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Theoretical study of light-emission properties of amorphous silicon quantum dots
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In order to clarify the mechanism of the photoluminesce(REe) from amorphous silicon quantum dots

(a-Si QDs9, we calculate, in the tight-binding scheme, the emission spectra and the radiative recombination
rate P of the direct band-to-band recombination process.d&8f QDs smaller than 2.4 nm in diameter, our
calculations beautifully reproduce the peak endegy of the experimental PL pedi.-M. Parket al., Phys.

Rev. Lett.86, 1355(2001]. Our analysis also show théf the emission energy can be tuned into the visible
range of light from red to blue by controlling the sizesae®i QDs, and thatii) P calculated fora-Si QDs is

higher by two to three orders of magnitude than that for crystalline Si QDs. From these results, we assert that
a-Si QDs are promising candidates for visible, tunable, and high-performance light-emitting devices.
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[. INTRODUCTION controlling the sizes o&-Si QDs, it is possible to achieve PL
over the range of visible light including red, green, and blue.
The idea of exploiting silicor(Si) for light-emitting de- Three theoretical papers prior to the work of Patkal.

vices is appealing because it leads to the possibility of fabcalculated the egission energy afSi NSs. For instance,
ricating light-emitting devices compatible with Si-based op-EStes and Moddei used an extended version of the existing

toelectronic integrated circuits. When this idea is realizedr""di""tive recombination model proposed originally for bulk

. : . . ) ~""5-Si.18 In their discussion, the electronic statesaeSi NSs
device science will mark revolutionary progress since Si is 4 e assumed to be the same as those of bk and the

dominant matena] n p(esent—dgy mlcroelecFromcs FeChmlqueshif’[ of the emission energy is attributed to the purely
ogy. Bulk crystalline silicon ¢-Si), however, is unsuitable = geometrical effect in which the number of accessible locai-
for this purpose, because the band gap@i is not only  jzeq states decreases accompanying the reduction of size.
indirect but also near infrared. In this situation, the discoveryqowever, changes in electronic states from a#8i to a-Si
in 1990 of efficient and visible photoluminescer&&) from  NSs cannot be ignored especially when the sizes of NSs are
porous silicon and silicon nanocrystals has attracted mucBmall. On the other hand, Allan, Delerue, and Lanfidd
attentiont? have taken into account changes in electronic states, and ex-
Subsequent research from the theoretical side has showlained qualitatively the size dependence of the emission en-
that, accompanying the reduction in the size&i nano-  ergy.
structuregNSS9, (i) the type of the band gap transforms from  In order to make it possible to compare quantitatively the
indirect to direct, which increases the radiative recombinaexperimental data and theoretical results, the emission prop-
tion rate via a direct band-to-band recombination processgrties ofa-Si NSs, on the basis of realistic structure models
and (i) the band-gap energy is blueshifted into the range ofind reliable calculation methods for electronic states, must
visible light owing to the quantum confinement efféct. be determined. This is exactly the purpose of the present
In a series of our recent papers, we have demonstratg@@Per. By making use of our structure models and a tight-

that the radiative recombination rate becomes larger for norRinding method, both to be described in what follows, the
symmetric models than for symmetric models ofSi mechanism of light emission froeSi NSs smaller than 2.4

NSs®=° In particular, our results have confirmed trmgi "M In diameter is confirmed to be direct band-to-band re-

combination. We also show the superiorityaei QDs over
¢-Si QDs, concerning the emission properties, in the sense
that (i) in the range of visible light, each desired color is
realized by controlling the sizes of QDs, afiid the radiative
recombination rate is higher, thus indicating the higher per-
formance in luminescence.

NSs of low symmetry reproduce the experimental relation
ship between the emission rate and energy, wii&i NSs
of high symmetry fail to explain.

As for amorphous silicong-Si) nanostructures, efficient
visible PL had also been experimentally obsertfd? In
spite of the fact that quite a few theoretical attenhpt$2°

have been made to get a better understanding of emission Il. MODEL AND METHOD
properties, the mechanism of the PL fr@asi NSs is still an
issue of controversy. A. Model

Recently, Parlet al'? have observed efficient visible PL  Our principle for constructing structure models @i
from a-Si quantum dot$QDs). They have suggested that, by QDs is to cut ellipsoids out of bul&-Si. In this procedure of
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model construction, it is vital to start from a high-quality
structure model of bulla-Si. For an excellent starting struc- 3t
ture, we adopt the continuous random netw¢@RN) of
bulk a-Si generated by Barkema and Mouss&4Tiheir CRN
model is guaranteed in the sense that the radial distribution
function (rdf) is in good agreement with the experimental
rdf. Another advantage of their CRN model is that the elec-
tronic density of states of the model yields a well-defined
band gap without any levels in the gap region.

Note that, even when the shapes of ellipsoids to be cut out
are identical to one another, the atomic configuration varies 0
from ellipsoid to ellipsoid because, in budkSi, the environ-
mental atomic distribution is different for different atoms.

