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Localization-enhanced biexciton binding in semiconductors

W. Langbeirf and J. M. Hvam
Mikroelektronik Centret, The Technical University of Denmark, Building 345 east;2BRO Lyngby, Denmark
(Received 12 March 1999

The influence of excitonic localization on the binding energy of biexcitons is investigated for quasi-three-
dimensional and quasi-two-dimensional @k, ,As structures. An increase of the biexciton binding energy is
observed for localization energies comparable to or larger than the free biexciton binding energy. A simple
analytical model for localization in the weak confinement regime ascribes the increase to a quenching of the
additional kinetic energy of the exciton-exciton motion in the biexci{®0163-18209)03524-9

The binding energy of excitonic molecules in semicon- A fluctuating potential, e.g., due to interface fluctuatiéns
ductors has been investigated since the conjectures hyr statistical disorder in alloys, also restricts the exciton
Lampert about their existence, and the experimental obsereenter-of-mass motion. The influence of such a localization
vation by Hayne$.These molecules, also called biexcitons, on the biexciton binding was not considered theoretically up
form in analogy to the hydrogen or positronium molecules.to now, but can be compared with the binding energy en-
In the hydrogen molecule, the masses of the positive antancement for biexcitons bound to defet&xperimentally,
negative particles differ strongly, while they are equal in thean enhancement is observed in strongly localized
positronium molecule. With increasing mass mismatch, thestructure$'-2*We have shown recenfly?® that the biexci-
binding energy of the molecule is increasitiyWhile for  ton binding energy is also inhomogeneously broadened by
these molecules the embedding space is isotropic, transl#éie localization, and that it is dependent on the position of
tionally invariant, and three dimension@D), biexcitons in  the corresponding localized exciton states relative to the dis-
semiconductors can be situated in an anisotropic envirortribution of exciton transition energiééGenerally speaking,
ment(given by the crystal symmetryin a fluctuating poten- the localization of electronic states reduces the effective di-
tial (given, e.g., by composition fluctuations in allgyand  mensionality of these states towards a quantum dot syStem.
in a reduced dimensionality of free moveméimt semicon- ~ Within this transformation, the relative magnitudes of the
ductor nanostructurésThese properties of the embedding exciton binding energy, the biexciton binding energy, and
space have a strong influence on the binding energies dhe localization energy determine the localization regime. In
excitons and biexcitons. the following we will use the width of the excitonic absorp-

The influence of the dimensionality has been investigatedion or photoluminescence as localization eneEjy.. We
intensively. For quasi-2D quantum wells, the exciton bindinginvestigate the regime dE,.<Eyx, and we find thatEyy
energyEy is enhanced by a factor of 4 compared to threeincreases foE,,.>Exx. We propose a model that explains
dimensions in the strong confinement limit. The biexcitonthe enhancement by a reduction of the biexciton binding in-
binding energy Exx is enhanced from OHy in three duced kinetic energy in the exciton-exciton relative motion.
dimension$® (Haynes rulg to about 0.E, (Ref. 6 already The absolute values oEyy/Ey are influenced by the
in the weak 2D confinement regimewhere the exciton electron-hole mass rati@e=m,/m;,, which is around 1/5 in
binding energy is nearly unaffected. In quantum wires in thehe Al,Ga, _,As, and is varying between 1/3 and 1/6 in quan-
strong confinementEy scales reciprocally with wire size, tum wells due to the valence-band mixirigyx is generally
while Eyy was calculated for strong confinement in squareincreasing with the mass mismatéi->°due to the increas-
Al,Ga,_,As structures to 0y .® Experimental results on ing Hartree potential of the charge density.
etched InGa, _,As (Ref. 9 and ZnSe(Ref. 10 quantum As model systems for the transformation from free to lo-
wires with comparable electron and hole confinement in thealized biexcitons, we have investigated the biexciton bind-
weak confinement regime show an enhancement relative g in two series of AlGa, _,As structures grown by mo-
the 2D value up to 0By. For differently confined electron lecular beam epitaxy ofL00) GaAs substrates, all nominally
and hole, this enhancement is reduced by a repulsive Cowndoped. The first series consists of 200 nm thick
lomb potential between the excitohs! In quantum dots, Al,Ga _,As mixed crystal layers embedded in AlAs barri-
Eyxx saturates in the strong confinement limit, while Bhgis  ers, in the composition rangefrom 0.00 to 0.35 in steps of
diverging?~1* This behavior is due to the absence of con-0.05. They represent the transition from weakly to strongly
tinuum states. Also herd;xy is enhanced already by weak localized quasi-3D systems. The second series consists of
confinement®~1”From these findings, one can speculate thaGaAs quantum well§QWs) with thicknesses between 35 nm
in the weak confinement regime, the biexciton binding en-and 4 nm, embedded in ;MGa, ;As barriers. They represent
ergy is enhanced for structures of all dimensionalities, whilghe transition from weakly to strongly localized quasi-2D
the exciton binding energy remains nearly unchanged. Thisystems. Additionally, a 15 nm thick ;Ga; )As QW, hav-
enhancement is thus rather due to the restriction of the excing a comparable 2D confinement as a 15nm GaAs QW, but
ton center-of-mass motion, than to a change of the excitona larger localization energy due to random alloy fluctuations,
exciton interaction potential. is investigated. The biexciton binding energy is determined
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) 8 dimensionality and localization strength. We first treat the
0al E biexciton binding under negligible localization. We describe
' - EE EE the exciton-exciton interaction using an interaction potential
[ E 46 Vyx that is a function of the distance of the exciton center-
03} ] of-mass coordinates only. Its shape is in general dependent
Th| E g on o, and it contains two contributions: A correlation part
}02 | O 2 due to the change of the excitonic internal motion, and a
A Hartree part due to the potential of théh charge density for
E o+ 1. First, we approximate the exciton-exciton interaction
: AAAA- 2 . . . .
01T AB for small distances by a spherically symmetric harmonic po-
A ] L. . . > .
A I tential in the exciton center-of-mass distamgg in the units
ol 1 Jp o of the excitonic Rydberdey and the excitonic Bohr radius
00 01 02 03 04 o 1 2 3 4 A
Al mole fraction E, /E.x B
FIG. 1. (a) Biexciton binding energyEyy (triangles, photolu- VXX:BEX(a|FXX/aB|2_1)- 1)

