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ynamics of electronic excitations

in quantum dots (QDs) made of

semiconducting’? and metallic3
materials underlies a variety of applications,
including photovoltaic solar cells,*”° light-
emitting diodes,'® field-effect transistors,'
lasers,'? quantum emitter antennas,' fluo-
rescent biological imaging probes,'*
quantum information processing,'® spin-
tronics,'”” thermopower devices,'® etc.
Electron—phonon interactions'® play key
roles in most of these applications and carry
significant fundamental and practical im-
portance. For instance, it is desirable in QD
lasers that all electrons relax rapidly to the
lowest excited state, from which the pho-
tons are emitted with an optical gain. Simi-
larly, in biological imaging probes, rapid
electron—phonon relaxation to the lowest
excited electronic state will generate emis-
sion of a well-defined color. In contrast, the
decay of the highly excited electrons in QD
solar cells results in voltage and current
losses, and therefore, it should be avoided.

Electron—phonon interactions give rise

to two related but qualitatively different
phenomena, namely, relaxation and
dephasing. Compared to the electron—
phonon energy relaxation, the
electron—phonon dephasing is a more
subtle effect. An elastic process, the dephas-
ing conserves the electronic energy. It de-
stroys coherences between electronic
states, converting them into ensembles of
uncorrelated states (Figure 1). Light absorp-
tion and emission create superpositions of
ground and excited states. Dephasing of
such superpositions determines optical line
widths. Coulomb interactions generate su-
perpositions of single and multiple excited
electron—hole pairs. Elastic dephasing of
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ABSTRACT Phonon-induced dephasing processes that govern optical line widths, multiple exciton (ME)

generation (MEG), and ME fission (MEF) in semiconductor quantum dots (QDs) are investigated by ab initio

molecular dynamics simulation. Using Si QDs as an example, we propose that MEF occurs by phonon-induced

dephasing and, for the first time, estimate its time scale to be 100 fs. In contrast, luminescence and MEG dephasing

times are all sub-10 fs. Generally, dephasing is faster for higher-energy and higher-order excitons and increased

temperatures. MEF is slow because it is facilitated only by low-frequency acoustic modes. Luminescence and MEG

couple to both acoustic and optical modes of the QD, as well as ligand vibrations. The detailed atomistic simulation

of the dephasing processes advances understanding of exciton dynamics in QDs and other nanoscale materials.
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the exciton superpositions plays a key role
in the excited state dynamics in semicon-
ductor QDs, in addition to the relaxation
processes that result in energy transfer. As
a further step, excitons may dephase into
uncorrelated electron—hole pairs that facili-
tate charge transport.

Particularly exciting is the intense debate
regarding the generation of multiexciton
(ME) states in semiconductor QDs upon ab-
sorption of high-energy photons. Predicted*
several years before the discovery,® ME gen-
eration (MEG) from high-energy photons
avoids energy losses associated with
electron—phonon relaxation to lower en-
ergy levels. MEG has drawn close atten-
tion due to its potential for significant
improvement of photovoltaic device
efficiencies.*~ 922326 First studies of MEG re-
ported extremely high efficiencies.”~ 7202123
Later, MEG yields were shown to depend
strongly on the exact conditions of QD syn-
thesis, and the quoted numbers became
lower.222>=28 Nevertheless, even modest ME
yields can provide the fundamental advance
that is needed to make the photovoltaic tech-
nology into a major resource capable of
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Figure 1. Pairs of states involved in the phonon-induced
dephasing processes studied in this work.

competing with the current energy supplies. Detection
of MEs in Si QDs’ is particularly important since the cur-
rent solar-cell industry is almost entirely Si-based. It is es-
sential that MEs generated in semiconductor QDs can dis-
sociate into free charge carriers and that the free charge
carriers can be extracted from the QDs.8%30

