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Abstract: We have computed absorption and emission energies of silicon nanocrystals as a function of
size and of surface passivants, using both density functional theory and quantum Monte Carlo calculations.
We have found that the ionic rearrangements and electronic relaxations occurring upon absorption and
emission are extremely sensitive to surface chemistry. In particular, nanoclusters with similar sizes and
similar absorption gaps can exhibit strikingly different emission energies. Our results provide a unifying
interpretation of several recent measurements, which have observed significantly different emission energies
from clusters with similar sizes. Our calculations also show that a combination of absorption and emission
measurements can provide a powerful tool for identifying both the size and the surface passivants of
semiconductor nanocrystals.

Introduction

The combination of novel physical properties and promising
technological applications has led to an enormous growth in
the study of semiconductor nanoclusters over the past decade.1

In the nanometer size range, quantum confinement effects
significantly alter the optoelectronic properties of semiconduc-
tors. As the size of a semiconductor cluster is decreased, its
optical gap and dipole oscillator strength increase with respect
to the bulk value. Recently, many of the size-dependent optical
properties of various semiconductor nanoclusters have been
measured and characterized using a variety of experimental
methods.2-8 In addition, theoretical calculations have comple-
mented and helped interpret these experiments by, for example,
predicting ideal absorption gaps9-11 and spectra.12,13

Most of the theoretical effort has been devoted to calculations
of the absorption gap of semiconductor nanocrystals; this is often
referred to as the optical gap or band gap. However, theemission
energy is actually most often measured and is usually more
relevant for technological applications. In general, the absorption
gap is larger than the emission gap; that is, light absorbed by

semiconductor clusters is red-shifted to longer wavelengths on
emission. This red shift is referred to as the Stokes shift, and
its origin, magnitude, and size dependence have been a notable
source of controversy in the recent literature, especially for
silicon nanoclusters.5,7,14-26 Some measurements have found
size-dependent Stokes shifts that decrease starting from∼1.0
eV in small Si clusters.16,19 Other measurements have found
small, or negligible, Stokes shifts in Si clusters with diameters
from 2 to 5 nm.5,7 Still other measurements have reported an
almost constant Stokes shift of∼1.2 eV for clusters ranging
in size from 0 to 4 nm.25,26 Understanding the effect of cluster
size, surface structure, and surface chemistry on measured
Stokes shifts is of the utmost importance if semiconductor
nanostructures are to be utilized in optoelectronic devices.

In this article, we present ab initio calculations of both the
absorption and the emission energies of a range of prototype
silicon nanoclusters up to 2.0 nm in size, as a function of size,
surface structure, and surface passivants. We used density
functional theory (DFT) to determine atomic geometries and

(1) See, for example: Yoffe, A. D.AdV. Phys.2001, 50, 1.
(2) Murray, C. B.; Kagor, C. R.; Bawendi, M. G.Science1995, 270, 1335.
(3) Marzin, J.-Y.; Gerard, J.-M.; Izrael, A.; Barrier, D.; Bastard, G.Phys. ReV.

Lett. 1994, 73, 716.
(4) Furukawa, S.; Migasato, T.Phys. ReV. B 1988, 38, 5726.
(5) Wilson, W. L.; Szajowski, P. F.; Brus, L. E.Science1993, 262, 1242.
(6) Schuppler, S.; Friedman, S. L.; Marcus, M. A.; Adler, D. L.; Xie, Y.-H.;

Ross, F. M.; Harris, T. D.; Brown, W. L.; Chabal, Y. J.; Brus, L. E.; Citron,
P. H. Phys. ReV. Lett. 1994, 72, 2648.

(7) Holmes, J. D.; Ziegler, K. J.; Doty, R. C.; Pell, L. E.; Johnston, K. P.;
Korgel, B. A. J. Am. Chem. Soc.2001, 123, 3743.

(8) Baldwin, R. K.; Pettigrew, K. A.; Garno, J. C.; Power, P. P.; Liu, G.-y.;
Kauzlarich, S. M.J. Am. Chem. Soc.2002, 124, 1150.

(9) Proot, J. P.; Delerue, C.; Allan, G.Appl. Phys. Lett.1992, 61, 1948.
(10) Wang, L.-W.; Zunger, A.J. Phys. Chem. 1994, 98, 2158.
(11) Williamson A. J.; Grossman, J. C.; Hood, R. Q.; Puzder, A.; Galli, G.Phys.

