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Photoluminescence lifetimes of Si quantum wires
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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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[. INTRODUCTION rameters. So, further evidence of physical mechanisms that
can be directly connected with the experiment can be ob-
Si low-dimensional structures have been a subject of frontained. The predictions of EMA for the energy-band structure
edge research due to their potential technological applicaef electrons in Si quantum wires have been discussed in de-
tions. In device applications, their electrical, optical, andtail in Ref. 30, where the findings of EMA are also compared
structural properties are of great interest. The observed phdVith results of more sophisticated calculations. The implica-
toluminescencéPL) of porous Si gave birth to the hope that tions of the features of the electron band structure on the
Si could be used for optoelectronic applications, and a lot ofPONtaneous emission have been discussed in Ref. 31. Here,
research has been devoted since then to the study of Si nanie discuss the behavior of the PL lifetime in Si quantum
structures. This research led to the acquisition of quite dvires with dimensions in the range of a few nanometers. We
considerable knowledge on their properties and their fabricalnvestigate the recombination of an electron-haeh( pair,
tion. The achieved ability in controlling the fabrication of When the excited electron occupies a direct or an indirect
porous Si and to get periodic structures is impresSipe- ~ energy subband. The PL lifetime is calculated as a function
rous Si seems now even more promising for app"ca’[ions ”Qf the wire direction and the size of the quantum wires at
the field of photonics and sensing including important pervery low temperatures and at room temperature. Quantum
spectives in biosensing. The recent remarkable progress Miires with sizes in the range 1-4 nm have been considered.
the fabrication of low-dimensional semiconductors in the na-The presented results cover a broad range of quantum wire
nometric scale for app"ca’[ions in transistor and memory dedimenSionS and CrySta”OgraphiC orientations. The theoretical
vices enforced the research in the properties of Si nanostrugdodel is presented in Sec. Il, the results are presented and
tures. One can notice the increasing interest in the electricaliscussed in Sec. lll, and a conclusion is drawn in Sec. IV.
properties of Si nanowires, nanopillars, and arrays of dots.
Porous Si has been modeled as a system of quantum dots
and/or wires. The theoretical investigation of such systems
has given a lot of insight into the physics and the properties We consider free standing, infinitely long, and homoge-
of this materia?~® while other systems containing silicon neous quantum wires of rectangular cross section. We define
guantum dots or nanowires have been investigated, such thtite wire direction in a system of coordinatesy,2, which is
the intrinsic properties due to dots or wires have beerdefined as follows: the axis is along th¢001] direction and
demonstrated: 3 The calculations on Si nanostructures havethe x andy axes are rotated anticlockwise by an angle
been extended to the investigation of quantum wells, quanrelative to the[100] and[010] directions, respectively. The
tum wires, and quantum dots. A variety of empirical, semi-quantum wire infinite length is along tlyeaxis. Electron and
empirical, and first-principles techniques have been used thole eigenstates are obtained by solving the Stihger
study the effects of the reduction in dimensions, of the geequation. An infinitely deep confining potential has been as-
ometry and of the structure, on the optical properties of sili-sumed for electrons and holes in the free standing quantum
con nanostructure$2°A widening of the band gap from the wires. In Si quantum wires the six valleys of the minimum of
near-infrared wavelength region to and beyond the visiblehe conduction band of Si are not equivalent and each set of
range has been obtained from these calculations. Furthevalleys gives a sequence of two-dimensional energy sub-
more, an enhancement of the dipole matrix element resporbands. The minima of these energy subbands are al the
sible for the radiative transitions is found. Both direct andpoint (direct subbandsor away from thel’ point (indirect
indirect band gaps have been reported. Most calculations asibbandgs depending on the wire direction of growth and
restricted to particular cases of geometries and sizes of thibeir valley of origin. The position of the minimum of the
dots and of the wires. The effective-mass approximatiorground subband determines the direct or indirect band-gap
(EMA) can be helpful at this stage, since within its frame-character of the Si quantum wire. The order and the separa-
work, continuous values can be used for the structural paion of the energy subbands of Si quantum wires depend

Il. THEORETICAL MODEL
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strongly on the confinement dimensions of the wires, Lg., 10"
andL, for a wire in they direction. The effective-mass ap-
proximation predicts a strong dependence of the energy-ban
structure not only on the confinement, Jig and L,, but 10*
also on their ratid_, /L.

