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Electronic and structural properties of small hydrogenated silicon nanoclusters as a function of dimension
are calculated fromab initio technique. The effects induced by the creation of an electron-hole pair are
discussed in detail, showing the strong interplay between the structural and optical properties of the system.
The distortion induced on the structure after an electronic excitation of the cluster is analyzed together with the
role of the symmetry constraint during the relaxation. We point out how the overall effect is that of significantly
changing the electronic spectrum if no symmetry constraint is imposed to the system. Such distortion can
account for the Stokes shift and provides a possible structural model to be linked to the four-level scheme
invoked in the literature to explain recent results for the optical gain in silicon nanoclusters. Finally, formation
energies for clusters with increasing dimension are calculated and their relative stability discussed.
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. INTRODUCTION tion energies are still object of debdt#?! On the other

hand, from an experimental point of view, large interest has

The interest in studyingboth experimentally and theo- been given to a wide range of applications which involve the
retically) semiconductor nanocrystals has significantly in-nanosystem response under excitation. It is worth mention-
creased in the last years. The huge efforts done toward tH8g, among the many, the recently shown possibility of ob-
matter manipulation down to nanometric scale have beeffining optical gain from silicon quantum dds* The un-
motivated by the fact that desirable properties in the opticaflerstanding of the physical mechanisms at the origin of this
response, single-electron transport, etc. can be achieved aR€nomenon implies the analysis of both the ground and

tuned by just changing the system size and shape as well £XCited state of the optically excited nanodots.
the atomic species which it contains. The theoretical study of phenomena such as the Stokes

The theoretical understanding of the physical aspects in§hift (difference between emission and absorption enexgies

R . he photolumin n mission energy vs nanocrystals siz
volved in size-dependent phenomena is not an easy tasI(e PROTOIIMINESCENCE EMISSION Energy vs hanocrystais size,

. : . etc. can give a fundamental contribution to the understanding
Simple models such as effective-mass approximation hav

L 1aVE+ the optical response of such systems. A lot of work has
been demonstrated to be able to qualitatively and somenmeE?een done dealing with excited nanoclusters, but a clear

quant|tat|;/ely account for size- and shape-dependeni,,,ehension of some aspects is still lacking. In this paper
features: Nevertheless, many studies have pointed out thge present an analysis of hydrogenated silicon nanocrystals
need of a microscopic analysis, mostly for those aspects rg_sjng. The aim is that of investigating in a systematic
lated to how the reduced size is reflected into the microyay their structural, electronic, and stability properties as a
scopic arrangement of atoms and/or molecules within theynction of both size and symmetry as well as pointing out
nanosystent Semiempirical tight-bindiny and pseudo- the main changes induced by the nanocrystal excitation.
potentia? calculations show that it is possible to overcome |n Sec. Il we give an outline of the method which our
the intrinsic limits of continuous models like the effective- calculations are based on.

mass approximation, still considering large enough systems. In Sec. Ill we focus on the structural properties, calcu-
On the other handab initio approaches can be applied to lated for nanocrystals both in the ground- and in an excited-
smaller systems with the advantage of being parameter frestate configuratioficorresponding to the first allowed optical
Theoretical investigations accounting for microscopic astransition showing how the different electronic configura-
pects have widely used density-functional the@yT) both  tions can modify such structural properties.

within all-electrof~! and several pseudopotential schemes In Sec. IV we show how the overall cluster structure is
[local-density approximationLDA),}2~1° time dependent reflected into the electronic spectrum of the system. Again,
density-functional theory(TDDFT),*®¥" quantum Monte we point out the main differences between ground- and
Carlo technique$®'*18 GW81° etc]. The treatment of excited-state configurations and try to explain the Stokes
excited-state configurations within DFT is still a complex shift in terms of them. Furthermore, a four-level model for
issue, mostly due to well-known problems arising when op-the optical gain in silicon nanocluster is discussed within this
tical gaps are calculated. This explains why many aspectscheme.

concerning the methods and the results obtained for excita- In Sec. V we discuss the role played by symmetries in
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relaxation studies. There are papers in the literature which dc
not pay attention to this aspelét?* When structural optimi-
zation in the excited state is carried out it is essential to relax
the ground-state symmetries in order to make the system fre 5 . 66\"‘6
to evolve. This point will be emphasized by showing results ()\y&e
; . i . 3

obtained both keeping and relaxing the constraint on the

cluster symmetry.

