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Optical properties of Ge and Si nanocrystallites fromab initio calculations.
Il. Hydrogenated nanocrystallites
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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 nanocrystals of varying sizes embedded in an insulating sap-
phire matrix?*~2® The observed influence of the quantum
The study of germanium and silicon quantum dots orsize effects on the observed higher optical transitipsnd

nanocrystals is a very active field of research due to thé&, (Ref. 27 has recently been confirmed f& by resonant
interesting fundamental physical properties and the promisRaman-scattering experimenits.
ing applications in advanced electronic and optoelectronic The Ge and Si nanocrystallites are usually embedded in
devices. The optical properties have been studied intensivel@’/”?O_rphollli‘;:’2332'6@2 or Al,O; matrices, or they are
for frequencies near the fundamental energy gap in thesexidized:>?*-22®ne can assume that the surface dangling

nanostructures, in particular, with respect to photoluminesPonds of the nanocrystallites are saturated. In this paper,

cence(PL).}~* There is considerable experimental and theo_t.herefore, we study the frequency-dependent dielectric func-

retical evidence for quantum-confinement effects on PL fromfjIon of s;?[her|ca_ll_r]G_e and .S' tpanpcrystals pé;lstswatedd Iby hy-
quantum-confined excitorisThe theoretical activities were, rogen atoms. This passivation 1S assumed to model amor-

therefore, focused on the accurate prediction of the opticé?houS insulating hosts W'th wide energy gaps and, h_ence,
. ) . extremely large energy barriers for electrons and holes in the
energy gap for a given nanopatrticle size.

o . . . .group-lV nanocrystallites. The more complicated situation of
The majority of the existing theoretical calculations on Slg P Y P

| f - rical 67 Th a crystalline environment with smaller energy barriers or
hanocrystals are of a semiempirical natire.They are o on 4 type-ll-heterostructure behavior has been studied in

based on the knowledge of the electronic structure of bulkyart | of this papef® The theoretical methods have also been
silicon. However, the transferability of bulk electronic inter- gyoscriped there in detail. Here, in Sec. II. we only give a
action parameters to a nanocrystalline environment has to Qgef summary of the methods. The results are discussed in
questioned. This holds for both the tight-binding approxi- sec, 111, Conclusions are summarized in Sec. IV.
mation and the empirical-pseudopotential approach. By now,
calculations have also been performed usingaéninitio
technique based on the density-functional the@¥T) and
the local-density approximatioh (LDA) or using time- The electronic-structure calculations are based on the
dependent LDA! Many-body effects like self-energy cor- DFT-LDA. The electron-ion interaction is described by non-
rections and excitonic effects have also been taken intmorm-conserving pseudopotentials, and the wave functions
account:**3 However, there is still a controversy about the are expanded into a plane-wave basis set. We use the
correct treatment of the many-body effects in the calculatiorvieNnA ab initio SIMULATION PACKAGE.®® The optical func-
of the electron-hole pair excitation energtés:® tions of the nanocrystals are evaluated within the
Calculations of optical absorption spectra includingindependent-particle approximatidhThe optical transition
many-body effects are rather rare and restricted to Si clustersatrix elements are calculated using all-electron wave func-
with a maximum number of 14 Si atomhéSemiempirical  tions for the valence electrons. They are constructed within
tight-binding approaché™ allow the treatment of larger the projector-augmented wave methid&elf-energy and ex-
clusters. The maximum number of Si atoms handled in amitonic effects are disregarded. One justification for this ap-
empirical pseudopotential approach was much high&r. proach is the tight-binding result of Delereeal*® that self-
Using ab initio pseudopotentials and a minimusp® basis  energy effects and Coulomb attraction partially cancel each
for the expansion of the wave functions, Noguez and Bfioa other for not too small and not too large nanocrystal radii.
calculated absorption spectra for Si clusters of up to 70 at- Each of the Ge and Si nanocrystals is situated at the cen-
oms. On the other hand, optical characterizations have beesr of a supercell. The supercells form an artifical simple-
done by reflectance and absorption spectroscopy in a wideubic(sc) crystal. We consider large sc supercells with nomi-
frequency range of oxidized Si nanocrystalfifeand Ge nally 1000 atoms in the bulk limit, i.e., supercells with an

