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Structural relaxation in Si and Ge nanocrystallites: Influence on the electronic
and optical properties
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A complex atomic relaxation pattern for hydrogen-saturated Ge and Si nanocrystallites with diameters
between 10 and 25 A has been found by mearaboihitio calculations. While the bonds at the center of the
nanocrystals expand beyond their length in the corresponding bulk material, the bonds near the surface are
shortened. The average bond lengths decrease. The atoms at the surface facets move inward, those at the edges
and corners outward, leaving the volume of the crystallite almost unchanged. As a consequence of the struc-
tural relaxation, the pair excitation energies increase as compared to the values for the respective ideal struc-
tures, and they do so stronger for Ge than for Si. The main effect on the overall absorption spectra is an upward
shift of the different spectral features. Most important for Ge crystallites is the change of the energetic ordering
of the electronic states close to the HOMO-LUM#®ighest occupied molecular orbital-lowest unoccupied
molecular orbital gap, leading their radiative lifetimes to decrease by orders of magnitude.
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[. INTRODUCTION e.g., Refs. 8—111 Consequently, the theoretical investigation

of NC’s usually starts from model structures. Taking these as

Si and Ge nanostructures are in the focus of both fundalittle fragments of bulk material, the question arises as to

mental and applied research because of their potential fdtow these structures relax as compared to the initial ideal

Si-based optoelectronics. Effects due to spatial quantizatioieometries. Moreover, in view of possible applications it is

promise to overcome the limitations of the indirect-gap semi-of utmost importance to know how the relaxation influences
conductors for photoelectronic applications. In fact, even opthe electronic and optical properties. _

tical gain has been achieved in Si nanocrystals. Several entirely different methods exist to investigate the

Nanostructured Ge and Si systems can be fabricated b Iara_tio?s beorllar\:ior of Ngﬁs and quantum dﬁ?‘S'T hek
many different methods, leading to a number of substantialljh@lyticar” and the numerical continuum approaches make

different systems. Very small, nearly spherical Ge nanocrysEjse of the assumption that the quantum dots are reasonably

tals (NC's) have been created, e.g., by rf cosputtering of GeweII represented by macroscopic concepts like stress and

. . ) ; strain fields. Obviously, the small structures containing a few
ano! ?'Q with _d|ameters dO.WH FO 0'.9 nfas. colloidal hundred atoms will not be amenable to such approaches. An
NC’s,> or by ion implantation in SiC and subsequent

. h i al o h atomistic theory has to be used inste@de Ref. 12 and
annealind" The nanocrystalline material retains its tetra €-references therejn

dral coordination down to very small sizés|beit possibly The majority of the theoretical treatments are based on
with modifications like stacking faults and faceting of the quasispherical NC’s. These structures are taken as inputs for
surfaces or interfacésThus, in view of the experimental the calculation of electronic and optical properties without
situation, spherical NC’s are very interesting systems. taking relaxation into accounf;®using empirical and semi-
The NC's in question belong to the intermediate sizeempirical methods to relax the structures before the
range. While they are larger than quasimolecular clustersslectronic-structure calculationépr relaxing only the atoms
they are not yet as large as to be treatable as small portiongar the NC surface bgb initio relaxation'!
of bulk material with a separate consideration of their sur- In view of the system size, aab initio method is needed
faces. It is reasonable to assume a bulklike tetrahedral strute account for the possible structural relaxation effects in the
ture inside the crystallites at least starting from some miniNC's. In the present paper we ap@p initio relaxation for
mum size, since in the limit of large diameters the bulkall crystallite atoms. We calculate the fully relaxed structures
situation must be reproduc@owever, the actual shape of of NC's of up to 363 atoms which corresponds to a diameter
a NC and the exact atomic positions remain open questionsf 25 A. We investigate the relaxation pattern in detail, con-
The shape will be determined by thermodynamic as well asidering, in particular, the surface facets and edges. In order
by kinetic effects, depending on the preparation conditfons.to quantify the influence of the relaxation effects we compare
While the concept of the Wulff constructibrderives the the electronic and optical properties to those obtained for the
equilibrium shape of crystallites from surface energies, it iSdeal structures.
only applicable in the limit of macroscopic, or at least me-
soscopic, volume. Kinetic aspects cannot be treated using a

