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Optical properties of Ge and Si nanocrystallites fromab initio calculations.
I. Embedded 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 embedded in a crystalline matrix. The calculations are based
upon the independent-particle approximation and a pseudopotential-plane-wave method. The nanoparticles are
modeled by clusters of up to 239 atoms embedded in cubic SiC as a host material with a wide energy gap. The
dependence of the resulting optical spectra on the nanocrystallite size, the crystallite-host interface, and the
crystallite-crystallite interaction is studied.
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I. INTRODUCTION

The physics of nanoparticles presents particularly inter
ing aspects, mainly related to the strong modifications of
fundamental properties of the material due to the spatial c
finement in three dimensions. Remarkable effects on
joint density of states, on the optical absorption and lumin
cence spectra, and on the nonlinear optical behavior h
been either predicted or observed. Until now, in the case
Ge and Si nanocrystals the efforts have been concentrate
the study of the fundamental band gap.1–7 Nanometer-sized
Si and Ge structures give rise to an efficient photolumin
cence~PL! in the visible, including even the blue or viole
wavelength region. Recently it has also been discovered
nanocrystalline~nc! Si and Ge materials shows PL in the re
and near-infrared spectral region depending on the nanos
size.2,7 Such nanostructures have been fabricated by ion
plantation in SiO2 matrices,8,9 cosputtering,7 thermal evapor-
ization in a buffer gas,3,10 or by Stranski-Krastanov growth
on crystalline substrates.5,6,11

The origin of the photoluminescence has been inve
gated for different systems by many authors. Quantu
confined excitons give rise to strongly size-depend
emission.7 Luminescence from surface or interface states
hibits only little size dependence. While there is necessari
breakdown of thek-conservation rule due to the spatial co
finement, it is by no means clear how this will affect th
oscillator strengths, in particular, the transition probabilit
of the transitions near the absorption edge, of nanocrys
lites made of indirect-band-gap semiconductors. Rese
has to answer the question6,12 of whether the localization
results in strong transitions at or close to the highest oc
pied molecular orbital–lowest unoccupied molecular orb
gap.

Apart from the optical properties near the fundamen
gap, the group-IV semiconductors treated in this work a
possess higher optical transitions with rather large oscilla
strengths. For example, the most importantE1 (E2) transi-
tions in bulk Ge occur around 2.2~4.5! eV, well above the
indirect and direct (E0) band gaps with energies of 0.6 an
0.9 eV, respectively.13 For Si crystals the corresponding va
ues are 1.1~indirect!, 4.2 (E0), 3.5 (E1), and 4.3 (E2) eV.13
0163-1829/2002/65~15!/155327~9!/$20.00 65 1553
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There have been only few experimental studies of the mo
fication of these high-energy transitions in nanocrystall
materials. They involve optical absorption and resonant
man spectroscopy.8,10,14 The size dependence of the hig
energy transitions is not known in detail and, hence, not
derstood. So far, only quantum-confinement effects on
fundamental band gap in nanocrystalline systems have b
explained theoretically.15–18 However, there is still a contro
versy about the correct treatment of the many-body effect
the calculation of the electron-hole pair excitatio
energies.17–21

There have been very few theoretical studies of the hig
optical transitions. There are calculations of optical spec
of nc Si using the empirical-pseudopotential approach22 or
the tight-binding~TB! method,23 the transferability of which
to a nanocrystalline material is questionable. Only very
cently, ab initio spectra have been published.24 For Ge
nanocrystallites, TB spectra have been calcula
recently.25,26

In this paper we study the optical properties of Ge and
nanocrystallites in a wide spectral range from first princip
in the framework of the independent-particle approximatio
Since embedded and free nanocrystals behave compl
different with respect to their electronic and optical prop
ties, we present the results for the two classes of nanoc
talline materials in two successive papers. In part I, the
tical properties of strained Ge and Si nanocrystals embed
in a crystalline matrix are studied. Cubic silicon carbi
~SiC! is taken as the host material. On the one hand, it r
resents a wide-band-gap semiconductor. On the other han
is not clear if, and how, the lowest-energy transitions of
nanocrystals fit into its fundamental gap. In the forthcomi
part II of the paper we discuss the properties of free Ge
Si nanocrystallites, the surface bonds of which are satura
by hydrogen. In this way we model very high barriers at t
crystallite-host interfaces.

