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We report first-principles calculations for optical absorption spectra of hydrogenated silicon clusters in the
presence of oxygen on the surface. Our computational technique is based on linear-response theory within the
time-dependent local-density approximatiofDLDA). The calculated spectra show that oxidation substan-
tially reduces the size of optical gaps in silicon nanocrystals. This result may explain a seeming disagreement
between the measured photoluminescence and theoretical predictions based on a quantum confinement model
in the limit of small clusters.
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Surface-passivated silicon clusters in the form of spheri- Recent experimental data present strong evidence that sur-
cal quantum dots are frequently used in theoretical studies tface effects produce a very substantial impact on the elec-
simulate the optical properties of porous silicoiccording  tronic and optical properties of nanocrystalline silicon. Spe-
to this model, visible photoluminescence from porous silicorcifically, Wolkin et al. observed a large redshift of
is associated with quantum confinement. Quantum confingshotoluminescence in porous silicon after exposure to open
ment increases the optical gap in silicon nanocrystals andir.? The study reported a shift of photoluminescence of the
shifts photoluminescence into the visible radgeHowever,  order of 1 eV for samples composed of crystallites smaller
most calculations for optical absorption and emission in sili-than 2 nm in size. The observed redshift has been attributed
con dots do not take into account differences in structure antp surface oxidation of silicon nanocrystals. According to the
chemical composition of the dot surface. This creates an aninterpretation proposed in Ref. 12, oxygen creates trapped
biguity in the interpretation of experimental data. Almost all €lectron and hole states on nanocrystalline surfaces. The
ab initio and empirical simulations available in literature usetrapped surface states reduce the effective size of the optical

silicon dots passivated with hydrogétf Other types of sur-  9aP- This mechanism can explain the difference between the

face passivation have not been studied. Only one of the putse_nergy of the measured photoluminescence and theoretical

lished work$§ presentsab initio calculations for optical ab- predictions based on the quantum confinement model.

sorption of two silicon clusters with reconstructed surfaces In t_h|s paper we investigate the effects of partial surface
. : . L bxidation in hydrogenated silicon clusters. The goal of our
SibgHo4 and ShgH4,. It appears that no first-principles stud-

. £ th tical Hes h b ducted f _study is to assess the surface contribution to the optical gap
I€s ot he oplical properties have been conducted for oXiy, 4 improve the quality of theoretical models for porous and
dized silicon clusters or clusters with surface defects. On th

. " o ﬁanocrystalline silicon.
other hand, porous and nanocrystalline silicon studied in ex- o, computational approach is based on the finite-

periments are prepared under a variety of surface conditiongitterence density-functional pseudopotential methbtwe
determined by the etching technique and external chemic@mpby the Kleinman-Bylander form of Troullier-Martins
environment. Only a fraction of published experimental datayonlocal pseudopotentia$ Calculations are performed on a
refers to “pure” hydrogenated silicon dofswhereas some real-space Cartesian grid, without the use of explicit basis
measurements are performed on partially oxidizecdfunctions. The exchange-correlation potential is approxi-
nanocrystal$.In many cases, the precise chemical composimated by the Ceperley-Alder local-density functiotral.
tion of nanocrystalline surfaces is not known. Due to a very large number of possible configurations for
Theoretical calculatioffs based on a quantum confine- oxidized silicon clusters, our present study is, for the most
ment model show good agreement with experimentapart, limited to the case of a single oxygen atom attached to
measuremenfdor optical absorption in hydrogen-passivated the cluster surface. Oxidized clusters were prepared from
silicon clusters. In contrast, experiments performed on oxitegular hydrogen-terminated spherical dots by replacing two
dized samples often display photoluminescence with enehydrogen atoms on the surface with a single atom of oxygen,
gies significantly below the values of optical gaps predictedollowed by relaxation of all interatomic forces. Atomic
by the confinement model for clusters in the same sizdorces were minimized by a variable metric algorith?his
range® Sometimes, this disagreement could be greater than algorithm offers substantial savings in computer time over
eV. It has been suggested that the onset of photolumineshe standard steepest-descent method. We performed a com-
cence in silicon nanocrystals may be associated with the oprehensive search for low-energy cluster structures. To find
tical Stokes shif® and excitonic exchange splittifg.Both  the most stable configurations, we tested all possible posi-
of these effects are shown to be significant in small silicortions of the oxygen atom on the surface. For each oxidized
dots. However, it appears that neither the Stokes shift, notluster except for SiOf] we selected two different geom-
the excitonic exchange splitting alone could explain such atries with the lowest total energies: one with oxygen at-
large disagreement between experiment and theory. tached to a single silicon atom forming a double=%) bond
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FIG. 2. Left: calculated TDLDA absorption spectra of oxidized
hydrogen-terminated silicon clusters. Right: TDLDA spectra of
nonoxidized cluster8All spectra are broadened by 0.1 eV using a
Gaussian convolution.

