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Optical properties of Ge and Si nanocrystallites fromab initio calculations.
II. Hydrogenated nanocrystallites

H.-Ch. Weissker, J. Furthmu¨ller, and F. Bechstedt
Institut für Festkörpertheorie und Theoretische Optik, Friedrich-Schiller-Universita¨t, 07743 Jena, Germany

~Received 31 July 2001; revised manuscript received 7 December 2001; published 11 April 2002!

We present parameter-free calculations of the frequency-dependent dielectric function in order to understand
the optical properties of Ge and Si nanoparticles. The calculations are based upon the independent-particle
approximation and a pseudopotential-plane-wave method. The nanoparticles are described by clusters of up to
363 atoms. Their surfaces are passivated by hydrogen atoms. We study the size dependence of the resulting
optical spectra and, especially, of the oscillator strengths of transitions near the absorption edge. In the frame-
work of an effective-medium theory the change of the optical properties due to embedding in other environ-
ments is discussed in the light of recent measurements, e.g., of Ge nanocrystals in a sapphire matrix.
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I. INTRODUCTION

The study of germanium and silicon quantum dots
nanocrystals is a very active field of research due to
interesting fundamental physical properties and the prom
ing applications in advanced electronic and optoelectro
devices. The optical properties have been studied intensi
for frequencies near the fundamental energy gap in th
nanostructures, in particular, with respect to photolumin
cence~PL!.1–4 There is considerable experimental and the
retical evidence for quantum-confinement effects on PL fr
quantum-confined excitons.5 The theoretical activities were
therefore, focused on the accurate prediction of the opt
energy gap for a given nanoparticle size.

The majority of the existing theoretical calculations on
nanocrystals are of a semiempirical nature.6–8 They are
based on the knowledge of the electronic structure of b
silicon. However, the transferability of bulk electronic inte
action parameters to a nanocrystalline environment has t
questioned.9 This holds for both the tight-binding approx
mation and the empirical-pseudopotential approach. By n
calculations have also been performed using anab initio
technique based on the density-functional theory~DFT! and
the local-density approximation10 ~LDA ! or using time-
dependent LDA.11 Many-body effects like self-energy cor
rections and excitonic effects have also been taken
account.12,13 However, there is still a controversy about th
correct treatment of the many-body effects in the calculat
of the electron-hole pair excitation energies.14–16

Calculations of optical absorption spectra includi
many-body effects are rather rare and restricted to Si clus
with a maximum number of 14 Si atoms.17 Semiempirical
tight-binding approaches18,19 allow the treatment of large
clusters. The maximum number of Si atoms handled in
empirical pseudopotential approach was much higher.20,21

Using ab initio pseudopotentials and a minimumsp3 basis
for the expansion of the wave functions, Noguez and Ullo22

calculated absorption spectra for Si clusters of up to 70
oms. On the other hand, optical characterizations have b
done by reflectance and absorption spectroscopy in a w
frequency range of oxidized Si nanocrystallites23 and Ge
0163-1829/2002/65~15!/155328~7!/$20.00 65 1553
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nanocrystals of varying sizes embedded in an insulating s
phire matrix.24–26 The observed influence of the quantu
size effects on the observed higher optical transitionsE1 and
E2 ~Ref. 27! has recently been confirmed forE1 by resonant
Raman-scattering experiments.28

The Ge and Si nanocrystallites are usually embedde
amorphous SiO2 or Al2O3 matrices, or they are
oxidized.1–5,23–26,28One can assume that the surface dangl
bonds of the nanocrystallites are saturated. In this pa
therefore, we study the frequency-dependent dielectric fu
tion of spherical Ge and Si nanocrystals passivated by
drogen atoms. This passivation is assumed to model am
phous insulating hosts with wide energy gaps and, hen
extremely large energy barriers for electrons and holes in
group-IV nanocrystallites. The more complicated situation
a crystalline environment with smaller energy barriers
even a type-II-heterostructure behavior has been studie
part I of this paper.29 The theoretical methods have also be
described there in detail. Here, in Sec. II, we only give
brief summary of the methods. The results are discusse
Sec. III. Conclusions are summarized in Sec. IV.