The present part I of the paper is organized as follows
Sec. II we present the electronic-structure method and
cuss the difficulties in the calculation of the frequenc
dependent dielectric function. Spherical Ge and Si nanoc
tallites embedded in SiC are studied in Sec. III. The res
are discussed in the light of the underlying electronic str
ture. Finally, in Sec. IV we give a brief summary.
©2002 The American Physical Society27-1
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II. COMPUTATIONAL METHODS

A. Electronic structure of nanocrystals

In a first step we calculate the one-electron states fr
first principles using the density-functional theory27 ~DFT! in
the local-density approximation~LDA !.28 The electron-
electron interaction is described within the parametrizat
of Perdew and Zunger.29 Nonlinear core corrections ar
taken into account.30 The interaction of the electrons with th
atomic cores is treated by non-norm-conserv
ab initio Vanderbilt pseudopotentials.31 They allow a sub-
stantial potential softening even for first-row elements.32 For
instance, in the SiC case the plane-wave expansion of
eigenfunctions is restricted by a cutoff of 13.2 Ry. We use
VIENNA ab initio SIMULATION PACKAGE.33 The DFT-LDA
yields cubic lattice constants ofa054.332, 5.398, 5.627 Å
and indirect fundamental energy gapsEg51.33, 0.46, 0.00
eV for unstrained SiC, Si, and Ge, respectively.

The plane-wave expansion requires a supercell appro
to the description of nanocrystallites or quantum dots.
consider an arrangement of simple-cubic~sc! cells. The use
of the soft Vanderbilt pseudopotentials32 allows to treat ex-
tremely large supercells with 512 atoms in the case o
tetrahedrally coordinated bulk. Their edge length amount
1.75 nm in the cubic-SiC case. This length increases to 2
nm in the case of pure Ge. For the purpose of compari
and to study the effect of the interaction between the nan
rystallites we also consider smaller sc supercells with 216
64 atoms. In order to model embedded spherical nanoc
tallites we replace host material atoms in the center of
supercell by Ge or Si atoms as schematically indicated
Fig. 1. Thereby we start from one atom and consecutiv
replace the respective following shells of next neighbo
The atomic structure remains unchanged, i.e., the atoms
tetrahedral coordination, and all bonds in the interface
tween the nanocrystallite and the host are saturated.
crystallites possess nearly spherical symmetry. The p
group of the supercell system is stillTd . The resulting
nanocrystals of 1, 5, 17, 41, 83, 147, and 239 atoms
highly strained due to the large lattice misfit between Ge
Si, and SiC. The Ge crystallites possess different interf
bonds Ge-Si or Ge-C, depending on the choice of a Si o
site as the center of the nanocrystal. Moreover, the num
of Si and C atoms constituting the host material are differe
The size of the nanostructures is limited by that of the sup
cell, but also for physical reasons. Such highly strained s

FIG. 1. Three adjacent simple-cubic supercells of 512 ato
The inclusion of the 83-atom nanocrystal is shown. In the cen
supercell, the host material is not displayed.
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tems cannot occur above a critical diameter. Moreover,
strained Ge tends to become a semimetal, at least wi
DFT-LDA.

In the forthcoming paper, part II, we study hydrogenat
~nearly! spherical crystallites with tetrahedrally coordinat
Ge or Si atoms as shown in Fig. 1 but at bulk atomic d
tances. The hydrogen passivation with the huge energe
splitting between the antibonding and bonding Ge-H or S
states simulates high barriers for both electrons and hole
the nanocrystal. Apart from the fact that these nanostructu
represent free crystallites with passivated surfaces, they
also be regarded as models for unstrained nanocrystals
bedded in a semiconductor matrix with a fundamental ene
gap larger than that of cubic SiC, e.g., hexagonal SiC, or
matrix of a crystalline or amorphous insulator, e.g., SiO2 or
sapphire.