ReV. Lett. 2002, 89, 196803.
(12) Rohlfing, M.; Louie, S. G.Phys. ReV. Lett. 1998, 80, 3320.
(13) Vasiliev, I.; Ogut, S.; Chelikowsky, J. R.Phys. ReV. Lett. 2001, 86, 1813.

(14) Zheng, X. Q.; Liu, C. E.; Bao, X. M.; Yan, F.; Yang, H. C.; Chen, H. C.;
Zheng, X. L.Solid State Commun. 1993, 87, 1005.

(15) Matsumoto, T.; Arata, G.; Nair, S. V.; Masumoto, Y.Jpn. J. Appl. Phys.
1999, 38, 589.

(16) von Behren, J.; van Buuren, T.; Zacharias, M.; Chimowitz, E. H.; Fauchet,
P. M. Solid State Commun.1998, 105, 317.

(17) Kanemitsu, Y.; Okamoto, S.Phys. ReV. B 1998, 58, 9652.
(18) Garrido, B.; Lopez, M.; Gonzalez, O.; Perez-Rodriquez, A.; Morante, J.

R.; Bonafos, C.Appl. Phys. Lett.2000, 77, 3143.
(19) Belomoin, G.; Therrein, J.; Nayfeh, M.Appl. Phys. Lett.2000, 77, 779.
(20) Hirao, M.; Uda, T.Int. J. Quantum Chem. 1993, 52, 1113.
(21) Martin, E.; Delerue, C.; Allan, G.; Lannoo, M.Phys. ReV. B 1994, 50,

18258.
(22) Takagahara, T.; Takeda, K.Phys. ReV. B 1996, 53, R4205.
(23) Allan, G.; Delerue, C.; Lannoo, M.Phys. ReV. Lett. 1996, 76, 2961.
(24) Filinov, A. B.; Kholod, A. N.; Borisenko, V. E.; Pushkarchuk, A. L.;

Zelenkovskii, V. M.; Bassani, F.; d’Avitaya, F. A.Phys. ReV. B 1998, 57,
1394.

(25) Hao, P. H.; Hou, X. Y.; Zhang, F. L.; Wang, X.Appl. Phys. Lett.1994,
64, 3602.

(26) Wu, X. L.; Xiong, S. J.; Fan, D. L.; Gu, Y.; Bau, X. M.; Sin, G. G.; Stokes,
M. J. Phys. ReV. B 2000, 62, R7759.

Published on Web 02/11/2003

2786 9 J. AM. CHEM. SOC. 2003 , 125, 2786-2791 10.1021/ja0293296 CCC: $25.00 © 2003 American Chemical Society



single-particle gaps, and quantum Monte Carlo (QMC) to
compute optical gaps. We studied nanocrystalline silicon par-
ticles with ideal, hydrogen terminated surfaces, as well as nano-
particles with reconstructed surfaces, and with surfaces partially
passivated with oxygen in two different bonding geometries.
Experimentally, hydrogen termination of Si nanocrystals can
be achieved by hydrogen fluoride etching, while the presence
of oxygen passivation is typically detected in samples exposed
to air before the surface is completely passivated.

Our calculations show that ionic rearrangements and elec-
tronic relaxations occurring upon absorption and emission and
the resulting Stokes shift are extremely sensitive to the presence
of surface passivants such as oxygenand to their bonding
configuration. In particular, we found that nanoclusters with
oxygen double bonded to the surface display thelargestStokes
shifts. In contrast, a cluster with bridged oxygen on the surface,
or with reconstructed hydrogenated surfaces, exhibits the
smallestStokes shifts. In addition, our results show that two
nanoclusters exhibiting similar absorption gaps may have
significantly different Stokes shifts and, hence, different emis-
sion energies. Our calculations help explain existing differences
among measured values of the absorption, emission, and Stokes
shift energies.

