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Photoluminescence lifetimes of Si quantum wires

X. Zianni and A. G. Nassiopoulou
IMEL/NCSR ‘‘Demokritos,’’ 153 10 Aghia Paraskevi, Athens, Greece

~Received 13 May 2002; published 27 November 2002!

The photoluminescence lifetimes of Si quantum wires have been calculated within the effective-mass ap-
proximation. Direct or indirect transitions are involved depending on the confinement dimensions and the
crystallographic orientation of the wires. The lifetimes of Si quantum wires with sizes in the range 1–4 nm as
a function of the crystallographic orientations have been calculated. The magnitude of the lifetime is very
sensitive to the structural parameters of the wires. Lifetimes varying from the order of nanoseconds to the order
of milliseconds have been obtained. The results of our calculations provide further insight in the photolumi-
nescence behavior of Si nanostructures and porous Si.
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I. INTRODUCTION

Si low-dimensional structures have been a subject of fr
edge research due to their potential technological appl
tions. In device applications, their electrical, optical, a
structural properties are of great interest. The observed p
toluminescence~PL! of porous Si gave birth to the hope th
Si could be used for optoelectronic applications, and a lo
research has been devoted since then to the study of Si n
structures. This research led to the acquisition of quit
considerable knowledge on their properties and their fabr
tion. The achieved ability in controlling the fabrication o
porous Si and to get periodic structures is impressive.1 Po-
rous Si seems now even more promising for application
the field of photonics and sensing including important p
spectives in biosensing. The recent remarkable progres
the fabrication of low-dimensional semiconductors in the
nometric scale for applications in transistor and memory
vices enforced the research in the properties of Si nanos
tures. One can notice the increasing interest in the elect
properties of Si nanowires, nanopillars, and arrays of do

Porous Si has been modeled as a system of quantum
and/or wires. The theoretical investigation of such syste
has given a lot of insight into the physics and the proper
of this material,2–8 while other systems containing silico
quantum dots or nanowires have been investigated, such
the intrinsic properties due to dots or wires have be
demonstrated.9–13The calculations on Si nanostructures ha
been extended to the investigation of quantum wells, qu
tum wires, and quantum dots. A variety of empirical, sem
empirical, and first-principles techniques have been use
study the effects of the reduction in dimensions, of the
ometry and of the structure, on the optical properties of s
con nanostructures.14–29A widening of the band gap from th
near-infrared wavelength region to and beyond the vis
range has been obtained from these calculations. Fur
more, an enhancement of the dipole matrix element resp
sible for the radiative transitions is found. Both direct a
indirect band gaps have been reported. Most calculations
restricted to particular cases of geometries and sizes of
dots and of the wires. The effective-mass approximat
~EMA! can be helpful at this stage, since within its fram
work, continuous values can be used for the structural
0163-1829/2002/66~20!/205323~6!/$20.00 66 2053
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rameters. So, further evidence of physical mechanisms
can be directly connected with the experiment can be
tained. The predictions of EMA for the energy-band structu
of electrons in Si quantum wires have been discussed in
tail in Ref. 30, where the findings of EMA are also compar
with results of more sophisticated calculations. The implic
tions of the features of the electron band structure on
spontaneous emission have been discussed in Ref. 31. H
we discuss the behavior of the PL lifetime in Si quantu
wires with dimensions in the range of a few nanometers.
investigate the recombination of an electron-hole (e-h) pair,
when the excited electron occupies a direct or an indir
energy subband. The PL lifetime is calculated as a funct
of the wire direction and the size of the quantum wires
very low temperatures and at room temperature. Quan
wires with sizes in the range 1–4 nm have been conside
The presented results cover a broad range of quantum
dimensions and crystallographic orientations. The theoret
model is presented in Sec. II, the results are presented
discussed in Sec. III, and a conclusion is drawn in Sec.

