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Excitonic binding in coupled quantum wells
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We study excitonic states in the presence of applied electric field in 8-nm GaAs coupled quantum wells
(QW's) separated by a 4-nm NSGa) gAS barrier and in 6-nm ,Ga /As coupled QW's separated by a
4-nm GaAs barrier in which effects attributed to macroscopically ordered excitonic states have been recently
reported. We discuss the differences in the nature of the states and in the origin of confinement which
determines the change of excitonic properties with increase in the applied electric field in both structures. We
have found that the indirect exciton binding energy for the field amplitude used in the experiment with InGaAs
QW's is around 3.5 meV, much less than the previously reported 10 meV value. This suggests that the optically
induced ring structure, reported to persist to near 100 K, might not be caused by collective excitonic transport.
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A number of proposed experimental systems to achievstates and in the dependence of their properties on the elec-
Bose condensation of excitons rely on a long lifetime fortric field between the two sets of experimént§ is also of
recombination. These includes £ CuCl and dipolar ex- interest.
citons in coupled quantum wells. A good review of this sub- We perform realistic calculations of the ground state and
ject can be found in Refs. 1-3. Recently, systems whictexcited states of electron and hole in samples of Refs. 8 and
attracted the most interest due to the observation of som@ (called structure Band Ref. 10(called structure Sin a
novel effects are dipolar excitons in coupled quantum wellsPresence of electric field. We include the single-particle po-
A coupled quantum well system consists of two different,tential and the Coulomb interaction betvyeen the electron and
adjacent planes with electrons in one layer and holes in thBoleé on an equal footing. Our method is based on an exact
other. An applied electric field keeps both kinds of carriers infumerical solution of the Schednger equation in a certain

separate two-dimensional planes. This arrangement reducB@Sis Within the anisotropic effective mass approximation.

the overlap of the wave functions of the electron and holeUsmg this method we calculate energies of various states,

and thus increases the lifetime of excitons. While the first Sectexc[tonlc binding energies, oscillator strengths, anq the two-
article wave functions in both samples as a function of ap-

e e o esaPied lectic fel. Sttucure © conist o an €1 Gans
ys . . e 9 coupled quantum well (QW) separated by a 4-nm
which trapped excitons |n5_|7oca| energy minima, th_e mpreAI0_33Gao_67As barrier while structure S contains two 6-nm
recent work by Butowet al. _ concludes that there_ is evi- No.1Ga oAS QW separated by a 4-nm GaAs. QW potential in
dence of stimulated scattering and therefore densities reacL]fructure B is almost 4 times deeper that in S. We use a static
ing the quantum regime, but not yet evidence for Boseyig|ectric constant=13.2 and a conduction band offset ra-
Einstein condensatioBEC). _ . tio Q.=AEond/AEg of 0.65. For the difference in band

In a last few months new effects which could be attributedyaps on the GaAs/AGa,_,As interface we use the formula
to the macroscopically ordered excitonic state have been XE,=1247xx meV for x<0.45 while on the
ported independently by three groups: Observation of In,Ga,_,As/GaAs interface the dependens&,=1070xy
two bright rings in the spatially resolved photoluminescenceyalid for smally. Parameters used for the electron and hole
separated by a dark region was explained by the long-rangsffective masses are discussed later.
transport of superfluid dark excitons. In the experiments of Having studied the shape of electron-hole wave function
Refs. 8 and 9 the ring structure appears only at very lowior ground and excited states as well as trends in excitonic
temperatures up to arodrb K and the external ring is frag- binding energie&, and oscillator strengths for various states
mented into circular droplets that form a periodic array whilewith the change in electric field we can identify the differ-
in experiment of Ref. 10 the rings are observed up to 118 Kences between excitons in structure B and structure S. For
and even at zero currefdue to doping even at zero current structure B the picture is somewhat simpler and can be un-
there is a small built-in field*? and the fragmentation into derstood in terms of usual dire@) and indirect(l) exci-
circular structures is not recorded. The estimate of excitotions, in which electron and hole are present in the same or in
binding energy of 10 meV given in Ref. 10 would be con- opposite QW’s, respectively. Electrons and holes in structure
sistent with 100 K threshold for the effect but it was recentlyB are very well confined inside the wells and the amplitude
withdrawn and a new estimate of 2 meV givén. of their wave functions inside the barrier is very small. The

