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HIGHLIGHTS

e Absorption power is calculated taking into account the phonon confinement effect.

e Optically detected electrophonon resonance line-width (ODEPRLW) as profiles of curves is determined.
e The ODEPRLW increases with increasing temperature and decreases with increasing wire's radius.

e The ODEPRLW in the case of confined phonons is greater than it is in the case of bulk phonons.

e The influence of phonon confinement is very small and can be neglected for wires with large radii.
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We investigate the effect of phonon confinement on the optically-detected electrophonon resonance
(ODEPR) effect and ODEPR line-width in cylindrical quantum wires. The ODEPR conditions as functions of
the wire's radius and the photon energy are also obtained. The shifts of ODEPR peaks caused by the
confined phonon are discussed. The numerical result for the GaAs/AlAs cylindrical quantum wire shows
that in the two cases of confined and bulk phonons, the line-width (LW) decreases with increasing wire's
radius and increases with increasing temperature. Furthermore, in the small range of the wire's radius
(R <30 nm) the influence of phonon confinement plays an important role and cannot be neglected in
reaching the ODEPR line-width.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The absorption line-width (LW) is well-known as a good tool
for investigating the scattering mechanisms of carriers and, hence,
can be used to probe electron-phonon scattering processes. To
investigate the effects of various scattering processes, absorption
line-widths (LWs) have been measured in various kinds of semi-
conductors, such as quantum 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
dependence on system size. However, in those articles, the
absorption LW was investigated based on the interaction of
electrons and bulk phonons, the absorption LW in cylindrical
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quantum wires (CQWSs) due to the confined-LO-phonon-electron
interaction is still open for study.

A CQW is formed by a cylindrical wire of material one (such as
GaAs) whose length is very much larger than radius, embedded in
material two where the band-gap is much larger than it is in
material one (such as AlGaAs). Carriers are confined in material
one where the potential well develops by the band-gap difference
between two materials. In this structure, phonon confinement is
an essential part of the description of electron-phonon interac-
tions [16]. It causes the increase of electron-phonon scattering
rates [17-19] and significant nonlinearities in the dispersion
relations of acoustic-phonon modes, and modifies the phonon
density of states [20]. The polaronic states may be affected by
changes in the Frohlich Hamiltonian caused by phonon confine-
ment [21]. Since the early experimental observations of confined
phonons [22,23], phonon modes in low-dimensional structures
have been attracting much attention [16,24]|. There have been
many models dealing theoretically with phonon modes, such as
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the hybridization theory, the Huang-Zhu model, the dielectric
continuum model (see Ref. [21] and references therein). Phonon
confinement is shown to be important whenever the transverse
dimensions of a quantum wire are smaller than the phonon
coherence length [16] and should be taken into account in order
to obtain realistic estimates for electron-phonon scattering in low-
dimensional structures [25-27]. Phonon confinement affects the
optically-detected electrophonon 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 curves describing the depen-
dence of the absorption power (AP) on the photon energy or
frequency [28,29]. Recently, our group has proposed a method,
called the profile method, to computationally obtain the LW from
graphs of the AP [30], and we used this method to determine the
cyclotron resonance LW in CQWs [31] and in GaAs/AlAs quantum
wires [32].

In the present work, we investigate the intersubband
ODEPRLW in a CQW. We study the dependence of the ODEPRLW
on the wire's radius and the temperature of system. The results of
the present work are fairly different from the previous results
because the phonon confinement is taken into account and
because the results can be applied to optically detect the resonant
peaks. The paper is organized as follows: calculations of analytic
expression of the AP in CQWs taking into account the phonon
confinement effect are presented in Section 2. The graphic depen-
dence of the AP on the photon energy in the GaAs/AlAs CQW is
shown in Section 3. From this dependence, we obtain the LW and
examine the dependence of the LW on temperature and wire's
radius. Finally, remarks and conclusions are shown briefly in
Section 4.

2. Absorption power in a cylindrical quantum wire
Let us consider a cylindrical GaAs wire of radius R and length L

(L> R) embedded in AlAs. Under the infinitely deep well approx-
imation, the electron wave function can be written as [33]

Yok, <?) Df;] ¢ (XfJ R) e, (1

with the corresponding energy
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where 7=0, +1, +2,..., j=1,2,3,..., 7 = (1, ¢, 2) are the cylind-
rical coordinates for the system and k, denotes the axial wave-
vector component. D =1/(/7y4R) is the normalization factor, x,;
is the jth zero of the ¢ th order Bessel function, i.e., J,(x,) =0 and
Yei =Js11(X4)), and me is the effective mass of electron.

