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Influence of Phonon Confinement on the Optically-detected Electrophonon
Resonance Linewidth in Rectangular Quantum Wires
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We investigate the influence of phonon confinement on the optically-detected electrophonon reso-
nance (ODEPR) effect and ODEPR linewidth in rectangular quantum wires (RQW). The ODEPR
conditions as functions of the wire’s size and the photon energy are also obtained. The splittings
of ODEPR peaks caused by the confined phonon are discussed. The numerical result for a specific
RQW shows that in the two cases of confined and bulk phonons, the linewidth decreases with in-
creasing wire size and increases with increasing temperature. Furthermore, in the small range of
the wire’s size (L < 40 nm), phonon confinement plays an important role and cannot be neglected

in reaching the ODEPR linewidth.
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I. INTRODUCTION

The absorption linewidth (LW) is well known as a good
tool for investigating the scattering mechanisms of car-
riers and, hence, can be used to probe electron-phonon
scattering processes. To investigate the effects of vari-
ous scattering processes, absorption LWs have been mea-
sured in various kind of semiconductors, such as quan-
tum wells [1-6], quantum wires [7-10], and quantum dots
[11-15]. These results show that the absorption LW has
a weak dependence on temperature and has a strong de-
pendence on system size. However, in those articles, the
absorption LW was investigated based on the interaction
of electrons and bulk phonons, but the absorption LW
in rectangular quantum wires due to the confined-LO-
phonon-electron interaction is still open for study.

It is well known that the effects of confinement of
phonons should be taken into account in order to obtain
realistic estimates for electron-phonon scattering [16—
18]. Phonon confinement affects optically-detected elec-
trophonon resonance (ODEPR) effect mainly through
changes in the selection rules for transitions involving
subband electrons and affects the ODEPR line width
(ODEPRLW) through changes in the probability of
electron-phonon scattering. The LW is defined by the
profile of the curves describing the dependence of absorp-
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tion power P(w) on the photon energy or frequency [19,
20]. Recently, our group has proposed a method, called
the profile method, to computationally obtain the LW
from graphs of P(w) [21] and used this method to deter-
mine cyclotron resonance linewidth in cylindrical quan-
tum wires [22], and in GaAs/AlAs quantum wires [23].

In the present work we investigate the intersubband
ODEPRLW in a rectangular quantum wire (RQW). We
study the dependence of the ODEPRLW on the wire’s
size L, (L,) and the temperature T. The result of the
present work is fairly different from previous results be-
cause the phonon confinement is taken into account and
because the results can be applied to optically detect the
resonant peaks.

II. MODEL OF A RQW

We consider a quantum wire with a rectangular cross-
section along the z axis and with finite z and y dimen-
sions given by L, and L, respectively. We assume that
the confining potential well is an infinite square well.
Both electrons and phonons are confined. They differ es-
sentially in the way the boundary conditions are applied
[24]. In this case, the electron wave function has the well
known form
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where L, is the length of the quantum wire, 0 < x < L,
and 0 <y < L,. The corresponding electron energy is

h2k2 2h2 m2 TL2
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T y
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where k., is the electron wave vector along the wire axis,
m,n = 1,2,3,... denote the quantum numbers and m*
is the electron effective mass.

In this paper, we use the model of confined phonons
presented by Constantinou and Ridley [25], where the

J

i ¢
|<Oz|eizq T’|o/>|2 — ‘Pmﬂnm n,| 5k’ s :I:qz7
f;;{n,m’m’ = L., L dSL‘ dysm Sln

The lowest-orders of Pf;;]n m o are calculated as Pll)’ll’l’1
= (8/3m)%,

1,1 1)1 1,1

Pl 1,21 = P2,1,1,1 = (1/4), and P1,1,3,1 =
1,1

P3,1,1,1 = (1/25)(8/37)2~

III. ABSORPTION POWER IN A RQW

When an electromagnetic wave characterized by a
time-dependent electric field of amplitude Fy and angu-
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frequency of a mode labeled (¢, ) is given by

b
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with wrpo being the =zone-center LO-phonon fre-
quency,and 3 the velocity parameter (3 = 4.73 x 103
ms~! for GaAs). We have phonon along the wire’s axis.
For the calculation of the absorption power of an also
assumed that g¢; > ¢., with g, being the wave vector of
a electromagnetic wave in a RQW, the following matrix
elements are used [24]:
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lar frequency w is applied, the absorption power P(w)
delivered to the system is given by P(w) (E3/2)
Re{oi;(w)} [26,27]. Here, 0;j(w) is the ij—component of
the optical conductivity tensor. If the general expression
for the conductivity presented by Kang et al. [28] and
Lee et al. [29] in a rectangular quantum wire is used, the
absorption power is given, at the subband edge (k, = 0),
by the following expression:
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Here, e is the charge of a conduction electron; FE, ,
and E,, . are the energies of the electron in the ini-
tial @ = |m,n,0 > and the final state g = |m/,n’,0 >,
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respectively; fy, n is the Fermi-Dirac distribution func-
tion of an electron with energy E,, .; and [(z)m, m| is
the matrix element of the position operator, given by
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The matrix element |(jz)m,m’| of the current operator is
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In Eq. (6), B(w) is the imaginary part of the damping function which was obtained in Refs. 28 and 29 as
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Here, §(...) is Dirac’s delta function; N, is the Planck

distribution function for a phonon in the state |¢) =
1€,7,4-); Cpu(q) is the electron-phonon interaction ma-
trix elements and depends on the scattering mechanism.
In this model it is given by

