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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 photoluminescence~PL! from amorphous silicon quantum dots
(a-Si QDs!, we calculate, in the tight-binding scheme, the emission spectra and the radiative recombination
rateP of the direct band-to-band recombination process. Fora-Si QDs smaller than 2.4 nm in diameter, our
calculations beautifully reproduce the peak energyEPL of the experimental PL peak@N.-M. Parket al., Phys.
Rev. Lett.86, 1355~2001!#. Our analysis also show that~i! the emission energy can be tuned into the visible
range of light from red to blue by controlling the sizes ofa-Si QDs, and that~ii ! 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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I. INTRODUCTION

The idea of exploiting silicon~Si! for light-emitting de-
vices is appealing because it leads to the possibility of f
ricating light-emitting devices compatible with Si-based o
toelectronic integrated circuits. When this idea is realiz
device science will mark revolutionary progress since Si i
dominant material in present-day microelectronics techn
ogy. Bulk crystalline silicon (c-Si!, however, is unsuitable
for this purpose, because the band gap ofc-Si is not only
indirect but also near infrared. In this situation, the discov
in 1990 of efficient and visible photoluminescence~PL! from
porous silicon and silicon nanocrystals has attracted m
attention.1,2

Subsequent research from the theoretical side has sh
that, accompanying the reduction in the sizes ofc-Si nano-
structures~NSs!, ~i! the type of the band gap transforms fro
indirect to direct, which increases the radiative recombi
tion rate via a direct band-to-band recombination proce
and ~ii ! the band-gap energy is blueshifted into the range
visible light owing to the quantum confinement effect.3–5

In a series of our recent papers, we have demonstr
that the radiative recombination rate becomes larger for n
symmetric models than for symmetric models ofc-Si
NSs.6–9 In particular, our results have confirmed thatc-Si
NSs of low symmetry reproduce the experimental relati
ship between the emission rate and energy, whichc-Si NSs
of high symmetry fail to explain.

As for amorphous silicon (a-Si! nanostructures, efficien
visible PL had also been experimentally observed.10–12 In
spite of the fact that quite a few theoretical attempts11,13–15

have been made to get a better understanding of emis
properties, the mechanism of the PL froma-Si NSs is still an
issue of controversy.

Recently, Parket al.12 have observed efficient visible P
from a-Si quantum dots~QDs!. They have suggested that, b
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controlling the sizes ofa-Si QDs, it is possible to achieve P
over the range of visible light including red, green, and blu

Three theoretical papers prior to the work of Parket al.
calculated the emission energy ofa-Si NSs. For instance
Estes and Moddel13 used an extended version of the existi
radiative recombination model proposed originally for bu
a-Si.16 In their discussion, the electronic states ofa-Si NSs
are assumed to be the same as those of bulka-Si and the
blueshift of the emission energy is attributed to the pur
geometrical effect in which the number of accessible loc
ized states decreases accompanying the reduction of
However, changes in electronic states from bulka-Si to a-Si
NSs cannot be ignored especially when the sizes of NSs
small. On the other hand, Allan, Delerue, and Lannoo14,15

have taken into account changes in electronic states, and
plained qualitatively the size dependence of the emission
ergy.

In order to make it possible to compare quantitatively t
experimental data and theoretical results, the emission p
erties ofa-Si NSs, on the basis of realistic structure mod
and reliable calculation methods for electronic states, m
be determined. This is exactly the purpose of the pres
paper. By making use of our structure models and a tig
binding method, both to be described in what follows, t
mechanism of light emission froma-Si NSs smaller than 2.4
nm in diameter is confirmed to be direct band-to-band
combination. We also show the superiority ofa-Si QDs over
c-Si QDs, concerning the emission properties, in the se
that ~i! in the range of visible light, each desired color
realized by controlling the sizes of QDs, and~ii ! the radiative
recombination rate is higher, thus indicating the higher p
formance in luminescence.

II. MODEL AND METHOD

A. Model

Our principle for constructing structure models ofa-Si
QDs is to cut ellipsoids out of bulka-Si. In this procedure of
©2003 The American Physical Society04-1
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model construction, it is vital to start from a high-quali
structure model of bulka-Si. For an excellent starting struc
ture, we adopt the continuous random network~CRN! of
bulk a-Si generated by Barkema and Mousseau.17 Their CRN
model is guaranteed in the sense that the radial distribu
function ~rdf! is in good agreement with the experimen
rdf. Another advantage of their CRN model is that the el
tronic density of states of the model yields a well-defin
band gap without any levels in the gap region.

Note that, even when the shapes of ellipsoids to be cut
are identical to one another, the atomic configuration va
from ellipsoid to ellipsoid because, in bulka-Si, the environ-
mental atomic distribution is different for different atom
This is not the case forc-Si for which the atomic arrange
ment around each atom is always the same. Taking this
into account, we construct 2000 different models ofa-Si NSs
by cutting 2000 ellipsoids for each set of axes (2a,2b,2c),
where (2a,2b,2c)5(2.4, 2.0, 1.6, and 1.2 nm!. We define a
‘‘diameter’’ as d[2A3 abc. We terminate surface danglin
bonds with terminators in order to sweep out the surf
states from the band gap.18 In calculating a physical quantity
we take the average over these 2000 models, which impro
the reliability of statistics.