Il. MODEL AND METHODS
ground-state theory. However, a ground-state theory for the

total energy allowsb initio structure optimization. Unfortu- The calculations are performed within density-functional
nately, such structural optimization can be carried out onlytheory(DFT) in local-density approximatiofLDA). We em-
for tiny NC's consisting of a small number of atonisf., ploy the vasp program packadé and non-norm-conserving
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pseudopotentials’ A supercell approach is taken in order to
use the plane-wave expansion of the eigenfunctions. The
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Ge bulk

electron-electron interaction is described within the param-
etrization of Perdew and Zung&r.Nonlinear core correc-
tions are taken into accoufitThe method yields cubic bulk
lattice constants ofi,=5.647 A for Ge and 5.404 A for Si.
The optical properties are calculated within the independent-
particle approximation. The projector-augmented wave
(PAW) method? is used to calculate the transition matrix
elements. This approach gives reliable spectra for bulk 235 ¢ o 83
crystal$® as well as for NC's'® —o
We construct NC’s by starting from one atom and adding Mﬁﬂk
its nearest neighbors, thereby assuming the tetrahedral coor- s U7
dination of the respective cubic bulk material. Successively 2.30 s 1'0 1'5 2'0 >
adding the nearest neighbors of the surface atoms shell by . A
shell we obtain NC's oN=5, 17, 41, 83, 147, 239, and 363 Diameter [A]

atoms. The remaining dangling bonds are satgrated by H FIG. 1. Interatomic distances in the @Geangles and in the Si
atoms. Thereby denotes the number of atoms in the NC, ¢ cjeg NC's. Filled symbols: ground-state results, empty symbols:
cpsregardmg the hydrogen atoms. Thls_or similar Conlsé[fucresuns of the relaxation with one electron-hole pair present. The
tion procedures have been applied by different grdtps: numbers of G&Si) atoms in the crystallites are indicated. The hori-

The point group of the resulting NC's &, i.e., inversion is  zontal lines indicate the calculated bulk interatomic distances.
the only missing point-symmetry operation compared to the

initial bulk material. This is advantageous with respect to the . .
numerical effort. We use a22x 2 Monkhorst-Pack-point excited system and the total energy of the ground state is the

mesh which results in onle point in the irreducible part of excitation energy of the electron-hole pair, which accounts

the Brillouin zone. Inspection of the NC's reveals that theyfor the Coulombic electron-hole interaction as well as for
are not precisely spherical but exhibit small facets at theself-energy effects. o .

surface. Basically, their shape is a cube with cut-off corners The same occupation constraint is used in order to ac-
in such a way that triangu|ar faces arise which connect th§0unt for the structural effects of a pair excitation. For the
midpoints of the rectangles that touch at the respective cog€Xcited electronic configuration, the ionic relaxation is car-
ner. They have six rectangular faces corresponding to Hed out once more. The resulting geometry represents that of
<001> orientation as well as eight faces Corresponding to éhe excited NC. The pair excitation energies of the excited-
(111) orientation. However, the construction procedure re-State geometry are calculated by means ofAB€F method
sults in two different situations, alternating with an increas_for the excited structure without ionic relaxation. The differ-