B. Optical properties of supercell arrangements

The optical properties of an ordered arrangement
nanocrystallites are evaluated within the independent-par
approximation and using the Bloch representation of the
tificial supercell crystal.34 The imaginary part of the dielec
tric function (a5x,y,z)

Im «aa~v!5
~2pe\!2

mV0

1

N (
k

(
c,v

f cv
aa~k!

«c~k!2«v~k!
d„«c~k!

2«v~k!2\v…, ~1!

f cv
aa~k!5

2mu^ckuvauvk&u2

«c~k!2«v~k!
~2!

contains optical transitions between valence- (uvk&) and
conduction- (uck&) band states with the oscillator strengt
f cv

aa(k) taken atN k points in the Brillouin zone~BZ!. V0 is
the volume of the supercell. Interestingly, the luminesce
intensity is related to the absorption coefficient through
energy balance relation as long as the structure of the na
rystallites is not changed in the excited state.35,36The absorp-
tion is directly linked to the imaginary part of the dielectr
function ~1!. When quasiparticle effects describing the ex
tation behavior37 are included in the computation, the ene
gies in the Diracd function have to be shifted.34 In principle,
one has to solve simultaneously the Bethe-Salpeter equa
to account for the electron-hole interaction.38 Delerueet al.18

observed in TB calculations that the self-energy effects
Coulomb corrections almost cancel each other for nanoc
tallites being not too small and not too large. This can
taken as a further justification to start with the independe
particle approximation and LDA energies as a first step.
a detailed discussion of the fine structure in the optical sp
tra the inclusion of all the many-body effects is neede
However, for the discussion of the trends with the size,
surface chemistry, and the surroundings of the nanocrys
the framework of the independent-particle approximat
should be sufficient.34

One disadvantage of using pseudowave functions is
lated to the representation of the optical transition opera
The velocity operatorv cannot be directly related to the mo
mentum operatorp because of the nonlocality of th
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l
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OPTICAL PROPERTIES OF Ge AND . . . I. . . . PHYSICAL REVIEW B65 155327
pseudopotentials.34 This problem becomes even more com
plicated when the norm condition is lifted and non-nor
conserving ultrasoft pseudopotentials of the Vander
type31,32 are used. We resolve the accompanying uncerta
by applying Blöchl’s projector-augmented wave~PAW! ap-
proach to the electronic-structure calculation.39 There is a
formal relationship between ultrasoft Vanderbilt-typ
pseudopotentials and the PAW method.40 Using projectors
onto the core regions of the free pseudoatoms, all-elec
wave functions are constructed for the valence electron41

As a consequence, a core-repair term42 appears in the optica
matrix elements. This approach gives indeed reasonable
sults for the optical properties of bulk semiconductors.41

The Brillouin-zone integration in Eq.~1! requires a
k-point sampling density depending on the localization
electronic states and the supercell size. In the case of
hydrogenated crystallites the resulting bands are very flat
correspond to levels. One can restrict the computation to
k point in the BZ in connection with a Lorentzian broade
ing of the Diracd function. The real part of the dielectri
function follows immediately using the principal value of th
energy denominator corresponding to thed function. In the
case of the Ge and Si nanocrystallites embedded in cubic
the situation is different. All bands of the supercell arrang
ment are rather dispersive~cf. Fig. 2!. However, their num-
ber and dispersion depend on both cluster and supercell
Making use of the band dispersion we apply the linear te
hedron method to the BZ integration over thed function in
expression~1! as well as for the single-particle density
states~DOS!. A highly efficient integration scheme has be
developed recently.43 It allows the generation of the optica
spectrum using the electronic structure at only onek point.
The irreducible part of the simple-cubic BZ is itself a tetr
hedron. Consequently the energies of the bands~or, more
strictly speaking, band pairsc andv) are needed at the cor
ners of the tetrahedron. Unfortunately, the multiple ba
crossings in the small BZ belonging to the 512-atom a
216-atom supercells may induce spurious singularities in
joint density of states.44 In fact, it is impossible to allocate