II. THEORETICAL MODEL

We consider free standing, infinitely long, and homog
neous quantum wires of rectangular cross section. We de
the wire direction in a system of coordinates~x,y,z!, which is
defined as follows: thez axis is along the@001# direction and
the x and y axes are rotated anticlockwise by an angleu
relative to the@100# and @010# directions, respectively. The
quantum wire infinite length is along they axis. Electron and
hole eigenstates are obtained by solving the Schro¨dinger
equation. An infinitely deep confining potential has been
sumed for electrons and holes in the free standing quan
wires. In Si quantum wires the six valleys of the minimum
the conduction band of Si are not equivalent and each se
valleys gives a sequence of two-dimensional energy s
bands. The minima of these energy subbands are at thG
point ~direct subbands! or away from theG point ~indirect
subbands!, depending on the wire direction of growth an
their valley of origin. The position of the minimum of th
ground subband determines the direct or indirect band-
character of the Si quantum wire. The order and the sep
tion of the energy subbands of Si quantum wires dep
©2002 The American Physical Society23-1
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strongly on the confinement dimensions of the wires, i.e.,Lx
andLz for a wire in they direction. The effective-mass ap
proximation predicts a strong dependence of the energy-b
structure not only on the confinement, viaLx and Lz , but
also on their ratioLx /Lz .30

In Si quantum wires of dimensions of a few nanomet
due to considerable confinement, the number of excitede-h
pairs is small and our system consists of independente-h
pairs. Therefore, our discussion refers to a singlee-h pair
recombination. The lifetimet is defined as the inverse of th
recombination rate. The expressions for direct and for in
rect ~phonon assisted! recombination of a singlee-h pair are
given below.

~i! Direct transitions,

Rsp~\v!5
2p

\
PcvG~\v!I cv~ky ,u!d„Ec~ky!

2Ev~ky!2\v…. ~1!

~ii ! Indirect transitions,

Rsp~\v!5
2p

\
PcvG~\v!uSc

6u2~N,1 1
2 7 1

2 !d~Ec2Ev7\v l

2\v!, ~2!

uSc
6u25

I cv~ky
v ,u!(qx ,qz

uZc,nc
6

~ky
c ,ky

v!u2

@Ec~ky
c!2Ev~ky

v!2\v#2 . ~3!

In the above expressions,\v is the energy of the emitted
photon and\v, is the energy of a phonon of branch,.
Phonons are considered dispersionless. For illustration
poses, the results shown in this paper involve TO phon
and conduction-band phonon-assisted transitions. The
rameters have been obtained from Ref. 32 for bulk Si.Pcv is
related to the bulk momentum matrix element andG(\v) is
the optical density of states.I cv(ky ,u) is the overlap integra
for transition between the conduction and the valence b
and it is given in terms of the electron and hole envelo
functions.31 The overlap integrals for intersubband tran
tions depend on the phase of the electron envelope func
and they are consequently strongly dependent on the

direction and the wire dimensions.Zc
nc

is the overlap integra
for intrasubband transitions in the conduction band that
induced by phonon absorption or emission.

III. CALCULATED LIFETIMES

We consider the recombination of a singlee-h pair. The
carriers occupy the ground states but they can be therm
excited to higher states in the same or other subbands.
the hole, we restrict our study to the ground subband beca
the separation between the ground and the first subban
big due to the considerable confinement in the quan
wires that we consider. For the electron, the separation
tween the ground subband and the first subband depend
the wire direction and for some directions it can be ve
small.30,31 Moreover, they are of two distinct types:I sub-
20532
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band, it originates from the valley in the@100# direction and
its minimum moves away from theG point ~whenu50°) as
the direction of the quantum wire changes from the@100# to
the @110# direction.D subband, it originates from the valley
in the @001# direction and its minimum is at theG point for
all directions of the quantum wire.

A. Directional dependence

The directional dependence of the electron energy lev
as well as the dependence of their sequence on the con
ment dimensions of Si quantum wires has been extensi
discussed in Ref. 31. Here, we discuss the dependence o
PL lifetime of Si quantum wires on the crystallographic d
rection. For the sake of the discussion, we choose a quan
wire with dimensionsLx52.0 nm andLz52.2 nm and ratio

FIG. 1. The calculated PL lifetime as a function of the wi
direction, at very low temperatures, for theI subband~dots! and for
the D subband~squares!. The dashed lines are a guide to the ey
The solid line is for the total PL lifetime of the quantum wire.