Il. MODEL AND METHOD
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edge length of about 2.8 nm in the Ge case. They allow the
treatment of nearly spherical nanocrystals with 5, 17, 41, 83,
147, 239, and 363 group-lV atoms and a corresponding num-
ber of passivating hydrogen atoms. The majority of the re-
sults is obtained using supercells with nominally 512 atoms.
For the purpose of comparison we also use cells correspond-
ing to 216-atom supercells. The atoms are assumed to be
tetrahedrally coordinated with distances 2.44(@e) and
2.34 A(Si) taken from the bulk crystals. The assumptions of
tetrahedral coordination and the conservation of the bulk 04 06 08 10 12

bond lengths are in agreement with experimental findings for Radius [nm]

group-1V clusters with diameters of 3-7.5 nthThe Ge-H

and Si-H bond lengths have been optimized to find the low- FIG. 1. Lowest electron-hole pair excitation energies of Ge
est total energy of the system. The effective nanocrystal dildots and Si(trianglesbqfnocrystals. The solid lines are fit curves
ametergwithout hydrogehare 0.60(0.57), 0.90(0.86, 1.20  according toEy(R) =Eg""“+ a(A/R)'.

(1.19, 1.52(1.46, 1.84(1.77, 2.17(2.08 , and 2.502.39 | agreement with other calculations for sili¢8mve find the

nm for the corresponding G€Si) nanocrystals. Since the a5 energies to vary approximately like the inverse nano-
resulting energy bands are practically dispersionless we pefyysta| radius. This is much weaker than expected from the
form the sum over Bloch wave vectors in the dielectric func-qantum mechanics of the three-dimensional spherical po-
tion [cf. expressior(1) in part I] using one point in the irre-  antia| well. The absolute values of the calculated pair exci-

ducible part of the Brillouin zone. The Dirag functions in  (a4i0n energies are also in rough agreement with calculated
the imaginary part of the dielectric function are broadenedg,q measured excitonic energy gaps in Si dotsRef. 21.

We apply a constant Lorentzian broadenipg0.2 eV t0  The electron-hole interaction and the reaction of the elec-

the electron-hole pair energies. tronic system is included in ouASCF calculation on the
DFT-LDA level of the total energy. The small underestima-
. RESULTS AND DISCUSSION tion of the computed values in comparison to measurements
A. Quantum size effects may _be ;raced l:_)ack to the similarity of the symmetry and t_he
localization radius of the electron and hole orbitals, as dis-
The absorption edge of the nanocrystallites is characteicyssed below. This similarity reduces the electronic relax-
ized by transitions between the highest occupied moleculagtion of the system and, hence, tends to underestimate the
orbital (HOMO) and the lowest unoccupied molecular orbital gaps. Tentative calculations show that after inclusion of lat-
(LUMO). We have calculated the corresponding transitiontice relaxation, the HOMO state is changed and the probabil-
energy By using a specialA-self-consistent fieldASCH ity distributions to find an electron or hole become different.
method:>!* The total energies are calculated within DFT- The discrepancy between oWSCF values and those of
LDA. However, instead of calculating the electron affinity ég'ut etall? is a consequence of the inclusion of the
and the ionization energy individually from total-energy electron-hole interaction. This attractive interaction, which
differences;” we consider the total energy of an excited takes place in the optical absorption and in luminescence
electron-hole pair. This is possible by requiring the occupaexperiments, lowers the pair excitation energfe¥.
tion number of the energetically highest Kohn-Sham eigen- Figure 2 shows optical spectra of spherical nanocrystals
state (the HOMO, occupied with two electrons in the with 5, 17, 41, 83, 147, 239, and 363 Ge or Si atoms. The
ground state of the nanocrystal, to be 1, while one electron ighsorption spectrum for the smallest Si cluster of five atoms
placed into the LUMO state(This applies to calculations shows the same basic features as obtained in a more sophis-
disregarding spin.The change of the resulting total energy ticated calculatiot’ However, the model atomic structure
of the nanocrystal with an excited electron-hole pair withysed is somewhat unrealistic, and important many-body ef-
respect to that of the ground state gives the pair excitatiofects are not included. For that reason, we focus our attention
energyE, including many-body effects. The results are plot-on the larger nanocrystals, which, despite their different
ted in Fig. 1 against the radius of the nanocrystallites. Internumbers of atoms, exhibit spectra with similar line shapes.
estingly, the pair excitation energies are not much larger thamhe principal line shapes resemble those found within an
the single-particle HOMO-LUMO gaps estimated by meansempirical-pseudopotential approach for?i.
of the Kohn-Sham eigenvalues. A similar observation has The spectra in Fig. 2, in particular, those representing the
been made by Deleruet al*® For the considered crystallite imaginary part of the dielectric function, are strongly influ-
sizes,E4 varies between §6) and 1(2) eV for Ge (Si)  enced by quantum-confinement effects. The absorption
nanocrystals. The decrease of the transition energies with thireshold moves to lower energies with increasing nanocrys-
nanocrystal size is rather rapid. We obserkig= Eg“'k tal size. The Kohn-Sham HOMO-LUMO gap is indicated by
+a(A/R) with @=14.7 eV andl=1.0 for Ge anda  the arrows. Different effects of spatial quantization are ob-
=14.8 eV and =1.0 for Si. The pair excitation energies are servable for the main absorption structures, shoulders, or
smaller in Ge. In the interesting size range the Si energies amgeaks for energies below &) eV (within the DFT-LDA
larger by about 0.5 eV. This value corresponds roughly to the&cheme for Ge (Si) as nanocrystal material. In the case of
difference of the fundamental energy gaps in the bulk limit.Ge, the shoulder at the low-energy side close to the HOMO-
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tight-binding method? are similar. The results for fullerene-
like Si nanocrystals are, however, differéft.