Computational Methods

The relaxed ground-state structure of each nanocrystal was obtained
by minimizing the calculated total energy within the local density
approximation (LDA) to DFT, using a pseudopotential, plane wave
approach.27 All clusters were placed in a supercell with a sufficient
surrounding vacuum region to remove interactions among periodic
images. We used norm conserving, nonlocal Hamann pseudopotentials28

for silicon and oxygen and a Giannozzi pseudopotential29 for hydrogen.
The Kohn-Sham orbitals were expanded in a plane wave basis with
an energy cutoff of 35 Ry for clusters without oxygen, and 62 Ry for
those including oxygen. The exchange-correlation energy and potential
are of the Ceperley-Alder form.30

The core of Si nanoclusters was assumed to be crystalline, with bond
lengths equal to those of bulk silicon, prior to geometry optimization.
Surface dangling bonds were passivated with hydrogen atoms initially
placed along the appropriate tetrahedral direction at the experimental
Si-H distance in SiH4. To model clusters with reconstructed surfaces,
dimers were formed on the surface by removing a hydrogen atom from
neighboring surface Si atoms and then forming an additional bond
between the Si atoms, similar to a (2× 1) reconstruction on a Si (100)
surface. For clusters with oxygen passivants, we considered two distinct
geometries. In the case of nanocrystals with{100}-type facets, the
alignment of the SiH2 dihydrides on the surface allows oxygen to bond
to neighboring Si atoms in an energetically favorable Si-O-Si
configuration. For clusters such as Si35H36 where no such adjacent
dihydrides exist, the most energetically favorable location for an oxygen
atom is to be double bonded to a Si atom stripped of the two hydrogen
atoms initially passivating the ideal surface.31 For all structures, the
initial atomic positions described above were relaxed within DFT until
the residual forces were less than 1× 10-4 eV/Å.

While LDA is expected to accurately determine the atomic geom-
etries of semiconductor clusters, this approximation substantially
underestimates optical gaps. To overcome the LDA shortcomings and
compute optical gaps comparable with experiment, we used QMC

techniques.32 By stochastically sampling the Schro¨dinger equation,
QMC includes many-body effects in the wave function and has been
demonstrated to be a highly accurate theoretical tool for calculating
total energies, ionization potentials, and optical gaps of both solids33

and clusters.11,34,35By utilizing a localized basis of Wannier functions,
the QMC calculations scaled nearly linearly with system size.36 This
favorable scaling has allowed one to tackle systems much larger than
previously possible with ordinary algorithms scaling as the third power
of the number of electrons; in particular, in our study it enabled the
calculations of optical gaps of clusters as large as 1.8 nm in size. Within
QMC, the optical absorption gap,Eopt, can be determined as the
difference in the total energies of the cluster in the ground state (E0)
and the first electronically excited state (E*) as Eopt ) E* - E0.

The calculations of Stokes shifts are more elaborate and complex
than the calculations of absorption gaps, which already represent a
challenging task within QMC. In the absence of surface traps, Stokes
shifts are determined by Franck-Condon-like relaxations, shown in
Figure 1. In our investigation, we computed Stokes shifts as

whereEabsorptionis the difference in the energy required to excite the
cluster from its ground state to the first excited state (i.e., the energy
difference between (1) and (2) in Figure 1), andEemissionis the energy
released during electronic relaxation from points 3 to 4. The calculation
of forces within QMC for clusters with many degrees of freedom is
still prohibitively expensive. Therefore, we first used LDA to determine
the ground-state atomic geometry at points 1 and 2 and the excited-
state geometry at points 3 and 4. We then employed both LDA and
QMC to determine the total energy at each of these four points. The
total energy of the two ground-state points (E1 andE4) was determined
from closed shell electronic configurations. After the vertical excitation
from (1) to (2), the singlet state is the correct spin state of the excited-
state configuration. However, previous calculations have demonstrated
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Figure 1. Schematic representation of a Stokes shift relaxation. In position
1, the cluster is in its electronic ground state, and the atomic geometry is
relaxed to its lowest energy configuration. On absorption of a photon, the
cluster undergoes a vertical electronic excitation from (1) to (2). Once in
the excited electronic state, the atomic geometry of the cluster relaxes to a
lower energy configuration (from point 2 to 3). Finally, the excited electron
and hole recombine via another vertical transition, (3) to (4).

EStokes) Eabsorption- Eemission) (E2 - E1) - (E3 - E4)
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that the splitting between the singlet and triplet excited states of
nanometer silicon clusters is only a few millielectronvolts.21,22Therefore,
to improve the convergence of our LDA calculations, the total energy
of geometries 2 and 3 was calculated assuming a triplet spin config-
uration. The calculation of the geometry in the triplet state allows
standard energy minimization procedures to be adopted, and they are
used here to calculate the excited-state geometry. In the QMC
calculations of the energy of points 2 and 3, the correct singlet
configuration was adopted, although the structure was taken from the
LDA triplet calculation.