ing number of shells. Either the sfR01 faces are quadratic, €nce between the two excitation energies yields the structural
in which case thg111 facets are of the same size. This is contribution to the luminescence Stokes shift which will be
the case for the NC's dil = 17, 83, 239, etc. atoms. Alter- Presented elsewhef.
natively, for the NC's oN=41, 148, 363, etc. atoms, the six
{001 faces are rectangular with edge lengths differing by
one atom. In these cases, two different kinds of triangular 1ll. STRUCTURE OF RELAXED NANOCRYSTALLITES
{111} facets arise. Even in the first case of equal edge lengths
of the{111} facets, they are inequivalent due to the construc-
tion procedure. The geometry does not change significantly. The bonds
We use the supercell method with simple-cubic cells, theare only shortened or stretched, respectively. The average
size of which corresponds to 216, 512, or 1000 atoms of bullbond lengths of the relaxed NC’s are shown in Fig. 1 as a
material, depending on the size of the NC in question. Thugunction of the NC diameter. Throughout the paper, we study
for Ge we use edge lengths of 16.9, 22.6, and 28.2 A. Keephe Ge-Ge and Si-Si bonds but disregard the Ge-H and Si-H
ing the T4 symmetry, ionic relaxation is carried out for all bonds of the hydrogen saturation. The diameter indicated in
atoms in the NC's. It is expected to yield valid results for Fig. 1 is that of a perfect sphere with the same volume as the
changes of bond lengths and bond angles, since this proceiodel structure, where each atom has been assigned its bulk
dure does reasonably describe the bulk elastic properties deelume a8/8. For the ground-state geometry, the average
spite the neglect of temperature effects. bond lengths are consistently shorter than the respective bulk
In order to describe electronic pair excitations we use amvalues. Similar contraction effects have been observed in po-
occupation constraint. To model the electron-hole pair withrous silicon?’ A very recent theoretical molecular-dynamics
the lowest excitation energy, we place a hole in the HOMOstudy’ agrees roughly with our findings with respect to the
(highest occupied molecular orbitadnd an electron in the averages. However, under oxygen exposure this contraction
LUMO (lowest unoccupied molecular orbitadtate of the turns into an expansiofi.The effect is obviously dependent
crystallite. In the spirit of aA-self-consistent-field method on the surface saturation. Annealing of porous silicon also
(ASCF) 24 the difference between the total energy of theleads to nanostructured Si with shortened bofids. has
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2.55 ——— ——— NC, while they decrease further away from the center. Sur-
Ge ground state * Ge excited state prisingly, the bonds at the center are longer than the respec-
550 | | tive bulk interatomic distances, i.e., there is an expansion of
. 2 the material inside the NC. Near the surface of the NC's, the
— VNN < 0O bonds are shorter than the respective bulk lengths. While the
= 2.45 \%\g 09\90% T @\OA%QQ&O . latter compression might be caused by surface-tension-like
£ A8 o5, A1 oS, effects, the expansion at the center cannot. For oxidized Si
i N S2%0) \A\gg C@@Q() e pa 30 £ -
%D ; AACQ : A i N particles, Hofmeisteret al™ find an expansion for small
= ) Si excited stat sizes, wh|le; for larger particles they report.a contrac_tlon.. Itis
s Stgroundsiate v 1 exeried state thus conceivable that the overall situation is a combination of
B 240 | 1 the surface-stress-like effect which induces contraction,
while there is another effect which causes the expansion at
23 | |5 -@@2@ @SQD o | thg center and, whenl the surface stress is re_duped, e.g., by
50 e RS EBR oxidation, the expansion of the whole NC. This is corrobo-
\% @ rated by the fact that many groups have found strong influ-
2.30 LY ' LN N ences of the surface saturation on the NC propeffiés:3
o 2z 4 6 8 10 2 4 6 8 10 The straight lines in Fig. 2 are linear fits of the respective

Distance from origin [A] data. However, two remarks are in order. First, due to the

FIG. 2. Individual bond lengths in the NC's plotted against the SYMmetry of the NC's, each of the data points in Fig. 2
distance from the center. Asterisks: 41-atom NC's; triangles: 83/EPrésents many bonds of the same length. No attempt has
atom NC’s; circles: 239-atom NC's. The linear fits are given asP€en made to show this multiplicity in the figure. Second,

solid (41), dashed83), and dot-dashe®39) lines. The horizontal €Ve€N though_w_e use a linear fit, we do not claim that the
lines are the calculated bulk interatomic distances. dependence is in fact linear. We merely demonstrate the gen-

eral trend. The slope of the lines decreases with increasing

been explained as a consequence of the surface &ese.  NC size. However, the results show that the bulk litairo
effect is much stronger in the Ge than in the Si NC's. WhileSlope at the bulk bond lengthtias not even nearly been

the average Si interatomic distances have already reachég@ched for even the largest Si crystallites. That means that
their bulk limit for NC's with diameters of about 20 A, the the apparent convergence towards the bulk interatomic dis-

bond-length reduction is still substanti&d.35% for Ge tance of the larger Si NC's of Fig. 1 is an effect of the
NC’s of the same size. averaging procedure rather than real convergence.

