 4. Same as Fig. 3 for sample with nominal compo-
sition n = 3MLm.

IV. Concluding Remarks

In conclusion, we have used Raman scattering and

high-resolution X-ray di�raction to study the evolu-

tion of the Si/Ge interface of Si/Gen/Si quantum wells,
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grown by MBE, as the nominal width of these wells in-

crease from n = 3 to n = 6. A gradual transition,

from Ge segregation with the formation of terraces at

low values of n (3D) to 2D Ge layers of uniform width

bounded by Ge0:5Si0:5 interfacial alloylayers for widths

larger than 4MLs, is inferred from our data. This pic-

ture is in agreement with previously reported data on

similar samples grown by gas-source MBE, if one as-

sumes that the PL lines are produced by recombina-

tion at these interfacial alloy layers. While the change

from 2D to 3D growth is undoubtedly in
uenced by the

method and conditions of growth, it is interesting that

similar results are found in samples of entirely di�erent

origins.
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