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The exciton transition and binding energies have been investigated in near-surface InGaAs/GaAs
guantum wells theoretically and experimentallyy photoluminescence and photoluminescence
excitation spectroscopy at 4.2) KThe 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 engkgjeshut nearly not to
influence their binding energiel,, . In contrast, the image chargesaused by the abrupt, one order

of magnitude, decrease of the dielectric constant at the semiconductor-vacuum intedddy the
Coulomb interaction and lead to the increase of b#h), andE,,. 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. €98 American Institute of Physics.
[S0021-897€98)01910-7

I. INTRODUCTION structures allows one to fabricate such structures with well
defined both InGaAs QW and GaAs cap layer thicknesses.

It has been predicted that ex_cnons_m harrow semicon- Second, both the ground and excited exciton state energies
ductor layers surrounded by a dielectric of a smaller dielec-

: 2 ) %an be measured in available high quality structures with an
tric constant have to be significantly enhanced. This effecaccurac roviding a quantitative comparison with theoreti-
originates from the modification of the electron-hok i) y P gaq P

) . ) . : cal calculations. Third, the excitons in these structures are
interaction by the images induced by the interfaces betwee . . ; .

) ! ; . ) ; - “large in comparison to a lattice constant and can be quanti-
materials with different dielectric constants. This effect is

referred to as the dielectric enhancement of excitons. It hatsatlve'y described in the Wannier—Mott approximation. In

been extensively discussed theoreticAiiywhereas the ex- addition, for more detailed studies of the exciton dielectric

perimental study of this effect has met a problem of afabri_conflnement in_such structures,one can apply an external

cation of suitable very narroviof a few nn) semiconductor .magnet.ic fie!d. The magnetic field mgdifies the effec.tisza
layers in the dielectric environment. The experimental Stud};nteractmn via the changg Of _the exciton wave f.unctlo.ns and
of the exciton dielectric enhancement has been undertaken mereby Opens new pQSS|b|I|t|es to study the dielectric con-
thin CdTe films on a dielectric substrdtén self-organized !inement effect in detail. _ _
Pbl based semiconductor/insulator superlattices, quantum !N the present article we have carried out a systematic
wells (QWS), wires, and doté,and in near surface InGaAs/ experimental and thgoretlcal study of the effect of image
GaAs quantum wellNSQWS, i.e., InGaAs QWs separated charges on the exciton prppertles in the InGaAS/GaAs
from vacuum by a thin(3-20 nm GaAs cap (barriey ~ NSQWs with cap layer thickness, co;=3-20 nm. The
layer'®1 However, very complicated absorption spectra,theory of NSQWs excitons hgs been .developed_ aIIovylng to
measured in Ref. 8, and smabnly of the order of few calculate the ground and excited exciton energies with and
interatomic distancesxciton sizes in Pbl based structufes, Without taking into account image charges at the
did not allow one to carry out systematic studies of the exSe€miconductor-vacuuri&V) interface both for zero and non-
citon dielectric enhancement in such semiconductor-insulatof€ro magnetic fields. This theory includes the previously
structures. Up to date the most promising structures for deconsidered limits of zerd and strong* magnetic fields, and
tailed experimental investigation of the exciton dielectric en-it is able to describe the intermediate magnetic field regime.
hancement seem to be the NSQWs. First, a well developeldd this work we have considerest as well asp-excitonic
technique of growing and etching of InGaAs/GaAs QW states, and studied the effect of a near-surface perpendicular
electric field. The exciton transition energies for the ground
and several excited states have been measured in a wide

dpresent address: Technische Physik, Univdrsitdirzburg, D-97074

Wiirzburg, Germany. range of magnetic figldlsz 0-14T wﬁth the use of the pho-
YElectronic mail: gippius@wpfx32.physik.uni-wuerzburg.de toluminescence excitatioiPLE) technique. Finally, we have
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analyzed the observed evolution of teexciton transition e? 1
energies with increasing magnetic field and decreasing cap Ug(p,Ze,2n)=— — —_—
layer thickness. Such an analysis has allowed us to separate € [Np*+(ze—2zn)
the effect ons-excitonic states of the high vacuum potential 1 1