FIG. 2. ~a! Band structure of the 41-atom Ge nanocrystal in
216-atom cell,~b! that of the same nanocrystal in a 512-atom ce
The host material is cubic SiC, the crystallite-host interface is Ge
The folded bands of the pure host material, SiC, are represente
the shaded regions.
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the energies at differentk points to bands. These problem
have been solved by using second-ord
k•p perturbation theory. All band energies and the interba
and intraband momentum matrix elements are compute
onek point in the center of the tetrahedron. Since this po
exhibits no spatial symmetry, degeneracies are avoided.
single tetrahedron is divided into many tetrahedra. The e
gies at all the vertices are taken from thek•p result. In the
case of 512-atom supercells we typically divide the irred
ible part of the BZ into 64 tetrahedra and use 2048 band

III. RESULTS AND DISCUSSION

A. Localized and extended states

The effect of the insertion of a nanocrystal into the S
host material on the electronic structure is demonstrate
Figs. 2 and 3 for the 41-atom structures. For both group
materials, Ge or Si, nanocrystal-induced and, therefore,
calized occupied states arise in the lower part of the ene
gap of the host material. Due to the supercell descripti
these states are not really dispersionless. They show a be
ior similar to that of the defect bands in supercell calcu
tions. While exhibiting the highest degeneracy at theG point,
they split even along the high-symmetry directions into s
eral bands according to theirs- or p-like orbital character.
The main structures of the SiC DOS have been used for
alignment of the band structures.

Since the interaction between adjacent crystallites
creases with decreasing spatial separation, the crysta
induced bands become more dispersive. A comparison o
sults obtained for 216-atom and 512-atom supercells in F
2~a! and 2~b! shows that this is indeed the case. Eviden
the main features of the band structure close to the vale
band maximum~VBM ! of SiC are the same for the 41-ato
crystallite in the two different cells. This is a consequence
the strong Ge contributions to the corresponding wave fu
tions, which are, therefore, rather localized. Comparing F
2 and 3 we find that Ge and Si nanocrystallites behave
ferently in cubic SiC. For germanium, nanocrystallit
induced states only occur as occupied valence states in
lower part of the fundamental gap, not, however, as em

.
.
by

FIG. 3. ~a! Band structure of the 41-atom Si nanocrystal in
216-atom cell,~b! that of the same nanocrystal in a 512-atom ce
The host material is cubic SiC.
7-3
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H.-CH. WEISSKER, J. FURTHMU¨ LLER, AND F. BECHSTEDT PHYSICAL REVIEW B65 155327
conduction states closer to the conduction-band minimum
SiC. The situation is radically different for silicon. There a
empty crystallite-induced bands within the host band g
They exhibit a dispersion similar to that of the folded lowe
conduction band of bulk SiC. Within a simple quantum
confinement model this result may be interpreted such
confined holes arise in both the Ge and the Si nanocrys
while confinement of electrons takes place only in the la
system. Therefore, the system Ge in 3C-SiC is of a typ
heterostructure character,45 whereas Si in 3C-SiC is of type I
However, due to the low barrier and the small sizes of
nanocrystallites and of the supercells, the localization is
no means complete. Sizable portions of the Si-related w
functions extend into the host material. The correspond
bands are dispersive, indicating that the crystallite-ma
system acts more as a composite material. The strong mi
of Si and SiC states induces the splitting and shift
conduction-band states into the fundamental gap. The
served heterostructure character is, in principle, in agreem
with the results of Harrison’s tight-binding model.46 The
conduction-band minima of the two materials give rise to
nearly flat band lineup.

While the distinction between the Ge crystallites w
Ge-C crystallite-host interface on the one hand and of the
crystallites on the other hand is clear cut, there seems t
some ambiguity when Ge crystallites with a Ge-
crystallite-host interface are considered. For the 17-atom
crystallite with Ge-Si interface we found an unoccupi
crystallite-induced band below the conduction-band m
mum, appearing much like the similar band for the Si cr
tallites. We relate this result to the same atomic geometr
The interatomic distances in our model are those of cu
SiC, which means that both Si and Ge are highly compr
sively strained. This is also true for the interface bonds G
Si. Discussing this fact in terms of a tight-binding model46 it
seems natural that the equal coordination and the sim
strain give rise to similar features. The interatomic mat
elements are identical. There is only a small variation in
intra-atomic terms of the tight-binding Hamiltonian.