MEG is intimately related to phonon-induced
dephasing. Of the three proposed MEG mechanisms,
two rely on the dephasing processes. The inverse
Auger mechanism of MEG, also known as impact ioniza-
tion,* assumes incoherent transitions from high-energy
single-exciton states to MEs. The loss of electronic co-
herence occurs by coupling to phonons and, in this
case, should be faster than MEG. The dephasing
mechanism®23 starts with a coherent superposition
of single and ME states and associates MEG with the
dephasing of this superposition (Figure 1). In the direct
mechanism,?'?226 MEs are created immediately upon
absorption of a photon. Calculations show?® that the di-
rect process is particularly efficient in lead salt QDs, in
which MEs were seen first,>52 and that is it quenched
by QD charging.?’ Note that, in addition to MEG
quenching per se, QD charging complicates the analy-
sis of the experimental data and can lead to overestima-
tion of the MEG vyields.?

Once MEs are created by either mechanism, they
must dissociate into uncorrelated excitons (Figure 1)
that coexist within the same QD and luminesce inde-
pendently. The loss of correlation within the coherent
superposition of MEs can be named ME fission (MEF)
because it is closely related to the singlet fission pro-
cess in tetracene, anthracene, and other polyacene crys-

Si H

tals.2* Singlet fission in the molecular systems occurs
by decay of a photoexcited singlet state into two trip-
lets. It is not clear at present whether MEF produces
triplets or singlets in semiconductor QDs. The resulting
uncorrelated states emit light. This is possible either if
the states are singlets or if they are triplets, and strong
spin—orbit coupling allows transitions between triplet
and singlet manifolds. The MEF process has not yet
been studied in semiconductor QDs. Here, we propose
that it occurs by phonon-induced dephasing.

Focusing on a QD made of Si, which is the most im-
portant semiconductor, we characterize the phonon-
induced dephasing processes for a variety of exciton
states at ambient and low temperatures. For the first
time, we compute the MEF dephasing time. Addition-
ally, we report the dephasing times that govern optical
line widths and MEG. Previously, such values were cal-
culated for PbSe and CdSe QDs.3>3 In contrast to PbSe
and CdSe, Siis an indirect band gap semiconductor. We
investigate whether or not the MEG and MEF mecha-
nisms and electron—phonon coupling remain similar in
Si. We show that dephasing leading to MEF requires
hundreds of femtoseconds. At the same time, dephas-
ing responsible for luminescence line widths and MEG is
much quicker, about 10 fs. Generally, dephasing is faster
at higher energy, higher temperature, and with higher-
order excitons. Both acoustic and optical phonons con-
tribute to luminescence line widths and MEG. The
higher-frequency optical modes determine the fast
time scales associated with these phenomena. In con-
trast, MEF is facilitated only by low-frequency acoustic
modes. As a result, it proceeds slowly and varies with
temperature more than MEG and luminescence.

RESULTS AND DISCUSSION

The vibrationally induced dephasing times for MEG,
MEF, and luminescence line width are computed using
the optical response function formalism,** as described
in the Methods section, eqs 1—6. The calculations are
performed with the SigH,, QD presented in Figure 2a.

Figure 2. (a) Optimized geometry of SigH,4 quantum dot. (b) Band gap transition density. Red and blue colors correspond

to positive and negative density changes.
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ficient, treatment of electronic excita-
tions was essential in order to achieve
statistical convergence of the optical
response functions, requiring thou-
sands of electronic structure
calculations.

Figure 3 provides a detailed dia-
gram of the dephasing processes under consideration.
The corresponding dephasing times are presented in
Table 1. The two states shown in each frame in Figure
3 are in a coherent superposition initially. The superpo-
sition dephases due to electron—phonon coupling.
Dephasing of the superposition between the band gap
excited state E5 and the ground state determines the lu-
minescence line width, which can be directly com-
pared to experimental data.?® The rest of the top row
shows three examples of superpositions of single and
MEs: a 2E4 single exciton that is near-resonant in energy
with the band gap biexciton, a 3E4 single exciton with
the band gap biexciton, and the 3£, single exciton that
is near-resonant with the band gap triexciton.