barrier from that of the image charges and to carry out the +
detailed study of the dielectric enhancement effect. €+l Jp?+(ze+2y)?
The article is organized as follows. In Sec. Il the theo-

retical model for magnetoexcitons in NSQWs is presentedt_akes into account, in addition to the Coulomb interaction
In Sec. Il the experimental methods are described. In Sedetween the electron and hole, the attraction of the electron
IV we present the theoretical and experimental data and thetf the hole image, and of the hole to the electron image.
comparison. In order to solve the quantum-mechanical problem of the
magnetoexciton in a NSQW, one can diagonalize numeri-
cally the matrix of the Coulomb potentigh) on the basis of
noninteracting two-particle states of Hamiltonibiy. Such

Il. THEORY an approach, when the expansion is performed in Landau
A. Model equations levels (LLs), has been used previously in the problem of

We consider strained InGaAs NSQWs with GaAs barrl—guri?gtr\:\glg']crlg?;;c;nz:sixgt;n;‘;n coupled double Qs
ers. The light—heavy hole splitting in such QWs is strongly Assuming a strong verticél duantization in the QW po-
enhanced due to the straisee, e.g., Ref. 12therefore we tentialsV(z;), j=e,h, the wave functions of optically ac-
can neglect the split-off light-hole band and consider OnIyt|ve K= O s excitons(with the angular momentum projection
heavy-hole magnetoexcitons in a rather wide range of ener: ihe relativee-h motion | _—0) take the form
gies. In this approximation, the NSQW electron-hole Hamil-

tonian in the magnetic fiel@=(0,0B) takes the form

©)

i[pXR];
‘I’Ko,s(re:rh):exl{ 22 01(2e)€1(2n)
H:HeZ+HhZ+H2D+UehEHO+Ueh' (1)
Here X2 A dnn(p), (6)
n
12 52
Hj,=— me 2+V(z)+Vse"(z) j=e,h. (2) where K is the conserved magnetic center-of-mass
]z

momentum->1® 7, and ¢£; are the ground state eigenfunc-
tions of Hamiltonians H,, and H,,, respectively, |z
=(hc/eB)Y? is the magnetic length, R=(mgpe
+Mypn)/ M, M=mg +my,

The band-offset potentials aNj=> (j=e,h) in vacuum
(z<0), V¢ and V,, inside the InGaAs QW I(5;<Z<Lcap
+Low), andV;=0 in the barrier GaAs layersn,, and my,
are the electron and heavy hole effective masses, respec-

tively. The potential ! p’ p’
' $nnlP)= (5 2y bal 57 | &XF 42
e—1| 1
Vsei( 2)= 7¢ (E+1 2 (3)  andL,(x) is the Laguerre polynomiah=0,1,... .

As the experiments shoysee Sec. Il, additional tran-
sitions are resolved, which can be ascribed to nominally op-
tically inactive 20 heavy-hole excnon$see Sec. IV be-
low). The wave functions of, e.gk =0 p* excitons(with
|,=*1) can be written in forms similar to Eq6) (see also

(where € is the dielectric constant of the semicondugtor
takes into account the repulsion of the charge from its self:
image; we neglect a small difference between in

In,Ga _,As and GaAs. This approach can be modified to ?

account for an electric field along tlzeaxis, = (0,0,5), by Ref. 17
additional terms in Eq(2), +(—)e#z.(h). i[pxR],
Hamiltonian H,p describes the two-dimensioné2D) Wy _op+ (e lh) =€X )g (20)é4(2p)
motion of a freee-h pair in the magnetic field K=0p7iierth 2|2 1ol
e |2 x (")
Hoom (_iwp +_Ae) 3 AP buanlp), @
2mg e C
1 _ e \? i[pxR],
T omy | T VT A @ Wi-op-(TeuTn) =X~ | £1(2e)£x(20)
where A;j=3Bxp; is the vector potential in the symmetric xS AP b (p) ®)
n n+ ’

gauge,p Pe—pPn=(Xy), andr;=(p;,z;). We neglect also
a small mass difference in the well and barrier layers. The
potential where
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bnr1n(p)=dy n+1(P)*
B 1
~ (27l52[n+1])*?

