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Excitons in near-surface quantum wells in magnetic fields: Experiment
and theory
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The exciton transition and binding energies have been investigated in near-surface InGaAs/GaAs
quantum wells theoretically and experimentally~by photoluminescence and photoluminescence
excitation spectroscopy at 4.2 K!. The contribution induced by vacuum has been analyzed for the
ground and excited exciton states in perpendicular magnetic fields up to 14 T. The vacuum potential
barrier has been shown to increase the magnetoexciton transition energies,\vn , but nearly not to
influence their binding energies,En . In contrast, the image charges~caused by the abrupt, one order
of magnitude, decrease of the dielectric constant at the semiconductor-vacuum interface! modify the
Coulomb interaction and lead to the increase of both\vn and En . The magnetic field has been
found to enhance the contribution of the image charges to the exciton binding energy and to
decrease their influence on the transition energy. The effect is due to the in-plane exciton wave
function squeezing in a magnetic field. ©1998 American Institute of Physics.
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I. INTRODUCTION

It has been predicted1,2 that excitons in narrow semicon
ductor layers surrounded by a dielectric of a smaller diel
tric constant have to be significantly enhanced. This eff
originates from the modification of the electron-hole (e-h)
interaction by the images induced by the interfaces betw
materials with different dielectric constants. This effect
referred to as the dielectric enhancement of excitons. It
been extensively discussed theoretically,3–7 whereas the ex-
perimental study of this effect has met a problem of a fab
cation of suitable very narrow~of a few nm! semiconductor
layers in the dielectric environment. The experimental stu
of the exciton dielectric enhancement has been undertake
thin CdTe films on a dielectric substrate,8 in self-organized
PbI based semiconductor/insulator superlattices, quan
wells ~QWs!, wires, and dots,9 and in near surface InGaAs
GaAs quantum wells~NSQWs!, i.e., InGaAs QWs separate
from vacuum by a thin~3–20 nm! GaAs cap ~barrier!
layer.10,11 However, very complicated absorption spect
measured in Ref. 8, and small~only of the order of few
interatomic distances! exciton sizes in PbI based structure9

did not allow one to carry out systematic studies of the
citon dielectric enhancement in such semiconductor-insul
structures. Up to date the most promising structures for
tailed experimental investigation of the exciton dielectric e
hancement seem to be the NSQWs. First, a well develo
technique of growing and etching of InGaAs/GaAs Q
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structures allows one to fabricate such structures with w
defined both InGaAs QW and GaAs cap layer thickness
Second, both the ground and excited exciton state ener
can be measured in available high quality structures with
accuracy providing a quantitative comparison with theore
cal calculations. Third, the excitons in these structures
large in comparison to a lattice constant and can be qua
tatively described in the Wannier–Mott approximation.
addition, for more detailed studies of the exciton dielect
confinement in such structures,one can apply an exte
magnetic field. The magnetic field modifies the effectivee-h
interaction via the change of the exciton wave functions a
thereby opens new possibilities to study the dielectric c
finement effect in detail.

In the present article we have carried out a system
experimental and theoretical study of the effect of ima
charges on the exciton properties in the InGaAS/Ga
NSQWs with cap layer thickness,Lcap53–20 nm. The
theory of NSQWs excitons has been developed allowing
calculate the ground and excited exciton energies with
without taking into account image charges at t
semiconductor-vacuum~SV! interface both for zero and non
zero magnetic fields. This theory includes the previou
considered limits of zero10 and strong11 magnetic fields, and
it is able to describe the intermediate magnetic field regim
In this work we have considereds- as well asp-excitonic
states, and studied the effect of a near-surface perpendic
electric field. The exciton transition energies for the grou
and several excited states have been measured in a
range of magnetic fieldsB50 – 14 T with the use of the pho
toluminescence excitation~PLE! technique. Finally, we have
0 © 1998 American Institute of Physics
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analyzed the observed evolution of thes-exciton transition
energies with increasing magnetic field and decreasing
layer thickness. Such an analysis has allowed us to sep
the effect ons-excitonic states of the high vacuum potent
barrier from that of the image charges and to carry out
detailed study of the dielectric enhancement effect.