In Si quantum wires of dimensions of a few nanometers

] v ] v | v 1
Lx=2.0 nm, Lz=2.2 nm

T
due to considerable confinement, the number of exa@téd 2 10
pairs is small and our system consists of independeht @
pairs. Therefore, our discussion refers to a sirgle pair E 10
recombination. The lifetime is defined as the inverse of the g
recombination rate. The expressions for direct and for indi- L I subband
rect(phonon assistgdecombination of a single-h pair are 10°4 e
given below. D subband
(i) Direct transitions, -
1071 T T T T T T T T T 1
2 0 10 20 30 40 50
Rsffiw) = 7 PoG(fhiw)l e, (Ky,0) S(Ec(ky) wire direction (deg.)
—E (k)—% 1 FIG. 1. The calculated PL lifetime as a function of the wire
o(Ky) —frw). ( T
direction, at very low temperatures, for theubbanddotg and for
(i) Indirect transitions, the D subband(squares The dashed lines are a guide to the eye.

The solid line is for the total PL lifetime of the quantum wire.

2
Rfhw)= - PoG(fhw)|S, |?(N¢+3+3)8(Ec—E,¥hw,  band it originates from the valley in thgL00] direction and
its minimum moves away from the point (when#=0°) as

—hw), (2)  the direction of the quantum wire changes from {heQ] to
the [110] direction.D subbandl it originates from the valley
(K2, 0)3 g 125 (KS k2)|2 in thg [0(_)1] direction and its mipimum is at thE point for
|52 ]2= Y x dzen Y'Y (3)  all directions of the quantum wire.

[Ec(ky) —E, (k) —fho]?

. . . A. Directional dependence
In the above expressionkw is the energy of the emitted

photon andfw, is the energy of a phonon of branch The directional dependence of the electron energy levels
Phonons are considered dispersionless. For illustration pufS Well as the dependence of their sequence on the confine-
poses, the results shown in this paper involve TO phonong'ent dimensions of Si quantum wires has been extensively
and conduction-band phonon-assisted transitions. The p&liscussed in Ref. 31. Here, we discuss the dependence of the
rameters have been obtained from Ref. 32 for bulkPSj.is ~ PL lifetime of Si quantum wires on the crystallographic di-
related to the bulk momentum matrix element &(d: ) is rection. For the sake of the discussion, we choose a quantum
the optical density of statek, (ky , ) is the overlap integral WI'€ with dimensiond.,=2.0 nm and.,=2.2 nm and ratio

for transition between the conduction and the valence band

and it is given in terms of the electron and hole envelope 10’ — . 13
functions® The overlap integrals for intersubband transi- B —-“'.-——,—-I‘.subban d
tions depend on the phase of the electron envelope functior 10 _‘.*"
and they are consequently strongly dependent on the wire 2 o~
direction and the wire dimensionzgC is the overlap integral I
for intrasubband transitions in the conduction band that arega 10* f’
induced by phonon absorption or emission. £ S
& 10° - P—
lll. CALCULATED LIFETIMES 5 . ‘ D subband
> -5
. L . . 10 N
We consider the recombination of a singleh pair. The ° .

carriers occupy the ground states but they can be thermall) 44+
excited to higher states in the same or other subbands. Fc
. Lx=2.0 nm, Lz=2.2 nm

the hole, we restrict our study to the ground subband becaus 447 . T . T . T . r ’ |
the separation between the ground and the first subband i 0 10 20 30 40 50
big due to the considerable confinement in the quantum
wires that we consider. For the electron, the separation be-
tween the ground subband and the first subband depends onFIG. 2. The overlap integrals versus the wire direction forlthe
the wire direction and for some directions it can be verysubbanddots and theD subbandsquares The dashed lines are a
small3®3! Moreover, they are of two distinct typek:sub-  guide to the eye.

