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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 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’1426 Some measurements have found
size-dependent Stokes shifts that decrease starting frbr@

eV in small Si clusterd®!® Other measurements have found
small, or negligible, Stokes shifts in Si clusters with diameters

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 décade.
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 respectfrom 2 to 5 nme- Still other measurements have reported an
to the b.U|k value. .Recently,. many of the size-dependent optical almost constant Stokes shift 6f1.2 eV for clusters ranging
properties of various semiconductor nanoclusters have beery, ;o om0 10 4 nn¥>26 Understanding the effect of cluster
measureq and ch_a_ractenzed using a var!ety of experlmentalsize' surface structure, and surface chemistry on measured
methods’8 In addition, theoretical calculations have comple- Stokes shifts is of the utmost importance if semiconductor
mented and helped interpret these experiments by, for example‘nanostructures are to be utilized in optoelectronic devices.

it i i 1 2,13
predicting ideal absqrptlon gapst and spectra? . In this article, we present ab initio calculations of both the
Most of the theoretical effort has been devoted to calculations absorption and the emission energies of a range of prototype
of the absorption gap of semiconductor nanocrystals; this is often gjjicon nanoclusters up to 2.0 nm in size, as a function of size,
referred to as the optical gap or band gap. Howeverthission g itace structure, and surface passivants. We used density
energy is actually most often measured and is usually more ¢, ional theory (DFT) to determine atomic geometries and
relevant for technological applications. In general, the absorption

gap is larger than the emission gap; that is, light absorbed by (14) Zheng, X. Q.; Liu, C. E.; Bao, X. M.; Yan, F.; Yang, H. C.; Chen, H. C;
Zheng, X. L.Solid State Commuri993 87, 1005.
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(3) Marzin, J.-Y.; Gerard, J.-M.; Izrael, A.; Barrier, D.; Bastard RBys. Re. P. M. Solid State Commuri.998 105, 317.
Lett. 1994 73, 716. (17) Kanemitsu, Y.; Okamoto, $hys. Re. B 1998 58, 9652.
(4) Furukawa, S.; Migasato, Phys. Re. B 1988 38, 5726. (18) Garrido, B.; Lopez, M.; Gonzalez, O.; Perez-Rodriquez, A.; Morante, J.
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(6) Schuppler, S.; Friedman, S. L.; Marcus, M. A.; Adler, D. L.; Xie, Y.-H.;  (19) Belomoin, G.; Therrein, J.; Nayfeh, M\ppl. Phys. Lett200Q 77, 779.
Ross, F. M.; Harris, T. D.; Brown, W. L.; Chabal, Y. J.; Brus, L. E.; Citron,  (20) Hirao, M.; Uda, TInt. J. Quantum Chen1993 52, 1113.
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P. H.Phys. Re. Lett 1994 72, 2648. (21) Martin, E.; Delerue, C.; Allan, G.; Lannoo, NPhys. Re. B 1994 50,
(7) Holmes, J. D.; Ziegler, K. J.; Doty, R. C.; Pell, L. E.; Johnston, K. P.; 18258.
Korgel, B. A.J. Am. Chem. So@001, 123 3743. (22) Takagahara, T.; Takeda, Rhys. Re. B 1996 53, R4205.
(8) Baldwin, R. K.; Pettigrew, K. A.; Garno, J. C.; Power, P. P.; Liu, G.-y.; (23) Allan, G.; Delerue, C.; Lannoo, MPhys. Re. Lett. 1996 76, 2961.
Kauzlarich, S. M.J. Am. Chem. So2002 124, 1150. (24) Filinov, A. B.; Kholod, A. N.; Borisenko, V. E.; Pushkarchuk, A. L,;
(9) Proot, J. P.; Delerue, C.; Allan, @ppl. Phys. Lett1992 61, 1948. Zelenkovskii, V. M.; Bassani, F.; d’Avitaya, F. Rhys. Re. B 1998 57,
(10) Wang, L.-W.; Zunger, AJ. Phys. Chem1994 98, 2158. 1394.
(11) Williamson A. J.; Grossman, J. C.; Hood, R. Q.; Puzder, A.; GallRi@s. (25) Hao, P. H.; Hou, X. Y.; Zhang, F. L.; Wang, Xppl. Phys. Lett1994
Rev. Lett 2002 89, 196803. 64, 3602.
(12) Rohlfing, M.; Louie, S. GPhys. Re. Lett 1998 80, 3320. (26) Wu, X. L.; Xiong, S. J.; Fan, D. L.; Gu, Y.; Bau, X. M.; Sin, G. G.; Stokes,
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single-particle gaps, and quantum Monte Carlo (QMC) to A
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 oxygamd to their bonding @
configuration. In particular, we found that nanoclusters with
oxygen double bonded to the surface displayléingestStokes
Shlﬁs.' In contrast, a cluster with bridged oxygen on the.syrface, Figure 1. Schematic representation of a Stokes shift relaxation. In position
or with reconstructed hydrogenated surfaces, exhibits the j “the cluster is in its electronic ground state, and the atomic geometry is
smallestStokes shifts. In addition, our results show that two relaxed to its lowest energy configuration. On absorption of a photon, the
nanoclusiers exhibiing simiar absorpion gaps may have (L0 IE00R 8 1S ST S L Bt Tones o
s!gnn‘lcantl_y different StOkas shifts and, h?nce} O!'ffe“?”t emis- lower energy configuration ’(from point tho 3). Fizally, the excited electron
sion energies. Our calculations help explain existing differences and hole recombine via another vertical transition, (3) to (4).
among measured values of the absorption, emission, and Stokes
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shift energies. techniques? By stochastically sampling the Sclioger equation,
) QMC includes many-body effects in the wave function and has been
Computational Methods demonstrated to be a highly accurate theoretical tool for calculating

