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Dielectric enhancement of excitons in near-surface quantum wells
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The excitons in near-surface,fda, _,As/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 thes2and 1s excitons and the diamagnetic shift of the é&xciton 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.
[S0163-1826)51828-X]

The spatial confinement of excitons in semiconductorvestigations of excitons in jGa;_,As/GaAs single QW
quantum wells(QW’s) enhances strongly their binding en- heterostructures show a rather strong increasé gf and
ergy (E,), as has been shown both theoretically and experialso a strong decrease of the diamagnetic coefficient, when
mentally during the last two decades. For example, in thehe QW approaches the SV interface. These changes are
ideal two-dimensional2D) limit E, is four times larger than therefore direct manifestations of the dielectric enhancement
in bulk.! The enhancement d&, has been predicted to be of excitons in the NSQW'’s.
even stronger if the QW is surrounded by material with a For  the measurements ~ we have chosen
smaller dielectric constart The discontinuity ok causesa In,Ga;_,As/GaAs heterostructures wittr~0.18 and a QW
redistribution of the electric fields of electron and hole. ThisthicknessLqy= 5 nm. For these QW parameters there is
effect is referred to as dielectric confinement and has beeanly one confined electron subband in the conduction band.
extensively studied in the literatufe® but to the best of our In addition, due to the pseudomorphic growth the
knowledge it has not been shown experimentally in semiconin,Ga, _,As layer is strained, which results in a strain-
ductor nanostructures. induced splitting of the valence band by more than 40 meV.

Our paper is devoted to the experimental demonstration of herefore any spectral feature in an energy range of about 20
dielectric confinement in QW’s. The QW's were located meV above the ground-staids) transition energy of the
close to vacuum with the semiconductor-vacu(8W) inter-  heavy-hole exciton is related to higher states of this exciton
face parallel to the QW plane. On one hand, the surfac€2s, etc). Additional advantages of the QW structures @je
introduces a strong change of the dielectric constant one  the largee =12 (and therefore a decrease ofat the SV
order of magnitude, which results in dielectric enhancemeninterface by one order of magnitugdend(ii) the large exci-
of the excitons in these near-surface quantum wellgon radiusa,, of about~60 A (and consequently a large
(NSQW’s). On the other hand, in addition to the change ofimpact of the surrounding on the excijofThe homogeneity
e, the SV interface leads also to a strong change of the canef the QW structures was confirmed by PL spectroscopy. An
rier confinement potential and therefore to an additionahs grown sample with.,,=20 nm was used as reference. In
modification of the exciton transition energywe,. As will order to obtain samples of varying cap layer thicknesses the
be shown by calculations, this modification o, is even  cap layer was thinned by etching, which avoids both surface
much stronger than the effect of the dielectric confinementdefects and cap layer thickness fluctuations. We found that
Consequently, studies of the excitonic transition energies ithese requirements are fulfilled by dry etching with an Ar-ion
NSQW'’s alone, as observed in luminescence or absorptioneam of low ion energie&b00 eV), at low sample tempera-
experiments, cannot give any clear manifestation of the diture (liquid nitrogen, and with a small angle between the
electric confinement. beam and the sample surface (20°).

In the present paper we therefore investigate inner prop- The samples were immersed in liquid helium: all spectra
erties of excitons in NSQW'’s, namely, the energy gap bewere recorded at 4.2 K. For photoluminescence excitation
tween the 2 and Is excitonic states,Aj,=fiwex  (PLE) studies we have used a Ti-sapphire laser and a double-
—hwey1s. Furthermore, we study the diamagnetic coeffi-grating monochromator. A cryostat with a superconducting
cient, @, which reflects the in-plane size of the éxciton.  solenoid has been used for the photoluminescéRtgstud-

Our calculations show that any significant dependence oies. For the measurements of the exciton diamagnetic shift
A1, and a on the QW cap layer thickneds,,, is expected we have also used NSQW's that were MBE grown with
only due to the dielectric confinement. Our experimental in-L¢,, = 0, 1, 3, and 16 nm.
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NSQW’s with L¢,=3, 5, and 20 nm. The inset shows an energy
scheme for the band-to-band QW transition in the NSQW'’s with
FIG. 1. Emission spectra for NSQW's with.,, = 20 nm(dot-  (solid lineg and without(dotted line$ self-image charges.
ted lines and 3 nm(sold lines for varying magnetic fields. The
inset shows the diamagnetic shift of the exciton emission line foraxciton!! This indicates an increase of the exciton binding
the same NSQW's &< 5 T. 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

Typical PL spectra are shown in Fig. 1 for the NSQW'’s

with Lc,=20 nm (dotted ling and 3 nm(solid line) for
< ; .