For the excited-state geometry calculated with an_ 10 investigate the difference in the relaxation behavior of
electron-hole pair in the crystallite, the situation is moreSi and Ge NC's one can compare the relative bond lengths
complex. The picture suggests that there might be two mud/dbu|k._Forthe two Iarggst qrystallltes we find that while the
tually counteracting effects on the bond lengths in Fig. 18Xpansion in the center is slightly stronger for Si than for Ge,
The first one is the general bond-length reduction as for th&® bond-length reduction towards the surfaces is more pro-
ground state. The second, however, is a tendency of increa8ounced for Ge. This explains the behavior of the average

ing bond lengths with electronic excitation, increasing withPond lengths in Fig. 1. o
decreasing NC size. For the Ge NC’s, this leads to a consis- For the excited-state relaxed systems, the situation is not

tent picture. For Si, however, the results with respect to th&/€ry different. The slope of the decrease of the bond lengths
excitation effect are not so uniform. This might be partly dueWith increasing radial distance becomes steeper. However,
to the stronger bonds in Si as compared to Ge. Moreover, thie general effects found for the_groun_d-state geometries are
symmetry of the LUMO state in the Si NC's is different from not changed. We note 'Fhat th.e d|scus.5|on of only the average
that of the Ge NC's, reflecting the strong contributions fromP0nd lengths can be misleading. For instance, the 41-atom Si
the X points of the bulk Si band structure. Thus the symmetryNC Which does not show any change in the average bond
of the lowest pair excitation and hence its effect on the strucl€ngth with the excitation exhibits changes in the individual

tural relaxation is different in Ge and Si NC'’s. Special carePond lengths comparable to the changes in the other NC's.

has to be taken in the discussion of the results for the small-
est NC's of 5 and 17 atoms. These represent moleculelike
structures rather than NC’'s and might be governed by com-
pletely different mechanismsvhich can change their sym- The rectangular facets of the largest NC of the present
metry entirely?® work consist of 20 atoms. In general, the atoms along the
In order to obtain a more detailed understanding of theedges and at the corners move outwéttbugh not neces-
geometrical relaxation in the NC’s, in Fig. 2 we plot the sarily radially with respect to the ideal positions, whereas
individual bond lengths against their distance from the centethe atoms on the surface facets move inward or, for the larger
of the NC. In this way we obtain a bond-length distribution NC’s, move hardly at all. The relaxation thus increases the
similar to the strain-field representation of continuum theorydeviations from the spherical shape which indicates that sur-
The bond-length distribution of the NC’s is much more com-face stress alone cannot be responsible for the surface relax-
plex than can be represented by the average values of Fig. ation. The displacements are shown in Figa)3wvhere a
In general, the bond lengths are longest near the center of trsehematic view of the 239-atom Ge NC is presented.

B. Surface shape
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FIG. 4. Pair excitation energies of Ga& and Si(b) NC's for the
ideal (empty symbolsand the relaxedfilled circles geometries.

of metals, e.g., the 200 surface’® By analogy to
H-saturated surfac&sit is conceivable that a charge transfer
towards the H atoms in the Ge-H and Si-H bonds causes a
repulsion between the now positively charged Ge or Si at-
FIG. 3. (a) Schematic view of the NC of 239 Ge atoms. The ©MS: thus contributing to the outward relaxation of the edge
direction of the displacement during the relaxation is indicated a®@nd corner atoms.

shown in the legendb) Difference of the electron densities before
and after the relaxation. Electron transfer takes place from the grey
(negative differenceto the black(positive differencgregions.

IV. INFLUENCE OF STRUCTURAL RELAXATION
ON ELECTRONIC AND OPTICAL PROPERTIES

The atomic relaxation is accompanied by a change of the A. Lowest pair excitation energies
electrostatic energy. In Fig.(8) the difference between the The effect of the structural relaxation on the lowest pair
total electron densities for the ideal and the relaxed NC’s igxcitation energies is shown in Fig. 4. The pair excitation
plotted. Electron transfer takes place from the gray to thesnergies shift to higher energies when the ionic relaxation is
black areas. It can be seen that the largest changes take plaa&en into consideration. They do so stronger for Ge than for
at the surface, and, especially, along the edges of the facetSi. This is probably connected to the lesser overall reduction
The conclusion that electrostatic forces play some role foof the average bond lengths in &if. Fig. 1). As the wave
the surface relaxation, in particular the inward relaxation orfunctions spread over the entire crystalligee below it is
the facets, is supported by analogies to free surfaces. Inwardery likely that they experience such an average effect. It has
relaxation effects have been found for both Ge and Sheen shown elsewhéfethat the band gap of Ge NC’s in-
(111):H-2x 1 surface®3*and for many low-index surfaces creases with increasing hydrostatic pressure, i.e., with short-

