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Ab initio absorption spectra and optical gaps for hydrogen-passivated Ge nanocrystals are calculated using
time-dependent density functional theory within the adiabatic local density approximation. The results are
compared to previous effective mass, tight-binding, empirical pseudopotential, and “D self-consistent field”
calculations and shed light on the validity of the various approximations used. By comparing our results with
calculations for hydrogen-passivated Si nanocrystals, we predict that the Ge optical gap is smaller than that of
Si for any nanocrystal size.
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Semiconductor quantum dots have received considerable
attention due to their unusual optical and electronic proper-
ties and their promising applications in advanced electronic
devices.1,2 One of the most striking and best studied effects
in semiconductor quantum dots is the quantum size
effect—an inverse correlation between the optical gap and
the quantum dot size. This effect has been used, e.g., to tune
the fundamental absorption, and hence color, of CdSe semi-
conductor nanocrystals across the entire visible spectrum.3,4

Significant quantum size effects were also observed experi-
mentally in hydrogen-passivated nanocrystalline Si.5–7 By
decreasing the Si crystallite size, its optical gap was in-
creased to a value of up to,2.4 eV sin contrast to a bulk
value of ,1.1 eVd and the optical transition had a direct
charactersin contrast to an indirect one in the bulkd.

The optical gap of bulk Ge,,0.68 eV, is significantly
smaller than that of Si. In 1992, Takagahara and Takeda,8

using an effective mass theory, predicted that because the
effective mass of charge carriers in Ge is much smaller than
in Si, surface-passivated Ge nanocrystallites smaller than a
critical radius of,30 Å would exhibit an optical gap larger
than that of Si. Later, Hillet al.,9 using a tight binding ap-
proach, reached a qualitatively similar conclusion but revised
the critical radius value to,12 Å. This predicted “cross-
over” between the optical gaps of Si and Ge has since been
questioned. Reboredo and Zunger,10 using an empirical
pseudopotential approach, argued that there is no clear cross-
ing of optical gap vs size curves for Si and Ge nanocrystals
having a radius as small as,10 Å. More recently, Weissker
et al.11–13 estimated the optical gaps of Si and Ge nanocrys-
tals using the delta self-consistent fieldsDSCFd method, i.e.,
by taking the total energy difference between the ground-
state configuration and a configuration where one electron
was promoted to the lowest unoccupied molecular orbital
sLUMOd, leaving a hole in the highest occupied molecular
orbital sHOMOd. They did so within both the local density
approximation11,12 sLDA d and the local spin-density
approximation13 sLSDAd of density functional theorysDFTd
calculations, without11 and with structural relaxation,12,13and
did not find a clear crossover in any case. These different

comparisons between the quantum size effect in Ge and Si
nanocrystals are summarized in Fig. 1. For completeness, the
figure also contains data computed in the present worksdis-
cussed belowd.

Different theoretical predictions for the quantum size ef-
fect in Ge nanocrystals are summarized in Fig. 2sagain in-
cluding data from the present work that is discussed belowd.
It is readily observed that all of them obtain the same quali-
tative trend of an increasing optical gap with decreasing
nanocrystal size, but have little else in common. Most of
these studies were semiempirical in nature and usually relied
on parameters coming from fittingsmeasured or computedd
properties of bulk Ge. This may be a source of difficulty: the
effective mass approximation is known to overestimate opti-
cal gaps for crystallites on the nanoscale.14,15 Tight binding

FIG. 1. sColor onlined Optical gap of Ge and Si nanocrystals as
a function of diameter, computed using TDLDAsthis work, in blue,
down triangles with solid line: Ge, open circles with dotted line:
Sid, effective mass approximationsRef. 8, magenta, Solid line: Ge,
dash-dotted line: Sid, tight bindingsRef. 9, black, dashed line: Ge,
dotted line: Sid, empirical pseudopotentialssRef. 10, green, solid
circles with solid line: Ge, open squares with dotted line: Sid, and
DSCFsRef. 13, red, up triangles with solid line: Ge, diamonds with
dotted line: Sid.
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parametrization of bulk Ge is not unique and the extent to
which this parametrization remains valid for small nanocrys-
tallites is unknown. Indeed, as clearly seen in Fig. 2, tight
binding calculations of Ge nanocrystals performed by differ-
ent groups9,16–19exhibit significant scatter in the results. Em-
pirical pseudopotential calculations are, in principle, subject
to the same limitationssalthough to the best of our knowl-
edge only one such study for Ge nano crystals has been
reported10d. The question of the SiuGe crossoversor lack
thereofd then centers on which parametrization is more trust-
worthy. This makes finding a definitive answer difficult, es-
pecially as the reported magnitude of the crossover is of the
same order as the discrepancy between different calculations.
Furthermore, a crossover for very small crystallite sizes
swhere bulk parametrizations are surely suspectd is not ruled
out.