Jotal energies, ionization potentials, and optical gaps of both $dlids
and clusterd!-3435By utilizing a localized basis of Wannier functions,
the QMC calculations scaled nearly linearly with system &iZEhis
favorable scaling has allowed one to tackle systems much larger than
previously possible with ordinary algorithms scaling as the third power

The relaxed ground-state structure of each nanocrystal was obtaine
by minimizing the calculated total energy within the local density
approximation (LDA) to DFT, using a pseudopotential, plane wave
approack’ 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 pseudopoténtials ©f the number of electrons; in particular, in our study it enabled the
for silicon and oxygen and a Giannozzi pseudopoteiitiat hydrogen. calculations of pptlcal gaps pf clusters as large as 1.8 nm in size. Within
The Kohn-Sham orbitals were expanded in a plane wave basis with QVIC. the optical absorption gagE°", can be determined as the
an energy cutoff of 35 Ry for clusters without oxygen, and 62 Ry for difference in the total energies of the cluster in the ground ste (
those including oxygen. The exchange-correlation energy and potential@"d the first electronically excited state*f as E** = E* — E°.
are of the CeperleyAlder form 2 The calculations of Stokes shifts are more elaborate and complex

The core of Si nanoclusters was assumed to be crystalline, with bondthan the calculations of absorption gaps, which already represent a
lengths equal to those of bulk silicon, prior to geometry optimization. challenging task within QMC. In the absence of surface traps, Stokes
Surface dangling bonds were passivated with hydrogen atoms initially Shifts are determined by Franekondon-like relaxations, shown in
placed along the appropriate tetrahedral direction at the experimentalFigure 1. In our investigation, we computed Stokes shifts as
Si—H distance in Sikd 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%21) reconstruction on a Si (100) ~ whereEa>sopiionjs the difference in the energy required to excite the
surface. For clusters with oxygen passivants, we considered two distinctcluster from its ground state to the first excited state (i.e., the energy
geometries. In the case of nanocrystals wWifl0G; -type facets, the difference between (1) and (2) in Figure 1), dEff'ssis the energy
alignment of the Sikldihydrides on the surface allows oxygen to bond released during electronic relaxation from points 3 to 4. The calculation
to neighboring Si atoms in an energetically favorable-GiSi of forces within QMC for clusters with many degrees of freedom is
configuration. For clusters such ass$iss where no such adjacent  still prohibitively expensive. Therefore, we first used LDA to determine
dihydrides exist, the most energetically favorable location for an oxygen the ground-state atomic geometry at points 1 and 2 and the excited-
atom is to be double bonded to a Si atom stripped of the two hydrogen state geometry at points 3 and 4. We then employed both LDA and
atoms initially passivating the ideal surfaeFor all structures, the ~ QMC to determine the total energy at each of these four points. The
initial atomic positions described above were relaxed within DFT until total energy of the two ground-state poirss andE,) was determined
the residual forces were less thank11074 eV/A. from closed shell electronic configurations. After the vertical excitation

