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Effects of longitudinal optical phonons on the binding energy
of the impurity and the exciton in quantum well
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The polaron effect on the binding energy of a hydrogenic impurity and a Wannier exciton in
a semiconductor quantum well is calculated by a variational approach. We have found that the
correction due to the bulk-like LO-phonon effects is quite larger than that due to the confined
LO-phonon effects and that these effects have a different behaviour .
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I. INTRODUCTION

The study of the properties of the exciton and the
impurity in a quantum well structure consisting of the
alternate layers of two different semiconductors with
controllable thickness and relatively sharp interfaces has
been attracting much attention both from experimental',
and theoretical®'" physicists.

The study of shallow impurity in quantum well
structure goes through the calculation of the binding
energy and the wave function in the fundamental state.
The first approach to the problem is to consider a
quantum well where the potential barriers are infinite, the
binding energy increases when the well thickness is
reduced ® . For some height to finite barriers, the binding
energy reaches a maximum’*®.

Owing to a reduction in symmetry along the axis of
growth of a quantum well structure and the presence of
energy band discontinuity, the degeneracy of the valence
band is removed, leading to the formation of two exciton
systems, namely, the heavy-hole exciton and the light-
hole exciton.

In the study of the properties of superlattices and
quantum well systems based on polar and semi-polar
semiconductors, the charge carrier Longitudinal Optical.
(LO) phonon interaction is imposed. The effect of this
interaction on the exciton and the impurity binding
energies in a quantum well structure is important '*'*,
Otherwise, experimental studies have been carried out "
in order to characterize the phonon nature in GaAs/
Ga, Al As superlattices and quantum wells as function
of composition x, and it has been shown that for x <0.2,
LO phonons are propagating and behave in a bulk-like
manner. However, for x > 0.4 and for a barrier thickness
Ly >20 AY, the LO phonons are confined.

In this paper we are dealing with the effect of electron-
bulk-like LO phonon coupling on the binding energy of
the shallow impurity located at the center of GaAs/
Ga AliAs quantum well. In addition, we have been
interested in the effects of charge carrier-phonon
interactions on the binding energy of Wannier excitons in
quantum well structures, where the character of the LO

phonon in GaAs/Ga,  Al,As quantum wells depends on
the fraction of Al.

II. THE MODEL

A. The bulk-like LO phonon mode effect on the
impurity

In the approximation of the effective mass, the
Hamiltonian of the shallow impurity located in the center
of quantum well of thickness L is writing using units
appropriate to a polaron calculation where the lengths are
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with V(z) = V., for z > L/2 : V(z) =0 otherwise and
V. is the barrier height. The value of V. is 85 % of the
total band gap discontinuity AE, "
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m. , €. and g are the electronic effective mass , the optic
dielectric constant and the static dielectric constant ,
respectively.
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Operators a; and a, , respectively, create and
annihilate  the  LO-phonon  of  wave  vector
k = EL +k, .z and frequency .

For the sake of convenience, we first carry out the
canonical transformation developed by Lee, Low and

Pines'®
U, :exp[— zZa,f a, kL.p] (6)
k
Uzzexp[Z(fk ”lt_f:ak)} (7
k

where  f, and fy are the variational parameters
determined by minimizing the total energy subsequently
and p =(x,y). After some straight forward algebra, we
directly get the transformed Hamiltonian .

H*=U3'UTlHU U, (8)

In the low-temperature limit, few phonons will be excited
and then no real phonons are proposed to be present in

the phonon ground state. Hence, in our study we take l0>

as the wave function of the phonon system. We set :
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in the above expression, by symmetry , one must have
)
S k|f] =0 (10)
k
we take the variation minimum of Q as the effective

Hamiltonian of the electron -phonon system:

oL T
Hepp = Hop—— 5 +——V (1)

The corresponding eigenenergy is given by
E = (w[Holw)- T+ - (v|V5lv) (12)

where is the trial wave function taken to be of non
separable form'”

B. The exciton
We develop a formalism corresponding to LO phonon-
exciton interaction with respect to the phonon nature.

Firstly, we will consider a bulk-like character and then a
confined character.

-The bulk-like LO phonon mode

The Hamiltonian of an exciton with either heavy-hole
or light-hole band in a GaAs slab sandwiched

between two semi-infinite layers of Ga; AlLAsS,
interacting with bulk-like LO phonon can be expressed
within  the framework of the effective mass
approximation as :

H = Hep +Ho+ Y. hogaf ay + (13)
K
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E, is the GaAs band gap.(p.p) and (R, P) are the in-
plane projection of the electron-hole relative position
momentum, and coordinate and momentum of the center
of mass , respectively.

Vi (z;) is the potential well for the electron (i = e) or for

the hole (i = h) , assuming square wells with well width
|2

Vh(zh) =Vp |zh‘ > L/2,Vy(z) =0 otherwise and Vy,
is 15 % of AL,.

my (mye) is the heavy-hole (+) or light-hole (-) effective
mass along the z-direction ( in-plane perpendicular to the
Z-axis).
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= (16)
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In the last term of (13)
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Applying the first and the second Lee Low Pines
transformations for the two-dimensional system " and
neglecting the terms involving , the virtual phonon-
electron and virtual phonon-hole interactions the
corresponding eigenenergy is given by :
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A variational approach is adopted . The trial wave
function for the exciton is taken to be of the separable
form ' . This choice could be Justified by the previous
result > | suggesting , that our results should be reljable
up to a well width of about 200A.

