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Abstract

The electron states in a cylindrical quantum well with a convex bottom in
a magnetic field directed along the wire axis are investigated. The electron
wavefunctions, depending on the quantum well characteristics and the magnetic
field induction, are found. The absorption coefficient of a monochromatic
linearly polarized light wave caused by intersubband transitions of electrons in
the quantum wire is calculated. The selection rules are considered and analytical
expressions for the absorption coefficient are presented for two cases of light
wave polarization.

1. Introduction

The advances of modern semiconductor technologies led to the creation of low dimensional
heterostructures where electrons are localized at size quantization levels [1].  These
quantum wells (QW), quantum wires (QWW) and quantum dots (QD) are widely used in
microelectronic and nanoelectronic devices, as well as in optoelectronics. In particular, lasers
and detectors working in visual, short range and middle IR regions [2] are often based on such
structures.

Among various methods of investigation of low dimensional structures the analysis of
the optical absorption spectrum plays an important role. The investigation of interband light
absorption in QWW has shown that it can be controlled by means of changing the sizes and
shapes of the QWW, and with the help of external electric and magnetic fields [3-7].

The investigation of intraband absorption in QWW [8, 9] is very important as well. Today,
the effects related to transitions of charge carriers from the localized levels to continuum states
are intensively investigated, because of their use in new type IR receivers [10, 11].

In the present work the electronic states are investigated and the intersubband absorption
coefficient of a monochromatic light wave is calculated for the semiconductor cylindrical
QWW with a convex bottom in a magnetic field, directed along the wire axis. The
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selection rules are revealed and analytical expressions for the absorption coefficient are found,
depending on the wire parameters, magnetic field induction and light wave polarization.

2. Electron states

Let us consider a cylindrical QW with a convex bottom in a magnetic field. The exact profile
of a QWW bottom is provided by growth conditions. So, convexity of the bottom of a
Ga;_ Al As/Ga;_ Al,As QWW can be achieved by smoothly varying the alloy concentration
y between the peak value at the QWW centre and the zero value on its border [12, 13]. To
simplify the calculations we neglect the mismatch of electron effective mass in QWW and the
surrounding medium. The dielectric inhomogeneity of the system is neglected as well.

The Hamiltonian of an electron in the system considered has the form

(IA3+650)2+V(/>), D

where m is the electron effective mass, Ao is the vector potential of a magnetic field. Within
the framework of the model considered the confining potential

H=—
2m

2
V(p) = Up (1 - %) for p < R; V(p)=Vy,  forp >R @)

where R is radius of the wire, U is the convexity parameter of the QW bottom, Vj is the height

of the well wall (furthermore it is supposed that Vy > Uj). For the homogeneous magnetic

field, directed along the wire axis (z axis), we shall take the vector potential as Ao = B x 0/2;

hence, in cylindrical coordinates only the component A, = Bp/2 will be distinct from zero.
The eigenfunctions of the Schrodinger equation can be presented as

1.
i(lp+kz)
—¢ gni(p), 3)
2w L

where L is the length of the wire, k is the wavenumber, 7, [ are quantum numbers, g,;(p) is the
radial wavefunction. Using dimensionless parameters x = p/ag, a = R/ag, &,y = E,/ER,
vo = W/ERr, ug = Uyp/ER, v = aé/lz, where I = (h/eB)l/2 is the magnetic length,
ag = h’>x/me? is the effective Bohr radius and Ex = me*/2h%x? is the effective Rydberg
energy, the Schrodinger equation for a radial wavefunction is rewritten as
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The solutions of equation (4) can be presented in the form
2 1/2
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where F(p, q; x) and U(p, g; x) are confluent hypergeometric functions [14],
s 9 1/2
y“a® —4uo gm —uo—yl I +1 vo—&u I +1+1
,3=¥, v = - NES + . (6)
2a 4B 2 2y 2
The normalization constants C; and C, from equation (5) are given by the expressions
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The eigenvalues ¢,; are determined from the continuity condition for the logarithmic
derivative of wavefunction at x = a and are roots of the equation

d .
aln [e px’/2 (,sz)

d .
= [Cze*” M (yx22) U (v 1] + 15 yxz/Z):Ix . )

=a

1172

F(=v. [l + 1; ,sz)]

3. Light absorption in QWW with a convex bottom

To calculate the absorption coefficient of linearly polarized monochromatic radiation in QWW
we use the known expression [15]

1/2 2 2
X T Y/
() = 2= ZE S NLAND| (i = [8(Es = Ei = ho), (10)
c h 7

where w and ¢ are the frequency and velocity of the light wave, x is the dielectric constant
of the system, (f| H'|i) is the matrix element of the electron—photon interaction, f;, fr are
the Fermi—Dirac distribution functions for initial and final states, respectively, E;, £y are the
energies of these states. The Hamiltonian of the electron—photon interaction is