While LDA is expected to accurately determine the atomic geom- from (1) to (2), the singlet state is the correct spin state of the excited-
etries of semiconductor clusters, this approximation substantially State configuration. However, previous calculations have demonstrated
underestimates optical gaps. To overcome the LDA shortcomings and
compute optical gaps comparable with experiment, we used QMC

EStokes= Eabsorption_ Eemission= (E2 _ El) _ (E3 _ E4)

(32) Needs, R. J.; Rajagopal, G.; Towler, M. D.; Kent, P. R. C.; Williamson,
A. J.; Casino Users Manual Version 1.QUniversity of Cambridge, 2000.
(33) Wwilliamson, A. J.; Hood, R. Q.; Needs, R. J.; RajagopalPBys. Re. B

(27) All of the DFT calculations were performed using the parallel ab initio 1998 57, 12140.
molecular dynamics code, JEEP version 1.8.0 (F. Gygi, LLNL 13832). (34) Foulkes, W. M. C.; Mitas, L.; Needs, R. J.; RajagopalR&:. Mod. Phys.
(28) Hamann, D. RPhys. Re. B 1989 40, 2980. 2001, 73, 33.
(29) Giannozzi, P., private communication. (35) Grossman, J. C.; Rohlfing, M.; Mitas, L.; Louie, S. G.; Cohen, MPhys.
(30) Ceperley, D. M.; Alder, B. JPhys. Re. Lett 198Q 45, 566. Rev. Lett. 2001, 86, 472.
(31) Puzder, A.; Williamson, A. J.; Grossman, J. C.; Galli,JcChem. Phys (36) Williamson, A. J.; Hood, R. Q.; Grossman, J. Rhys. Re. Lett. 2001,
2002 117, 6721. 87, 246406.
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Table 1. Calculated Absorption Gaps, Stokes Shifts.a and Stokes clusters, but significantly larger than that of nanoclusters with
Shift Displacements in Different Silicon Nanocrystals double bonded oxygen passivation. Similarly, clusters with
; opn(c-gl/) gap Stolzg\s/)shlft y lfms reconstructed surfaces have smaller gaps than those of ideal
lameter ISp acement . . .
cluster structure (m DA OMC DA ONC A 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.

SieHss hydrogenated 0.9 3.6 5.3(1) 0.69 1.0(1) 0.31
SigsHzs  hydrogenated 1.1 3.4 5.0(1) 0.57 0.8(1) 0.25

SigHes  hydrogenated 1.3 2.8 4.7(1) 0.50 0.19 The LDA and QMC values of the Stokes shift reported in
Sig7Hzs  hydrogenated 15 2.5 4.2(2) 0.22 0.14 Table 1 show that, similar to computed optical gaps, LDA
SihiagH120 hydrogenated 1.8 2.1 3.9(3) 0.13 0.11 . s . .

ShuHio hydrogenated 2.0 2.0 0.06 0.05 predicts qualitatively corredrendsas a function of size and
SixH2s reconstructed 0.8 2.6 3.6(1) 0.34 0.4(1)  0.13 surface character, but it consistently underestimates the value
SiesHao  reconstructed 1.3 1.9 3.3(1) 0.16 0.11 of the Stokes shift by 0:20.3 eV. Motivated by the experi-
SpoHs0  S—O—Si 09 31 47(1) 027 05(1)  0.08 mental measurements, we grouped the clusters into three
SigsHzO SFO 11 22 25@1) 116 1.3(1) 0.30 ) I .