Results

Table 1 reports our calculated values of the LDA single-
particle gap, the QMC optical gap, and the LDA and QMC
values of the Stokes shift for a range of silicon nanoclusters
with different sizes and different surface structure and passivants.
For comparison, the single-particle gap was also calculated using
a gradient-corrected functional and found to be very similar to
the LDA values. Before describing in detail our results for the
Stokes shift, it is worth summarizing the results on optical gaps.
The gaps of nanoclusters with hydrogen terminated, unrecon-
structed surfaces are the largest and, in agreement with previous
investigations,11 are found to increase as the size of the cluster
is reduced due to quantum confinement effects. The difference
between the LDA gaps and the QMC gaps is roughly constant
over this limited size regime, but it will decrease as the bulk
limit is approached.11 The gap of nanoclusters with surfaces
partially passivated with double bonded oxygen atoms is smaller
than that of fully hydrogenated clusters. Nanoclusters with
double bonded oxygen at the surface have been previously
shown to exhibit significantly smaller optical gaps than hydrogen
terminated clusters for diameters smaller than∼2 nm.37,38These
findings are confirmed by the results found here for Si35H34O,
Si66H62O, and Si87H74O clusters. The values of the gap are
different if the oxygen at the surface is in a bridged or a double
bonded configuration. Nanoclusters with oxygen partially pas-
sivating the surface in a bridged Si-O-Si configuration
experience minimal surface distortion due to the passivant and
have an optical gap smaller than that of hydrogen terminated

clusters, but significantly larger than that of nanoclusters with
double bonded oxygen passivation. Similarly, clusters with
reconstructed surfaces have smaller gaps than those of ideal
hydrogenated structures due to geometrical distortions at the
surface, yet the gap is larger than that of a cluster of the same
size with double bonded oxygen passivation.

The LDA and QMC values of the Stokes shift reported in
Table 1 show that, similar to computed optical gaps, LDA
predicts qualitatively correcttrendsas a function of size and
surface character, but it consistently underestimates the value
of the Stokes shift by 0.2-0.3 eV. Motivated by the experi-
mental measurements, we grouped the clusters into three
classes: (i) clusters exhibiting a small Stokes shift between 0
and 0.3 eV, (ii) clusters with size-dependent Stokes shifts up
to 0.8 eV, and (iii) clusters with Stokes shifts larger than 0.8
eV that are independent of size. Our calculations show that
clusters with reconstructed surfaces and surfaces with bridged
oxygen consistently exhibit the smallest Stokes shifts, ranging
from 0.1 to 0.3 eV as a function of size, and thus fall into the
first category [(i)]. Clusters with ideal, hydrogenated surfaces
produce instead intermediate values of the Stokes shift that range
from 0.3 to 0.8 eV as a function of size. These clusters belong
to the second category [(ii)]. Finally, clusters with oxygen double
bonded (SidO) to the surface exhibit Stokes shifts of∼1.2 eV,
relatively independent of size, and fall into the third category
[(iii)].

To gain insight into the physical reasons responsible for the
large differences in the above Stokes shifts, we examined the
nature of the electronic states responsible for absorption and
emission, that is, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO).
The change in the charge density introduced by the excitation
of an electron from the HOMO to the LUMO induces forces
on each atom due to the changes in the corresponding orbital
densities.

The HOMO and LUMO orbitals of four clusters, all ap-
proximately 1 nm in size, are shown in Figure 2. Figure 2a
shows that in a nanocluster with hydrogen passivated, unre-
constructed surfaces (e.g., Si35H36), both the HOMO and the
LUMO are delocalized throughout the core of the nanocluster.
In contrast, the HOMO and LUMO are localized at the surface
of the cluster when the surface is reconstructed (e.g., Si29H24)
as shown in Figure 2b. In the presence of a single oxygen atom
placed in a Si-O-Si bridged position on an otherwise
unreconstructed surface [(e.g., Si29H34O), Figure 2c], the HOMO
and LUMO charge densities are partially drawn toward the
surface with most charge still existing in the core of the cluster.
Finally, Figure 2d shows that the placement of a single oxygen
atom in an SidO double bonded position on the surface of an
otherwise unreconstructed cluster (e.g., Si35H34O) induces an
almost complete localization of both the HOMO and the LUMO
on the SidO double bond.

