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Electronic Structure of Amorphous Silicon Nanoclusters
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The electronic structure of amorphous silicon nanoclusters is calculated within the empirical tight-
binding approximation. The electronic states are classified into three groups: extended and weakly
and strongly localized. The last category practically disappears in hydrogenated amorphous silicon
clusters for which the blueshift is comparable to what is predicted for crystallites. The radiative
recombination rates are comparable for small clustersnm) but 2 orders of magnitude higher for
larger clusterd~2 nm) of the amorphous phase due to disorder induced breaking of selection rules.
[S0031-9007(97)03005-6]

PACS numbers: 71.24.+q, 71.23.Cq

Although indirect gap bulk semiconductors like silicon (1) Delocalized states, experiencing the full confine-
have a low photoluminescence efficiency the situation imment effect as for-Si.
proves in nanocrystallites where the corresponding selec- (2) Strongly localized states with extension in space
tion rules are broken as in the case of crystalline porousmuch smaller than the cluster diameter and energies deep
silicon (pc-Si) [1-4]. Despite this the radiative recom-in the gap, insensitive to the confinement effect and
bination rate of the electron-hole pair in pc-Si remainsshowing no blueshift.
too low to reach a high electroluminescence efficiency. A (3) Weakly localized states with extension in space of
higher efficiency has been obtained in bulk amorphous silthe order of the cluster diameter and energies near the gap
icon (a-Si) due to structural disorder [5]. One might thus limits, subject to an intermediate blueshift.
hope that both effects (breakdown of the selection rules Our main goal here is to calculate the electronic struc-
due to confinement and structural disorder) when comture of clusters of a material as close as possible to hy-
bined could lead to a substantial improvement. Photolumidrogenated amorphous silicea-Si:H). For this we start
nescence has indeed been observed in porous amorphdusm the well known Wooten-Winer-Weaire (WWW)
silicon(pa-S) [6—9]. The experimental results show somemodel [13,14] known to produce a good radial distribu-
similarity with those obtained for the photoluminescencetion function. This is a periodic cluster model with 4096
of pc-Si but seem to depend on the method of preparaatoms per unit cell, representing an optimized distorted
tion. Interesting optical properties have been also observezbntinuous random network (CRN) with essentially four-
for a-Si pillar structures [10]q-Si cluster films [11], and fold coordination for each atom. We refer to this in the
for superlattices made of silicon oxide and noncrystallinefollowing as thea-Si model. As we show later even this
silicon [12]. From the theoretical side pa-Si raises exddealized model leads to localized states in the gap region.
tremely interesting problems. The first one is related toNe then proceed to the hydrogenation of this material by
the confinement induced blueshift of the energy gap: (ia method detailed in the following. The new structure we
Does it exist in clusters of-Si and is it comparable to obtain will be referred to as the-Si:H model. The hy-
what is obtained foe-Si and (ii) what is the behavior of drogen concentration that we consider is 8.3%, which is
disorder induced localized states in this regard? Anothein the range of experimental values.
central point concerns the possible enhancement of the ra- To determine the electronic structure of the clusters
diative recombination rate. The aim of this paper is towe use thesp3s* empirical tight-binding (ETB) method
provide answers to these fundamental questions which afé5]. This is a nearest neighbors description which
also relevant for nanoclusters of other semiconductors. allows one to treat cluster sizes in the 1-3 nm range.