Experimental data for Ge nanocrystals are of little help in
obtaining further understanding: Optical spectra have been
reported for only a few sizes of hydrogen-passivated Ge
nanocrystallites,20,21but no focus on the gap energy has been
made. Furthermore, Gerionet al. recently reported that opti-
cal properties of solution synthesized Ge nanocrystals could
not be determined due to a large amount of residual by-
products in the powders.22

Clearly, such a situation calls forab initio calculations
that do not employ any parametrization and do not require
any experimental input. The onlyab initio investigations of
the crossover effect that we are aware of are theDSCF cal-
culations of Weisskeret al.11–13 sthe data of Ref. 13, which
include both structure and spin effects, are shown in Figs. 1
and 2d. However,DSCF is not rigorously anchored within
DFT because of the use of a partially filled orbital that is not
the highest occupied state. It may therefore introduce uncon-
trolled errors in estimating the electron-hole interaction, and
consequently the optical gap, correctly.23 Put differently,
DSCF presupposes that the optical transitions are dominated
by a single transition between a Kohn-Sham occupied state
and a Kohn-Sham unoccupied state, whereas the two-particle

electron-hole wave function created upon optical excitation
may involve many such Kohn-Sham transitions.23–25Optical
spectra of hydrogen-passivated Ge nanocrystals based on
conventional DFT have also been reported.12,26 However,
LDA spectra maysand often dod underestimate the correct
gap value significantly, nor are they expected theoretically to
yield adequate optical gap values.28 Therefore, they cannot
be relied on for a first-principles quantitative determination
of the optical gap, especially in the absence of experimental
data.

A different technique for calculating optical gaps which is
rigorously grounded within DFT is time-dependent DFT
sTDDFTd.27–30 Formally an exact approach, it is in practice
an approximate one owing to the typical use of the local
density approximationsLDA d instead of the exact spatial de-
pendence, and an adiabatic approximation instead of the ex-
act temporal dependence of the exchange-correlation func-
tional. This approximate implementation is usually known as
time-dependent LDAsTDLDA d. Compared to otherab initio
methods for computing excited states, TDLDA requires a
substantially smaller computational effort and can handle a
much larger number of atoms. Indeed, this method has been
shown to yield very good results for optical excitations in
molecules, clusters, and nanocrystals, in general,24 and for
quantum size effects in SisRef. 31d and CdSesRef. 32d
nanocrystals, in particular. Here we present TDLDA calcula-
tions for the optical spectra and the size-dependent optical
gap in hydrogen-passivated Ge nanocrystals and compare it
to previous TDLDA calculations preformed for hydrogen-
passivated Si nanocrystals.31

A detailed discussion of TDLDA formalism,24,29,30,33

implementation,25 and applications24 has been given else-
where. Briefly, we first solve the Kohn-Sham equation

S−
¹2

2
+ o

RW a

VpssrW − RW ad + VHfrsrWdg + VxcfrsrWdgDcnsrWd

= EncnsrWd. s1d

In Eq. s1d, En andcnsrWd are thenth Kohn-Sham eigenvalue
and orbital, respectively,rsrWd is the valence charge density,

VpssrW−RWad is the pseudopotential associated with an atom

situated atRWa, VHfrsrWdg is the Hartreeselectron-electrond po-
tential, VxcfrsrWdg is the exchange-correlation potential, and
atomic units are used throughout. We then use the Kohn-
Sham orbitals to construct a coupling matrixK given by

Kij ,kl = 2E E ci
*srWdc jsrWdS 1

urW − r8W u
+

dVxcfrsrWdg
drsrWd D

3cksr8W dcl
*sr8W ddrWdr8W , s2d

and use it to construct another matrixQ given by

Qij ,kl = dikd jlvkl
2 + 2Îli jvi jKij ,kl

Îlklvkl, s3d

wherevi j =Ej −Ei are the Kohn-Sham transition energies and
li j = f i − f j are the differences between the occupation num-
bers of theith and thej th states. Finally, optical transition

FIG. 2. sColor onlined Optical gap of Ge nanocrystals as a func-
tion of diameter, computed using TDLDAsblue circles, this workd,
effective mass approximationsmagenta solid line, Ref. 8d, tight
binding sgreen lines; solid line: Ref. 9, plus signs: Ref. 16, squares:
Ref. 18, dotted line: Ref. 19d, empirical pseudopotentialssblue dia-
monds: Ref. 10d, andDSCF sred up triangles: Ref. 13d.
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energiesVI are obtained from solving the eigenvalue prob-
lem

QFI = VI
2FI , s4d

and oscillator strengths are calculated from the eigenvectors
FI.

