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Effect of surface reconstruction on the structural prototypes
of ultrasmall ultrabright Si  ,9 nanoparticles
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We propose, using density functional, configuration interaction, and quantum Monte Carlo
calculations, structural prototypes of ultrasmall ultrabright particles prepared by dispersion from
bulk. We constructed near spherical structufes point group symmetpythat contain 29 Si atoms,

five of which constitute a tetrahedral core and the remaining 24 constitute a hydrogen terminated
reconstructed Si surface. The surface is a highly wrinkled or puckered system of hexagons and
pentagongas in a filled fullereng We calculated, for several surface reconstruction models, the
coordinates of atoms, the absorption spectrum, the absorption edge, polarizability, and the electron
diffraction pattern. The $§H,, (six reconstructed surface dimgrgives a size of 0.9 nm, an
absorption spectrum and bandg&wb+0.3 eV), in fair agreement with measurement. The structure
yields a polarizability of 830 a.u. with an effective “dielectric” constant-66.0. The calculated
electron diffraction of single particles shows residual crystalline coherent scattering for large but not
small scattering angles. @001 American Institute of Physic§DOI: 10.1063/1.1356447

Bulk crystalline silicon has been recently dispersed into830 a.u. with an effective dielectric constant-66.0 (12%
ultrasmall luminescent Si nanoparticles with electronic andaccuracy, a drop by a factor of 2 from bulk. The calculated
optical properties= The particles are ultrabright blue lumi- electron diffraction shows residual crystalline coherent scat-
nescent such that emission from single particles is readilyering for large but not small scattering angles.
detectablé. The emission from aggregates of the particles  The computational search started from a spherical piece
exhibit highly nonlinear stimulated emissiéneollimated  of a crystalline bulk Si which, for a size 6f1 nm, contains
blue beam emissioh, and exhibit second harmonic 29 atoms(magic number for the Td point group symmetry
generatiorf. The particle’s capacitance is small enough suchWe examined several surface models with hydrogen satura-
that single electron charging energy or the quantum confinetion and reconstruction of the dangling bonds. The absorp-
ment electronic energies are much larger than the thermaion edge is known to increase with hydrogen saturation be-
agitation energy at room temperature or highBirect trans-  cause dangling bonds produce extra states in the gap. We
mission electron microscopy imaging shows that the parexamined three surface structures. All dangling bonds were
ticles are~1 nm in diameter with spherical shape. Auger first terminated by hydrogen resulting in thedbi;g System
electron and infrared spectroscopy show that they are hydras shown in Fig. (). By eliminating 12 H atoms, we arrived
gen terminated with reconstructed surface. The particleat a structure of $iH,, [shown in Fig. 1b)] with six recon-
may, however, be prepared with an oxygen termination.

In this letter, we explore, using a combination of the
density functional generalized approximation, single excita-
tion configuration interaction, and quantum Monte Carlo
computatior, 1% some structural prototypes and properties
of near spherical ultrasmall Si particles scaled down from
bulk. We determine the coordinates of the atoms, absorption
spectrum, absorption edge, and polarizability for several sur-
face reconstruction models. One interesting structure con-
tains 29 atoms, five of which constitute a single tetrahedral
core and the remaining 24 constitute a hydrogen terminated
reconstructed Si surfadSi,qH.,,4, with six reconstructed sur-
face dimers The surface is a highly wrinkled or puckered
system of hexagon and pentagon rings. The relaxed proto-
type gives a diameter of 0.9 nm, an absorption spectrum and
absorption edg€3.5+0.3 eV), giving the best agreement

with measurement. The structure yields a polarizability ofFIG. 1. Configuration structures of a particle that contains 29 atamagjic
number for the Td symmetry and spherical shadicon atomggray), and
hydrogen atoméwhite). (a) All dangling bonds are saturated with hydrogen.
dpermanent address: Department of Physics, North Carolina Statéh) Twenty-four of the 36 dangling bonds are terminated by hydrogen with

University. six reconstructed surface Si dimefs). Twelve of the 36 dangling bonds are
YElectronic mail: m-nayfeh@uiuc.edu terminated by hydrogen with 12 reconstructed surface Si dimers.
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FIG. 2. The calculated absorption spectrum of the structures given in Fig. 12(C). The figures show that the spectra have pronounced mo-
with a Gaussia_n broade_ning of 0.12 evggﬁﬁ36 (no surface reconstruction  lecular(discrete patterns. The absorption edge of the,Sig
(dotted, and SjgHz, (Solid) and SjeHy (solid squark particle is~4.8 eV and the spectrum consists of three peaks
at5.5, 6.3, and 7 eV. The absorption edge gft$i, is ~3.5
structed surface H—Si—Si—H dimers in a manner similar t€V, and the spectrum consists of three bands centered at

the well-known S(002) surface X 1 reconstructiof.Recon- ~ ~3.7, 4.8, and 5.5 eV. The absorption spectrum oft$; is
structed Si-Si bonds have recently been proposed as Gite complex with very low absorption edggbout 0.1 eV.
source of optical activity in ultrasmall particlés!? Elimi- We now examine the dielectric properties of the proto-