SissHe0 SFO 13 22 1.22 0.33 classes: (i) clusters exhibiting a small Stokes shift between 0
SigH740 SEO 1.8 20 1.13 0.31 and 0.3 eV, (ii) clusters with size-dependent Stokes shifts up

LDA and OMC calculated absorotion d Stokes shifts ar . dto 0.8 eV, and (iii) clusters with Stokes shifts larger than 0.8
a i i f : .
in eVv. Q"IJ\\/IC (gtatis(t:iiz;u:rr%r a;);rch grz sglhac?v?/nain pgreistr?esesséﬁhguz?nfs eV that ar_e independent of size. Our calculations '_Show_ that
displacements are in A. Structures with bridged oxygen are labeled clusters with reconstructed surfaces and surfaces with bridged
Si—0O—Si, and double bonded oxygen is labele&-6i 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
that the splitting between the singlet and triplet excited states of fj st category [(i)]. Clusters with ideal, hydrogenated surfaces
nanometer silicon clusters is only a few millielectronvét® Therefore, produce instead intermediate values of the Stokes shift that range
to improve the convergence of our LDA calculations, the total energy from 0.3 to 0.8 eV as a function of size. These clusters belong
of geometries 2 and 3 was calculated assuming a triplet spin config- h ) dl i Finallv. cl ) ith doubl
uration. The calculation of the geometry in the triplet state allows tothe seco.n category [(ii)]. Final Y’ _C usters W't_ Oxygen double
standard energy minimization procedures to be adopted, and they arebonqed (SFO) tothe surfage exhibit Stolkes Sh'ftS”?ﬁ-'z ev,
used here to calculate the excited-state geometry. In the QMC relatively independent of size, and fall into the third category
calculations of the energy of points 2 and 3, the correct singlet [(iii)].
configuration was adopted, although the structure was taken from the T gain insight into the physical reasons responsible for the
LDA triplet calculation. 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
Table 1 reports our calculated values of the LDA single- (4omO) and the lowest unoccupied molecular orbital (LUMO).
particle gap, the QMC optical gap, and the LDA and QMC  The change in the charge density introduced by the excitation

values of the Stokes shift for a range of silicon nanoclusters  an electron from the HOMO to the LUMO induces forces
with different sizes and different surface structure and passivants.qy each atom due to the changes in the corresponding orbital

For comparison, the single-particle gap was also calculated usinggensities.

a gradient-corrected functional and found to be very similar to The HOMO and LUMO orbitals of four clusters, all ap-

e o oot o, PFOXIMAIEy 1 i size, sre shoun n Figure 2. Figure Za
j . . “ shows that in a nanocluster with hydrogen passivated, unre-

The gaps of nanoclusters with hydrogen terminated, unrecon- . - ucted surfaces (€.9.4Bl30), both the HOMO and the

structed surfaces are the largest and, in agreement with previou?_UMO are delocalized throughout the core of the nanocluster.

; U 4 )
:?ﬁ?ﬁ%ﬁfﬁé ?(;e Lo:nrlﬂr:]oégﬁ;ﬁ] 1?:?;? g}?ei'ée_?;;h; f?g::;ecreln contrast, the HOMO and LUMO are localized at the surface
q ) of the cluster when the surface is reconstructed (e.goH%)

between the LDA gaps and the QMC gaps is roughly constant - .
Lo ) : Lo as shown in Figure 2Db. In the presence of a single oxygen atom
over this limited size regime, but it will decrease as the bulk . . D " ;
placed in a S+O—Si bridged position on an otherwise

L N .

parialy passvatec it douple bonded cxygen atoms 5 smaer UMECONSILCIEd Surace [e.g:i860), Figure 2] the HOMO

tphan tzae of fully hydrogenated clustersygNanocIusters with and LUMO charge densities are partially drawn toward the
y hydrog ’ surface with most charge still existing in the core of the cluster.