Cpula) =

with |g >= |m”,n”, k¥ > being the intermediate
states. In Eq. (10), the expression of the coupling factor
|Ce.j(g2)| is given as [30,31]
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where € is the permittivity of free space, xoo and xo are
the high and the low frequency dielectric constants, and
Q= L,LyL, is the volume of the quantum wire.

To calculate Re{o,,(w)} given in Eq. (6), we need
to determine B(w) in Eq. (9). Converting summations

into integrals as >, — %Z&j fj:; dg. and 3, —

57; —— joo dk¥, the power absorption in the sys-
tems for the transition between the two sublevels will be
calculated at the band edge (k¢ = 0). Note that the se-
lection rule requires k¢ = k? or a direct transition. After

some mathematical manipulation, we have
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Inserting Eq. (12) into Eq. (6), we will obtain an ex-
plicit expression for Re{o,,(w)}. That is, we have ob-

(

tained an expression for the absorption power in a rectan-
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Fig. 1. Dependence of the AP on the photon energy for
the different values of the wire’s size. The solid, the dashed
and the dotted curves correspond to L = 8 nm, L = 10 nm,
and L = 12 nm, respectively. Here, T' = 300 K.

gular quantum wire. We can see that these analytical re-
sults appear very involved. However, physical conclusions
can be drawn from graphical representations and numeri-
cal results, obtained from adequate computational meth-
ods.

IV. NUMERICAL RESULTS AND
DISCUSSION

The expression of B(w) in Eq. (12) exhibits a resonant
behavior due to the ODEPR condition

hw £+ AEm,n,m’,n’ + hwq = 0, (13)

where AE,, 1m/n' = Emn — Emn. Equation (13) is
the ODEPR condition in a rectangular quantum wire.
This result is the same as Lee’s result for a quantum
wire with a Woods-Saxon potential [32] and in a quan-
tum well [33]. When the ODEPR conditions are satis-
fied, in the course of scattering events, electrons in the
state |m,n) can transition to another state |m’,n’) by
absorbing a photon of energy fw during the absorption
and/or emission of a confined LO-phonon of energy fiw; .
To clarify the obtained results, we numerically calculate
the absorption power P(w) for a specific RQW made up
of GaAs/AlAs. The absorption power is considered to
be a function of the photon energy. The parameters used
in our calculations are as follows [31,34]: ¢y = 12.5,
Xoo = 10.9, xo = 13.1, m* = 0.067mg (mo being the
electron rest mass), and fiwro = 36.25 meV. The domi-
nant contribution to the sum over phonon modes in Eq.
(5) is well known to be the mode with ¢ = j = 1. The
conclusion that follows will be calculated in the extreme
quantum limit, where only the lowest subbands is occu-
pied, i.e., m=1,n=1,m' =2,n' = 1.

In Fig. 1, the solid curve (L = 8 nm) corresponds to
AF5111 = 265.08 meV and to the energy of confined

sdydy

phonon Awi; = 36.21 meV. By using the computational

T T T T T
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Fig. 2. Dependence of the AP on the photon energy at the
ODEPR peaks for phonon absorption processes. The solid,
the dashed and the dotted curves correspond to 7' = 100 K,
T =200 K, and T'= 300 K, respectively. Here, L = 10 nm.

method, we easily determine that peaks 1 and 2 (of this
curve) correspond to the values iw™ = 228.87 meV and
hwT = 301.29 meV, respectively. These two peaks sat-
isfy the ODEPR conditions hwt = AE2’1,171 F hwi1,
or hwt = 265.08 F 36.21 meV. They arise from the
transitions of an electron from the energy level E; ; to
the energy level Es; by absorbing a photon hw™ (hw™)
and emitting (absorbing) a phonon hwi;. The dis-
tance between these two peaks (in the unit of energy)
is Ahw = hw™ — hw™ = 72.42 meV; this value is twice
as much as the confined phonon energy fiw;1. The cases
of L = 10 nm (dashed curve) and L = 12 nm (dotted
curve) can be understood similarly. However, in each
curve, the distance between two resonant peaks, as well
as the confined phonon energy hwi1, is seen to decrease
as L increases, but the distance between the two peaks
is always twice as much as the phonon energy.