B. Method

For our purpose, the calculation method must satisfy
following two requirements:~i! The computation speed t
calculate the electronic states of each structure model m
be considerably high, and~ii ! the conduction band must b
accurately described. The first requirement originates fr
the situation in which each model contains tens to hundr
of atoms and we have to deal with dozens of (2a,2b,2c)
sets where each set produces 2000 structure models.
second requirement is brought about by the fact that we
interested in optical properties which are evaluated by tak
the sum of squared matrix elements between two states,
in the valence and conduction bands.

An empirical tight-binding~TB! scheme is a promising
candidate for meeting the first requirement. By choosing
TB parameters carefully and including an appropriate nu
ber of atomic bases, the second requirement is also fulfil
In practice, we use thesp3d5s* TB scheme proposed b
Jancuet al.19

III. FORMULATION

In order to calculate emission properties, we first ment
the radiative recombination rate via electric dipole transit
Pcn,vn8

( i ) between leveln in the conduction band~c! and level
n8 in the valence band~v! of the i th structure model (a-Si
QD!, which is expressed as

Pcn,vn8
( i )

5
1

tcn,vn8
( i ) 5

4n0a@Ecn
( i )2Evn8

( i )
#

3me
2\c2

u^ccn
( i )upucvn8

( i ) &u2,

~1!

wheretcn,vn8
( i ) is the radiative recombination time,n0 is the

refraction index~for which we setn051), anda is the fine-
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n

structure constant. Parametersme , \, andc are, respectively,
the electron mass, the Planck constant divided by 2p, and
the velocity of light. The momentum operator is denoted
p, andccn andcvn8 represent the electronic wave functionsn
and n8 in the conduction and valence bands, respectiv
while Ecn

( i ) and Evn8
( i ) are the corresponding energy levels.

must be noted that every quantity with the superscript~i! is
concerned with thei th QD. The momentum matrix elemen
^ccn

( i )upucvn8
( i ) & is calculated by the scheme proposed in R

20.
The emission spectrum is written, in terms ofPcn,vn8

( i ) , as

I ~E!}(
i S (

n,n8
Pcn,vn8

( i ) expH 2
@Ecn

( i )2Evn8
( i )

#

kBT J
(
n,n8

expH 2
@Ecn

( i )2Evn8
( i )

#

kBT J

3d$E2@Ecn
( i )2Evn8

( i )
#%D , ~2!

where the summation overn andn8 is taken over all states
contributing to the emission, and the summation overi cov-
ers all 2000a-Si QDs for a given set of (2a,2b,2c). The
thermal average is defined by means of the Boltzma
weight.

IV. RESULTS

A. Emission-peak energy fora-Si QDs

In Fig. 1, the emission spectraI (E) at T5300 K are pre-
sented for ellipsoidala-Si QDs with four different sizes. As
the diameterd decreases, the curve is blueshifted and
comes broader. We define the emission-peak energyEpeakby
the energy at whichI (E) takes the maximum value.

FIG. 1. Emission spectra of ellipsoidala-Si QDs at 300 K ver-
sus emission energy. The four curves from left to right represent
results ofa-Si QDs of 2.4, 2.0, 1.6, and 1.2 nm in diameter, resp
tively.
4-2
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In Fig. 2, our results ofEpeak ~open triangles! are plotted
against diameterd as defined in the above together with t
experimental PL peak energyEPL ~filled triangles!.12 A dif-
ferent open triangle represents a different set of (2a,2b,2c).
The least-squares fit is shown by a solid curve to guide
eye. The emission-peak energy gradually increases, acc
panying the decrease of diameter irrespective of the shap
the a-Si QD, the shape being characterized by (2a,2b,2c).
In the visible range of light from red (;1.85 eV) to blue
(;2.64 eV), our result beautifully agrees with the expe
mental data. It must be emphasized that the radiative tun
ing effect via band-tail states cannot account for the con
erable change of emission energy, as shown in Fig.

FIG. 2. Size dependence of the peak energy obtained from
oretical emission spectra ofa-Si QDs ~open triangles! and of c-Si
QDs ~filled circles! both at 300 K. The experimental PL peak ene
gies reproduced from Ref. 12~filled triangles! are given for the sake
of comparison.
o
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y
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according to the change of diameterd. It is also noted that
the agreement with experiments comes about for our mo
in which the structure relaxation accompanying electron
citation is not taken into account, thus suggesting that
surface states play no important roles in the recombinat
These facts altogether lead to our assertion that the origi
the photoluminescence ina-Si QDs in the size range smalle
than 2.4 nm is the direct band-to-band recombination, rela
neither to tail states nor to surface states. Our result a
predicts that even violet (;3.08 eV) is achieved when th
size is reduced down to 1.2 nm. In other words, Fig. 2 in
cates that the whole range of visible light is realized by co
trolling the sizes ofa-Si QDs.