B. Size effects

Looking at the electronic DOS one finds that the resu
for the 41-atom inclusions are representative for the ot
nanocrystallites that we have studied. The one-particle D
for both Ge and Si crystallites in the 512-atom cells are p
ted in Fig. 4. For comparison, the DOS of the pure host S
is also shown. The main SiC-related peaks have been
for the energy alignment. The spectra depend on the num
of atoms, which can be represented by a filling factorf, i.e.,
the ratio of the number of embedded atoms and the t
number of atoms. Up to a crystallite size of 83 atoms, i.e
filling factor of f 50.162, the DOS of the host material
conserved with regard to its main features. The ragged sh
of the DOS indicates the transition from a system with e
tended states to one with partially localized states.

The DOS of Ge crystallites with a Ge-C interface a
shown in Fig. 4~a!. The Ge crystallites induce additional o
cupied states within the fundamental gap of the host clos
15532
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its VBM. The number of these states increases with the c
tallite size. Their positions shift to higher energies. This is
complete agreement with the prediction of a type-II hete
structure behavior. On the other hand, the DOS of the
crystallites, presented in Fig. 4~b!, shows unoccupied state
near the conduction-band minimum, thereby verifying t
type-I behavior. For the largest crystallites we have stud
those of 147 and 239 atoms representing filling factors of
50.287 andf 50.467, the main bulk features of the ho
disappear, the gap is not clearly recognizable and is fi

FIG. 4. Density of states for nanocrystals in SiC, as calculate
the 512-atom simple cubic cell.~a! Ge nanocrystals with Ge-C
crystallite-host interfaces, ~b! Si nanocrystals. Solid line
nanocrystal-host supercell system, dashed line, pure cubic SiC.
triangles indicate the electronic energies at thek point used in the
electronic-stucture calculation. The arrows point to the highest
cupied states. The energy zero is defined by the VBM of SiC.
7-4
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FIG. 5. Dielectric function«(v) of Ge em-
bedded in cubic SiC with Ge-C crystallite-ho
interface~a!, ~b! Si nanocrystals. The imaginar
part ~left panels!, the difference Im«(v)
2Im «SiC(v) ~middle panels!, and the real part
~right panels! are plotted. Solid line, 41-atom
dotted line, 83-atom, dashed line, 147-atom
long-dashed line, 239-atom crystallite.
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with states, both occupied and unoccupied. Therefore
not possible to draw simple comparisons between exten
and localized states as in the case of the smaller crystall
This is not surprising. For the large filling factors of the ord
of 0.5 it is clearly not a good approach to think of the cry
tallites as being embedded in some host material with
changing its properties. Rather, the systems under cons
ation represent composite materials with an inhomogene
distribution of the atomic species.

The findings of the band structure and DOS calculatio
enable us to understand the behavior of the dielectric fu
tion plotted in Fig. 5. We compare the imaginary and the r
part of the dielectric function of Ge crystallites with a Ge
interface to those of Si crystallites. In order to visualize t
changes more clearly, the differences of the calculated s
tra and the SiC spectrum are also shown. Again, the com
tations have been carried out for 512-atom cells. The
parts of the dielectric function are calculated from the ima
nary parts by means of the Kramers-Kronig relations. Th
show a typical oscillator behavior with an additional hig
energy feature. Therefore we focus our attention on
imaginary part.