From Fig. 1, when the wire’s size increases, the reso-
nant peaks is seen to shift to the left (the small region
of photon energy) because of the decreasing of AFE5 111
when the wire’s size L increases; consequently, the pho-
ton energy that satisfies the ODEPR condition decreases.
Moreover, the second peak of each curve is always higher
than the first one. This means that the phonon absorp-
tion processes are more dominant than the emission pro-
cesses. In the following, we will use the second peak of
each curve to consider the influence of the phonon con-
finement on the LWs of the ODEPR peaks. To do this,
we plot the dependence of AP on the photon energy for
both models: the bulk-phonon (3D) and the confined-
phonon models.

In Fig. 2, we can see that all the peaks in the case of
bulk phonons are located at Awpyuk = 205.90 meV while
the peaks in the case of confined phonon absorption are
at hweont = 205.89 meV. The difference between these
two values is seen not to be considerable and can be ne-
glected. Thus, the phonon confinement does not have an
effect on the peak location of the ODEPR. The appear-
ances of resonant peaks at the same value of the photon
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Fig. 3. (Color online) LW as a function of the temperature
for different models of phonon. The closed squares and the
closed circles correspond to the bulk-phonon model and the
confined-phonon model, respectively. Here, L = 10 nm.

energy also show that the ODEPR does not depend on
the temperature. However, the influence of the phonon
confinement is much more considerable when we con-
sider the LW. In Fig. 2, the LWs in the case of confined
phonons are easily seen to be larger than they are in the
case of bulk phonons. However, a detailed evaluation can
be performed by using the profile method [21]. This is a
method of determining the LW based on graphs of AP
versus the photon energy with the help of a computa-
tional program. It was suggested by our group and has
been applied successfully in some of our recent works.

In order to find the dependence of LW on tempera-
ture, we first plot the graph showing the dependence of
the AP on the photon energy for different values of tem-
perature. Then, we use a command of Mathematica soft-
ware to find the two values of the photon energy, hw; and
hw1, corresponding to a half-maximum of the absorption
power. One pair of (T, BAw = hws — fiw; ) represents one
point on the curve of the graph. Joining these points, we
obtain the rule showing the dependence of LW on tem-
perature. The dependence of LW on the temperature is
shown in Fig. 3. From Fig. 3 we can see that the LW
increases with increasing temperature in both models of
phonon (the bulk-phonon and confined-phonon models).
Physically, this is reasonable because the possibility of
electron-phonon scattering rises as the temperature in-
creases. The LWs for confined phonons are also seen to
be larger than they are for bulk phonons. This means
that phonon confinement gives raise to the possibility of
electron-phonon scattering.

In Fig. 4, the AP is plotted versus the photon energy
for the two above-mentioned models of phonons at the
different values of the wire’s size. From the figure, we
can see that the resonant peaks shift to smaller photon
energy when the wire’s size increases. The appearance
of these peaks can be explained by using the ODEPR
condition, as shown above in Fig. 1. For each value of
the photon energy at the resonance, the LW for confined
phonons is always larger than it is for the corresponding
bulk phonons.
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Fig. 4. Dependence of the AP on the photon energy at the
ODEPR peaks for phonon absorption processes. The solid,
the dashed and the dotted curves correspond to L = 9.5 nm,
L = 10.0 nm, and L = 10.5 nm, respectively. Here, T =
300 K.
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Fig. 5. (Color online) LW as a function of the wire’s size
for different models of phonon. The closed squares and the
closed circles correspond to the bulk-phonon model and the
confined-phonon model, respectively. Here, T' = 300 K.

We found the dependence of the LW on the wire’s size
in the same way as we found the dependence of LW on the
temperature. The dependence of the LW on the wire’s
size is shown in Fig. 5. From Fig. 5, we can see that the
LW decreases with increasing of the wire size for both
models of the phonon. The result is consistent with that
shown in some previous works [2,8,9]. This can be ex-
plained physically by a decrease in the possibility of elec-
tron - phonon scattering when the wire’s size increases.
Furthermore, the LW for the confined-phonon case varies
faster and has a larger value than it does for the bulk-
phonon case, and the smaller the wire’s size is, the more
pronounced the difference is. Thus, as the wire’s size de-
creases, the phonon confinement becomes more impor-
tant and cannot be neglected. For wires with sizes larger
than 40 nm, the influence of phonon confinement on the
LW is very small and can be ignored.
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V. CONCLUSION

In the present paper, we calculated analytical expres-
sions for the conductivity tensor and the absorption
power in a RQW due to the confined electron - con-
fined LO phonon interaction. From the graphs of the
absorption power P(w), we obtained the LW as profiles
of curves. Computational results show that in the cases
of both bulk and confined phonons, the LW increases
with increasing temperature and decreases with increas-
ing wire size. In addition, the value of the LW in the case
of confined phonons is greater than and asymptotic to
that in the case of bulk phonons when L increases. How-
ever, for wires with sizes larger than 40 nm, the influence
of the phonon confinement on the LW is very small and
can be ignored. This result is the same as that obtained
in a two-dimensional system, which is verified by theory
and experiments.
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