The article is organized as follows. In Sec. II the the
retical model for magnetoexcitons in NSQWs is present
In Sec. III the experimental methods are described. In S
IV we present the theoretical and experimental data and t
comparison.

II. THEORY

A. Model equations

We consider strained InGaAs NSQWs with GaAs ba
ers. The light–heavy hole splitting in such QWs is strong
enhanced due to the strain~see, e.g., Ref. 12!, therefore we
can neglect the split-off light-hole band and consider o
heavy-hole magnetoexcitons in a rather wide range of e
gies. In this approximation, the NSQW electron-hole Ham
tonian in the magnetic fieldB5(0,0,B) takes the form

H5Hez1Hhz1H2D1Ueh[H01Ueh. ~1!

Here

H jz52
\2

2mjz

]2

]zj
2 1Vj~zj !1Vself~zj !, j 5e,h. ~2!

The band-offset potentials areVj5` ( j 5e,h) in vacuum
(z,0), Ve and Vh inside the InGaAs QW (Lcap,z,Lcap

1LQW), andVj50 in the barrier GaAs layers,mez andmhz

are the electron and heavy hole effective masses, res
tively. The potential

Vself~z!5
e2

2e S e21

e11D 1

2uzu
, ~3!

~where e is the dielectric constant of the semiconducto!
takes into account the repulsion of the charge from its s
image; we neglect a small difference betweene in
InxGa12xAs and GaAs. This approach can be modified
account for an electric field along thez axis,E5(0,0,E), by
additional terms in Eq.~2!, 1(2)eEze(h).

Hamiltonian H2D describes the two-dimensional~2D!
motion of a freee-h pair in the magnetic field

H2D5
1

2mei
S 2 i\¹re

1
e

c
AeD 2

1
1

2mhi
S 2 i\¹rh

2
e

c
AhD 2

, ~4!

whereA j5
1
2B3rj is the vector potential in the symmetr

gauge,r5re2rh5(x,y), andr j5(rj ,zj ). We neglect also
a small mass difference in the well and barrier layers. T
potential
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Ueh~r,ze ,zh!52
e2

e F 1

Ar21~ze2zh!2

1
e21

e11

1

Ar21~ze1zh!2G ~5!

takes into account, in addition to the Coulomb interacti
between the electron and hole, the attraction of the elec
to the hole image, and of the hole to the electron image.

In order to solve the quantum-mechanical problem of
magnetoexciton in a NSQW, one can diagonalize num
cally the matrix of the Coulomb potential~5! on the basis of
noninteracting two-particle states of HamiltonianH0 . Such
an approach, when the expansion is performed in Lan
levels ~LLs!, has been used previously in the problem
quasi-two-dimensional excitons in coupled double QWs13 in
a magnetic field~see also Ref. 14!.

Assuming a strong vertical quantization in the QW p
tentialsVj (zj ), j 5e,h, the wave functions of optically ac
tive K50 s excitons~with the angular momentum projectio
of the relativee-h motion l z50! take the form

CK50,s~re ,rh!5expS i @r3R#z

2l B
2 D z1~ze!j1~zh!

3(
n

An
~s!fnn~r!, ~6!

where K is the conserved magnetic center-of-ma
momentum,15,16 z1 and j1 are the ground state eigenfun
tions of Hamiltonians Hez and Hhz, respectively, l B

5(\c/eB)1/2 is the magnetic length, R5(meire

1mhirh)/M , M5mei1mhi

fn n~r!5
1

~2p l B
2 !1/2 LnS r2

2l B
2 DexpS 2

r2

4l B
2 D

andLn(x) is the Laguerre polynomial,n50,1,... .
As the experiments show~see Sec. III!, additional tran-

sitions are resolved, which can be ascribed to nominally
tically inactive 2p6 heavy-hole excitons~see Sec. IV be-
low!. The wave functions of, e.g.,K50 p6 excitons~with
l z561! can be written in forms similar to Eq.~6! ~see also
Ref. 17!