Note that the energies of the states in the 3£/
biexciton superposition are different, in contrast to the
2E4/biexciton and 3Ey/triexciton superpositions. The
3E4/biexciton superposition is possible quantum me-
chanically. After the dephasing, the system becomes a
statistical mixture of the 3£y and biexciton states. Ex-
perimentally, this implies, for example, that 100 pho-

band gap.

TABLE 1. Dephasing Times (fs) for All Processes Shown in
Figure 3

T=280K T=300K

process <E,>=255eV <E>=234eV
luminescence Ey/grd 6.98 = 0.21 3.96 = 0.10
MEG 2k /biexc 733 017 395013
3Ey/biexc 488 £0.11 2.63 = 0.07

3E,/triexc 2,96 + 0.09 1.60 = 0.05

MEF EyJESh 205.33 = 0.87 54.43 = 1.06
ESVES 33478 £ 5.29 86.25 = 1.58

EyJES 337.52 £ 3.02 103.14 £ 1.63

EylEs 367.01 = 1.94 78.73 * 0.96
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tons of energy 2.5, will produce, after the dephasing,
50 3£, states and 50 biexcitons. If only a single photon
is absorbed, there will be a 50% chance to observe the
3E, state and a 50% chance to observe the biexciton.
The energy conservation law will not be violated be-
cause measuring a state energy requires interaction
with the quantum system. The 0.5E; energy difference
between the 2.5E, energy of the photon and either the
3E4 or biexciton energy will be accommodated by the
measuring apparatus.

The diagrams in Figure 3 are schematic. For in-
stance, three electrons and holes forming a triexciton
cannot occupy only two orbitals. In reality, the particles
reside over a range of orbitals within kT of energy, cre-
ating ensembles of bi- and triexcitons.

The bottom row in Figure 3 depicts the biexciton fis-
sion diagrams. In the orbital picture adopted here, elec-
trons and holes occupy orbitals that are delocalized
over the whole QD. The number of orbitals is large, and
the energy spacing between them is small, on the or-
der of kgT. The E4 exciton is a collection of excitons oc-
cupying orbitals near the band gap. In order for a ME to
dephase, the resulting single excitons must be distinct
in some way. Otherwise, their coupling to phonons will
be identical and no dephasing can occur. Therefore,
we consider MEF into single excitons that have differ-
ent occupations of the orbitals within kgT near the band
gap. Four possibilities are considered. The first and sec-
ond diagrams in the bottom row of Figure 3 involve
symmetric and asymmetric differences in both elec-
tron and hole occupations. The third and fourth dia-
grams involve changes in either hole or electron
occupation.

Figure 3. Detailed diagram of the dephasing processes considered here. The correspond-
ing dephasing time scales are given in Table 1. Top row: dephasing of the superposition be-
tween the band gap exciton (Ey) and ground state determines the luminescence line width;
MEG involves dephasing of single and multiple excitons, such as the double band gap exci-
ton and biexciton (2E4/biexc), the triple band gap exciton and triexciton (3E,/triexc), and off-
resonant superposition of the triple band gap exciton and biexciton (3E,/biexc). Bottom
row: MEF involves dephasing of various superpositions of single excitons within kT of the

/ \NJ
VOL.3 = NO.9 » 2487-2494 = 2009 ACINJANIC

),

=4

2489



2490

—— Eg/grd — — 3E/triexc E/ESn

0.8
0.6
0.4
0.2

-0.2

C(t)[eVY]

o S
0 = b

©S6 6 ooo
A A N O N MO

S
o0

0 100 200 300 400 500
Time [fs]

Figure 4. ACFs for the luminescence (E,/grd), MEG (3E,/
triexc), and MEF (Eg/Eg'h) dephasing processes defined in Fig-
ure 3. The top and bottom frames correspond to ambient
and low temperatures as indicated. The luminescence and
MEG ACFs differ from MEF ACFs because MEF couples to a
different set of phonons (Figure 5).

