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Interaction of exciton polaritons with the surface potential of thin semiconductor films:
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The influence of the surface-potential shape on exciton optical spectra for thin semiconductor films is
investigated theoretically. Using a realistic model with both intrinsic and extrinsic contributions, we cal-
culate the polarization vector and the electric field in the case of s-polarized incident light at one of the
thin-film surfaces. Our analytic results are employed to study the relation between the surface potential
parameters and the spectra of reflectivity and transmissivity. The generation of near-surface localized
excitons and their optical manifestation are also analyzed.

I. INTRODUCTION

It is well known that the optical properties of excitonic
semiconductors depend notably on the nature of the exci-
ton confinement.! That is, the optical spectra of confined
systems are determined by the characteristics of the exci-
ton motion. Among confined systems, the thin semicon-
ductor film is an interesting example. If one considers
only undistorted excitons, then the thin film must have a
thickness substantially larger than the exciton radius.
Therefore, the spatial confinement in thin films produces
the quantization of the exciton wave vector, correspond-
ing to its translational motion.? This exciton quantiza-
tion gives rise to resonances in the spectra of reflectivity
and transmission. The interaction of excitons with the
sample surfaces affects the shape and the position of these
spectral resonances.

In the case of thin intrinsic-semiconductor films, the
effect of the near-surface transition layers® on the optical
spectra has been studied intensively (see, for example,
Refs. 4-8 and 10-20). In some works,*®~% the simple
model of the ‘“dead layer” (or ‘“exciton-free layer”) (Ref.
9) was utilized to calculate the transmission and reflection
coefficients of thin, spatially dispersive, films. It was
shown that spectra of thin films can be explained by a
multimode polariton interference, which is strongly
affected by the presence of dead layers and by the addi-
tional boundary conditions (ABC) employed. These re-
sults allowed the authors to describe some important
features of spectra observed in experiments.'°~!*> Recent-
ly'*~%° a more sophisticated approach to the exciton-
surface interaction was applied in thin films. Within this
approach, the distortion of the exciton wave function due
to the film surfaces is taken into account through evanes-
cent components which exponentially vanish over dis-
tances of the order of the transition-layer thickness. It is
noteworthy that Refs. 18 and 2 demonstrate the relation-
ship between the size quantization of the exciton’s
translational motion and the multimode polariton in-
terference.

Transition layers at surfaces can also be described by
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continuous surface potentials.® Thus it is possible to in-
vestigate not only intrinsic (repulsive) transition layers,
but also layers with an extrinsic contribution.?! Surface
treatments such as doping, illumination, electron and ion
bombardment, etc., produce impurity ions in the sample.
Consequently, a near-surface space-charge region is
formed, giving an extrinsic contribution to the surface
potential, which may become attractive. The optical
manifestation of localized excitons within a surface-
potential well has been widely studied for semi-infinite
systems (see Refs. 21-23 and references therein). In the
case of thin films with a surface-potential well, calcula-
tions of reflectance and transmission have been carried
out only with the aid of a multistep model for the poten-
tial,?* and with an effective boundary condition replacing
the potential.?

The aim of the present work is to investigate the
motion of excitons in a thin semiconductor film with a
realistic, continuous surface potential. We shall analyze
the dependence of the spectra of reflectivity and transmis-
sivity on the parameters characterizing the potential. In
the analysis, both intrinsic and extrinsic surface poten-
tials are considered. Special attention is paid to the gen-
eration of bound exciton states within the potential well.
This work represents a logical extension of Ref. 21, which
was devoted to a semiconductor surface.

In Sec. II we solve analytically the system of equations
describing the propagation of exciton polaritons in thin
semiconductor films, with the surface potential modeled
as a truncated Morse potential.?! The results of calculat-
ing the reflectivity and transmissivity for different
intrinsic-semiconductor films are presented in Sec. III.
Finally, in Sec. IV we study the effect of extrinsic surface
potential wells on the optical spectra.