-The confined LO-phonon mode

The Hamiltonian of an exciton interacting with the
confined longitudinal optical phonon can be written as

H®E = Hem +Hp + Zﬁwo ﬂ?;],p(q) am,p(Q) +Hipe 21)
q,m,p

The last term in (21) represents thé interaction
Hamiltonian of both electron and hole with the contined
LO-phonon and is given by:
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afn,p(q) (am’P(q)) is the creation (annihilation)

operatorfor the LO phonon of wave vector (g, mn/L) and
parity p refers the mirror Symmetry with respect to the
plane z = 0, and the positive integer m refers to the
discrete values of the z-component of the LO-phonon
wave vector . For even parity (p takes + ) , m is odd , and
for odd parity (p takes - ) m is even . It should be noted
that the wave vector of the LO phonon is limited by the
Brillouin  zone boundary, namely, mnr/L<n/2a
orm <L/2a (ais the lattice constant). As for the case

of the bulk-like LO phonon'® | the transformations can
have the following form :

T) =exp| —i za,f]vp(q)am‘p(q)q.R (25)
q,m,p
Ty =exp| Y (4 (@) gm.p(@)= c.c) (26)
q,m,p

where mp(q) and g mp(qQ) are variational parameters.
Then the corresponding eigenenergy is given by:

Ec = Eg +(v[Ho|y)-E, 27)
The polaronic  exciton energy shift is given by
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IIL RESULTS AND DISCUSSIONS

The physical parameters, in particular the effective
masses, used in our study are adopted from previous
works'*"**  We have used the same values of mass for
semiconductors constituting the quantum well . In fact ,
for the range of values of x (x £0.4) the values of the
physical parameters are not very different in these two

semiconductors '

A. Impurity

In the case of the infinite-well approximation (V,— eo),
the binding energy increases monotonically as the well
thickness (L ) is reduced and varied between the
effective Rydberg 3D and 2D . The polaronic correction
to the ground-state binding energy due to the bulk-like
LO phonon mode also increases as L is reduced . Such a
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feature clearly arises from the fact that, with decreasing
L , the electron is forced to orbit in two dimensions and
the wave function is squeezed on to the Coulomb center,
resulting in stronger binding and hence an enhancement
in the polaron effect . The result of the correction varies
between that of 2D an 3D, and the per cent shifts owing
to the most significant correction (depending on the non-
separate parameters o, 3 and L) varies such as 2% from
L=10A" to 1.3 % for L=150A" . Our results are in the
accordance with those obtained in ref. A

It must be noted that the supposition of the infinite well's
potential does describe the reality of the very narrow
wells (L<30 A"), as the energy of the subband becomes
comparable to the real potential of the barrier height .

In the case of the finite barrier potential , the binding
energy presents a maximum depending on L and Al
fraction ( x ) . The contribution of the electron-phonon
interaction increases as the thickness L is reduced, up to
a value which corresponds to the maximum of the
binding energy 2 1p fact , the binding energy becomes
larger, the localization of the electron becomes
pronounced and this in turn increases the importance of
the electron-phonon coupling . In addition, the correction
increases as the fraction x of aluminium varies from 0.1
to 0.4 ( i.e. the barrier height increases ) . We note that
the bulk-like LO phonon approximation is rather valid
for x=0.1 than for x=04 "

In the case of the confined LO-phonon mode™ , the
polaronic effect increases This behaviour is ditferent to
the results of the bulk-like phonon mode approximation .
The confined LO-phonon effects are very weak when the
quantum well is thin . In fact, there is a competition
between the effects of the confined LO-phonon and the
interface pl]0n0n24. Thus , the electron is squeezed to the
interface as the well width decreases , increasing the
contribution of interface phonons to the electron-phonon
interaction™>2° and reducing that of the confined LO-
phonon .

Comparing the effects of the confined LO-phonon on
impurity in quantum well and quantum well wire ( QWW
7, we can note that the correction is more important in
the case of QWW . In fact, an enhancement of the
confinement degree increases the binding energy,
leading to an enhancement of the contribution of
confined LO-phonon.

B. Exciton

For Al fraction x = 0.2 , the phonon mode considered is
bulk-like'* . For a specific quantum well width , the

polaronic contribution to the exciton binding energy for
the light hole is more important than that for the heavy
hole , due to the light-hole electron reduced mass ( . )
being heavier than the heavy-hole electron reduced mass
(py) . The variation of the binding energy as a function
of the well width is the same as that obtained in previous
work ', presenting a maximum for a specific well width.
For x = 0.35 . the contribution of charge carriers-phonon
interactions are more important than for the case x = 0.2.
In fact, the confinement increases when X increases,
involving an enhancement of the exciton binding energy
and consequently an enhancement of the polaronic
contribution .

For x = 0.4 , we have assumed that the phonons are
confined '*. One can note that their effects are very weak
However . the correction due to phonon-exciton
interaction on the binding energy of the light-hole exciton
is more important than that of the heavy-hole exciton "

Comparing the effects of the LO phonon on the exciton
binding energy within the approximation of the bulk-like
phonon mode , the contribution of the confined phonon
effect is very weak and has a different behaviour because
it increases as the well width increases . In addition , we
can note that the polaronic effect is more important in the
case of the quantum well wire ( quasi-one dimension )
than that in the case of the quantum well ( quasi-two
dimension ) 2% . In fact, the binding energy increases as
the confined degree increases .

We can note that the results of the several theoretical
works, using other methods'? such as the perturbative
variational approach 2 gverestimate the phonon effect . It
is interesting to note that our theoretical results for both
light and heavy-hole exciton are in qualitative agreement
with recent experimental data™"?

IV. SUMMARY

In this work, we have studied the LO-phonon effects on
the exciton and the impurity binding energies in a
quantum well structure . The results show clearly that the
bulk-like phonon effects are more important than the
confined phonon effects . The electron bulk-like LO
phonon interaction increases as the impurity binding
energy increases .We have found that the polaronic
effects on the binding energy of the light-hole exciton are
larger than those of the heavy-hole exciton.
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