Finally, a calculation of the formation energy for different
clusters is performed in Sec. VI, with the aim of addressing &
size-dependent features on the stability of such clustersg
Since the formation energy is related to the hydrogen chemi-
cal potential, we also consider a cluster with some H passi- &
vating atoms missing, which gives rise to surface reconstruc- 82
tion with the formation of Si-Si dimer&:?® o

ex
ex

Absorption £
Emission €°

Il. METHOD AND DETAILS OF CALCULATION @

The study of H-Si-nc has been done within the density
functional theory, using a pseudopotential, plane-wave ap-
proach. All the calculations have been performed with the
ABINIT code?’ Norm-conserving, nonlocal Hamann-type — FiG. 1. Schematic representation of a Stokes shift relaxation. In
pseudopotentials have been used. The Kohn-Sham waysition (1), the cluster is in its electronic ground state, and the
functions have been expanded within a plane-wave basis seftomic geometry is relaxed to its lowest energy configuration. On
choosing an energy cutoff of 32 Ry. The calculations per-absorption of a photon, the nanocluster undergoes a vertical elec-
formed are not spin polarizeéd Each H-Si-nc has been em- tronic excitation from(1) to (2). Once in the excited electronic
bedded within a large cubic supercell, containing vacuum irstate, the atomic geometry of the cluster relaxes to a lower energy
order to make nanocrystal-nanocrystal interactions neglieonfiguratior{from (2) to (3)]. Finally, the excited electron and hole
gible. The supercell side has been fixed from 13.4 A to 16.9ecombine via another vertical transitidB) to (4). The Stokes shift
A, according to the cluster dimension. Convergence with reis defined as:5,— &g,
spect to both energy cutoff and supercell side has been
checked. Gradient-corrected Perdew-Burke-Ernzerho$traint of T4 symmetry. The differences and the main results
(GGA-PBE exchange-correlation functional has been usedcoming out in the two cases will be discussed in the follow-
for both structural and electronic states calculations. Théng. We have verified that, starting from the distorted excited
pseudopotentials have been tested on bulk Si apanbl-  State geometry and going back down to the ground state the
ecule, giving equilibrium bond lengths of 2.366 A and 0.744systems relax again to tHey symmetric configuration sug-

A, respectively, that should be compared with the experimengesting that this should be a global minimum as supported
tal values 2.352 A and 0.7414 A. also by the work of Meleshket al*°

The calculations for each cluster have been performed The nanoclusters excitation has been studied calculating
both in the ground and the excited state considering as theair-excitation energie¥:** The formation of an electron-
excited state the electronic configuration in which the higheshole pair under excitation is taken into account forcing one
occupied single-particle stafelOMO) contains a holet{),  electron to occupy the LUMO, thus leaving a hole in the
while the lowest unoccupied single-particle statéJMO)  HOMO. A schematic representation is drawn in Fig. 1. The
contains the corresponding electra) ( The structural prop- nhanocluster excitatiof(1) to (2) in the figurd occurs with
erties have been determined by allowing full relaxation ofthe atomic positions fixed in their ground-state configuration.
each H-Si-nc until the maximum force was lower than 5Following Ref. 31, we indicate witlE(N,e-h) the total en-