wire direction (deg.)
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10" | p— T T T T T T 107 T T T T v T T T X
i Lx=2.0 nm, Lz=2.2 nm ] Lx=2.7 nm, Lz=3.0 nm 3
] T=300 K
-2
10 T=300 K 4 ) (@) '!
_10° ]
'g 10° g _______ 1
.qé -+ ) g .
8" A} 2
b . ]
10° “o.. | subband 1
g T * 1 ]
D subband D subband -
cfEENEEEENEEERERS 10° T T T T r T T —r
YT 0 2 % 4 s 0 A
wire direction (deg.) wire direction (deg.)
10% 3 r T y T
FIG. 3. The calculated PL lifetime as a function of the wire ° I N I L:(=3.3 nm, le=3.5 nm
direction, at room temperature, for thesubbanddots and for the 1 T=300 K ]
D subbandsquares The dashed line is for the direct transitions of ST RN 1
the | subband and the dotted line is for the phonon-assisted transi- / (b)
tions of thel subband. The solid line is for the total PL lifetime of 10° 3 4 A 1
the quantum wire. § 3 1
A=L,/L,=1.1. For this type of Si quantum wires, the f'g’ . », Isubband -
ground subband is thesubband for small anglegand theD 8 04 '5
subband for bigger anglés.The angle at which the two = /\ :
subbands cross depends on the dimensions of the quantun ] S
wires and it is 26° for the quantum wire considered here. The ] D subband
calculated PL lifetimes for the two subbands as a function of . 1
the wire orientation and for low temperatures are presented 19 o 1 20 30 4'0 50
in Fig. 1. The lifetime for theD subband does not depend on
the wire direction and it is of the order gfsec. Its magni- wire direction (deg.)
tude depends on the overlap integiste Fig. 2 that is well 10"
smaller than unity in the case of Si wires. The overlap inte- i - T T 7 3
gral is determined by the confinement dimensions and by the Lx:a'if‘,';’o";“‘o nm 3
phase of the wave function. The phase of the wave function 1 ] ) 2
is given analytically within EMA and is related with the bulk 10'2‘5 © E
properties of Si and with the crystallographic orientation of __ - .
the wires® The lifetime for thel subband shows a strong & .
directional dependence, which is due to the directional de- g 10° ]
pendence of the energy-band structure through the overlapg 3 nIsubband - 1
integral as can be seen in Fig. 2. These features are smoothe @ ] ————u " :
out by the thermal averaging over the possible occupied car- ~ 10" D subband .
rier states, as is shown in Fig. 3 by the dashed line. The 4
subband is a direct subband fé+=0°, and an indirect sub- ] E
band foré+#0°. In Fig. 1, it can be seen that fo=0°, i.e., .
wires along the main crystallographic directions, the lifetime 19 — i I I T

S . . - . 0 10 20 30 40 50

is in the order of microseconds. For wire directions up to 20° o

the magnitude of the lifetime varies nonmonotonically in the wire direction (deg.)

range of 0.1-10 msec. For bigger angles and up to 45° FIG. 4. The calculated lifetimes as a function of the wire direc-
(wires in the[110] direction), the lifetime is in the order of tion for three quantum wires with,/L,~1.1: () L,=2.7 nm, L,

10 u sec. The calculated lifetimes at room temperature arg 3-0nm, (b) L,=3.3nm, L,=3.5nm, and(c) L,=3.8nm, L,
shown in Fig. 3. When excitonic effects are neglected the:4'0 nm. The total lifetimésolid line), the lifetime forD subband
thermal energy has no significant effect on the PL lifetimedotted ling, and forl subbanddashed lingare shown.

for the D subband. The situation is different for thesub-  tions become less probable @icreases and this is why the
band. Now, forf<10°, the minimum of thé subband is not P lifetime increases as shown in Fig. 3 by the dotted line.

