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Structural stability and optical properties of nanomaterials with reconstructed
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We present density functional and quantum Monte Carlo calculations of the stability and optical

properties of semiconductor nanomaterials with reconstructed surfaces.

We predict the relative

stability of silicon nanostructures with reconstructed and unreconstructed surfaces, and show that
surface step geometries unique to highly curved surfaces dramatically reduce the optical gaps and
decrease excitonic lifetimes. These predictions provide an explanation of both the variations in the
photoluminescence spectra of colloidally synthesized nanoparticles and observed deep gap levels in

porous silicon.

One of the key features that distinguishes nanoma-
terials from their bulk counterparts is their large sur-
face to volume ratio. This predominance of the surface
is responsible for many of the novel physical properties
of nanomaterials. Recently, nanostructure surfaces have
been shown to influence properties as varying from sur-
face trap suppression of gain in quantum dot lasers[1]
to the resonant frequencies and energy loss in NEMS
resonators[2]. Understanding and controlling surfaces is
particularly important in semiconductor nanostructures,
where reconstructions are expected to play a key role.
Current experimental difficulties fabricating and imaging
nanostructured materials with curved surfaces place ab-
initio theoretical calculations as one of the most promis-
ing tools for understanding these surfaces.

In this Letter we present a series of ab-initio calcula-
tions of nanostructure surfaces, using silicon nanoparti-
cles as a prototype system. These calculations are the
first Quantum Monte Carlo (QMC) study of the forma-
tion energies of clusters larger than a few atoms, ex-
tending the scope of QMC to the study of surface for-
mation energies. We examine a set of atomic surface
and step reconstructions, present only on highly curved
nanoparticles. The thermodynamic stability of these
nano-surfaces are predicted under different synthesis con-
ditions. The effects of these surface reconstructions on
the opto-electronic properties are also examined. Our re-
sults show that while the optical properties of very small
nanoparticles (less than 1 nm) are strongly influenced by
the presence of surface dimers, the presence of surface
steps is actually responsible for the largest optical gap
reductions in most nanoparticles. These predictions are
applicable to a wide variety of semiconductor nanostruc-
tures with highly curved surfaces such as quantum dots
and wires, NEMS devices and nano-cantilevers.

Early theoretical studies of nanoclusters simulated
the surface by simply enforcing vanishing boundary
conditions on the electronic wave functions. Re-
cently, more sophisticated atomistic calculations have
been reported using semi-empirical tight binding[3] and
pseudopotential[4] approaches. While these methods ac-
curately reproduce the core, bulk-like regions of nan-

oclusters, their description of the surface is limited to fit-
ting a surface potential to experimental spectra[4]. These
calculations[5] demonstrated that the optical properties
strongly depend on this choice of surface potential. To
eliminate these ambiguities in the choice of surface poten-
tial, first principles calculations of nanocluster surfaces
are required. To date, only surface dimers on ultrasmall
29 atom silicon clusters[6] have been studied. The size de-
pendence of the effects of these dimers remains unknown
and the relative stability of alternative surface structures
is yet to be explored.

To investigate both the stability of different nanostruc-
ture surface reconstructions and the importance of the
nanocluster surface to volume ratio, we studied spheri-
cal silicon clusters ranging in size from 53 to 331 atoms
(0.7 to 2.0 nm). The clusters were modeled with dia-
mond structure cores and surface dangling bonds were
terminated with SiH and SiHs groups. To generate nan-
oclusters with reconstructed surfaces a two step approach
was adopted. First, (100)-type facets were reconstructed
to a (2 x 1) configuration by removing a hydrogen atom
from neighboring pairs of SiHs groups, forming an ad-
ditional Si-Si bond (see inset a in Fig. 1). For the
larger clusters (> 148 atoms), steps on the (100) facets
can also be reconstructed (see inset b in Fig. 1), fur-
ther reducing the hydrogen coverage of the surface. All
atomic structures were relaxed using density functional

calculations|[7], within the local density approximation
(LDA).

Fig. 1 shows the atomic structures of two 1.8 nm
clusters: (i) SijagHizo which has an unreconstructed
surface and (ii) SijysH7o where neighboring dihydrides
(SiHz) on the (100) facets have been reconstructed to
a (2 x 1) configuration, similar to the bulk (100) surface
reconstruction[8] and the steps between (100) facets have
also been reconstructed. The silicon atoms forming one
of the reconstructed dihydrides and one of reconstructed
steps have been colored yellow and red respectively in
SijugHre. On the surface of this cluster there are 12
of each of these configurations. One might expect the
core Si-Si bond lengths to be shorter than in bulk silicon
due to the “surface tension” produced by reconstruction.
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FIG. 1: Unreconstructed (SiiasHi20) and reconstructed (SiiasH72) hydrogen (white atoms) passivated 1.8 nm silicon (grey
atoms) nanoclusters. Charge density isosurfaces (blue) represent 50% peak amplitude.