X 10" ° Ha/Bohr. The starting configuration for all the clus- ergy of the nanocluster calculated with the electron-hole pair
ters but SjgH,, has been fixed with all Si atoms occupying constraint. The differences, = E(N,e-h) — E(N) [E(N) be-

the same position as in the bulk crystal, and passivating thing theN-electron ground-state total enelgyves the energy
surface with H atoms placed along the bulk crystal direcneeded for the creation of the pair, and defines the absorption
tions, at a distance determined by studying the ,Sihbl-  edge([let us note that, with reference to Fig. E(N)=E,
ecule. For SigH,, we remove twelve H atoms in such a way andE(N,e-h)=E,, E; andE, being the cluster total ener-

to induce surface reconstruction. This will be discussed irgies in the configuration 1 and 2, respectiely should be
Sec. VL. It is worth pointing out that the starting H-Si-nc hasnoted that the quasiparticle gap definedegN+1)+E(N

T4 symmetry, which is kept during relaxation in the ground- —1)—2E(N), and calculated from th&+1-, N—1- and
state configuration. However, for excited-state configurationdN-electron total energies, neglects the effect of the Coulomb
such a symmetry is generally lost, due to the occupation ohttraction between the electron and the hole; actually this gap
excited energy levels. Therefore, for both the electronic conis calculated starting from the energies needed to the creation
figurations, we did the structural optimization both by keep-of a hole and one electron separately.

ing (see Sec. Yand relaxing(see Secs. Il and I/the con- After excitation, due to the change in the charge density,

Atomic Relaxation
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FIG. 2. Average Si-Si interatomic distances for the relaxed
SigH15, SijgHie, ShoHszg, and SigHse clusters in their ground-
(circle) and excited-(square state configurations. The horizontal
line indicates the calculated bulk Si interatomic distances.

()

relaxation occurs until the atoms reach a new minimum en-
ergy configuration, in presence of the electron-hole p&ir

to (3) in the figurd. This modifies the electronic spectrum,
implying that the levels involved in the emission process
[electron-hole recombinatiof3) to (4) in the figurd change.
The emission energy can be defined @zE’(N,e—h)
—E'(N), whereE’(N,e-h) andE'(N) are the nanocluster
total energies evaluated in presence and in absence of the
electron-hole pair, respectively, with the atoms occupying the
equilibrium positions of the excited stafteee(3) and (4) in

the figure, withE’ (N,e-h)=Ej3, E’'(N)=E,].

The differenceAES®©kes= (g2 —£E) [which, in Fig. 1,
corresponds to E,—E;)—(E3—E,)] defines the Stokes
shift. Therefore, a contribution to the Stokes shift arises from
relaxation after excitation of the nanocluster. This model as- F|G, 3. Relaxed structures for tHe) Si;H,, (b) SisHyp, (C)
sumes that the relaxation under excitation is faster than thgj, H,. (d) Si,gHss, and (6) SissHss clusters calculated in the

(d)

electron-hole recombination. ground-(left pane) and excited-statéright panel configuration.
Il STRUCTURAL PROPERTIES: GROUND STATE of Si. The qontraction becomﬁs srr|1alller adncé tIT<e a\I/erage |rr]1-
VERSUS EXCITED STATE teratomic distances tend to the calculated bulk value as the