All calculations were performed usingPARSEC—a soft-
ware suite based on a real-space approach using the higher-
order finite difference method.34 We used the Ceperley-Alder
form of the local density approximation35 in conjunction
with norm-conserving Troullier-Martins pseudopotentials,36

with a cutoff parameter of 2.8 a.u. for Ge and 1.2 a.u. for
H.37

We carefully tested the convergence of the computed ab-
sorption spectra with respect to the real-space grid spacing,
the size of the domain in which the equations were solved,
and the number of empty Kohn-Sham orbitals included in the
calculation. We used a spherical domain such that the outer-
most atom of the nanocrystals was at least 17 a.u. from the
boundary, a grid spacing of 0.3–0.5 a.u. for coordinate re-
laxation, a grid spacing of 0.45–0.7 a.u. for TDLDA calcu-
lations, and a number of unoccupied states that was at least
twice as large as the number of the occupied states.

Approximately spherical hydrogen-passivated Ge nanoc-
rystals were considered, where all Ge atoms were assumed to
be located at their ideal bulk positions, and hydrogen atoms
were placed so as to passivate every Ge dangling bond. The
smallest “nanocrystal” thus constructed was GeH4 swhich is
simply the germane moleculed, and the largest nanocrystal
studied here was Ge147H100. Initially, GeuGe and GeuH
bond lengths of 4.55 and 2.89 a.u., respectively, were used.
Because bigger colloidal Ge nanocrystals are known to retain
their bulklike structure,20 atomic coordinates were relaxed
completely only for small clusterssup to and including
Ge29H36d. For larger nanocrystals, only the two outer shells
were relaxed. Even the unrelaxed Ge atoms did not experi-
ence a force exceeding,10−2 Ry/Bohr after relaxation.

Computed TDLDA spectra for the optical absorption
cross sectionsin units of aread,33 for each of the Ge clusters
studied, are shown in Fig. 3. Each spectrum is compared
with a stime-independentd LDA spectrum obtained by con-
sidering filled and empty Kohn-Sham orbitals as true one-
electron wave functions. Both LDA and TDLDA spectra
were broadened by convolving with a 0.1 eV Gaussian for
simulating finite temperature, lifetime, and experimental
resolution effects.38 With increasing nanocrystal size, both
LDA and TDLDA spectra feature a gradual decrease in the
absorption and a gradual evolution from discrete spectra for
the smaller systems to quasicontinuous spectra for the larger
ones. It is readily observed that the TDLDA spectra display a
significant blueshift with respect to the LDA spectra. It can
also be observed that in the low-energy region the LDA spec-
tra present much larger oscillator strengths than that of the
TDLDA spectra. Both effects are typical of TDLDA and
have been observed in many other nanocrystalline and clus-
ter systems.24

Two factors enter into ascertaining the existence of an
induced dipole transition: the existence of a transition energy
and its corresponding oscillator strength. Within our fre-

quency domain TDLDA approach, both terms are obtained
and should always be considered together when predicting
optical properties. This is because a large number of low-
intensity transitions may exist near the absorption edgeses-
pecially for the larger clusters studied, where the absorption
spectra become essentially quasicontinuousd. Taken individu-
ally, the oscillator strengths of these transitions would be
located far below the experimentally detectable limit.24 In
order to extract an optical gap from the present set of spectra,
we took the absorption edge as the energy threshold at which
the absorption is 2% of the total absorption. The same crite-
rion was used previously for determining optical gaps in Si
sRef. 31d and CdSesRef. 32d nanocrystals and was found to
yield good agreement with experiment. The extracted gaps
are shown in both Figs. 1 and 2. In the former, they are
accompanied by the gaps calculated previously for Si nanoc-
rystals using the same methodology.31

Because of the large number of near-gap transitions,
TDLDA predictions for near-gap optical activity are mean-
ingful only if one averages the oscillator strengths over a
relatively narrow energy windowsin this case, 0.1 eVd
around the optical gap. These calculated average oscillator
strengths for near-gap transitions are shown in Fig. 4.
Clearly, the oscillator strength of dipole-allowed transitions
near the absorption edge decreases strongly with increasing
cluster size. This diminishing optical activity is consistent
with a shift from direct absorption for the smallest molecules

FIG. 3. Absorption spectra of Ge nanocrystals calculated using
TDLDA ssolid linesd and LDA sdashed linesd.
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and clusters to a formation of an indirect bandgap in the limit
of bulk Ge. A similar behavior has been noted previously for
TDLDA calculations of Si nanocrystals.24,31

In the absence of experimental data for the Ge nanocrys-
talline sizes studied here, our only point of experimental ref-
erence is the optical measurement of Itohet al.39 for
germane—which serves here as the limiting case of the “zero
diameter” nanocrystal. Here, our TDLDA-calculated optical
gap value is 8.15 eV, which compares very well to the ex-
perimental value of 8.3 eV.