II. MODEL AND METHOD

The electronic-structure calculations are based on
DFT-LDA. The electron-ion interaction is described by no
norm-conserving pseudopotentials, and the wave functi
are expanded into a plane-wave basis set. We use
VIENNA ab initio SIMULATION PACKAGE.30 The optical func-
tions of the nanocrystals are evaluated within t
independent-particle approximation.31 The optical transition
matrix elements are calculated using all-electron wave fu
tions for the valence electrons. They are constructed wit
the projector-augmented wave method.32 Self-energy and ex-
citonic effects are disregarded. One justification for this a
proach is the tight-binding result of Delerueet al.13 that self-
energy effects and Coulomb attraction partially cancel e
other for not too small and not too large nanocrystal radi

Each of the Ge and Si nanocrystals is situated at the c
ter of a supercell. The supercells form an artifical simp
cubic~sc! crystal. We consider large sc supercells with nom
nally 1000 atoms in the bulk limit, i.e., supercells with a
©2002 The American Physical Society28-1
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edge length of about 2.8 nm in the Ge case. They allow
treatment of nearly spherical nanocrystals with 5, 17, 41,
147, 239, and 363 group-IV atoms and a corresponding n
ber of passivating hydrogen atoms. The majority of the
sults is obtained using supercells with nominally 512 atom
For the purpose of comparison we also use cells corresp
ing to 216-atom supercells. The atoms are assumed to
tetrahedrally coordinated with distances 2.44 Å~Ge! and
2.34 Å ~Si! taken from the bulk crystals. The assumptions
tetrahedral coordination and the conservation of the b
bond lengths are in agreement with experimental findings
group-IV clusters with diameters of 3-7.5 nm.33 The Ge-H
and Si-H bond lengths have been optimized to find the lo
est total energy of the system. The effective nanocrystal
ameters~without hydrogen! are 0.60~0.57!, 0.90~0.86!, 1.20
~1.15!, 1.52~1.46!, 1.84~1.77!, 2.17~2.08! , and 2.50~2.39!
nm for the corresponding Ge~Si! nanocrystals. Since th
resulting energy bands are practically dispersionless we
form the sum over Bloch wave vectors in the dielectric fun
tion @cf. expression~1! in part I# using one point in the irre-
ducible part of the Brillouin zone. The Diracd functions in
the imaginary part of the dielectric function are broaden
We apply a constant Lorentzian broadeningg50.2 eV to
the electron-hole pair energies.

III. RESULTS AND DISCUSSION

A. Quantum size effects

The absorption edge of the nanocrystallites is charac
ized by transitions between the highest occupied molec
orbital ~HOMO! and the lowest unoccupied molecular orbi
~LUMO!. We have calculated the corresponding transit
energy Eg using a specialD-self-consistent field~DSCF!
method.12,14 The total energies are calculated within DF
LDA. However, instead of calculating the electron affini
and the ionization energy individually from total-energ
differences,12 we consider the total energy of an excite
electron-hole pair. This is possible by requiring the occu
tion number of the energetically highest Kohn-Sham eig
state ~the HOMO!, occupied with two electrons in th
ground state of the nanocrystal, to be 1, while one electro
placed into the LUMO state.~This applies to calculations
disregarding spin.! The change of the resulting total energ
of the nanocrystal with an excited electron-hole pair w
respect to that of the ground state gives the pair excita
energyEg including many-body effects. The results are plo
ted in Fig. 1 against the radius of the nanocrystallites. In
estingly, the pair excitation energies are not much larger t
the single-particle HOMO-LUMO gaps estimated by mea
of the Kohn-Sham eigenvalues. A similar observation h
been made by Delerueet al.13 For the considered crystallit
sizes,Eg varies between 5~6! and 1 ~2! eV for Ge ~Si!
nanocrystals. The decrease of the transition energies with
nanocrystal size is rather rapid. We observeEg5Eg