size of the cluster increases. However, no clear trend can be

The structural properties of semiconductor nanoclusterientified for the excited-state configuration because of
have been calculated performing, for each cluster, a geonfeavy clusters distortions that will be discussed in more de-
etry optimization both in the ground- and excited-state con+ail later in this section. Similar results have been found in
figuration without any symmetry constraint. Symmetry con-Ref. 24, which points out a contraction effect on the average
siderations and related problems will be discussed in Sec. \bond lengths? approaching the bulk value for H-Si-nc with
As previously said, we describe the excited-state configuradiameter of about 20 A as well as the absence of a uniform
tion through an electron-hole pair, leaving a hole in thebehavior for the excited structures. In order to better under-
HOMO and forcing an electron in the LUMO. There are two stand the overall contraction visible in Fig. 2 for thedBlkg
interesting points which it is worth stressing here. The firstcluster, we have calculated the Si-Si bond lengths for each
one concerns the way in which the ground-state structuraghelf® and we have compared them with that calculated for
properties change as a function of the cluster dimensiorhulk silicon. We have found a contraction of the outer silicon
while the second one is related to how the creation of arshells but a substantial agreement of the inner shells with the
electron-hole pair modifies the overall structures. A contracbulk.
tion of the H-Si-nc in their ground state configuration with  We have also investigated the structural distortions caused
respect to bulk silicon is clearly shown in Fig. 2. Here theby the nanocluster relaxation in the excited configuration. In
average Si-Si bond lengths of the relaxegtgh, SijgH1s, order to qualitatively appreciate the structural changes, we
Si,gHze, and SisHag clusters in their ground- and excited- have plotted in Fig. 3 the relaxed structures of some of the
state configurations are reported as a function of the numbesonsidered clusters, both in ground- and excited-state con-
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FIG. 4. Calculated Si-Si distancés) for each pair of Si atoms . s
for the SigHys cluster, (b) of each Si atom with respect to the tion is .dlstnbuted throughout thg structure, _and the effect
central Si of the SiHsg cluster. Circles and squares representIocally induced becomes Igss evideésmall adjustments of
ground- and excited-state configurations, respectively. Straight line80Nds and angles occur with respect to the ground)state
represent calculated bulk silicon values for the first, second, thirdf€ducing the dimension, such effect can induce large distor-
and fourth neighbors distances. tions of the structure, which for gil, and SiH,, are so
strong that the clusters seem to bréake Fig. 33
figurations. The Si-H bond lengths remain practically un-  As a final check, following Ref. 29, we report in Fig. 5 the
changed for both the ground and excited state configurations;i-Sj bond-length distribution relative to g5l1,, SijgH1s,
n -Contrast with the Sl-Sl dlStanCémdlcatlﬂg that the eXCl- Si29H361 and S§5H36 clusters. It is seen tha’[7 as the cluster
tation concerns the Si shells rather than being simply localgimension increases, the distortion induced on the structure
ized on the surfage This is shown in Fig. @) for the  py the excitation changes becoming less evident for large
SijoH16 Cluster, for which we have studied the Si-Si distancecusters. This agrees with the result of Francescleil,>°
for each pair of Si atomgthis cluster is centered in the \which shows how under excitation the stretching of a single
vacuum and no “central” atom can be identifledhe first-,  Sj-Sj bond is observed in small clusters, while on increasing
second-, third-, and fourth-neighbor distances are almost urthe dimension the overall shape of the nanocrystal is changed
changed, with respect to bulk values, in the ground-state conthis last regime is clearly found for clusters with typical
figuration (circles while significant deviations are induced dimension much larger than olirs
by the excitation(squares The same evidence comes from
the analysis of the §jHsg cluster[see Fig. 4b)]. In this case,
being the number of Si-Si pairs quite large we have chosen
to show in particular the distances of each Si atom from the The structural modifications are immediately reflected
central one® Therefore, the presence of an electron-holeinto the electronic spectrum. In Fig. 6 we report the Kohn-
pair in the clusters causes a strong deformation of the strucSham levels for the §H5, SijgH1g, ShoHzs, and SigHsg
tures with respect to their ground-state configuration, andlusters in both the grounddeft pane) and excited-state
this is more evident for smaller systems. This is what we(right pane)] configurations. It can be noted thai) the
expect, since for large clusters the charge-density perturbgiround-state energy gap decreases on increasing the cluster

IV. ELECTRONIC PROPERTIES
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FIG. 6. Calculated energy levels at the point for the (a)
SisH1s, (b) SiygHig, (€) SipgHzg, and (d) SigsHze clusters in
ground-(left) and excited<{right) state configuration. The energies
are referred to the highest valence level.

dimension as expecte(i) the excitation of the electron-hole
pair causes a reduction of the energy gap which is more
significant for smaller clusters.