FIG. 2. The overlap integrals versus the wire direction for thI
subband~dots! and theD subband~squares!. The dashed lines are
guide to the eye.
3-2
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l[Lz /Lx51.1. For this type of Si quantum wires, th
ground subband is theI subband for small anglesu and theD
subband for bigger angles.31 The angle at which the two
subbands cross depends on the dimensions of the qua
wires and it is 26° for the quantum wire considered here. T
calculated PL lifetimes for the two subbands as a function
the wire orientation and for low temperatures are presen
in Fig. 1. The lifetime for theD subband does not depend o
the wire direction and it is of the order ofmsec. Its magni-
tude depends on the overlap integral~see Fig. 2! that is well
smaller than unity in the case of Si wires. The overlap in
gral is determined by the confinement dimensions and by
phase of the wave function. The phase of the wave func
is given analytically within EMA and is related with the bu
properties of Si and with the crystallographic orientation
the wires.31 The lifetime for theI subband shows a stron
directional dependence, which is due to the directional
pendence of the energy-band structure through the ove
integral as can be seen in Fig. 2. These features are smoo
out by the thermal averaging over the possible occupied
rier states, as is shown in Fig. 3 by the dashed line. ThI
subband is a direct subband foru50°, and an indirect sub
band foruÞ0°. In Fig. 1, it can be seen that foru50°, i.e.,
wires along the main crystallographic directions, the lifetim
is in the order of microseconds. For wire directions up to 2
the magnitude of the lifetime varies nonmonotonically in t
range of 0.1–10 msec. For bigger angles and up to
~wires in the@110# direction!, the lifetime is in the order of
10 m sec. The calculated lifetimes at room temperature
shown in Fig. 3. When excitonic effects are neglected,
thermal energy has no significant effect on the PL lifetim
for the D subband. The situation is different for theI sub-
band. Now, foru<10°, the minimum of theI subband is not
very far from theG point and so direct transitions are po
sible due to the thermal energy of the carriers. These tra

FIG. 3. The calculated PL lifetime as a function of the wi
direction, at room temperature, for theI subband~dots! and for the
D subband~squares!. The dashed line is for the direct transitions
the I subband and the dotted line is for the phonon-assisted tra
tions of theI subband. The solid line is for the total PL lifetime o
the quantum wire.
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tions become less probable asu increases and this is why th
PL lifetime increases as shown in Fig. 3 by the dotted li
At bigger angles, recombination is due to indirect transitio
and the magnitude of lifetime depends on the wire direct

FIG. 4. The calculated lifetimes as a function of the wire dire
tion for three quantum wires withLz /Lx'1.1: ~a! Lx52.7 nm, Lz

53.0 nm, ~b! Lx53.3 nm, Lz53.5 nm, and~c! Lx53.8 nm, Lz

54.0 nm. The total lifetime~solid line!, the lifetime forD subband
~dotted line!, and forI subband~dashed line! are shown.
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FIG. 5. The calculated lifetimes as a function of the wire dire
tion for three quantum wires withLz /Lx.1.1: ~a! Lx52.2 nm, Lz

52.7 nm, ~b! Lx51.6 nm, Lz52.2 nm, and~c! Lx52.7 nm, Lz

53.3 nm. The total lifetime~solid line!, the lifetime forD subband
~dotted line!, and forI subband~dashed line! are shown.
20532
in the same way as in the low-temperature regime. In Fig
one can notice that for the angleu close to 45°, i.e., for the
wire direction close to the@110# direction, the lifetime be-
comes small, just one order of magnitude higher than
lifetime of the D subband. Here, subband nonparabolic
may be important and it could be useful to include it in t
theory.

The distinct features of the PL lifetimes when electro
occupy theI subband or theD subband, discussed in th
preceding section, show that the PL lifetime strongly d
pends on the electronic structure of the quantum wire. Th
mal activation from one subband to the other is also imp
tant as is shown in the following analysis. At low
temperatures, only the ground subband is occupied and
dependence of the lifetime on the wire direction is shown
Fig. 1 by a solid line. At room temperature, the occupation
the first excited subband may be activated and the resu
lifetime is then given by the following expression:

t215
tF

21e2DE/kT1tS
21

11e2DE/kT , ~4!

wheret stands for the total PL lifetime andDE5EF2ES for
the energy separation of the two subbands. The subscripF
and S are for ‘‘fast’’ and ‘‘slow,’’ respectively, and refer to
theD subband or theI subband, depending on which is fast
or slower than the other. The total lifetime calculated at ro
temperature is presented in Fig. 3, together with the lifetim
for the I andD subbands. For angles 0°,u<10°, the life-
time is that of theI subband, because although this is t
slow subband, it has big energy separation from theD sub-
band~the fast subband!, in comparison with the thermal en
ergy. For angles 10°,u<30°, the energy separation be
tween the slow I subband and the fastD subband is
comparable with the thermal energy and the lifetime time
determined by Boltzmann statistics for the occupation of
two electron subbands. For 30°,u<45°, the lifetime is that
of the D subband because it is the fast subband and

-

FIG. 6. Size dependence of the calculated PL lifetimes, at v
low temperature, for three wire directions: 0°~dots!, 10° ~triangles!,
and 30°~stars!.
3-4
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ground subband. In Fig. 2, it can be noticed that the lifeti
shows a variation of one order of magnitude at room te
perature as the wire orientation changes.