nating 24 H atoms, we arrived at a structure ofgSi, type structures. We calculate the polarizability, a uniquely
[shown in Fig. 1c)] with 12 reconstructed surface dimers. defined property. We used two independent approaches
The resulting structures were then relaxed using the densitfPFT and Hartree—Fogkand with increasing accuracy of the
function theory(DFT) with the PW91 exchange-correlation basis set from 6-3&* to 6311.G** . The calculated polar-
functional! The coordinates of the atoms in the relaxedizability of SiygHy, is 830 a.u. with an accuracy of about
Si,gH,4 particle (x,y,z) in angstromgTd point group sym- 12%. A general definition of a dielectric constant in semi-
metry) are as follows. There are twelve atoms with positionsconductor nanoparticles is not possible since the energy lev-
at (—2.723217367,—2.723217367,—0.0191652608 €ls are discretéas demonstrated in Fig).1However, to get
and their permutations. Another 12 atoms are att feel, we estimated an effective dielectric constant. From the
(—3.9323534084, 0.0885964 17630.885964 176 Band  coordinates of the atoms in the prototype, and assuming that
the permutations. Four atoms are &t1.3936652527, the distance between the center and the outermost Si atom is
—1.393 665 252 7--1.393 665 252 Fand their permutations. an effective interior radiug~4.2 A), hence, defining an ap-
Finally, the center atoms is located &9.0000000000, propriate “cluster interior volume,” we get an effective di-
0.000 0000000, 0.000 000 00D OThe surface atoms form €lectric constant of-6.0 with 20% accuracy. Similar proce-
four hexagonal rings. Three atoms from a surface hexagon4lures give a polarizability of 970 a.u. for the,gl;, surface
ring with three of the internal tetrahedral uriiine is the model, and 807 a.u. for the ;33 surface model.
center atomform a hexagonal ring. There is a total of eight It is interesting to calculate electron diffraction from
of such hexagons; those slice the particle as deep as tiféngle particles. Figure 3 gives structural prototype of
center, creating deep ridges. There is also a total of eigh®isH24 and SheHzs for three orientations, along axes 111,
pentagon rings, each is formed by four surface atoms and10, and 100. We use a standard electron-atom potential.
one of the tetrahedral internal atortexcluding the center Figure 4 gives the results. The diffraction pattern with no
atom). The participation of the internal atoms in ring forma- surface reconstructio(Si,gHse) for three orientations along
tion makes the particle highly wrinkled or puckered. the 111, 110, and 100 directions show coherent electron dif-
We next calculated the optical absorption spectrum. Wéraction. The figure also shows the corresponding results for
employed the configuration interaction single&CIS)  SigHps There is a strong loss of the crystalline pattern at
method which constructs the wave functions with correct small scattering angles. Since the small angle scattering is
spatial and spin symmetries and which accommodates, to tigominated by the response from the outer part of the particle,
first order, a part of the excitonic effects. Although the rela-then this loss of the coherent dot pattern reflects the strong
tive amplitudes and positions of the peaks are usually welteconstruction on the surface of the particle. On the other
reproduced in the CIS approach, the whole spectrum i®and, we can still see the coherent dot pattern for large scat-
shifted towards higher energies due to the incomplete treatering angle. A large angle scattering is dominated by the
ment of the electron correlation effects. We used quantuneore of the particle. This is interesting since the core consists
Monte Carlo calculatiort§ of the first two transitiongT1  of only one tetrahedral unit.
—T2) which correspond to the edge of the absorption spec- Absorption measurements in the UV/visible/near-
trum to correct for an overall shift of the spectrum. Theinfrared were carried out using a spectrophotometer. The
calculated spectra were then treated with a Gaussian broagrocedure for the synthesis of the particles and characteriza-
ening of 0.12 eV, which qualitatively takes into account thetions were described elsewhéré:'® The absorption of a
temperature and any experimental size averaging effects. Thrire solvent sample was recorded under the same beam con-

resulting spectra for the three cases are shown in Figs-2 ditions. Figure 5 gives the measured absorption with the nor-
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FIG. 4. Calculated electron diffraction patterns for three orientations, along

111, 110, and 100 from top to bottonfa) No surface reconstruction
(SiygHsg). (b) With surface reconstruction (gH,.) .

malized calculated spectra for,@tl,,. The overall spectrum
and relative band strengths of thedbi,, prototype present a

Mitas et al.

cient of bulk silicon(not shown is immediately recognizable

by the three band features near 3.5, 4.5 eV, BR&nd E,
bands, and the 5.5 eV bahtiThe measured particle spec-
trum shows generally a three-band structure which may be
associated with those of the crystalline resonance signature,
however, with different details. Contrary to crystalline sili-
con, the band at-3.5 (excitonic transition has become the
weakest in the particle spectrum. Second, contrary to crys-
talline bulk, the 5.5 eV band has become the strongest
among the transitions in the particle spectrum. Heband

at ~4.5, strongest in bulk, is now the intermediate strength
band in the particle spectrum.

In conclusion, we constructed spherical structures that
contain 29 atoms with five atoms constituting a tetrahedral
core and 25 atoms constituting a hydrogen-terminated recon-
structed Si surface. The jgH,, (six reconstructed surface
dimerg gives a size of 0.9 nm, an absorption spectrum and
band gap(3.5+0.3 eV) that is in fair agreement with mea-
surement. The structure yields an effective dielectric constant
of ~0.6. The simulated electron diffraction of single par-
ticles shows residual crystalline coherent scattering for large
scattering angles, but not for small angle scattering.

The authors acknowledge State of lllinois Grant IDCCA
No. 00-49106, the US Department of Energy under Grant
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