The optical response functions characterizing the
dephasing processes can be obtained directly or via
the second-order cumulant expansion;** see detailed
discussion in the Methods section. Both cumulant
(eq 5) and direct (eq 6) approaches give similar results,
and only the direct dephasing data will be discussed be-
low. However, the cumulant approximation involves in-
termediate steps and provides additional insights into
the dephasing process. Figure 4 presents the normal-
ized autocorrelation functions (ACFs), defined in eq 3,
for the luminescence (Eg/ground), MEG (3E/triexciton),
and MEF (Eo/ES") processes at 300 and 80 K. The first two
ACFs track each other quite closely. In contrast, the
ACFs describing MEF oscillate with much smaller ampli-
tudes. Since the higher temperature excites a wider
range of vibrations and makes them less harmonic, the
ACFs oscillate more randomly at 300 than at 80 K. De-
fects expand the frequency range and increase anhar-
monicity, speeding up ACF decay as seen, for instance,
in carbon nanotubes.>® Thermally induced surface de-
formations and terminating hydrogen atoms could be
viewed as defects in the present case. Indeed, as shown
in Figure 2b, the band gap transition density extends
onto a few hydrogen atoms on the Si QD surface.

The Fourier transforms (FT) of the ACFs (eq 4) are
shown in Figure 5. They indicate that both acoustic
and optical modes contribute to luminescence line
widths and MEG. As with the ACFs (Figure 4), the Ey/
ground and 3Ey/triexciton data closely match. In con-
trast, only low-frequency acoustic modes are involved
in MEF. It should be noted that quantum confinement
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Figure 5. Fourier transforms of ACFs shown in Figure 4.

induces mixing of different types of modes,*” and
phonons can be classified as acoustic or optical only ap-
proximately. The majority of the modes contributing
to the dephasing processes involved in luminescence
and MEG lie within the 200—500 cm ™' frequency range.
Further peaks appear at 600 cm™' and at the very low
frequencies of less than 100 cm ™. The phonon around
350—360 cm ™', seen in the vibrational density of states
in Si QDs,*” is particularly important, especially at the
lower temperature (bottom panel of Figure 5). Thermal
fluctuations break the symmetry of the QD and distort
its geometry. As a result, a larger number of modes con-
tribute to the luminescence and MEG dephasing pro-
cesses at the higher temperature. This can be seen par-
ticularly well with the low-frequency modes, which
appear only at T = 300 K and arise due to QD distor-
tions. Compared to the PbSe and CdSe QDs of similar
size,*>3 dephasing of luminescence and MEG is caused
by higher-frequency modes in the Si QD, as should be
expected, since Si is a lighter atom. MEF is dominated
by low frequencies at both temperatures. MEF involves
orbitals that are close in energy (see Figure 3) and,
therefore, have similar densities, number of nodes, etc.
As a result, the energy gaps between pairs of low-
energy excitons oscillate very slowly, even though the
energies of individual excitons oscillate fast, as evi-
denced by the Eg/ground data.

The direct dephasing functions (eq 6), correspond-
ing to Figures 4 and 5, are plotted in Figure 6. The
dephasing times shown in Table 1 for all processes
specified in Figure 3 were obtained by fitting the
dephasing functions with Gaussians. The dephasing
times involved in luminescence and MEG are all sub-10
fs. The dephasing involving a triexciton occurs faster
than the dephasing involving a biexciton or a single
exciton.

www.acsnano.org
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Figure 6. Dephasing functions for the luminescence, MEG
and MEF processes considered in Figures 4 and 5. Dephas-
ing times obtained by Gaussian fitting are shown in Table 1.

