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1.INTRODUCTION

OPTICAL ABSORPTION COEFFICIENT IN CYLINDRICAL QUANTUM WELLS *

In the last 15 years the apparition of new experimental technique has made
possible the construction of ultrathin multilayer systems made up by semi-
conductors [1]. More recently,wire systems have been proposed [2,3j and
constructed [4j. Both type of systems have promising perspectives in ™bmi-
cron electronics.
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ABSTRACT

Using the envelope function approximation and a one-band model, the

absorption coefficient of a quantum wire with arbitrary transverse section

is studied. The selection rules for direct allowed transitions are

reported. The results are particularized for the cylindrical case with

infinite potential barrier and numerical results for GaAs are given.

These successes have stimulated the theoretical study of some transport [5-8]
and optical [9,10] properties of thin wires.

The present paper pays attention to the optical absorption coefficient in the
case of direct-allowed interband and intersubband transitionu of a quantum
well wire.

In the next section we obtain the formula for the absorption coefficient a(ui)
in the framework of the envelope function approximation for a single band.
We do not assume any particular shape for the cross section. The correspond-
ing selection rules are reported. In the section 3 we apply the formula just
obtained to the cases of rectangular and circular cross section and infinite
potential barrier. The rectangular case has been studied by Hassan and
Specter [9} and we recover their results as a check. In section 4 we present
some numerical results for the GaAs quantum well wire. Finally we make
some concluding remarks in section 5.

2 .<*(«) FOR A QUANTUM WIRE WITH ARBITRARY CROSS SECTION

MIRAHARE-TRIESTE

J u l y 1987

In the frame of envelope function approximation, for a ID quantum welt the
wave function has the form:

(1)
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where we have written f — (j>, z), L, is the length of the wire, kM the wave
vector along the z axis, F the plane part of the envelope function and u the
periodic part of the Bloch function.

On the other hand, the optical absorption coefficient is equal to:

i.f

f(E) is the Fermi-Dirac distribution function and th' index \{f] denotes the
initial (final) state, p = — ifiv i* the momentum operator and e is the
polarization vector of the light.

In order to calculate the matrix element of the momentum operator we adopt
the form (1) for < r | / > and < r\i>. Taking iuto account the rapid
variation of u inside the unit cell, whereas F varies slowly, w* can make the
following approximation:

Jv

(3)

where V is the volume of the system,

is the unit cell,

J S

S is the plane perpendicular to the z axis,

(5)

and f in the band index.

The first term on the r.h-s. of (3) is associated v • interbanct transition
because the second vanishes for ut f Vj. Note that m this case the overlap
integral.% is the relevant magnitude. The corresponding selection rules are:

i)Ef =

va)e.ltif # 0

The second term on the r.h.s. of (3) is associated with intraband (interaub-
band) transitions. Now the relevant quax*>ty is the matrix element be '-I'wri
envelope functions, e^.n,-/. The aeiectiois Ses are formulated as follows;



l)Ef =

2)k,f = *„

3)e-± . i i ,7 ,4 o

In order to obtain a(<j) we substitute (3)-(6) in (2) and sum over t =
{"i,k*,ni) and / = (vf,k./.nj), where n< (nf) is the index identifying the
plane part of the envelope function for the initial (final) state.

Finally we obtain for the transitions between two bands:

while for the intersubband transitions we have:

In both cases kMUI is such that

(7)

(8)

(9)

3.RECTANGULAR AND CIRCULAR CROSS SECTION

For the ID quantum well with rectangular cross section and infinite potential
barriers we have:

2 . nzirx
(10)

i
2m*

m* is the effective mass of the band under consideration.

A simple calculation yields:

i = 0 for p = q, while for p j& q we have:

(12)

(13)

(14)

Hassan and Spector'B results [9] for the interband absorption coefficient can
be obtained directly from (7) and (12):

a(w) = i - f(E,)\ (15)

where ji is the reduced mass and £ , the energy gap between the two bands
under consideration.

Now we have the additional se lec t ion rules :

iv.a) An, = 0



iv.b) An, = 0

3.a) if er = 0, then An, = 0 and fiy must change its parity.

3b) if ev = 0, then Anv = 0 and n, must change its parity.

For the ID quantum well with circular cross section, infinite potential barrier
snd radius a, the envelope functions are zero for p > a, while for p < a they
have the form:

The energy levels are:

(18)

(17)

m = 0,1,2, ...

/ = 1,2,3,...

A = (18)

rEim-ki (19)

where the energies are measured from the bottom of the well and zjm is the
i-th root of the Beasel function Jm{x).

It is not difficult in this case to obtain the following results:

7

(20)

(21)

and S m i m / = 0 otherwise. We have used the notations:

= I dxxJm(ax) j±
JO ax

(22)

(23)

a = kia (24)

P = kja (25)

From the last expressions we may directly derive the following selection rules:

iv.a) Am = 0

iv.b) AJ = 0



Finally, for the absorption coefficient for interband transitions we obtain:

(26)

As in the rectangular case, in order to consider the intraband transitions we
should introduce phenomenologically a relaxation parameter [10]. We do not
consider this effect.

4.NUMERICAL RESULTS

In fig. 1 we present the curve a(w) associated with the transitions between the
conduction band and the heavy hole band for a GaAs cylindrical wire. The
conduction band is assumed to be completely empty whereas the valence band
is assumed to be full. The corresponding effective masses are m' = 0,0665mo
and T7i* = O,45mo> ma being the free electron mass. As can be seen from
the figure, the curve for the circular cross section is very similar to that
for the rectangular cross section [10]. The calculations were carried out for
a/ao =200, a0 being the Bohr's radius.

5.CONCLUSIONS

The main results of this work are the formulae (T)-(S) for the absorption
coefficient a(u) and the cotresponding selection rules i)-iv) and l)-3) for the
interband and intraband transitions respectively. These formulae may be
used to calculate the absorption coefficient of superlattices [11] and quantum
wells wires.

Also as a main result, we have given the dependence of a(w) for the quan-
tum wire with circular cross section and infinite potential barrier, and the

corresponding selection rules. The absorption coefficient for this syatem has
singularities at the photon energies

The optical edge is shifted to higher energies by the amount

(27)

If we take a square well, the corresponding shift is (formula (15))

This implies that if we made these two wires with the same quantity of
material (jras — L') and measured its absorption spectrum, we would find
that the edge of the circular wire is shifted x\0/x « 1,8 times with respect
to the square one.

In principle the assumption that the carriers are completely confined is not
so strong. In [12] it was shown that the carriers are rapidly confined when we
increase the radios of the cylinder. This analysis may j ustify the application of
our results to practical cases when we study the first absorption singularities.
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FIGURE CAPTION

Fig. 1. Absorption coeBicient associated with the transitions between the
conduction band and the heavy hole band for a quantum well wire of GaAa
with circular cross section and infinite potential barrier, ai is the prefsctor
in the r.h.B. of equation (26) when atomic units are taken. R = IRy s»
13.6058eV\
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