CK50,p1~re ,rh!5expS i @r3R#z

2l B
2 D z1~ze!j1~zh!

3(
n

An
~p1!fn11 n~r!, ~7!

CK50,p2~re ,rh!5expS i @r3R#z

2l B
2 D z1~ze!j1~zh!

3(
n

An
~p2!fn n11~r!, ~8!

where
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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fn11 n~r!5fn n11~r!*

5
1

~2p l B
22@n11# !1/2 Fx1 iy

l B
GLn

1S r2

2l B
2 D

3expS 2
r2

4l B
2 D ,

fn n8(r) are the factored wave functions in a magnetic fie
the quantum numbersn and n8 correspond to the electro
and hole Landau level numbers, respectively; the ang
momentum projectionl z5n2n8.

The expansion in Landau levels converges rapidly
high magnetic fieldsl B /aBe(h),1@aBe(h)5e\2/me(h)ie2#. In
the limit l B /aBe(h)!1, thel z50 excitonic states labeled~us-
ing the 2D hydrogenic notations! ns, n51,2,..., are predomi-
nantly formed by the orbitalfn21n21(r) in the n21 elec-
tron and hole Landau levels. Similarly, thel z561 excitonic
states labelednp1 @andnp2# are formed predominantly by
the orbitalsfn n21(r) @andfn21 n(r), respectively#, i.e., in
the n@n21# electron andn21@n# hole Landau levels. At
low magnetic fields, a number of other Landau levels
admixed due to the Coulombe-h interaction. Taking into
account of up to 36 Landau level orbitalsfn n8(r), we have
numerically treated in Ref. 11 the problem of magnetoex
tons in InGaAs/GaAs NSQWs with reasonable accuracy
B.3 T.

Such an approach cannot be used at lower magn
fields, because the number of Landau levels to be taken
account to achieve the needed accuracy increases rapid14

In the regime of strong QW confinement, it is possible
overcome this difficulty. Indeed, the Schro¨dinger equation
for the K50 exciton wave function, after averaging o
Hamiltonian Eq.~1! over the quantum confined electron a
hole eigenfunctions in thez direction, is reduced to an effec
tively one-dimensional~ID! equation

Hrcn,l z
~r!5En,l z

cn,l z
~r!,cn,l z

~r!5exp~ iw l z!fn,l z
~r!,

~9!

Hr52
\2

2m
¹r

21
e2B2

8mc2 r21
e\B

2c S 1

me
2

1

mhi
D l̂ z1V~r!,

~10!

V~r!5E dzeE dzhUeh~r,ze ,zh!z1
2~ze!j1

2~zh!, ~11!

@where m5(1/me11/mhi)21 is the reduced exciton mass#,
which can be easily integrated numerically. The general
tion of this procedure to a multilevel situation~e.g., for sev-
eral QW levels or for coupled double or triple QWs! will be
presented elsewhere.18

This approach~the numerical solution of the in-plan
magnetoexciton Schro¨dinger equation! produces the same re
sults ~with absolute accuracy better than 0.1 meV! for the
1s,...4s exciton binding energies as the previously repor
approaches in zero10 and in quantizing11 magnetic fields. It is
also applicable in the intermediate magnetic fields. Th
within the framework of the single approach it is possible
calculate the evolution of the exciton states in the wh
range of magnetic fields.
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B. Magnetoexciton transition and binding energies

The calculated magnetoexciton transition energies of
lowests andp states,\vns and\vnp, take the form of well
known fan diagrams and are illustrated in Fig. 1. The n
merical calculations were carried out forLQW55 nm
In0.18Ga0.82As/GaAs NSQWs, using the following param
eters: Ve52113 meV and Vh5275 meV, mez5mei

50.067, mhz50.35, mhi50.2, ande512.5. Left panel in
Fig. 1 displays the fans, calculated for two cap layer thic
nesses,Lcap520 and 4 nm, at zero electric fieldE50. Note
a small energy splitting between the 2s, 2p6 states atB
50, which is a consequence of the non-Coulombic form
the effective 2D exciton interaction, Eq.~11!.