A ieh /-

A =-=(Av), (an

mc

where A is the vector potential of the light wave. The matrix element included in equation (10)
can be presented as

. 8reth® \'?
Aliy=—i —=_) 1., 12
(fIH'1i) l(mz)(a)LS> ; (12)

where S is the cross section of the area where the photon absorption takes place, and
I = / G (g?v)wi ()dr. (13)

In equation (13) ¥; (F), ¥ ;(F) are the wavefunctions of initial and final states, ¢ and £
are the wavevector and the polarization vector of the electromagnetic wave, respectively. If
we write down the operator V from equation (13) in cylindrical coordinates, it is possible to
present I ; as

1= (88) 1) + (8,8) 1) + (2.8) 177, (14)
where €,, é,, ¢, are the unit directing vectors, and
< dgu(p)
Ij(‘lz‘):‘sl,l’ak,k’+’ir/ P gy (p) —=—=pdp, (15a)
0 dp
2) ®
I}i = 18118k k' +4. / e’ g (p)gni(0)dp, (15b)
0
o0
19 = k8,8 40P g1 (0) d 15
fi = KOLIOk k' +q. A el g (p)gni(p) pdp. (15¢)

The quantities I](f;') (m = 1,2, 3) contain the selection rules for intersubband transitions
and for the arbitrary direction of light wave propagation towards the axis of the wire.
We consider two special cases.
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(1) The light wave propagates perpendicular to the z axes (Z,,E = 0, Zq,g = 0,6.6 =
1, g; = 0). With the help of equations (14) and (15¢) for the matrix element of the electron—
photon interaction (12) we obtain

8me?h’

1/2 o
(fIH"i) = < 3 ) k51’,15k/,k/ e g1 (x) gni (x)x dx, (16)
m?*ywLS 0

where ¢ is the dimensionless wavevector of the photon. The presence of Kronecker symbols in
equation (16) specifies selection rules / = I’ and k = k’ at intersubband transitions.

After substitution of equation (16) into equation (10) and under the assumption that final
states are empty (low temperatures), for the absorption coefficient we obtain

167 e?h
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where kp = mn,/2 is the Fermi wavenumber for the one-dimensional electron gas, n, is the
linear concentration of charge carriers. It is necessary to note that for the characteristic values
of n, ~ 10° cm~!' CC gas can be considered strongly degenerate already at T < 100 K.

For the electronic transitions from the state n = 1,1 = 0 to the states n’ = 2,[ = 0 and
n' = 3,1 = 0, for the absorption coefficient we obtain

|| ) 2
@ ="g > f €7 g0 (x)g10(X)x dx | 8 (En0 — €10 — ).,
=23 170
I _ 167462 nqaé (18)
(0%
3hc  x1/2S°

where €19 and ¢, are the dimensionless energies of initial and final states, respectively, €2 is
the dimensionless photon energy of incident light.

Let us note that for the characteristic value €59 — €10 ~ 20, the dimensionless photon
wavevector ¢ ~ 2 x 1072; hence in the wire region gx < ga ~ 1072 « 1. At greater
values of x due to the exponential decrease of the g,(x) functions and exponent oscillations,
the integrals are of the order of 1073, and «(2) ~ 1072 cm™!.

(2) Now it is assumed that the light wave propagates along the z axis (ng? =1, é;,,#} =
0, é'zg = 0 g, = 0). With the help of equations (14) and (15a) for the matrix element of the
electron—photon interaction we obtain

A 8melh’ 1/2 o dgu(x)
Ay =222 s / o () =2 19
(fIH"i) <m2a§XwLS) k. | gy (X)—— i x (19)

As long as the characteristic values are k ~ kg ~ n, ~ 10° cm™', and ¢. ~ 10* cm™!,

then k' = k + g, & k and the selection rules obtained are the same as in the previous case.
After substitution of equation (19) into equation (10), for the absorption coefficient we
obtain

16
() = LT / Ey + h2k*/2m) dk

em2atx ' PwS x2S
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Figure 1. Dependence of the electron energy on the dimensionless radius of the QWW for various
values of the convexity parameter (a) and magnetic field (b) at/ = 0.

Taking into account the normalization condition for the distribution function and

considering electronic transitions from the state n = 1,/ = 0 to the states n’ = 2,1 = 0
and n’ = 3,1 = 0, for the absorption coefficient we obtain
s 00 2 2,2 2
s , 1L lom7e” neag
=" 3 /0 sro(®)gio()x dr | 8 (e — o0 = Q). oy = ——-T5e. Q1)

n'=2,3
It is necessary to note that using this approach it is possible to take into account various

sources of energy level broadening (carrier scattering, temperature spreading etc) if instead of
delta functions, we insert Lorentzians in the expression for the absorption coefficient [15].