However, we find core bond lengths < 1% shorter than
the bulk value in both clusters. The bond lengths of the
(2 x 1) dimers and the reconstructed steps are similar
to those predicted by LDA calculations for flat, hydro-
gen passivated (001) surfaces[9] and reconstructed steps
on a (100) surface[10]. After reconstructing a step edge,
the silicon atoms with 4 silicon neighbors (* in inset b of
Fig. 1) are more constrained producing Si-Si bonds that
are ~ 10% longer than in the core.

In addition to changes in bond lengths we also observe
interesting surface structures that are unique to curved
nanocluster surfaces. On a flat surface the large num-
ber of interacting dihydrides form a “canted”[9] structure
to minimize the repulsion between hydrogen atoms. In
contrast, the facets on a nanocluster surface are small.
For example, the (100) facets of SijygHizg in Fig. 1(i)
have only one pair of dihydrides. These neighboring di-
hydrides repel each other by rotating in opposite direc-
tions (see arrows in Fig. 1), further increasing the H-H
distance from 1.51 A to 2.08 A. This additional energetic
advantage of the curved surface is reflected in the nega-
tive formation energy of the step on (100) surfaces[10].

To predict the relative stabilities of the unrecon-

structed and reconstructed clusters we follow the pre-
scription of Ref [9] for the relative formation energy, €2,
of the clusters

Q:ETOt—i—EZPEnH—nH,UH ) (1)

where FE is the total energy, Ezpg is the zero-point en-
ergy of Si-H vibrations, ng is the number of hydrogen
atoms, and pg is the chemical potential of hydrogen. As
the temperatures being considered here are much lower
than the Si-H vibrational energy (~3000 K), only zero
point Si-H vibrations are included. Additionally, as the
number of Si atoms is the same in each cluster, the Si-Si
vibrational contributions to the free energy are assumed
to be equal and therefore cancel out of the relative forma-
tion energies. In the current work, the structures are first
relaxed within the LDA. Then QMC calculations are used
to more accurately determine the total energy, ETt, of
each cluster. In Fig.2 the QMC formation energies of the
SijygHx clusters are plotted as a function of the hydro-
gen chemical potential, pg. As a qualitative guide the
upper x-axis shows the temperature dependence of ug,
computed from the standard partition function, within
the harmonic approximation, including both rotational
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FIG. 2: QMC calculated formation energies of 1.8 nm Sijs
clusters with different surface structures. The origin of ug
is value at which the formation energy of SiH, is zero. The
value of pg; for bulk silicon was obtained from Ref.[11].

and zero-point vibrational energies [19] at 1 atmosphere
of partial pressure.

The structure with the highest coverage of hydrogen
on the surface, and hence no reconstructions (SitagHi20),
has the lowest formation energy when pg > —0.3 eV.
These high p©r conditions exist when silicon nanoclusters
are formed by reducing SiCly with metal hydrides[13] or
by HF etching of bulk silicon[14]. For nanoclusters syn-
thesized in an Hy environment pg is considerably lower.
For pupr < —0.3 it is energetically favorable to recon-
struct surface dihydrides forming (2 x 1) surface dimers
(Si1ssHog) and if pyg < —0.8 eV reconstructing surface
steps to further reduce the hydrogen content (SijssHr2)
becomes energetically favorable.

The importance of using an accurate many-body ap-
proach such as QMC is illustrated by comparing the val-
ues of pg at which the most stable structure changes
from Sil4gH120 to Si148H96 to Sil4gH72 to 81148. Our
QMC calculations (Fig. 2) predict critical values of pgr of
-0.3,-0.85 and -1.5 V. In contrast, an equivalent LDA cal-
culations predicts crossover at -0.25,-0.68 and -0.85 eV.
In addition, the QMC phase diagram predicts a positive
formation energy for SijygHi0 at pg = 0, i.e. SijugHiog
will not spontaneously form from silane and bulk silicon.
LDA calculations predict instead a negative formation
energy of SijugHioo at pg = 0 and hence spontaneous
formation of nanoscale clusters.

While LDA calculations have previously been shown
to accurately predict structural properties of silicon nan-
oclusters, they have also been shown[15] to significantly
underestimate their optical gaps. Therefore, to deter-
mine the effect of surface reconstruction on the optical

gap, a series of QMC optical gap calculations were per-
formed for clusters with diameters ranging from 0.7 to
2 nm, using the approach described in Ref.15. For each
cluster the lowest energy structure of the unreconstructed
and reconstructed surfaces was determined using LDA
calculations and the optical gaps were calculated using
QMC. The results of these calculations are summarized
in Fig. 3a. In Fig.3a we compare QMC calculations of
the size dependence of the optical gaps of silicon nan-
oclusters with unreconstructed surfaces to those with re-
constructed dimers and steps on the surface. The opti-
cal gap of unreconstructed clusters has previously been
shown([3, 4, 15] to exhibit a strong size dependence, de-
creasing from 9.1 eV for the smallest limiting case of the
SiH4 silane molecule, to 1.1 eV for clusters approaching
the bulk limit. In contrast, Fig.3a shows that clusters
with reconstructed surfaces exhibit a much weaker size
dependence, most likely due to the surface localized na-
ture of the band edge states. In contrast to the quantum
confined core states of unreconstructed clusters, these
states behave more like impurity levels that are indepen-
dent of the size of the cluster. Clusters with only recon-
structed dimers have an optical gap of ~ 3.5 eV. Larger
clusters (>148 Si atoms) are also able to reconstruct steps
on the (001) surface. This double reconstruction dramat-
ically lowers the optical gap to ~ 1.5 eV. Using the trends
of the LDA gaps we extrapolate the QMC gaps to larger
sizes (dashed line in Fig. 3a) and predict that beyond
2 nm the unreconstructed optical gap will cross below
the gap produced by dihydride to dimer reconstructions.
Therefore, the effect of dimer reconstructions will not be
observed in clusters > 2 nm. However, as reconstructing
surface steps lowers the optical gap energy to only slightly
above the bulk band gap, we predict it should be possible
to observe the optical signature of step reconstructions in
clusters as large as 5-10nm.