bulk

1a(Å/R) l with a514.7 eV and l 51.0 for Ge anda
514.8 eV andl 51.0 for Si. The pair excitation energies a
smaller in Ge. In the interesting size range the Si energies
larger by about 0.5 eV. This value corresponds roughly to
difference of the fundamental energy gaps in the bulk lim
15532
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In agreement with other calculations for silicon12 we find the
gap energies to vary approximately like the inverse na
crystal radius. This is much weaker than expected from
quantum mechanics of the three-dimensional spherical
tential well. The absolute values of the calculated pair ex
tation energies are also in rough agreement with calcula
and measured excitonic energy gaps in Si dots~cf. Ref. 21!.
The electron-hole interaction and the reaction of the el
tronic system is included in ourDSCF calculation on the
DFT-LDA level of the total energy. The small underestim
tion of the computed values in comparison to measurem
may be traced back to the similarity of the symmetry and
localization radius of the electron and hole orbitals, as d
cussed below. This similarity reduces the electronic rel
ation of the system and, hence, tends to underestimate
gaps. Tentative calculations show that after inclusion of
tice relaxation, the HOMO state is changed and the proba
ity distributions to find an electron or hole become differe
The discrepancy between ourDSCF values and those o
Ögüt et al.12 is a consequence of the inclusion of th
electron-hole interaction. This attractive interaction, whi
takes place in the optical absorption and in luminesce
experiments, lowers the pair excitation energies.34,35

Figure 2 shows optical spectra of spherical nanocrys
with 5, 17, 41, 83, 147, 239, and 363 Ge or Si atoms. T
absorption spectrum for the smallest Si cluster of five ato
shows the same basic features as obtained in a more so
ticated calculation.17 However, the model atomic structur
used is somewhat unrealistic, and important many-body
fects are not included. For that reason, we focus our atten
on the larger nanocrystals, which, despite their differ
numbers of atoms, exhibit spectra with similar line shap
The principal line shapes resemble those found within
empirical-pseudopotential approach for Si.20

The spectra in Fig. 2, in particular, those representing
imaginary part of the dielectric function, are strongly infl
enced by quantum-confinement effects. The absorp
threshold moves to lower energies with increasing nanoc
tal size. The Kohn-Sham HOMO-LUMO gap is indicated b
the arrows. Different effects of spatial quantization are o
servable for the main absorption structures, shoulders
peaks for energies below 5~6! eV ~within the DFT-LDA
scheme! for Ge ~Si! as nanocrystal material. In the case
Ge, the shoulder at the low-energy side close to the HOM

FIG. 1. Lowest electron-hole pair excitation energies of
~dots! and Si~triangles! nanocrystals. The solid lines are fit curve
according toEg(R)5Eg

bulk1a(Å/R) l .
8-2
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OPTICAL PROPERTIES OF Ge AND . . . . II. . . . PHYSICAL REVIEW B65 155328
LUMO gap shifts strongly towards smaller energies with
creasing crystallite size. This shoulder seems to be a co
quence of the strong optical transitions, which develop i
the E0 structure in the bulk limit. The first directE0 transi-
tion in Ge bulk crystals is energetically only slightly abo
the indirect energy gap.27 The first peak in the 3-eV range
which also varies remarkably with the size, seems to deve
into the bulkE1 structure. Its oscillator strength is undere
timated because excitonic effects are neglected in
independent-particle approach. The peak shifts from 3.6
~41-atom cluster! to 2.6 eV ~363-atom cluster! using the
DFT-LDA single-particle eigenvalues. The main peak with
maximum around 4 eV shifts much less towards smaller p
ton energies and develops into theE2 structure of the bulk
spectra. There is a weaker peak or shoulder at the h
energy side at about 6 eV. In the bulk case it correspond
a structure that appears only weakly in the experime
spectra. Commonly it is related to different transitions, e
L3v→L3c andD5v→D28c .36

In the Si case the confinement effects are less visible
the absorption spectra, at least within the used independ
particle approach. This can be seen from the imaginary
of the dielectric function in Fig. 2. Only one broad structu
appears with a maximum between 5 and 6 eV. It exhibit
small shift of the main peak towards smaller photon energ
with increasing nanocrystal size. The structure seems to
velop into the bulkE2 peak. In the case of the largest nano
rystals we considered, the almost complete absence of thE1
structure may be related to neglecting the excitonic effe
The Coulomb effects enhance the oscillator strength of
E1 peak but reduce the strength of theE2 peak.37 The overall
line shape of the spectra in Fig. 2~b! is similar to that ob-
served for oxidized Si nanoparticles.23 We observe that the
line shapes calculated for Si using the empiric
pseudopotential scheme20 or, for Ge, using the semiempirica

FIG. 2. Dielectric functions of Ge~a! and Si~b! nanocrystallites
with a varying numberN of atoms.N55, solid line;N517, dotted
line; N541, dashed line;N583, long-dashed line;N5147, dot-
dashed line;N5239, solid line; andN5363, dotted line. The ver-
tical arrows in the absorption spectra indicate the single-part
HOMO-LUMO gaps.
15532
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tight-binding method,19 are similar. The results for fullerene
like Si nanocrystals are, however, different.22