II. THEORY

Let us consider a thin semiconductor film with surfaces
at planes z =0 and L. The spaces z <0 and z > L are oc-
cupied by a vacuum. Assuming that s-polarized light is
incident at the surface z =0, the electric field in the vacu-
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um can be expressed in the form

E(x,z,t)=(0,E(x,z,t),0) ,
(1
(Eieiqzz+Ere—iqzz)eiqxx—iwt , z <0
E(x,z,t)= ; Do
e (g, x+q,z)—i t’ 2>L ,
where
q,=4qsin8, q,=qcosb, g=w/c . (2)

0 is the angle of incidence, o is the frequency, and c is the
speed of light in vacuum. The quantities E;, E, and E, in
Eq. (1) denote the amplitudes of the incident, reflected,
and transmitted fields, respectively.

Inside the semiconductor film (0<z <L) the electric
field E is coupled to the excitonic polarization vector P.
These fields are described by a system of two differential
equations (see, for example, Refs. 3 and 21). One of the

U(z)=
o, z=0 and z=L .

The potential U(z) (4) represents, in fact, a superposi-
tion of two generalized Morse surface potentials.”! With
this continuous model for U (z), real surface potentials of
semiconductor samples can be appropriately simulated.
So, adjusting the parameters U; (j=1, 2, 3, and 4), model
(4) can describe intrinsic repulsive potentials for both sur-
faces [see Fig. 1(a)], or, also, extrinsic potential wells near
treated surfaces [see Fig. 1(b)]. Furthermore, introducing
imaginary parts in the parameters U; (j =1, 2, 3, and 4),
it is possible to take into account the variation of the
damping [Av(z)=—2ImU(z)/#] in the transition layers
of the film.

In order to solve Eq. (3) with the assumed potential (4),
we shall write P (z) in the form

U(z)
Uo 1
a
0 J1Z2m L|Z
Une='{Yt-5->"b
Um +-

FIG. 1. Surface potentials in a thin semiconductor film: (a)
intrinsic, (b) extrinsic, with a potential well.

Ule —z/a+ U2e —22/a+ U3e —(L —z)/b+ U4e —2(L—2)/b ,
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equations is derived from the exciton motion and the oth-
er is obtained from Maxwell’s equations. For the s-
polarization geometry, this system has a form as in Eq.
(L.5) (hereafter I refers to our previous work, Ref. 21).
Following this work, system (I.5) can be reduced to one
equation for the y component of the excitonic polariza-
tion [i.e., for P(z)]:

o* 0’ 2 ar? ap
% P+ 8°c2 q,‘-i-l“(z)]—a 2P+2_az %
2 wbo’M 212
(9] 2 2 P 9T _
+ | leg% —gq2 |T%(z)— + P=0.
PR @) cHior  dz?

(3)
Here we have employed the same notation as in Ref. 21.
The quantity '%(z) in Eq. (3) contains the surface poten-
tial U(z) [see Egs. (1.6) and (1.7)], for which we propose
the model

0<z<L
4)

(5)
F(2)=ao+ 3 [ae ™/ +bye "L,
n=1

where g, (s =1, 2, 3, and 4) is the z component of the
wave vectors corresponding to the plane waves which
propagate in the bulk of the semiconductor film. The ex-
pressions for q; and g, are given by Eq. (I.12), while
q;=—q, and q,= —gq,. The coefficients a,, and b, in
Eq. (5) should be found by using Eq. (3). Nevertheless,
this can be accomplished only in the case when

e L/« and e L/t«1. (6)

In the Appendix the coefficients @, and b, are calculat-
ed in the leading approximation in the parameters
exp(—L /a) and exp(—L /b) (6). Consequently, our re-
sults are valid for films in which the interaction between
surface layers can be neglected.

Employing expression (5) for P(z) and the first equa-
tion in (1.5), we obtain the electric field E (z) within the
film (0 <z < L) as follows:

Elz)= Ao, 4 4 9’F,(2)
z CO%:M Sgl s€ 322
+[T%(z)—q2]F,(z) @)

The continuity conditions on the tangential com-
ponents of the electric and magnetic fields at z =0 and L
together with conditions P(0)=0 and P(L)=0, which
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are a consequence of the vanishing of the exciton wave
function at the surfaces,?! lead to a system of equations
for the amplitudes E,, E,, and 4 (s =1, 2, 3, and 4).
After solving this system, the reflectivity R =|E, /E;|*
and transmissivity 7= |E, /E; |2 are calculated easily.