double bonded oxygen at the surface have been previously_. ) :
shown to exhibit significantly smaller optical gaps than hydrogen . na¥: Figure 2d shows that the placement of a single oxygen
9 y P 9ap YArogeN tom in an S0 double bonded position on the surface of an

i i 37,38
terminated clusters for diameters smaller thdhnm3738These otherwise unreconstructed cluster (e.gag%i.0) induces an

fé?dmgsoarengonailrkr?eg b3|/ thte rresEIJ_Irt]s fsulnd herfe ;‘rc]§5|8340, o almost complete localization of both the HOMO and the LUMO
6eH620, a 7740 CIUSIErS. 1he values ot e gap are -, w0 o5 gouble bond.

different if the oxygen at the surface is in a bridged or a double . )
The structural changes resulting from the creation of an

bonded configuration. Nanoclusters with oxygen partially pas- S . .
sivating the surface in a bridged -SD—Si configuration exciton in the various nanoclusters studied here were represented
experience minimal surface distortion due to the passivant andPY the rms displacement of all of the cluster atoms and are

have an optical gap smaller than that of hydrogen terminated gummarized in Table 1.. These displacements are.shown in the
right-hand column of Figure 2 by arrows proportional to the

Results

(37) Wolkin, M. V.; Jorne, J.; Fauchet, P. M.; Allan, G.; Delerue, Rhys. vector displacement of the atoms from positions 2 to 3 (Figure
Rev. Lett. 1999 82, 197. ; ; )

(38) Puzder, A.; Williamson, A. J.; Grossman, J. C.; Galli,RBys. Re. Lett. 1)' The rms dlsplacement of atoms in _the completely hydrc’ge
2002 88, 097401. nated structures, for example,s$izs, is ~0.3 A for 1 nm
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(@) SiysHag

(b) SiggHay

(c) SiygH4,0

(d) SizsH,,0

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 displacement
have been magnified by 10 for clarity.

structures and rapidly decreases to less than 0.1 A as the clustesurface, for example, $H3z40 (Figure 2c), show smaller rms
size increases to2 nm. In these clusters, Figure 2a shows that displacements than do the completely hydrogenated clusters.
the change in charge density resulting from the HOMO to In these reconstructed clusters, the charge density change
LUMO excitation is distributed relatively evenly throughout the associated with the HOMOLUMO excitation is localized at
cluster and hence all atoms experience forces of approximatelythe surface, and therefore the surface atoms experience the
equal magnitude. This equality of forces is confirmed by the greatest force. Similar to hydrogenated clusters, as the size of
similar magnitude of the vector displacements plotted in the the reconstructed clusters increases, the change in charge density
right column of Figure 2a. These displacements show that the due to the excitation of a single electron from the HOMO to
shape of hydrogenated clusters changes from spherical toLUMO is distributed over a larger area, and hence the force on
elliptical upon excitation of one electron. As the size of the each individual surface atom again decreases with size; this is
hydrogenated clusters increases, the relative change in chargeonfirmed by the decreasing rms displacements of the larger
density around each atom due to the excitation of a single reconstructed clusters.
electron decreases inversely proportionally to the number of |n the clusters with oxygen double bonded to the surface,
atoms, and hence the rms displacements also decrease (see thigr example, SiHzsO (Figure 2d), the rms displacement is
first five rows of Table 1). slightly larger. However, in this case, considering the rms
The clusters with reconstructed surfaces, for exampjeti i displacement is somewhat misleading as almost all of the atomic
(Figure 2b), and those with SIO—Si bridged oxygen on the  relaxation is concentrated on the double bonded oxygen atom.

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2789
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14 1 three different colors in Figure 3. The three curves correspond
®  Current Results to the three classes of Stokes shifts discussed in the previous
21 a Lo section. The bulk derived, hydrogenated nanoclusters are
1.0 4 : gﬁz?nmet":f.aﬂ'éf o represented by the red curve (a), which shows Stokes shifts that
o aarr‘-rtmlet[za;-]lm rapidly decrease from over 2 eV for 0.5 nm clusters to 0.1 eV
uetal .
0.8 - v Hope-Weeks [30] for 2 nm clusters. The hydrogenated nanoclusters with recon-

structed surfaces and bridged-8)—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
041 clusters. The size dependence of the Stokes shift in curves (a)
o %‘—}_{ - and (b) was fit ta=Stokes[] D", whereD is the cluster diameter,
and both curves show a size dependencencf 2.5. The
0.0 ; : . e nanoclusters with oxygen double bonded to the surface are
0 1 2 3 4 5 6 represented by the green curve (c), which shows Stokes shifts