The nature of a nanocluster surface can also be char-
acterized by the excitonic lifetime. Fig.3b shows the size
dependence of the exciton lifetime in clusters with un-
reconstructed surfaces and surfaces with reconstructed
dihydrides calculated within LDA using the procedure in
Ref.[16]. For clusters with diameters >1.3 nm the exciton
created by a HOMO to LUMO excitation (solid circles
and squares) is plotted. In the smallest clusters, excita-
tions between band edge states slightly below(above) the
HOMO(LUMO) (empty symbols) with the same surface
character as the HOMO and LUMO in the larger clusters
are plotted as these have significantly shorter lifetimes.
For unreconstructed clusters, the exponential increase in
lifetime of the exciton (circles connected by solid line in
Fig.3b) is consistent with previous calculations[17] and
is interpreted as the HOMO to LUMO transition becom-
ing more “indirect” as the bulk limit is approached. For
clusters with reconstructed dihydrides, the lived exciton
exhibits a similar exponential size dependence, but the
lifetime is approximately an order of magnitude shorter
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FIG. 3: (a) Optical gaps of nanoclusters with different surface
structures. Dashed lines are extrapolations based on LDA
trends. (b) Solid circles(squares) show LDA exciton lifetimes
of unreconstructed (reconstructed) clusters. Empty symbols
show the lifetime of states with HOMO(LUMO) character
just below(above) the band edge.

for all sizes.

In Ref.[18], van Buuren et. al use X-ray absorption
and valence band photoemission to investigate the shift
in the valence and conduction band edges of porous sili-
con as a function of thermal annealing. The wavelength
of the observed photoluminescence suggests that the op-
tical emission in these samples originates from nanoscale
features with dimensions of ~2 nm, similar to the nan-
oclusters studied here. As the annealing temperature is
increased, mass spectrometer measurements showed sig-
nificant hydrogen evolution coupled with a decrease in
the quantum confinement of the conduction and valence
bands. At an annealing temperature of 600 K the quan-
tum confinement of the conduction and valence bands is
reduced by 0.6 and 0.4 eV respectively, effectively reduc-
ing the optical gap by 1 eV. This evolution of hydrogen
at 600K is consistent with the reconstruction of surface
steps predicted in Fig. 2 and the measured 1 eV gap re-
duction is close to the 1.5 eV reduction due to surface
reconstruction predicted in Fig. 3a.

Evidence for the existence of silicon nanoclusters with
reconstructed surfaces is also provided in Ref.[13] in

which absorption and emission spectra of 1.8 nm clus-
ters synthesized in inverse micelles are presented. Our
QMC calculations of the optical gaps of clusters with re-
constructed surface dimers and steps of exactly this size
(3.5 and 1.5 eV, see Fig. 3) are in good agreement with
the two gaps of 3.4 and 2.1 eV measured in Ref.[13]. Our
calculations therefore strongly support the conjecture of
Ref.[13] that the smaller of these two optical gaps (2.1
eV) is due to surface recombination.

In conclusion, we have report the first ab-initio inves-
tigation of the relative stability of silicon nanoparticles
with reconstructed surfaces as a function of size and we
relate our results to specific experimental preparation
conditions. Our findings show that the relative stability
of silicon nanoparticles as a function of hydrogen con-
tent and surface structure is very different from that ex-
tracted from known results for flat surfaces. In addition,
we have describe, in detail, surface step reconstructions
of hydrogenated silicon nanoparticles, which we found to
occur in dots larger than 150 atoms, and which we sug-
gest are responsible for the dramatic shifts in optical gaps
observed experimentally in porous silicon and quantum
dots after annealing. The mechanism identified here as
responsible for the optical gap reduction generates gap
shifts seven times larger than the surface dimer bond
model previously considered for ultrasmall nanoparticles
and it thus explains several different experimental results
as a function of size. Finally, we discuss the size depen-
dence of exciton lifetimes (and hence the experimental
quantum efficiency) of silicon nanoclusters and propose
a description of the optical and structural properties of
silicon nanoparticles which is consistent with X-ray and
photoluminescence studies of both colloidally synthesized
samples and porous silicon.
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