The calculated optical absorption gaps in oxidized and
FIG. 1. Structures of SOH,, clusters. nonoxidized silicon dots are compared in Fig. 4. The

TDLDA gaps for nonoxidized §H,, clusters are adapted

and the other with oxygen connected to two silicon atomgyom our previous work.Absorption spectra of large silicon
creating Si-O—Si bonds on the surface. Structures of thesejois are essentially quasicontinuous and exhibit a large num-

clusters are shown in Fig. 1. _ ber of low-intensity transitions near the absorption edge. Be-
_ Absorption spectra and o_pt!cal gaps were calculated usingyse of that, the gaps reported in Ref. 5 were defined
linear response theory within the time-dependent localyyyough the integral oscillator strength rather than individual
density approximation(TDLDA).”" The TDLDA method  qptical transitions. The effective size of optical gaps was
represents a natural extension of the ground-state densitgya|uated at a very small but nonzero fraction of the com-
functional formalism and the local-density approximation, piete electronic oscillator strength. The numerical value of

designg:d to include the proper representation of exciteths threshold parameter was set at 4®f the total oscilla-
states.” Compared to otheab initio theoretical methods for o, strength for a cluster. For consistency, in this work we use

excited states, TDLDA approach requires less computationghe same criterion to define the gaps in oxidized silicon clus-
efforts and can be used for relatively large clusters. Recentlyg . Figure 4 shows that surface oxidation reduces optical
we have applied this technique to compute optical spectra Oéaps in hydrogenated silicon clusters by as much as 1
hydrogenated sili_con dofsOur calculations demo_nstrated —2 eV. The change in the size of optical gaps is consistent
that TDLDA provides good agreement with experiment for it the redshift of photoluminescence observed in Ref. 12.

optical gaps and low-energy excitations in these systems. ag gych, we believe that surface effects are primarily respon-
The calculated absorption spectra of oxidized silicon dots

are shown in Figs. 2 and 3. In Fig. 2 we compare the spectra

of small oxidized and nonoxidized clusters. The comparison l\;xlO g
indicates that the addition of oxygen creates new absorptior / si oH. @®m Vv *é
bands in the region of lower transition energies. Optical ex- = = 29 S
citations with higher energies are also affected by oxidation,-& \'leo —?:
although some intense absorption peaks observed in nonox g“ f«’ Si.OH, () V' g
dized clusters(such as the peaks at 6.6 and 7.8 eV for & |—=xze 2 3 %
SisHy,) appear to be only slightly shifted. Figure 3 shows the & xto o~ A~ =
calculated spectra of the §DH3, and SisOHg, clusters. As E et Si,.OH,, (D k=

: . . , 35734 =
expected, the overall change in optical absorption caused b*~ = ! o
the addition of a single oxygen atom becomes less visible for ,ix10 ANV T N VIV %
larger clusters. To make the effect of oxidation more evident, ! ’ §i, OH,, (1) A
we plot in Fig. 3 the differential spectra calculated as the — 6 8 > 3 4 5 6
difference in optical absorption of the same cluster before Photon Energy (eV)

and after oxidation. Positive values of differential photoab-
sorption correspond to the new absorption peaks that appear FIG. 3. Left: calculated TDLDA absorption spectra ofgSiHa,
only after oxidation. The differential absorption spectra forand SisOH,, clusters. Right: difference in optical absorption be-
Si,gOHz4 and SisOHs, clearly show the presence of low- tween clusters with and without oxygen on the surface. All spectra
energy optical transitions associated with surface oxygen. are broadened by 0.1 eV.
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FIG. 4. Comparison between the optical absorption gaps of b)

regular and oxidized hydrogen-terminated silicon clusters. The gaps
for Si,H, clusters are adapted from Ref. 5. The dashed lines are just
a guide to the eye.