2
p
XeX[{ Hg
é, (p) are the factored wave functions in a magnetic field,
the quantum numbenms andn’ correspond to the electron
and hole Landau level numbers, respectively; the angular
momentum projectioth,=n—n’. 9
The expansion in Landau levels converges rapidly in 1420} ¥
high magnetic field$g /agemn) < 1[ageny = €%2/Me(ny€2]. In
the limitlg/ageny<1, thel,=0 excitonic states labeleds-
ing the 2D hydrogenic notatiopss, n=1,2,..., are predomi-
nantly formed by the orbitaty, 1,_1(p) in then—1 elec-
tron and hole Landau levels. Similarly, the= +1 excitonic 1400
states labeledip* [andnp~] are formed predominantly by
the orbitalse, ,_1(p) [and ¢,_1 n(p), respectively, i.e., in Magnetic field (T)
the n[n—1] _ele,Ctron anch—1[n] hole Landau levels. At FIG. 1. Landau fan diagrams of the NSQW magnetoexciton, calculated for
low magnetic fields, a number of other Landau levels arq_cap=20 and 4 nm(solid and dashed lines, respectivelfpashed-dotted
admixed due to the Coulomé-h interaction. Taking into lines in the inset are a redshifted fan diagramlfgg,=5 nm so that the 4
account of up to 36 Landau level orbitals, ,,(p), we have transition energy coincides with that fog,,;=20 nm.
numerically treated in Ref. 11 the problem of magnetoexci-
tons in InGaAs/GaAs NSQWs with reasonable accuracy at
B>3T. B. Magnetoexciton transition and binding energies
Such an approach cannot be used at lower magnetic
fields, because the number of Landau levels to be taken into  The calculated magnetoexciton transition energies of the
account to achieve the needed accuracy increases rapidlylowests andp statesfi w,s andfiwp, take the form of well
In the regime of strong QW confinement, it is possible toknown fan diagrams and are illustrated in Fig. 1. The nu-
overcome this difficulty. Indeed, the Sckiinger equation merical calculations were carried out fokgy=5nm
for the K=0 exciton wave function, after averaging of INo.16Ga gAS/GaAs NSQWs, using the following param-
Hamiltonian Eq.(1) over the quantum confined electron and eters: Ve=—113meV and V,=—-75meV, mg,=m

hole eigenfunctions in the direction, is reduced to an effec- =0.067, m,=0.35, m,=0.2, ande=12.5. Left panel in
tively one-dimensionallD) equation Fig. 1 displays the fans, calculated for two cap layer thick-

_ nessesl ;=20 and 4 nm, at zero electric field=0. Note
Hotn1 (P)=En 1, tn 1 (P) ¥n 1 (P)=expliel,) ¢ (p),  a small energy splitting between thes,22p* states a3

2
L%(‘)_) 1460 |

E

Energy(meV)

11420

1400

9) =0, which is a consequence of the non-Coulombic form of
2 252 the effective 2D exciton interaction, E¢L1).
fic _, eB enB [ 1 1\ : .
Hy=—5—V2+ 5 p2+ —|1,+V(p), It is seen that the decrease of the cap layer thickness
2 8uc 2¢c \me My causes a strong blueshift of all transition energtes, . The

