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Abstract: In this work, we investigated the optical absorption in a quasi-one-dimensional system
subjected to an external electromagnetic wave. The optical absorption coefficient was calculated by
using the perturbation theory taking account of the effect of the electron - impurity interaction. The
numerical result for the GaAs/AlAs cylindrical semiconductor quantum wire showed the presence
of the resonant absorption peaks. The full width at half maximum (FWHM) decreased with
increasing the wire radius and increases with increasing temperature. In particular, in the limit of
large wire radius, the contribution of transitions between electronic subbands to the absorption
spectrum becomes identical, t meaning that the system tends to behave as a bulk (there-dimensional)
system when the confinement length is large. The obtained results are of significance for further
studies and applications of the low dimensional systems in nano-optoelectronic devices.

Keywords: One-dimensional system; cylindrical quantum wire; optical absorption; absorption
coefficient; electron — impurity interaction.

1. Introduction

Quantum wire is a typical structure of the quasi-one-dimensional system which is expected to exhibit
extremely high electron mobilities at low temperatures [1]. Physically, the energy levels of the electron
in the quantum wire are discrete, and the two-dimensional quantization limits the electron movement.
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Therefore, quantum wire has received much research attention because of susch advantages that three-
dimensional crystal structures do not have. Besides, optical properties, specifically the absorption of
electromagnetic waves of low-dimensional semiconductor systems have also attracted researchers
theoretically and experimentally. When there is an additional electromagnetic wave propagating in the
material and under the influence of electron - impurity scattering, one can observe some effects such as
electron - impurity resonance, electron - impurity resonance detected by optics [2].

In this work, we investigate the optical properties in a cylindrical quantum wire (CQW) placed in a
strong electromagnetic wave considering the influence of electron-impurity interactions. The expression
of the optical absorption coefficient is explicitly calculated using the perturbation theory. The analytical
results are numerically calculated with specific parameters to show the dependence of the absorption
coefficient on the photon energy, wire’s radius, and temperature. The paper has the following structure:
In Section 2, we introduce the expression of the optical absorption coefficient in the CQW under the
influence of electron — impurity scattering. The numerical results and discussion for the special GaAs/AlAs
CQW are presented in Section 3. Finally, important conclusions are listed in Section 4.

2. Analytic Expression for the AC in CQW

We consider a CQW of GaAs with radius R and length L, (L, > R), surrounded by the AlAs barrier
whose band gap is larger than that of GaAs. When the wire radius is in the order of the electron de
Broglie wavelength, quantization effects are important. We choose the cylindrical coordinate system
(r, ¢, z) so that the axis of the wire points along the z axis. Under the infinitely deep well approximation,
electron wave function and the corresponding energies can be written as [3]:
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where n=0,%1,%2,...;£=0,12,...; k, denotes the axial wave-vector component, C,, =
1/(\/Eyn,fR) is the normalization factor; B,, , is the £th zero of the nth order Bessel function; y,, , =
Jn+1(Bn,e), me is the effective mass of electron.

The quantum wire is now stimulated by an optical field characterized by a time-dependent electric
field of the form E(t) = E, sinwt, where E, and w are the amplitude and frequency of the field,
respectively. Electrons in the wire are excited and their interactions with electromagnetic wave photons
as well as other particles in the material (impurities, phonons, lattice defects) cause their transitions
between electronic states. The absorption coefficient (I') of optical field is related to the state transition
probability (W) by the expression [4]:
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where c is speed of light in vacuum, f; is the electron distribution function in the initial state, €, is the
dielectric constant of the material, and N is the number of photons with energy fiw. According to the
second-order Born approximation, the state transition probability of the electron has the form [5]:

W; = 255 UFIMID26(Ef — By — ho), @)

where (f|M|i) is the transition matrix element due to electron - photon - impurity interaction. The
summation runs over all the possible final states. Combined with the argument of the Delta function,
one can write out the transition matrix element as
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Here, H,, V. are, respectively, the electron — photon interacting Hamiltonian and the screened
potential of ionized impurities which have the forms as given in [5-7]. Performing the straight-forward
calculation of the expressions of the transition matrix elements due to electron-photon interaction and
electron-impurity scattering, we obtain the expression of the optical absorption coefficient in the
cylindrical quantum wire as
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where K;(x) is the modified Bessel function, n; is the concentration of impurites,
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3. Numerical Results and Discussion

In order to see clearly the characteristics of the absorption spectrum, we numerically evaluate the
expression of absorption coefficient utilising specific parameters for the GaAs/AlAs quantum wire. The
parameters used in the computation are taken from [8, 9].