With increasing size of the nanocrystallites there is a s
nificant deviation from the spectra of the pure cubic SiC34

The high-energy SiC peak with mixedE18 , E08 , andE21d
character, located at about 9 eV in the DFT-LDA absorpt
spectrum, is strongly reduced. For the larger crystallites
147 and 239 atoms it vanishes altogether. This is in ag
ment with the result that the DOS loses its clearly recogn
able host bulk features for these filling factors. Despite
difference in their heterostructure behavior, the spectra of
and Si crystallites develop similarly with varying crystalli
size. The difference spectra for both types show strong ne
tive peaks at about 7 and 8.5 eV, which do not change t
energetical position with increasing crystallite size. We
tribute these peaks to the vanishing of the SiC bulk prop
ties discussed above.
15532
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The lower-energy SiC peak at about 7 eV decreases
shifts to smaller photon energies. It does so more strongly
Si than for Ge. For the largest crystallites the absorpt
tends to become similar to results found for compressed
and Si. Comparing the shifts and the difference spectra
the Ge crystallites it can be seen that the main structure
tween about 5 and 8 eV is attributable to the increas
amount of crystallite material. Its shift seems to be un
fected by spatial confinement. In the difference spectrum
main structure between 5 and 8 eV is just cut slightly abo
7 eV by the strong negative difference peak due to the v
ishing SiC properties. The same explanation holds for the
crystallites, except that now the main absorption struct
lies at lower energies between 3.5 and 6 eV.

The most interesting part of the spectra lies below
main structures discussed above. Below 4 eV there are a
tional shoulders developing into peaks which are stron
affected by quantum confinement effects. In the Ge cas
more or less monotonic shift to lower energies can be fou
with increasing crystallite size. The peak positions are 4
3.8, and 3.7 eV for the crystallites of 83, 147, and 239 ato
respectively. This peak might become theE1 structure in
unstrained bulk Ge. For Ge such a shift has be
predicted.8,48 However, the suggested confinement ene
overestimates the effect for the crystallites under consid
ation. The effective-mass approximation is not valid for cry
tallite radii smaller than 1 nm. In any case, the shifts do
obey aR22 law (R is the crystallite radius!. The variation
with the radius is weaker.

For the Si crystallites, on the other hand, no simple
scription of the low-energy shoulders and peaks can
given. In order to understand these features in greater d
we study the influence of the gap states. In Fig. 6 the con
bution of the occupied gap states to the absorption spect
within the optical gap of the host are presented. In orde
do this we have restricted the summation over the vale
states in expression~1! to a summation over the gap state
7-5
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FIG. 6. Contribution of the occupied ga
states to the imaginary part of the dielectric fun
tion of Ge crystallites with Ge-C crystallite-hos
interface and of Si nanocrystallites. All crysta
lites are embedded in cubic SiC in a 512-ato
cell. Solid line, gap state contribution; dashe
line, imaginary part of the total dielectric func
tion. The oscillator strengths of the contributin
optical transitions are indicated by vertical line
he
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Below 4.5 eV for Ge and 4 eV for Si nanocrystallites, t
spectral properties are determined solely by the gap state
Fig 6 we have also drawn the oscillator strengths of the tr
sitions against the respective transition energies. For Si
transitions between the highest occupied valence states
the lowest conduction states~cf. Fig. 4! have only very low
oscillator strengths. However, they give rise to a structure
a photon energy of about 1 eV. The imaginary part of
dielectric function below 2 eV is at most of the order of 1
of the maximum. Even though the Si crystallites in cubic S
tend to constitute a type-I system, the transition probabili
of the lowest transitions remain small. This is the reason w
the overall dielectric function in Fig. 5 does not strong
reflect the different heterostructure character as compare
Ge. The effect on the luminescence properties might, at
point, only be conjectured at. However, it could be wor
while to search for an infrared emission after illuminati
Si/cubic SiC systems.

The calculation of the real part of the dielectric functio
~cf. Fig. 5! allows the determination of the electronic diele
tric constant of the composite material consisting of Ge o
nanocrystallites embedded in SiC. Unfortunately, the res
ing values cannot be compared directly with experimen
values, since local-field effects due to the atomic structure
the matter are not taken into account in our calculations.
values resulting for the bulk materials are generally lar
than the macroscopic dielectric constants obser
experimentally.47 For small filling factors, the dielectric con
stant Re«(0) ~cf. right panels of Fig. 5! corresponds to the
microscopic high-frequency dielectric constant«`56.2 cal-
culated for bulk SiC. With increasing amounts of Ge or
this value increases towards the larger Ge dielectric cons
We have calculated«`513.7 and 17.1 for unstrained Si an
Ge.