III. REPULSIVE TRANSITION LAYERS

First, we shall present the results obtained by comput-
ing the reflectivity and transmissivity for thin intrinsic-
semiconductor films. In this kind of film the surface po-
tential is symmetric with respect to its central plane, i.e.,
U(z)=U(L —z). Moreover, the intrinsic transition lay-
ers are well described by repulsive exponential poten-
tials.>?! We can choose the parameters of the model (4)
for U (z) as follows:

U,=U,=Ug, U,=U,=0, a=b, (8)

where Uy is the height of the potential at both surfaces
[Us=U(0)=U(L)]. Note that for this exponential
model (8) the parameter a in Eq. (4) denotes the
transition-layer thickness.

Figures 2 and 3 show the calculated spectra of
normal-incidence (6=0) reflectivity and transmissivity
for a CdS film (L =1000 A). The parameters of the ma-

1.0 T T

REFLECTIVITY

2.556

0.8

0.6

TRANSMISSIVITY

0.4 1

0.2

0.0 T
2.548 2.552 2.556

FREQUENCY (eV)

FIG. 2. Normal-incidence reﬂectivity (above) and transmis-
sivity (below) for a CdS film (L =1000 A) with a repulsive tran-
sition layer of thickness a: 60 A [(a) and (c)] and 90 A [(b) and
(d)]. The height Us of the surface potential at the surfaces is
equal to U;=5 meV.
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terial used here are®® £,=9.1, M =0.94m (m is the free-
electron mass), iw;=2.55272 eV [ A(n =1) is the exci-
ton resonance], fiwp=0.29396 eV and #v=0.124 meV.
From Fig. 2 it is evident that the increase of the effective
transition-layer thickness a leads to a blueshift of the
spectral resonances. This dependence of maxima and
minima of optical spectra on the value of a was also
demonstrated with the dead-layer’® and microscopic'®'®
models. Notice that the shift of a resonance above the
longitudinal frequency w; (at ; >, ), as a is increased,
can be approximated by the same formula as for a thin
film with dead layers of thickness a:’

a'—a
Leff

w(a')—o(a)=4w;(a)—oT] 9)

This result can be understood in terms of the quantiza-
tion of the exciton translational motion in a film with
effective thickness L =L —2a.'%'®! Indeed, with in-
creasing parameter a, the quantity L .4 decreases and the
exciton eigenenergies grow. For this reason the spectral
resonances, associated with these eigenenergies,? undergo
a blueshift. We also notice that the reflectivity peaks ex-
hibit a strong decrease (increase) in height below (above)
;. As can be expected, the reverse behavior occurs for
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FIG. 3. Normal-incidence reflectivity (above) and transmis-
sivity (below) for a CdS film (L = 1000 A) with height U, of a
repulsive surface potential at both surfaces: U;=1 [(a) and (c)]
and 5 meV [(b) and (d)]. The thickness a is 60 A.
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FIG. 4. Normal-incidence reflectivity of a GaAs film
(L =2000 A). Solid line is obtained by usmg the continuous
surface potential with U; =5 meV a =65 A. Dotted curve was
taken from Ref. 17: 1/p=65 A (see text).

the transmittivity spectra. This effect is often referred to
as the “rotation” of the spectrum.

The height Ug of the repulsive exponential potential
also affects the positions of the spectral resonances. In
Fig. 3 we observe that the resonance frequencies increase
as Ug is augmented. A crude estimate of the variation
can be obtained from the expression

28 ..
ﬁL(U‘ U;) . (10)

Now let us compare our results with those found from
a microscopic model. As mentioned in Sec. I, the micro-
scopic approach'*~%° considers the surface distortion of
the exciton wave trough terms as exp(—pz) and
exp[ —p (L —z)], where the parameter 1/p represents the
transition-layer  thickness. @ To demonstrate the
correspondence between the parameter 1/p and the quan-
tity a, characterizing the exponential surface potential,
we show (Fig. 4) the line shapes of the GaAs reflectance
(normal incidence), calculated with our exponential po-
tential and with the microscopic!” model. The GaAs
data utilized are!’ #iw;=1.515 eV, #fiwp=0.07106 eV,
€0=12.6, #iv=0.035 meV, and M =0.298m (for the sin-
gle exciton branch approximation?’). It is interesting that
for equal values of 1/p and a, the positions of the reso-
nances could be adjusted with a large value of the poten-
tial height (U ) at the surface.

