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Abstract. Phonon and Raman spectra of strained (Si).(Ge), ( n  + m = 8.2 G n 6 6) super- 
lattices grown pseudomorphically on a (001)-oriented Si substrate are studied theoretically 
using a generalized two-parameter Keating model. It is found that the phonon frequencies 
of Si-like confined longitudinal (LO) modes are well described by the bulk dispersion curves 
with the effective number of Si layers given by natf = n + I, whereas for Ge-like longitudinal 
mnfined modes the confinement is quite complex because of overlapping of the optical 
continuum of Ge with the acoustical continuum of Si. Phonon frequency shifts of confined 
modes due to interface diffusion are discussed within the virtual-crystal approximation. 

1. Introduction 

Owing to its excellent etching and mechanical properties, silicon has been an indis- 
pensable material in microelectronic technology. Being an indirect-gap semiconductor, 
silicon has been excluded from many applications, such as devices in photonics and 
optoelectronics. The improvement of the electronic properties of this material has 
aroused the continuing interest of scientists. With the rapid progress of some new growth 
techniques, such as molecular beam epitaxy (MBE), ultrathin Si/Ge superlattices have 
been successfully produced [l] in spite of the large lattice mismatch (4.2%) between Si 
and Ge. 

Most of the experimental infomationon superlattice phonons isobtained by Raman 
spectroscopy, which probes phonons with wavevectorsnear the zone centre [l]. Several 
theoretical models have been adopted to study the phonon spectra of strained Si/Ge 
superlattices. Using a linear-chain model and neglecting the strain, phonon spectra of 
Si/Ge superlattices have recently been calculated by Fasolino eta1 [2]. Many interesting 
features of the phonon modes in the Si/Ge system have been found and discussed. 
Phonon spectra of several Si/Ge superlattices with different space groups have been 
investigated by Alonso et d [ 3 ]  on the basis of three-dimensional formalism developed 
by Kanellis [4] and the two-parameter Keating model [5 ] ,  neglecting the effect of strain. 
Incorporatingstrain, Ghanbari and Fasol [6] studied the phonons of Si/Ge superlattices 
with a modified skparameter valence force potential model. More recently, using a 
generalized Keating model and taking strain into account, Zi ei a1 [7,8] discussed 
phonons, geometrical structures and growth. 
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Asaconsequenceofthesuperperiodicity in superlattices, inaddition to the reduction 
in the symmetry, some novel features also appear. The phonon spectra in superlattices 
are sensitive to many structural properties such as the composition, the overall pcriod 
andthe individual layer thicknessandalso to the qualityandcompositionofthe interface. 
The large superlattice period leads to many modes in the reduced superlattice Brillouin 
zone. The phonon modes in superlattices are generally divided into four types: confined 
modes, resonant quasi-confined modes, interface modes and folded modes. Folding and 
confinement in the phonon modes of superlattices are usually understood by means of 
matching of the bulk solutions at the interface [9]. When a mode falls into a gap of the 
bulk continuum of either constituent, vibrations of sublattice atoms are forbidden; 
hence this mode can only be strongly localized at interfaces and its vibrations decay 
exponentially. These modes are interface modes. In the case of Si/Ge superlattices, the 
longitudinal phonon continuum of bulk Ge fully overlaps with that of Si. Therefore, 
some modes with strong resonance, the so-called resonant quasi-confined modes, can 
exist just below the edge of overlapping frequencies with behaviour similar to that of 
the true confined modes [ lo]. Hence the Ge-like longitudinal optical (LO) mode can only 
be the resonant quasi-confined mode. 

In the present work the phonon and Raman spectraofstrained (Si)n/(Ge)m (n + m = 
8, 2 G n G 6) superlattices grown pseudomorphically on a (001)-oriented Si substrate 
are investigated. Within the virtual-crystal approximation, the effect of interface dif- 
fusion on phonon frequencies is evaluated. 

2. Phonon spectra of (Si)J(Ge)m 

Most Raman scatteringexperiments have beendone in the back-scatteringconfiguration 
which allows only the longitudinal phonons propagating in the [OOl] direction from the 
selection rules. Therefore our discussion is restricted here to the longitudinal phonons 
in the [001]directionfor(Si),/(Gc),(n + m = 8,2 S n S 6)superlatticesgrownpseudo- 
morphically on a Si(OO1) substrate. 

