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I. INTRODUCTION 

The optical properties of semiconductors have provided rich information on such diverse 

aspects of their physical properties as their electronic and vibrational states, the existence 

and nature of defects and impurities etc. In the particular case of semiconductor het· 

erostructures, some optical techniques have provided information about their structure ( 

super-peridocities, layer thicknesses etc.) and that of their interfaces. 

Light incident on a semiconductor surface is partly ref!ected and partly transmitted. The 

ref!ected light carries information about the electronic states of the material. Part of the 

light that enters the semiconductor is absorbed or scattered while the remainder is transmit· 

ted, if the sample is thin enough. The energy from the absorbed radiation can be dissipated 

(absorption) or re-emitted as photons of different frequencies (photoluminiscence). Photons 

can also be inelastically scattered by creating or annihilating elementary excitations within 

the semiconductor (Brillouin or Raman Scattering). By now, so much information has accu­

muiated about these forms of interaction of electromagnetic radiation with semiconductors 

and other ·materiais, that good accounts of the basic physics and experimental details in· 

volved in this interactions can be found many textbooks and review articles [1-4].We shall 

not attempt to duplicate this work. Rather, we shall give brief introductory descriptions of 

the optical techniques which have most contributed to the understanding of the properties 

of Si/ Ge heterostructures. We shall offer this introduction in the sections of this chapter 

dedicated to the discussion of the results obtained by a given technique. Thus, section li 

is dedicated to discussing techniques based on ref!ectivity or absorption of light, section UI 

describes the results of inelastic light sacattering and section IV is devoted to photoluminis­

cence. Finally, in section V we try to summarize the main points developed in the previous 

sections. Since sometimes severa! techniques have contributed to the understanding of a 

given issue, this division into sections is not ironclad and the results from severa! techniques 

must be discussed together. In doing so, the results from techniques which have not yet 

been introduced are summarized, postponing more detailed discussions to the appropriate 
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subsection. 

11. FORMS OF DIFFERENTIAL SPECTROSCOPY BASED ON REFLECTION 

OR ABSORPTION OF LIGHT 

A. General Considerations 

The quantities experimentally determined by these techniques are related to the real 

[ê1 (w)] and imaginary [é2 (w)] parts of the dielectric constant. The latter is sensitive to 

processes in which a photon is absorbed, lifting an electron from the valence into the con­

duction band. In these processes the total crystal momentum is conserved. Since the wave 

vector of the light is very srnall, compared to electronic wavevectors inside the Brillouin 

Zone (BZ), such transitions are essentially vertical and connect conduction and valence 

band states of virtually the same k-vector. Peaks and shoulders appear in e2 (w) when the 

joint density of states of the bands involved in the transitions have singularities. These peaks 

and shoulders can be correlated to similar structures appearing in the reflectivity, R (w), or 

the absorption coefficient, a (w), of the material. The photon-energy at which these struc­

tures appear give precise values for the energy difference between valence and conduction 

band states at important symmetry points ( or along symmetry axes) of the BZ, at whlch the 

joint density of states is singular (van Hove singularities) [1-5]. As an example we show in 

fig.1 the band structure of bulk Ge. In this figure the various electronic transitions respon­

sible for structure in the optical properties are indicated. The most prominent structures 

in the optical coefficients are given names such as Eo ( direct transitions at the BZ center), 

E1 (direct transitions along the (111) axis in the BZ) etc. Table I lists their transition 

energies for bulk Si and Ge [1]. Notice that in both these materiais the fimdamental gap 

is indirect, so that optical transitions across thls gap must be assisted by large-wavevector 

phonons in order to conserve crystal momentum. Hence, these transitions provide only weak 

contributions to the optical constants. These show clear structures only for direct transi-
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tions [fig.2].In the upper curve of fig.2 we display the reflectivity of this material. As we 

can see, not ali the vertical transitions indicated in fig.1 show up clearly in the reflectivity 

spectrum of fig.2(a). During the sixties severa! techniques were developed for modulating 

either some sample parameter or the incoming or outgoing beams. These modulations pro­

duce spectra which are related to some derivative of the dielectric function. The process of 

differentiation suppresses uninteresting backgrounds and produces sharp structures in the 

photon-energy region of the opticalsingularities. This point is illustrated in fig.2(b), where 

the e!ectro-refelctivity spectrum of bulk Ge is shown. In this technique an ac-electric field 

modulates the optical properties of the material and the resulting spectrum is related to the 

third derivative of the dielectric function [6,7]. Bumps and shoulders in R (w) (upper curve) 

are highlighted in the modulated refelctivity spectrum (lower curve). The latter gives good 

resolution of criticai points which are almost invisible in the plain refelectivity spectrum. 

Because of this advantage, modulation spectroscopy had a decisive influence in understand-

ing the band structure of bulk semiconductors. Most of the work in this area was performed 

in the sixties and early seventies and has been extensively reviewed [5, 7]. With the advent 

of semiconductor microstructures, there was a revival of interest in these techniques. Their 

applications to semiconductor superlattices and quantum wells have been recently reviewed 

by severa! authors [8-10] . Of particular importance have been the techniques of photo- and 

electro-modulated reflectivity , in which an electric field is modulated within the sample 

by either depositing a semi-transparent metal layer on the sample surface and applying an 

ac-voltage between the front and the back of the sample or by photo-injecting carriers by 

a modulated secondary beam. The measured quantity is the ratio between the modulated 

(t.R) and the de- parts of the ref!ectivity (R). This is related to the third derivative of the 

dielectric constant and is well represented by a, now, standard lineshape function [7]: 

(1) 

where each term in the sum corresponds to a criticai point, of energy (lifetime broadening) 

E; (r;); C; and </>; are amplitude and phase factors, respectively, of the transition.The 
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exponent n depends on the type of critica! point.. Choosing a value of this parameter for . 

SLs and QWs has been the subject of much debate [10]. However, the value obtained for 

the critica! energies by fitting the experimental data with eq(1) is remarkably independent 

of this choice. The usefulness of this technique depends greatly on this feature of ER and 

PR lineshapes. 

An oblique angle of incidence technique which has been very useful in the last decade or 

so is that of spectroscopic ellipsometry. Its name refers the fact that when linearly polar­

ized light, which is neither polarized parallel or perpendicularly to the plane of incidence, 

is reflected obliquely from the semiconductor surface it emerges elliptically polarized. By 

determining the orientation and the ratio of the polarization ellipse axes, the real and imag­

inary parts of the dielectric constant can be obtained. Because of present day accuracy in 

these measurements, numerical differentiation of E: (w) can be performed which produces sim­

ilar results to those of modulation spectroscopy [1,7]. This is illustrated in fig.3, where the 

third derivative of c2 (w), taken from ellipsometric datais compared with electroreflectance 

results [7]. Ellipsometric measurements have provided excellent values of dielectric constant 

and refractive indexes of a large variety of bulk semiconductors [11]. 

The accurate information about critica! point energies obtained by the methods described 

above have had a symbiotic relationship with band structure calculations in the physics 

of semiconductors. In the following subsections we discuss the application of differential 

optical techniques to the determination of criticai points in the electronic transitions of 

Si/Ge microstructures. When interpreting experimental data we shall use simple concepts 

such as those of zone-folding or confinement of electronic states that can be derived from 

those of the bulk components. This method gives a good intuitive understanding of some 

results but is not applicable to ali cases, so the reader is advised to read chapter 5 of this 

volume, where the electronic structure of these materiais is described in great detail. 
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B. On Pseudo-direct Optical 'Iransitions 

It is expected that superlattices (SL) altemanting n-monolayers of Ge with m-monolayers 

of Si ( Gen Sim), should produce, through zone-folding, a direct band-gap material with 

appropriate choices of n, m and the amount of strain in each type of layer (see chapter 5 

in this volume). The strain can be controlled by the choice of substrate (Si or Ge ) and 

buffer layer on which the superlattice is grown (see chapter by J.C Bean in this volume ). 

In these superlattices the conduction band edge is formed from bulk-Si ~-states. while the 

top of the valence band originates in bulk-Ge r-point states. The ~-conduction band of 

bulk Si forros a degenerate sextuplet, one for each (100) equivalent direction. In the SL the 

multiplet splits into a doublet (~.L) anda quadruplet (~li), for the valleys perpendicular and 

parallel to the plane of the layers respectively. Choosing the SL-period appropriately, the 

Ll.L can be folded into the Brillouin Zone center. This results in a direct gap material if the 

two-fold ~.L minima are lower in energy than the four-fold ~11 ones. This could be achieved 

by subjecting the Si-layers to a tensile strain. Hence, we should not expect to find direct 

gaps in SLs grown lattice matched on Si. Paradoxically, it was a report of a strong optical 

transition at very low photon energies in such a material that produced a f!urry of activity on 

the subject. Room-temperature electroreflectance measurements in a Ge4 Si4 five-period SL 

exhibited a very strong line at ~ 0.76 e V, which was tentatively identified as direct transition 

between the valence band and the ~.L -folded conduction band. [12] The spectrum, shown 

in fig. 4(a), exhibits severa! other !ines which can be attributed to direct transitions and in 

which zone-folding plays no role. The fact that the line at ~ 0.76 e V (labelled "1" in fig 

4(a)) has an intensity which is comparable to those of these other !ines was interpreted as 

a signature of a quasi-direct transition (i.e., a transition made direct through zone-folding). 

Although a tight binding band calculation by Brey and Tejedor [13] gave support to this 

interpretation, the majority of calculations predicted an indirect gap (i. e., they predicted 

that the lowest conduction-bands minima were produced by ~11 states) [14,15]. Even for a 

pseudo-direct transition, the calculated oscillator strength is much smaller than the observed 
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one. Subsequent measurements of photocurrent and electroreflectance in the same sample, 

interpreted with a first-principles band calculation, established the existence of two indirect 

absorption edges, at ~ 0.78 and 0.90 eV respectively, but not of a direct one [15]. The 

photocurrent measurements are shown in fig.4(b).The anomalous oscillator strength of these 

indirect transitions remained unexplained, although Hybertsen et a!. [15] mention end effects 

( their SL is only five periods long) and interface roughness as probable causes. The other 

!ines in the ER spectrum of fig.4(a) were discussed in more detail in a !ater paper by the 

same group [16] and their interpretation includes other transitions from the valence band to 

folded conduction band states whose intensity greatly exceeds that of the predictions of band 

calculations. These results shall be discussed in section Il.D, in the context of higher-energy 

direct transitions in GenSim SLs. 

Next, electroreflectance measurements performed on two GenSÍm ( n+m = 10) SLs grown 

commensurately on Ge substrates are reported by Pearsall et a!. [17]. These SLs should have 

pseudo-direct band gaps, produced by the folding of the ~.L conduction band edge. since 

they satisfy both the periodicity and strain conditions previously explained. Their spectra 

show a rich pattern of strong structures at photon energies just above that of the direct Eo 

peak of bulk Ge, which they attribute to pseudo-direct transitions. First principies band 

calculations show that such pseudo-direct gaps exist in this photon energy region, although 

the transitions associated with them should have negligible oscillator strength [18]. Hence, 

the existence of a pseudo-direct gap not necessarily explains the structure observed in the 

spectra of Pearsall et a!. [17]. This assigrunent is even less fum when we take into account the 

actual structure o f the samples used in the experiments. Besides the thick Ge buffer layer, 

each sample contains twenty repetitions of the basic 5-period GenSÍm SL separated from one 

another by 25nm-thick Ge layers. These thicker Ge layers contribute to the total spectrum 

with their own E0 transition anda strong pattem of Franz-Keldysh oscillations induced by 

the applied electric field [7,10]. These contributions fali in the same photon energy range 

as that of the pseudo-direct transitions from the GenSim parts of the sample. In order to 

overcome the problem of the Franz-Keldysh oscillations Yin, Yan and Pollak [19] performed 
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a piezo-reflectance study on a series of Ge,Si,. SLs which includes those previously studied 

by Pearsall et ai [17]. Their piezo-reflectance results show that the spectral features that 

had been identified as due to pseudo-direct transitions from the SL parts of the samples 

are, instead, quantum-confined E0 transitions originating in the 25nm Ge spacer layers. 

But the search for pseudo-direct transitions continues. Pearsall et ai. recently reported 

measurements of differential transmission on these samples that seem to support the idea of 

anomalously strong optical absorption at the pseudo-direct band edge [20,21]. 

While the controversial results of the modulated reflectivity work were being actively 

discussed, new evidence from photoluminiscence (PL) work performed on GenSim SLs was 

added to the debate. Zachai et al. [22] reported photoluminiscence experiments performed 

on a series of GenSim SLs with different periods and states of strain. The strain variations 

were achieved by using either Si or Ge substrates and buffers of partially relaxed Si-Ge 

alloys. In all cases their SLs have many periods (total SL-thicknesses of ~ 200nm), so end­

effects cannot be invoked here. On the other hand both the density of misfit dislocations and 

interface roughness should be larger here than in the shorter SLs used in the electrorefectance 

work ( see chapter by J. C Bean in this volume) . fig. 5 summarizes the results o f Zachai et ai. 

[22]. A very broad and inhomogeneously broadened peak at ~ 0.84 e V appears in a strain 

symmetrized sample with n + m = 10. This sample has the right period and strain to have 

a pseudo-direct gap. This peak is either absent or very weak in samples which do no meet 

this criteria (i.e., samples with indirect gaps). Hence, these authors identified the PL line as 

a direct recombination, at the BZ-center, from the bottom of the folded ~.!. conduction band 

to the top of the Ge-like valence band. This interpretation was hotly disputed by Schmidt 

et ai. on the basis of their comparison of the photon-energy position of the PL peak and 

the value of the pseudo-direct gap obtained in their ab-initio calculation for the SL used 

in the PL experiment [23]. Also, the calculated oscillator strength for this pseudo-direct 

recombination is orders of magnitude smaller than that which would be required to observe 

this strong emission. They suggest that the emission line is associated with defects ( the 

samples in question are known to have dislocation densities between 108 and 1010cm-2
) and 
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point out that remarkably similar emission !ines were observed by other authors in samples 

where the active region was composed of an homogeneously strained layer of GexSil-x alloy 

[24]. In these samples the gap is definitely indirect and no zone-folding can be invoked. To 

counter this criticism, Meczingar et ai. [25] studied the absorption (via photocurrent) and 

PL spectra of two Ge, Sim superlattices with n + m = 10. These samples were grown in 

conditions that guaranteed a very low dislocation density. Figure 6 reproduces their PL and 

absorption spectra for a Ge4Sio SL ( upper curves) and a Geo.4Sio.6 alloy grow under the same 

conditions. The onset of the SL absorption is shifted towards lower photon-energies, by - 100 

me V, in relation to that of the alloy. Comparison between the absorption and the PL features 

in the forrner sample supports the interpretation that the latter originates in a no-phonon 

recombination across the gap which produces the absorption edge (see sec. IV). Joining 

both results we conclude that the PL of the SL sample is due to a no-phonon recombination 

which takes place in the part of the sample containing the Ge4S4 SL and not in the alloy 

buffer layer. This seems to support the interpretation of Zachai et ai. [22]. However, this 

interpretation is not unique. First we notice that the similar PL feature observed by Nõel 

et ai. [24] in GexSh-x quanturn wells are also due to a no-phonon recombination process 

across the alloy's indirect energy gap i.e., to explain this line no direct gap is necessary. 