very far from thel” point and so direct transitions are pos- At bigger angles, recombination is due to indirect transitions
sible due to the thermal energy of the carriers. These transand the magnitude of lifetime depends on the wire direction
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10° 3 T T T T T T T T T 10° T T v T ' T T T
E Lx=1.6 nm, Lz=2.2 nm 10" .
T=300 K e x x X X
10'41g (@) 10" x X o o * %
T g 107 M
2 10° 2 10° o *
3 L ]
E E I subband g 10* . Yk %
e 1 /0 T 3 10° o e
= 10° - = 104 ** . e 0deg.
D subband » o + 10deg.
] 10 * 30 deg.
' 10° 4o ©
10‘7 T T T T T ] L] | T 1 10-9
1 v ] ® ] v 1 b |}
0 10 20 30 40 50 1 2 3 4 5
wire direction (deg.) wire diameter (nm)
10°g— r r .
E ',\ T L;(=2.2 o, le=2-7 am FIG. 6. Size dependencg of t_he c_alculated PL Iifeti_mes, at very
T=300 K low temperature, for three wire directions: @ots, 10° (triangles,
and 30°(stars.
b . . . .
__ 1073 ®) in the same way as in the low-temperature regime. In Fig. 3,
§ 3 one can notice that for the angeclose to 45°, i.e., for the
by § wire direction close to th¢110] direction, the lifetime be-
E - I subband comes small, just one order of magnitude higher than the
8 10° e —— lifetime of the D subband. Here, subband nonparabolicity
= S may be important and it could be useful to include it in the
D subband theory.
The distinct features of the PL lifetimes when electrons
occupy thel subband or théd subband, discussed in the
10° — T T T T T i preceding section, show that the PL lifetime strongly de-
0 10 20 30 40 50 pends on the electronic structure of the quantum wire. Ther-
wire direction (deg.) mal activation from one subband to the other is also impor-
2 tant as is shown in the following analysis. At low
10 L L L temperatures, only the ground subband is occupied and the
] Lx=2.7 nm, Lz=3.3 nm dependence of the lifetime on the wire direction is shown in
T=300K Fig. 1 by a solid line. At room temperature, the occupation of
B s © the first excited subband may be activated and the resulting
10° = [N lifetime is then given by the following expression:
< 3 /
é;’ B T;lefAE/kT_’_ 7_;1
2 T ST o AERT 4
] \
§ 1o‘-: 3 ‘ wherer stands for the total PL lifetime amflE=E— Eg for
] Wand the energy separation of the two subbands. The subsétripts
] and S are for “fast” and “slow,” respectively, and refer to
] "‘!\ff‘bba"d the D subband or thé subband, depending on which is faster
10° — . ——— or slower than the other. The total lifetime calculated at room

0 10 20 30 40 5'0 temperature is presented in Fig. 3, together with the lifetimes
for thel and D subbands. For angles &9<10°, the life-
time is that of thel subband, because although this is the
slow subband, it has big energy separation fromBhsub-
band(the fast subbangin comparison with the thermal en-
ergy. For angles 162 60<30°, the energy separation be-
FIG. 5. The calculated lifetimes as a function of the wire direc-tween the slowl subband and the fasb subband is
tion for three quantum wires with,/L,>1.1: (@) L,=2.2 nm, L, Comparable with the thermal energy and the lifetime time is
=2.7nm, (b) L,=1.6 nm, L,=2.2nm, and(c) L,=2.7nm, L, determined by Boltzmann statistics for the occupation of the
=3.3 nm. The total lifetimésolid line), the lifetime forD subband  two electron subbands. For 3@%9=<45°, the lifetime is that
(dotted ling, and forl subbanddashed lingare shown. of the D subband because it is the fast subband and the