It is seen that the decrease of the cap layer thickn
causes a strong blueshift of all transition energies,\vn . The
blueshift increases with the level number,n, and decreases
with increasing magnetic field. These changes can be s
better in the inset of Fig. 1, where we have shifted the c
culated Landau fan forLcap54 nm QW so that its 1s transi-
tion energy atB50 coincides with that forLcap520 nm QW.

The blueshift of magnetoexciton levels with decreas
Lcap is due to two different reasons. The first one is t
influence of the high vacuum potential barrier in a close
cinity of the QW. This barrier causes an additional~to the
QW! localization of electrons and holes. Hence, it enhan
the free electron and free hole energies with the decreas
Lcap.

19 This effect has a tunneling origin; we will call it a
‘‘tunneling blueshift.’’

The second reason for the blueshift is therepulsionbe-
tween charges and their self-images, accounted for by
termVself, Eq. ~3!. We will call this component of the shift a
‘‘dielectric blueshift.’’ For an electrically neutral exciton, th
dielectric blueshift is partly compensated by theattraction

FIG. 1. Landau fan diagrams of the NSQW magnetoexciton, calculated
Lcap520 and 4 nm~solid and dashed lines, respectively!. Dashed-dotted
lines in the inset are a redshifted fan diagram forLcap55 nm so that the 1s
transition energy coincides with that forLcap520 nm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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between the hole~electron! and the electron~hole! image
@the second term in Eq.~5!#. This attraction is just the exci
ton dielectric enhancement. It enhances the exciton bind
energies and thus reduces magnetoexciton blueshift with
decrease ofLcap.

Figure 2 shows the calculated dependences of\v1s

~thick solid curves!, in comparison with the dependences
the energy gap between zero Landau levels of the nonin
acting electron and hole,\v00 ~thin solid curves!, for B
50, 7, and 14 T atE50. To distinguish between the tunne
ing and dielectric parts of the blueshift of the 1s state, we
display in Fig. 2 as well the dependences\v1s and \v00

~thick and thin dashed lines, respectively!, calculated without
the terms, responsible for the interaction with the ima
charges, i.e., Eq.~3! and the second term in Eq.~5!. Physi-
cally, the corresponding Hamiltonian describes a sys
where vacuum is replaced by a dielectric with infinite inte
face potential barriers, but with the same dielectric cons
as in the semiconductor.

The difference between magnetoexciton transition en
gies\v1s , calculated with and without accounting for imag
charges, is much smaller than that for\v00. Moreover, as
the inset at the bottom panel of Fig. 2 shows, this differe
decreases withB at a fixedLcap. Thus, the 1s transition
energy blueshift has mainly the tunneling origin, and
small dielectric counterpart is further decreased with the
crease of the magnetic field.

FIG. 2. Dependences of the 1s transition energies,\v1s and\v1s,0 , on the
cap layer thickness,Lcap, calculated with and without accounting for th
interaction with images~thick solid and dashed lines, respectively!, at B
50, 7 and 14 T. Corresponding dependences of energy splittings bet
zero free electron and hole Landau levels~LLs!, \v00 ~of band gap in the
case ofB50!, are shown by thin solid and dashed lines. The inset disp
the magnetic field dependence of the dielectric blueshift,\v1s2\v1s,0 ,
calculated forLcap53 nm.
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Figure 3 compares the dielectric enhancement of bind
energy,E1s5u\v002\v1su, in the range ofLcap52–20 nm
at B50 and 14 T~thin and thick solid lines, respectively!. In
addition to a well known increase ofE1s in a magnetic field,
Fig. 3 shows as well thatE1s increases strongly with ap
proaching of the QW to vacuum.20 The latter dependence i
completely due to interaction with images. The calcula
E1s without allowing for image charges~shown in Fig. 3 by
dashed curves! does not depend markedly onLcap.