Second, the buffer layer is not the only place in the sample which contains alloy layers. 

The results from Raman scattering experiments in Ge.Sim SLs show that alloy layers forrn 

spontaneously at the Ge/Si interface(see section IILE.3). So these superlattices contain a 

certain amount of Si-Ge alloy even when it has not been intentionally included in the sample. 

Hence, the PL peak could be equally well interpreted as due to recombination in the alloy 

regions of the sample located around the Si/Ge interfaces of the Ge4Si6 SL. 

The discussion above shows that, although zone-folding does result in pseudo-direct gaps 

for samples of appropriate periods and strain, no clear evidence exists that the strong optical 

structures observed in reflectivity, absorption or PL spectra of some Ge,Sim superlattices 

are associated with transitions across this gap. This is made especially plain by the fact 

that these strong spectral features also appear in samples where the gap is clearly indirect. 
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Thus. zone folding does not appear to be the main reason behind these strong features in 

the optical spectra, but rather other components of the sample which appear unintentionally 

during growth might be responsible for them. This view is supported by recent theoretical 

calculations which show that if a disordered layer exists, extending only ±1 monolayer (ML) 

about the Si/Ge interfaces of a 10-ML period superlattice, alloy scattering becomes the 

dominant mechanism for recombination [26].This point is thoroughly discussed in Chapter 

5 of this volume, so we need not elaborate any further here. One additional remark is in 

order about the interpretation of the results from the type of optical experiments discussed 

so far. Most of the uncertainties when interpreting spectra arise from the failure to answer 

the following question: which part of the sample is responsible for the observed spectral 

feature? The optical spectra results from the response of the whole sample, which, aside from 

the actual Ge.Si, SL, includes buffer and spacer layers as well as thin layers of disordered 

material at the interfaces. In some cases the technique of Resonant Raman Scattering is able 

to give an experimental answer to this question (see discussion in section III.E). However, it 

is not always possible to perform such experiments. In these cases theoretical studies must 

be used to answer this question (see chapter 5). 

C. Otber Optical Transitions in Si/Ge.Sil-• and GefGe.Sil-• Microatructures 

The early optical work in Si/Ge microstructures was conducted on quantum wells (QWs) 

and superlattices obtained by alternating relatively thick (2.5 - 25 nm) layers of Si and 

Ge.Sil-• alloys grown lattice matched on Si (001) substrates [27]. In these structures the 

quantum wells are composed of a disordered, strained, material. In order to describe the 

electronic states of the SLs it is necessary first to understand those of the strained alloy. 

Experience shows that these can be described fairly well in the spirit of the virtual crystal 

approximation [28]. Within this framework we can attribute to the alloy a band structure 

which is a weighted average of those of Si and Ge and that responds to strain in very much 

the same manner as those of the constituent materiais [29-32]. Figure 7 shows a schematic 
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representation of a biaxially compressed Geo.sSio.s alloy derived using the approximations 

just described [33]. A comparison between figs 7 and 1 shows the similarities between the :c 

band structures of the alloy and those of the constituent materiais. Figure 7 also shows the 

optical transitions responsible for the main features in the modulated reflectivity spectrum. 

These transitions are clearly seen in the ER-spectra of bulk, unstrained, alloys. The evolution 

of the transition energies as alloy composition changes is illustrated in fig.S [34]. This figure 

shows that the optical transitions in the Ge$Si1_$ alloy evolve continuously, and indeed 

linearly in most cases, from those of Si into those of Ge as x varies from O to 1. Disorder 

seems to affect optical spectra only by introducing extra broadening in the observed !ines. 

This could be interpreted, within the virtual crystal approximation, as a disorder-induced 

relaxation of the conservation of crystal momentum in the optical transitions. Hence it is 

possible to think of the states of the quantum-well as resulting from confined alloy bulk 

states, in the same manner as if the material of the QW were pure Si or Ge [28]. 

These ideas. however, needed to be put to the experimental test. To the best of our 

knowledge, the first observation of optical transitions attributable to confined states in 

Si/Ge,Si,_, SLs were the resonant Raman scattering measurements of Cerdeira, Pinczuk 

and Bean [35]. The Raman spectrum of these materiais is discussed in detail in section III. 

Here we merely remark that the intensity of a given Raman peak is enhanced when the 

incoming or scattered beams have a photon-energy which coincides with that of a direct 

electronic transition involving states confined within the same layer as that in which the 

vibration originating the peak is confined. Hence, plotting the intensity of a given Raman 

line as a function of the photon-energy of the incoming laser (tu,h) one obtains a curve 

which has peaks whenever hwL coincides with such a transition. These authors [35] report 

a resonant enhancement in the cross section of an alloy phonon, which can be attributed to 

vibrations of the Si-Ge bond (see section III.B), at photon energies in the range tu.JL ~ 2.0-

2.6 e V, in a series of Si/Ge$Si,_$ SLs with a variety of QW-widths ,d, and alloy compositions 

(see fig.9), x. This signals the presence of an optical transition (ora family of closely spaced 

optical transitions) between states confined within the alloy QW. These transitions were 
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tentatively identified as the strain-split Eo doublet of the alloy layers, modified by stress and 

confinement (see fig.7). 

Encouraging as this first indication of quantum confinement in this type of materiais 

were 1 the resonant Raman experiments did not provide accurate transition energies for the 

optical transitions involved. Indeed, even their identification as E0-like transitions is not 

unequivocal, because of the proxirnity of E1transitions of the alloy layers. More detailed 

information about optical transitions in these materiais was !ater reported by Pearsall et ai. 

[36]. These authors reported electroreflectance measurements in Si/GexSh-x SLs in a wide 

photon-energy range (2.0 - 4.0 eV). A typical ER-spectrum is shown in fig.lO, where the 

arrows indicate assignments of spectral features to transitions between electronic states in 

the SL derived from bulk-alloy electronic states modified by strain and confinement. These 

assignments are complicated by the fact that two multiplets overlap in energy: the Eo (1) 

and Eo (2) strain-split doublet and the E 1 and E 1 +Ll1 of the bulk alloy (see fig.7). Also, the 

spectrallines for this strained and disordered QW -material are rather broad, as can be seen 

in fig.10. Even so, the assignments in this figures for the E0 doublet are in good agreement 

with calculations made on the basis of the well-known behaviors of these gaps with strain. 

alloy composition anda simple Kronig-Penney-type model, with constant effective masses,to 

account for the effects of quantum confinement [37]. The quantum wells were constructed 

using band alignments at the Si/Ge interface proposed by Van de \Valle and Martin [38], 

which involve very shallow wells for holes and deep QW s for electrons (as much a 1.8 e V for 

some of the samples of ref [36]). These deep QWs should produce a multiplet of transitions 

associated with each of the strain-split E0 gaps. The width of the ER !ines in the spectrum 

of fig. 10 does not allow to resolve the members of these multiplets produced by quantum 

confinement. For the E1-multiplet confinement cannot be included in a straightforward way, 

so in was ignored by Pearsall et ai. [36]. Even so. fairly good agreement is found between 

predictions made on this basis and optical structures in their ER spectra. 

The pioneering work described above proved that optical spectra in these structures 

could be interpreted successfully on the basis of direct optical transitions in the bulk-QW 
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material, modified by the effects of strain and confinement. These effects were reasonablY;;­

well described, for zone-center transitions, by elastic theory and very simple Kronig-Penney­

type models respectively. In order to obtain more accurate information for comparison 

with theoretical models, it would be necessary to produce materials in which the E0 and 

E1multiplets were not overlapping. Also. a better quality QW-material would produce 

sharper spectrallines. This was accomplished by growing the structures commensurately on 

Ge substrates and alternating alloy with Ge layers, i.e.: Ge/Gex Si1-x quantum wells and 

superlattices. In these structures the Q\V -material is pure, unstrained, Ge while the strain 

and disorder appears only in the barrier (alloy) material. An additional advantage is that in 

bulk Ge the E0 and E1 transitions are well separated in energy (~ 1.4 e V, as can be seen in 

table I ), so the multiple transitions associated with the Eo optical gaps in the QWs do not 

overlap in energy with the structures associated with the bulk E1 gaps. Optical multiplets 

associated with the E0 transitions of bulk-Ge were first observed by piezo-reflectance in 

the thick (29 -143 MLs) Ge QWs formed in the Ge-spacer layers separating thin GenSim 

short-period SLs [19]. These resulto were already discussed in the previous subsection. 

The observed multiplets were described qualitatively by a Kronig-Penney type model using 

constant effective masses. However, predictions differ from actual peak positions by as much 

as 110 me V in some cases. These predictions can be rnade more accurate by including the 

effects of non parabolicities in the conduction band. These effects are non-negligible in 

cases such as these. where the confinement energy can be comparable to, or even larger 

than, the Eo gap in the bulk material. The matter was !ater taken-up by Rodrigues et al., 

who reported photoreflectance (PR) measurements on two Ge/Ge0.7 Si0.3 SLs with relatively 

thick( ~ 10nm), unstrained, Ge quantum wells [39]. A typical spectrum from one of these 

samples is shown in the upper curve of fig.11. For comparison, the PR spectrum of bulk 

Ge is shown in the lower curve of this figure. The multiplet associated with the bulk Ge E0 

transitions is clearly seen in the spectrum of the Ge-QW of fig.11. The !ines associated with 

bulk-Ge E1 transitions are also clearly seen, but they appear at much higher photon energies. 

We discuss first the SL spectral features associated with the E0 gap, which are shown in 
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greater detail in fig.l2. Eight !ines (labelled A through H, in order of increasing photon­

energy) are clearly identified in this multiplet. These !ines were interpreted in terms of the 

predictions of a simple Kronig-Penney-type model, using the offset of the average valence 

bands (L:l.Ev,av) as an adjustable parameter. The results of these calculations are shown 

. in this figure as solid ( dashed) curves for parity-allowed transitions at the mini-zone center 

( edge), while experimental transition energies are represented by horizontal dotted !ines. The 

figure on the left-hand side of the spectrum was calculated with constant effective masses, 

while that on the right-hand side wa.s produced by energy-dependent masses calculated with 

the Kane model [39,40]. For constant masses the agreement is poor for ali but the lowest 

photon-energy !ines, regardless of the choice of band offset. In contrast, excellent agreement 

is obtained when non-parabolicities are included (fig.l2(c)) for a value of the band offset of 

L:l.E,,av o<o 0.14 ± 0.03,which agrees with that proposed by Van de Walle and Martin [38]. 

Table li compares experimental and calculated values for the transition energies. In these 

assignments not only the !ines associated with heavy (h) or light hoJe (!) transitions are 

identified. but also the effects of miniband dispersion is brought into focus as the structures 

produced by singular points at the mini-zone center (r) and edge (II) become progressively 

resolved when the transition index (n) increases. 

The above discussion vindicates the use of simple models based on confinement in square 

wells for the optical structures associated with the Eo gap. This is a non-trivial conclusion, 

since the conduction minima at r, in bulk Ge, is higher in energy than other conduction 

band states (see fig.l) and inter-valley mixing could occur (see chapter 5). The nagging 

question remains as to whether the same would hold for SLs with ultra-thin layers. We 

tackle this question in the following section. Before coming to that, let us examine the part 

of the spectrum of fig.ll associated with the E 1 and E1 + L:l.1 transitions. No multiplets are 

observed here. In fact the spectrum of the SL and that of bulk Ge are almost identical. 

except for a small shift in the !ines of the former towards higher photon-energies, which 

increases as the width of the Ge-QW (L) decreases ( 52 me V for d = ll.lnm and 72 me V 

for d = 10.2nm) [41]. This argues in favor of confinement effects, even for optical gaps such 
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as these that extend through a large portion of the BZ [1]. The actual confinement of the 

electronic states is confirmed by resonant Raman results, which shall be discussed in sec. 

III.E. However, it is far from obvious how this concept applies to electronic states which 

have such a large energy-width that they overlap with many other states in the BZ. This 

complex situation precludes tbe use of square-well models to treat this confinement. In fact, 

the very concept of confinement becomes dubious. especially for SLs with very thin layers. 

This discussion will be taken up in the next section, devoted to optical results in GenSim 

SLs. 

D. Other Optical Transitions in GenSim Quantum Wells and Superlattices 

In sec.Il.B we discussed some aspects of the ER-spectra of ultra-thin GenSim SLs 

(n, m ;S 5), namely the existence of low photon-energy spectral !ines which had been at­

tributed to pseudo direct transitions at the folded fundamental gap. A representative ER­

spectrum from a Ge4Si4 , from ref [15], is reproduced in fig.4(a). Besides the line assigned 

to this pseudo-direct transition, other strong ER-lines appear at hlgher photon-energies. 

These are assigned to direct transitions between electronic states originating in bulk-Ge 

states modified by the superlattice potential. A more complete study of ER in this type 

of materiais was !ater reported by Pearsall et al. (33]. In thls work the spectra of GenSim 

SL 's (grown commensurately on Si substrates) with n = m = 1, 2 and 4 are discussed in 

detail. The spectrum of fig.4(a) is representative of those of these samples. The sample 

with n = m = 4 shows severallines that are attributed to Eo or E 1transitions. Since the 

Ge layers are biaxially compressed two E0 !ines are expected, corresponding to transitions 

between the strain-split heavy and light hole valence bands and the confined state ( only one 

for very thin layers) of the conduction band. The members of this doublet are called Eo (1) 

and Eo (2), in order of increasing energy. Thls doublet (at 2.20 and 2.38 e V respectively) is 

identified in the ER-spectra of Pearsall et al. Also present in their spectra are two doublets, 

one strong (at 2.60 and 2.82 e V) and one weak (at 3.04 and 3.22 e V), which are assigned to 
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E, andE, + Ll.,, respectively, modified by the superlattice potential. The nature of these 

modification is not made clear by Pearsall et a!. They also discuss the spectra for samples 

with n = m = 1, 2, assigning spectral !ines with the assumption of perfect interfaces. In 

view of the fact that interface roughness extends at least one monolayer on each side of the 

interface, these assignments are not likely to be reliable. 

Photoreflectance (PR) measurements by Dafesh et a!. [42,43], performed on a strain­

synunetrized 60-period Ge,2Si8 SL, are shown in fig.13. The thick Ge-QW should produce 

a multiplet for each one of the two strain-split Eo gaps, in a manner analogous to that 

of the upper curve in fig.11. Instead only two strong !ines, associated with the n = 1 

transitions of Eo (1) and E0 (2), respectively, appear in the spectra of fig.13 (!ines B and C 

respectively). A series of weak structures (D through P) also appear in the spectra. They 

are identified as higher transitions of the E0 multiplets, E1 and E1 + Ll.1 transitions from 

the Ge layers or transitions in the thick, strained-relaxed, alloy buffer layer. The label A 

in fig.l3 designates a photon-energy region where indirect transitions might appear. None 

are reported by the authors [42]. The assignments are made exclusively on the basis of the 

photon energy of a given line. It is not clear, for instance, why the line attributed to the 

E1 transition is so weak, knowing that this transition is responsible for the strongest line of 

the optical spectrum of bulk Ge in this photon energy range (see fig.2). On the other hand, 

SLs with such thick Ge-layers may have poor interfaces (see chapter by J.C Bean in this 

volume), so it would not be surprising if these weaker !ines are related to defects rather than 

to the interband transitions of a perfect structure. In any case, there are a good number 

of these !ines in a photon energy range where different electronic transitions overlap, so a 

more detailed knowledge of the band structure of the SL would be required in order to make 

reliable assignments of optical structures. 