Diameter (nm) ) 3
Fioure 3. A . ¢ dval fthe size d g fth of ~1.2 eV, roughly independent of size.
igure 3. A comparison of measured values of the size dependence of the . . -
Stokes shift in silicon nanoparticles with theoretically predicted LDA values While many of the error bars are fairly large in Figure 3, the

(see text). The green curve shows the calculated Stokes shift with double €xperimental values for the Stokes shift can be broadly divided
bonded oxygen at the surface. The red curve shows the calculated Stokesnto three classes, which approximately correspond to the three
shift with idealized hydrogen passivation. The blue curve shows the (155505 of Stokes shifts identified by our calculations. The most
calculated Stokes shift with bridged oxygen or reconstructed surfaces. . .

striking agreement is between the results of Wu €¥ and
Hao et alk® and the results we found for the Stokes shift of
clusters with oxygen double bonded to the surface. Wu et al.
fit find values of the Stokes shift of1.2 eV, which are almost

relaxation on the double bonded oxygen atom results from the independent of the size of the nanocluster. These measurements
localization of the HOMO and LUMO orbitals on the double 29ree with our model for the Stokes shift of clusters where the

bond as shown in Figure 2d. In these clusters, the Stokes Shiﬂstructural relaxation is localized almost entirely on the silicon/
is relatively independent of the size of the cluster as the oxygen double bond, due to the localization of the HOMO and

. : e LUMO charge densities on this bond.
;ilﬁzigon mechanism depends only on specific boatdthe The Stokes shifts measured by von Behren &t ahd Hope-
Weeks?® display the same size dependence as absorption gaps,
Comparison with Experiment 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

ﬁbsot:ptlon ar;;lz! ehmldsslon Wavele%%g‘ﬁlgzss'zléﬁ)r} nanOSIrLl’Ctureshydrogenated clusters with unreconstructed surfaces (similar to
as been published In recent yeafs=—===Uniortunately, i .y Those clusters with the smaller Stokes shifts in this

there appears to be little CONSENsUs among.experimental ,re,SUIt%Iass, for example, those characterized and observed by Belo-
appearing in the recent literature. Interpreting and classifying moin et al.1® may exhibit partially reconstructed surfaces which,

the large r_lumber of gaps and _S_tokes shift_s is difficult due t(_) as we have shown, suppress the magnitude of the Stokes shift
long-standing problems synthesizing monodisperse samples W|th(See e.g., SiHz).

well-characterized surfaces. However, on the basis of the results

described in th? previous section, we propose th"’}t rnanyvery small over a range of sizes/gaps. These clusters are
apparently conflicting measurements can be explained by surrounded by an Sinatrix and may well contain the bridged
considering differences in the size and surface properties of theSi—O—Si bonds at the surface. which we have shown to be
samples. ) . responsible for a significant suppression of the Stokes shift. This
Figure 3 combines the results of a number of published values gy janation based on the surface structure of the clusters resolves
for the experimentally measured Stokes shift of silicon nanoc- e contradiction noted by von Behren et&that their measured
rystals. The Stokes shift is plotted as a function of the size of |55 of the Stokes shift (0-9.6 eV) were not in agreement
the nanocluster. The horizontal error bars are largely due to with the negligible value measured by Wilson e &r similar
difficulties determining the exact size of a given sample, while ¢, cjusters.
the vertical error bars are determined mostly by the sizé  aq mentioned earlier, our LDA predicted values of Stokes
dispersion and small structural variations of the samples. For ghig for hydrogenated clusters are lower than those measured.
comparison, we include in Figure 3 the results of our LDA £or clusters with diameters of1 nm, the agreement with
calculations from Table 1. The LDA rather than th_e more  oyneriment is significantly improved by including QMC cor-
accurateT QMC results were plotted as they are available for o tions which increase the predicted Stokes shiftdy2—
larger size clusters. The QMC values can then be used 10 3 g\, We note that to further improve the comparison between
quantitatively correct the LDA values, which, however, give ¢ cajculations and experiment, additional phenomena should
the correct qualitative trend as a function of size. QMC values pe taken into account. In addition to the structural relaxation
rigidly shift LDA results by~0.2-0.3 eV. As a guide to the  cq1cjated here, a red shift can be introduced by (i) absorption