When an electromagnetic wave characterized by the time-
dependent electric field of amplitude Ey and angular frequency @
is applied to this system along the r-direction, the AP delivered to
the system, P(w), is given by [34]

P(w) = (E3/2) Re{ar(w)}, 3)

E/i(kz) =

@)

where “Re” denotes “the real part of”, o,(w) is the r-component of
the optical conductivity tensor. This component can be written
further in a tangible form using the projection method on the
linear response scheme as [35,36]
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here e is the charge of a conduction electron, E, =E,;, (k7) and
EﬂzEfﬁ,-ﬁ(kf) are the energies of the initial and the final states,

Re{or(w)} = €2 Zﬁu‘?‘” IIFgpl (4)

Fau=f(Casjq k?) being the Fermi- Dlrac distribution function for an
electron at the state |a), Tz and j ], are the matrix elements of the
position operator and the current operator, respectively, given by
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In these expressions, it is difficult to determine the explicit forms
of the matrix elements Ny, ., (R) and M, ¢,;,(R) for arbitrary
states. So, in the following calculation we will only make use of the
radial wave function for the ground state employed recently by
Masale and Constantinou [37] and Gold and Ghazali [38]. The
component y,;(w) in Eq. (4) is called the damping term [35,36]
and is given by the following equation:
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here &(...) is the Dirac's delta function; Ng is the Planck distribution
function for a phonon in the state |q)=|m,n,q,); ®;=wj—
72(q%, +q2) where wy, 7, q, are, respectively, the zone-center LO
phonon frequency, the velocity parameter (4.73 x 10> ms~! for
GaAs [39]), the wave vector of phonon along the wire axis; and
Cp,(q) is the matrix elements of electron-phonon interaction and
depends on the scattering mechanism. In this model, it is given by

Cpu(@ = Comn @)1, ()i o 1 g 5 ®)
where [33,40]
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With q,,,R = Xmn [41], V = zR2L is the volume of the quantum wire,
Xo and y_ are the static and high-frequency dielectric constants,
respectively.

To obtain a detailed expression for the AP, we need to calculate
Yap(@) in Eq. (7) and then substitute it into Eqgs. (4) and (3). To do
this, we change the summations over q and y into integrals as

+ o0 +00
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Also, the power absorption in the system for the transition
between the two lowest sublevels is simply calculated at the band
edge (k7 =0). Note that the selection rule requires kI =k, or a
direct transition. After some mathematical manipulation, we have
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with Er being the Fermi level.

We can see that these analytical results appear very involved.
However, physical conclusions can be drawn from graphical
representations and numerical results, obtained from adequate
computational methods.

3. Numerical results and discussion

The expression of y,4(w) in Eq. (7) exhibits a resonant behavior
due to the ODEPR condition

hw + AEg, + hwg =0, 14)

where AEg, EAE[»W,;“J-H =Ep—E,. Eq. (14) is the ODEPR condition
in quantum wires. This result is the same as Lee's result for a
quantum wire with the Woods-Saxon potential [42] and in a
quantum well [43]. For the projection method in present calcula-
tion, there are three electron states involved in y,4(w): the initial
state |a), the intermediate state |u), and the final state |f). This
means that an electron at the initial state can move directly to the
final state or to the intermediate state and then to the final state.
When the ODEPR conditions are satisfied, in the course of scatter-
ing events electrons in the state |#,,j,) can transit to another state
|#p,Jp) by absorbing a photon of energy 7w during the absorption
and/or emission of a confined LO-phonon of energy #wyq. To clarify
the obtained results we numerically evaluate the AP, P(w), for a
specific GaAs/AlAs CQW. The AP is considered to be a function of
the photon energy. The parameters used in our computational
evaluation are as follows [37]: y,, =10.9, y,=13.1, me. =0.067 x
mgy (mp being the mass of free electron), Awy=36.25 meV,
Er=0.5x 1071 ], Eg =5 x 10V m~!, and L=100 nm. The follow-
ing conclusions are obtained in the extreme quantum limit, where
only the lowest subbands are occupied: |£q,jq) = 1£u,Jy) =10, 1),
1Zg.Jp) =11,1).