Thus the calculations show that the tunneling effect
fluences very weakly the exciton binding energy, but
causes a large 1s transition energy blueshift. In contrast, th
dielectric effect is responsible for the exciton enhanceme
but changes weakly 1s transition energy. Such a behavio
originates from the exciton electroneutrality. The smaller
in-plane size of the magnetoexciton, the better is the can
ling ~in the exciton transition energy! of the dielectric blue-
shift of \v00 by the redshift due to the enhanced bindi
energy. The squeezing of magnetoexcitons in a magn
field reduces the blueshift of exciton levels as shown in
inset in Fig. 2. As expected, the change of the transit
energy due to the dielectric effect is larger for higher, mo
extended, magnetoexciton states. These effects are cl
seen in Fig. 1, right panel. Thus, to measure the dielec
confinement effect, the evolution of inter-level splitting
Dn8n5En8s2Ens rather than the interband transition ene
gies has to be investigated.

One more reason why the investigation of inter-lev
magnetoexciton splittings is preferable is connected to
influence of the surface charge induced electric field, wh
may exist in NSQWs~see, e.g., Ref. 21!. The latter effect
increases when the QW approaches vacuum. We have c
lated the influence of the electric field on the magnetoexci
transition energies in NSQWs with strong vertical confin
ment, and have found that the perpendicular electric fi
E5(0,0,E) causes nearly the same Stark shifts of all low
lying magnetoexciton levels. This is illustrated in Fig.
where the change of the transition energiesEns2EnsuE50 ,
n51,2,3,4~top panel! and of the magnetoexciton level spli

en

s

FIG. 3. Dependences of 1s exciton binding energies,E1s5\v002\v1s , on
Lcap, calculated with and without accounting for the interaction with imag
~solid and dashed lines, respectively!, atB50 and 14 T~thin and thick lines,
respectively!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tings Dn12Dn1uE50 , n52,3,4 ~bottom panel! is shown as a
function of the electric fieldE up to 650 kV/cm ~which
corresponds to the SV interface charge density of'63
31011 cm22!. Figure 4 shows that the Stark shift of trans
tion energies is nearly one order of magnitude larger than
change of the inter-level splittings. This is not surprisi
because the electric field directly influences the QW confi
levels, whereas the effective in-planee-h interaction in the
QW exciton is changed only through the modification of t
QW wave functionsz1(ze), z1(zh).

For a QW in the bulk, the Stark shift is quadratic inE ,
because the exciton wave function has a definite parity un
inversionz→2z. In an NSQW this symmetry is broken, an
the Stark effect becomes linear in a weak electric field
shown in Fig. 4, because of nonzero dipole moment of
exciton in a NSQW, directed from the NSQW into the bu
The effect depends onLcap, and in principle can be used fo
experimental investigation of the magnitude and direction
the near-surface electric field.

Physically, this dipole moment appears because of re
sion of the electron and hole from their self-images, and a
consequence of electron and hole mass difference: hea
holes localize inside a NSQW under this repulsion at a lar
distance from the SV interface.~Note that without account
ing for images, a tunneling effect causes nonzero exc
dipole moment of theoppositedirection, from QW towards
the SV interface, because of vacuum barrier pushing ou
lighter electrons.!

Under a negative electric field~see Fig. 4!, which corre-
sponds to a negative net charge on the SV interface,
exciton dipole moment decreases. It comes through zer

FIG. 4. Calculated Stark shift of the magnetoexciton transition energ
\vns2\vnsuE50 , n51,2,3,4~top!, and the change of the inter-level spli
tings,Dn12Dn1uE50 , n52,3,4 ~bottom!, at B57 T andLcap55 nm.
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some magnitude of the electric field. Under positive elec
fields ~when the SV interface has a positive net charge!, the
exciton dipole moment grows up.