4. Discussion of the results

Numerical calculations were carried out for the GaAs/Ga;_,Al;As system, with parameter
values m = 0.067 mq (my is the free electron mass), y = 13.18, Ex = 5.2 meV, ag = 104 A,
vo = 50 (alloy concentration x =~ 0.35) [16]. The y = 1 value for GaAs corresponds to the
magnetic field induction value B =6 T.

In figure 1(a) the dependences of the electron energy for states with / = 0 on the
dimensionless radius of the QWW are presented for various values of uy at y = 0.3. As
one can see from the figure, with increase of the QWW radius, the energy levels go down and
one by one enter the well because of the decrease of the role of size quantization. Note that
in the area 0 < y < 0.4 the magnetic length is more than the QWW radius; therefore the
magnetic field weakly influences the energy levels inside the well. Outside of the well there are
discrete Landau levels. At y — 0 the distance between Landau levels decreases, and at y = 0
outside the well the spectrum is continuous. In the case of uy = 0 (solid lines) the energy levels
for QWW with a rectangular confining potential of finite depth are obtained. With the increase
of uq the energy levels are shifted to the high energy region (the doted and dashed lines), which
is caused by ‘expulsion’ of electrons from the central region of the QWW.

In figure 1(b) the dependences of the electron energy on the dimensionless radius of the
QWW are presented (at [ = 0) for various values of the magnetic field induction at the fixed
value uy = 15. With increase of the QWW radius the energy levels decrease because of
the decreasing role of the size quantization. With increase of y the influence of the magnetic
quantization becomes stronger, and energy levels are shifted to a high energy region (the dashed
and solid lines). In figure 1(b) one can see that, as distinct from the previous case, at €, > v
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Figure 2. Dependences of the absorption threshold (a) on convexity parameter i for various values
of the magnetic field induction, (b) on magnetic field induction for various values of u.

there are discrete energy levels. Such behaviour is caused by the increase of the effective
confining potential while moving away from the wire axis in the presence of a magnetic field
(proportional to p?).

In figure 2(a) the dependence of the light absorption threshold on the convexity parameter
of the QWW bottom is presented for various values of the magnetic field induction at fixed
value of the QWW radius. Solid lines correspond to transitions from the ground state to the
state with n’ = 2, and dashed lines to transitions to the state with n’ = 3. Aty = 0.3 with
the increase of u( the threshold value first decreases, and then starts to increase. This is caused
by the fact that when u is growing (still remaining small in value) the ground state energy
increases faster than energies of excited states. In the case of large values of u a particle in the
ground state is pushed out from the central region of the QWW, and the threshold value starts to
increase. With increase of the magnetic field the particle becomes located in the central region
of the QWW and the region where the absorption threshold decreases becomes larger (the point
of minimum is shifted to the right).

In figure 2(b) the dependence of the absorption threshold on the magnetic field induction
is presented for various values of the QWW bottom convexity parameter at fixed value of the
QWW radius. Solid lines correspond to the transition from the ground state to the state with
n’ = 2 and dashed lines to the state with n’ = 3. As one can see from the figure, at small values
of ug the absorption threshold value increases with increase of the magnetic field, because the
excited states are more sensitive to magnetic field values. For large values of ug (19 = 40) a
particle in the ground state is located near the QWW border. Therefore with increase of the
magnetic field the ground state energy is promptly increased, which appears in a decrease of
the absorption threshold value (there is a point of minimum).

In figure 3 the dependence of the absorption coefficient (in terms of oy = 2.5 x 10* cm™1)
on the dimensionless photon energy for various values of u( (figure 3(a)) and the magnetic
field induction (figure 3(b)) at a fixed value of the QWW radius R = 1.5ag is presented for the
case when the light wave propagates along the axis z. In the figures the first peak corresponds
to transitions from the ground state to the state with n” = 2, and the second peak to ones to
the state with n’ = 3. With increase of u( and y the maxima of the curves are shifted to the
region of low energies because of the decrease of the absorption threshold value. It should be
noted that this decrease has nonmonotonic behaviour because of the similar behaviour of the
absorption threshold.

Thus introducing a new parameter, namely, the convexity of the QWW bottom, together
with the magnetic field creates an additional opportunity for rather efficient control of
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Figure 3. Dependence of the absorption coefficient on the dimensionless energy of incident light.

wavefunctions and the energy spectrum of charge carriers, which, in turn, allows one to control
matrix elements, optical transition probabilities and oscillator strengths.
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