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The excitons in near-surface InxGa12xAs/GaAs QW’s have been investigated by photoluminescence exci-
tation and magnetophotoluminescence spectroscopy. The dielectric enhancement of excitons is demonstrated
by measuring the splitting of the 2s and 1s excitons and the diamagnetic shift of the 1s exciton state. In
agreement with theoretical calculations the exciton binding energy is found to be enhanced 1.5 times by the
dielectric confinement for 5-nm-wide quantum wells with cap layer thicknesses below 3 nm.
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The spatial confinement of excitons in semiconductor
quantum wells~QW’s! enhances strongly their binding en-
ergy (Ex), as has been shown both theoretically and experi-
mentally during the last two decades. For example, in the
ideal two-dimensional~2D! limit Ex is four times larger than
in bulk.1 The enhancement ofEx has been predicted to be
even stronger if the QW is surrounded by material with a
smaller dielectric constant«. The discontinuity of« causes a
redistribution of the electric fields of electron and hole. This
effect is referred to as dielectric confinement and has been
extensively studied in the literature,2–8 but to the best of our
knowledge it has not been shown experimentally in semicon-
ductor nanostructures.

Our paper is devoted to the experimental demonstration of
dielectric confinement in QW’s. The QW’s were located
close to vacuum with the semiconductor-vacuum~SV! inter-
face parallel to the QW plane. On one hand, the surface
introduces a strong change of the dielectric constant« by one
order of magnitude, which results in dielectric enhancement
of the excitons in these near-surface quantum wells
~NSQW’s!. On the other hand, in addition to the change of
«, the SV interface leads also to a strong change of the car-
rier confinement potential and therefore to an additional
modification of the exciton transition energy,\vex. As will
be shown by calculations, this modification of\vex is even
much stronger than the effect of the dielectric confinement.
Consequently, studies of the excitonic transition energies in
NSQW’s alone, as observed in luminescence or absorption
experiments, cannot give any clear manifestation of the di-
electric confinement.

In the present paper we therefore investigate inner prop-
erties of excitons in NSQW’s, namely, the energy gap be-
tween the 2s and 1s excitonic states,D125\vex,2s
2\vex,1s . Furthermore, we study the diamagnetic coeffi-
cient, a, which reflects the in-plane size of the 1s exciton.
Our calculations show that any significant dependence of
D12 anda on the QW cap layer thicknessLcap is expected
only due to the dielectric confinement. Our experimental in-

vestigations of excitons in InxGa12xAs/GaAs single QW
heterostructures show a rather strong increase ofD12 and
also a strong decrease of the diamagnetic coefficient, when
the QW approaches the SV interface. These changes are
therefore direct manifestations of the dielectric enhancement
of excitons in the NSQW’s.

For the measurements we have chosen
In xGa12xAs/GaAs heterostructures withx;0.18 and a QW
thicknessLQW5 5 nm. For these QW parameters there is
only one confined electron subband in the conduction band.
In addition, due to the pseudomorphic growth the
InxGa12xAs layer is strained, which results in a strain-
induced splitting of the valence band by more than 40 meV.
Therefore any spectral feature in an energy range of about 20
meV above the ground-state~1s! transition energy of the
heavy-hole exciton is related to higher states of this exciton
~2s, etc.!. Additional advantages of the QW structures are~i!
the large«512 ~and therefore a decrease of« at the SV
interface by one order of magnitude!, and~ii ! the large exci-
ton radiusaex of about;60 A ~and consequently a large
impact of the surrounding on the exciton!. The homogeneity
of the QW structures was confirmed by PL spectroscopy. An
as grown sample withLcap520 nm was used as reference. In
order to obtain samples of varying cap layer thicknesses the
cap layer was thinned by etching, which avoids both surface
defects and cap layer thickness fluctuations. We found that
these requirements are fulfilled by dry etching with an Ar-ion
beam of low ion energies~500 eV!, at low sample tempera-
ture ~liquid nitrogen!, and with a small angle between the
beam and the sample surface (20°).

The samples were immersed in liquid helium: all spectra
were recorded at 4.2 K. For photoluminescence excitation
~PLE! studies we have used a Ti-sapphire laser and a double-
grating monochromator. A cryostat with a superconducting
solenoid has been used for the photoluminescence~PL! stud-
ies. For the measurements of the exciton diamagnetic shift
we have also used NSQW’s that were MBE grown with
Lcap 5 0, 1, 3, and 16 nm.
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Typical PL spectra are shown in Fig. 1 for the NSQW’s
with Lcap520 nm ~dotted line! and 3 nm ~solid line! for
magnetic fieldsB<5 T. The figure shows that the etching
down to 3 nm cap layer thickness results in a relatively small
broadening of the exciton line indicating a high surface qual-
ity. As can be seen from the spectra at zero field~lowest
traces! the decrease of the cap layer thickness leads to a
pronounced shift of the exciton emission line to higher ener-
gies.