A generally accept picture of the electronic structure ofAssociated with @& ~" dependence of the ETB parameters
a-Si is that it is still composed of valence and conductionupon interatomic distance it also produces reasonable
bands separated by an energy gap but with bandtails afeformation potentials. This is important for ourSi
defect or disorder induced localized states extending intolusters in order to simulate correctly the influence of
the gap. Applying this picture to nanosized clusters ondocal atomic distortions on the electronic structure. A
expects the boundary conditions to have similar effectdimitation of the sp3s* parametrization scheme is that it
on the extended states in bothSi and a-Si clusters: underestimates the blueshift for silicon crystallites [16].
gquantization of the energy and resulting blueshift. ThisThis is unimportant here since our main goal is a relative
will not be the case for the localized states belongingcomparison of the confinement effect forSi and a-Si
to the bandtails. For what follows we find it useful to clusters of the same size. Finally, for small clusters (up
classify these states into three categories: to 60 Si) we have verified the consistency of our results
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with those ofab initio local density calculations for the the end it must produce a situation close to an optimized
same structure performed with the code of Ref. [17]. a-Si:H structure. Once this is done the atomic positions
The starting structure fos-Si clusters is obtained by are again relaxed by use of a Keating model. Figure 1
selecting the atoms belonging to a sphere of a given diamelescribes the net results of this procedure and strikingly
ter in the 4096 atoms unit cell of the WWW model. As shows that the most localized states have disappeared. The
usual the surface dangling bonds are saturated by hydrogeemaining states (close to the gap or not) now all exhibit
atoms. Because of these new boundary conditions the substantial blueshift corresponding either to weakly
structure is no more in equilibrium, and we have thuslocalized or fully delocalized states.
relaxed the atomic positions using a Keating potential [L8] To characterize the luminescence of awSi clus-
as in the original WWW model. Figure 1 presents typicalters with 1 to 2.5 nm size we have first computed their
results for the energy levels atSi clusters versus size for fundamental gap, i.e., the distance in energy between
a fixed center of the sphere. They show in a spectaculdhe HOMO (highest occupied molecular orbital) and the
way the distinction we have introduced earlier betweer,UMO (lowest unoccupied molecular orbital). The sta-
strongly localized, weakly localized, and fully delocalizedtistical distribution of this quantity is plotted on Fig. 2 for
states with increasing confinement effect. Figure 1 alsdwo cluster sizes, 2.2 and 1.2 nm. There is a substantial
shows a similar plot for ouw-Si:H model clusters for blueshift in both cases, more important fo1Si than for
which the structure was obtained by passivating most-Si:H. Furthermore, our larget-Si clusters give rise
of the strongly localized states. This was achieved byo a two-peak distribution. We have checked that the
considering clusters of 2 nm size, varying the positionlower and upper peaks are, respectively, due to strongly
of their center to explore the full 4096 atoms unit cell, and weakly localized or delocalized states. The relative
identifying near gap states with an average root meamtensity of the upper peak thus corresponds to the pro-
square extension in space smaller than 4 A, removing thportion of clusters which do not contain strongly localized
central Si atom, and saturating the dangling bonds witlstates. Ifp is the probability that such states are local-
H atoms. This is a somewhat empirical procedure, but aized on a give atom then, for a cluster &f atoms, this
proportion is of order1 — p)V ~ exp(—pN) for small
p. For 2.2 nm cluster§N = 250 atoms, Fig. 2 shows
that pN ~ 1, i.e., p ~ 4 X 1073 closely corresponding
to a direct counting of the tail states for oatSi model.
This is no more the case for the small 1.2 arSi clus-
ters for whichpN is much smaller and exp pN) ~ 1,
i.e., the upper peak dominates. The apparent blueshift in
a-Si clusters has thus two origins: (i) the varying propor-
tion of clusters with strongly localized states as already
emphasized in Ref. [19], and (ii) the normal confinement
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FIG. 1. Confinement energy for an amorphous cluster as a
function of its diameter fou-Si anda-Si:H. The center of the FIG. 2. Density of states:i(E) for E = ELumo — Enomo
clusters is kept constant. Each column of points represents thealculated for 200 clusters with 1.2 nm size and 2.2 nm size:
energy levels of a cluster. a-Si (full line), a-Si:H (dotted line).
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effect on the other states. This is confirmed on the samiocalized states in the confined regions in much the same
figure by thea-Si:H clusters (dashed lines), which show way as described by Ziman [21].
only the second type of behavior. This description has some similarities with the model
Figure 3 shows the average HOMO-LUMO gap versugdeveloped by Estest al.[19]. However, in that work
size for clusters with randomly chosen center in the 4096@he tails are assumed to be strongly localized states which
unit cell compared to the same quantity teSi clusters. do not feel the effect of confinement. On the contrary,
As expected from the discussion of Fig. 2, the lowestin our case these states are built from the weakly local-
values correspond te-Si while the blueshift fora-Si:H  ized or delocalized states of ourSi:H model. They
is surprisingly close te-Si clusters. The second quantity are located in the confined regions induced by the longer
of experimental interest is the radiative lifetime. Thisrange attractive potential fluctuations and thus all be-
has been calculated along the lines of Ref. [20]. Figure £ome weakly localized states. The difference with Estes
shows that for small clusters (1.2 nm) the resultsdeBi et al.is that these states must experience a substantial
and a-Si:H are comparable te-Si, i.e., the lifetime is blueshift which will add to the one already obtained by
dominated by the breaking of selection rules. This is ndhese authors and resulting from statistics on their spatial
more true for the larger (2.2 nm) clusters for which thedistribution.
radiative lifetime ofa-Si clusters (hydrogenated or not) is  Among the experimental data some show evidence of
two orders of magnitude larger than forSi clusters due a blueshift with reduction in size [11,12] while others do
to disorder induced effects. not [8,9] or in some cases exhibit a small effect [8]. A
Comparison with experiment requires some commentsommon statement is thatSi:H clusters should not be
about the models used to describe the atomic structursubject to quantum size effects due to the short mean free
The WWW model gives a good radial distribution func- path, of order 1 nm [6,8,11]. Our results conclude, on the
tion of a-Si and should thus provide a realistic descriptioncontrary, that one should expect blueshifts with reduction
of its short range disorder [13,14]. OurSi:H model in size comparable to what is obtained foiSi clusters.
is more artificial but contains two essential features: supAlthough there are certainly several interpretations for the
pression of deep gap states and correct order of magnitus®nobservation of this effect, in some cases we believe
of the hydrogen content (this should lead to an elasti¢hat a likely explanation is the formation of selftrapped
mean free path comparable to the observed ehenm).  excitons, proposed for bulk-Si [5] and by us [22] for
What is absent from both models is the effect of longerc-Si clusters. Indeed, in [22], we have been able to
range fluctuations which cannot be produced by a 4096how that such selftrapped excitons are favored by the
atoms periodic cell. The effect of such fluctuations can be
understood qualitatively by considering, for instance, that
the regions of attractive potential will induce confinement

effects in the conduction band, whereas it simply shifts . a-Si

the valence band density of states to lower energies. The 107 toa
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conduction band. The net result is an overall blueshift of
the states with the creation of exponential tails of weakly
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0. 1 1 L L
0.5 2.5 4.5 FIG. 4. Recombination rates amorphous silicon clusters with

d (nm) randomized centers and diameters equal to 1.2(Amn and
2.2 nm (O). For comparison the black dots give the cor-
FIG. 3. Average HOMO-LUMO gap of amorphous clustersresponding values for crystallites vs energy as obtained in
with randomized centers compared to crystallitesSi (A), Ref. [20]. The arrows point to the results obtained for
a-Si:H (@), andc¢-Si (full line). nanocrystallite with diameters equal to 1.2 and 2.2 nm.
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comparable for small clusters-1 nm) but become two Research Society, Pittsburgh, 1995).

orders of magnitude larger for the larg€r2.2 nm)  [11] H.V. Nguyen, Y. Lu, S. Kim, M. Wakagi, and
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