The dephasing of MEF is significantly slower than
dephasing responsible for luminescence line widths
and MEG. The order of magnitude difference becomes
more pronounced at the lower temperature. The dras-
tic disparity in the decays of the dephasing functions
shown in Figure 6 contradicts, at the first glance, the
similarity of the ACF decay rates (Figure 4). In the cumu-
lant approximation (eq 5), the dephasing rate can be at-
tributed to a combination of decay time and ampli-
tude of un-normalized ACF. It is the amplitude that is
responsible for the large difference between the
dephasing times of MEF and MEG/luminescence. The
fluctuation of the MEG and luminescence energy gaps
determines the initial value of the unnormalized ACF
(eq 2). Larger gap fluctuations convert to faster dephas-
ing. The states involved in MEF are very close in ener-
gies (Figure 3). The state densities are similar, and the
energy gaps between these states fluctuate little. Den-
sity changes involved in MEG and luminescence create
more significant perturbations to the vibrational lattice,
involve a broader range of phonon motions (Figure 5),
and accelerate dephasing (Figure 6 and Table 1). Since
the MEF dephasing times arise from small fluctuations
of the energy gaps, they should be sensitive to QD size,
surface ligands, solvent, etc. Nevertheless, it is quite
clear that, generally, MEF dephasing should take much
longer than that of MEG and luminescence. While the
MEF time has not been measured yet in semiconduc-
tor QDs, the MEF time calculated here for Si QD agrees
with the time scale of singlet fission observed in molec-
ular systems.3®

The loss of coherence between the ground and the
lowest excited state is ultrafast, and therefore, the ho-
mogeneous widths of luminescence lines in isolated Si
QDs should be remarkably broad. The line widths de-

www.acsnano.org

duced from the present theory are about 150 meV at
room temperature and 80 meV at 80 K, in agreement
with the available experimental data.3**° The experi-
mental values are somewhat smaller, 130 and 60 meV,
correspondingly, since they were measured using sig-
nificantly larger Si nanoclusters. Note that the current
results correspond to the overall shape of the emission
line. The ultra-narrow peaks observed at the lower tem-
perature* are attributed to individual phonon modes.
The line widths reported here include contributions
from all phonon modes.

The luminescence and MEG dephasing times com-
puted for the Si QD are very similar to those obtained
previously for a range of PbSe and CdSe QDs.3%*3 Even
though Si is an indirect band gap semiconductor, in
contrast to PbSe and CdSe, this qualitative difference
disappears for small QDs. Recent experiments show
that small Si QDs with quantum confinement energies
greater than 1 eV and sizes less than 4 nm behave simi-
larly to the direct gap QDs.*!

The Kohn—Sham density functional theory formal-
ism used here captures some of the electron correla-
tion effects, which enter implicitly through the func-
tional. However, more advanced theories are needed
for description of strong excitonic effects.?>*® The exci-
tonic interactions should be more important in Si and
CdSe QDs than in PbSe because the bulk dielectric con-
stants of Si*? and CdSe*? are small, 11.97 and 6.2, respec-
tively, compared to 250 for PbSe,** and the screening
of excitonic interactions is not as effective. Additionally,
the exciton radius of bulk Si is relatively small,** 4.3
nm, compared to 46 and 6 nm for PbSe and CdSe.*
Therefore, the electron kinetic energy associated with
guantum confinement starts dominating over the exci-
tonic interactions at a smaller QD size in Si than in PbSe.
Quantum confinement dominates excitonic interac-
tions in the small Si QD considered here. However, in
larger dots, one can anticipate a change in the cluster
size dependence of the dephasing rate* and in the dif-
ference among the exciton/biexciton/triexciton
dephasing times.*’ Estimating the effect of strong exci-
tonic interactions on the dephasing dynamics in Si QDs
remains an open question.