III. EXPERIMENT

A. Experimental setup

For the measurements we have chosen strai
InxGa12xAs/GaAs heterostructures withx;0.18 and a QW
thicknessLQW55 nm. At this thickness, there is only on
bound state in the conduction band. A stress induced s
ting of the valence band in the InGaAs layer exceeds
meV.12 Therefore any spectral features in this energy ran
are related to the excited states of the heavy-hole exc
(2s, etc!. The additional advantages of such QW structu
are~i! a strong~one order of magnitude! decrease ofe at the
SV interface, and~ii ! a large exciton radius (aB;80 Å). An
as grown sample withLcap520 nm was used as a referenc
After measuring photoluminescence~PL! and photolumines-
cence excitation~PLE! spectra, the cap layer was thinned b
etching. Two problems have to be solved in the etching p
cess, namely, one has to avoid surface defects and to a
cap layer thickness fluctuations~after the etching!. For ex-
ample, fluctuations of only about 2 ML atLcap53 nm result
in such a strong emission line broadening that PLE spect
copy becomes impossible. We have used dry etching by
Ar1-ion beam to remove the cap layer gradually. To avo
defect formation, low~500 eV! ion energy, low sample tem
perature~liquid nitrogen!, and a small angle between the io
beam and the sample surface~20°! have been used.22

Both PL and PLE spectra were recorded with the u
of a Ti-sapphire laser and a double grating monochroma
RAMANOR U1000 at 4.2 K. The sample was located in
helium cryostat with superconducting solenoid. The emiss
of the NSQW was excited and collected via the same qu
fiber with a diameter of 0.6 mm located just near~0.2 mm!
the sample surface. A cooled photomultiplier in the phot
counting mode has been used for the detection of the PL

B. PL and PLE spectra of the NSQW

Typical PL and PLE exciton spectra are displayed~by
dashed and solid curves, respectively! in Fig. 5 for NSQWs
with Lcap520, 5, and 3 nm and at several magnetic fie
B<14 T. Figures show that the etching of the cap layer
sults in a relatively small exciton line broadening indicati
a high surface quality. The PL spectrum consists of a sin
line corresponding to the recombination of excitons in t
ground state. At zero magnetic field the PLE spectra sh
two peaks associated with the 1s and 2s exciton transitions.
The small shift of the 1s exciton peak of about 1.5 meV to
higher energies in comparison to its energy in the PL sp
trum is connected with exciton localization effects.23 The
spectral shifts of the 1s exciton line in the PL and PLE
spectra for different cap layer thicknesses are very sim
which indicates a rather weak increase of localization effe
with decreasedLcap.

With increasing magnetic field the lines 1s and 2s move
to higher energies. AtB.3 T, we resolve new lines which
correspond to the higherns magnetoexciton states. Also, a

s,
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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high fields two additional weak lines become resolved in
spectral range between the 1s and 2s states. These line
seem to be due to the emission of 2p6 heavy-hole excitons
~see Sec. IV!. Figure 5 shows that the intensity of these lin
is very weak in the initial QW with 20-nm-thick cap laye
but increases strongly with cap layer etching.

The PLE spectra in Fig. 5 allow us to measure the m
netoexciton transition energies in the ground and exc
states at differentLcap. We will discuss these data and com
pare it with the theoretical results in the next section.

IV. DIELECTRIC ENHANCEMENT OF EXCITONS:
RESULTS AND DISCUSSION

The transition energies measured in the NSQW with
subsequent etching of the cap layer are displayed in Fi
for Lcap520, 5, and 3 nm as functions of the magnetic fie
The decrease ofLcap does not qualitatively change the b
havior of exciton transition energies. This is in agreem
with the calculations~see Sec. II B above!. For all transi-
tions, the blueshift increases with reducing cap layer thi
ness at any fixed magnetic field.

Comparison of experiment and calculations in Fig.
shows that the blueshift is smaller than calculated atE50 by
several meV for NSQWs with smallerLcap55 and 3 nm.
~Dotted curves in Fig. 6 show the 1s and 2s transition ener-
gies, calculated for smaller cap thicknesses in vanishing e
tric field.! This disagreement can be removed if we supp
that at smallLcap the QW is influenced by an electric fiel
induced by the surface charge. The calculated Landau
for the NSQWs withLcap520 nm (E50) and withLcap55
and 3 nm (E550 kV/cm) are shown in Fig. 6 by solid lines
They are in good agreement with the experiment. The fi
E550 kV/cm corresponds to a positive surface charge d

FIG. 5. PL ~dashed lines! and PLE~solid lines! magnetoexciton spectra
measured in NSQWs withLcap520, 5, and 3 nm.
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sity ;331011 ueu/cm2. This magnitude and direction of th
electric field are consistent with those obtained in Ref. 2