eye and as a means of extrapolating our results to sizes Ofini 5 state higher than the emitting state. Such a situation may
nanoclusters beyond those currently accessible with ab initio

techniques, we fit our LDA data results to the curves shown by (39) Hope-Weeks, L., private communication.

Stokes Shift {eV)

The displacement vectors plotted in Figure 2d show that the
double bonded oxygen atom rotates by ovet When excited
into the triplet state. This localization of the Stokes shi

A wealth of experimental measurements of the optical

Finally, the Stokes shifts measured by Garrido et®alre
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arise either by a singletriplet splitting of the band edge levels  determining the structural relaxation of a cluster in an excited
due to the electronic exchange interaction or by the smallest electronic staté-22 There are two cases where the smallest of
possible transition being optically forbidden. In either case, light the nanoclusters included in this work have been previously
is absorbed into the higher energy exciton level and emitted studied. A previous calculation of the Stokes shift of a 14-atom
from the lower energy, optically forbidden, “dark exciton” level. silicon nanocluster, passivated with hydrogen, was predicted
We expect the singlettriplet splitting to be negligible in to be 0.7 e\2* This is in agreement with our LDA calculation,
nanoclusters with diameters larger than 1#mand thus it was but our more accurate QMC calculations predict a larger value
not included here. For the clusters studied here, the lowestof 1.1 eV. Another previous LDA calculation of the,&ilss
singlet-singlet transition is only optically forbidden in clusters cluster predicted the single-particle gap and Stokes shift to be
with one oxygen double bonded to the surface (e.gH$0) 3140 3.3 and 0.22 eV, respectivel). In this case, we predict

In this idealized case, the Stokes shift would actually increase significantly larger LDA values of 3.6 and 0.7 eV and QMC
by an approximate 0.2 eV in the smallest clusters due to the values of 5.3 and 0.9 eV, respectively. We attribute the
excitations into the next highest state. (i) The existence of previously calculated smaller LDA values to be due to the use
“surface traps” with energies in the middle of the optical gap of too small of a basis (6 Ry as compared with 35 Ry in our
of idealized hydrogenated clusters can contribute to the Stokescalculation).

shift. An exciton is initially formed in the core of the cluster,

and then either the electron or the hole migrates to a lower Conclusion

energy surface localized trap state before recombination and In conclusion, using state-of-the-art electronic structure

the emission of a photon. In this work, we choose to study calculations, we have determined that in silicon nanoclusters
representative prototypg clusters, and therefore surface rap stateg e \ajue of Stokes shifts is extremely sensitive to the size,
were not present. Adding such an'effect would increase the surface structure, and chemistry of the nanocrystal~Fonm
predicted valuc_e_of the Stokes shift, but th?. magmtude_ 'S sized clusters, the Stokes shift ranges from less than 0.1 eV to
extremely sensitive to the nature of the trap. (iii) A broad size greater than 1.0 eV depending on the detailed surface structure
distribution itself can contribute to the Stokes shift. Lightis -4 o presence of oxygen in either bridged or double bonded

absorbed by clusters with a range of sizes, and the absorpt'onconfigurations. Our results enabled us to provide explanations

peak is close to that of the mean size cluster. The excitons thenfor the seemingly contradictory results of a number of experi-

lower their energy _by transferr_lng_ to nelgh_bonng larger clusters, ments. These results demonstrate that combining measurements
before recombination and emission. In this manner, the average

d emissi Id tend to be f the | lust fof the absorption and emission energies provides a powerful
measured emission would tend to be from the larger CIUSters oty | ¢, optically characterizing both the size and the surface
a given size distribution, which in turn leads to larger measured

. structure of semiconductor nanoclusters.
Stokes shiftg?!
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