B. Oscillator strengths

The nanocrystal size influences not only the energet
positions of the optical transitions but also their oscilla
strengths. This is clearly demonstrated in Fig. 3. It prese
the optical transitions at the center of the irreducible part
the Brillouin zone. The oscillator strengthsf cv

aa(k) calculated
according to expression~2! of part I ~Ref. 29! are plotted as
vertical lines against the transition energies. The imagin
part of the corresponding normalized dielectric function
plotted to guide the eye. Figures 3~a! and 3~b! clearly show
the quantum size effects on the electronic wave functio
They indicate drastic differences in the behavior of the os
lator strengths near the absorption edges. In the case o
nanocrystals@Fig. 3~b!# with diameters above 1.5 nm a tail o
weak transitions appears just above the HOMO-LUMO g
The oscillator strengths of these transitions are much sma
than the maximum oscillator strengths of about 0.4. The
currence of the tail can be interpreted as an indication of
development of bulk properties with increasing nanocrys
size. In bulk Si the lowest optical transitions are forbidden
the k-selection rule. On the other hand, the high oscilla
strengths at energies slightly above 3 eV in Si nanocrys
with 83, 147, and 239 atoms may be considered as an i
cation for the formation of strong direct high-energy tran
tions in bulk silicon.

The behavior of the oscillator strengths of transitions n
the HOMO-LUMO gaps in Ge nanocrystals@Fig. 3~a!# is
completely different. Very strong transitions occur close
the absorption edge, even for clusters with a diameter
about 2.2 nm. These transitions could be related to the
mation of anE0-like absorption feature in the more extend
Ge nanocrystallites. A strong near-infrared luminescence
been observed for Ge nanocrystals in a SiO2 matrix.4

Since the energy region just around the HOMO-LUM
gap determines not only the absorption properties but a
the luminescence properties, we study the corresponding
tical transitions in detail in Fig. 4 for Ge clusters with 4
147, and 239 atoms. Interestingly, the HOMO-LUMO tra
sition is forbidden by symmetry. In contrast, the transiti
from the threefold degenerate second-highest state into
nondegenerate LUMO state possesses an extremely larg
cillator strength. We observe similar results for the larg
363-atom Ge nanocrystal. The HOMO-LUMO transition r
mains forbidden and the transition with a slightly larger tra
sition energy possesses a considerable strength. Interest
test calculations show that after atomic relaxations of
nanocrystallites the HOMO-LUMO transition becomes th
with the largest oscillator strength.

The behavior of the oscillator strengths in Fig. 4 can
understood in view of the localization and the symmetry
the contributing wave functions. Strong optical transitio
cannot take place between states of the same symmetry
to the usual selection rules. This can be verified by looking
the two-dimensional representations of the wave funct
squares in Fig. 5. It is thus not surprising to find the tran

le
8-3
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FIG. 3. Oscillator strengths of the optical transitions~vertical
lines! versus the transition energies for Ge~a! and Si~b! crystallites
with varying size. The normalized absorption spectrum Im«(v)/ f
~solid line! is plotted to envelope the oscillator strengths. The nu
ber of atoms is indicated for each crystallite. A triangle indicates
HOMO-LUMO gap.
15532
tion between them to be forbidden. On the other hand,
second-highest occupied state, which is also threefold de
erate, exhibits a different symmetry. Since its maximum
located at the supercell center, it exhibits transformat
properties reminiscent of ans orbital, whereas the threefold
degenerate HOMO state and the LUMO state have simil
ties withp orbitals. These symmetries may explain the sel
tion rules discussed in Fig. 4.

C. Isolated versus embedded nanocrystals

Until now we have considered the properties of the sup
cell arrangement, i.e., of the composite medium of nanoc
tals and vacuum. In order to extract the dielectric functi
«nc(v) pertaining to the nanocrystals we use the simple
perposition formula

«~v!5 f «nc~v!1~12 f !«host~v!. ~1!