blueshift increases with the level number, and decreases
with increasing magnetic field. These changes can be seen
V(p)=f dzef dz\U e 0,26, 21) £2(26) £2(21), (1) better in the inset of Fig. 1, where we have shifted the cal-
culated Landau fan fol ;o=4 nm QW so that its & transi-
[where u = (1/m¢+ 1/my,) ! is the reduced exciton mdss tion energy aB=0 coincides with that foL ca=20 Nnm QW.
which can be easily integrated numerically. The generaliza- The blueshift of magnetoexciton levels with decreasing
tion of this procedure to a multilevel situatide.g., for sev- L., is due to two different reasons. The first one is the
eral QW levels or for coupled double or triple QWisill be  influence of the high vacuum potential barrier in a close vi-
presented elsewhet. cinity of the QW. This barrier causes an additiorta the
This approach(the numerical solution of the in-plane QW) localization of electrons and holes. Hence, it enhances
magnetoexciton Schdinger equationproduces the same re- the free electron and free hole energies with the decrease of
sults (with absolute accuracy better than 0.1 mefar the Lcap.19 This effect has a tunneling origin; we will call it a
1s,...4s exciton binding energies as the previously reported‘tunneling blueshift.”
approaches in zet®and in quantizing* magnetic fields. It is The second reason for the blueshift is tiepulsionbe-
also applicable in the intermediate magnetic fields. Thustween charges and their self-images, accounted for by the
within the framework of the single approach it is possible totermV.;, EQ.(3). We will call this component of the shift a
calculate the evolution of the exciton states in the whol€‘dielectric blueshift.” For an electrically neutral exciton, the
range of magnetic fields. dielectric blueshift is partly compensated by tatraction
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0 5 10 15 respectively.

M tic field
1a20f agnetic field (T)

1400 Figure 3 compares the dielectric enhancement of binding
energy,E;=|hwg— w14, in the range ol .,=2-20 nm
atB=0 and 14 T(thin and thick solid lines, respectivelyin

FIG. 2. Dependences of thes fransition energiesi w5 andfiwyo, on the addition to a well known increase &, in a magnetic field,
cap layer thickness, ., calculated with and without accounting for the Fig. 3 shows as well thaE, increases strongly with ap-
interaction with imagesthick solid and dashed lines, respectivelgat B proaching of the QW to vacuufi.The latter dependence is
=0, 7 and 14 T. Corresponding dependences of energy splittings betweeébmp|ete|y due to interaction with images. The calculated

zero free electron and hole Landau levélss), fiwq, (of band gap in the . . . . .
case ofB=0), are shown by thin solid and dashed lines. The inset displaysEls without allowing for image chargeshown in Fig. 3 by

the magnetic field dependence of the dielectric blueshifiys—# w150, dashed curvgsdoes not depend markedly angy,.
calculated forl co=3 nm. Thus the calculations show that the tunneling effect in-
fluences very weakly the exciton binding energy, but it
causes a largesltransition energy blueshift. In contrast, the
between the holdelectron) and the electror(hole) image  dielectric effect is responsible for the exciton enhancement,
[the second term in Ed5)]. This attraction is just the exci- but changes weakly sltransition energy. Such a behavior
ton dielectric enhancement. It enhances the exciton bindingriginates from the exciton electroneutrality. The smaller the
energies and thus reduces magnetoexciton blueshift with the-plane size of the magnetoexciton, the better is the cancel-
decrease OL ., ling (in the exciton transition eneryywf the dielectric blue-
Figure 2 shows the calculated dependencesiof;  shift of Zwg, by the redshift due to the enhanced binding
(thick solid curveg in comparison with the dependences of energy. The squeezing of magnetoexcitons in a magnetic
the energy gap between zero Landau levels of the nonintefield reduces the blueshift of exciton levels as shown in the
acting electron and hole} wq (thin solid curvey for B inset in Fig. 2. As expected, the change of the transition
=0, 7, and 14 T a&=0. To distinguish between the tunnel- energy due to the dielectric effect is larger for higher, more
ing and dielectric parts of the blueshift of the $tate, we extended, magnetoexciton states. These effects are clearly
display in Fig. 2 as well the dependenck® s and%wyy  seen in Fig. 1, right panel. Thus, to measure the dielectric
(thick and thin dashed lines, respectivelyalculated without confinement effect, the evolution of inter-level splittings,
the terms, responsible for the interaction with the imageA, ,=E, s—E,s rather than the interband transition ener-
charges, i.e., Eq3) and the second term in E¢). Physi- gies has to be investigated.
cally, the corresponding Hamiltonian describes a system One more reason why the investigation of inter-level
where vacuum is replaced by a dielectric with infinite inter-magnetoexciton splittings is preferable is connected to an
face potential barriers, but with the same dielectric constaninfluence of the surface charge induced electric field, which
as in the semiconductor. may exist in NSQWsgsee, e.g., Ref. 21 The latter effect
The difference between magnetoexciton transition enerincreases when the QW approaches vacuum. We have calcu-
giesfiwqg, calculated with and without accounting for image lated the influence of the electric field on the magnetoexciton
charges, is much smaller than that fow,,. Moreover, as transition energies in NSQWSs with strong vertical confine-
the inset at the bottom panel of Fig. 2 shows, this differencenent, and have found that the perpendicular electric field
decreases wittB at a fixedL ,,. Thus, the  transition  #£=(0,0,%) causes nearly the same Stark shifts of all lower-
energy blueshift has mainly the tunneling origin, and itslying magnetoexciton levels. This is illustrated in Fig. 4,
small dielectric counterpart is further decreased with the inwhere the change of the transition energ&s—E, o »—o,
crease of the magnetic field. n=1,2,3,4(top panel and of the magnetoexciton level split-