A generalized two-parameter Keating model [7,8], which involves bond-stretching 
(a) and bond-bending @) interactions, is adopted to describe the elastic strain energy 
in a Si/Ge superla:tice. For a Si/Ge superlattice grown pseudomorphically on a Si 
substrate, Si layers are free of strain whereas Ge layers are fully strained [SI. Ge layers 
experience thus a biawialstrain in the [110] and [IiO] directionsand acompressivestrain 
in the [OOl] direction. It has been found [8] that the difference in interplanar spacings in 
a sublattice is quite small and can be neglected. The geometrical structures of Si/Ge 
superlattices are obtained by elastic strain energy minimization as done in [7.8]. The 
results reveal that the Si-Si spacing is the same as that in bulk Si (1.358 A) and the Si- 
Ge and Ge-Ge spacings are 1.408 8, and 1.468 A, respectively. 

The detailed description of the computational method for phonon spectra in Si/ 
Ge superlattices has been presented in [7] and will not be repeated here. Calculated 
longitudinal phonon dispersion curves and corresponding displacement patterns at 
the zone centre (q = 0) for (Si)n/(Ge)m (n + m = 8 , 2  S n G 6) superlattices grown on 
Si(OO1) arc shown in figures 1-5. The modes in the figures are numbered in the order of 
increasing frequency. The phonon symmetries at the reduced wavevector q = 0 are also 
given in figures 1-5. The space groups to which (Si)J(Ge), superlattices belong are 
listed in table 1. When the numbers of both Si and Ge layers are odd, the superlattices 
havenoinversioncentre. Moreover, the[llO] and [If01 directionsareequivalent, which 
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Figure 1. ( U )  Longitudinal phonon dispersion 
curves of a (Si)J(Ge), superlattice on a Si(OO1) 
substrate; (b)  displacement patterns at the w n e  
centre.~elabel(onlythesubscriptisused)gives 
the phonon symmetries at q = 0. 
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Figure 2. (a )  Longitudinal phonon dispersion 
curves of a (Si),/(Ge)5 superlattice on a Si(OO1) 
substrate; ( b )  displacement pattems at the zone 
centre. The label gives the phonon symmetries at 
q = 0. 

leads to degeneracy of two transverse modes. For an even number of layers of Ge or 
Si, the superlattice has orthorhombic symmetry and the transverse modes of both 
polarizations split at q = 0 for w # 0. 

For a (Si)J(Ge)6superlattice (figure l), it isobvious that mode 8isaSi-likeconfined 
LO mode. Mode 7 is a Si-like longitudinal acoustic (LA) mode, which can be clearly seen 
from the displacement pattern (figure l(b)). The frequency is governed mainly by the 
thickness of Si layers and by the force consants of the Si-Ge bonds as well. Modes 4-6 
are Ge-like quasi-confined LO modes. Modes 1-3 are folded LA modes resulting from 
the folding due to the reduction in Brillouin zone. 

For a (Si),/(Ge), superlattice (figure 2), modes 8 and 7 are the first- and second- 
order Si-like confined LO modes, respectively. Modes 4-6 are Ge-like confined LO 
modes. Note that there exists certain slight dispersion in modes 4-6 due to non-vanishing 
of vibrations in Si layers. 

For a (Si).,/(Ge), superlattice (figure 3), there are two Si-like LO modes. Mode 6, 
with frequency higher than that of bulk Ge at the zone centre, is not a Si-like confined 
LO mode, although it is nearly dispersionless. This behaviour can be understood by the 
fact that this mode involves vibrations of Si layers and only interface Ge atoms, like 
mode 7 of a (Si),/(Ge)6 superlattice (see figure 1). Modes 4 and 5 are Ge-like LO modes. 

For a (Si)s/(Ge)3 superlattice (figure 4), three Si-like LO modes exist. Modes 8-6 
correspond to the first-, second- and third-order Si confined LO modes, respectively. 
Clearly, mode 4 is a Ge-like LO mode. 
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Figure 3. ( a )  Longitudinal phonon dispersion 
curves of a (Si)d/(Ge)4 superlattice on a Si(OO1) 
substrate: (6) displacemenl patterns at the Zone 
centre.Thelabei (onlythesubscriptis used) gives 

Figure 4. ( a )  Longitudinal phonon dispersion 
curves of a (Si)5/(Ge)3 superlattice on a Si(W1) 
substrate; (b) displacement patterns at lhe zone 
an t r e .  The label gives the phonon symmetries at 
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Tablrl.Spacegroupsfor(Si)./(Ge),(n + m = 8.2 S n 
direction and the phonon symmetries at q = 0 for longitudinal modes. 