However, the difference between the measured and
culated atE50 blueshift can be ascribed as well to an err
in the measurements of the cap layer thickness. Figur
right panel, demonstrates that the experimental results for

FIG. 6. Measured~dots! and calculated~solid lines! Landau fan diagrams
for magnetoexcitons in NSQWs withLcap520, 5, and 3 nm. The theoretica
curves for Lcap55 and 3 nm are calculated for the electric fie
E5150 kV/cm, corresponding to a positive charge on the SV interfa
'331011 e/cm2. The dotted curves~in the central and right panels! show
the positions of the 1s and 2s levels in vanishing electric field.

FIG. 7. Measured and calculated Landau fan diagrams for magnetoexc
in NSQWs withLcap520 nm ~left panel!. Measured Landau fan diagram
for magnetoexcitons in NSQWs withLcap53 nm, and calculated fans fo
Lcap54 nm ~right panel!. The theoretical curves are calculated with a
without accounting for interaction with images~solid and dashed lines
respectively!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



t

th

a
te
e

f
W

er
ve
1

tr
flu
le

s
p
en
f t

dd

l
a
ri
t
e
ri
e

c

gh

d
e

a
di
it
an

at

e

tic
ts

the
ase

s
l-
t to
tita-
t in

ag-
c-

ated

ea-

d

5416 J. Appl. Phys., Vol. 83, No. 10, 15 May 1998 Gippius et al.
NSQW with Lcap53 nm ~dots! are well described withou
any near-surface electric field if one suggests thatLcap is 4
rather than 3 nm~solid lines!. This is not far from the esti-
mated accuracy in the measurements ofLcap. Thus, addi-
tional experiments are necessary to prove the role of
near-surface electric field.

In Figs. 6 and 7 the calculated 2p6 exciton transition
energies are also shown, in order to compare with the d
for additional experimentally resolved lines. These sta
which are nominally optically inactive in ideal QWs in th
bulk, may become optically active in NSQWs~with inher-
ently broken inversion symmetry!, due to the admixture o
light hole 1s-exciton components in the same lowest NSQ
subbands. Such light hole-heavy hole exciton mixing in
perpendicular to a QW electric field, which breaks the inv
sion symmetry, has been considered in Ref. 24. Howe
only 2p2 state may contain such an admixture of thes
light hole component.

Another possible reason may be the axial symme
breaking presumably caused by the cap layer thickness
tuations and/or in-plane components of the near-surface e
tric field. This mechanism makes both the 2p2 as well as
2p1 transitions. Figure 5 shows that the intensity of the
lines is very weak in the initial QW with 20-nm-thick ca
layer but increases strongly with cap layer etching. This
hancement may be caused by the increasing influence o
SV interface roughness.

From Figs. 6 and 7 it is seen that the theoretical 2p6

curves do not describe the experimental data for the a
tional lines in high magnetic fields. An increased~with the
decreasingLcap! discrepancy for dipole forbidden optica
transitions forp states can be connected with the fact th
these transitions become allowed probably due to scatte
on the fluctuations of the SV surface and hence occur aK
Þ0. Note that the p magnetoexcitons have negativ
dispersion.25 Therefore the difference between the expe
ment and calculations forp states in Figs. 6 and 7 could b
partly due to the neglected mixing of states with a finiteK .

However, the most striking feature of the observed ex
ton spectra for smaller cap layers~see Figs. 6 and 7! is that
the splitting between the 2p2 and 1s states decreasesin high
magnetic fieldwith increasingB. Theoretically, this splitting
should increase withB as

e\B

mhic
1E1s~B!2E2p2~B!.

For example, for a strictly 2D magnetoexciton in the hi
magnetic field limit25

E1s~B!5Ap

2

e2

e l B
[E0;AB, E2p2~B!50.5E0 .