The combination mentioned above, of detailed band calculations with a sensitive optical 

technique, is present in the work of Schmidt et a!. [44]. These authors report ellipsomet­

ric measurements, both at room temperature and at T = lOK, performed on a Ge4Sis 

strain-symmetrized SL. They compare the second derivative of € 2 (w), obtained by numer-
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ical differentiation of experimental data, with that generated by a linear-muffin-tin-orbital-c 

(LMTO) ab-initio calculation. In figs 14(a) and (b), respectively, we show the comparison,c;_· 

between their experimental and theoretical optical spectra and their results for the band 

structure calculation. Each interband transitions indicated in fig.4(b) produces a peak in 

the theoretical optical spectra of fig4( a) ( arrows). Comparison between the experimental 

and theoretical optical spectra is excellent, once the theoretical photon-energy is given a 

uniform 0.1 e V shift to account for a systematic artifact of the calculation [44].Also, note 

that experimental spectra can only be obtained after the sample has become opaque to the 

incoming light (tzw 2; 2.7ev). At lower photon energies the optical spectra is dominated by 

interferences produced by multiple internai reflections. This is a feature that affects most 

optical measurements based on reflectivity to a larger or lesser degree. Severa! techniques 

have been developed to remove the effects of these interferences [41], but it is always an 

ultimate limiting factor to the accuracy of reflectivity-based measurements in multi-layer 

systems. Taking these limitations into account, we can summarize the main conclusions of 

this work as follows : 

• The lowest direct energy gap occurs at the r-point (~ 1.1eV). This gap appears as 

a result of zone-folding (see section I.B), but gives no significant contribution to the 

optical spectra because of its negligible oscillator strength. 

• Strong absorption starts at ~ 2.3eV and it is associated with transitions along the 

r - N !in e in the mini Bri!louin-zone. This is a multi plet which originates in bulk E1 

transitions, modified by the effects of the superlattice potential through zone-folding 

and confinement. They are named Ef (a= a,b,c and d) . 

• The first transition at the r-point of the mini-zone which gives a significant contribu­

tion to the optical spectrum occurs at 2.6e V and originates in bulk-Ge E0 transitions, 

shifted to this high energy by the effects of quantum confinement. 

• In addition to the bulk-like features discussed above, fig.14(a) shows a series of weak 
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peaks, labelled S. (i= 1- 6). These are attributed to transitions from the bulk-like 

valence band to folded conduction band states. 

Subsequent theoretical [18] and ellipsometric [45] work confirma these results and trace 

the evolution of these optical structures for different sample parameters. 

The discussion above exemplifies the importance of having a reliable band calcula­

tion when interpreting the optical spectra of GenSim SLs. In this spirit, subsequent ER­

measurements [46] in a series of strain-symmetrized SLs were examined within the general 

scheme of optical transitions illustrated in fig.14(b ). In fig.15 we display their ER-spectra, 

taken at T = 77K, for samples with different layer thicknesses. Each spectrum shows a large 

number of structures, which result from a variety of transitions with overlapping criticai 

energies. The authors assumed that the number of criticai points were those of the LMTO 

calculation for the n = m = 5 case [18] and fitted their experimental data with this number 

of standard ER-lineshapes[eq.(1)]. The continuous !ines in fig.15 represent the best fit to 

the data (open circles). The individuallineshapes composing each fitare shown below each 

spectra and· the arrows indexed A. B, .. etc. are the criticai energies obtained from these com­

ponent !ines. The upper arrows indicate the criticai energy and assignment of the LMTO 

calculation for a Ge5Si5 SL [18]. Also indicated in fig.15 are the calculated positions of the 

strain-split Eo doublet, calculated by a simple Kronig-Penney model with energy-dependent 

effective masses [39]. Table III summarizes the numerical results of these assignments for 

the samples with short periods (n + m ~ 10). Here we also list the onset of strong ab­

sorption (E.,,) in these samples, obtained from the exponentially decaying envelope of the 

interference oscillations that precedes it, in the rnanner explained in ref [46]. Extending the 

same analysis to samples with larger periods, the evolution of these optical transitions as a 

function of period-length can be studied. The main results can be surnmarized as follows: 

• The spectra always contain a feature whose origin can be traced to confined bulk-Ge 

Eo transitions. This feature is very sensitivo to the thickness of the Ge layer and its 

position is well explained by simple Kronig-Penney type mo deis . This is illustrated 
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in the inset of fig.l6, where the experimental transition energies from ER-spectra 

( open circles) are plotted against the predictions of such a model ( open diamonds and 
4

., 

continuous line) and. those of the LMTO calculatlon (full diamonds). For n + m :2: 10, 

this transition defines the onset of strong absorption in these materiais. For smaller 

periods, the Eo transitions move up in energy and falls among the members of the 

E1-multiplet (to be discussed next). In this case one of the members of this multiplet 

defines the onset of strong absorption. 

• As we already discussed, the E1-transitions of the bulk materiais originate a multiplet 

as a result of the modifications which the superlattice potential imposes on them. The 

evolution of the members of the multiplet as the thickness of the Ge layer increases 

is shown in fig.l6. This figure suggests that this multiplet is mainly composed of a 

Ge-like doublet (Ef and El} and a Si-like one (Ej and E1), which evolve towards the 

E1 and E1 + tl.1 transitions of bulk Ge and Si respectively, as the Ge layers become 

thicker. 

• The Ef-transition of thin-layered SLs (n;;; 6) is responsible for the most intense line 

of the ER-spectrum and constitutes the onset of strong absorption in these SLs. As 

the Ge layer thickness increases this line evolves continuously towards the bulk-Ge E, 

transition. but it always occurs at a higher photon-energy than the latter. This is true 

even for very thick Ge layers, such as those of the Ge/Ge,Si,_, SLs discussed in the 

previous subsection. Although this might suggest confinement of a bulk-Ge state, this 

energy increase could also result from an admixture of Si-like states which diminishes 

progressively as the thickness of the Ge layer increases. With the data discussed so 

far it would not be possible to distinguish between these two altematives. 

The last point in the above discussion could be clarified by studying how the E, mul­

tiplet is generated as the number of Ge-quantum wells increases from a singie QW to a 

full superlattice, for fixed thicknesses of the Si and Ge layers. In the case of admixture of 

Si and Ge wavefunctions we would expect a weak dependence of these structures on the 
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number of periods, since this admixture depends mostly on the relative thicknesses of the 

Si and Ge layers. On the other hand, confined states would develop into multiplets with 

the wave function of its members still mainly confined in one or the other layer, An ex­

periment of this type was attempted by Rodrigues et aL [41 J, who report photoreflectance 

(PR) measurements on three samples containing one (1QW), two (2QW) and six (6QW) 

Ge quantum-wells. The samples were grown lattice matched on Si (001) substrates. The 

Ge QWs have a thickness of five monolayers. In the samples with multiple QWs these are 

separated by 5MLs of Si. Each structure is repeated between 10 and 25 times and each unit 

is separated from the next by a 30nm-thick Si spacer-layer. Low temperature (77K) PR and 

room temperature resonant Raman scattering (RRS) experimenta were performed on these 

samples. Their PR-spectra is shown in fig.17(a), where open circles represent experimental 

data and the solid curveis a fit with the standard lineshapes of eq.(l). Each line composing 

a given fit is shown below the respective spectrum. We see a continuous evolution in the 

spectra of the NQW samples, from one line for N=L to two for N=2 and four for N=6, 

respectively. !f we identify the spectralline in the single-QW as E1, then the spliting of this 

feature into two components for the double-QW (A and B in fig.17(a)) is analogous to the 

splitting of a given electronic state into a symmetric and an antisymmetric component by 

the double well, while the multiplet generated by a fully periodic superlattice would already 

appear for six QW s. This assignment coincides with that made by Freeouf et. al on the 

basis of ellipsometric and RRS experiments performed on thin (~ 0.7nm) Ge-layers buried 

in a Si matrix [47]. The evolution of this structure as the number of Ge QWs increases is 

illustrated in fig.l7(b), where the data for the strain-symmetrized Ge5Sis SL from ref [46] 

was included (N = 150). The arrows at the side of this inset indicate the E1 and E1 + ~1 

transitions of biaxially strained bulk-Ge and strain-free bulk-Si respectively. There is a re­

markable agreement between the multiplet of the 6QW sample and that of the SL. This 

agreement is even more impressive when we consider that both samples have different strain 

profiles. In order to say something about the actual confinement of the electronic states 

involved in these transitions, we turn to the RRS results. The exact manner in which this 
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technique gives information about wavefunction confinement shall be described in sec.III.E. 

Here we just mention that the Raman cross section of a vibration, known to be localized 

in a given layer: is enhanced only when the incoming ( or outgoing) beam is in resonance 

with an electronic transition among states localized in the same layer. In table IV we list 

the photon energy and assignments of the !ines in the PR-spectra, as well as the degree of 

confinement of the electronic states derived from the resonant Raman experimenta. These 

results support the idea of wavefunction confinement for the electronic states involved in the 

E1 transitions. 

The parts of the discussion in the last two sections that was centered around spectral 

features in Ge single and multiple quantum wells which could be attributed to either E0 or 

E1 transitions of the bulk materiais can be summarized as follows: 

• Multiplets associated with the E0 transitions are clearly observed in QWs and SLs with 

relatively thick Ge layers ( ~ lOnm) and alloy barriers. As these layers become thinner, 

this rich multiplet structure becomes obscured. This happens both because narrower 

wells have fewer confined states and also because interface imperfection becomes more 

important in thinner wells, leading to broader spectrallines. Another complicating fac­

tor is that confinement shifts these peaks into the region of the stronger E1-multiplets. 

However. in all cases the !ines identifiable as Eo transitions have a strong dependence on 

layer thickness which can be quantitatively explained with simple square-well models. 

• In single Ge-QW s confinement of the A-line states of bulk Ge occurs. This is not 

obvious, since these states cover a wide range of energies which overlaps ( although 

at different k-vectors) with states along the same line in the barrier material. In 

a superlattice, these !ines split into two doublets which have wavefunctions mostly 

confined into the Ge (Si) layers for the doublet at lower (higher) photon energy. These 

doublets appear as a consequence of zone-folding and the manner in which this happens 

cannot be described by simple square-well models. 

The results of this whole section were discussed within the framework of electronic calcu-
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lations performed for microstructures with perfect interfaces. As we shall see inn sec.III.E, 

actual interfaces always have disordered layers that affect at least ±1M L around the Ge/Si 

interface, and frequently present larger-scale roughness in the form of terracing an island 

formations. This real interfaces might have a decisive influence on the optical spectra which 

might, in turn, lead us to revise the previous assignments. The subject of electronic states 

in imperfect structures~ and their infiuence in their optical properties, is amply discussed in 

chapter 5 of this book. 

111. RAMAN SCATTERING 

A. General Considerations 

Inelastic light scattering by phonons has been used for severa! decades to obtain infor­

mation about the electronic and vibrational states of semiconductors. Among the numerous 

reviews on the subject, we cite two representative examples: that of Cardona for bulk semi­

conductors l48] and that of Jusserand and Cardona for semiconductor quantum-wells and 

superlattices [49]. In what follows we shall give a brief surnmary of the elementary concepts 

and equations that we shall use throughout this section to describe the applications of this 

technique to Ge/Si microstructures. 

The scattering event consists of an incoming photon of well-defined energy ( hwL) and 

momentum (likL) which is scattered inelastically into another photon ( hws, liks) by creating 

or annihilating a phonon of energy liw and crystal-momentum liq. Let us focus on the process 

of creation of a phonon (Stokes line ). Energy and crystal-momentum conservation require 

that: 

'hwL = 'hws + 'hw 

'hkL = 'hks + 'hq 
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Experiments are usually performed with lasers emitting in the visible or near infrared" 

parts of the spectrum so, normally: wL ""Ws » w. In opaque semiconductors most experi-" 

ments are performed in backscattering (kL ""- ks), which results in a phonon wavevector 

given by: 

41I'I 
q=­

ÀL 
(3) 

where 71 is the refractive index of the material and ÀL ( ~ 500nm) the incident laser wave­

length (in vacuo). Phonon wavevectors are measured in terms of the length of the Brillouin 

zone (li/ L, for a superlattice of period L), so,for most cases of interest, q"" O. Beca use 

acoustical phonons in bulk materiais, at these small wavevectors, have very small frequen­

cies, scattering by these phonons (Brillouin Scattering) is not observable in normal Raman 

scattering experimental arrangements. Hence, first-order Rarnan scattering in bulk semi-

conductors probe only the q"" O optical phonons. When dealing with superlattices with a 

periodicity L, it is often useful to define a reduced wavevector: 

(4) 

which is measured in terms of the BZ-length along the growth direction. By an appropriate 

selection of L and ÀL, it is possible to probe both the optic and acoustic branches at arbitrary 

points along this BZ-axis. 

The incoming and scattered photons are closely correlated, both in polarization and in 

energy. The intensity of a Raman line, associated with the creation of a given phonon of 

the wrbranch is given by: 

(5) 

where e L (e8 ) is a unit vector in the direction of the polarization of the incoming (scattered) 

light and R; is the Raman tensor (a tensor determined by the symmetries of the material 

and that of the j-th vibrational mode). For Si, Ge and their alloys the triply-degenerate 

q"" O optical modes have Rarnan tensors given by: 
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o d o 
R,~ d 0 0 
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(6) 

In eq.(6) d is a constant and x, y and z define the direction of the vibrational eigenrnode in 

terms of the cubic axes. Thus, for QWs and SLs grown along the (001) direction (z), the 

first and second tensors correspond to in-plane vibrations, while the last one corresponds to 

vibrations along the growth axis. Raman scattering configurations are usually specified in 

the notation: XJ (x2, xa) x., where the first (last) X; designates the direction of the incoming 

(scattered) photon, while the first and second letters in the parentheses define the polariza­

tion of the incoming and scattered beams, respectively. Inspection of eq.(6) reveals that the 

combination of polarizations ( xy) selects scattering events by phonons vibrating along the 

growth axis while in-plane phonons are visible in configurations (x, z) and (y, z). 

In archetypal GaAs j AIAs SLs acoustical branches are very similar in both materiais 

, while optical branches do not overlap in frequency. Here the dispersion relations for 

the SL-phonons can be visualized by folding the average bulk acoustic branches into the 

reduced Brillouin zone of the SL and confining the optical vibrations within each layer. This 

procedure is schematically shown in fig.lS for the longitudinal branches of a hypothetical 

A2B2 SL, made up of two zinc-blende or diamond-type bulk semiconductors A and B. 