6)superlatticesgrownin the[WI] 

n. m even n, m odd 

Space group D W W m a )  D$ ( ~ i m z )  
Phonon symmetry 4. Btu At+& 

For a (Si),,/(Ge), superlattice (figure 9, modes 8-6 are Si-like LO modes, cor- 
responding to the first-, second- and third-order Si-like LO modes, respectively. Mode 
5, like mode 6 in a (Si)J(Ge), superlattice, is also nearly dispersionless. There is 
significant LA-like excitation of Si atoms in mode 4, a Ge-like LO confined mode, due to 
the small thickness of Ge layers. 

The frequency shifts of optical modes in the Si/Ge superlattice (with respect to those 
in bulk Si and Ge) are affected by two contributions. The first is a shift due to strain and 
the second originates from the confinement of Si (Ge) optical modes in Si (Ge) layers. 
For Si/Ge superlattices grown on Si, there is no strain in Si layers. Hence the shift of a 
Si confined LO mode with respect to the bulk mode directly measures the confinement 
energy. In figure 6, phonon frequencies of the Si-like confined LO modes for (Si).(Ge), 
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Figure 5. (a) Longitudinal phonon dispersion 
curves of a (Si)s/(Ge), superlatrice on a Si(OO1) 
substrate; (b)  displacement patterns at the zone 
centre.Thelabel (only thesuhscriptisused)gives 
the phonon symmetries at p = 0. 

Figure 6. Phonon frequencies of Si-like confined 
Lomodesversus the numhernofSi layers: 0, first 
order; e. second order; A,  third order. 

(n + m = 8 ,  2 S n S 6) superlattices on Si(OO1) are shown. It is obvious that the con- 
finement decreases with increasing thickness of the Si layers. 

It can be seenfrom figures 1-5 that the numberof Si-like confinedro modesincreases 
with increasing number of Si layers. The confinement can be analysed similarly to the 
work of Sood eta1 [ll]. The analysis is based on the idea that standing waves have to fit 
into a single slab. The mode frequency is then given by w(qeff), where w(q)  is the bulk 
dispersion of the corresponding phonon modes. The effective reduced wavevector qeff 
is defined (in units of h / a ,  where a is the lattice constant of bulk material) as 

where de, is the thickness of an effective slab and j is the order number of confined 
modes, numbered starting from the top. For Si/Ge superlattices grown on a Si(O0l) 
substrate, de, can be written as de, = neffa/4, where ne, is the number of monolayers 
over which a mode actually extends. If nsff is known, this consideration yields a cor- 
respondence between the superlattice confined modes and the bulk dispersion curves of 
the constituent materials. By comparing the frequencies of confined modes with bulk 
dispersioncurves,itisfoundthat,whenn,, = n + 1,theSiconfinedmodesaredescribed 
well by the bulk dispersion, where n is the number of monolayers of Si. Therefore, for 
Si confined LO modes, 4.ff is given by 

q& = Ia /2de~ (1) 

4err = N ( n  + 1). (2) 
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Table 2. Comparison of frequencies of Si confined modes with those (in parentheses) 
oblained from bulk dispersion by equation (2). 

Frequency (cm-’) for the following modes 

In table 2, the frequencies of Si confined modes are compared with those obtained from 
the bulk dispersion curves by means of equation (2). Obviously, the results are quite 
satisfactory, especially for small j .  Thus, using the relation (Z) ,  the frequency of Si 
confined modes in Si/Ge superlattices can be obtained simply from bulk dispersion 
curves. 

The number of Si confined modes can also be obtained by the fact that qeff is less than 
the wavevector at Brillouin zone boundary along the [OOl] direction, i.e. qrft S 1. This 
gives the total number of Si confined modesk 

n even 

{ n  odd. 
for (3) 

Compared with Si-like confined modes, Ge-like confined modes are not easily 
confined in Ge layers because of the coupling of the optical continuum of Ge with the 
acoustic continuum of Si. Since the Ge layers are fully strained, there are two factors 
affecting the frequencies of Ge-like confined LO modes: strain and confinement. The 
frequency shifts due to strain can be calculated from [12] and it has been found that this 
shift is 16 cm-’ towards higher energies. The phonon frequencies of Ge-like confined 
LO modes are also found to decrease with the confinement. This phenomenon can be 
understood in terms of the phonon quantum well picture [13], since the ‘optical effective 
mass’ is usually negative (negative dispersion of the optical phonon branches near the 
zone centre). The confinement of Ge-like modes are quite complex and detailed results 
will be discussed elsewhere [14]. 

3. Raman spectra of (Si)J(Ge)m 

The relative intensifies of the Raman peaks are calculated using the bond polarizability 
model [l. U]. For the Raman polarizability parameters, n, and nxy of Si and Ge, it is 
assumed [U] that is taken as the 
average of LP and ace, i.e. glGe = (@ + &)/2, In figures 7-11, Raman spectra at the 
zone centre are given for (Si)n/(Ge)m (n  + m = 8,  2 n S 6 )  superlattices grown on 
Si(OO1). 