dmo?/gv]: ?g%frﬁ]dip IgyTe.r ;I;lri]((:akggg;eresshuolgsintgartergt?vglt;hslrmgll S functmns OL cqp- .The SV boundz_ary intr od_uces a chgnge
broadening of the exciton line indicating a high surface qual—n. the barrier pot_ent|a| and also a dlscon_tmuny of the dielec-
ity. As can be seen from the spectra at zero fitovest tric constant, which can be mode_led by image gharges. Bpth

' : changes are taken into account in our calculations. To sim-
trace$ the decrease of the cap layer thickness leads to

. . T : lify th Iculations we hav m trong vertical QW
pronounced shift of the exciton emission line to higher ener-B fy the calculations we have assumed strong vertical Q

gies coggnegwen;[_ o_f thg cqrrit_afr_s. Tr|1isI is posshible,r?ecau_se thbe_ ((ng
: o subband splitting is significantly larger than the exciton bind-

PL.E spectra for_the NSQW's W|t_hcap=20, 5 and 3 nm Eing energy. In this approximation, the wave function of the

are displayed in Fig. 2 together_ with P.L spectra. The PL optically active exciton with center-of-mass momentum

spectra show two peaks associated withahd Z exciton K=0 is given b

transitions. The Stokes shift? of the Is exciton line be- 9 y

tween the PL and PLE spectra for varying cap layer thick- W o Xe s Xn Yo Vi o Ze 1 Zh) = Yed Xe— X1 s Ye— Vi)

nesses are very similgabout 1.5 meY. This indicates a eerermIenThTe eare e

rather weak increase of localization effects down to a cap X Ug(Ze)Un(zn), (1)

layer thicknesd. ;=3 nm and confirms—together with the . . . . .
only small incre?spe of the half-width of the emission line inWhere"kex describes the in-plane relative motion of the exci-

PL—that the observed features are solely due to the decreasg , The free electron and hole ground-state wave functions
of the cap layer thickness. With decreasing cap layer thick- e(2) are the solutions of

ness both thedand % exciton peaks move to higher ener-
gies. The comparison of the spectra shows that the shift of
the 25 line is markedly larger than the shift of thes1

2 2

Zmi,i (9—2?~|—V(Zi) Ui(zi):EiUi(Zi), i=e,h. (2
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The electron and hole confining potentidlg and V,, are

given by Ve=Eq(ze) + Vser(Ze) andVi=E,(zy) + Vser(Zo). .\ GaAs/InGaAs/GaAs QW .,
Here E; andE, are the confinement potentials in the con-  ~ 1 491 Low=5 nm
duction and valence bands, respectively, and %
Vo2 e(e—1) 1 - = T N ——————
seflZ) =5\ -1 1950 o
2e \e+1) [27] S 1.407  ene . ? fo,,
is the repulsive interaction of the carriers with their self- ha,
image chargese is the dielectric constant of the semicon- " T " T T " y ;
ductor for which we neglect the small difference between < 15 (b)
GaAs and InGa _,As. z is measured from the SV bound- g E
ary. The potentiaV¢ results in a modification of the elec- T A0 Ei
tron and hole confining potentials in the near surface region x
as shown schematically in Fig. 2. The confining potentials @ 51 E,(2s)
. . . —\
without (E.,) and with (€. ,+ Vs image charges are W T E* (25)
shown by the solid and dotted lines, respectivély, in- 0 - T :
duces a significant blueshift of the interband QW transition, < (c)
AE=E,—Eg which increases with decreasing cap layer 2 12
thickness. g
To calculate the exciton binding energies we have solved & g Ayp
the quasi-2D exciton Schdinger equation: @ T [ A A
L 12
hz (92 02 _— 6 Ll 1 T T T T
T on\ o T oy +Ven(X,Y) [#ex(X,Y) = Exthex(X,Y) N o*
4 o
with u~t=(mg*+my?) and ,y)=(Xe=Xn Yo~ Yn)- o
- S
Veh(Xay):J dzedz,|Ue(Ze)|?|Un(2h)|Ver(X,Y, Ze 1) 2 &
(5
: . . . = 201
is the averaged electron-hole interaction. The Coulomb inter- T
action contains terms describing the electron-image hole in- (d)
teraction as well as the hole-image electron interaction 0 . . , . ,
0 10 20 30
Varlky.ze. 2= & - Cap layer thick
X,\Y:Ze,Zpn)=— — ap layer tnickness (nm
enlX.Y:Ze,Zn e | Rty +(zo—12p)2 p lay ( )
e—1 1 FIG. 3. Dependences of the band-to-barig)( and exciton