The optical branches of an A,. Bm SL are virtually dispersionless and obey the confinement 

conditions: 

wA(B) _ w""'k (q ) 
v - A(B) v 

n(m)- -!ITv 
qv - [n(m)+ó] 

(a) with 

(v=l,2, ... ) (b) 

(7) 

In eq.(7) ó accounts for the fact that the atomic displacement, instead of vanishing at the 

last A or B atom of a given layer. has a small penetration into the adjacent layer. Notice 

that the confined optical mode vibrating along the growth axis (perpendicular to it) are 

always derived from the dispersion relation of the bulk LO-modes (TO-modes), irrespective 
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of the direction of propagation of the phonon. This happens because these vibrations are 

longitudinal or transverse in relation to the quantized q-vector defined in eq.(7b), which is 

more important in defining the T or 1-character of the phonon than the small propagation 

wavevector. The first experimental demonstration of this, for GaAs/ AlGaAs, was given by 

Zucker et al. SLs [50]. 

The acoustic modes of the A..Bm SL are obtained by zone folding of the average bulk 

acoustic branches. The difference between both materiais manifests itself at the minizone 

edge and center, where gaps appear when these folded branches cross (see fig.lB). For a 

given laser wavelength, severa! peaks appear in the Raman spectrum at the points of the 

dispersion satisfying eq.(3). This is illustrated in fig.lB(c) by a dashed vertical tine at this 

q-value. Symmetry allowing, each intersection of this line with the dispersion relation of the 

SL ( open circles) generates a peak in the Raman spectrum. 

Various models can be used to calculate the lattice vibrations of the SL. The most general 

type consists of building a cubic super-cell (SC) containing severa! periods of the A..Bm 

structure and quilding up the dynamical matrix of this super-cell by using force constants 

between the different types of atoms. This dynamical matrix is then diagonalized, yielding 

eigenvectors and eigenvalues which can then be placed in a minizone scheme such as that of 

fig.l8. The force constants are chosen so as to reproduce the dispersion relations of the bulk 

material, when the atoms of the supercell are either all A or all B. These calculations yield 

accurate results, but can be very complex. An altemative for obtaining dispersion relations 

and eigenmodes for longitudinal vibrations, for SLs grown along the (001 )-direction, is to 

treat each plane as an "atom" of mass mA or m 8 and use inter-planar force constants so 

as to reproduce the bulk dispersion relations along the growth axis. This linear-chain (LC) 

models give very good results and are easy to handle. These models are well described in 

ref. [49]. More details about them shall be given when discussing actual results for Ge/Si 

SLs. 

The description given above of the vibrational modes of SLs is appropriate for systems 

in which the optic branches of one of the bulk constituents do not overlap with any of 
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the branches of the other. In the Ge/Si system this is not exactly the case. In fig.l9 we 

reproduce the bulk dispersion relations of Si, Ge and of a Geo.5Sio.5 alloy for longitudinal 

modes [51]. This figure shows that, although the Si-optic branch is truly isolated, that of 

Ge has a region of overlap with the longitudinal-acoustic branch of Si. Thus, it is not clear 

that the concept of confinement, exemplified in eq.(7), applies to ali the optic modes of SLs 

made up of layers of Ge alternating with those of Si or Ge,Si)_,. We shall examine this 

question in more detail in the following subsections. 

B. Raman Scattering in Bulk Ge_Sil-• Random Alloys. 

Experimental results reported by severa! authors [52-56], show that the Raman spectrum 

of a random Ge,Sil-• alloy is composed of three main peaks, which, for x ~ 0.5, appear 

at frequency shifts of ~ 290cm-1 (Ge- Ge), 407cm-1 (Si -Ge) and 480cm-1 (Si- Si). Sub­

sidiary, weaker, structures are seen between the last two main peaks. These spectra obey 

the same selection rules as those of bulk Si or Ge and the main peaks shift as a function of 

strain in a manner similar to the peaks of their bulk constituents. In fact, Cerdeira et. ai 

used the shift of the Si-Ge peak to determine quantitatively the biaxial strain in alloy layers 

deposited by MBE on Si substrates [57]. A representative spectrum of a bulk, 50%, alloy is 

shown in the lower curve o f fig. 20 (a). 

Severa! theoretical models have been used to describe the Raman spectrum of random 

Ge,Si1-z alloys. [56,58-60]. The most consistent descriptions of the spectra are given by 

supercell calculations [56,60]. Alonso and Winer use a 216-atom supercell (ao= 1.62813nm) 

of Si and randomly place Si or Ge atorns at the different sites with an abundancy ratio 

dictated by the alloy composition. Their force constants are derived from the Keating 

model [61]. Diagonalization of the dynamical matrix yields the eigenvalues and eigenvectors 

of the vibrational modes of this supercell. The latter are used, in conjunction with a bond­

polarizability model [62], to generate the Raman spectra numerically. Tbese spectra are 

compared by Alonso and Winer with experimental ones, obtained from thick (1 - 5p,m) 
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alloy layers grown by liquid-phase-epitaxy (LPE) on Si (111) substrates. This comparison is'" 

illustrated in the two bottom curves of fig.20(a), taken from another publication of Alonso et" 

al. [63]. The calculation gives a good reproduction of the three main Raman peaks, as well 

as of the subsidiary structures appearing between the Si-Ge and Ge-Ge peaks. Although 

these subsidiary structures were taken, by some authors [58], to be signatures of partia! 

ordering in these alloys, Alonso and Winer show that, on the contrary, they are a signature 

of randornness. In fact, these structures arise from localized vibrations of the Si-Si bond when 

surrounded by Ge atoms, as the !ater calculations of de Gironcoli et al. prove conclusively. 

In the same way, the three main peaks arise from the vibrations of Ge-Ge, Si-Ge and Si-Si 

bonds [60]. 

C. Raman Scattering by Optic Modes in Ge,Si,. QWs and SLs. 

The discussion in section Ill.A would lead us to expect that the contribution of the optic 

modesto the Raman spectrum would be composed of !ines around 300cm-1 (500cm- 1) orig­

inating in vibrations confined within the Ge (Si) layers with a possible extra peak between 

these two, due to vibrations localized around the Ge/Si interface. Such spectra were first 

reported by Menedez et al. [64] in Ge4Si4 SLs grown commensurately on Si (001) substrates. 

These authors observe thee peaks in their spectra at 313, 421 and 509cm-l, respectively. 

The first (last} peak is attributed to an optical vibration confined into the Ge(Si) layer 

with a downward shift, of9cm-1 (12cm- 1} dueto confinement [eq. (7)] and an upward shift 

of 17cm-1 dueto the biaxial strain in the Ge layers. The middle peak, however, bears a 

remarkable similarity to the Si-Ge peak of a Ge,Sh-x random alloy. This led the authors to 

suspect that interdiffusion could produce a thin alloy layer (±1M L) around the Ge/Si in­

terface. Other authors [65,66] report similar results. These suggestions were put into firmer 

grounds by Alonso et al. [63], who measured and calculated the Raman spectra of severa! 

strain-symmetrized GenSim superlattices. Their measurements were performed in backscat­

tering with light propagating along the (001 )-growth axis, so their spectra contain only 
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longitudinal vibrations. Figure 20(a) sows the experimental spectrum of a Ge.Si• (curve 

E), and compares it with the spectrum simulated by a supercell model similar to those pre­

viously used for calculating the spectra of random alloys [56] (curve D). The eigenvibrations 

of the modes producing the three theoretically predicted !ines are shown in part (b) of this 

figure. We see that the first (last) peak in curve D of fig.20(a) are produced by optic modes 

confined in the Ge (Si) layers.. The agreement between the calculated and experimental 

spectra for these !ines is good. This is also true of the spectra of the other samples mea­

sured and calculated by Alonso et ai. [63]. There is, however, a large disagreement between 

theory and experiment when it comes to the middle line of the Raman spectrum ( ~ 410cm-1 

in curve E). Theory predicts a mode at much lower frequency shifts ( ~ 358cm-1), in which 

Si and Ge atoms vibrate in opposition across the interface [fig.20(b )]. The peak in the 

experimental spectrum coincides, both in shape and position, with that produced by the 

Si-Ge vibrations of a random alloy (curve A in the same figure), which seems to re-inforce 

the idea that a region of alloying exists around the interface.. To test this idea Alonso et 

aL [63] included disorder in the two layers at each side of the Si/Ge interface. This was 

clone by exchanging Si and Ge atoms in these two layers to obtain an average Geo.sSio.s 

composition. The resulting spectrum ( obtained by averaging severa! calculations for differ­

ent random configurations in the interfaciallayers) is shown in curve C of fig.20(a). This 

calculated spectrum is in much better agreement with the experimental one (curve E) than 

that calculated for perfect interfaces (curve D). Thus. the idea that roughness at the atomic 

scale exists at the Ge/Si interface, in the form of disordered alloy layers spreading on both 

sides of it, was vindicated. This notion was !ater re-inforced by Schorer et ai. [67], who 

showed that the alloy Raman peak increases pronouncedly its intensity when the interfaces 

are smeared by annealing. 

The most complete proof of the issue discussed above was given by de Gironcoli et ai., 

who compare thorough experimental Raman results with an accurate supercell calculation, 

which uses first-principles force constants [68]. The Raman microprobe teclrnique is used to 

obtain spectra of both longitudinal ( along the growth axis) and transverso modes (in-plane 
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vibrations), by performing backscattering experiments both from the sample surface and" 

from one of its cleaved or polished edges. In the calculation, an alloy plane is included a#" 

each side of the Si/Ge interface. Their calculation is explained in great detail in a previous 

publication [69], where they also show that the exact composition of the alloy layers has little 

effect on the main results. Their results for 50% alloys are very similar to those already shown 

in fig.20(a). However, two notable d.ifferences must be pointed out:(i) the T-polarization is 

also obtained and, (ii) the contribution of the individual atomic layers to each feature in the 

Raman spectrurn (local density of states) is calculated for a Ge8 Si8 SL. The latter is shown 

in fig.21 for both longitudinal (left-hand side) and transverse (right-hand side) modes. The 

longitudinal Si-Ge mode is seen to be localized in almost one single interfacial alloy layer. In 

contrast, the TO-mode leaks into both the Ge and Si layers. This happens because in this 

case, the line is a superposition of an alloy mode with an interfacial mode which occurs for 

the TO-polarization in a SL with perfect interfaces. This mode for a perfect interface does 

not exist for the L-polarization. Therefore, the appearance of this line in the experimental 

spectra can be taken as a signature for the existence of atomic-scale roughness at the Ge/Si 

interface. Two add.itional pieces of information can be obtained from fig.20: (i) the Si mode, 

originating the Raman peak dose to 500cm-1, is strictly confined within the Si-layers and, 

(ii) the Ge LO-modes are very nearly confined within the Ge layers, so the overlap of the 

bulk Ge optical and the Si acoustical modes for L-vibrations does not produce a significant 

leak of this mode into the Si layers (no such overlap exists for the T-polarization, so Ge 

TO-modes are strictly confined). In a subsequent publication by the same group [51] these 

points receive confirmation. Here they also study the Si-confined modes in detail in samples 

with severallayer thicknesses and successfully "unfold" these modes accord.ing to eq.(7). 

Similar results were reported by other authors, interpreted with a much simpler linear­

chain model [70, 71]. Alloying at the interfaces was introduced by substituting the masses 

of Si and Ge planes on both sides of the interface by weighted averages of both. Similar 

averages of the force constants were taken. thus creating an "alloy a tom" ( or plane) at each 

side of the interface. Although this procedure reproduces the results of the more complete 
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SC-model for the Si and Ge mode, the exact symmetries it presupposes makes it inadequate 

to represent disorder. Consequently it does not reproduce the Si-Ge Raman peak either in 

position or lineshape [71]. On the other hand, when its limitations are well understood, the 

LC-model can be a very useful tool for interpreting experimental spectra of features which 

are not induced by disorder. In particular, Araujo Silva et al. use it to prove confinement, 

according to eq.(7), in both the Si and the Ge optical vibrations [71]. More shall be said 

about this in section Ill.E. 

D. Raman Scattering by Acoustical Phonons in Si/Ge Microstructures 

As previously explained (sec. III.A), the acoustic branches of a superlattice can be 

obtained by folding the average bulk dispersion relation into the mini-Brillouin zone (fig.18). 

Quantitative results can be obtained by an elastic continuum model, originally developed 

by Ryotov to explain the propagation of sound waves in a layered medium [72]. For a two­

component SL made up o f alternating layers o f A and B layers ( of thicknesses dA and d 8 , 

respectively, and period L =dA+ d8 ), the dispersion relation, w (q), of these superlattice 

acoustic modes is given by [49]: 

(wdA) (wd 8 ) -y
2 + 1 . (wdA) . (wds) 

cos (qL) = cos VA cos VB - Z-y sm VB Slll Vs 

where VA (PA) and Vs (ps) are the sound-velocities (densities) of the bulk materiais and 

PBVB 
')'= -­

PAVA 

(8) 

(9) 

Raman scattering experimenta using different laser wavelengths (>.L) probe these branches 

at different q-values (see fig. 18 and eqs(3) and (4)). A large variety of Raman experimenta 

were performed by different authors in SijGe,Si1-x SLs which allowed quantitative mapping 

of the folded acoustic branches [73-75]. These experiments were well explained by the model 

of eq(8). One of the most impressive results was the observation of unklapp processes [74], 

made possible by choosing ÀL and L in such a way as to obtain reduced wave vectors [eq. (4)] 

Q>l. 
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The Ryotov model assumes an infinite number (N-+ oo) of superlattice periods ande. 

phonon wavelengths much larger than the thickness of the layers. The first condition is-­

not always met in highly strained structures. In addition, the use of bulk sound veloci­

ties and densities in eq(9) only gives good results for relatively thick layers. In Ge,Si,. 

SLs these quantities must be considered adjustable parameters in order to obtain good 

agreement between the predictions of eqc(S) and experiment [75,76}. Also, high-resolution 

Raman spectroscopy shows additional spectral features, appearing in the spectra of thick­

layer Si/Ge,Si1_, SLs, which are not predicted by eq.(S) [76,77,79]. In order to explain 

these features. Dharma-wardana et al. resorted to a linear-chain model with first-principles 

interplanar force constants and up to fourth-neighbor interaction [79]. Tbis model contains 

no adjustable parameters and translational invariance (i. e., N -+ oo) is not assumed. They 

simply diagona!ize a dynamical matrix of dimensionality N1ot = N .... + NsL + N, •• , where 

NsL is the total number of atomic planes ofthe superlattice and Nauba (N, •• ) are the number 

of these planes in the substrate (capping layer). The authors compare the predictions of 

both the Ryotov and the LC models with their experimental results in the frequency-shift 

region w ;S 5ocm-1 for a Si/Ge0.48Sio.52 (20.5nm/4.9nm) SL with N = 15 repetitions, us­

ing severa! laser !ines. This comparison is shown in fig.22(a), where the positions of the 

main peaks in the Raman spectrum (full circles) and the LC-model calculations (crosses) 

are plotted on the dispersion relation predicted by the Ryotov model (continuous !ines). 