For the excited clusters the HOMO and LUMO become FIG. 7. (Color onling The HOMO (left pane) and LUMO
strongly localized in correspondence of the distortion, giving(right panel square modulus contour plots calculated for tae
rise to defectlike states which reduce the gap; these effect8isHi2, (0) SiiHie, (C) SixgHzs, and(d) SizsHgg clusters in the
are stronger for smaller clusters. The contour ﬁfbtrf the  9ground-state configuration. The isosurfaces correspond to 25% of
HOMO and LUMO wave functiongsquare modulyscon- ~ the maximum value. For g§Hus, ShoHze, and SisHze we get a
firm such a picture, as shown in Figs. 7 and 8 for thgi$, threefold degenerate HOMO and the shown charge density is the
SiygH16, ShaHas, and SicHas clusters in the ground- and SUmM over the three states.

excited-state configurations, respectively. Foukkis our re-  js petween these two last states that emission occurs and it is
sult is in accordance with that of Ref. 29, showing that theworth pointing out how such a shift changes as a function of
stretching induced by the excitation lies inside the nanocrysthe dimension. In Table | we show the HOMO-LUMO gap
tal, with the HOMO wave function localized around it. for both the ground and excited states together with the ab-

The absorption of resonant radiation by the cluster in itssorption and emission energies and the derived Stokes shift
ground-state configuration induces a transition between thealculated as described in Sec. Il. Let us recall that we cal-
HOMO and LUMO levels, which for all these clusters is culate the absorption gap with the atoms fixed at the ground-
optically allowed. Such a transition is followed by a clusterstate relaxed positions as the difference between the total
relaxation in the excited state configuration giving rise toenergy of the cluster in presence of the electron-hole pair and
distorted geometrie@s shown in the previous sectjoand  the total energy in the ground-state configuration. The emis-
to new LUMO and HOMO, whose energy difference is sion gap is calculated in a similar way, but with the relaxed
smaller than that in the ground-state geomésae Fig. 6. It  geometry of the excited state.
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When comparing our results for the ground state with

~ o other DFT calculations we note that there is a general good
T e agreement between them. In particular, foytgi Grossman
et al*® have found 7.8 eV for the HOMO-LUMO gap while

the same time, for the §H5 cluster, our 3.65 eV calculated
- - absorption gap is in good agreement with the 3.6(BR¥éf.
38) obtained with the same method both by Puzeeall*
and Franceschettt al?° It is worth mentioning that our re-
r sults for the absorption gaps of thg 8} and SiH,, clusters
N s agree quite well with the experimental results of lethal 3°
X X\ whose excitation energies are 8.8 eV and 6.5 eV, respec-

.>D (@) Q ).0 Onida and Andreont have obtained 8.1 eV; these values
.v—/t\;:} .O_/){\ d have to be compared with our calculated 7.93 eV result. At

tively. GW calculations find an absorption gap of 9.0 eV for

(b) \9\ . Si;H,4,*° while LDA results by Hiracet al*° show a HOMO-
= N LUMO gap of 4.62 eV and 3.32 eV for gH1g and SjoHsg,

respectively. All these data are in very good agreement with
ours.
¢ Regarding the Stokes shift, really few theoretical results
exist in literature as Table Il show$?°*'and, in particular
for really small H-Si-ndfrom SiH, to Si;gHqg), No theoret-
ical results exist. The dependence of the Stokes shift from
the H-Si-nc size qualitatively agrees with the calculations of
Puzderet al1* and Franceschetét al?® Nevertheless, it is
seen that the data for the,ilz¢ cluster show a large spread,
which can be attributed to the different approaches used,
DFT-GGA in our case, a DFT-LDA in the case of Hifao
(with a very low cutoff of 6.6 Ry, Puzderet al,, and France-
schettiet al. It is worth pointing out that a large discrepancy
is observed even between the last two calculations just cited,
although both include local spin density approximation for
the study of the excited electronic configurati@rplet con-
figuration.

Experimentally, very few measurements exist on hydroge-
nated Si cluster and what emerges is a decrease of the Stokes
shift value with increasing the clusters dimenstéf?