The dielectric constants of the composite materials
plotted in Fig. 7 against the filling factor. With increasin
fractions of the crystallite material, the effective gap betwe
occupied and empty states is reduced. This results in la
effective dielectric constants of the electronic system un
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consideration. However, the increase depends on the inte
tion of the nanocrystallites, i.e., the supercell size, and
type of interface bonds.

C. Interaction of nanocrystallites

The supercell approach used here gives results for isol
nanocrystallites only in the limit of large supercells a
small crystallites. In practice one calculates the electro
and optical properties of an effective medium consisting
an arrangement of nanocrystals in a host material. On the
hand, they depend on the barriers for the electrons and h
between the crystallite and host material. On the other ha
the number of nearest-neighbor nanocrystallites~which is the
smallest in the sc case!, the size of the supercell, and th
diameter of the crystallite determine the strength of the
teraction of the crystallites in different supercells. This infl

FIG. 7. Dielectric constant of the crystallite-host supercell
rangements. Ge crystallites with Ge-C crystallite-host interface
216-atom~circle! and 512-atom~diamond! cells, with Ge-Si inter-
face in 216-atom~triangle! and 512-atom cells~plus! as well as Si
crystallites in the 216-atom~cross! and 512-atom cells~square!.
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ences the electronic structure but also includes an elec
magnetic coupling, since we calculate a dielectric function
a composite on a nanometer scale.

In order to study these effects we vary the supercell s
In the case of the dielectric constant of the composite sys
the interaction of the nanocrystallites is already demonstra
in Fig. 7. The increase of the dielectric constant with t
filling factor is always weaker for nanocrystallites embedd
in 216-atom cells than for those in 512-atom supercells. T
is a consequence of the change of the electronic struc
We have also studied the DOS of the 17-atom Ge nanocry
with a Ge-C interface in different supercells~not shown!.
The interaction of the nanocrystallites is varied using cells
512, 216, and 64 atoms. The wave-vector dispersion of
underlying Ge-induced crystallite bands near the VBM
SiC increases with rising strength of the interaction. As
consequence, the peaks in the DOS within the SiC ene
gap are broadened. There is a tendency to smear ou
fundamental gap of the host. This has already been see
Figs. 2 and 3 where a stronger dispersion of the crystal
related states indicates stronger interaction.

D. Influence of nanocrystallite-host interface

Constructing the spherical Ge nanocrystallites shell
shell in the manner described above, we obtain embed
nanocrystallites with only Ge-C or only Ge-Si bonds at t
crystallite-host interface. The question arises as to what i
be considered part of the crystallite, and which part of o
arrangement belongs to the host material. In the case of S
SiC only Si-C bonds occur because a spherical crysta
with outer Si-Si bonds is identical to a nanocrystal bound
by Si-C bonds but with one more shell of Si atoms. The
fore we describe the interface effects considering the
ample of Ge nanocrystallites. Considering the eigenval
and the covalent radii, Si and Ge atoms are closer in t
properties than C and Ge. Therefore, one expects that
first shell of Si after the outermost shell of Ge behav
roughly like one more shell of Ge. In Fig. 8 we illustrate th
effect by contrasting the imaginary part of the dielect
function of the Ge nanocrystallite with a Ge-C interface

FIG. 8. The imaginary part of the dielectric function of G
nanocrystals with Ge-Si crystallite-host interface~dotted lines! are
compared to Ge nanocrystals with Ge-C crystallite-host interf
~solid lines! but with one more shell of Ge atoms. The sizes of t
crystallites are 41~Ge-Si! and 83~Ge-C! atoms in~a!, 83 ~Ge-Si!
and 147~Ge-C! atoms in ~b!, and 147~Ge-Si! and 239~Ge-C!
atoms in~c!.
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the respective Ge crystallite with one less Ge shell but wit
Ge-Si interface. Evidently there is a close similarity betwe
the respective curves. Differences in the intensities app
mainly in the range of the first main absorption peak of S
and the Ge-related shoulder at its low-energy side. They
come stronger with increasing numbers of interface bon
The other quantities we have calculated, like the DOS a
the band structure, corroborate the interpretation of the o
ermost Si shell acting roughly like another Ge shell.