Both models reproduce well the experimental results for the main Raman peaks, but the 

latter uses severa! adjustable parameters while the former uses none. Most importantly, the 

Ryotov model predicts only these main Raman peaks, whereas the LC-model also predicts 

subsidiary structures which appear in the experimental spectra. This additional peaks result 

from the finite character of the sample. In fig.22(b) we reproduce the spectra generated by 

Dharma-wardana et al., with the LC-model, for samples containig different repetitions of 

its basic period (N). The spectrum evolves towards that of an infinite superlattice (coin­

ciding with the Ryotov model) as N increases. The final folded modes are produced by 

the accumulation of a high density of states at the Ryotov positions with increasing N. 
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The lower curve (N = 15) corresponds to the sample used in their experiment. This curve 

shows, besides the main Ryotov peaks, fine structure which appears in the experimental 

spectra (not shown). Hence, the LC-model gives a better description of the spectra, while 

maintaining a relatively simple calculation scheme. Reoently, a numerical variation of the 

elastic-continuum model has been proposed, which can account for finite size and capping 

layer effects by imposing appropriate boundary conditions [80]. Many subsidiary peaks, as 

well as structure appearing within the forbidden gaps of the dispersion relations, observed 

in the spectra of Si/Ge,Si1_, SLs. are explained with this model [81]. However, the model 

uses severa! adjustable parameters. 

For ultra-thin GenSim SLs the elastic continuum model is not adequate, both because 

of the thinness of the layers and also beca use they frequently contain a very small numbers 

of periods. Moreover, the GenSim portions of the sample are nested within more complex 

structures containing buffer, spacer and capping layers. These structures contain Rarnan 

peaks in the low frequency side of the spectrum which are unrelated to the folded modes of 

the GenSim SL. The LC-model is able to deal with this complexity, without loosing its simple 

calculational structure. This is illustrated in the examples reported by Locwood et ai. and 

Araujo et ai [82,83]. In the latter, high resolution Raman spectroscopy was used to study the 

low-frequency part of the spectrum ( w ;S 1 OOcm -I) and ordinary Raman spectroscopy was 

used for the remaining parts of it. The samples, grown by MBE on Si (001) substratos, had 

a complicated structure , which can be described by: [(Ge, Sim)N_1Ge, SiM] X p. Here n, m 

and M are layer thicknesses in monolayers (ML) and N and p are the numbers of repetitions 

of a given unit. The samples used in the experiments had n "" 5, m "" 5 or 7, M "" 200 and 

p"" 10- 20. Thus, they contained two periodicities: the smallest period (n + m) is that of 

the GenSim unit, while the largest (D = N x n + (N- 1) x m + M) is that of the unit in 

square brackets. The lower frequency part o f the spectrum ( w ;S lOOcm -I) contains peaks 

which arise from this larger period, the structure in the intermediate part of the spectrum 

(lOOcm-1 ;::; w ;S 250cm-1) arises from the smaller periodicity and the high-frequency part 

of the spectrum originates in the confined optic modes. By applying the LC-model to these 
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structures Araujo et ai. were able to determine in which parts of the sample the vibrational ,. 

amplitude of a given mode is confined. They find that the vibrations originating the low- " 

frequency part of the spectrum spread throughout the whole structure, while those giving 

rise to the intermediate-frequency part of the spectrum are concentrated within the GenSim 

strings and are,ín fact, the folded acoustic modes of an infinite GenSim SL. Finally, for 

high frequencies optic modes dominate the spectrum. This part of the spectrum is totally 

insensitive to variations in N or M i.e .. these complicated samples yield the same spectra, in 

the optical phonon region, as that of infinite GenSim SLs already discussed in the previous 

subsection. In fig.23 we sow the calculated, (a), and experimental Raman spectra, (b}, of 

these samples in the low frequency region. This part of the spectrum is very sensitive to 

variations in N or M, since both alter the greater period, D. The latter contrais peak 

positions, as shown in fig.23(c}, thus providing a good way to determine this structural 

parameter. In fig.24 the same is dane for the intermediate-frequency part of the Raman 

spectrum. In fig.24(a) the calculations produce a Raman peak originating in the folded 

acoustic modes of the GenSim SL. The position of this peak is insensitive to variations of 

both N or M , but its intensity depends strongly on the former. The same trend is observed 

in the experimental spectra [fig.24 (b}]. The shift in the lower curve (N = 100} is dueto the 

fact that this is a strained symmetrized SL and, therefore, has a different strain profile than 

the other samples (commensurately grown on Si). The interesting aspect of fig.24 is that 

the folded acoustic mode is present in the spectrum, although weakly, even when the basic 

GenSi.n unit appears only three times. 

Raman scattering by folded acoustic modes was observed in strain-symmetrized GenSim 

samples containing many periods [63,51]. A representative example of these results is shown 

in fig.25. The left hand side of this figure shows the dispersion relations for the longitudinal 

and transverse acoustic modes of a Ge4Si4 SL, Calculated with the SC-model [63]. The circles 

on four ofthese curves correspond to the modes observed in the Rarnan spectrum [fig.25 (b)]. 

The most prominent feature in this spectrurn is the peak produced by the v = ±1 folded 

LA modes. Higher arder folded LA-modes are observed in the other SLs [see fig.25(b}]. In 
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ali cases simulated spectra are in good agreement with experimental ones. The asymmetry 

in the Raman peak of the lowest curve in fig.25(b) is produced by the appearance of the 

forbidden Raman peak originating in the B1u mode. This peak is forbidden for q = O. The 

non-zero value of q in the actual experiment[eq. (3)] weakly induce the appearance of this 

peak [63]. 

E. Resonant Raman Scattering 

1. lntroduction 

The subject of Resonant Raman scattering in semiconductors is exhaustively reviewed by 

Cardona [48], who discusses in depth its usefulness and the subtleties of the interpretation of 

the experimental results. The Raman cross section is also didactically explained in chapter 7 

ofthe textbook by Yu and Cardona [1]. For a good understanding ofthe subject we refer the 

reader to these general references. Here we shall brief!y sketch the aspects of this technique 

which are r"levant to the analysis of the results reported for Si/Ge microstructures. 

The Stokes Raman cross section results from an infinite sum of terms originating in 

processes which involve the virtual absorption of a photon ( hwL), creating an electron-hole 

pair. the emission of a phonon ( :hw) via electron-phonon interaction at the initial or final 

state of this transition, and a recombination of the resulting electron-hole pair with the 

emission of a photon (hws) in such a way that the conservation laws of eq.(2) are satisfied. 

One of these processes is shown schematically in fig. 26( a) and its contribution to the Raman 

cross section is given by: 

"' (v JH,_,J d)(d JH,_vJ c)(c ]H,_,] v) 
a rx L. , [tu.JL- (E,- Ev)] [tu.Js- (E,- - Ev)J 

'·' 

2 

+ (10) 

In the above equation H,_, and H,_P are the Hamiltonians of the electron-radiation and 

electron-phonon interactions respectively, while E, (Ev) is the energy of the electronic con­

duction (valence) band state. ln the cases where the photon energy of either the incoming or 

outgoing beams coincide with that of an interband transition with a significant joint density 
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of states (i. e., one of the singular points in the optical spectra discussed in section II), one, ore• 

both, of the energy denominators of the above equation vanishes and the contribution from "· 

this particular term dominates the Raman cross section. This results in an enhancement 

in the intensity of the Raman peak. Thus. one might expect that plotting the intensity of 

the Raman peaks as a function of the photon energy of the incoming beam, spectra similar 

to those obtained by modulation spectroscopy should be obtained. Here the modulating 

agent is one of the vibrational modes of the material. Even if this naive interpretation were 

invariably true. the process of data gathering is cumbersome, as many individual Raman 

experiments must be performed for different laser wavelengths. Also, the data has to be 

normalized to correct for changes in alignment or laser intensity between these successive 

experiments, as well as to account for the fact that both the incoming and scattered beams 

are partially absorbed as they traverse the material [48]. Returning to eq.(lO), we note that 

each matrix element in this equation represents a selection rule that must be obeyed if the 

scattering process is to have non-zero probability. In particular, the element (c IH,-vl d) 

corresponds to electron-phonon interaction involving the electronic states which mediate 

the scattering event. Hence, the electronic and vibrational states involved must have spacial 

overlap for this matrix element to be different from zero. This is of crucial importance in 

an A/ B SL, where both the electronic and the vibrational states may be confined in either 

the A or B layers. In this case, a phonon localized in layer A cannot receive a contribution 

to its Raman cross section from optical transitions between states localized in layer B, and 

vice-versa. Hence: no resonance effect will be observed in the cross section for this phonon 

when hwL is in resonance with such a transition. On the other hand. resonant enhancements 

will occur when both the electronic states and the phonon are localized in the same layer. 

In the same way, vibrational modes that extend through both layers will have enhanced 

cross sections for resonance with any electronic transition and an electronic transition be­

tween extended electronic states will provoke enhancement in ali Raman !ines. These facts 

were first demonstrated by Zucker et ai. in resonant Raman scattering (RRS) experimento 

performed in GaAs/ AIGaAs SLs [84]. This characteristic makes RRS a very useful com-
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plementary technique to the forms of differential spectroscopy reviewed in sec.II. While the 

latter provide very accurate information about the energy of critica! points, RRS furnishes 

information about the localization of the electronic states participating in a given optical 

transition. 

One cautionary note must be made concerning the analogy between RRS and modulated 

spectroscopies: the photon-energy position of the maxima in The RRS cross section often 

differs significantly from those of the singular points in the joint density of states that 

originate them ( and, consequently, from the position of the corresponding peaks in the 

optical spectra), even for scattering processes involving only two bands, as the one illustrated 

in fig.26(a) [48]. The exact origin ·of these discrepancies (which could be of as much as 

50meV) are not fully understood, but the Rama.il cross section depends on the exact nature 

of the electron-phonon interaction which, in turn, cannot be exactly formulated in most 

cases of interest. This discrepancy becomes serious when the phonon has a symrnetry such 

that it can couple two bands which lie dose in energy. The contribution from these three­

band processes can lead to complex lineshapes with maxima and mínima (resulting from 

interferences between two- and three-band terrns) which bear no easy relationship to the 

energy position of the associated critica! points. As an example of this, the Resonant Raman 

cross section of bulk Ge, in the region of the E 1 and E 1 + .6.1 critica! points, is shown 

in fig.27, from the data of Cerdeira et al [85]. In this figure the full symbols represent 

experimental data, the dashed line is meant to guide the eye and the arrows represent the 

positions of these two critica! points, as given by measurements of modulated reflectivity. 

The Raman cross section presents only one, very broad, peak at a photon energy more or less 

midways between the two ER-peaks. This happens because, in this case, the cross-section 

is dominated by three-band terms, resulting from the coupling that the phonon introduces 

between the closely-spaced valence bands of Ge along the A-axis of the BZ. The solid curve 

is a phenomenological estima te of this contribution. The good agreement shown in the figure 

was obtained by shifting this theoretical curve by 45 me V towards higher energy. The q ~ O 

optical phonon of Ge also couples the strain-split valence bands at the zone-center, when 
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the strain has a symmetry axis along the (001) direction, as is the case of Ge layers grow1w 

lattice-matched on Si (001) substrates. In that case E0 transitions could produce resonant:> 

Raman cross-sections very similar to those of fig.27. 

The coupling described above results from the r 15 symmetry of the zone-center phonon. 

A phonon of r 1 symmetry, for instance, would not produce this coupling. The cross section 

of this phonon would show two distinct peaks, one for each criticai point. Such a phonon 

exists in the folded acoustic branches of a Ge/Si SLs or in the totally symmetric part of the 

two-phonon spectrum of bulk Ge. This is indeed seen in the Resonant cross section of the 

totally symmetric part of the 2TO(L) spectrum of bulk Ge [86]. But even here the peaks 

in the Raman cross section are shifted in relation to the positions of the E1 and E1 + .<l1 

criticai points. 

The discussion above should wam us against assigning optical structure on the basis of 

the positions of peaks in the resonant Raman cross section alone. This is particularly true 

when severa! transitions fali in the same photon energy range. In this case the coupling 

introduced by the phonon between the states participating of these transitions can result 

in complicated resonant lineshapes with maxima and minima which bear no immediate 

relationship to the energy position of the individual criticai points. On the other hand. RRS 

has the unique property of giving direct experimental information about the localization of 

the electronic states participating of a given optical transition ( or group of transitions). 

2. Resonant_ Raman scattering in Si/Ge quantum wells and superlattices 

The first observation of RRS in this type of structures was made in Si/Ge.Sil-x SLs of 

relatively large periods [35]. These results, displayed in fig.9, were already discussed briefty 

in section II.C. This figure shows broad single peaks in the resonant cross sections, in the 

general photon energy region where the E1 and E 1 + .<l1 criticai points of the unstrained 

alloy should be. Moreover, the general shape of the resonant peaks is similar to that of the 

E1 resonance in bulk Ge (fig.27). However, strain and conftnement should produce another 
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doublet in this photon-energy region [Eo(1) and Eo(2)], which would also be coupled by 

the phonon, giving rise to a similar peak in the Raman cross section. On the basis of the 

dependence of this peak with layer thickness, Cerdeira et ai. attributed this resonance to 

the E0-doublet [35]. This assignment proved to be controversial and similar structures in 

the resonant Raman cross section of related Si/Ge materiais were attributed alternatively 

to either one or another of these two doublets [41,35,87-89,91]. 

In fig.28 we display RRS results for the LO and LA modes of severa! strain-symmetrized 

Ge.Si,. SLs [87]. For the SLs with larger periods, two distinct peaks are observed in the 

Raman cross sections of these modes, at hw L ~ 2.3 and 2.9e V respectively. The lower 

photon-energy peak is produced by electronic transitions between states confined in the Ge 

layers. This can be deduced from the fact that, at this photon energy, only the cross-sections 

of the Ge-optic mode ( confined in the Ge layers) and that of the folded LA-mode ( extending 

through the whole SL) show enhancements, while that of the optical mode confined in the 

Si layers does not. In contrast, at the higher photon energy ali modes are enhanced i.e., this 

transition ( or group of transitions) involve electronic states with non-vanishing components 

in both layers. As the layer thickness decreases both peaks show a tendency to merge. The 

first group of optical transitions could either be associated with states derived from the bulk 

Ge E1 or E0 doublets. Cerdeira et ai. favor the first choice, without totally discarding the 

second [87]. 

More recently, Schorer et ai. performed very careful RRS experiments, where both 

longitudinal and transverse modes could be studied by exploiting the rnicro-Raman technique 

in order to perform backscattering experimenta from the cleaved or polished sample edges 

[88,89]. Their main results are summarized in fig.29, in which the resonant cross sections of 

the first Ge and Si confined modes are displayed together with that of the alioy-like Si-Ge 

mode. In ali cases a strong resonance is observed in the cross section of the Ge-modes, which 

is absent in that of the Si-modes, in the photon energy range around 2.2eV, signaling the 

presence of electronic transitions between states confined in the Ge layers. This resonance 

is more pronounced in the L-modes, involving light polarized in the plane of the layers, than 
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in the T-modes, involving light polarized perpendicular to the layers. These anisotropies are 

in agreement with the results of a dielectric function calculation based on a tight binding; 

approach [90]. These authors calcula te the dielectric constant for light polarized both in the 

layer planes, eu (w), and perpendicular to them, Ó.L (w), separating the contributions from 

Ge and Si bulk states to this response function. This decomposition is shown in fig.30, where 

it is clear that in é211 the Ge and Si contributions are well separated in energy while this 

separation is blurred for eu. The most prominent contribution to the in-plane dielectric 

constant, in the photon-energy region being discussed, comes from the E 1states of bulk Ge. 