(6) (hwey transition energiesa), of the 1s and X exciton binding
energiegb), of the energy gap between the &nd X exciton states
(c), and of the exciton diamagnetic coefficigd) on the cap layer

dences of the most important exciton parameters that can BRICkNess in NSQW's. The dependences calculated with and with-
optically determined. These parameters were calculated WitFIUt self-image charges are shown by solid and dashed lines, respec-
(solid lines and without(dashed linesself-image chargeg. ively; the latter are marked by a star. The experimental data for the

. . o . ! QW with subsequently etched cap layer are shown by solid dots, the
Figure 3a) displays the transition energies of the éxciton open dots correspond to as-grown samples. The dotted line in Fig.

hwey and of the band-to-band transitioly,, respectively.  3q) connects the experimental points and is just a guide to the eye.
Both increase with decreasing.,, due to the increasing

asymmetry of the confinement potentiélg, (dashed lines
and due to the self-image chargetifference between solid small Ly, is in qualitative agreement with the calculations.
and dashed lingsMoreover, Fig. 8) shows that the main However, the rather large inaccuracy mainlyLig,, does not
contribution to the shift ofi w,, originates from the change allow us to decide about the influence of dielectric confine-
of the confinement potential rather than from the dielectricment. This can be done by an analysis of the difference in
confinement, which causes only a small additional shift toenergy betweendand 2 exciton lines,A;,. The dashed
the higher energies. The influence of dielectric confinementurves in Fig. 8) show that the contribution to the exciton
on the exciton energy is much smaller than the influence obinding energy of the 4 and X states, which originates
the free carrier energy. This difference arises from the elecfrom the asymmetry of the potential barrier at the SV inter-
trical neutrality of the excitons. face, is practically canceled. Therefore the dependences of
The experimental values diwe, for severallL ., are  E,, E, 2, andAj; on Ly, originate only from the dielectric
shown in Fig. 8a) by dots. The observed increasefab., at  confinement. The solid lines in Figs(® and 3c) show that

+ :
e+l X2+y2+(z+2,)?

Figures 3a—d display the cap layer thicknes depen-
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they increase significantlil.5—1.8 timeswhen the QW ap- ered as a manifestation of the dielectric enhancement.
proaches the SV interface. The dependencé pfon L., Results of the experimental measurements are presented
appears due to the stronger influence of the image charges imthe inset of Fig. 1 where typical dependenced éfw,, on
the 2s exciton than on the d exciton, which arises from the B are shown. The results of these measurements are summa-
larger size and therefore from the larger induced dipole morized in Fig. 3d). The comparison of the experimental values
ment of the 3 state. of « (points with the calculated onegsolid lines in the

The experimental values d,, for varying Lc,pare dis-  \yhole range ofL ;< 20 nm is represented in Fig(d. a
played in Fig. &) by dots. They show a pronounced in- gecreases markedly by more than 30% when the QW ap-
crease of;, with decreasing. .;pand unambiguously dem- roaches the SV interface. The relative change eiceeds
onstrate the importance of dielectric confinement ingyongly its change expected from the calculations without
NSQW'’s. The calcu_lated dependence agrees with the eXPefimage chargetdashed curveand follows closely the depen-
mental data. The increase dfy, reaches 4 meV alcy,  dence calculated with image chargeslid line).
=3 nm. This corresponds to an increase of the excitonic |, conclusion, we have demonstrated experimentally the
binding energy by a factor of about 1.5. Note that Fi(®3  girong dielectric enhancement of excitons in NSQW’s by
shows that the relative increase of the tate binding en-  measuring both the increase of the splitting between the 2
ergy is even larger; it exceeds a factor of 2. _and the 5 exciton state and the decrease of diamagnetic

Another manifestation of the dielectric can be obtained.qefficient of the % state as the cap layer thickness de-
from the measurement of the exciton diamagnetic shift in geases. Calculations of the exciton binding energies and the
magnetic field normal to the QWZpIane. At small magneticgiamagnetic coefficient for the whole range of investigated
fields this shift is given bAE=«B”, in which the diamag- 5 |ayer thicknesses are in good quantitative agreement
netic coefficient is given byr=e?/(8u)-(r?), where(r?) is  \ith the experiment.
the averaged exciton radius in the QW plane. As was shown
above, the exciton binding energy and, hence, the exciton We would like to thank T. Borzenko and Yu. Koval' for
Bohr radiusa,, are almost independent bf,, until the im-  their assistance in etching the cap layer. The work was sup-
age charges are taken into account, but the latter lead toorted in part by INTAS(Grant No. 94-211p by the Rus-
significant increase of exciton binding energy and hence to aian Foundation for Basic Researcf®rant No. 95-02-
decrease ofi.,. Therefore the decrease of the diamagnetidd6062a, by the Volkswagen Foundation and by the State of
shift of the exciton line in the NSQW'’s can also be consid-Bavaria.
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