sible for the disagreement between experimental photolumi-
nescence from oxidized silicon nanocrystals and theoretical 4
estimates based on the quantum confinement model.
Surprisingly, our calculation shows practically no change
in the size of optical gaps between cluster isomers with
Si=0 and Si—O—Si bonds on the surface. At the same
time, Figs. 2 and 3 reveal substantial differences in the shape
of optical spectra for these clusters. To understand the
mechanisms of the gap formation, we studied electronic ex-
citations in two selected clusters:3$dHs, (I) and(ll). The
order of electronic levels near the gap is illustrated for both . ) ) . .
isomers in Figs. &) and 5b). These diagrams represent sim- _ FIG. 5. Schematic representation of ele_ctronlc levels in the vi-
plified schemes that show only the dominant single-electror?'nl';y Ef the gap for(.a)l (Sj'.35QbH34.(|) an?(t?) SissOH, (I1) clusters.
Kohn-Sham transitions within the TDLDA description and ][n oth cases, spatial distributions of electron densities are shown
. S . or the HOMO and LUMO states.
do not account for correlations among individual excitations.
The energies of optical transitions shown in Fig. 5 corre-
spond to one-electron singlet TDLDA excitatioHsAs such, ~ spread among the layers of silicon atoms surrounding the
they may differ from transition energies of the TDLDA op- Si—O—Si fragment. In both(@) and (b) cases, the direct
tical spectra shown in Figs. 2 and 3, which correspond talipole transitions between the HOMO and LUMO states are
collective electronic excitations. Nevertheless, the singleforbidden. The absorption edge forz$dHa, (11) is formed
electron diagrams are useful for the qualitative analysis ofnainly by transitions from lower occupied orbitals to the
optical transitions in oxidized silicon dots. LUMO state. For this cluster, transitions from the HOMO
The authors of Ref. 12 proposed that photoluminescencstate to higher unoccupied orbitals do not contribute to opti-
in small oxidized silicon clusters occurs between the trappedal absorption near the gap. Fogs8iHs, (1), however, both
electron and hole states, both of which are associated withf these types of electronic transitions are involved in the
the double Si=0 bond on the cluster surface. Specifically, formation of the absorption edge.
the trapped electron state ipsstate localized on silicon and Our calculations show that even a low concentration of
the trapped hole state ispastate localized on oxygen. Spa- oxygen on the surface can substantially alter the optical
tial distributions of electron densities for the lowest unoccu-properties of silicon nanoclusters. Experimental studies,
pied molecular orbitalLUMO) and the highest occupied however, are not always limited to clusters with low oxygen
molecular orbitalHOMO) of the SiOHa, (11) cluster plot-  content. To test how the optical gap would be affected by
ted in Fig. %a) confirm that these states are indeed reprehigher oxygen coverages, we computed the TDLDA absorp-
sented byp-states mainly localized on the silicon and oxygention spectrum of an “oxygen-saturated” clusterzs8sH,,.
atoms. However, the distributions of HOMO and LUMO This cluster was prepared from the hydrogen-terminated dot
electron densities for the 8OHs, (1) cluster shown in Fig.  SizsHgze by replacing 12 outer-shell hydrogen atoms with
5(b) reveal a different picture. The LUMO state is, for the oxygen to form six double SO bonds at the positions
most part, localized on two silicon atoms that form thesymmetrically equivalent to that shown in Fig. 1 for
Si—O—Si bonds. At the same time, the HOMO state is notSi;3sOHs, (11). The increase in oxygen coverage caused a fur-
localized on the oxygen atom. Instead, this electronic state ither reduction of the absorption gap to 2.4 eV. This value was

2.80 eV
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approximately 0.4 eV lower than the absorption gap forfraction of oxygen coverage, the oxygen-induced states
SizsOHg, (I1), and almost 1.6 eV lower than the gap for the should not cross over the levels from the body of the cluster
nonoxidized cluster $iHss. We did not see any evidence for silicon dots up to approximately 20—-25 A in diameter.
that the principal mechanism of gap formation fog8kH,, For larger dots, the overall effect of surface oxidation on the
was different from that for SiOHa,. In our view, the addi-  Optical properties is likely to be less important.

tional reduction of the absorption gap in case of:GiH,, In summary, we have comp_L_Jted absorpti(_)n spectra and
could be explained by interactions among oxygen-induce@Ptical gaps of hydrogenated silicon clusters in the presence
electronic states. of surface oxygen. Our calculations were performed using

linear-response theory within the time-dependent local-

. . ensity approximation. The computed spectra demonstrated
Irﬁdtzgeﬁrr?ii/ g}e|§rre§ecr;3§t§:slofﬁgZegsﬁ?(gr?:yrlﬂigzdﬂeiveeé hat oxidation reduces optical gaps in silicon clusters by as
9 ’ P “much as 2 eV. The change in the size of optical gaps
G¥as consistent with the redshift of photoluminescence ob-
p

the gaps in nonoxidized silicon clusters decrease with inge e in oxidized silicon nanocrystals. In contrast to a pre-

creasing cluster size as a result of diminishing quantum conioysly proposed model, we found that the reduction of the
finement, at some point the oxygen-induced states are ex:

) ap size is not necessarily associated with the doubleCoi
pected to cross over the electronic levels from the body 0f,nq on the cluster surface.

the cluster. After this point, the oxygen-induced states would

no longer be located inside the gap. Using the results of our We acknowledge support for this work by the National
previous work for hydrogen-terminated silicon doéd as-  Science Foundation under Grant No. DMR 99-76550 for the
suming that the oxygen-induced states in larger clusters dMaterials Computation Center at the University of lllinois,
not change much from those in;§DHs, or SksOgH,4, Wwe  and Grant No. DMR 98-02373, the Minnesota Supercomput-
can roughly estimate the cluster size at which this crossingng Institute, and the Computational Materials Science Net-
would occur. Our calculations suggest that depending on thevork (CMSN) of the Department of Energy.

As Fig. 5 indicates, the absorption gap forSHs, is
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