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Abstract

We derive and analyze the relaxation frequency n and the shift Do of excitonic resonances in the regime of weak confinement

(also known as thin film regime). In calculating n and Do, we have solved the integral equation for the averaged Green’s function

within the self-consistent Born approximation. The dependencies of n and Do on the parameters of the excitonic thin film and its

rough interfaces are found. We present specific results for CuCl, where the thin film regime is maintained up to a very small

sample thickness.
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1. Introduction

Excitons in confined systems are the focus of

attention of many research groups because of their

intriguing optical properties and the potential applica-

tions to optoelectronic devices. There exist two qua-

litatively different regimes of exciton confinement:

strong and weak confinement regimes, which are

determined by the ratio between the characteristic

size of the confinement region and the exciton Bohr

radius a0. In the regime of strong exciton confinement

(or quantum well regime), the thickness of the quan-

tum well d is smaller than the exciton radius a0

(d � a0). Here, the Coulomb attraction between the

electron and hole is suppressed in the growth direction

because of the dominant effect of the confining poten-

tial on their motion perpendicular to the quantum-well

plane. Due to the in-plane Coulomb interaction, the

electron–hole pair in a quantum well forms a quasi-2D

exciton. In the opposite case (d � a0, thin film

regime), the relative motion of the electron–hole pair

is practically the same as in the bulk except for a small

distortion near film boundaries, which gives rise to

exciton-free layers. Consequently, the center-of-mass

motion of the exciton turns out to be quantized in an

effective length deff smaller than the actual film thick-

ness d (deff � d � 2l, l is the effective size of one

exciton-free layer) [1–3].

It is noteworthy that for materials such as CuCl,

which is characterized by excitons with a large bind-

ing energy (�190 meV) and a very small radius

a0 � 7 Å, the thin film regime can be maintained

up to a rather small thickness of the order of a few
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(F. Pérez-Rodrı́guez).

0169-4332/03/$ – see front matter # 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0169-4332(03)00102-8



nanometers. Besides, the exciton-free layers in CuCl

are quite narrow (l � a0) and, consequently, their

presence does not affect, in fact, the optical spectra

(reflectivity, transmission, absorption) [4–6]. There-

fore, CuCl has turned out to be a very useful material

for studying the exciton center-of-mass quantization

in very thin films [7,8].

The behavior of excitons in CuCl thin films has

been mostly investigated by assuming that the thin-

film interfaces are ideally flat. However, realistic

structures of thin films have inherent roughness, which

produces fluctuations in the exciton center-of-mass

confining potential and, consequently, a considerable

increase of the inhomogeneous broadening n as well as

the shift Do of the excitonic resonances. In the few

works [4–8], where the effect of scattering between

exciton and interface disorder on optical spectra for

very thin films was taken into account, models for n
and Do, without any strict derivation, were employed.

The aim of the present work is to calculate system-

atically both the coefficient of inhomogeneous broad-

ening n and the shift Do of exciton resonances,

associated with the interface roughness of very thin

films. The calculation will be based on the application

of the self-consistent Green’s function method (Sec-

tion 2). In Section 3, we will present numerical results

for CuCl thin films.

2. Formulation of the problem

Let us consider a semiconductor thin film, which

occupies the space xðxÞ � z � d, where z is the coor-

dinate along the growth direction. The function xðxÞ is

a zero-mean, stationary, random process, determined

by the standard properties

hxðxÞi ¼ 0; hxðxÞxðx0Þi ¼ z2Wðjx � x0jÞ: (1)

The angular brackets indicate an average over the

ensemble of realizations of the function xðxÞ, z is the

characteristic deviation from the average surface z ¼ 0.

The correlator WðjxjÞ has unit amplitude, Wð0Þ ¼ 1,

and a typical scale Rc of monotonous decrease. Accord-

ing to our geometry, the lower boundary of the film is

assumedtoberandomlyroughwhile theupperoneis, for

simplicity,flat.Nevertheless, suchasystemisphysically

equivalent to a film with both boundaries being rough,

statistically identical, and not intercorrelated [9].

We shall consider a semiconductor characterized by

an exciton with very small radius (a0 � d, a0 � Rc).

In this case, the effective length deff , where the exciton

has bulk-like behavior, can be assumed to be equal to

the actual film thickness d (deff ¼ d). The effect of the

surface (confining) potential on the exciton transla-

tional motion will be taken into account by using

appropriate boundary conditions. So, the Hamiltonian

for the center-of-mass motion of the ground-state (1s)

exciton is given by

Ĥ ¼ � �h2

2M
r2 þ Egap þ Er: (2)

Here, Er is the ground-state eigenenergy associated

with the relative motion, M ¼ me þ mh is the total

exciton mass, meðmhÞ is the electron (hole) effective

mass, Egap is the energy gap between the conduction

and valence bands.

To analyze exciton center-of-mass states in a sur-

face-disordered thin film, we shall derive the retarded

Green’s function Gðr; r0Þ which obeys the equation

½E þ i�hn0 � Ĥ�Gðr; r0Þ ¼ dðr � r0Þ; (3)

and satisfies the Dirichlet boundary conditions:

Gðz ¼ xðxÞÞ ¼ 0; Gðz ¼ dÞ ¼ 0: (4)

In Eq. (3), E denotes the exciton total energy.

Besides, we have introduced a homogeneous bulk

damping n0 to take into account its effect on the

scattering of the exciton center-of-mass from the

rough surface.