For a superlattice with the D;,, space group, the longitudinal modes at the zone 
centre have symmetry of either Ag or Blv. Only A, modes are Raman active with the 
back-scattering configuration. There are three peaks in the Raman spectra of a (Si)*/ 

= Z$’. For the Si-Ge bond the parameter 
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Figure 7. Raman spectra of a (Si)J(Ge), super. 
lattice grown on Si(W1) at q = 0. 

loa 200 so0 400 50 600 

o (cm-') 

Figure 8. Raman spectra of a (Si)J(Ge)l super- 
lattice grown on Si(W1) at q = 0 .  
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Figure 9. Raman spectra of a (Si),/(Ge), super- 
lattice grown on Si(W1) at q = 0. 
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Figure 10. Raman spectra of a (Si)J(Ge), super- 
lattice grown on Si(W1) at q = 0. 

(Ge), superlattice (figure 7). The peak at 473 cm-l is from the topmost Si confined 
mode, the peak at 313 cm-' from the first-order Ge-like confined LO mode, and the small 
peak at 260cm-' from the third-order Ge confined LO mode 4. Mode 2 is also Raman 
active, but its intensity is very smalI. 

For a superlattice with D:d space group, the longitudinal modes at the zone centre 
belong to either A, or BZ symmetry. In the z(x, y)iback-scattering configuration, only 
the modes with B, symmetry are Raman active and in the L ( X ,  x)? configuration, only 
themodeswithA,symmetryareRamanactive, wherex = (lOO),y = (OlO),z = (001). 
For a (Si),/(&), superlattice (figure 8), in the z ( x ,  y ) i  configuration, there are four 
peaks (two strong and two weak) at 493,317,284 and 179cm-', corresponding to Si 
confined mode 8, first-order Ge confined mode 6, second-order Ge confined mode 5, 
and folded LA mode 3, respectively. The Raman intensities of the peaks in the z(x ,  x)i 
configuration are too small to be detected. 

The space group of a (Si)4/(Ge)4 superlattice is D&. Therefore only the A, modes 
are Raman active. Three peaks appear in Raman spectra at 503, 364 and 299cm-', 
corresponding to Si confined mode 8, Si confined mode 6 and Ge confined mode 5, 
respectively (see figure 9). 
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Figure l l .  Raman spectra of a (Si)d(Ge)> super- 
lattice grown on Si(oO1) at q = 0. 

Figure 12. Phonon frequencies of first-order Si- 
like confined and Ge-like quasi-conlined LO 
modes with respect to inlerface diffusion fsctorx 
for a (Si)J(Ge), superlattice grown on Si(oO1). 

Three peaks exist in the Raman spectra of a (Si)J(Ge), superlattice (figure 10). The 
peaks at 507 and 409 cm-' correspond to the Si confined modes. The peak at 296cm-' 
belongs to a Ge-like LO mode. It is interesting to note that the peak at 409 is not 
an interface mode, but its Raman intensity is significant. 

There are four peaks in the Raman spectra of a (Si)6/(Ge)2 superlattice (figure 11). 
Thetwo peaksat 510and437cm~'correspondtoSiconfinedmodes8and7,respectively. 
The peak in Raman spectra at 307 cm-' results from Ge-like LO mode 4. A small peak 
at 211 cm-' exists, corresponding to the folded LA mode 3. 

In Raman experiments [l], in addition to the acoustical folded modes, a common 
feature also observed in all Raman spectra is the presence of three main peaks at around 
300,400 and500 cm-', which are attributed to the Ge. Si-Geand~Simodcsi respectively. 
Inparticular, theassignment ofthe peakaround400 cm-lto theSi-Gevibrationis based 
on the comparison with the Si-Ge alloy. In our calculations there are modes at around 
500and 300 cm-', which are in good agreement with the Raman data. The so-called Si- 
Ge mode at around 400cm-'. however, does not appear in all the calculated Raman 
spectra in the longitudinal polarization. The disagreement between calculations and 
experiments might originate from the fact that the interfaces of epitaxial Si/Ge super- 
lattices by MBE might not be perfect. A Si-Ge alloy might exist at the interface owing to 
the intermixing. It is quite possible that the peak at around 400 cm-' represents the Si- 
Gemode ofthealloypresentedat theinterface [16,17]. Therefore,itmight beconcluded 
from those experiments that the Raman spectrum at around 400 cm-l gives information 
about the atomic ordering and roughness at the Si-Ge interface. Since the alloy at the 
interface has not been taken into account in all theoretical calculations [2,3,6,7], this 
might explain the discrepancy between the calculated results and the experimental data. 
It is worth noting that, in all results obtained from calculations [2, 3, 6, 71, proper 
interface modes in transverse polarization at around 400 cm-' always appear. The 
presence of alloy layers at the interfaces destroys the translational symmetry along the 
growth direction, leading to breakdown of the Raman selection rules. Therefore, the 
transverse interface modes might also give some contribution to the Raman peak at 
around 400 cm-I. 
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4. Effect of interface diffusion on phonon frequency 