The quantity«nc(v) represents the optical properties of a
effective bulk material which also reflects the quantum s
effects characterized by a fixed nanocrystal radiusR. There-
fore,«nc(v) obtains its meaning only with respect to embe
ding in surrounding materials with possibly different fillin
factors but fixed nanocrystal radius. According to t
independent-particle expression of the dielectric function
part I of this paper,29 formula ~1! should be nearly exact i
the wave functions of the electrons of the nanocrystallite a
the host material are strongly localized. This should be f
filled in the case of vacuum as the host material. Inde
expression~1! has been found to yield excellent and repr
ducible results. We have tested Eq.~1! by deriving «nc(v)
for nanocrystals from different supercells. The correspond
dielectric functions of the composite materials have been
culated for one and the same nanocrystal but in supercel
different size. The dielectric function«nc(v) of the crystal-
lite has been extracted using expression~1!. We do not

-
e

FIG. 4. Level scheme with Ge nanocrystals with 41, 147, a
239 atoms. The HOMO level defines the energy zero. The allow
optical transitions are indicated by vertical arrows. We show th
with an oscillator strength larger than 0.1. The very lowest tran
tions have oscillator strengths, being smaller at least by two ord
of magnitude. The oscillator strength of a given transition is in
cated by the number at the corresponding arrow. All the sho
transitions are threefold degenerate.
8-4
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OPTICAL PROPERTIES OF Ge AND . . . . II. . . . PHYSICAL REVIEW B65 155328
present the spectra because the curves are virtually indi
guishable. This result indicates both the validity of Eq.~1!
and the fact that our supercell treatments are converged
respect to the cell size. In Fig. 6 we present the resul
spectra«nc(v) for both Ge and Si. Since«host(v)51, for-
mula ~1! amounts to a simple scaling of the imaginary pa
with the filling factorf. Obviously, quantum size effects hav
a strong influence on the results. The low-energy sides of
absorption spectra are redshifted with increasing nanocry
size. Accordingly, with decreasing transition energies the
electric constants Re«(v50) become larger.

In contrast to the imaginary parts, the line shape of
real parts of the nanocrystal dielectric functions«nc(v) in

FIG. 5. Contour plot of wave-function squares for the 41-at
Ge nanocrystal. We show the threefold degenerate~and, hence, av-
eraged! second-highest occupied state~a!, the threefold degenerat
highest occupied state~HOMO! ~b!, and the nondegenerate lowe
unoccupied state~LUMO! ~c!. A plane through the supercell cente
normal to a cubic axis is used. Its size corresponds to the e
lengths of the supercell.
15532
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Fig. 6 are different compared to those of nanocrystals
ranged in supercell crystals with vacuum as host mate
«(v) in Fig. 2. The filling factorf does not only give rise to
a scaling. We note that the high-frequency dielectric co
stants for Ge crystallites are, in the given size range, appr
mated well by a fit formula«`

nc(R)511@«`
bulk21#/@1

1(R0 /R) l #, which follows from a generalized Penn model.20

Using the fit we find an exponent of approximatelyl 51.1 for
both Ge and Si. The characteristic radii are different w
R055.3 nm ~Ge! and R053.5 nm ~Si!. For Si, however,
the above expression does not provide a very good repre
tation of the calculated values.

For the purpose of comparison with experimental fin
ings, we use the nanocrystal dielectric functions«nc(v) of
Fig. 6 and the Bruggemann effective-medium theor38

~EMT! to calculate optical spectra for Ge nanocrystallit
embedded in a host material different from vacuum. We c
sider an Al2O3 matrix with an averaged electronic dielectr
constant«host(v50)53.1.39 In the effective-medium theory
of Bruggemann one regards a typical element of the tw
phase material, which is embedded in an effective medi
whose properties are to be determined self-consistently.
resulting absorption spectra are presented in Fig. 7 al
with experimental results.40 Comparing these spectra to th
line shape of the absorption spectra of isolated nanocrys
lites @cf. Fig. 7~a!#, one observes several changes. The pe
are shifted in their energetic position. In particular, the se
ration increases between the peaks, which develop into
bulk E1 and E2 structures. Moreover, the ratio of the pea
heights becomes larger for the Ge nanocrystals in sapp
more strictly speaking theE1-like peak is weakened as com
pared to theE2-like peak. The experimental spectra me
sured for nanocrystallites with an average radius ofR
51.2 nm show a similar behavior with respect to the pe
separation and the intensity ratio of the peaks. Thus the
shape can qualitatively be correctly described when

ge

FIG. 6. Nanocrystal dielectric function«nc(v) of Ge ~a! and Si
~b! nanocrystallites.N517, dotted line;N541, dashed line;N
583, long-dashed line;N5147, dot-dashed line; andN5239, solid
line. The insert in~a! shows the absorption spectrum of a 363-ato
nanocrystal in comparison with that of the 239-atom cluster.
8-5
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effective-medium idea is applied. This means that local fie
due to the inhomogeneity of the composite system are
portant in determining the line shape of optical spectra
composite materials. The comparison with the experime
result shows that the main features of the absorption are
ready described well, in spite of the simplicity of our stru
tural model and of neglecting important effects such as q
siparticle corrections and excitonic effects. Moreover,
have not attempted to model the size distribution of
nanoparticles in the samples studied experimentally.