FIG. 5. Plots of the electronic states close to
the HOMO-LUMO gap for the idealupper pan-
els) and the relaxedlower panels Ge crystallite
of 83 atoms @=15.2 A). The notationv;_5
means that the highest three valence states are
degenerate and therefore represented by their av-
erage. Partly transparent isosurfaces of the prob-
ability density are shown. The resulting shape has
been sectioned along the midplane through the
NC and is viewed from the direction. Thus, be-
sides the contour plot of the values in the mid-
plane, the parts of the distribution below that
plane are also shown. A triply degenerate state
c¥', for the relaxed crystallite has not been
shown.
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TABLE I. Degeneracies of the lowest unoccupied and the high- 10*
est occupied states for the ideal and the relaxed Ge NC geometries.
The notation 3,3 — 1,3,1 means that the two highest occupied states 10' ,,Q
are threefold degenerate, whereas the first empty state is nondegen: » 4
erate, etc. _ 10

2 10 |

Number of Ge atoms Unrelaxed Relaxed i ]
5 33—131 33—113 %E 13
17 33—131 33—1,31 = 10
41 33—1,13 33—1,31 o 107
83 3,3—1,1,3 3,3—131
147 33—131 33—1,31 107
239 33—1,13 33—13.1 . . . . . .
363 33—113 33—131 5 10 15 2 25 10 15 20 25

Diameter [A] Diameter [A]

ened bonds, which is consistent with the above interpreta- FIG. 6. Radiative lifetimes of Ga) and S{b) crystallites. The
tion. However, test calculations showed that this is not thevalues for the relaxed NC'’s are shown as filled, those for the ideal
case for Si where an increase of hydrostatic pressure causgsometries as empty circles. The refractive indgx of the nano-

an increase in the gap energy, cf. Ref. 37. Thus the increaswystalline material remains unspecified. Room temperature is as-
in the pair excitation energies for the Si NC’s cannot besumed.

explained simply by the average reduction of the bondsituation for the other Ge NC'’s is very similar. In Table | we

lengths. indicate how the degeneracies of the electronic states around

Th.e atomic relaxation inflgences the energe_tic ordering Othe gap differ for the relaxed and the ideal structure. In con-
the single-electron states. Since the photoluminescé?ice trast to the ideal geometries, strong HOMO-LUMO transi-

properties are determined by the lowest few optical transi:. ) i
tions, it is particularly interesting to investigate the electronict!Ons E\ave beenIfOleq for all th_e relaxed”Ge NC shw_e rr|1en
states in the energy region of the HOMO and the LUMOUOn tfat test Cr? cu akt)l_ons treating a rer? y nonspderlcz Ghe
states. We consider the corresponding one-particle Wav’séltrcor? t? gnms?t\% nast airtr:téaltl%a/g-rpﬁ:\r/lyo a;l/e reproduced the
functions of the 83-atom Ge NC. Their respective probability In %/iew of the oscillator stren thénot%h%Wt) it can be
densities are plotted in Fig(& for the ideal geometry and in o . 9 A
Fig. 5(b) for the relaxed NC. We have shown elsewRre stated that the qualitative difference between Ge and Si NC's
that the HOMO-LUMO transitions of the unrelaxed Ge NG's found for the ideal structurélis not changed by the struc-
are forbidden. However, just above the HOMO-LUMO gap tural relaxation. Si NC’s retain their long tail of extremely

there are very strong optical transitions. In the 83-atom Ge eak optical transitions below the onset of appreciable ab-

NG they correspond to a transition between the staﬂi%' Sorption. Hence it does not make much of a difference which

- ) . of them is lowest. Consequently, the analysis of their order
andc'9®¥ with oscillator strength 0.22 and between the state quent y

ideal ideal . ) $as not been carried out as for the Ge crystallites.
v4-g andcy - with a value of 0.38. The notation means that

the statev'®®@ is triply degeneratéwithout spin and com- B. Radiative lifetimes and absorption spectra

prises the fourth-, fifth-, and sixth-highest valence states. Ac- The strong HOMO-LUMO transitions in the relaxed Ge

R ideal ; i
cordingly, c; ° is the (nondegeneralelowest unoccupied N?’s reduce the radiative lifetimes drastically compared to
ose of the ideal structures. This effect is shown in Fig. 6.

state. In addition, each state is doubly degenerate becausetﬂ
The lifetimes = for the ideal and the ground-state relaxed

the spin.