The appearance of a peak at around 400 cm-' in Raman experiments has attracted 
much attention [16,17].  This peak has been attributed currently to interface roughness 
resulting in the formation of alloy layers at the S i G e  interfaces [16,17].  This section 
deals with the effect of interface diffusion on phonon frequencies, and not with the 
origin of the peak at around 400 cm-' observed in experiments, which will be discussed 
elsewhere. A recent cluster calculation [IS] by the extended Huckel method indicates 
that it is energetically favourable to exchange a Si atom for Ge at the Si-Ge interface. 
Hence the formation of alloy layers at the interface is a common feature in Si/Ge 
superlattices. As a consequence, phonon frequencies in Si/Ge superlattices may be 
shifted owing to interface diffusion, especially for the confined modes in thin Si/Ge 
superlattices since the optical modes confined in Si (Ge) are sensitive to the width and 
shape of the Si (Ge) layer. For the quantitative discussion of interface diffusion, the 
virtual-crystal approximation is used to analyse the effect of interface diffusion on 
phonon frequencies of confined modes by allowing the formation of a Si-Ge alloy at the 
interface. Let the Si and Ge atoms be replaced by effective Si,-,Ge, and Si,Ge,-, atoms 
at the interface, respectively, where x is a factor determining the interface diffusion. 
The virtual-crystal potential of the alloy Si, -xGe, is given by 

V(r) = (1 - x)V,(r) + x V G ( r )  ( 4 )  
where Vsi and V,, are the potentials of bulk Si and Bulk Ge, respectively. The mass of 
an effective Si,_,Ge, atom is written as 

M(Si,_,Ge,) = ( 1  - x)M(Si) + xM(Ge) (5) 
where M(Si) is the atomic mass of a Si atom. 

In figure 12 the variation in first-order Si- and Ge-like confined LO modes for a (Si),/ 
(Ge), superlattice grown on a Si(OO1) substrate with respect to the interface diffusion 
factor x is given. It is found that the first-order Si confined LO mode decreases with 
increasing x .  This is more significant for higher-order Si confined LO modes; whereas for 
Ge-like confined modes it is much more complicated. It is seen from figure 12 that for 
x C 0.25 the frequency of the Geconfinedmodedecreaseswith increasingxand increases 
with increasing x for x > 0.25 because of the coupling of the optical continuum of Ge 
with the acoustic continuum of Si. For folded LA modes in Si/Ge superlattices, the 
phonon frequency shift due to the interface diffusion is relatively small, especially for 
the low-frequency modes, since the acoustic phonons are essentially sensitive to the 
periodicity of the superlattice and not to the interface roughness [19].  Therefore, from 
the above analysis, the phonon frequencies of Si confined modes can be viewed to some 
extent as a measurement of interface diffusion. 

5. Conclusions 

In the present work, phonon spectra of strained (Si)"/(Ge), ( n  + m = 8,  2 S n 6 )  
superlattices grown pseudomorphically on a Si(OO1) substrate are studied using a gen- 
eralized two-parameter Keating model. Raman spectra are also calculated by a bond 
polarizability model. Ourcalculationsare compared with experimental data. It is pointed 
out that the Si-like confined modes can be well described by the bulk dispersion curves 
with the effective confinement length of Si layers being (n + l )a/4.  In the case of Ge 
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confined modes, it is difficult to define an effective confinement length because of the 
complexity caused by the overlapping of the optical continuum of Ge with the acoustic 
continuum of Si. No interface modes exist in the longitudinal polarization for Si/Ge 
superlattices with abrupt interfaces. The appearance of a peak at around 400cm-L in 
experiments is due to the contribution of alloy layers formed at the interfaces as a result 
of interface diffusion. Within the virtual-crystal approximation, phonon frequency shifts 
due to interface diffusion are investigated. The phonon frequencies of Si confined 
modes are shifted downwards with interface diffusion. The folded LA modes in Si/Ge 
superlattices are only slightly affected. 
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