The structural changes resulting from the creation of an
exciton in the various nanoclusters studied here were represented
by the rms displacement of all of the cluster atoms and are
summarized in Table 1. These displacements are shown in the
right-hand column of Figure 2 by arrows proportional to the
vector displacement of the atoms from positions 2 to 3 (Figure
1). The rms displacement of atoms in the completely hydroge-
nated structures, for example, Si35H36, is ∼0.3 Å for 1 nm
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Table 1. Calculated Absorption Gaps, Stokes Shifts, and Stokes
Shift Displacements in Different Silicon Nanocrystalsa

optical gap
(eV)

Stokes shift
(eV)

cluster structure
diameter

(nm) LDA QMC LDA QMC

rms
displacement

(Å)

Si29H36 hydrogenated 0.9 3.6 5.3(1) 0.69 1.0(1) 0.31
Si35H36 hydrogenated 1.1 3.4 5.0(1) 0.57 0.8(1) 0.25
Si66H64 hydrogenated 1.3 2.8 4.7(1) 0.50 0.19
Si87H76 hydrogenated 1.5 2.5 4.2(2) 0.22 0.14
Si148H120 hydrogenated 1.8 2.1 3.9(3) 0.13 0.11
Si211H140 hydrogenated 2.0 2.0 0.06 0.05
Si29H24 reconstructed 0.8 2.6 3.6(1) 0.34 0.4(1) 0.13
Si66H40 reconstructed 1.3 1.9 3.3(1) 0.16 0.11
Si29H34O Si-O-Si 0.9 3.1 4.7(1) 0.27 0.5(1) 0.08
Si35H34O SidO 1.1 2.2 2.5(1) 1.16 1.3(1) 0.30
Si66H62O SidO 1.3 2.2 1.22 0.33
Si87H74O SidO 1.8 2.0 1.13 0.31

a LDA and QMC calculated absorption gaps and Stokes shifts are quoted
in eV. QMC statistical error bars are shown in parentheses. The rms
displacements are in Å. Structures with bridged oxygen are labeled
Si-O-Si, and double bonded oxygen is labeled SidO.
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structures and rapidly decreases to less than 0.1 Å as the cluster
size increases to∼2 nm. In these clusters, Figure 2a shows that
the change in charge density resulting from the HOMO to
LUMO excitation is distributed relatively evenly throughout the
cluster and hence all atoms experience forces of approximately
equal magnitude. This equality of forces is confirmed by the
similar magnitude of the vector displacements plotted in the
right column of Figure 2a. These displacements show that the
shape of hydrogenated clusters changes from spherical to
elliptical upon excitation of one electron. As the size of the
hydrogenated clusters increases, the relative change in charge
density around each atom due to the excitation of a single
electron decreases inversely proportionally to the number of
atoms, and hence the rms displacements also decrease (see the
first five rows of Table 1).

The clusters with reconstructed surfaces, for example, Si29H24

(Figure 2b), and those with Si-O-Si bridged oxygen on the

surface, for example, Si29H34O (Figure 2c), show smaller rms
displacements than do the completely hydrogenated clusters.
In these reconstructed clusters, the charge density change
associated with the HOMO-LUMO excitation is localized at
the surface, and therefore the surface atoms experience the
greatest force. Similar to hydrogenated clusters, as the size of
the reconstructed clusters increases, the change in charge density
due to the excitation of a single electron from the HOMO to
LUMO is distributed over a larger area, and hence the force on
each individual surface atom again decreases with size; this is
confirmed by the decreasing rms displacements of the larger
reconstructed clusters.

In the clusters with oxygen double bonded to the surface,
for example, Si35H35O (Figure 2d), the rms displacement is
slightly larger. However, in this case, considering the rms
displacement is somewhat misleading as almost all of the atomic
relaxation is concentrated on the double bonded oxygen atom.

Figure 2. The two left columns show charge density isosurfaces of the HOMO and LUMO orbitals of 1 nm clusters with different surface structures and
different passivants. The silicon atoms are gray, the hydrogen atoms are white, and the oxygen atoms are red. The isosurfaces are chosen at 50% of the
maximum amplitude. The right column shows vectors proportional to the displacement of each atom during the Stokes shift (see text). The displacements
have been magnified by 10 for clarity.
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The displacement vectors plotted in Figure 2d show that the
double bonded oxygen atom rotates by over 42° when excited
into the triplet state. This localization of the Stokes shift
relaxation on the double bonded oxygen atom results from the
localization of the HOMO and LUMO orbitals on the double
bond as shown in Figure 2d. In these clusters, the Stokes shift
is relatively independent of the size of the cluster as the
relaxation mechanism depends only on specific bondsat the
surface.