A last point must be stressed here. Recent results concern-
ing optical gain in silicon nanoclusters embedded in a,SiO

) matrix have been described within a four-level, rate equation
FIG. 8. (Color onling The HOMO (left pane} and LUMO  nqe|22234445|n that case the presence of oxygen can in-

(right pane] square modulus contour plots calculated for tBe  §;ce |ocalized states within the nanocrystals'gad *3mak-
SisHiz, (B) Shotis, (C) ShoHss, and (d) SkgHs, clusters in theo ing the electronic spectrum more complex. Anyway, the pres-
tehxgl:ﬁg)-:r:\sfnc\?gzguratlon. The isosurfaces correspond 10 25% Qfce of the Stokes shift as depicted above can still give a
' possible interpretation concerning the nature of the levels
invoked by the model. They can be identified with the
A number of papers present in literatufer a recent re- HOMO and LUMO states in the ground- and excited-state
view see Ref. 3pconsider the HOMO-LUMO gaps of the configuration. Starting from a silicon nanocluster in its
ground and excited state as the proper absorption and emiground state, the pumping mechanism induces the HOMO-
sion energies; this leads to wrong results, mostly for thdUMO transition followed by a structural relaxation which
smaller clusters. In fact, from Table | it is clearly seen thatleads to a more favorable geometrical arrangement of the
the smaller the H-Si-nc, the longer is the difference betweemtoms. This modifies the band edges, giving rise to new,
the absorption and HOMO-LUMO ground-stat€S) gap  differently localized HOMO and LUMO states now involved
and between emission and HOMO-LUMO excited-statein the emission process. Thus, once more three fundamental
(EXC) gap®’ In particular the GS HOMO-LUMO gap tends aspects come out. First, there is a strong interplay between
to be smaller than the absorption energy while the EXGCstructural and electronic properties, mostly when excited
HOMO-LUMO gap tends to be larger than the emission en-configurations are concerned. Second, a consistent explana-
ergy. In conclusion, trying to deduce the Stokes shift simplytion of emission processes can be carried out only if such
from the HOMO-LUMO gaps leads to not negligible errors excited configurations are accounted for. Third, optical gaps
which are more significant for smaller clusters. cannot be calculated simply as the HOMO-LUMO energy
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TABLE |. Calculated values for the absorption and ground state HOMO-LUMO energy gaps, the emis-
sion and excited HOMO-LUMO gaps, and Stokes shifts for theHSi SisHi», ShoHig, ShoHsg, and
SiggH3g Clusters.

Absorption gap Ground state Emission gap Excited state Stokes shift
(eV) HOMO-LUMO gap (eV) HOMO-LUMO gap (eV)
SijH,4 8.76 7.93 0.38 1.84 8.38
SisH ., 6.09 5.75 0.42 0.46 5.67
SijgH16 4.81 4.71 0.41 0.55 4.40
SiygHsg 3.65 3.58 2.29 2.44 1.35
SizsHag 3.56 3.50 2.64 2.74 0.92

separation without inducing errors which are larger forsymmetry prevents the cluster from relaxation.

smaller clusters. It is interesting to observe that the atomic positions of
both the ground and excited states for a cluster Wijlsym-
metry are almost the same, whereas this does not occur when
the excited cluster is relaxed without tlig symmetry[see

For all the studied clusters the ground-state geometry hasig. 3(c)]. Similarly, the calculated Kohn-Sham levels for the
the T4 symmetry. This has been verified performing the op-excited states reproduces the ground-state spectrum when the
timization in two separate ways: in the first one hgsym- ~ symmetry constraint is not relaxed. Finally, in Fig. 10 we
metry has been imposed, while in the second one the atomighow the HOMO and LUMO square modulus contour plots
positions have been slightly randomized in order to relax thecalculated for the $§H;¢ cluster in the excited-staflgy con-
symmetry constraint. The result is that there is not any apfiguration. Again, a result very similar to the ground state
preciable difference in the final atomic positions as well as ifsee Fig. )] is found. We can therefore conclude that both
the total energy between the two cases. This cannot remagnergy levels and the resulting charge distribution forthe
true when the relaxation is done in an excited state configuexcited cluster practically do not change with respect to the
ration. The electron-hole pair creation induces occupation ofround state. These findings show how the electronic and
high-energy levels, breaking the ground-state symmetry. Thgeometrical properties obtained keeping the symmetry con-
optimization has to be carried out without any constraint orstraint for the excited state are far from being those at the
the symmetry in order to prevent the relaxation from fallingactual energy minimum.
into local energy minima.