B. Oscillator strengths

“Ree@)

The nanocrystal size influences not only the energetical
positions of the optical transitions but also their oscillator
strengths. This is clearly demonstrated in Fig. 3. It presents
the optical transitions at the center of the irreducible part of
the Brillouin zone. The oscillator strength§ (k) calculated
according to expressio®) of part | (Ref. 29 are plotted as
vertical lines against the transition energies. The imaginary
part of the corresponding normalized dielectric function is
plotted to guide the eye. Figure¢aBand 3b) clearly show
the quantum size effects on the electronic wave functions.
They indicate drastic differences in the behavior of the oscil-

FIG. 2. Dielectric functions of Géa) and Si(b) nanocrystallites  lator strengths near the absorption edges. In the case of Si
with a varying numbeN of atoms.N=5, solid line;N=17, dotted  nanocrystal$Fig. 3(b)] with diameters above 1.5 nm a tail of
line; N=41, dashed lineN=83, long-dashed lineN=147, dot-  weak transitions appears just above the HOMO-LUMO gap.
dashed lineN= 239, solid line; andN=363, dotted line. The ver- The oscillator strengths of these transitions are much smaller
tical arrows in the absorption spectra indicate the single-particlehan the maximum oscillator strengths of about 0.4. The oc-
HOMO-LUMO gaps. currence of the tail can be interpreted as an indication of the

development of bulk properties with increasing nanocrystal
LUMO gap Shifts Strong'y towards Sma”er energies W|th in_ Size. In bulkSI the IOWeSt Optical transitions are.forbidd.en by
creasing crystallite size. This shoulder seems to be a cons#1€ k-selection rule. On the other hand, the high oscillator

quence of the strong optical transitions, which develop intgtréngths at energies slightly above 3 eV in Si nanocrystals
the E, structure in the bulk limit. The first dired, transi- with 83, 147, and 239 atoms may be considered as an indi-

cation for the formation of strong direct high-energy transi-
tions in bulk silicon.

The behavior of the oscillator strengths of transitions near
e HOMO-LUMO gaps in Ge nanocrystalfig. 3a)] is

“Ree(w)

0 2 4 6 8 0 2 4 s 8
Photon energy [eV] Photon energy [eV]

tion in Ge bulk crystals is energetically only slightly above
the indirect energy gafd. The first peak in the 3-eV range,
which also varies remarkably with the size, seems to deveIqu

mto :hg bbu IkE, structure. I'ts O?fCI”?tOI’ strengtr; 'St ugd.ere‘:’r']completely different. Very strong transitions occur close to
timate ecause excitonic effects are neglected in thg,o absorption edge, even for clusters with a diameter of