Comparison with Experiment

A wealth of experimental measurements of the optical
absorption and emission wavelengths of silicon nanostructures
has been published in recent years.5,7,14-19,25,26Unfortunately,
there appears to be little consensus among experimental results
appearing in the recent literature. Interpreting and classifying
the large number of gaps and Stokes shifts is difficult due to
long-standing problems synthesizing monodisperse samples with
well-characterized surfaces. However, on the basis of the results
described in the previous section, we propose that many
apparently conflicting measurements can be explained by
considering differences in the size and surface properties of the
samples.

Figure 3 combines the results of a number of published values
for the experimentally measured Stokes shift of silicon nanoc-
rystals. The Stokes shift is plotted as a function of the size of
the nanocluster. The horizontal error bars are largely due to
difficulties determining the exact size of a given sample, while
the vertical error bars are determined mostly by the size
dispersion and small structural variations of the samples. For
comparison, we include in Figure 3 the results of our LDA
calculations from Table 1. The LDA rather than the more
accurate QMC results were plotted as they are available for
larger size clusters. The QMC values can then be used to
quantitatively correct the LDA values, which, however, give
the correct qualitative trend as a function of size. QMC values
rigidly shift LDA results by∼0.2-0.3 eV. As a guide to the
eye and as a means of extrapolating our results to sizes of
nanoclusters beyond those currently accessible with ab initio
techniques, we fit our LDA data results to the curves shown by

three different colors in Figure 3. The three curves correspond
to the three classes of Stokes shifts discussed in the previous
section. The bulk derived, hydrogenated nanoclusters are
represented by the red curve (a), which shows Stokes shifts that
rapidly decrease from over 2 eV for 0.5 nm clusters to 0.1 eV
for 2 nm clusters. The hydrogenated nanoclusters with recon-
structed surfaces and bridged Si-O-Si oxygen are represented
by the blue curve (b), which shows Stokes shifts that are smaller
than curve (a) and are decreasing to less than 0.1 eV in 2 nm
clusters. The size dependence of the Stokes shift in curves (a)
and (b) was fit toEStokes∝ D-n, whereD is the cluster diameter,
and both curves show a size dependence ofn ≈ 2.5. The
nanoclusters with oxygen double bonded to the surface are
represented by the green curve (c), which shows Stokes shifts
of ∼1.2 eV, roughly independent of size.

While many of the error bars are fairly large in Figure 3, the
experimental values for the Stokes shift can be broadly divided
into three classes, which approximately correspond to the three
classes of Stokes shifts identified by our calculations. The most
striking agreement is between the results of Wu et al.26 and
Hao et al.25 and the results we found for the Stokes shift of
clusters with oxygen double bonded to the surface. Wu et al.
find values of the Stokes shift of∼1.2 eV, which are almost
independent of the size of the nanocluster. These measurements
agree with our model for the Stokes shift of clusters where the
structural relaxation is localized almost entirely on the silicon/
oxygen double bond, due to the localization of the HOMO and
LUMO charge densities on this bond.

The Stokes shifts measured by von Behren et al.16 and Hope-
Weeks39 display the same size dependence as absorption gaps,
with the Stokes shift decreasing as the size of the cluster
increases. We interpret these results as suggesting that the
nanoclusters synthesized in these experiments correspond to
hydrogenated clusters with unreconstructed surfaces (similar to
Si35H36). Those clusters with the smaller Stokes shifts in this
class, for example, those characterized and observed by Belo-
moin et al.,19 may exhibit partially reconstructed surfaces which,
as we have shown, suppress the magnitude of the Stokes shift
(see, e.g., Si29H24).

Finally, the Stokes shifts measured by Garrido et al.18 are
very small over a range of sizes/gaps. These clusters are
surrounded by an SiO2 matrix and may well contain the bridged
Si-O-Si bonds at the surface, which we have shown to be
responsible for a significant suppression of the Stokes shift. This
explanation based on the surface structure of the clusters resolves
the contradiction noted by von Behren et al.16 that their measured
values of the Stokes shift (0.3-0.6 eV) were not in agreement
with the negligible value measured by Wilson et al.5 for similar
size clusters.