Making use of the Green’s theorem, we have

derived a Dyson-type integral equation to relate the

Green’s function G, perturbed by surface disorder,

with the Green’s function G0 for the ideal thin film

with xðxÞ ¼ 0:

Gðr; r0Þ ¼ G0ðr; r0Þ þ
Z 1

�1
dx1G0ðr; r1ÞVðr1ÞGðr1; r0Þ:

(5)

Here, the kernel Vðr1Þ has the meaning of the

exciton center-of-mass scattering potential and in

the first order in x is given by

Vðr1Þ �

~

@

@z1

�����
z1¼0

�h2

2M
xðx1Þ

~@

@z1

�����
z1¼0

: (6)

The arrows over the derivatives indicate the direction

of the operation.
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We have also averaged the Eq. (5) for G by employ-

ing the technique proposed in [10]. The resulting

equation for the average Green’s function �G � Gh i
within the self-consistent Born approximation can be

symbolically written as

�G ¼ G0 þ G0hV̂ �GV̂i�G: (7)

The solution of Eq. (7) can be expressed as

�Gðx � x0; z; z0Þ ¼
Z 1

�1

dkx

2p
�Gðkx; z; z0Þeikxðx�x0Þ; (8)

where

�Gðkx; z; z0Þ ¼ G0ðkx; z; z0Þ
1 � kkzz

2 cot ðkzdÞ
: (9)

Here, kz ¼ kzðkxÞ ¼ ½2M=�h½o� oT þ in0� � k2
x �

1=2
,

o ¼ E=�h, and oT ¼ ðEgap þ ErÞ=�h. Because of the

self-consistency, the quantity k in Eq. (9) satisfies an

integral equation that directly follows from Eq. (7). In

the case of normal incidence of light (kx ¼ 0), the

equation for k takes the form

k ¼
Z 1

�1

dkx
0

2p
Wðkx

0ÞDkðkx
0Þkz

0; (10)

Dkðkx
0Þ ¼ cot ðkz

0dÞ
1 � kkz

0z2 cot ðkz
0dÞ

; (11)

where WðkxÞ is the Fourier transform of the correlator

WðjxjÞ. In accordance with the expression (9) for the

function �Gðkx; z; z0Þ, the exciton resonances, which in

the case of an ideal thin film appear at frequencies

satisfying the relation kzðonÞd ¼ np (n ¼ 1; 2; . . .),
are shifted and broadened by the scattering of the

exciton the rough surface. The broadening n and shift

Do of exciton resonances are given by

nðoÞ ¼ � �h

M
z2k3

z ImðkÞ; (12)

DoðoÞ ¼ �h

M
z2k3

z ReðkÞ: (13)

It should be noted that the form of the frequency

dependencies of n and Do is determined by the

relation between the variation scales 1=Rc andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Mðnþ n0Þ=�h

p
of functions WðkxÞ (10) and

DkðkxÞ (11), respectively.

3. Numerical results

Using Eqs. (10)–(13), we have calculated the sur-

face-induced broadening n (Fig. 1) and shiftDo (Fig. 2)

in the Z3 exciton region of a CuCl thin film. The

Fig. 1. Surface-induced inhomogeneous broadening n of Z3 exciton resonances in a CuCl thin film.
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parameters used in the calculation are: d ¼ 165 Å,

oT ¼ 3:2022 eV, n0 ¼ 0:3 meV, z ¼ 6 Å, Rc ¼ 100 Å.

The inhomogeneous broadening n (Fig. 1) exhibits

resonances at frequencies close to the eigenvalues

on ¼ oT þ ð�h=2MÞðnp=dÞ2
of the quantized exciton

in the thin film. The line-shape of each resonance in

nðoÞ is practically symmetric with respect to its max-

imum at o � on and broad since 1=Rc �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Mðnþ n0Þ=�h

p
with the chosen parameters. We

should emphasize that the described behavior of each

resonance of nðoÞ is a characteristic prediction of the

self-consistent approach, which takes into account the

action of n on itself. Indeed, within the usual Born

approximation, when Eq. (11) reduces to a similar

expression, but with k ¼ 0, the symmetric broad

resonances in n (Fig. 1) would appear only at extre-

mely larger values of the correlation radius Rc.

Another interesting feature of nðoÞ is the consider-

ably increase of its average value at o > oT (see

Fig. 1). Such an increase of n with o agrees very well

with the phenomenological models for nðoÞ employed

in the works [4–6] to explain optical spectra of CuCl

thin films. Our results show that exciton-surface

scattering contributes considerably to the damping

factor for very thin films.

As is seen in Fig. 2, the quantity Do vanishes at

frequencies on and, hence, the exciton resonances in

the case 1=Rc �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Mðnþ n0Þ=�h

p
are not shifted. In

addition, Do is negative on the left side of each

exciton resonance and positive on the right side.

Therefore, the effect of Do on exciton resonances

turns out to be analogous to that of broadening.

4. Conclusion

We have applied the self-consistent Green’s func-

tion method to derive and analyze the surface-induced

inhomogeneous broadening n and shift Do of exciton

resonances in the thin film regime. The dependencies

of n andDo on the parameters of the excitonic film and

its disordered interface were found. Also, we analyzed

the behavior of n and Do in the Z3 exciton region of

CuCl thin films. This analysis shows that the inho-

mogeneous broadening n has resonances at the

eigenfrequencies on of quantized excitons in the thin

Fig. 2. Surface-induced shift Do of Z3 exciton resonances in a CuCl thin film.
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film. Thanks to the self-consistency, i.e. the action of n
on itself, the resonances in n are symmetric and broad

for typical values of the correlation radius Rc. Besides,

the shift Do at the eigenfrequencies on vanishes.
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