0 5 10 15 20
Cap layer thickness (nm)

Downloaded 10 Jan 2003 to 128.205.17.59. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



5414 J. Appl. Phys., Vol. 83, No. 10, 15 May 1998 Gippius et al.

' ' " ' some magnitude of the electric field. Under positive electric
0 e fields (when the SV interface has a positive net chargfee

/ \\ exciton dipole moment grows up.

N lll. EXPERIMENT

—18 A A. Experimental setup

s

......... 28 Lcap=5nm \\ For the measurements we have chosen strained
. In,Ga _,As/GaAs heterostructures with~0.18 and a QW
“““““ 43 B=7T ‘*{;‘ thicknessL qw=5 nm. At this thickness, there is only one
bound state in the conduction band. A stress induced split-
ting of the valence band in the InGaAs layer exceeds 40
s meV 12 Therefore any spectral features in this energy range
are related to the excited states of the heavy-hole exciton
(2s, etg. The additional advantages of such QW structures
are(i) a strong(one order of magnitudalecrease o€ at the
SV interface, andii) a large exciton radiusag~80 A). An
as grown sample with .,=20 nm was used as a reference.
After measuring photoluminesceng@l) and photolumines-
q cence excitatiofPLE) spectra, the cap layer was thinned by
044 i ' etching. Two problems have to be solved in the etching pro-
-40 -20 0 20 40 cess, namely, one has to avoid surface defects and to avoid
Electric Field (kV/cm) cap layer thickness fluctuatiofafter the etching For ex-
ample, fluctuations of only about 2 ML &t ,,=3 nm result
in such a strong emission line broadening that PLE spectros-
copy becomes impossible. We have used dry etching by an
Ar*-ion beam to remove the cap layer gradually. To avoid
defect formation, low(500 eV} ion energy, low sample tem-
perature(liquid nitrogen, and a small angle between the ion
beam and the sample surfa@®°) have been used.

Both PL and PLE spectra were recorded with the use
of a Ti-sapphire laser and a double grating monochromator
RAMANOR U1000 at 4.2 K. The sample was located in a
ﬁelium cryostat with superconducting solenoid. The emission

f the NSQW was excited and collected via the same quartz
iber with a diameter of 0.6 mm located just né@r2 mm
the sample surface. A cooled photomultiplier in the photon
counting mode has been used for the detection of the PL.