In Fig. 1, we show the dependence of the absorption coefficient on the photon energy at the wire
radius of R=16 nm (dashed curve) and R=20 nm (solid curve) with the temperature of 1 K. From the
absorption spectrum, we can see the appearance of absorption maxima (peaks). The physical meaning
of these peaks is easily deduced. For example, for the solid curve the left and the right peaks are located,
respectively, at the photon energy of 35.3649 meV and 54.3388 meV and satisfy the following relations:
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These relations describe the transitions of electron from the initial state (n, £) = (0,1) ((1,1)) to the
final state (n’,€") = (0,2) ((1,2)) by absorbing a photon with energy Aw. The case of R =16 nm (dashed
curve) can be understood similarly. In general, we can conclude that the peaks satisfy the condition
E, o — Enp — how = 0 which can be called optically detected electron - impurity resonance (ODEIR)
condition. The ODEIR conditions give rise a possibility to determine experimentally the difference
between energy subbands or the electron effective mass or the wire radius by using an optical field. For
example, by measuring the photon energy at resonance hw,..s, One can obtain the separation between

2
energy subbands AE = E, /o — E, p = %W(Bfl,‘w — BZ ;) = hwyes. On the other hand, from the

resonant photon energy one can also calculate the wire radius if the effective mass and the initial and
final states are determined. The relation between the resonant photon energy and the quantum wire
radius is shown in Fig. 2 for two typical transitions of electrons. One can see that as the wire radius
increases, the resonant peaks shift to the smaller photon energy region (redshift). The redshift of the
resonant peaks with increasing the confinement size of the systems has also been observed previously
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in some low-dimensional materials such as quantum well [10], semiconductor superlattices [11], and
quantum wires [8, 9].
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Figure 1. The absorption coefficient as a function Figure 2. The relation between the resonant photon
of photon energy at different values of quantum energy and quantum wire’s radius for two different
wire’s radius. Here, T=1 K. transitions. Here, T =1 K.
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Figure 3. The FWHM as a function of quantum wire radius for two different transitions at temperature T = 1 K.

Besides the position of the resonance peak, the full width at half maximum (FWHM) of the
resonance peaks is also an important parameter when investigating the absorption spectrum. Therefore,
we investigate the dependence of FWHM on the radius of wire. Using the profile method for determining
FWHM [8-11], one obtain the FWHM of the absorption peaks at different values of the wire radius and
show in Fig. 4 for the transition (0,1) — (0,2) (filled squares) and the transition (1,1) — (1,2) (filled
circles). From the figure, one can see that FWHM decreases when the radius of the wire increases by
the law FWHM = exp(—aR? — bR + ¢) for both cases of transition with different constants a, b and c.
The decrease of FWHM with increasing the confinement size is in accordance with previous calculated
results in low-dimensional systems using other theories [8-13]. The decrease of the FWHM of the
resonance peaks when increasing wire radius can be explained follows. As the radius of the quantum
wire increases, the confinement effect is weakened, so the scattering probability of electrons and
impurities is reduced. We also see from Fig. 3 that the FWHM for the transition (1,1) - (1,2) change
faster and have larger value than it does for the transition (0,1) — (0,2). Physically, the FWHM is
proportional to the transition probability of electrons between states. The obtained result implies that the
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transition probability for the transition (1,1) — (1,2) is larger than it is for the transition (0,1) — (0,2).
Mathematically, the values of the absorption coefficient and the FWHM are governed mainly by the
transition matrix element given in Eq. (5). Moreover, the smaller the wire radius, the clearer the
difference. By contrast, when the wire radius increases the difference between the two cases of transition
becomes small and is identical at large radius. This behavior can be explained physically by the
reduction confinement strength in the quantum wire when its radius is very large and the system then
behaves like a bulk material, then the quantum numbers n and £ does not play a role.
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Figure 4. The absorption coefficient as a function Figure 5. The FWHM as a function of temperature
of photon energy at different values of temperature. for 2 different transitions at radius R = 20 nm.

Here, R =16 nm.

The above ODEIR conditions do not depend on the temperature T, which means that the position of
the resonance peaks remains unchanged as changing the temperature as illustrated in Fig. 4 where the
plot of the absorption coefficient versus photon energy at two values of temperature is presented. From
Fig. 4 one can see that only the height and the width of resonant peaks change as varying temperature.
The effect of temperature on the FWHM is also investigated in detail. From the electron—-impurity
resonance conditions, we see that the resonance photon energy (position of resonance peak) does not
depend on temperature T. That is why we have omitted through the temperature dependence of the
electronic energy spectrum since these dependencies have been demonstrated in many materials is very
weak that only care about the effect of temperature to FWHM. The dependence of the FWHM on
temperature for the transition (0,1) — (0,2) (filled squares) and the transition (1,1) - (1,2) (filled
circles) is shown in Fig. 5. It shows that FWHM increases in the range from 1 K to 50 K. This can be
explained by the increase of the electron-impurity scattering probability as the temperature increases.

4. Conclusion

We have theoretically investigated the optical absorption properties in a CQW taking account of the
effect of electron - impurity interaction. Based on the general formula derived by the perturbation theory,
we have calculated the optical absorption coefficient. The absorption spectra show ODEIR behaviour
when the photon energy equals the separation between two electronic subbands. The ODEIR peaks show
the redshift as the CQW’s radius increases. By using the profile method, we have obtained
computationally the FWHM of the ODEIR peaks. The FWHM decreases (increases) with increasing the
CQW’s radius (temperature). In particular, in the limit of large CQW’s radius the contribution of
transitions between electronic subbands to the absorption spectrum becomes identical, implying that the
system tends to behave as a bulk (there-dimensional) system when the confinement length is large. The
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above results can be seen as the basis for further studies and applications of low-dimensional materials
in nano-optical electronic devices.
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