This is not the case foc-Si for which the atomic arrange- FIG. 1. Emission spectra of ellipsoidalSi QDs at 300 K ver-
ment around each atom is always the same. Taking this fagus emission energy. The four curves from left to right represent the
into account, we construct 2000 different models«8i NSs  results ofa-Si QDs of 2.4, 2.0, 1.6, and 1.2 nm in diameter, respec-
by cutting 2000 ellipsoids for each set of axea(2b,2c), tively.
where (2,2b,2c)=(2.4, 2.0, 1.6, and 1.2 nmWe define a
“diameter” as d=2%/abc. We terminate surface dangling structure constant. Parameters, %, andc are, respectively,
bonds with terminators in order to sweep out the surfacgne electron mass, the Planck constant divided by and
states from the band gapin calculating a physical quantity, the velocity of light. The momentum operator is denoted by
we take the average over these 2000 models, which improves angy, - andy,, represent the electronic wave functians
the reliability of statistics. andn’ in the conduction and valence bands, respectively,
while E(C'n) and E\(,'rz, are the corresponding energy levels. It
B. Method must be noted that every quantity with the supersdiipis

For our purpose, the calculation method must satisfy the€oncerned with théth QD. The momentum matrix element
following two requirements{i) The computation speed to <¢(c',3|p|¢f)r3,) is calculated by the scheme proposed in Ref.
calculate the electronic states of each structure model mugp.
be considerably high, an@i) the conduction band must be  The emission spectrum is written, in terms7é(£
accurately described. The first requirement originates from ’
the situation in which each model contains tens to hundreds 0 =)
of atoms and we have to deal with dozens o&(2b,2c) S P vl — [Ecn —Eun
sets where each set produces 2000 structure models. The o, e’ kgT
second requirement is brought about by the fact that we are |(E)oc2 OEE=0)
interested in optical properties which are evaluated by taking [ [Ech—Ein]
the sum of squared matrix elements between two states, each 2 exp - kT
in the valence and conduction bands.

An empirical tight-binding(TB) scheme is a promising
candidate for meeting the first requirement. By choosing the
TB parameters carefully and including an appropriate num-
ber of atomic bases, the second requirement is also fulfilled.
In practice, we use thep®d®s* TB scheme proposed by
Jancuet al!®

Intensity (arb. units)
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Il. FORMULATION where the summation overandn’ is taken over all states
contributing to the emission, and the summation dveov-
In order to calculate emission properties, we first mentiorers all 2000a-Si QDs for a given set of (& 2b,2c). The
the radiative recombination rate via electric dipole transitionthermal average is defined by means of the Boltzmann

P((:in),vn' between leveh in the conduction ban¢c) and level  weight.
n’ in the valence bandv) of theith structure modeld-Si
QD), which is expressed as V. RESULTS
o 1 _4noa[E(cin)—E\(,in), ol A. Emission-peak energy fora-Si QDs
enwn’ rg'n) . a 3mZhc? (Yol P 1% In Fig. 1, the emission specttE) at T=300 K are pre-
’ (1) sented for ellipsoidad-Si QDs with four different sizes. As
Mo o o . . the diameterd decreases, the curve is blueshifted and be-

where 7, ., is the radiative recombination time, is the  comes broader. We define the emission-peak ergggy, by

refraction index(for which we seing=1), ande is the fine-  the energy at which(E) takes the maximum value.
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45 . . - according to the change of diametkrlt is also noted that

\ the agreement with experiments comes about for our models
A in which the structure relaxation accompanying electron ex-
citation is not taken into account, thus suggesting that the
surface states play no important roles in the recombination.
These facts altogether lead to our assertion that the origin of
the photoluminescence &Si QDs in the size range smaller
than 2.4 nm is the direct band-to-band recombination, related
neither to tail states nor to surface states. Our result also
predicts that even violet~«3.08 eV) is achieved when the
size is reduced down to 1.2 nm. In other words, Fig. 2 indi-
cates that the whole range of visible light is realized by con-
trolling the sizes of-Si QDs.

Allan, Delerue, and Lanndbalso calculated results simi-
lar to our results by means of the TB method which is again
similar to our method. As a consequence, the results obtained

1.5 . ' ' by them and by the present paper are qualitatively similar.
1.2 8 (nm) 2.0 24 The difference lies in the quantitative nature. The emission
energies evaluated in the present paper turn out to be higher

FIG. 2. Size dependence of the peak energy obtained from thg¢han theirs. The origin of this difference is considered to be
oretical emission spectra @Si QDs (open trianglesand ofc-Si twofold:

QDs (filled circles both at 300 K. The experimental PL peak ener- (i) The amorphous structure we use here has been pro-
gies reproduced from Ref. 18lled triangles are given for the sake vided by Barkema and Mousse&tin which the atomic con-

Energy (eV)

of comparison. figurations are made such that there appear no gap levels and
accordingly the gap is clean and large enough.
In Fig. 2, our results oEa (0pen trianglepare plotted (i) In our calculations of the TB method, we have taken

against diameted as defined in the above together with the the atomic orbitalssp*d®s*, ' which give a better descrip-
experimental PL peak enerdsp, (filled triangles.*? A dif- tion of the cono_luctlon band than that of thg previous study
ferent open triangle represents a different set @f,gb,2c). ~ Where six atomic orbitalsp®s* (Ref. 23 are included.