CONCLUSIONS

The current study proposes that MEF occurs by
dephasing of a coherent ME superposition due to cou-
pling to phonons. The established MEF time scale,
50—400 fs depending on temperature and biexciton
type, agrees with the available experimental data.® The
larger the difference in the nature of the two excitons
creating the biexciton, the faster the fission: compare
the Eg/ES" case with the other three possibilities (Fig-
ure 3 and Table 1). In larger dots, the spacing of the en-
ergy levels near the band gap will decrease, and the ex-
citons creating MEs will occupy states that are more
similar in nature. This factor will extend the MEF
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dephasing process. At the same time, the denser set of
phonon modes and surface defects that are more likely
in larger dots should accelerate dephasing.***® Surface
ligands and solvents can create additional dephasing
pathways, as well.”#°~5" It is likely that the phonon
dephasing mechanism of MEF acts in both QD and mo-
lecular systems 243852

The conclusions obtained for the MEG process with
the current Si QD simulation agree with the earlier re-
sults for the PbSe and CdSe QDs.3%** According to the
calculations, the MEG dephasing time is on the order of
10 fs. The ultrafast dephasing suggests that impact ion-
ization described by rate expressions* is one of the key
MEG mechanisms. The fact that biexcitons and triexci-
tons dephase faster than single excitons supports the
dephasing mechanism of MEG.5? The short but finite
coherence time is sufficient for direct photogeneration
of multiple excitons,?'?® provided that the Coulomb in-
teraction that mixes the single and multi-exciton states
is on the order of tens of electron volts or stronger.
The dephasing parameters obtained here provide valu-
able input to the phenomenological models.®>3

In summary, we proposed a dephasing mechanism
for the MEF process in semiconductor QDs. The 100 fs
MEF time scale was estimated for the first time and
agrees with the available experimental data.>® Addition-
ally, we reported the first atomistic calculation of the
pure dephasing contribution to the luminescence line
widths of Si QDs, rationalizing the experiments.3**° The
sub-10 fs MEG dephasing times evaluated for the Si
QD are similar to the earlier calculations for PbSe and

METHODS
The vibrationally induced dephasing times for MEG, MEF,

and luminescence line width are computed using the optical re-
sponse function formalism.3* Excluding inhomogeneous broad-
ening associated with a distribution of optically active species,
the intrinsic homogeneous line width, I, of an optical transition
is inversely proportional to the dephasing time T>. The latter in-
cludes the excited state lifetime T; and pure dephasing time T5:

S R
r_Tz_2T1+T§ )

For sufficiently long T, I' is determined by T3.

The pure dephasing time is associated with fluctuations of
the energy levels due to coupling of electrons to phonons of
the semiconductor, ligands, a solvent, etc. The fluctuations in the
energy levels are best characterized in terms of correlation func-
tions. The un-normalized autocorrelation function (ACF) for a
transition of energy E is defined as

Cu(t) = (AE(AE(0)) @

where AE = E — (E), and the angular brackets denote averag-
ing over a statistical ensemble, in particular, canonical averag-
ing in the present study. The initial value of the un-normalized
ACF gives the average fluctuation in the transition energy, C,(0)
= (AE%(0)). Dividing C,(t) by C,(0) gives the normalized ACF:

_ (AEAEQ)

C(t)
(AEX0))

@)
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CdSe QDs.>2%3 The dephasing time scales of MEF are
much longer than those of MEG and luminescence due
to small differences in the nature of excitons involved
in MEF relative to MEG and luminescence. For the same
reason, the MEF process is facilitated by low-frequency
acoustic modes, while both acoustic and optical modes
contribute to MEG and luminescence line widths. Since
the dynamics of the lower-frequency modes is more
significantly affected by temperature variations, the
MEF dephasing time shows stronger temperature de-
pendence than the other two dephasing times. There-
fore, the large difference in the dephasing time scales
for the MEF and MEG processes is emphasized at lower
temperatures.