Very interesting is the influence of the composition on t
peak positions. The shifts of the main absorption peaks,
E1- andE2-like peaks, are shown with respect to their bu
positions in Fig. 8 for the Ge nanocrystallites embedded
an insulating matrix. While for isolated nanocrystals cert

FIG. 8. Shift of the main peaks in the absorption spectra of
nanocrystallites with respect to their positions in the correspond
spectrum of Ge bulk.E1 ~dots! and E2 ~squares! of hydrogenated
nanocrystals in vacuum,E1 ~triangles! andE2 ~diamonds! of nanoc-
rystals embedded in sapphire. The last values are derived
Bruggemann EMT using filling factorsf 5N/1000.

FIG. 7. Spectra of Ge nanocrystals embedded in sapphire~solid
lines! calculated by means of Bruggemann EMT from the nanocr
tal dielectric function«nc(v). They are compared to an experime
tal spectrum of Stellaet al. ~Ref. 40! ~dashed line!. The absolute
value of the experimental spectrum is arbitrary. It depends on
filling factor. For generating the theoretical spectra, filling factors
f 5N/1000 have been used.
15532
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peak positions, in particular those ofE1, already show a
remarkable dependence on the crystallite size, the effec
seemingly increased after embedding of the nanocrystal
the insulating matrix. Moreover, for isolated nanocrystals
E2 peak does not exhibit an influence of quantum size
fects. For nanocrystallites within the matrix a larger sh
towards higher photon energies occurs. However, the ph
cal reasons of this shift are related to local-field effects a
not to the spatial quantization of electrons. Consequently,
interpretation of the observed peak shifts24 should be consid-
ered with care. A similar conclusion is valid for the compa
son of shifts of theE1-like peak observed by means of res
nance Raman scattering on nanocrystals in SiO2 ~Ref. 28!
and transmission spectroscopy on Al2O3 samples with Ge
nanocrystals. In the two experiments, light is propagat
differently and, hence, different local fields are detect
Moreover, careful studies of the confinement influence on
peaks in photoluminescence excitation spectra of
nanocrystals41 indicate a complex behavior that can hard
be interpreted in terms of bulk band structures.

IV. CONCLUSIONS

Embedding in a wide-gap material is simulated by a h
drogen saturation of the dangling bonds at the nanocry
surface. The influence of quantum-confinement effects
much stronger than in the case of a cubic-SiC matrix stud
in part I. We have demonstrated the development of the ty
cal optical absorption of nanocrystals towards that known
bulk crystals. It is accompanied by a remarkable increase
the static electronic dielectric constant with the size of
nanocrystallites.

Not only the Kohn-Sham HOMO-LUMO gaps them
selves but also the closely related electron-hole pair exc
tion energies show a strong dependence on the nanocr
radius. Drastic changes happen for the oscillator strength
the transitions near the HOMO-LUMO gap. Thereby, Ge a
Si nanocrystals behave completely different. While with
creasing nanocrystal size the Si nanocrystallites show a
of weak transitions with decreasing strength, optical tran
tions with large oscillator strengths occur in Ge nanocrys
near the HOMO-LUMO gap. We traced back these findin
to the indirect behavior of Si in the bulk limit and to a re
resentation of the lowest directE0 transition of bulk Ge in
the Ge case.

We found strong differences between the optical spe
of nanocrystals embedded in vacuum and in an insula
matrix. The local-field effects due to the inhomogeneity
the composite material give rise to considerable change
the line shape as well as in the peak positions. This has b
demonstrated, in particular, for absorption spectra of co
posite materials in the frequency range of the transitio
which develop into theE1 andE2 structures in the bulk limit.
The results presented here are in qualitative agreement
experimental observations of optical spectra of Ge dots
bedded in a sapphire matrix.
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