wire direction (deg.)
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ground subband. In Fig. 2, it can be noticed that the lifetimehigher when indirect transitions are involved, as can be seen
shows a variation of one order of magnitude at room temin Fig. 6. At 10°(triangles, the lifetime increases monotoni-
perature as the wire orientation changes. cally. At 20° (starg, although the tendency is an increase of
For a quantum wire with the same size but the inversehe lifetime with the size of the wires, nonmonotonic behav-
ratio of confinement dimensions, i.d.,=2.2nm andL, ior has been found. This behavior is due to the nonmonotonic
=2.0 nm and ratioo=L,/L,=0.9, the ground subband®» size dependence of the overlap intedi@|. Therefore, one
subband for all wire direction®, and the PL spectrum as must be aware of the nonmonotonic size dependence of the
well as the PL lifetime are not sensitive to the wire direction.PL lifetime in Si quantum wires. For quantum wires in the
[110] direction the ground electronic subband is direct, and
B. Size dependence due to the size dependence of the overlap integral a mono-
tQnic increase is expected with the wires size. At higher tem-
o - i B?eratures, the thermal activation of carriers to subbands close
the PL lifetime of Si quantum wires. We have calculated theIn energy would give a more complex size dependence of the

If|fet|t[r_1es 0: t(?]uantun: \;\Inres mh'Fhe r_an(iet_of 1_f4ﬂ?m SIZES 3S B\ |ifetime in wires with crystallographic orientation that
unction of the crystaliographic orientation of thé wires. a(ileviates from the main crystallographic directions.

The beh.avio.r presen'ged in the preceding .sectioln Is typic It is known that the sizes of the quantum wires in highly
for wires with similar ratios of confinement dimensiansas luminescent porous Si samples are below 3 nm. Our calcu-

can bhe seep N F'q['h4’ mhere the :oom—t_empv(;irgtiri I|feé|me tion covers this range of sizes and we present results for a
gre shown otrhanother . regquan u(rjn vxtl)lres | F'. Zn't broad distribution of crystallographic orientations. The mag-
'gger sizes than the wire ,|sc.uss.e above. In Fig. %, It Cfiy qes of the calculated lifetimes are in agreement with
be noticed that as the wire’s size increases, the lifetime de[hose measured in porous Si sampi&s35We have so far
Eends m(:r:e weslgly gn the crystallogr?ph|cbd|rect|on. Th'”S 'Sli?e lected excitonic effects. It would be definitely interesting
ecause the subbands energy separafion becomes smaller 4g nvestigate how the calculated lifetimes are modified when
bigger sizes, the thermal activation is more efficient, and the,, yonic recombination takes place. It is expected that the

eﬁeqt_ of .theD subband is more Important. This effect IS low-temperature results will be mainly affected because the
modified in more asymmetric wires, where the conflnemenEexciton binding energy is of the order of meV.

length in thex direction is further smaller than in thedi-
rection. This is shown in Fig. 5, where the calculated life-
times are plotted for three quantum wires with different sizes

and\>1.1. Now, for bigger values of, the crossing of the  The PL lifetimes in Si quantum wires calculated within

subbands is less important and the lifetime is mainly deterthe EMA are found to be sensitive to the electronic structure

mined by thel subband even at room temperature. It is seerbf the wires and to their crystallographic orientation. The

that quantum wires with similar crystallographic orientationsmagnitudes of the PL lifetime that we found are in agreement

and confinement dimensions can have PL lifetimes differingyith the PL lifetimes measured in porous Si. Our results

by one order of magnitude. On the other hand, in quantunguggest that the dispersion in the PL decay and the variation

wires with the confinement length in ttzedirection smaller  of the values of the lifetimes from sample to sample are

than in thex direction, i.e.,A<1, the D subband is the related with the nonuniformity in the sizes and the crystallo-

ground subband and the lifetime is weakly dependent on thgraphic orientations of the wires. It would be nice if experi-

crystallographic direction of the quantum wire for all sizes. mental data were available to make a direct comparison with
The size dependence of the low-temperature lifetime othe findings of our work.

the | and D subbands is shown in Fig. 6. For direct transi-

tions(e.g., 09, the PL lifetime increases with the diameter of ACKNOWLEDGMENT
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In this section we discuss the obtained size dependence

IV. CONCLUSION
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