The aim of this paper is to make quantitative calculationsconfinement originates mainly from a deep potential created
for both ground and excited excitonic states of the exacby AlGaAs/GaAs interface. The energies and oscillator
physical systems under experiment in order to help the exstrengths of direct and indirect excitons do not change very
perimental analysis. Understanding differences in excitonienuch with electric field, which only induces a switch be-
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FIG. 1. Binding energyE,, of the ground-state exciton in struc-
tures S(diamonds and dashed linand of various excitonic states
in structure B as a function of electric fielt For structure B th&,,
of an indirect excitor(solid line) as well as of the direct on@lotted
line) is shown. The ground state is indicated by circles while

i igher- states discussed in . o
tsr?:?(rei?‘atzgnsgkll?;v’nirr]]d;i(g?agk :rll% ir ?\lnc?t:eg){m of the direct values of applied electric fielH, structure B(left pane) and struc-
exciton is calculated with respect to energies of electron and hole irhu_re S(r'ght pane]. Electron wave function in the out_-_of-p_lane
irection z is shown after averaging over the hole positi@olid

the ground statéelectron and hole in separate wgllinset: Oscil- - . .
. ; L line) and the hole wave function after averaging over the electron
lator strength as a function & for various excitonic states. Nota- ” .
position (dashed ling

tion the same as fdE,, .

FIG. 2. Ground-state two-particle wave function for different

cillator strength is proportional to the excitonic lifetime with

tween the two types of excitons. At zero or very small elec-respect to a radiative recombination. In Fig. 2 we show
tric field up to around 0.5 meV/nm the ground state is aground-state wave functions for structurel&ft pane) and S
direct exciton with electron and hole being in the same QW(right pane] at different electric fields. Since the center-of-
As the electric field increases the ground state switches to th@ass motion in the in-plane direction is a plane wave, the
indirect exciton, where electron and hole are in oppositavave functions depend on four spatial coordinates: namely,
QW's. This switching can be observed in a shape of electronthe center of mass in the out-of-plane directianand on
hole wave functions as well as in an abrupt drop of thethree relative coordinates. The solid line is an electron wave
ground-state exciton binding energy and oscillator strengtifiunction after averaging over the hole position while the
around 0.5 meV/nm. For structure S the picture is more comelashed line shows the hole wave function after averaging
plicated. Potential wells in structure S are very shallow, re-over the electron position. In this work we discuss excitonic
sulting in a very large amplitude of the electron-hole wavestates only, for which the wave function in relative coordi-
function in the barrier, giving an almost three-dimensional-nates shows a very clear excitonic peak. Since it is very
like (3D-like) exciton in the absence of an electric field. An similar for all states, we will not show it here.
external electric field pushes both carriers apart, continu- For structure B the ground-state binding energy and oscil-
ously decreasing the binding energy and oscillator strengthator strength fall abruptly arounéi=0.5 meV/nm from 8.3
Since the main mechanism of confinement in structure S ismeV for E,, at zero field to around 4 meV at larger fields.
an electric field, the exciton binding energy and oscillatorDetailed inspection of the ground-state wave functitsee
strength depend on the amplitude of the electric field moré=ig. 2, left panel reveals that this fall corresponds to a
strongly than in structure B. There is no clear distinctionswitch between diredthe two upper curves in the left panel
between direct and indirect excitons in structure S at moderef Fig. 2) and indirect excitongthe lower four curves in the
ate electric fields. Electrons and holes smoothly separate ileft panel of Fig. 2. The binding energy of indirect excitons
space as the electric field is increased. (solid lines in Fig. 1 does not change much with electric