Thus, there is a striking analogy between the calculations of e:2 (w) and the resulte of RRS 

for L- and T -modes. This analogy also favors the interpretation of the RRS results in terms 

of bulk-Ge E1 transitions, even if in their first report Schorer et ai were inclined to attribute 

this resonance to Eo-like states [88]. 

Finally, resonant Raman results, combined with those of modulation spectroscopy, per­

formed on single and multiple Ges QWs reinforce the notion that the most important contri­

butions to the optical response functions in this photon-energy range originate in confined 

electronic states traceable to the bulk Ge E1 transitions [41,91]. The origin of these discrep­

ancies in the interpretation of RRS results lies in the fact that the position of the maxima in 

the broad features of the resonant Raman cross sections (produced by scattering processes 

involving two- and three-band terms) are insufficient for making an identification of the 

optical transitions involved in the resonance. 

The above discussion was centered mainly on the resonant cross sections of optic modes. 

Schorer et ai. [88] report in detail RRS results from several orders (v= 1, 2, 3 and 4) of folded 

LA-modes in a Ge12Si12 SL (see fig.31). Since these modes transform according to totally 

symmetric representations of the SL point-group, three-band terms should not contribute 

to their resonant cross-sections. Hence, two well-resolved peaks should be observed when 

the resonance is produced by a doublet. This effect is indeed seen in the cross section of the 

LA1-modes displayed in fig.31 as full triangles, which shows two distinct, albeit broad, peaks 

at hwL ~ 2.1 and 2.4eV, respectively. The resonant cross sections higher-order TA" modes 
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show one main peak, followed by a shoulder, which shifts towards higher photon-ertergies 

as the folding index, v, increases. Qualitatively this could be explained by assuming that 

the resonance is produoed by a multiplet which results from confined electronic states with 

different confinement indexes, and that resonances are stronger when both confinement in­

dexes (that of the phonon and that of the electronic states involved in the transition) are 

equal. In this case, higher order folded phonons resonate preferentially with higher confined 

electronic transition, thus explaining the energy shift of fig.31. This explanation, attrac­

tive as it sounds, has no theoretical underpinning, since both the nature of the electronic 

transition, as well as the details of the electron-phonon interaction are not known. 

Ali the discussion above was centered on interpretations based on perfect superlattices. 

As we shall see in the following subsection, this technique is also useful in establishing the 

presenoe of certain types of interface roughness. 

3. Detecting long-mnge interface roughness by resonant Raman scattering 

In section li!. C we discussed the role of Raman scattering in determining atomic scale 

roughness in the Si/Ge interfaces of GenSim SLs, in the form of random-alloy layers, existing 

in a region of ~ ±IM L about each interface. There is another type ofroughness ( terracing) 

which has been observed at the interfaces of some SLs composed of III-V materiais [92,93]. 

These terraces, having lateral dimensions of the order of lOnm or more, produce splittings in 

the luminescence line produced by exciton recombination at the direct gap of these materiais. 

It would be difficult to use luminescence to detect such terraces in Si/Ge systems, due to 

their indirect gaps and the resulting complexity of the lurninescenoe spectra ( see section 

IV). However, resonant Raman measurements have recently provided evidence of terracing 

in GenSi, SLs [94]. The samples used in the experiments of Brafrnan et ai. were already 

discussed in sections IIIC and D. They consists of N-Ge5 quantum-wells separated from 

one another by 5M Ls of Si. Each sample contains up to twenty repetitions of a basic unit 

(with thick Si-spacer layers between them) which has N = 1, 2 or 6 andare designated by 
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NQW. The Raman spectra of these samples are studied, both for L- and T-modes, using 

severa! discrete !ines of argon- and krypton-ion lasers. In fig.32 we show their results for the 

longitudinal Ge-confined optic mode. The upper part of the figure [fig.32(a)], displays the 

off-resonance spectra of the three samples, while part (b) of the figure shows the same part 

of the spectrum of the sextuple QW taken with laser !ines of different photon-energies. We 

see that in the off-resonance spectra, the position and lineshape of this mode is different for 

each sample. This is surprising, since this line originates in a mode entirely confined within 

the Ge layers (see sec.IIII.C) and, therefore, insensitive to the number of layers i.e., all three 

!ines should be identical. Moreover, fig.32(b) shows that this line, for the same sample, 

changes in position and lineshape as the wavelength of the incoming laser is changed. This 

means that we are in the presence of a resonant effect. These changes occur because the 

observed line is a superposition of Raman !ines produced by phonons confined in Ge quantum 

wells of different thicknesses. These QW s are produced by terraces within a given Ge layer. 

In order to produce the effect of fig.32(b), the lateral dimensions of these terraces must 

be at least of the same order as the radius of the exciton involved in the resonance i.e.: 

d ?; lOnm. Thus, the laser beam ( D ?; lJ.tm) samples a large number of these terraces 

i.e.: a large number of QWs of different widths. Each one of these QWs contributes to 

the Raman spectrum with a line centered around a different frequency [eq.(7)], in such a 

way that wider wells contribute to the higher-frequency part of the composite line and vice 

versa. For low values of hwL, 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 towards higher energy. 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 the asymmetric broadening and shift of its maximum towards 

lower frequencies seen in fig.32(b). Why does this happen in the 6QW sample and not on 

the others? Beca use terracing becomes more pronounced as the number o f quantum wells 

increases. This explains the differences observed in the off-resonance spectra of the different 

samples [fig.32(a)]. 

42 



The above conclusions were put on a more quantitative basis by comparing the ex­

perimental spectra with those generated by a linear-chain model, in which terracing was 

simulated by superimposing the Raman !ines of QWs with different widths (71]. In fig.33(a) 

we show the result of fitting the experimental Raman line, for a given laser line, of the 

6QW sample with a simulation using terraces with three different Ge thicknesses (3, 4 and 5 

MLs). By performing such a fit for each laser line, the resonant cross section of each terrace, 

ct0 (wL), is obtained. This is shown in fig.33(b), where the dots, squares and diamonds 

represent the Raman cross-sections of the phonons confined within the QWs of 3, 4 and 5 

MLs respectively, and the curves (dashed, dotted and solid) are least-square fits to these 

points with Lorentzian lineshapes. The results are consistent with the previous analysis, 

since they predict optical transitions which decrease in photon energy and linewidth as the 

QW becomes wider. This is consistent with the confinement of the electronic states involved 

in the transition (higher transition energies for narrower wells) and with the fact that micro­

roughness is more important in broadening the line as the well becomes narrower. Finally, 

the change in the transition energy is plotted (fui! circles) as a function of QW-width in 

the inset of fig.33(b) and compared with the predictions of an envelope-function calculation 

(solid line) for an E0 optical transition (section II.D). The experimental confinement shifts 

are much smaller than those predicted by theory, which lends support to the E, (rather than 

Eo) assignment for the optical transitions responsible for this resonance. 

The method outlined above was recently used to study the evolution of short and long 

range roughness in Ge. single quantum-wells of different thicknesses ( n = 3, 4, 5 and 6), 

separated by 70MLS of Si (95]. These authors find that alloying at the Si/Ge interface 

occurs always, regardless of the Ge layer thickness. For n ;S 5 the alloy layer has an average 

Ge molar fraction which grows steadily as n increases until it stabilizes at x ~ 0.5 for n ;(; 5. 

This is probably due to Ge segregation occurring at low values of n , which results in terrace 

formation. This terracing is visible in the dependence of the confined Ge Raman line on the 

wavelength of the exciting laser for the samples with n = 3 and 4, but absent in the samples 

with n = 5 and 6.Thus, a transition from terracing to layers of uniform average thickness 
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seems to occur in these samples at some value between 4 and 5 MLs. 

The above discussion shows yet another application of Raman scattering to the structurai•' 

characterization of quanturn-wells and superlattices. 

F. Summary 

The preceding discussion shows that, when the results of experiments are complemented 

by lattice dynamical calculations, Raman scattering can provide important information 

about vibrational and electronic states. It also gives quantitative estimates for severa! struc­

tural parameters (such as strain, period length, layer thicknesses etc.) as well as detecting 

short- and long-range interface roughness. While the best picture of what goes on in a given 

microstructure is always given by the rather complex supercell calculations, simpler models, 

like the linear-chain or the elastic continuum ones, are often sufficient to give an enlight­

ening interpretation of the experimental data. Resonant Raman scattering has the unique 

property of giving direct experimental information about the localization of the electronic 

wavefunction at criticai points in the Brillouin zone. This aspect makes RRS a supplemen­

tary technique to those discussed in section 11. However, its limitations must be understood 

in order not to incur in misinterpretations. One of these limitations is that the peaks in the 

Raman cross sections not always coincide with the energy of the criticai point that originates 

it. The mechanism by which the phonon interacts with the electronic states involved in the 

transition must be known before conclusions are drawn on the basis of the photon-energy 

position of peaks in the Raman cross section. 

IV. PHOTOLUMINESCENCE 

A. Introduction 

In a photoluminescence (PL) experiment an electron-hole pair is created by the absorp­

tion of an incoming photon, the created electron and hoJe thermalize rapidly to energy 
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minima and recombine from there by emitting a photon of lower energy. Because the emis­

sion occurs after a multiple scattering process, there is usually no correlation between the 

polarizations of the incoming and emitted photons. The idealized process of PL by band-to­

band recombination is shown schematically in fig.26(b), for a direct band gap semiconductor. 

This process bears a certain superficial resemblance to that of resonant Raman scattering, 

shown schematically in part (a) of this figure.In the latter, however, both the photon ab­

sorption and emission are virtual processes and no loss of correlation between them occurs. 

Also, in the Raman process the frequencies of the incoming and outgoing photons are related 

to one another through eq.(2}, while in the PL process of fig.26(b) the outgoing photon has 

always the energy of the band gap, regardless of the energy of the incoming photon (as 

longas it is greater than the band gap). In an indirect band-gap semiconductor, such as Si 

and Ge, recombination must be assisted by large wavenumber phonons in order to conserve 

crystal momentum. Hence, the intensity of the emission !ines in indirect gap semiconductors 

is always much smaller than those in direct gap ones. In real semiconductors, specially at 

low temperatures, the recombination energy may not coincide with the band-gap. First, 

electron-hole interaction ( excitons) modifies this. Second, excitons can be localized by im­

purities and defects and recombine from there, producing a rather complex PL-spectrum. 

This complexity is increased by the fact that the intensity of a given PL line depends much 

more on the efficiency of the recombination charme! than on the contribution of the recom­

bination centers to the overall density of states. Thus, emission !ines from electronic states 

with a very small density of states can, in certain cases, be the dominant features of the 

PL-spectrum .. 

A technique related to PL is that of photoluminescence excitation spectroscopy (PLE). 

Here, the spectrometer is set at the maximum of a given PL-line while the photon energy of 

the incoming radiation is varied in a continuous manner aronnd the region of the absorption 

edge. Since the number of electron-hole pairs created at a given incident photon-energy 

('hwL} is proportional to the number of absorbed photons, the intensity of the resulting PL 

line will be roughly proportional to the absorption coefficient, a (wL)· In microstructures 
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composed of direct band-gap semiconductors PLE spectra show very sharp structure related" 

to transitions between quantum-confined leveis associated with the direct band-gap [96]. For-'" 

indirect band gap systerns, such as the ones we are interested in, the PLE spectrum does 

not show peaks, but rather an absorption edge below which the response is zero and above 

which it increases monotonically [97]. 

In the following subsections we discuss the application of this techniques to bulk Ge.Sh-x 

alloys and to QWs and SLs obtained by alternating layers of Si, Gear alloy with one another. 

B. PL from Bulk GexSit-x Alloys 

Well-resolved free-exciton (FE) and bound-exciton (BE) PL has been observed in bulk 

Ge.Sil-x alloys by severa! groups [98-103], culminating in the comprehensive work of Weber 

and Alonso [104]. In fig.34 we display their low temperature (4.2K) PL-spectra ofbulk alloys 

with different compositions. The spectra exhibit severa! !ines assigned to recombination of 

excitons bound to shallow donors and acceptors. The !ines are labelled x.{ , where j indicates 

whether the recombination is phonon assisted or not (NP) and i specifies the nature of the 

phonon when it is. The phonons of the alloy are labelled as Ge-Ge , Si-Ge or Si-Si , according 

to the classification explained in section III.B. They also observe free exciton !ines in the PL­

spectra taken at higher temperatures. The most prominent feature of the spectra in fig.34 

is the no-phonon recombination line (XN P), which appears as a consequence of a disorder­

induced process which does not conserve crystal momentum. The ratio of the intensities of 

the no-phonon line to that of the phonon-assisted ones scales approximately as the number 

of Si-Ge pairs in the alloy [104]: 

JNP 
- ~x(l-x) 
JPA 

and the relative intensities of the phonon-assisted !ines are given by: 

21'{;?-ae 1 - X 1~0 Ge 
~--~ 

l'[;_~Ge X 2~~ Si 
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The full-width at half-maximum (FWHM) of the XNP !ines also dependa on x, varying 

from 4 to 8 me V (in the best samples), as opposed to~ 0.3 me V for the same line in bulk 

Si. Finally, the position of this line as a function of x allow Weber and Alonso to obtain 

an accurate expression for the dependence of the indirect energy gap as a function of Ge 

molar fraction and to determine the cross-over (from tl to L) of the conduction-band edge 

at x = 0.85. 

Another interesting feature is observed in the PL spectra of some lower-quality samples: 

a broad feature on the low-energy side of the xNP line [104]. This line had been previously 

labelled as the "L-line" by other authors [101], who interpreted it as a bound-exciton re­

combination at an In-acceptor. This interpretation is revised by Weber and Alonso, who 

attribute this broad PL-line to recombination occurring in a dense electron-hole plasma 

gathering in potential wells formed by large compositional fluctuations (probably in the 

vicinity of dislocations or other defects). A similar line is observed in the PL-spectra of 

some MBE-grown Si/Ge,Sil-• QWs. We shall discuss this in the following subsection. 

C. PL from Si/Ge,Sh-x Microstructurea 

First reports of PL measurements in MBE-grown Si/Ge,Si1_, structures show spectra 

which are significantly different from those of bulk alloys [24]. The low temperature spectra 

of these samples show a broad PL structure near the alloy band-gap, rather than the sharp 

phonon-resolved structures of fig.34. By comparing PL and PLE measurements for their 

samples, Noel et ai. determined that the center of this broad PL structure lies slightly 

below the indirect absorption edge of the alloy and tracks this gap as x varies [24]. This is 

illustrated in fig.35, where the low temperature (4.2 K) PL-spectra of three samples with 

different compositions and layer thicknesses are displayed. 