independent-particle approach. The peak shifts from 3.6 €4p,,,t 2 2 nm. These transitions could be related to the for-
(41-atom clusterto 2.6 eV (363-atom clusterusing the  ation of anE,-like absorption feature in the more extended
DFT-LDA single-particle eigenvalues. The main peak with age panocrystallites. A strong near-infrared luminescence has
maximum around 4 eV shifts much less towards smaller phopeen observed for Ge nanocrystals in a Si@atrix*
ton energies and develops into tBg structure of the bulk Since the energy region just around the HOMO-LUMO
spectra. There is a weaker peak or shoulder at the highyap determines not only the absorption properties but also
energy side at about 6 eV. In the bulk case it corresponds tthe luminescence properties, we study the corresponding op-
a structure that appears only weakly in the experimentaiical transitions in detail in Fig. 4 for Ge clusters with 41,
spectra. Commonly it is related to different transitions, e.g.147, and 239 atoms. Interestingly, the HOMO-LUMO tran-
Ag,— Az andAg,— Ay .55 sition is forbidden by symmetry. In contrast, the transition
In the Si case the confinement effects are less visible ifrom the threefold degenerate second-highest state into the
the absorption spectra, at least within the used independentondegenerate LUMO state possesses an extremely large os-
particle approach. This can be seen from the imaginary padillator strength. We observe similar results for the larger
of the dielectric function in Fig. 2. Only one broad structure 363-atom Ge nanocrystal. The HOMO-LUMO transition re-
appears with a maximum between 5 and 6 eV. It exhibits anains forbidden and the transition with a slightly larger tran-
small shift of the main peak towards smaller photon energiesition energy possesses a considerable strength. Interestingly,
with increasing nanocrystal size. The structure seems to deest calculations show that after atomic relaxations of the
velop into the bulkE, peak. In the case of the largest nanoc-nanocrystallites the HOMO-LUMO transition becomes that
rystals we considered, the almost complete absence &jthe with the largest oscillator strength.
structure may be related to neglecting the excitonic effects. The behavior of the oscillator strengths in Fig. 4 can be
The Coulomb effects enhance the oscillator strength of th@nderstood in view of the localization and the symmetry of
E, peak but reduce the strength of thg peak®’ The overall  the contributing wave functions. Strong optical transitions
line shape of the spectra in Fig(k? is similar to that ob- cannot take place between states of the same symmetry due
served for oxidized Si nanoparticlé§We observe that the to the usual selection rules. This can be verified by looking at
line shapes calculated for Si using the empirical-the two-dimensional representations of the wave function
pseudopotential scherfeor, for Ge, using the semiempirical squares in Fig. 5. It is thus not surprising to find the transi-
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FIG. 3. Oscillator strengths of the optical transitiofvertical
lineg) versus the transition energies for @ and Si(b) crystallites
with varying size. The normalized absorption spectrure (f)/f
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FIG. 4. Level scheme with Ge nanocrystals with 41, 147, and
239 atoms. The HOMO level defines the energy zero. The allowed
optical transitions are indicated by vertical arrows. We show those
with an oscillator strength larger than 0.1. The very lowest transi-
tions have oscillator strengths, being smaller at least by two orders
of magnitude. The oscillator strength of a given transition is indi-
cated by the number at the corresponding arrow. All the shown
transitions are threefold degenerate.

tion between them to be forbidden. On the other hand, the
second-highest occupied state, which is also threefold degen-
erate, exhibits a different symmetry. Since its maximum is
located at the supercell center, it exhibits transformation
properties reminiscent of amorbital, whereas the threefold
degenerate HOMO state and the LUMO state have similari-
ties with p orbitals. These symmetries may explain the selec-
tion rules discussed in Fig. 4.

C. Isolated versus embedded nanocrystals

Until now we have considered the properties of the super-
cell arrangement, i.e., of the composite medium of nanocrys-
tals and vacuum. In order to extract the dielectric function
e,c(w) pertaining to the nanocrystals we use the simple su-
perposition formula

e(w)=fend(w)+(1-fepos(w). (D

The quantitye,.(w) represents the optical properties of an
effective bulk material which also reflects the quantum size
effects characterized by a fixed nanocrystal ratRuShere-
fore, e,.(w) obtains its meaning only with respect to embed-
ding in surrounding materials with possibly different filling
factors but fixed nanocrystal radius. According to the
independent-particle expression of the dielectric function in
part | of this papef? formula (1) should be nearly exact if
the wave functions of the electrons of the nanocrystallite and
the host material are strongly localized. This should be ful-
filled in the case of vacuum as the host material. Indeed,
expression1) has been found to yield excellent and repro-
ducible results. We have tested Hd) by deriving e,.(w)

for nanocrystals from different supercells. The corresponding
dielectric functions of the composite materials have been cal-