'
N

o
o
7

Energy shift (meV)

FIG. 4. Calculated Stark shift of the magnetoexciton transition energies
fhons—hond -0, N=1,2,3,4(top), and the change of the inter-level split-
tings, Apy— Anil -9, N=2,3,4 (bottom), atB=7 T andL ;5,=5 nm.

tings A1 —Apil =0, N=2,3,4 (bottom panelis shown as a
function of the electric field” up to =50 kV/cm (which
corresponds to the SV interface charge density~of 3
X 10t cm™2). Figure 4 shows that the Stark shift of transi-
tion energies is nearly one order of magnitude larger than th
change of the inter-level splittings. This is not surprising
because the electric field directly influences the QW confine
levels, whereas the effective in-plareh interaction in the
QW exciton is changed only through the modification of the
QW wave functiong1(zo), {1(zp)-

For a QW in the bulk, the Stark shift is quadraticn
because the exciton wave function has a definite parity undeBr' PL and PLE spectra of the NSQW
inversionz— —z. In an NSQW this symmetry is broken, and Typical PL and PLE exciton spectra are displayéegt
the Stark effect becomes linear in a weak electric field aslashed and solid curves, respectiyety Fig. 5 for NSQWs
shown in Fig. 4, because of nonzero dipole moment of thevith L ,,=20, 5, and 3 nm and at several magnetic fields
exciton in a NSQW, directed from the NSQW into the bulk. B<14 T. Figures show that the etching of the cap layer re-
The effect depends dn.,,, and in principle can be used for sults in a relatively small exciton line broadening indicating
experimental investigation of the magnitude and direction ofa high surface quality. The PL spectrum consists of a single
the near-surface electric field. line corresponding to the recombination of excitons in the

Physically, this dipole moment appears because of repulground state. At zero magnetic field the PLE spectra show
sion of the electron and hole from their self-images, and as &awo peaks associated with tha and X exciton transitions.
consequence of electron and hole mass difference: heavidhe small shift of the & exciton peak of about 1.5 meV to
holes localize inside a NSQW under this repulsion at a largehigher energies in comparison to its energy in the PL spec-
distance from the SV interfacéNote that without account- trum is connected with exciton localization effeétsThe
ing for images, a tunneling effect causes nonzero excitospectral shifts of the 4 exciton line in the PL and PLE
dipole moment of theppositedirection, from QW towards spectra for different cap layer thicknesses are very similar
the SV interface, because of vacuum barrier pushing out ofvhich indicates a rather weak increase of localization effects
lighter electrong. with decreased. ...

Under a negative electric fieldee Fig. 4, which corre- With increasing magnetic field the lines And s move
sponds to a negative net charge on the SV interface, th higher energies. AB>3 T, we resolve new lines which
exciton dipole moment decreases. It comes through zero abrrespond to the highers magnetoexciton states. Also, at
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- FIG. 6. Measureddots and calculatedsolid lineg Landau fan diagrams
; 1s(lh) , 1s(ih) 1s(ih) oT for magnetoexcitons in NSQWs with,,= 20, 5, and 3 nm. The theoretical
MOT ,:MOT ,(.\/'\—_A... curves for L,,,=5 and 3 nm are calculated for the electric field
140 145 150 140 145 150 140 145 150 #=+50 kV/cm, corresponding to a positive charge on the SV interface
Energy (eV) ~3x% 10" e/cm?. The dotted curveséin the central and right panglshow
the positions of the 4 and X levels in vanishing electric field.

FIG. 5. PL (dashed linesand PLE(solid lineg magnetoexciton spectra,
measured in NSQWs with .= 20, 5, and 3 nm.

sity ~3x 10" |e|/cm?. This magnitude and direction of the
electric field are consistent with those obtained in Ref. 21.

high fields two additional weak lines become resolved in the .
. However, the difference between the measured and cal-
spectral range between thes and X states. These lines o . .
culated at#=0 blueshift can be ascribed as well to an error

seem to be due to the emission g 2heavy-hole excitons in the measurements of the cap layer thickness. Figure 7,

(see Sec. V. Figure 5 shows that the intensity of these lines . .
is very weak in the initial QW with 20-nm-thick cap layer right panel, demonstrates that the experimental results for the

but increases strongly with cap layer etching.