W e e e o i geometres have been calcuald using an epresson which

same as for the unrelaxed svstem ,at least some of, thedssumes completely thermalized distributions of the ex_mted
Y ' 8lectrons and hole¥. Consequently, due to the occupation,

the lifetimes(or their inverse, the radiative transition prob-

change only very little. Comparison shows that the triply
; ideal
degenerate second-highest staje of the unrelaxed sys- abilities) are governed by the lowest few transitions. For Ge
NC’s this manifests an extreme influence of the structural

tem becomes the HOMO stat”%°of the relaxed system,

thereby remaining almost unchanqed- Moreover, the formefg|axation on the lifetimes, changing them by more than two
second-lowest unoccupied stat§®?

becomes, with slight  grders of magnitude. For all the larger NC's, beginning with

modifications, the LUMO St&t@&daxed. We mention that the 41-atom NC, this result is consistent.

there is a state?'%*®(not shown which is not among those For Si NC’s, on the other hand, the result is not as uni-

shown for the ideal system. form. In contrast to Ge, Si NC'’s have no single strong tran-
Thus we have shown that a proper account of the strucsitions of particular importance. Therefore we did not at-
tural relaxation is indispensable in order to calculate the optempt to identify individual transitions before and after the
tical properties near the HOMO-LUMO gap correctly. While relaxation. However, also here substantial changes are found.
this has been illustrated for the 83-atom Ge crystallite, therigure &b) shows that they are smaller than for the Ge crys-
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energies of Fig. 4 it can be seen that the onset of the absorp-
tion (corresponding to the excitation energishifts stronger
than some of the high-energy features. This might explain
why the absorption spectra for unrelaxed Ge NC’s in Ref. 16,
in particular the broad high-energy features related to the
bulk E; andE, critical point energies, agree quite well with
experiment, even though in the present work we find a sub-
stantial influence of the relaxation on the lowest transition
energies. There is no substantial difference in the effects of
the ionic relaxation on the absorption spectrum of Si and Ge
NC’s.

V. CONCLUSION

Using anab initio method we have investigated the lattice
relaxation and its effects on the electronic and optical prop-
erties of H-saturated, nearly spherical nanocrystals with
small surface facets. The average bond length decreases as
compared to the respective bulk material. The interior of the
crystallites undergoes an expansion, the bond lengths near
the center are larger than those in the respective bulk mate-
rial. However, towards the surface the bond lengths decrease
below the bulk bond length. The atoms on the facets behave
differently from those along their edges. Electronic excita-
tion does not change these findings qualitatively. The relax-
ation pattern at the surfaces is complex. The edges and the
corners of the small surface facets move outward, while the
atoms on the facets move inward as compared to the ideal
structure.

FIG. 7. Imaginary part of the dielectric function of the G& Depending on the desired quantity and, of course, also on
and Si(b) NC’s. The number of atoms in each NC is as indicated.the system, the proper consideration of structural relaxation
Results for the relaxed NC’s are shown as solid, for the ideal ge€@n be extremely important, as it is for the radiative life-
ometries as dashed lines. For better visibility, the spectra have bedines. The energetic order of the electronic states has been
scaled® such as to represent the respective filling factor in the sufound to change in the Ge crystallites, making the very
percell corresponding to 1000 bulk atoms. strong transitions above the HOMO-LUMO transition of the

] o ideal structures the lowest ones. This reduces the radiative
tallites. Moreover, the lifetimes are not always reduced as fo[ifetimes of the Ge NC’s drastically as compared to the ideal-
the Ge crystallites. In general, apart from the smallest crysgirycture result. The optical-absorption spectra are mainly

tallites of only a few atoms, the radiative lifetimes of the Sigpified to higher energies by the effects of the lattice relax-
NC’s are much larger than those of the Ge crystallites. Thisson.

is in agreement with the trend of measurements of the radia-
tive lifetimes for Sj_,Ge, alloy NC’s394°

The effects of the structural relaxation on the absorption
spectra are demonstrated in Fig. 7. We present the imaginary Interesting discussions with J.-M. Wagner are gratefully
part of the dielectric function for both Ge and Si NC's. While acknowledged. We acknowledge financial support from the
there is some shift and possibly a redistribution of oscillatorDeutsche Forschungsgemeinschéfroject No. Bel346/
strengths between the results for the relaxed and the idedP-1) and from the European Community in the framework
structure, the overall appearance of the spectra does nof the Research Training Network NANOPHASEontract
change strongly. Comparing the spectra and the excitatioNo. HPRN-CT-2000-00167

(b)

Photon energy [eV]
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