In Fig. 1, the dashed curve (R=16nm) corresponds to
AEj101 =19.2259 meV and to the energy of confined phonon
hwq =36.2469 meV. From the graph we can see that each peak
describes a different resonance. By using the computational
method, we easily determine that from the left to the right the

Tinies
L

Abs . Power (arb. units)

Photon Energy (meV)

Fig. 1. Dependence of the AP on the photon energy for the different values of the
wire's radius. The solid, the dashed and the dotted curves correspond to R=14 nm,
R=16 nm and R=18 nm, respectively. Here, T=300 K.
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Confined phonon
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50 52 54 56 58 60
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Fig. 2. The AP as a function of photon energy in the GaAs/AlAs CQW of R=16 nm
for three values of temperature: the solid, the dashed, and the dotted curves
correspond to 100 K, 200 K, and 300 K, respectively.

first and the third peaks (of this curve) correspond to the values of
the photon energy 7w~ =17.0210 meV and aw* =55.4728 meV,
respectively. They satisfy the ODEPR conditions #w* =hwg F
AEq191 (hw* =36.2469 F 19.2259 meV) and describe the inter-
subband transitions of an electron from the initial state |0, 1) to the
final state |1,1) by absorbing (emitting) a phonon 7w, and
emitting (absorbing) a photon 2w~ (Aw*). The second peak corre-
sponds to the photon energy 7w® = 36.2469 meV, satisfying the
condition #®° = hw,. This condition implies that an electron
absorbs (emits) a photon along with emitting (absorbing) a
phonon with the energy equals the photon energy so that energy
of electron does not change. The cases of R=14 nm (solid curve)
and R=18 nm (dotted curve) can be understood similarly. The
ODEPR conditions give rise a possibility to determine the differ-
ence between energy levels experimentally by using an electro-
magnetic wave. In fact, from the figure and above ODEPR
conditions we easily see that the first and the third peaks of each
curve are always symmetrical to the second one and the distance
between these two peaks (in the unit of energy) is always twice as
much as AEjjp1. So, if this distance is measured, the energy
difference AE;;9; can be obtained. Furthermore, as the CQW's
radius increases the difference between two energy levels (AEq101)
decreases, so the first and the third peaks shift to the second one
as seen in the figure. As R becomes infinite (bulk semiconductor),
the first and the third peaks are disappeared. In the following, we
will use the third peak of each curve to investigate the influence of
the phonon confinement on the LWs of ODEPR peaks. To do this
we plot the dependence of the 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 the photon energy of 55.4730 meV while
the peaks in the case of confined-phonon absorption are at the
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Fig. 3. Comparison of the LW in the GaAs/AlAs CQW of R=16 nm between the
cases of bulk phonons (the closed squares) and confined phonons (the closed
circles).
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Fig. 4. The AP as a function of the photon energy in GaAs/AlAs CQW at T=250 K for
two models of phonon; the solid, the dashed, and the dotted curves correspond to
radius R=14 nm, 16 nm, and 18 nm, respectively.

photon energy of 55.4728 meV. The difference between these two
values is seen not to be considerable and can be neglected. Thus,
the phonon confinement effect does not have an effect on the peak
location of the ODEPR. The appearances of resonant peaks at the
same value of the photon 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. It is easy to see that the LWs in the case of confined
phonons are larger than they are in the case of bulk phonons.
However, a detailed evaluation can be performed by using the
profile method. This is a method of determining the LW based on
graphs of the AP versus the photon energy with the help of a
computational program. It was suggested by our group and has
been applied successfully in some of our recent works [30-32].
Utilizing this method we obtain the dependence of the LW on the
temperature as 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 the electron-phonon scatter-
ing rises as the temperature increases. It is also seen that the LW
for confined phonons are larger than they are for the correspond-
ing bulk phonons. This means that phonon confinement gives rise
to the possibility of the 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 radius. From the figure, we can see that the resonant peaks
shift to smaller photon energy when the wire's radius 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. A
detailed consideration based on the profile method is shown in
Fig. 5 where we plot the dependence of the LW on the wire's

—
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L . e,
5 10 15 20 25 30
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Fig. 5. Comparison of the LW in GaAs/AlAs CQW at T=250 K between the cases of
bulk phonons (the closed squares) and confined phonons (the closed circles).

radius. From Fig. 5, we can see that the LW decreases with
increasing wire's radius for both models of the phonon. The result
is consistent with that shown in some previous works [2,8,9]. This
can be explained physically by a decrease in the possibility of
electron-phonon scattering when the wire's radius 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 radius is, the more pronounced the
difference is. Thus, as the wire's radius decreases, the phonon
confinement becomes more important and cannot be neglected.
For wires with radii larger than 30 nm, the influence of phonon
confinement on the LW is very small and can be ignored.

4. Conclusions

In the present paper, we have calculated analytical expressions
for the conductivity tensor and the AP in CQWs due to confined
electron-confined-LO phonon interaction. From the graphs of the
AP, we obtained the LW as a profile of curves. Computational
results show that in the cases of both bulk and confined phonons,
the LW increases with increasing temperature and decreases with
increasing the wire's radius. 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 R increases. However, for wires
with radii larger than 30 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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