The PLE spectra in Fig. 5 allow us to measure the mag-
netoexciton transition energies in the ground and excited
states at different .,,. We will discuss these data and com-
pare it with the theoretical results in the next section. 14801

1460

IV. DIELECTRIC ENHANCEMENT OF EXCITONS:
RESULTS AND DISCUSSION

The transition energies measured in the NSQW with the
subsequent etching of the cap layer are displayed in Fig. 6
for Lcap=20, 5, and 3 nm as functions of the magnetic field.
The decrease of .5, does not qualitatively change the be-
havior of exciton transition energies. This is in agreement
with the calculationgsee Sec. Il B abovye For all transi-
tions, the blueshift increases with reducing cap layer thick- 14204
ness at any fixed magnetic field.

Comparison of experiment and calculations in Fig. 6
shows that the blueshift is smaller than calculated=at0 by
several meV for NSQWs with smalldr.,;=5 and 3 nm.
(Dotted curves in Fig. 6 show thesland 2 transition ener- 5
gies, calculated for smaller cap thicknesses in vanishing elec- 1400 0 5 10 0 4 10 1400
tric field.) This disagreement can be removed if we suppose Magnetic field (T)
that at smallL .., the QW is influenced by an electric field
induced by the surface charge. The calculated Landau far®G. 7. Measured and calculated Landau fan diagrams for magnetoexcitons
for the NSQWs WitthaPZZO nm (¢=0) and with Lcap:5 in NSQWs with_Lcap:_ZO nm (left pa_ne). Measured Landau fan diagrams
and 3 nm ¢=50 kV/cm) are shown in Fig. 6 by solid lines. for Tagnetogxcnons in NSQWs wn];cap:S nm, and calculated far_ls for

. . . ) cap=4 Nm (right pane). The theoretical curves are calculated with and
They are in good agreement with the experiment. The fieldiithout accounting for interaction with imagesolid and dashed lines,
#=50kV/cm corresponds to a positive surface charge denrespectively.
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S
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NSQW with L,;=3 nm (dotg are well described without 14F
any near-surface electric field if one suggests thap is 4
rather than 3 nn{solid lineg. This is not far from the esti-
mated accuracy in the measurementsLgf,. Thus, addi- 10t
tional experiments are necessary to prove the role of the
near-surface electric field.

In Figs. 6 and 7 the calculatedp? exciton transition 6

energies are also shown, in order to compare with the data
for additional experimentally resolved lines. These states, 26l
which are nominally optically inactive in ideal QWs in the < 6ol
bulk, may become optically active in NSQWwith inher- ag’ 24r
ently broken inversion symmetrydue to the admixture of . 2l sol
light hole 1s-exciton components in the same lowest NSQW %
subbands. Such light hole-heavy hole exciton mixing in a \§ 20f_*® 5;23;“"‘
perpendicular to a QW electric field, which breaks the inver- 15| ---- Theory, noimages | [
sion symmetry, has been considered in Ref. 24. However, S —
only 2p~ state may contain such an admixture of the 1 431 B=14T | 30T
light hole component. ml

Another possible reason may be the axial symmetry 20}

breaking presumably caused by the cap layer thickness fluc- 39 ’"%: """""""
tuations and/or in-plane components of the near-surface elec- % { 10l ©
tric field. This mechanism makes both the@ 2 as well as 371

2p™ transitions. Figure 5 shows that the intensity of these <] SN N . . .
lines is very weak in the initial QW with 20-nm-thick cap 0 5 10 15 20 0 5 10 15
layer but increases strongly with cap Iayer' etghing. This en- Cap layer thickness (nm) Magnetic field (T)
hancement may be caused by the increasing influence of the

SV interface roughness. FIG. 8. Measureddots and calculatedlines) evolution of Z— 1s energy