Compared to other theoretical calculations shown in Fig.
2, our new Ge results appear to be in very good agreement
with the tight binding calculations of Niquetet al.19 and
agree with them to within,0.2 eV where there is an overlap
in the data. The data of Niquetet al.,19 in turn, agree very
well with the empirical pseudopotential calculations of Re-
boredo and Zunger for larger crystallite sizes.10 By extrapo-
lation, we consider our data to be in good agreement with the
empirical pseudopotential data as well. This brings about an-
other interesting point: it is well known that even though
TDLDA works quite well for strongly localized systems, it
yields optical gaps similar to those predicted by LDA for the
bulk.40 At present, it is unclear at what system size TDLDA
should start to fail appreciably and how that failure may
depend on the specifics of the system studied. In our case,
the agreement with the results of Refs. 10 and 19 strongly
suggests that we have not reached appreciable failure of
TDLDA for the Ge nanocrystals studied here.

We do not find a quantitative agreement between our re-
sults and any of the other computations. Our results show yet
again that the effective mass calculations of Takagahara and
Takeda8 significantly overestimate more sophisticated theo-
ries at small nanocrystals sizes. Furthermore, we do not find
ab initio support for the results of any tight binding calcula-
tion other than that of Niquetet al.19

As compared to theDSCF calculations of Weisskeret
al.,13 we find excellent agreement for the smallest crystalline
sizes. For larger sizes, however, theDSCF results become
increasingly smaller than our TDLDA datasas well as the
data of Refs. 10 and 19d. Interestingly, Weisskeret al.13 have
previously noted an increasing difference between their Si

nanocrystalline absorption data and the experimental data of
Furukawa and Miyasato.5 They have suggested that this may
indicate that theDSCF method becomes less accurate with
increasing nanocrystal size. Perhaps the same is true for the
Ge nanocrystals. We do not believe that this difference be-
tween the TDLDA and theDSCF results is due to structural
effects. First, as already noted the residual forces in the struc-
tures used are quite small. Second, previousDSCF work has
shown that relaxation tends to increase the optical gap of Ge
nanocrystals.12 If further relaxation were to play a major role
in our calculations, we would expect an increase in the opti-
cal gap values, making them even more different than the
DSCF ones. Similarly, a failure of TDLDAsvalues tending
towards the LDA onesd would again mean that the difference
between theDSCF results and the “true” TDDFT results
would be even larger.

We now turn to the Si/Ge crossover question. Figure 1
compares TDLDA results for both Si and Ge with all previ-
ous calculations known to us where an explicit comparison
between Si and Ge was made by the original authors. For a
meaningful comparison, we deliberately avoided including
other data, where different approximations, methodologies,
or passivation method may contribute to the difference in
optical gap as much assand perhaps more thand the differ-
ence in materials. Clearly, we do not find a crossover be-
tween the Si and Ge optical gap curves for any crystallite
size, although for small enough crystallites the curves closely
track each other. As explained above, our nanocrystals are
taken such that the limiting cases“zero diameter” nanocrys-
tald is GeH4 sgermaned or SiH4 ssilaned, for the Ge or Si
nanocrystals, respectively. Figure 1 clearly predicts that the
optical gap order is preserved even for this molecular limit.
Indeed, experimentally the optical gap of germane is smaller
than that of silanes8.3 vs 8.8 eV, respectivelyd.39

Qualitatively, our results provideab initio support for the
conclusions of Reboredo and Zunger10 and of Weisskeret
al.11–13 and disagree with the earlier predictions of Takaga-
hara and Takeda8 and of Hill et al.9 Quantitatively, our re-
sults agree very well with those obtained from semiempirical
pseudopotentials,10 but again differ from theDSCF results,13

the latter being similar to the TDLDA ones for the smallest
nanocrystals, but lower in energy for the larger ones.

In conclusion, we have calculated absorption spectra and
optical gaps for hydrogen-passivated Ge nanocrystals using
first-principles time-dependent LDA calculations. This made
a critical assessment of previous calculations possible, and
appears to validate the empirical psuedopotential and tight
binding calculations of Refs. 10 and 19, respectively. Ourab
initio calculations, obtained from a rigorous excited-state for-
malism, provided fresh first-principles evidence for a lack of
“crossover” between the optical gaps of Si and Ge nanocrys-
tals. Clearly, our TDLDA calculations are not capable of
computing nanocrystals as large as those made possible by
semiempirical approaches. We find, however, that such cal-
culations may lend credence and confidence to some semi-
empirical results, thereby making the two approaches
complementary.
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FIG. 4. Average oscillator strengths for near-edge optical tran-
sitions in Ge nanocrystals as a function of size. The dashed line is a
linear fit.
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