The sizes of the considered nanocrystallites are still ra
small. For the 41-atom crystallite the number of crystalli
host interface bonds is about the same as the numbe
intracrystallite bonds. For the smaller crystallites the ratio
even larger. For the largest nanocrystallite of 239 ato
there are only twice as many intracrystallite bonds as th
are interface bonds. These numbers show that a simple
ture of a volume crystallite material and interfaces to the h
material cannot be completely correct for the systems
cussed in this work.

The interplay of interface effects, nanocrystallite intera
tion, and different filling factors is illustrated in Fig. 9 study
ing the imaginary part of the dielectric function of the 1
atom Ge nanocrystallite embedded in 64-atom, 216-atom
512-atom supercells with both possible interfaces in e
case. In the 512-atom supercells the two different interfa
give rise to rather similar spectra. They are determin
mostly by the large amount of SiC host material. The resu
become completely different for small supercells. The diff
ences in the electronic structures due to the different in
faces become more important. Moreover, the different nu
bers of Si and C atoms of the host material contribute to
differences. The character of the host spectrum is wid
perturbed. One has to discuss the properties of a new c
posite material instead of a nanocrystallite embedded i
matrix material.

IV. SUMMARY

We have developed a first-principles method to calcul
the optical properties of nanocrystallites embedded in a c
talline matrix. This method is based on the independe
particle approximation and the supercell approach. Using
persoftened non-norm-conserving pseudopotentials we
able to treat simple-cubic cells of up to 512 atoms fu

e

FIG. 9. Imaginary part of the dielectic function of the 17-ato
Ge nanocrystal in a~a! 64-atom,~b! 216-atom, and~c! a 512-atom
supercell. Solid lines, systems with Ge-C crystallite-host interfa
dotted lines, Ge-Si interface.
7-7
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quantum mechanically~even including first-row elements!.
These supercells make it possible to study spherical na
crystallites of up to 239 atoms, which have been construc
by replacing the host atoms by Ge or Si shell by shell of n
neighbors, starting from either a Si or C atom. We appl
the density-functional theory and a pseudopotential-pla
wave scheme. The similarities between the non-no
conserving pseudopotential and the projector-augme
wave schemes have been used to construct all-electron w
functions of the valence electrons and, hence, to calcu
optical matrix elements. A recent refinement of the line
tetrahedron method allowed us to restrict the electron
structure calculations to onek point in the Brillouin zone.
We have studied Ge and Si nanocrystallites embedded in
wide-band-gap semiconductor cubic SiC, and calcula
band structures, the density of states, and the dielectric f
tion.

We found that the properties of the embedded nanoc
tallites depend strongly on the crystallite material, the cr
tallite size, the crystallite interaction, the type of the interfa
to the host crystal, and the electronic properties of the h
While the embedded Ge nanocrystallites turn out to con
tute a type-II heterostructure, the Si crystallites show a
features of a type-I system. For Ge nanocrystallites, only
uppermost hole states are localized within the crystallite
a

e,
n,
trin
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gion. The Si crystallites also induce empty states within
gap of the host material.

The interaction between nanocrystallites in adjacent
percells gives rise to a dispersion of the crystallite-induc
energy levels. The band structure and DOS show that via
dispersion the crystallite-induced bands might smear out
fundamental gap of the host. For Ge and Si nanocrys
embedded in cubic SiC with an experimental gap of ab
2.4 eV, the quantum confinement only affects the lowest p
in the optical absorption spectrum. This peak is particula
pronounced for Ge. The interface bonds play an import
role in the optical spectra because of the smallness of
nanocrystallites considered in this work. It is even difficult
decide which atoms of the system belong to the crystall
The first shell of Si atoms around a Ge crystallite with
Ge-Si interface behaves very similar to one more shell of
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