Although in this section we have principally studied
intrinsic-semiconductor films, the results, obtained here,
are also valid for samples with repulsive extrinsic contri-
butions in the surface region. In this case, the potential
U(z) is no longer symmetric with respect to the center
point z =L /2.

IV. SURFACE-POTENTIAL WELLS

In this section we shall analyze the optical properties
(reflectance and transmission) of thin semiconductor films
with near-surface potential wells formed by a surface
treatment (see Sec. I and Ref. 21). Let us assume that in
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the vicinity of the surface z =0 [Fig. 1(b)] there is an ex-
trinsic potential valley with depth |U,, | and width A. Un-
der condition (6), the parameters U,, U,, and a of U(z)
(4) are related to U,, and U, [U,=U(0)] and A by Eq.
(I.33). The surface increment of damping Av(z) in the ex-
trinsic transition layer will be described by the function
(I.34). Considering that the other transition layer (near
surface z =L) has an intrinsic character (see Sec. III), we
can choose

Uy;=Ug , Uy=0, (11)

where Ug; is the height of U(z) (4) at the surface z =L
[Ugg =U(L)]. Note the effective thickness of the extrin-
sic transition layer at the left surface is A. That of the in-
trinsic layer at the right surface is b.

Figures 5 and 6 show reflectance and transmission line
shapes calculated for a CdS film (L =1000 A). The in-
crease of both width A (Fig. 5) and depth |U,,| (Fig. 6)
gives rise to a redshift of the spectral resonances. The

shift due to the width increase of the potential valley can
be estimated by the expression

UylA'—A|
AL

(12)
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FIG. 5. Normal-incidence reflectivity (above) and transmis-
sivity (below) for a CdS film (L =1000 A) for two widths A of
the surface-potentlal well: (a) and (c), A=130 A; (b) and ),
A=200 A. Other parameters of the surface potential used are
Uy=6 meV U,,=—1.5 meV, %iAv,=0.62 meV, Ug =2 meV,
and b=60 A.
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We emphasize that this redshift, obtained by increasing
the width of the extrinsic potential well, is contrary to the
blueshift which arises from increasing the width of a
repulsive layer (Sec. III). In principle this result can lead
to information about the nature of the surface layer. On
the other hand, if |U,,| is increased, then the shift is of
the order of the quantity

A '
E(Uo)l/zuumtl/z_lUm|1/2’ . (13)

The increases of A and |U,,| lead to other effects which
are similar to those observed in the reflectance of a semi-
conductor surface.?! Such effects are the “rotation” of
spectral contours with increasing A (Fig. 5), and the
enhancement near oy of the reflectivity (and decrease of
the transmission in a thin film) as the well depth (U, | is
augmented (Fig. 6).

When the depth |U,| is sufficiently large, excitonic
bound states appear within the potential well. We shall
study the effect of these eigenstates on the optical spectra
of thin semiconductor films. We shall use the surface po-
tential U(z) (4) with the following parameters:
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FIG. 6. Normal-incidence reflectivity (above) and transmis-
sivity (below) for a CdS film (L = 1000 A) with surface-potential
parameters: A=130 A, Uy=6 meV, #Av,=0.62 meV, Ug =2
meV, and b =60 A; (a) and (c), U, =-—0.5 meV; (b) and (d),
U,=—1.5meV.
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z, /a 2z, /a

» U2:IUm|e y
U,=0.

U1=_2|Um1e
U;=Ug ,

(14)

The chosen potential U(z) (14) is formed by a Morse sur-
face potential, truncated at the surface z =0, and by an
exponential potential describing the intrinsic transition
layer and truncated at the surface z =L. Note from con-
dition (6) that it follows that the value of z,, in (14) coin-
cides with the position of the potential-well minimum
[U,=Ulz,), z, >0].