At the present moment this discrepancy is not understoo
We turn now to the discussion of the dielectric confin

ment effect. The effect increases with the reducingLcap.
This is seen from the comparison between left and right p
els of Fig. 7, where dashed lines show the Landau fan
grams, calculated without accounting for the interaction w
images. The left panel in Fig. 8 displays the measured
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calculated dependences of the 2s21s energy splitting,D21,
as a function ofLcapfor B50, 7, and 14 T. It can be seen th
at 0 and 7 T the measured 2s21s splitting ~dots! coincides
14 T. It can be seen that at 0 and 7 T the measured 2s21s
splitting ~dots! coincides with calculations, allowing for th
interaction with images~solid lines!. As expected, the split-
ting increases strongly with the decrease ofLcap, and the
magnitude of this increase falls down with the magne
field. The comparison in Fig. 8 of the experimental poin
with the dashed lines, calculated without accounting for
dielectric confinement effect, shows clearly that the incre
of D21 with reducingLcap has the dielectric origin.

The measured 2s21s splitting at 14 T as well decrease
with the increase ofLcap in a qualitative agreement with ca
culations. However, the measured values at 14 T turn ou
be markedly smaller than the calculated ones. This quan
tive discrepancy seems to be connected with the fact tha
our calculations we neglect the heavy-hole–light-hole m
netoexcitons interaction. The contribution from this intera
tion at 14 T can be essential because the 2s21s splitting
becomes close to the splitting of the 1s light and heavy-hole
excitons~cf. Fig. 5!.

Figure 8 also compares the measured and calcul
magnetic field dependences of the 3s21s and 2s21s en-

FIG. 8. Measured~dots! and calculated~lines! evolution of 2s21s energy
splitting, D21 , with Lcap, at B50, 7, and 14 T~left panel!. Solid lines show
theory with accounting for images, and dashed lines without images. M
sured~dots and boxes! and calculated~lines! evolution of 3s21s and 2s
21s energy splitting withB, for Lcap55 and 20 nm~right panel, bottom!.
The experimental data forLcap55 and 20 nm are shown by open and fille
symbols, respectively. The evolution of the differenceD21uLcap55 nm

2D21u20 nm with B is shown in the inset~right panel, top!.
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ergy splittings,D31 and D21 ~right panel, bottom!. The ex-
perimental values are shown by filled dots and boxes
Lcap520 nm, and by open dots and boxes forLcap55 nm.
The calculated curves are shown by solid and dashed l
for calculations with and without accounting for images,
spectively. The dashed curves for NSQWs withLcap55 and
20 nm coincide because the splitting is nearly independen
Lcap if the interaction with images is neglected. In contra
the experiment demonstrates a well pronounced chang
2s21s splitting with Lcap. It is seen that the magnetic fiel
dependence of this splitting is in good agreement with
theoretical predictions when the charge images are taken
account. To illustrate the influence of magnetic field on
effect of the dielectric enhancement, we compare in Fig
right panel~top!, the measured and calculated difference
the 2s21s energy splitting betweenLcap520 and 5 nm,
D21uLcap55 nm2D21uLcap520 nm, at B<14 T. The figure shows
that this difference falls down with the magnetic field,
discussed in Sec. II B. This effect originates from the
plane squeezing of the magnetoexciton wave function. Ag
the calculated curve is in agreement with the experimen

V. CONCLUSIONS

In conclusion, the magnetoexciton transition energ
binding energies, and wave functions in InGaAs/GaAs ne
surface quantum wells have been calculated in low and qu
tizing magnetic fields with taking into account for vacuu
induced modifications of the electron-hole Hamiltonia
namely,~i! a high potential barrier and~ii ! the image-charge
caused modification of the Coulomb interaction. The pho
luminescence excitation studies of excitons have been u
to measure the splitting between the ground and the exc
magnetoexciton states in a wide range of magnetic fields
function of the cap layer thickness. A good quantitati
agreement has been found between experiment and th
both for the ground and exciteds states. This has allowed u
to separate the contributions due to the high potential ba
and due to the image-charge-caused modification of the C
lomb interaction and to investigate these contributions in
tail. We have demonstrated theoretically and experiment
the strong dielectric enhancement of magnetoexcitons
NSQWs.
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