PLE spectra for the NSQW’s withLcap520, 5, and 3 nm
are displayed in Fig. 2 together with PL spectra. The PLE
spectra show two peaks associated with 1s and 2s exciton
transitions. The Stokes shift9,10 of the 1s exciton line be-
tween the PL and PLE spectra for varying cap layer thick-
nesses are very similar~about 1.5 meV!. This indicates a
rather weak increase of localization effects down to a cap
layer thicknessLcap53 nm and confirms—together with the
only small increase of the half-width of the emission line in
PL—that the observed features are solely due to the decrease
of the cap layer thickness. With decreasing cap layer thick-
ness both the 1s and 2s exciton peaks move to higher ener-
gies. The comparison of the spectra shows that the shift of
the 2s line is markedly larger than the shift of the 1s

exciton.11 This indicates an increase of the exciton binding
energy when the QW approaches the surface. Such an in-
crease is in qualitative agreement with theoretical expecta-
tions of the dielectric enhancement of excitons.

We have also calculated the exciton energies in NSQW’s
as functions ofLcap. The SV boundary introduces a change
in the barrier potential and also a discontinuity of the dielec-
tric constant, which can be modeled by image charges. Both
changes are taken into account in our calculations. To sim-
plify the calculations we have assumed strong vertical QW
confinement of the carriers. This is possible, because the QW
subband splitting is significantly larger than the exciton bind-
ing energy. In this approximation, the wave function of the
optically active exciton with center-of-mass momentum
K50 is given by

Cex~xe ,xh ,ye ,yh ,ze ,zh!5cex~xe2xh ,ye2yh!

3Ue~ze!Uh~zh!, ~1!

wherecex describes the in-plane relative motion of the exci-
ton. The free electron and hole ground-state wave functions
Ue(z) are the solutions of

F2
\2

2mi ,'

]2

]zi
2 1V~zi !GUi~zi !5EiUi~zi !, i5e,h. ~2!

FIG. 1. Emission spectra for NSQW’s withLcap5 20 nm~dot-
ted lines! and 3 nm~sold lines! for varying magnetic fields. The
inset shows the diamagnetic shift of the exciton emission line for
the same NSQW’s atB, 5 T.

FIG. 2. PLE ~solid lines! and PL ~dotted lines! spectra for
NSQW’s with Lcap53, 5, and 20 nm. The inset shows an energy
scheme for the band-to-band QW transition in the NSQW’s with
~solid lines! and without~dotted lines! self-image charges.
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The electron and hole confining potentialsVe and Vh are
given byVe5Ec(ze)1Vself(ze) andVh5Ev(zh)1Vself(zh).
HereEc andEv are the confinement potentials in the con-
duction and valence bands, respectively, and

Vself~z!5
e2

2« S «21

«11D 1

u2zu
~3!

is the repulsive interaction of the carriers with their self-
image charges.« is the dielectric constant of the semicon-
ductor for which we neglect the small difference between
GaAs and InxGa12xAs. z is measured from the SV bound-
ary. The potentialVself results in a modification of the elec-
tron and hole confining potentials in the near surface region
as shown schematically in Fig. 2. The confining potentials
without (Ec,v) and with (Ec,v1Vself) image charges are
shown by the solid and dotted lines, respectively.Vself in-
duces a significant blueshift of the interband QW transition,
DE5Eg2Eg* which increases with decreasing cap layer
thickness.

To calculate the exciton binding energies we have solved
the quasi-2D exciton Schro¨dinger equation:

F2
\2

2m S ]2

]x2
1

]2

]y2D1V̄eh~x,y!Gcex~x,y!5Excex~x,y!

~4!

with m215(me
211mh

21) and (x,y)5(xe2xh ,ye2yh).

V̄eh~x,y!5E dzedzhuUe~ze!u2uUh~zh!u2Veh~x,y,ze ,zh!

~5!

is the averaged electron-hole interaction. The Coulomb inter-
action contains terms describing the electron-image hole in-
teraction as well as the hole-image electron interaction

Veh~x,y,ze ,zh!52
e2

« F 1

Ax21y21~ze2zh!
2

1
«21

«11

1

Ax21y21~ze1zh!
2G . ~6!