The eigenvalues of the energy, corresponding to the
mechanical exciton bound states, are obtained by employ-
ing the Schrodinger equation (I.36) for the exciton
center-of-mass motion. The boundary conditions for the
exciton wave function W¥(z) have the form

Y(0)=0, W(L)=0. (15)

The solutions of Eq. (I.36) can be written as

2 )
—Uu;z —_
¥Y(z)=3 Cie ! > aye nz/a
[:1 n=0

+ 2 b,,[e_n(L—Z)/b} , (16)
n=1
where C, (I =1 and 2) are constants, and
2M(o7—o) 2
n= || nE 17

Within the approximation of noninteracting surfaces [Eq.
(6)], the coefficients a,; and b,; in Eq. (16) satisfy the re-
cursion relations

2z /a z /a

"a, 2" ay,
(n +1)n +1+2v,a)
5 _ u’b,

"L (1) (n+1—20,b)

.2
An4+1,1=Um

(18)

for n 2 1, and with

z /a

2 m
a()l:l’ allz—vz_e____m’
. ’ ™ 14+2v;a
) (19)
b _ u ao’l
L —2ub

In formulas (18) and (19), we introduced the quantities
vm=%[2M|Um|]”2, u=%[2MUSL]V2. (20)

The excitonic eigenenergies #iw, (fior—|U,|<fo,
<fiwr,n=1,2,...) are found from the solution of the
homogeneous system of algebraic equations (15) for C,;
(I=1 and 2). The calculation of #iw, is carried out nu-
merically. However, for large values of the parameter
U,=U(0) the eigenfrequencies ®, can be obtained ap-
proximately by using the same formula as in the case of a
(nontruncated) Morse potential:?®
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In Fig. 7 we present results of calculating the normal- g 06rfy \\
incidence reflectivity for CdS films with one (curve b) and e Y
two (curve c¢) excitonic bound states in the surface- E 0.4, \ b
potential well. In Fig. 7 (curve a) a characteristic spec- a .'I a N
trum of a film without near-surface localized excitons is S g2l \\
also included for comparison. The results show a consid- = ! AN
erable enhancement of the reflectivity near eigenfrequen- § 0.0 ¢ — =< <<
cies w,. Thus the excitonic bound states are manifested "o 500 1000 1500 2000

in the spectrum as broad peaks, which smooth the reso-
nances for w <w;. Clearly, the resonances associated
with the near-surface-potential well predominate over the
Fabry-Perot resonances related to the thin film as a
whole. It is noteworthy that this fading of spectral reso-
nances in films with treated surfaces has also been ob-
tained by using right-angled potential wells.?* With in-
creasing potential well depth |U,,|, the eigenfrequencies
and corresponding broad peaks are shifted to lower fre-
quencies; see line w;. According to Eq. (21), their shift is
given by

0,(U,)—a,(U,,)

U, |—1U,,|
=—m
7
2 72 1/2
+ | 2212 Gy pa—u, ). @)

Note (Fig. 7) that the shift of the first broad peak (n =1)
is larger than the shift of the Fabry-Perot spectral reso-
nances.

The appearance of near-surface-localized excitons also
affects the behavior of the polarization P(z). We com-

T,
Wmi O.JmIZ
c
£o2 w:l wz'
= 0.0
(3=
5 |
Hoz2 { b
0.0
i WMWW
0.0 - .
2548 2.552 2.556 2.560
FREQUENCY (eV)
FIG. 7. Normal-incidence reflectivity for a CdS film

(L =2000 A). Curve a corresponds to an intrinsic surface po-
tential Us=2 meV, a =60 A. Curves b and ¢ were calculated
for extrinsic surface-potential wells with one and two excitonic
bound states, respectively (z,, =60 A,a=604A, Avy=0, Ug =2
meV, b=60 A; b, U,, = —2 meV; ¢, U, = —3 meV).

z (A)

FIG. 8. Graphs of the absolute value of the excitonic polar-
ization |P(z)/E;| at the frequencies ®,,=2.5516 eV (a),
®,,,=2.55305 eV (b), and with the parameters of the surface
potential as in Fig. 7 (c).

puted the field |P(z)| (Fig. 8) at the frequencies
0,,1=2.5516 eV and ©,,,=2.55305 eV of the broad
peaks in Fig. 7(c). The frequencies »,,; and w,,, do not
coincide exactly with ©;=2.55138 eV and w,=2.55271
eV because of polariton effects.?! Within the potential
well, |P(z)| has one and two sharp maxima for the first
and the second exciton eigenstates, respectively. These
maxima are associated with the extrema of the wave
functions ¥,(z) (n=1 and 2) of the localized excitons.
Far from the treated surface the field |P(z)| undergoes
oscillations. They are due to the modes s =1 and 3 in Eq.
(5), which have real wave-vector components ¢, and q;
(g3=—q,) at frequencies w,,; and ©,,, (®,,;, <o ). Thus
the period of the oscillations of |P(z)| in Fig. 8 is given
by T/ q,.