Observation of phonon-resolved near-band-edge PL from strained Si/Ge,Si1_, layers were 

!ater reported both in MBE-grown samples [105] and in samples grown by rapid-thermal­

chemical deposition (RTCVD) [97]. The spectra of Sturm et al. [97] are dominated by no-
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phonon recombination, attributed to the annihilation of excitons bound to shallow impurities . 

at T "' 2K , and to free exciton recombination at higher temperatures. As in the bulk case,. 

peaks due to phonon assisted recombinations are also observed. In fact, their spectra are 

almost identical to those of bulk alloys ( fig.34), except for photon-energy shifts which can 

be quantitatively related to strain and quanturn-confinement. They also perform PLE­

measurements to determine the absorption edge of the alloy QWs and use the difference in 

position between this and the PL line to determine the binding energy of the excitons. Both 

these measurements and those of the decay times ( ~ 0.4ps) of the main PL peak at 2K 

are consistent with the assignment of this line (recombination of excitons bound to shallow 

impurities). These authors also use the relative intensities of the phonon-assisted !ines 

[eqs. (11) and (12)] to draw conclusions as to the actual confinement of these excitons .. 

They determine that, when the width of the QW (d) is larger than the exciton radius 

(a.,, ~ 4nm), the wavefunction is entirely contained within the alloy layer while, when 

d ;$ aea:c 1 the exciton wave function penetrates into the Si.barrier region. 

Similar results were reported !ater by other authors in samples grown by MBE or CVD 

[106-108]. The clearest demonstration of quanturn confinement in these QWs was given by 

Xiao et ai. [108], whose results we reproduce in fig.36. The left-hand side of this picture 

shows their PL spectra at 4K for QWs of different well-widths (d), while part (b) of this 

figure shows a plot of the position of the no-phonon PL-line for two different temperatures 

(fui! triangles and squares) compared to the predictions of an envelope-function-type model 

(solid !ines) which includes the effects of strain and confinement in the valence band states 

of the alloy and assumes negligible confinement for the conduction band electrons [38,109]). 

The excellent agreement between theory and experiment confirms the assignment of this 

PL-line. 

The discussion above shows that two distinct types of behavior are seen in the PL spectra 

of Si/Ge,Si1_, QWs and SLs: well resolved luminescence of the same type observed in bulk 

alloys (fig,.36) anda broad PL-line, also associated with the indirect band-gap of the alloy­

layer(fig.35). The broad PL-line seems to be present only in some (but not ali) of the samples 
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grown by MBE [107,110-115], but not in those grown by CVD [97,116,117]. Severa! authors 

tried to correia te the appearance of this line with growth pararneters such as layer-thickness, 

Ge-molar fraction, number of repetitions of the QW s and growth tem per ature. This gave a 

rather confusing picture, where contradictions abound. Rowell et.al. give a good review of 

these attempts [118]. The main findings about the appearance of this broad PL-feature can 

be summarized as follows (we discuss low-temperature PL measurements, T ;S4K, unless 

otherwise specified): 

• The maximum of thls broad (~ 80meV FWHM) PL peak lies at lower energy than 

the NP-line in the sharp, phonon -resolved, spectrum, but it tracks the indirect gap 

of the alloy (always ~ 10meV below) as alloy composition or QW-widths change. 

Thls sows that thls feature is also related to a no-phonon emission process across the 

fundamental gap [24]. 

• Terashima et ai. [110] studied the evolution of the PL-spectrum of QW s grown by MBE 

at low growth temperature (Ta "" 400 °C) as a function of annealing temperature. 

Initially their samples exhibit the broad PL-feature we have been discussing. Upon 

annealing in a N2 atmosphere at temperatures TA~ 600-700 °C, this line increases its 

intensity by factors between 5 and 10. Annealing at hlgher temperatures (TA = 800 

°C) transforms the PL-spectrum into a sharp phonon-resolved one similar to those 

observed in bulk alloys or in CVD-grown QW s ( although greatly reducing the overall 

PL-intensity). The NP-line of this new spectrum lies at slightly higher photon-energies 

than that of the maximum of the broad PL-line. 

• Spitzer et ai. [111] report PL measurements in samples of different alloy compositions 

grown by MBE at low temperatures (Ta = 325- 450 °C). The thlcknesses of these 

coherently-strained Ge,Si1_, layers (up to 500nm) greatly exceeded their equilibrium 

values (see chapter by R. Hull in thls volume). While some as-grown samples present 

the broad PL line, others exhibit sharp phonon-resolved spectra. No correlation was 

found between layer thickness and the type of PL-presented by the as-grown samples. 
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The broad PL-line disappears upon annealing at TA ;::: 600°, when strain-relaxation sets ' 

in. After annealing both types of samples show narrow phonon-resolved PL-spectra. .e 

• Noel et. al [112] and Rowell et al. [118] present some results that conflict with those of 

the previous item. They grew, by MBE, Si/Ge,Si,_, MQWs designed to be metastable 

at the growth temperature (Ta = 600°C) . Their samples had three different QW­

thicknesses (d = 2.7, 5.2 and 6.8 nm, respectively) and two different molar fractions 

(x = 0.15 for the first two and x = 0.19 for the last one). Their results are displayed 

in fig.37, which shows a steady increase of the broad PL-line over the phonon-resolved 

PL as the QW-thickness and Ge molar fraction increase. Observation of images by 

transmission electron (TEM) and Norrnansky phase-contrast microscopies suggest that 

the broad PL-feature is associated with the forrnation of platelets within the alloy layer, 

having lateral dimensions of l :5 1.5nm and a few MLs in thickness, oriented with their 

normal along the growth direction. These platelets seem to grow in number ( up to 

~ 7 x 1o"cm-2 ) as x or d increase and are envisaged as Ge-rich regions within the 

alloy layers. Because they constitute regions of lower energy-gap, excitons would drift 

towards these platelets and recombine there. This explains the lower photon-energy 

of the broad PL-line when compared with the NP-recombination from the regions of 

average alloy composition. The width of the PL feature is explained in terrns of the 

wide size-distribution of these platelets, with their accompanying different confinement 

shifts. This interpretation is reinforced by their time-resolved PL measurements, which 

show that the decay time of the phonon-resolved PL is about 100 times faster than 

that of the broad PL feature. Notice that this explanation is very similar to the one 

given by Weber and Alonso [104] for the "L-peak" of bad quality bulk-alloy samples 

(sec. IV.B). The transition from sharp to broad PL as x or d increase is explalned 

by Rowell et al. in terrns of a strain energy model which predicts the existence of a 

"transition thickness" (de), which decreases as x increases. For d .2: de, excess strain 

energy is relieved by the forrnation of platelets. This explains the fact that in samples 
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with many QWs the platelets seem to appear only in the outermost QWs. This 

was established by Rowell et. ai by using selective etching in a MQW sample which 

exhibited broad PL before treatment. As successive QWs were etched away, the PL 

evolved towards sharp phonon-resolved luminescence. The mechanism proposed by 

these authors also explains the change-over from broad to sharp PL upon anneaiing 

[118]. 

o An aiternative interpretation of the broad PL-feature is offered by Glaser et ai. [113], on 

the basis of experiments which combine PL with opticaily detected magnetic resonance. 

They associate it with donor-acceptor pair recombination, which would explain the 

lower peak position as well as the larger width of this peak. The latter would result 

from the variations in the binding energy of the donor-acceptor pair depending on 

their position within the ailoy-QW. 

o Another piece of this puzzle is provided by Wachter et.ai, who grew Si/Ge.Si,_. (x ~ 

0.19- 0.24} QWs of different widths (d ~ 2- 30nm) by MBE using different growth 

temperatures (T 0 ~ 350 - 600°C). Only sharp phonon-resolved PL was observed by 

these authors in as-grown samples, which seems to indicate that the formation of the 

type of defects that lead to the broad PL-line depends on how the MBE machine is 

run. rather than being a predictable characteristic of MBE-growth. 

o In an attempt to clarify the relationship between the method of growth and the 

appearance of broad-band PL, Sturm et ai. performed a series of experiments on 

RTCVD-grown SijGe,Si1_, QWs subjected to ion implantation and posterior thermai 

annealing [119]. Their results for one of their samples (x = 0.20 and d = 6nm) are 

displayed in fig.38. The top-most curve shows the low temperature (2K) spectrum 

of the as-grown sample, showing the sharp phonon-resolved spectra characteristic of 

CVD samples. This spectrum is preserved when a piece of this sample is annealed 

(TA= 600°C), as shown in fig.38(c). The luminescence disappears when the as-grown 
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sample is subjected to ion implantation with Si29+ ions at dosages between 1010 á'l'ld 

1012 crn-2 [fig.38(b)]. Annealing of the ion-implanted sample at 600°C brings back the 

luminescence, but in the form of the broad-band PL which was thought to be char­

acteristic of MBE-grown samples [figs.38 (d)-(f)]. Finally, annealing another piece of 

the ion-implanted sample at a higher temperature recovers the sharp phonon-resolved 

PL of the as-grown sample, although with weaker intensity [fig. 38(g)]. It is also to 

be noted that the broad-band PL is not observed in similarly treated Si-substrates 

or Si layers deposited on Si substrates i.e., this PL is definitely associated with the 

Ge,Si1_, layers. The properties of the broad PL in this CVD samples are identical 

to those previously observed in some of the MBE-grown samples. This is illustrated 

in fig.39 ,where the spectra of as grown and treated samples are displayed together 

for different sample parameters. The broad PL band follows the sharp PL, remaining 

always at slightly lower photon-energy. The appearance of broad-band PL in samples 

with very small implant doses, equivalent to a concentration of unwanted impurities of 

only ~ 1015~-3 , rules out the mechanism of donor-acceptor pairs previously discussed 

[113]. 

The different. and often contradictory, results outlined above can be summarized as 

follows: broad-band PL is associated to no-phonon recombination across the indirect band 

gap of the alloy layer. This type of PL appears in samples containing a relatively high 

density of point defects or defect clusters. The formation of platelets, richer in Ge than the 

average alloy composition, could be associated with these point defects. The broad PL-line 

would result from the superposition of emission from platelets of different sizes. lt is not 

clear why these defects appear in some of the MBE-growths, but it seems unlikely that there 

is a mechanism inherent to the growth process itself that would result automatically in the 

formation of these defects or defect clusters. 
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D. PL from Ultra-thin Ge,Sim QWs and SLs 

The first observations of PL in Ge,Sim SLs reported a broad emission line, which was 

attributed to recombination from the folded pseudo-direct gap [22,25]. These results were 

aiready discussed in sec.II.A and are displayed in figs.5 and 6. These spectra bear an 

uncanny resemblance to the broad-band PL ones from Si/Ge.Si1_. structures shown in 

fig.35. In view of the discussion in the preceding sections of this chapter, it is probable 

that the PL features of the Ge,Sim SLs are greatly influenced by recombination in alloy 

layers inevitably present at the Si/Ge interfaces of these samples, regardless of whether they 

were grown strain-symmetrized on a partially relaxed Ge.Si1_. buffer layer or directly on 

Si. Since these interfacial alloy forma spontaneously as a result of interdiffusion, it must be 

inhomogeneous both in strain profile and composition, resulting in the type of defects that 

are seen to produce broad-band PL in the Si/Ge.Si1_. structures. This would explain the 

lineshape and intensity of the observed PL-line. 

The more recent work of Sunamura et ai. on Ge,Sim QWs focuses on using low tempera­

ture PL spectra to diagnose Ge segregation at the Si/Ge interface [120]. Their samples were 

grown on Si (001) substrates, at 70ri'C, by gas-source molecular beam epitaxy and consisted 

in Gen QWs embedded between thick Si layers. Samples were grown with different average 

thicknesses ofthe Ge layers (n ~ 1-12MLs). They studied the PL spectra ofthese samples 

at 22K. For smail 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 energy as n increases. This is attributed to the diminishing of the confinement shift 

with increasing n. At n ~ 4 an abrupt change occurs .. The now familiar broad PL appears 

and 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. Sunamura et ai. interpret this as a transition between 2D and 3D growth 

oocurring at n ~ 4. The sharp PL !ines 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. 
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The number of these islands would increase as n increases at the expense of the 2D regions, 

while the average size of both regions would remain constant. This would explain both the 

increasing (decreasing) intensity of the broad (sharp) PL line as n increases beyond 4MLs 

and the fact that PL !ines do not suffer any further shifts in their peak position. Their 

analysis does not include the formation of alloy interfaciallayers, such as those observed in 

similar (MBE-grown) samples by Narvaez et ai. (see sec.III.E.3) (95]. The latter observe 

smoother 2D layers for n = 5 and 6 than for lower values of n. The differenoe in these result 

may be a consequence of the different growth method. On the other hand, in view of the 

discussion of sec.IV.B, it is also possible that the alloy layers are present in the samples of 

Sunamura et ai. and that the PL-lines they observe in their samples are strongly influenced 

by those layers. This is in line with the theoretical results of Turton and Jaros (see chapter 

5 in this volume), which predict that alloy scattering is the predorninant mechanism forre­

combination in these materiais (26]. In this case, the results of Sunamura et ai. and those of 

N arvaez et ai. might be brought in to closer accord, since the composition of this alloy layer 

seems to vary with n in the MBE samples of the latter (95]. For low QW-thicknesses the 

interfacial alloy layers of the MBE samples have a low average Ge molar fraction. Because 

of this they should not be very strained or have a large density of defects. AE, n increases the 

molar fraction does so too, stabilizing at x ~ 0.5 for n ~ 6. This change in alloy composition 

and strain of the alloy layer could be partly responsible for the evolution of the PL spectra 

as a function of n reported on the gas source samples. On the other hand it is also possible 

that the two different growth methods produoe a different evolution of the Ge/ Si interface 

as the Ge coverage increases. F\rrther experimental and theoretical work is needed in order 

to clarify this issue. 

The discussion in this section shows that, in good quality Si/Ge.Sh-• structures, well­

resolved near band-edge PL is observed. The PL spectra from these samples is similar 

to those of bulk alloys when appropriately modified by strain and confinement. Defects, 

whether spontaneously arising during growth or deliberately induoed by posterior treatment, 

produce a broad PL line also associated to the alloy ban-gap. In fact, this line is rather 
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ubiquitous, since it appears in bulk alloys as well as in Ge,.Si, SLs and QWs. Hence, ca.re 

must be taken when interpreting PL data from these thin-layer systems in order not to 

attribute to SL effects (such as zone-folding) features that may arise from the inevitable 

roughness of the Si/Ge interface. 