As mentioned earlier, our LDA predicted values of Stokes
shift for hydrogenated clusters are lower than those measured.
For clusters with diameters of∼1 nm, the agreement with
experiment is significantly improved by including QMC cor-
rections which increase the predicted Stokes shift by∼0.2-
0.3 eV. We note that to further improve the comparison between
our calculations and experiment, additional phenomena should
be taken into account. In addition to the structural relaxation
calculated here, a red shift can be introduced by (i) absorption
into a state higher than the emitting state. Such a situation may

(39) Hope-Weeks, L., private communication.

Figure 3. A comparison of measured values of the size dependence of the
Stokes shift in silicon nanoparticles with theoretically predicted LDA values
(see text). The green curve shows the calculated Stokes shift with double
bonded oxygen at the surface. The red curve shows the calculated Stokes
shift with idealized hydrogen passivation. The blue curve shows the
calculated Stokes shift with bridged oxygen or reconstructed surfaces.
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arise either by a singlet-triplet splitting of the band edge levels
due to the electronic exchange interaction or by the smallest
possible transition being optically forbidden. In either case, light
is absorbed into the higher energy exciton level and emitted
from the lower energy, optically forbidden, “dark exciton” level.
We expect the singlet-triplet splitting to be negligible in
nanoclusters with diameters larger than 1 nm,21 and thus it was
not included here. For the clusters studied here, the lowest
singlet-singlet transition is only optically forbidden in clusters
with one oxygen double bonded to the surface (e.g., Si35H34O).31,40

In this idealized case, the Stokes shift would actually increase
by an approximate 0.2 eV in the smallest clusters due to the
excitations into the next highest state. (ii) The existence of
“surface traps” with energies in the middle of the optical gap
of idealized hydrogenated clusters can contribute to the Stokes
shift. An exciton is initially formed in the core of the cluster,
and then either the electron or the hole migrates to a lower
energy surface localized trap state before recombination and
the emission of a photon. In this work, we choose to study
representative prototype clusters, and therefore surface trap states
were not present. Adding such an effect would increase the
predicted value of the Stokes shift, but the magnitude is
extremely sensitive to the nature of the trap. (iii) A broad size
distribution itself can contribute to the Stokes shift. Light is
absorbed by clusters with a range of sizes, and the absorption
peak is close to that of the mean size cluster. The excitons then
lower their energy by transferring to neighboring larger clusters,
before recombination and emission. In this manner, the average
measured emission would tend to be from the larger clusters of
a given size distribution, which in turn leads to larger measured
Stokes shifts.41

In addition to comparing with measured values, it is interest-
ing to compare our results with previous calculations appearing
in the literature. To date, we are aware of five calculations,20-24

the majority based on a variety of empirical models for

determining the structural relaxation of a cluster in an excited
electronic state.21,22 There are two cases where the smallest of
the nanoclusters included in this work have been previously
studied. A previous calculation of the Stokes shift of a 14-atom
silicon nanocluster, passivated with hydrogen, was predicted
to be 0.7 eV.24 This is in agreement with our LDA calculation,
but our more accurate QMC calculations predict a larger value
of 1.1 eV. Another previous LDA calculation of the Si29H36

cluster predicted the single-particle gap and Stokes shift to be
3.3 and 0.22 eV, respectively.20 In this case, we predict
significantly larger LDA values of 3.6 and 0.7 eV and QMC
values of 5.3 and 0.9 eV, respectively. We attribute the
previously calculated smaller LDA values to be due to the use
of too small of a basis (6 Ry as compared with 35 Ry in our
calculation).

Conclusion

In conclusion, using state-of-the-art electronic structure
calculations, we have determined that in silicon nanoclusters
the value of Stokes shifts is extremely sensitive to the size,
surface structure, and chemistry of the nanocrystal. For∼1 nm
sized clusters, the Stokes shift ranges from less than 0.1 eV to
greater than 1.0 eV depending on the detailed surface structure
and the presence of oxygen in either bridged or double bonded
configurations. Our results enabled us to provide explanations
for the seemingly contradictory results of a number of experi-
ments. These results demonstrate that combining measurements
of the absorption and emission energies provides a powerful
tool for optically characterizing both the size and the surface
structure of semiconductor nanoclusters.
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