Until now, we have considered only one treated surface
in the film. When both transition layers of a thin semi-
conductor film are extrinsic, its optical spectra may have
a complicated structure of broad peaks and resonances.
Nevertheless, in such a situation our model can also be
applied to interpret experimental spectra by adjusting the
remaining parameter U, in Eq. (4).

V. CONCLUSION

The model proposed here for the surface potential of a
thin semiconductor film allows us to associate features of
optical spectra with the nature of the near-surface transi-
tion layer of the sample. From the shift of spectra reso-
nances one can obtain information about the extrinsic
contribution to the surface potential. This model is espe-
cially useful for studying the generation of excitonic
bound states within an extrinsic potential well, and their
influence on optical spectra. The localization of excitons
near a treated surface manifests itself in the reflectivity
for s-polarized light as broad peaks (and in the transmis-
sivity as minima) which smooth the spectral resonances.
The high sensitivity of the optical spectra of thin semi-
conductor films to the surface structure may be utilized
for diagnosing the state of the near-surface transition lay-
er.
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|

o a b,
2 {[n4_4l~n3qsa]ﬁ_e—nz/a+[n4+4in3qsb]_bTeAn(L—z)/b

n=1

ans —_— b A —_ -
+n? . e nz/a+f{e n(L—z)/b [al_aoUle—z/a_aOUze*22/a_a0U3e~(L—z)/b_a0U4e—2(L —z)/b]
+nl— Dns e—nz/a+b_;~‘_e—n(L—z)/b
2a0U 2a,U
X |ay— ——(ig.a—1)e /1 — "2 (ig.a—2)e %/
a
200U
— 0~3 (iqsb +1)e—(L —2z)/b
— 2a(1)JU4 (ig,b +2)e ~4L —z)/b] ]
_ i a e—nz/a+ i b e"'l(L—Z)/b
ns ns
n=0 n=1
aU a,U
X | —5—(1—2iga+azade "%+ ——2(4—big,a +a;a*)e "2/
a
a U ayU
+ ‘;23 (1+2ig,b +azbe "L ~2/4 224(4+4iq5b+a3b2)e “AL-D/a = (A1)

Here we have introduced the following notation:

2
=4 = 62 2 o 2
Qo y a1 6qs+FB+8062 9y >

a,= —4ig} +2iq, , (A2)

2
2 o 2
FB+€oc2 qx

2
=—g24e. L _ g2
ay= qs+EOC2 qx -

The quantity I'% is defined by Eq. (I.7). We solved Eq. (A1) by supposing that the inequalities (6) are satisfied. Thus
terms having functions, which are exponentially small in the whole interval 0 <z < L, were neglected. These functions
are

—2(L -z)/be —nz/a

e—z/ae—n(L —z)/b , —2z/a, —n(L —2z)/b e

e e , e—(L—z)/be—nz/a ,

’

with n 2 1. After this simplification, from Eq. (A1) we obtain the recursion relations for a,; and b, (s =1, 2, 3, and 4)
forn = 2:

_ 2Ma*[(k—n)*+Ba*|[Usa, 5+ U a, ]
ns ™ A n*—dkn3+{6k*+(I% +B)a?n?—[4k*+2k(T3 +B)a?1n )
b — 2Mb*[(A+n)?+Bb*|[Uyb, _p+Usb, _, ]
" #nt+arn3+ 602+ (T +B)b2In 2+ [4A3+ 20T 3 +B)b2n] ’

’

(A3)

where k and A are defined by k=iq,a and A=iqb (s =1, 2, 3, and 4), respectively. The first terms of each relation are
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given by the expressions
2Ma?*[(k—1)*+Ba*]U,aq,

a;

2Mb(A+1)2+Bb%1U;a,,

b =
B B[ 14 404602+ (T3 +B)b2+4A3+2A(T% +B)b?]

and ay, = 1.

A [1—dk+6k*+ (DL +B)a’— 43— 2(TE +B)a?]

(A4)
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