From Figs. 6 and 7 it is seen that the theoretichZ splitting, Ay, with L¢,p,, atB=0, 7, and 14 Tleft pane). Solid lines show

. . theory with accounting for images, and dashed lines without images. Mea-
curves do not describe the eXpenmental data for the a‘ddgured(dots and boxegsand calculatedlines) evolution of 3—1s and X

tional Iir!es in high magnetic ﬁelds-. An incre{:ISéWiith th? —1s energy splitting withB, for L.,;=5 and 20 nnright panel, bottorn
decreasinglL.,) discrepancy for dipole forbidden optical The experimental data fdr.,;=5 and 20 nm are shown by open and filled

transitions forp states can be connected with the fact thatsymbols, respectively. The evolution of the differendgy|. ,—snm

these transitions become allowed probably due to scattering?2izonmWith B is shown in the insetright panel, top

on the fluctuations of the SV surface and hence occut at

#0. Note that thep magnetoexcitons have negative

dispersior?> Therefore the difference between the experi-calculated dependences of the-21s energy splittingA,; ,

ment and calculations fqﬂ states in FlgS 6 and 7 could be as a function Of_capfor B:O, 7, and 14 T. It can be seen that

partly due to the neglected mixing of states with a fillte  at 0 and 7 T the measured2 1s splitting (dotg coincides
However, the most striking feature of the observed exci 14 T. It can be seen that at 0&id T the measured<2- 1s

ton spectra for smaller cap layefsee Figs. 6 and)ds that  splitting (dots coincides with calculations, allowing for the

the splitting between thef®" and Is states decreaséshigh  interaction with imagessolid line3. As expected, the split-

magnetic fieldvith increasing3. Theoretically, this spllttlng ting increases Strong|y with the decreaseLQ&p' and the

should increase witl as magnitude of this increase falls down with the magnetic
ohB field. The comparison in Fig. 8 of the experimental points
—— +E;(B)—Egp-(B). with the dashed lines, calculated without accounting for the
My € dielectric confinement effect, shows clearly that the increase

hof A,y with reducinglL .., has the dielectric origin.
The measured2- 1s splitting at 14 T as well decreases
with the increase ok .5, in a qualitative agreement with cal-
o el culations. However, the measured values at 14 T turn out to
Eis(B)= \@;EEo~ VB, Ejp-(B)=0.5E,. be markedly smaller than the calculated ones. This quantita-
B tive discrepancy seems to be connected with the fact that in
At the present moment this discrepancy is not understood. our calculations we neglect the heavy-hole—light-hole mag-
We turn now to the discussion of the dielectric confine-netoexcitons interaction. The contribution from this interac-
ment effect. The effect increases with the reduclng,,. tion at 14 T can be essential because tise-2s splitting
This is seen from the comparison between left and right panbecomes close to the splitting of the light and heavy-hole
els of Fig. 7, where dashed lines show the Landau fan diaexcitons(cf. Fig. 5.
grams, calculated without accounting for the interaction with  Figure 8 also compares the measured and calculated
images. The left panel in Fig. 8 displays the measured anthagnetic field dependences of the-31s and X—1s en-

For example, for a strictly 2D magnetoexciton in the hig
magnetic field limi®
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ergy splittings,A3; and A, (right panel, bottorh The ex-  sions and T. Borzenko and Yu. Koval’ for the assistance in
perimental values are shown by filled dots and boxes fothe cap layer etching. The work was supported by the Rus-
Leag=20 nm, and by open dots and boxes far,=5nm.  sian Foundation for Basic Resear¢rant Nos. 97-02-
The calculated curves are shown by solid and dashed lines7538 and 97-02-1760Gnd the Russian Ministry of Sci-
for calculations with and without accounting for images, re-ence programs “Surface Atomic Structures” and
spectively. The dashed curves for NSQWs with=5 and ~ “Nanostructures.” N.G. acknowledges the support of the Al-
20 nm coincide because the splitting is nearly independent aéxander von Humboldt Foundation.
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