Figures 3~a–d! display the cap layer thicknes depen-
dences of the most important exciton parameters that can be
optically determined. These parameters were calculated with
~solid lines! and without~dashed lines! self-image charges.12

Figure 3~a! displays the transition energies of the 1s exciton
\vex and of the band-to-band transitionsEg , respectively.
Both increase with decreasingLcap due to the increasing
asymmetry of the confinement potentialsEc,v ~dashed lines!
and due to the self-image charges~difference between solid
and dashed lines!. Moreover, Fig. 3~a! shows that the main
contribution to the shift of\vex originates from the change
of the confinement potential rather than from the dielectric
confinement, which causes only a small additional shift to
the higher energies. The influence of dielectric confinement
on the exciton energy is much smaller than the influence on
the free carrier energy. This difference arises from the elec-
trical neutrality of the excitons.

The experimental values of\vex for severalLcap are
shown in Fig. 3~a! by dots. The observed increase of\vex at

small Lcap is in qualitative agreement with the calculations.
However, the rather large inaccuracy mainly inLcapdoes not
allow us to decide about the influence of dielectric confine-
ment. This can be done by an analysis of the difference in
energy between 1s and 2s exciton lines,D12. The dashed
curves in Fig. 3~b! show that the contribution to the exciton
binding energy of the 1s and 2s states, which originates
from the asymmetry of the potential barrier at the SV inter-
face, is practically canceled. Therefore the dependences of
Ex , Ex,2s, andD12 on Lcap originate only from the dielectric
confinement. The solid lines in Figs. 3~b! and 3~c! show that

FIG. 3. Dependences of the band-to-band (Eg) and exciton
(\vex) transition energies~a!, of the 1s and 2s exciton binding
energies~b!, of the energy gap between the 1s and 2s exciton states
~c!, and of the exciton diamagnetic coefficient~d! on the cap layer
thickness in NSQW’s. The dependences calculated with and with-
out self-image charges are shown by solid and dashed lines, respec-
tively; the latter are marked by a star. The experimental data for the
QW with subsequently etched cap layer are shown by solid dots, the
open dots correspond to as-grown samples. The dotted line in Fig.
3~d! connects the experimental points and is just a guide to the eye.
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they increase significantly~1.5–1.8 times! when the QW ap-
proaches the SV interface. The dependence ofD12 on Lcap
appears due to the stronger influence of the image charges on
the 2s exciton than on the 1s exciton, which arises from the
larger size and therefore from the larger induced dipole mo-
ment of the 2s state.

The experimental values ofD12 for varying Lcap are dis-
played in Fig. 3~c! by dots. They show a pronounced in-
crease ofD12 with decreasingLcap and unambiguously dem-
onstrate the importance of dielectric confinement in
NSQW’s. The calculated dependence agrees with the experi-
mental data. The increase ofD12 reaches 4 meV atLcap
53 nm. This corresponds to an increase of the excitonic
binding energy by a factor of about 1.5. Note that Fig. 3~a!
shows that the relative increase of the 2s state binding en-
ergy is even larger; it exceeds a factor of 2.

Another manifestation of the dielectric can be obtained
from the measurement of the exciton diamagnetic shift in a
magnetic field normal to the QW plane. At small magnetic
fields this shift is given byDE5aB2, in which the diamag-
netic coefficient is given bya5e2/(8m)•^r 2&, where^r 2& is
the averaged exciton radius in the QW plane. As was shown
above, the exciton binding energy and, hence, the exciton
Bohr radiusaex are almost independent ofLcap until the im-
age charges are taken into account, but the latter lead to a
significant increase of exciton binding energy and hence to a
decrease ofaex. Therefore the decrease of the diamagnetic
shift of the exciton line in the NSQW’s can also be consid-

ered as a manifestation of the dielectric enhancement.
Results of the experimental measurements are presented

in the inset of Fig. 1 where typical dependences ofD\vex on
B are shown. The results of these measurements are summa-
rized in Fig. 3~d!. The comparison of the experimental values
of a ~points! with the calculated ones~solid lines! in the
whole range ofLcap, 20 nm is represented in Fig. 3~d!. a
decreases markedly by more than 30% when the QW ap-
proaches the SV interface. The relative change ofa exceeds
strongly its change expected from the calculations without
image charges~dashed curve! and follows closely the depen-
dence calculated with image charges~solid line!.

In conclusion, we have demonstrated experimentally the
strong dielectric enhancement of excitons in NSQW’s by
measuring both the increase of the splitting between the 2s
and the 1s exciton state and the decrease of diamagnetic
coefficient of the 1s state as the cap layer thickness de-
creases. Calculations of the exciton binding energies and the
diamagnetic coefficient for the whole range of investigated
cap layer thicknesses are in good quantitative agreement
with the experiment.
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