The least-squares fit is shown by a solid curve to guide the
eye. The emission-peak energy gradually increases, accom-
panying the decrease of diameter irrespective of the shape of
the a-Si QD, the shape being characterized by, (2b,2c). For the sake of comparison, we evaluate the size depen-
In the visible range of light from red~1.85 eV) to blue  dence of the emission energy fo1Si QDs, which are con-
(~2.64 eV), our result beautifully agrees with the experi-structed by cutting ellipsoids out of butkSi and terminating
mental data. It must be emphasized that the radiative tunnethe dangling bonds on the surface by terminators. ¢&-8i

ing effect via band-tail states cannot account for the considQDs, it is convenient to define the emission eneigy,s as
erable change of emission energy, as shown in Fig. Zollows:*®

B. Emission energy forc-Si QDs

|
N [EQ—Efn]
2 [E((ZIH)_E\(/Irz’]PE:In),vn’eX - -
n‘nr kBT ( )
3
(O] '
E(I)_EVIFI’]
kgT

EemisE Z

which is regarded as comparable Wi, in the case of from the fact that the wave functions are more localized in
a-Si DQs. The emission enerdyenmiss for ¢-Si QDs is also  a-Si than inc-Si, and accordingly the influence of quantum
shown in Fig. ZXfilled circleg and the least-squares fit is also confinement is less remarkable @Si QDs.
depicted by a solid curve. As in the casea8i QDs, the
emission energy monotonically increases with decreasing
size.

From Fig. 2, it is readily seen that the deviation of the The radiative recombination rate is the most important
emission energy from the value of a corresponding bulk sysproperty in connection with the photoemission efficiency. If
tem is smaller fora-Si than forc-Si. This result originates the radiative recombination rate is relatively high, a pair

C. Radiative recombination
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FIG. 3. The radiative recombination ra{®) versus the emis-
sion energy at 300 K. The open triangles are resultaf6i QDs,
while the filled circles are the results forSi QDs.
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ing the electronic state in the conductit) or valence(v)
band, and b stands for either ¢ or v, the wave funcfigg,)

is expanded in terms of the atomic wave functidkg) as

| hom) = Sk ap(m:ku) [ku) wherek denotes the atomic site,
p describes the angular momentum, amgm:ku) is the
expansion coefficient. The matrix element in Et), there-
fore, is written, withk as the site angw as angular momen-
tum, as

(n:kw)ay(n':€v) (kulpl€v),
(5)

which indicates that when the atomic configuration in the
QD under consideration has high symmetry, as in the case of
ac-Si QD, there appears, on the right-hand side of #j.a
number of pairs, in each of which the two terms have the
same absolute value with opposite signs and consequently
cancel each other ofiin the case of ama-Si QD, there exist

no such pairs, and as a result all the terms contribute to
P(C'n) w » thus making the resultant value much larger. A ten-
dency similar to this was suggested in Ref. 14. Our results
presented in Fig. 3 indicate thatSi QDs are superior to-Si
QDs in luminescence efficiency.

<¢cn|p|¢vn’>:k%]} ac

comprised of an excited electron and hole can recombine via
the radiative emission process. If the radiative recombination
rate is low, on the other hand, nonradiative recombination

V. SUMMARY

events degrade the performance of light emission.
We calculate the thermal averag®) of the radiative re-

combination ratéDCn wn » defined a3
[EQ—Ef.
) VI’]
> P vn’exp{ T
() — nn
S, expl - —
n'nr kBT

(4)

In Fig. 3, the averaged recombination rgt€) is plotted
against the emission energy both faiSi QDs (open tri-
angles and for c-Si QDs (filled circles, which shows that

(P) for a-Si QDs is larger by two to three orders of magni-

tude than that foc-Si QDs.

This enormous difference betweéR) for a- S| QDs and
c-Si QDs is explained from the definition G?m w in EQ.
(1). Whenm is supposed to stand for eitheror n’ describ-

In summary, we have studied the emission properties of
a-Si QDs with the CRN structure model asgd®s* tight-
binding scheme. We have demonstrated theoretical evidence
that the emission energy afSi QDs can be tuned, by con-
trolling the sizes, in the visible range of light from red to
violet. Our result for the emission-peak energy beautifully
reproduces experimental data, which strongly suggests that
the origin of PL froma-Si QDs in the size region smaller
than 2.4 nm is the direct band-to-band recombination. Our
results also show that the radiative recombination rate for
a-Si QDs is much larger than that forSi QDs. On the basis
of these results, we assert tleSi QDs are promising can-
didates for visible, tunable, and high-efficiency light-
emitting devices.
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