Some previous calculations have been done without con-
sidering the influence that the symmetry of the structure has
on the nanosystem electronic and optical propefti&in The stability of silicon nanoclusters exposed to hydrogen
order to clearly show this point, two different calculations for atmosphere can be studied looking at formation energies as a
the excited-state configuration both keeping and breaking thtinction of the size. The interest in this kind of calculations
T4 symmetry of the ground state have been carried out. As aoonsists in the understanding of which clusters are more
example we compare, in Fig. 9, the geometries obtained itikely to form under different growth conditions. A typical
the excited-state configuration when we kdepen circles  example is given by the §H,, cluster, which has been re-
or relax(dark circleg the T4 symmetry of the SiHjg cluster.  cently proposet?®*°as a structural prototype of ultrasmall
The calculated Si-Si distances for each pair of Si atoms redltrabright stable particles and for this reason it has been
ported here for both the cases show how the constraint on thebnsidered here. This cluster is obtained fromgt$is by

V. SOME CONSIDERATIONS ABOUT SYMMETRIES

VI. FORMATION ENERGIES

TABLE II. Stokes shift values for hydrogenated Si clusters: present work vs theoretical results present in

literature.

H-Si Diameter

Clusters (nm) This work Ref. 14 Ref. 29 Ref. 41
SiyH, 0.0 8.38

SisH1» 0.45 5.67

SiygH16 0.55 4.40 LDA QMC LSDA LDA
SiygH3g 0.9 1.35 0.69 1.0 2.92 0.22
SizsHsg 1.1 0.92 0.57 0.8

SigeHe4 1.3 0.50

SigH76 15 0.22 0.32

SipgHy4 0.8 0.84 0.34 0.4
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FIG. 9. Calculated Si-Si distances of each pair of Si atoms of the FIG. 11. Calculated phase diagram of the hydrogen exposed Si
SiygHs6 cluster in the excited state configuration witipen circles  (Stars, Sk, (crosses x Sis (crossest), Siy (diamonds, Sy (down
and without(dark circles the T, symmetry constraint. Straight lines triangles, Siyg (SixH24 Up triangles and $§Hzs squaresand Sis

represent calculated bulk silicon values for the first, second, third(circles clusters. The chemical potential of hydrogen, , is given
and fourth neighbors. with respect to molecular hydrogen.

correspond to a H-poor atmosphere in the growth chamber,

Zbositive values ofA u; mean that also atomic H is available
H-rich conditiong. All the considered clusters are passi-
ated by H atoms placed along the bulk silicon crystal direc-

simply removing 12 hydrogens in a way so as to induce
surface reconstruction.
The stability of each cluster can be evaluated calculatin

the formation enthalpyF) through the formula: tions except for the $iH,, structure, as pointed out above.
. . The surface reconstruction induces in this case the formation
F(SinHw) =Eror(SivHm) —=Nusi—Muy, @ of Si-Si dimers. As expected, the ,$il,, structure, when

where E1or is the ground-state total energy of a given compared with SiHss, is stabler in H-poor growth condi-

SiyHy cluster,us; anduy, the chemical potentials for silicon tions (not visible in Fig. 1}, less stable in H-rich atmo-
and hydrogen, respectively. sphere. The exposure to molecular hydrogen or to a H-poor