For a quantum wire with the same size but the inve
ratio of confinement dimensions, i.e.,Lx52.2 nm andLz
52.0 nm and ratiol[Lz /Lx50.9, the ground subband isD
subband for all wire directions,10 and the PL spectrum a
well as the PL lifetime are not sensitive to the wire directio

B. Size dependence

In this section we discuss the obtained size dependenc
the PL lifetime of Si quantum wires. We have calculated
lifetimes of quantum wires in the range of 1–4 nm sizes a
function of the crystallographic orientation of the wires.

The behavior presented in the preceding section is typ
for wires with similar ratios of confinement dimensionsl, as
can be seen in Fig. 4, where the room-temperature lifetim
are shown for another three quantum wires withl'1.1 and
bigger sizes than the wire discussed above. In Fig. 4, it
be noticed that as the wire’s size increases, the lifetime
pends more weakly on the crystallographic direction. This
because the subbands energy separation becomes smal
bigger sizes, the thermal activation is more efficient, and
effect of theD subband is more important. This effect
modified in more asymmetric wires, where the confinem
length in thex direction is further smaller than in thez di-
rection. This is shown in Fig. 5, where the calculated li
times are plotted for three quantum wires with different siz
andl.1.1. Now, for bigger values ofl, the crossing of the
subbands is less important and the lifetime is mainly de
mined by theI subband even at room temperature. It is se
that quantum wires with similar crystallographic orientatio
and confinement dimensions can have PL lifetimes differ
by one order of magnitude. On the other hand, in quan
wires with the confinement length in thez direction smaller
than in thex direction, i.e.,l,1, the D subband is the
ground subband and the lifetime is weakly dependent on
crystallographic direction of the quantum wire for all size

The size dependence of the low-temperature lifetime
the I and D subbands is shown in Fig. 6. For direct tran
tions ~e.g., 0°!, the PL lifetime increases with the diameter
the quantum wires. As the size of the quantum wires chan
from 2 to 4 nm, the magnitude of the calculated lifetim
varies from 0.1msec to 1 msec. These values are in agr
ment with first-principles calculations.33 The lifetimes are
20532
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higher when indirect transitions are involved, as can be s
in Fig. 6. At 10°~triangles!, the lifetime increases monoton
cally. At 20° ~stars!, although the tendency is an increase
the lifetime with the size of the wires, nonmonotonic beha
ior has been found. This behavior is due to the nonmonoto
size dependence of the overlap integralI CV . Therefore, one
must be aware of the nonmonotonic size dependence o
PL lifetime in Si quantum wires. For quantum wires in th
@110# direction the ground electronic subband is direct, a
due to the size dependence of the overlap integral a mo
tonic increase is expected with the wires size. At higher te
peratures, the thermal activation of carriers to subbands c
in energy would give a more complex size dependence of
PL lifetime in wires with crystallographic orientation tha
deviates from the main crystallographic directions.

It is known that the sizes of the quantum wires in high
luminescent porous Si samples are below 3 nm. Our ca
lation covers this range of sizes and we present results f
broad distribution of crystallographic orientations. The ma
nitudes of the calculated lifetimes are in agreement w
those measured in porous Si samples.2,34,35 We have so far
neglected excitonic effects. It would be definitely interesti
to investigate how the calculated lifetimes are modified wh
excitonic recombination takes place. It is expected that
low-temperature results will be mainly affected because
exciton binding energy is of the order of meV.

IV. CONCLUSION

The PL lifetimes in Si quantum wires calculated with
the EMA are found to be sensitive to the electronic struct
of the wires and to their crystallographic orientation. T
magnitudes of the PL lifetime that we found are in agreem
with the PL lifetimes measured in porous Si. Our resu
suggest that the dispersion in the PL decay and the varia
of the values of the lifetimes from sample to sample a
related with the nonuniformity in the sizes and the crystal
graphic orientations of the wires. It would be nice if expe
mental data were available to make a direct comparison w
the findings of our work.
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