(solid line) is plotted to envelope the oscillator strengths. The num-culated for one and the same nanocrystal but in supercells of
ber of atoms is indicated for each crystallite. A triangle indicates thedifferent size. The dielectric functioa,(w) of the crystal-

HOMO-LUMO gap.

lite has been extracted using expressidn. We do not
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FIG. 6. Nanocrystal dielectric functios,(w) of Ge(a) and Si
(b) nanocrystallitesN=17, dotted line;N=41, dashed lineN
=83, long-dashed liné\|=147, dot-dashed line; and= 239, solid
line. The insert in[@ shows the absorption spectrum of a 363-atom
nanocrystal in comparison with that of the 239-atom cluster.

Fig. 6 are different compared to those of nanocrystals ar-
ranged in supercell crystals with vacuum as host material,
(c) e(w) in Fig. 2. The filling factorf does not only give rise to

a scaling. We note that the high-frequency dielectric con-
stants for Ge crystallites are, in the given size range, approxi-

" . mated well by a fit formulag"(R)=1+[e""k—1]/[1

+(Ry/R)'1, which follows from a generalized Penn mod2I.
Using the fit we find an exponent of approximatkty1.1 for
both Ge and Si. The characteristic radii are different with
Ry=5.3 nm(Ge) and Ry=3.5 nm (Si). For Si, however,
the above expression does not provide a very good represen-
tation of the calculated values.

For the purpose of comparison with experimental find-
ings, we use the nanocrystal dielectric functieng(w) of
Fig. 6 and the Bruggemann effective-medium thédry

FIG. 5. Contour plot of wave-function squares for the 41-atom(EMT) to calculate optical spectra for Ge nanocrystallites
Ge nanocrystal. We show the threefold degenefatel, hence, av- embedded in a host material different from vacuum. We con-
eragedl second-highest occupied std#, the threefold degenerate Sider an AyO; matrix with an averaged electronic dielectric
highest occupied stai¢iOMO) (b), and the nondegenerate lowest constaniey, s w=0)=3.13 In the effective-medium theory
unoccupied statd UMO) (c). A plane through the supercell center of Bruggemann one regards a typical element of the two-
normal to a cubic axis is used. Its size corresponds to the edgghase material, which is embedded in an effective medium,
lengths of the supercell. whose properties are to be determined self-consistently. The

resulting absorption spectra are presented in Fig. 7 along

present the spectra because the curves are virtually indistinvith experimental result® Comparing these spectra to the
guishable. This result indicates both the validity of Ef).  line shape of the absorption spectra of isolated nanocrystal-
and the fact that our supercell treatments are converged witlites [cf. Fig. 7(a)], one observes several changes. The peaks
respect to the cell size. In Fig. 6 we present the resultingre shifted in their energetic position. In particular, the sepa-
spectras,.(w) for both Ge and Si. Sincey,s{w)=1, for-  ration increases between the peaks, which develop into the
mula (1) amounts to a simple scaling of the imaginary partsbulk E; and E, structures. Moreover, the ratio of the peak
with the filling factorf. Obviously, quantum size effects have heights becomes larger for the Ge nanocrystals in sapphire,
a strong influence on the results. The low-energy sides of thmore strictly speaking the-like peak is weakened as com-
absorption spectra are redshifted with increasing nanocrystglared to theE,-like peak. The experimental spectra mea-
size. Accordingly, with decreasing transition energies the disured for nanocrystallites with an average radius Pof
electric constants Rg w=0) become larger. =1.2 nm show a similar behavior with respect to the peak