Figure 1 shows the binding enerdy, and oscillator field. The dashed line shows hinding energy of direct exciton
strength(in the inse} of the ground-state exciton in sample B (electron and hole in the same QWith respect to the
(circles and in sample Sdiamondg. An inverse of the os- ground-state energy of free electron and hole without Cou-
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FIG. 3. Some characteristic excited-state excitonic wave func- 10 zf,ﬂn) 0 40 loz(nm) 20
tions for structure Bleft and middle panejsand structure $right
pane). Notation as in Fig. 2 and the state labels as in Fig. 1. FIG. 4. Asymmetric exciton wave function for structure(IBft

pane), marked byx in Fig. 1, and structure 8ight panel, marked
. . L ,_by X in Fig. 1. Notation as in Fig. 2.
lomb interaction(electron and hole being in separate QW's

due to the presence of electric figldhe large drop of this  a\/nm applied electric field in comparison with around 20
energy even below zero shows that direct excitons becomgay in experiment? Again, switching between the two

unstable as the electric field is increased. At very low electrigates in structure Bcircles can be observed as crossing of
field (E=0.1 meV/nm) the indirect exciton appears as anne two curves.
excited statémarked Ain Fig. 1 and in Fig. 3, upper middle  The nymerical method we are using is very accurate and
pane) after the ground-state direct exciton in which electrony,q binding energies are converged to around 0.2 Het
and hole are localized in a well with a potential minimum for o accuracy of the results can also be influenced by the
the hole and another direct excitonic state, very close in eyncertainty associated with the input parameters, mainly the
ergy to the ground state, in which electron and hole are opqe effective mass. The exciton effective mass in structure
calized in a well with a potential minimum for the electron g \yas measured to be 0.23,%% which is in a good agree-
(marked G in Fig. 1 and Fig. 3, upper left panelAt 0.5  ment with calculated mass of heavy hole exciton in GaAs
meV/nm electric field these two direct excitons appears AW of 0.25n,,5 using electron mass),=0.067M, and in-
excited sta}te$marked B.and Bin Fig. 1 and Fig. 3, Iovyer_ plane heavy hole mass,,=0.18m, from Ref. 16. We use
left and middle panejswith the ground state being an indi- ihese values of parameters together with out-of-plane heavy
rect exciton. : hole mass ofmy,=0.34m, for our calculations. In other
The binding energy(and oscillator strengthof the o417 the | uttinger parameters used for GaAs coupled
ground-state exciton in structure @iamonds and dashed QW's correspond to the in-plane effective mass of around

line in Fig. 1) smoothly decreases with electric field from 6.5 0.1m,. We have calculated the ground-state exciton binding
meV for E, at zero field to 3.5 meV at 0.4 meV/nm. The

nature of states cannot be explained simply in terms of a | ¢,
direct and indirect exciton picture. At low electric fields the
electron and hole wave functions have very large overlap
(three upper curves in Fig. 1, right pahellthough their
maxima are moving into opposite wells, Bsncreases, de-
creasing the binding energy and oscillator strength. One cat
also identify higher-energy states which would correspond in
some sense to direct excitons, where the maxima of electrol
and hole wave functions are in the same wske Fig. 3,
right panel. It can be seen in Fig. Zight panel then the
separation and confinement is generated more by electrig
field than the potential barrier. 2
In Fig. 4 we show an asymmetric exciton, which is the
first excited state at zero electric field. Asymmetric excitons
have zero oscillator strength and the binding energy is L _
marked asx (for structure B and X (for structure $
in Fig. 1. 1351= 7
Finally, Fig. 5 shows the absolute energies of direct L i
(dashed lingand indirect(solid line) excitons for structure B
(upper curves marked with circlesind structure Slower 1305 ' n ' o ' T ' 2.0
curves marked with diamonfiAs observed in experimefit
the direct exciton energy remains approximately constant
while the indirect exciton energy decreases significantly with  FIG. 5. Energies of the indirectsolid line) and the direct
the electric field. For structure B we record approximately(dashed lingexcitons for structure Bupper curvesand structure S
linear decrease with a slope of around 24 meV per XLlower curves.
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TABLE I. Binding energyE,, in meV of the ground-state exci- however, have not included parameters of structure B. Cal-
ton at zero electric field in sample S and in sample B for differentcylations in Ref. 21 consider only coupled QW’s with
values of the heavy hole effective mass. 1.415-nm barriers, which is 3 times narrower than in struc-
ture B. Calculations in Ref. 17, however, consider a wide