V. CONCLUDING REMARKS 

In this chapter we have reviewed the optical properties of Si/Ge QWs and SLs. We 

have seen that the techniques based on absorption or reflection of light produced spectra 

with peaks at critical points in the joined density of states for interband transitions. Many 

experimental results can be explained in tenns of the electronic band structure of the con­

stituent materiais, suitably modified by the effects of strain and confinement. For samples 

with relatively thick layers these effects can be calculated using elastic theory for strain and 

simple Kronig-Penney type models for confinement. As the layers become thinner (on the 

monolayer scale), more complex band calculations are needed in arder to interpret optical 

spectra. One· common feature of all these spectroscopies is that, since the dieclectric con­

stant depends on the joint density of states, they are lesa sensitive to interface quality or 

end effects than those of other forms of spectroscopy such as Rarnan or PL. Beca use of this, 

calculations based on perfect interfaces often give a good description of the major spectral 

features. On the other hand, PL spectra are very sensitive to interface effects (see section 

IV). Here, model calculations for real interfaces are needed to give a correct interpretation of 

the spectra This is discussed in detail in chapter 5 of this volume. The Raman spectrum is 

also sensitive to interface effects. Fortunately these effects can be simulated using relatively 

simple modela. This makes it possible to use Raman scattering as a tool to characterize 

interface roughness 

Finally, some of the above resulta may be applicable to the rapidly developing field of 

Ge or Si quantum dots (QDs). For exarnple, optical absorption spectra of Ge nanocrystals 

embedded in an Al20 3 matrix [121] are well described by the calculation, based on per-
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fect crystallites, of Wang and Zunger [122]. On the other hand, the Raman spectra <li Si 

nanocrystals in porous Si is strongly dependent the boundary conditions at the interface 

between them and the matrix in which they are embedded , as the analysis based on a 

linear-chain model of Ribeiro et ai. shows [123]. While it is beyond the scope of this chap­

ter to present a discussion of the results obtained in this rapidly expanding field, it is safe 

to assume that a combination of optical spectra and model calculations will be decisive in 

unveiling the optical properties of this new generation of Si/Ge microstructures. · 
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VII. FIGURES 

Fig.l. The band structure of bulk Ge showing the various direct transitions responsible 

for the structure in the optical spectra of fig.2. Adapted form ref. [1]. 

Fig.2. (a)Reflectivity (adapted from ref [1])and (b)electroreflectance (adapted from ref. 

[33]. )of bulk Ge. Peaks in the latter are identified according to the optical transitions of 

fig.l. 

Fig.3.(a) Real and imaginary parts of the dielectric constant for bulk Ge, (b) 

e-2;/jf. [E2s] ,from numerical differentiation of the curve in (a), and (c) Ll.õ from ER mea­

surements. Adapted from ref [7]. 

Fig.4. (a) ER spectrum of a Ge4Si4 SL with fitted critica! point energies indicated by 

arrows. (b) Photocurrent signal for the same sample; the dashed !ines show a fit with two 

indirect absorption edges and background. Adapted from ref. [15]. 

Fig.5. PL spectra of severa! strain-symmetrized Ge,Sim SLs with n + m = 5, 10 and 20. 

Ali have a common thickness ratio mfn = 1.5 and biaxial strain •n ""1.4% (•n ""2.7%) in 

the Si (Ge) layers: The Ge2Si3 structure has a more alloy-like behavior. Adapted from ref. 

[22]. 

Fig.6. PL and absorption spectra of a Ge4Si6 SL and a Ge0.4Si0.6 alloy. Adapted from 

ref. [25]. 

Fig.7. Schematic band structure of a Ge0.,Sio.s alloy subjected to uniaxial tension along 

the (001) axis. The two nonequivlent (100) directions are shown. Adapted from ref [33]. 

Fig.8. Evolution of the critica! point energies for the main optical transitions in Ge,Si1-x 

alloys. From the ER-spectra of ref. [34]. 

Fig.9. Raman cross section of the Si-Ge peak vs :1\wL for Si/GexSi1_x SLs with different 

QW-withs and molar compositions. From ref. [35]. 

Fig.lO. ER spectrum (77K) of a 7.5nm Si/Geo.45Si0 ... QW. From ref. [36]. 

Fig.ll. PR spectrum of a Ge/Ge0 .3 Si0 .7 SL (upper curve) and ER spectrum of bulk Ge 

(lower curve). 
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Fig.l2. Comparison between the calculated transition energies of the Eo multiplet of 

a (ll.l/3.2nm) Ge/Geo.3Sio.7 SL and those obtained from the PR spectrum (see ref. [39]). 

(a) Full (dashed) [ines show calculations, using constant effective masses, for zone-center 

(zone -edge) transitions as a function of the valence band discontinuity. (c) Same as (b) but 

using energy dependent effective masses. (b) Experimental PR spectrum; arrows indicate 

criticai points; horizontal dashed !ines are the prolongation of these arrows into the (a) and 

(b) panels .. 

Fig.l3. PR spectrum of a strain·symmetrized Ge32Si8 SL . The inset shows an enlarge­

ment of the structures labelled B and C. The label A designates a photon energy region 

where indirect transitions could, in principie, be observed. Adapted from ref. [42]. 

Fig.14. Experimental and theoretical results for a strain·symmetrized Ge4Si6 SL.(a) 

Second derivative of the imaginary part of the dielectric constant [numerically obtained 

from ellipsometric measurements of € 2 (w)]:lowest (second lowest) curve for T=lOK (300K). 

Theoretical simulations with different broadenings: top and second-from top curves.(b) Cal· 

culated electronic structure. Adapted from ref. [44]. 

Fig.15. ER spectra of strain-symmetrized Ge,.Si, SLs. Circles represent experimental 

data while the continuous line is the best fit with eq.(l) for seven criticai points (A through 

G). Component !ines of a given fit are shown below each spectrum. Criticai energies from 

the LMTO calculation ofref. [44], for n=m=5, are shown with arrows on top. Also indicated 

are the E0 criticai points given by an envelope-function calculation. From ref. [46]. 

Fig.l6. Dependence of the criticai point energies of the E, multiplet with the thickness 

of the Ge layer. Arrows indicate positions of criticai points for strained bulk Si and Ge. 

The continuous lines are guides for the eye. The inset shows the evolution of the Eo criticai 

point. From ref. [46]. 

Fig.17. (a) ER spectra (open circles) of the NQW-samples fitted with the lineshapes 

of eq.(l),continuous line. Arrows indicate critical-point energies from the fit.(b). Critical 

energies for E1-like transitions vs N. Arrows indicate the value for this critical points in 

strained (unstrained) Ge (Si). From ref. [41]. 
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Fig.18. Schematic representation of the folding of the phonon branches in the mini-BZ 

for a hypothetical A2B2 SL grown along the (001) direction. 

Fig.19. Dispersion relations, along the r- X a.xis, for longitudinal modes in bulk Ge 

(right), Ge,Si1_, (center) and Si (left). Adapted from ref. [51]. 

Fig.20.(a) Raman spectra of bulk Geo .• Sio.5 (A) experimental and (B) calculated. 

Curves C and D are calculated spectra of a Ge.SL. SL with rough and perfect interfaces 

respectively, while curve E shows the experimental spectrurn of a strain-symmetrized Ge4Si4 

SL. (b) Caiculated eigenvibrations for this SL. From ref. [63]. 

Fig.21. Local density of states (LDOS) for L and T modes on the atomic planes along 

the (001) a.xis of a GegSis SL with two intermixed Geo.5Si0.5 atomic layers at the interfaces. 

From ref [68]. 

Fig.22. (a) Comparison of experinlent and theory for the positions of the major Raman 

peaks, for different ÀLs, in the folded acoustic modes of a Si/Geo.48Sio.•2 SL: Full circles are 

experiment, crosses are results of the LC-model while the solid curves are calculated with 

the Ryotov model. . (b) Raman spectra, simulated with the LC-model, of the same SL for a 

finite number of periods (N). From ref. [79]. 

Fig.23. (a) Calculated and (b) experimental spectra for NQW-samples; (c) calculated 

dispersion relations (!ines) compared to experimental peak positions ( circles) for the 1 QW 

sample and ÀL = 496.5nm and ÀL = 514.5nm. From ref. [83]. 

Fig.24. Intermediate frequency region of the Raman spectrum: (a) calculated, (b) ex­

perimental. From ref. [83]. 

Fig.25. (a) Dispersion relations of a Ge4S4 SL for L (solid !ines) and T-acoustic modes 

( dotted !ines). Circles are peak positions in the Raman spectrum. (b) Experimental ( upper 

curve) and calculated spectra for severa! Ge,.Sim SLs (T=300K and ÀL = 568.2nm). from 

ref. [63]. 

Fig.26. Schematic representation of: (a) a two-band term in the resonant Raman 

cross section and (b) a PL process involving band to band recombination in a direct gap 

semiconductor. 
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Fig.27. Resonance in the room temperature Raman cross section for bulk Ge (full 

circles and triangles). The dashed curve is a guide for the eye while the solid one is a 

phenomenological representation of the contribution of three band terms. From ref. [85]. 

Fig.28. Raman cross section for LO and LA modes of severa! Ge.Sim as a function of 

laser photon energy. From ref. [87]. 

Fig.29. Raman efliciency of Ge1 (squares), Si. (circles) and Si-Ge modes (triangles) of 

severa! Ge.Si,. SLs and one Ge7Sia SL for in-plane backscattering geometry from polished 

(110)-sample edges. Full symbols denote 11 (x'x') 11 (light polarized l. to the layers). From 

ref. [89]. 

Fig.30. Calculated é2 (w) for a strain-symmetrized GeoSi6 SL, decomposed into con­

tributions from Ge (Ge-Ge) and Si (Si-Si) atoms. Solid !ines are c211 (w) and dashed ones 

cu (w). from ref. [89]. 

Fig.31. Resonant cross sections of LA-modes in a Ge12Si.2 SL (300K). F\:om ref. [88]. 

Fig.32. (a) Off-resonance spectra of the Ge1 LO-mode of the three NQW samples and 

(b) the same spectrum for the 6QW sample taken with different laser !ines. F\:om ref. [94]. 

Fig.33. (a) Raman spectrum of the Ge1 TO-mode in the 6QW sample fitted with 

contributions from wells of different thicknesses (3, 4 and 5 MLs) and (b) the resonant 

cross section, "'• (wL), for each of these contributions (circles, squares and diamonds) fitted 

to Lorentzian lineshapes (!ines). The inset shows the position of these Lorentzian !ines vs 

Ge layer thickness (circles) compared to and envelope-function calculation (line) for E0-like 

states. F\:om ref. [71 J. 
Fig.34. Near-band-gap PL spectra for bulk Ge.Si1_. alloys. The optical transitions are 

labelled x1 where j = N P when the transition is not phonon-assisted and nothing when it 

is and i specifies the type of phonon. F\:om ref. [104]. 

Fig.35. PL spectra at 4.2K, after rapid thermal annealing, of Si/Ge.Sil-x QWs of 

different widths (d) and compositions (x). adepted from ref. [24]. 

Fig.36. (a) PL spectra, at 4K, offour Si/Geo.sSi0 .2 QWs of different widths (d) and. (b) 

band-gap vs d at 4K (triangles) and 77K (squares). The solid line is an envelope function 
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calculation for each case. from ref. [108]. 

Fig.37. PL spectra, at 2K, of severa! Si/Ge,Si1_, QWs grown by MBE at 600°C : (a) 

d = 2.7nm and x = 0.15, (b) d = 5.2nm and x = 0.15 and (c) d = 6.8nm and x = 0.19. 

The broad minimum near 890 me Vis instrumental. From ref. [112]. 

Fig.38. PL spectra, at 2K, of one Si/Ge.Si1_, QW (d ~ 6nm, x = 0.20) (a) as-grown, 

(b) after !010cm-2 50 Kev Si+29 implant, (c) after 10 min annealing at 600°C (no implant), 

(d) after same anneal ofthe implanted sample, (e) after 1011cm-2 implant followed by 600°C 

anneal, (f) after 1012cm-2 implant followed by 600°C anneal, and (g) after !010cm-2 implant 

followed by anneal at 800°C. In (g) the Si PL was suppressed by a filter. From ref. [119]. 

Fig.39. PL, at 2K, of Si/Ge.Si1_. QWs with 600°C anneals both directly after growth 

(dashed !ines) and after implant (solid !ines). From ref. [119]. 
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Table I.Measured energies (e V) of prominent structures in the optical spectra of bulk 

Si and Ge. Ali data refer to low temperature measurements, except for the E0 transition of 

Si which has been taken at room temperature, compiled from data listed in ref [1]. 

Transition Si,nw(eV) Ge, nw(eV) 

Eo 4.185 0.898 

Eo+~o 4.229 1.184 

E, 3.45 2.222 

E,+~. 2.41 

E' o 3.378 3.206 

E~+~~ 3.39 

E2 4.330 4.49 

E' 1 5.50 5.65 
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Table 11. Transition energies obtained both for experimental ER data and from an ·· 

envelope-function calculation {including non-parabolicities in the conduction band) for the 

GefGe,Si1_, SL of Fig. 12, with t.E. "' 0.14eV. Here nh(nl) denotes the transition be­

tween the n'" confined leve[ of the heavy (light) hole band to the corresponding levei at the 

conduction band. The label f(II) corresponds to transitions at the mini-zone center(edge). 

From ref. [39). 

Line Transition Energy (e V) Assignment 

Experimental Theory 

0.953 lhf 

A 0.948 

0.957 lhii 

0.962 llr 

B 0.963 

0.978 lhf 

1.099 lhii 

c 1.102 

1.111 2hf 

D 1.136 1.136 2lii 

E 1.176 1.177 21[ 

1.308 3hf 

F 1.324 

1.330 3hf 

G 1.547 1.548 4hii 

H 1.595 1.595 4hf 
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Table III. Criticai point energies of GenSim strain-symmetrized SLs from the fittings of 

. the ER spectra(77K) with Eq.(1). Also listed are the assignements of th LMTO calculation 

of ref. [44) and the envelope calculations for the E0 optical gap. E,,, is the onset of strong 

absorption in these samples determined from the interface pattern. From ref [46). 

Sample Experimental Assignment Theoretical 

C r E (e V) J J J LMTO EF 

E,,,(eV) E;(eV) Eo( e 1/) 

Ge.Si4 0.49 0.10 2.31 2.30 E" I 2.31 2.31 

0.59 0.12 2.42 E o 2.35 

0.59 0.15 2.58 E' 1 2.48 

0.69 0.14 2.80 E' I 2.68 

1.00 0.16 3.03 Ed 
1 3.01 

Eí~E~ 3.26 

Ge5Si5 0.50 0.20 2.30A 2.43 E" 1 2.23 2.25 

0.69 0.10 2.50B Eo(hh) 2.25 

0.69 0.10 2.55C Eo(/h) 2.31 

1.13 0.17 2.64D E' I 2.72 

0.81 0.12 2.82E E' 1 2.79 

1.00 0.15 3.05F Ed 
1 2.93 

0.64 0.16 3.36G E~ 

GesSis 0.27 0.20 2.30 2.59 E' I 2.30 2.56 

1.13 0.10 2.60 Eo(hh) 2.55 

0.93 0.10 2.66 Eo(/h) 2.60 

1.43 0.17 2.73 E' I 2.75 

1.20 0.12 2.94 E' 1 :3.00 

1.00 0.1.5 3.07 Ed 
1 3.11 

0 .. 53 0.14 :3.37 E' o 
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Table IV. Transition energies (E;) and broadenings (f;) of the !ines in lhe ER spectra 

of NQW samples. Assignments are shown in the third column while the last column lists 

the degree of confinement of the electronic states participating in the transition from RRS 

. data. From ref [41). 

Sample ER(77K) Assignment Confinement 

E; (f;) 

(in e V) 

1QW 2.83(0.11) A 

2QW 2.72(0.17) A 

2.98(0.18) B 

6QW 2.43(0.12) A 

2.59(0.10) B 

2.74(0.15) c 
2.97(0.12) D 
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