Surface modes involving the terminating hydrogen
atoms and a layer of silicon atoms play important roles
in the dephasing processes involved in luminescence
and MEG. The properties of these modes should be
roughly independent of the cluster size. A slight fre-
quency red shift can be expected in larger clusters due
to stronger mixing with the lower-frequency bulk
modes. The contribution of the surface modes to the
dephasing processes relative to the bulk modes should
decrease with increasing cluster size. Further studies of
the surface modes are underway.

The results reported here provide valuable insights
into the dynamics of excited electronic states in semi-
conductor QDs and contribute to our understanding of
the role of MEs in the efficiencies of photovoltaic
devices.

ACFs characterize periodicity and memory of the energy fluctua-
tions. Rapid decay of an ACF indicates short memory and oc-
curs if multiple phonon modes couple to the electronic transi-
tion and if the coupling is anharmonic.

The Fourier transform (FT) of the ACF is known as the spec-
tral density:

? (4)

1 > —jot
o) = |—_ dte c(p)
\/ZT[ L/im

It identifies the frequencies of those phonon modes that effi-
ciently couple to the electronic subsystem. The strength of the
electron—phonon coupling for a particular mode is related to
the intensity of the corresponding line in the spectral density.

The optical response functions characterizing the dephas-
ing processes for a pair of states that are entangled in a coher-
ent superposition can be obtained directly or via the second-
order cumulant expansion.>* The cumulant expansion
approximation involves the ACF that, together with its FT, pro-
vides additional information about the dephasing process. The
cumulant dephasing function is obtained by double integration
and exponentiation of the unnormalized ACF (eq 2).

1 t T
D = exp(=g(0). 9(0) = j; dr, j; dr, %) (5)

The above expression indicates that rapid dephasing is facili-
tated by a large fluctuation of the transition energy, that is, large
C,(0) = (AE?(0)), as well as by a short memory of the fluctuation
(i.e., rapidly decaying ACF).
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Alternatively, the dephasing function can be computed di-
rectly as

D) = exp(i(»t)<exp(7% j; * AE() d'c)> ©)

Here, w is the thermally averaged transition energy (AE) di-
vided by %. The direct expression is more difficult to converge
because it involves averaging of a complex-valued oscillatory
function

exp(*% L/: AE(T) d‘[)

whose real and imaginary parts change signs. In comparison, the
cumulant expression (egs 2 and 5) involves averaging of a real
and positively valued transition energy and its ACF.

The phonon-induced dephasing of electronic transitions of
molecular chromophores is often characterized at the atomistic
level by molecular dynamics (MD) simulations.”* Phenomeno-
logical models developed for crystals® clarify trends associated
with crystal size, electron—phonon coupling strength, tempera-
ture, etc.

The atomistic calculations reported here were performed
with the SigHy4 QD. The initial geometry of the cluster was gen-
erated from Si bulk structure. Hydrogen atoms were added in or-
der to terminate the dangling Si bonds and eliminate spurious
surface states. The geometry of the cluster was fully optimized at
zero temperature. The cluster was brought up to 80 and 300 K
by MD with repeated velocity rescaling. Microcanonical trajecto-
ries of 5 ps duration were produced for each temperature using
the Verlet algorithm with a 1 fs time step and
Hellman—Feynman forces. The relaxed Si,oHy4 cluster shown in
Figure 2a preserved the bulk topology of Si. The dynamics in-
volved no major changes in the QD atomic and electronic struc-
ture, such as bond breaking, and the 5 ps trajectories provided
converged results. The convergence was tested by computing
the statistical averages over shorter trajectories. The qualitative
trends were preserved, and the quantitative differences were
less than 10%. The simulations were performed using density
functional theory implemented with the Vienna Ab Initio Simula-
tion Package.*® The projector-augmented-wave pseudopotein-
tals, Perdew—Wang 91 generalized-gradient density func-
tional,*” and a converged plane-wave basis set were employed.
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