S B range of different structures for different values of well width
Mhx= Mhy Mp=0.339  mn=0.7  mp,=0.34 and barrier. The Luttinger parameters used correspond to the
0.07 6.02 in-plane hole mass of Ondy. The ground-state excitonig,
0.1 6.51 7.38 at zero electric field of the most similar structures to sample
0.18 8.35 B, which are considered in Ref. 17—namely, 5, and 10-nm
0.22 7.31 7.32 coupled QW'’s with 4-nm barrier—are around 6.7 meV and

5.9 meV, respectively, which are slightly lower than our 7.3

— . meV (see Table)l for 8-nm QW'’s with similar value of the
energy at zero electric field usimg,,=0.1m,, and we have hole mass

found the difference of 1 meV with respect to the binding
energy calculated usingn,,=0.18n, (see Table ). For
structure S we use electron masg=0.061n,, in-plane
heavy hole mass,,,=0.1my, and out-of-plane heavy hole

massm;,,=0.339n,. The discrepancy for the hole mass in X
structure S seems larger than for the structure B. The differJJaS been experimentally measured to be 8.4 fi@ur cal-

ences in out-of-plane hole mass are less important as englatlons using 0o '”'p!a”‘? heavy hole mass give 7.43

for almost twice as large out-of-plane heavy hole mass of“e\./ for this structure Wh'F:h is in very good agfeeme”t tak-

0.7m, suggestelf the difference in the binding energy is Ing into account the possible error due to the in-plane hole
A ; mass uncertainty of 1 melsee Table)l

negligible (see Table). The magneto-optical measurements

on strained 1g;,Ga seAs well with width between 20 and 5 Summarizing, we have studied differences in excitonic
nm show a \/;riatign of the in-plane heavy hole mass peStates and origins of confinement in structure S and structure

tween 0.17h, and 0.22n,.8 Another sourc¥ gives the B, in which novel effects have recently been reported. We

measured hole mass of Origin strained I Ga, AS/GaAs have also studied in detail the binding energy of different

structures. The calculated in-plane heavy hole effective mas%f:rs Ofoixi%?gscfzgﬁoi:gﬁtr:'%I:ﬁglﬁecga?gre%e-rcglggg'gfg
is given to be around 0.18% in a strained 9-nm gy

20 _electric field used in the experiméﬁis around 4 meV, and
No.1652 gAs QW Thus we calculate the ground state ex- 1" 1oh 100 small for excitons to exist up to 118 K. The
citon binding energy in structure S for an in-plane heavy hole

ring structure, similar in both experiments, which persist up
mass of suggested 0.67,0.1, and the upper bound of . :
0.22m,, which gives a difference of around 1 meV with to 118 K, seems more likely to be attributed to other effects

respect to the value of 01y used in this work'see Table)l than associated with bound excitons.

To our knowledge there has been no calculations for We would like to acknowledge stimulating discussions
InGaAs/GaAs coupled QW's with electric field. For coupled with D. Snoke, which largely motivated this work, and to
GaAs/AlGaAs QW'’s we have found two variational calcula- thank L. V. Butov for supplying us with helpful details of the
tions of the ground-state exciton binding enetg$! which,  experiment.

For additional check of the method and parameters used
we have performed calculations for 10 ML
INg oGy 9 AS/GaAs coupled QW’s with 3-nm barriers for
which the ground-state exciton binding energy at zero field
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