Allan, Delerue, and Lannoo14 also calculated results simi
lar to our results by means of the TB method which is ag
similar to our method. As a consequence, the results obta
by them and by the present paper are qualitatively simi
The difference lies in the quantitative nature. The emiss
energies evaluated in the present paper turn out to be hi
than theirs. The origin of this difference is considered to
twofold:

~i! The amorphous structure we use here has been
vided by Barkema and Mousseau,17 in which the atomic con-
figurations are made such that there appear no gap levels
accordingly the gap is clean and large enough.

~ii ! In our calculations of the TB method, we have tak
the atomic orbitals,sp3d5s* ,19 which give a better descrip
tion of the conduction band than that of the previous stu
where six atomic orbitalssp3s* ~Ref. 21! are included.

B. Emission energy forc-Si QDs

For the sake of comparison, we evaluate the size dep
dence of the emission energy forc-Si QDs, which are con-
structed by cutting ellipsoids out of bulkc-Si and terminating
the dangling bonds on the surface by terminators. Forc-Si
QDs, it is convenient to define the emission energyEemis as
follows:15

e-
Eemis[(
i S (

n,n8
@Ecn

( i )2Evn8
( i )

#Pcn,vn8
( i ) expH 2

@Ecn
( i )2Evn8

( i )
#

kBT J
(
n,n8

Pcn,vn8
( i ) expH 2

@Ecn
( i )2Evn8

( i )
#

kBT J D , ~3!
in
m

nt
If

air
which is regarded as comparable withEpeak in the case of
a-Si DQs. The emission energyEemiss for c-Si QDs is also
shown in Fig. 2~filled circles! and the least-squares fit is als
depicted by a solid curve. As in the case ofa-Si QDs, the
emission energy monotonically increases with decreas
size.

From Fig. 2, it is readily seen that the deviation of t
emission energy from the value of a corresponding bulk s
tem is smaller fora-Si than forc-Si. This result originates
g

s-

from the fact that the wave functions are more localized
a-Si than inc-Si, and accordingly the influence of quantu
confinement is less remarkable ina-Si QDs.

C. Radiative recombination

The radiative recombination rate is the most importa
property in connection with the photoemission efficiency.
the radiative recombination rate is relatively high, a p
4-3
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comprised of an excited electron and hole can recombine
the radiative emission process. If the radiative recombina
rate is low, on the other hand, nonradiative recombinat
events degrade the performance of light emission.

We calculate the thermal average^P& of the radiative re-
combination ratePcn,vn8

( i ) , defined as5

^P&[^Pcn,vn8
( i ) &[(

i S (
n,n8

Pcn,vn8
( i ) expH 2

@Ecn
( i )2Evn8

( i )
#

kBT J
(
n,n8

expH 2
@Ecn

( i )2Evn8
( i )

#

kBT J D .

~4!

In Fig. 3, the averaged recombination rate^P& is plotted
against the emission energy both fora-Si 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 magn
tude than that forc-Si QDs.

This enormous difference between^P& for a-Si QDs and
c-Si QDs is explained from the definition ofPcn,vn8

( i ) in Eq.
~1!. Whenm is supposed to stand for eithern or n8 describ-
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ing the electronic state in the conduction~c! or valence~v!
band, and b stands for either c or v, the wave functionucbm&
is expanded in terms of the atomic wave functionsukm& as
ucbm&5(kmab(m:km) ukm& wherek denotes the atomic site
m describes the angular momentum, andab(m:km) is the
expansion coefficient. The matrix element in Eq.~1!, there-
fore, is written, withk as the site andm as angular momen
tum, as

^ccnupucvn8&5 (
km,,n

ac* ~n:km!av~n8:,n! ^kmupu,n&,

~5!

which indicates that when the atomic configuration in t
QD under consideration has high symmetry, as in the cas
a c-Si QD, there appears, on the right-hand side of Eq.~1!, a
number of pairs, in each of which the two terms have
same absolute value with opposite signs and conseque
cancel each other out.8 In the case of ana-Si QD, there exist
no such pairs, and as a result all the terms contribute
Pcn,vn8

( i ) , thus making the resultant value much larger. A te
dency similar to this was suggested in Ref. 14. Our res
presented in Fig. 3 indicate thata-Si QDs are superior toc-Si
QDs in luminescence efficiency.

V. SUMMARY

In summary, we have studied the emission properties
a-Si QDs with the CRN structure model andsp3d5s* tight-
binding scheme. We have demonstrated theoretical evide
that the emission energy ofa-Si QDs can be tuned, by con
trolling the sizes, in the visible range of light from red
violet. Our result for the emission-peak energy beautifu
reproduces experimental data, which strongly suggests
the origin of PL froma-Si QDs in the size region smalle
than 2.4 nm is the direct band-to-band recombination. O
results also show that the radiative recombination rate
a-Si QDs is much larger than that forc-Si QDs. On the basis
of these results, we assert thata-Si QDs are promising can
didates for visible, tunable, and high-efficiency ligh
emitting devices.
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