In contrast to the imaginary parts, the line shape of theseparation and the intensity ratio of the peaks. Thus the line
real parts of the nanocrystal dielectric functiofig(w) in  shape can qualitatively be correctly described when the
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peak positions, in particular those &, already show a
remarkable dependence on the crystallite size, the effect is
seemingly increased after embedding of the nanocrystals in
the insulating matrix. Moreover, for isolated nanocrystals the
E, peak does not exhibit an influence of quantum size ef-
fects. For nanocrystallites within the matrix a larger shift
towards higher photon energies occurs. However, the physi-
cal reasons of this shift are related to local-field effects and
not to the spatial quantization of electrons. Consequently, the
interpretation of the observed peak sHittshould be consid-
ered with care. A similar conclusion is valid for the compari-
son of shifts of theE;-like peak observed by means of reso-
1 2 3 4 5 6 nance Raman scattering on nanocrystals in,SiRef. 28
Photon energy [eV] and transmission spectroscopy on,®@4 samples with Ge
nanocrystals. In the two experiments, light is propagating
FIG. 7. Spectra of Ge nanocrystals embedded in sapfotel  differently and, hence, different local fields are detected.
lines) calculated by means of Bruggemann EMT from the nanocrys{\ioreover, careful studies of the confinement influence on the
tal dielectric functiore,,.(w). They are compared to an experimen- peaks in photoluminescence excitation spectra of Si

tal spectrum of Stellzt al. (Ref. 40 (dashed ling The absolute  honq0rystaf indicate a complex behavior that can hardly
value of the experimental spectrum is arbitrary. It depends on th%e interoreted in terms of bulk band structures
filling factor. For generating the theoretical spectra, filling factors of P ’

f=N/1000 have been used.
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effective-medium idea is applied. This means that local fields V. CONCLUSIONS

due to the inhomogeneity of the composite system are im- o _ L

portant in determining the line shape of optical spectra of EMbedding in a wide-gap material is simulated by a hy-
composite materials. The comparison with the experimentdfifogen saturation of the dangling bonds at the nanocrystal
result shows that the main features of the absorption are afiurface. The influence of quantum-confinement effects is
ready described well, in spite of the simplicity of our struc- much stronger than in the case of a cubic-SiC matrix studied
tural model and of neglecting important effects such as qualn part I. We have demonstrated the development of the typi-
siparticle corrections and excitonic effects. Moreover, wecal optical absorption of nanocrystals towards that known for
have not attempted to model the size distribution of thebulk crystals. It is accompanied by a remarkable increase of
nanoparticles in the samples studied experimentally. the static electronic dielectric constant with the size of the

Very interesting is the influence of the composition on thenanocrystallites.
peak positions. The shifts of the main absorption peaks, the Not only the Kohn-Sham HOMO-LUMO gaps them-
E;- andE,-like peaks, are shown with respect to their bulk selves but also the closely related electron-hole pair excita-
positions in Fig. 8 for the Ge nanocrystallites embedded inion energies show a strong dependence on the nanocrystal
an insulating matrix. While for isolated nanocrystals certainradius. Drastic changes happen for the oscillator strengths of
the transitions near the HOMO-LUMO gap. Thereby, Ge and
Si nanocrystals behave completely different. While with in-
15 | ] creasing nanocrystal size the Si nanocrystallites show a tail
of weak transitions with decreasing strength, optical transi-
tions with large oscillator strengths occur in Ge nanocrystals
17 1 near the HOMO-LUMO gap. We traced back these findings
to the indirect behavior of Si in the bulk limit and to a rep-
resentation of the lowest dire&, transition of bulk Ge in
0.5 1 the Ge case.

We found strong differences between the optical spectra
of nanocrystals embedded in vacuum and in an insulating
matrix. The local-field effects due to the inhomogeneity in
the composite material give rise to considerable changes in
the line shape as well as in the peak positions. This has been

FIG. 8. Shift of the main peaks in the absorption spectra of Gelemonstrated, in particular, for absorption spectra of com-
nanocrystallites with respect to their positions in the corresponding?0site materials in the frequency range of the transitions,
spectrum of Ge bulkE, (dots and E, (squaresof hydrogenated ~ Which develop into thé&, andE, structures in the bulk limit.
nanocrystals in vacuuri, (triangles andE, (diamondgof nanoc- ~ The results presented here are in qualitative agreement with
rystals embedded in sapphire. The last values are derived frofixperimental observations of optical spectra of Ge dots em-
Bruggemann EMT using filling factor=N/1000. bedded in a sapphire matrix.

Peak shifts [eV]

0.9 1 1.1 1.2 1.3
Radius [nm]
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