The chemical potential for siliconis) is fixed at the atmosphere gives higher stability to smaller clusters, while in
[

bulk value which isus= — 107.802 eV, while the chemical _H-nc;]h grow}h cobndl_tlor(;s Iarg(_a(; cI_usterr]s are stabler. For (|:Iar-
otential for hydrogen changes to simulate different growﬂ]'ty’ the results obtained considering the exposure to molecu-
P ar hydrogen at 0 °K are reported in Table 14 uy=0

conditions. Figure 11 shows the phase diagram of the clusi- ; : ; : ;

. . . . n Fig. 17). On increasing thél concentratior(that is, mov-
ters with respect to different conditions in thatmosphere. ing from left to right in Fig. 11 the stablest cluster changes
All the possible values for we have considered have been g0, Si,H, to SiHy, and, finally, to SigHsc.

referred to the calculated molecular hydrogen chemical po-

tential which is uy=—15.656 eV. ThusAuy=0 corre- VII. CONCLUSIONS
sponds to the situation where the clusters are exposed to ) ) o . .
molecular hydrogen at F0 °K, negative values of In this paper an investigation of the optical and electronic

properties of hydrogenated silicon nanoclusters has been car-

TABLE Ill. Calculated ground state total energy and formation
enthalpy for the Sild, SibHg, SisHq,, SiigH1e, SiiaHog, ShoHoa,

b'g Y
e\ ,".\Q /0 ®\ SipgH36, and SisHgg clusters in presence of molecular hydrogen.

Ia \k’}’&:\ Ground state Formation enthalpy
G/G%\m -/-}\ « /" total energy F(SiHw)

(eV) (eV)

o % SiyH, —170.52 —0.096

Si,Hg —309.21 0.32

FIG. 10. (Color onling The HOMO (left) and LUMO (right)  SisH12 —725.72 116
square modulus contour plots for the gbi;g cluster in the excited- S!lOHle —1324.47 4.04
state configuration. The origindly symmetry of the cluster has SiaHzo —1816.32 6.02
been kept during relaxatidisee similarity with Fig. #)]. The iso-  SixgHz4 —3483.11 13.48
surfaces correspond to 25% of the maximum value. The HOMO iSiygHz3g —3676.38 7.71
threefold degenerate and the shown charge density is the sum ov8f;H,, —4328.96 18.87

the three states.
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ried out. A systematic analysis of the structural propertieon the symmetry prevents the cluster from relaxing with re-
reveals that the average Si-Si bond approaches the bulk bosgect to the ground-state geometry. This leads to wrong ge-
length as the cluster dimension increases. This is not true fasmetry and charge density, as the comparison of Fifls. 8
the individual distances, because of the presence of the susnd 10 clearly show. Just to give an indication, when such

face and the hydrogen passivation. In particular, it has beegonstraint is relaxed for §H;, a total energy lowering of
shown that moving from the center of the cluster toward they 044 Ha is obtained.

surface a contraction of the outer Si shells is observed. More- Finally, we calculated the formation energies for clusters

over, the effect on the cluster geometry due to the creation afanging from 1 to 35 Si atoms. The phase diagram shows that
an electron-hole paifelectron excitation from HOMO to increasing the H concentration the size of the stablest cluster
LUMO) has been studied, showing how the charge densityhcreases from $H, to SiH;, and finally to SisHas.

change induces significant distortions. A strong interplay be-

tween the nanocluster structural and electronic properties
comes out. Such distortions modify the absorption and emis-
sion energies that, as pointed out, cannot be calculated sim-
ply as the HOMO-LUMO energy separation, and induce the Financial support by INFM-PRA RAMSES, INFM-PAIS

presence of new localized energy levels. This can explain thEELEX, and MIUR COFIN-PRIN 2002 is acknowledged.
Stokes shift as well as provide a possible four-level schem@ll the calculations have been performed at CINECA-
able to account for optical gain in silicon nanoclusters. TheBologna (thanks to the “Iniziativa Calcolo Parallelo

role of the cluster symmetries, in calculating excited statedel'INFM” ) and CICAIA-Modena advanced computing fa-
properties has been pointed out, showing how the constrairilities.
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