minescence linewidtk,,. (dotted ling, and ratioEyx/Ex (squarep
for the AlGa _,As mixed crystal samples as a function of the Al Here,« and B are dimensionless fitting parameters, describ-
mole fractionx. (b) Exx/Ex as a function of the localization ratio in th’e extension and the debth of the potential res’, ectivel
Eioc/Exx- Line: calculated dependend&q. (5)] for n=3, Ej Ug' h lati —ﬁ/\/pilp i ]; E y.
=4fiw., @=0.312, B=2.4, ando=0.2. sing t ere atme— 2'meth'X My, vali ort. ree-
and two-dimensional Wannier exciton! (= m.+ m, is the

by polarization dependent four-wave mixi§WM). We exciton masg we get the -Corresporjding hqrmonic energy
perform spectrally resolved, time-integrated FWM in reflec-7:@xx Of the exciton-exciton relative motion a8 wxx
tion or transmission geometries. A spectrally narrow=Ex7 With 7=\2apB/¢, and¢=(1+0)(1+0 *)/4. Tak-
(=1 meV) pulse of directiolk, excites excitons with a well |1ng Into account Fhe gfound state zer_o-pomt energy of
defined energy. The nonlinear response of these excitons jt@xx for each dimension of free motion, the biexciton
probed by a spectrally broad<(L0 meV) pulse of direction Pinding er?ergyE%(réefor n dimensions of exciton center-of-
K,, creating a FWM signal in thel— K, directionZ®2/The =~ Mass motion issy=Ex(S—n#»/2). The mass ratier not
biexciton binding energy is given by the difference betweenggzri)i(;“?tely ?Qée;:‘ae;%tggglslgo':]m’;::?;titgse ('j?ftgrz(ﬁt'on
the photon energy of pulsk, and that of the biexcitonic o ynity, the binding potential acquires a repulsive kernel
FWM response. These binding energies are in agreemegi e (o the Hartree terms. In order to keep the analytical
with the quithL;TS—beat pe”f)d observed using a spectrallyoaiment, we take this into account considering a repulsive
bro'ad pulsek,.”* All experiments are performed at 5 K term AEX(S(F/aB) in first-order perturbation, wheré is the
lattice temperature. . . . . Dirac delta distribution, and get

The biexciton binding energies in three-dimensional
(bulk) crystals have been investigated intensively for binary
materials>>* whereas to our knowledge the only experimen- EXSTEx=B—nnl2—A(énl m)™2, 2
tal result for alloys is given for CdsSe, 7,2 with a local-
ization energy comparable to the biexciton binding energyThe Hartree potential between two three-dimensional exci-
Here we present measurements of biexciton binding energiaéns shows a repulsive kernel with an aree~8(&
in Al,Ga _,As mixed crystals. Experimental details are —1)/(2¢—1), which we will use in the following. Foir
given in Ref. 27. A strong enhancement of the biexciton=0.2, the experimental values foEyyx/Ex of 0.1 in
binding energy from 0.5 meV for GaAx€0) to about 2 quasi-3D and of 0.2 in quasi-2D are reproduced choosing
meV for x>0.15 is observedlFig. 1(a)]. The resulting ratio  »=0.312 and8=2.4. We now introduce the localization of
Exx/Ex is given in Fig. 1b) as a function oE,./Exx. The  the excitons by a harmonic potentid|° in the center-of-
exciton binding energyEy is estimated scaling the GaAs mass coordinates of the excitoﬁg(i e{1,2), with the har-
value of 4.2 meV, using a linear interpolation of the inverse ic frequenc ) R
effective masses and the dielectric const8ts localization oc e Woloe-
energy E,. we take the photoluminescence width of the
bound excitor?> Eyy/Ey changes from about 0.1 for GaAs 2V°= Myl J Ri| 2= nfiwjoc . 3)
to 0.4 forx>0.15. The enhancement &y/Eyx occurs at
.E'OC./EXX%L This is.evide_ncg for the ianuence of the local- 1o ¢onstant potential n% w;,. has been added to compen-
Ization on the bleXC|ton bl'ndmg energy. Since the shape Of e o1 the |ocalization-induced zero-point energy of the ex-
the exciton wave function is not significantly changed by theCiton motion, normalizing the ground state energy of the lo-
Iocalizatio_n, this hgs to be_mainly attributed to the restriction, .- o g exci’ton to zero. To include the exciton-exciton
OT thg excn.on-.excnon m_ot|on rather than to a change of th(?nteraction potential/yx, we separate the motion of the two
biexciton binding potential. ) ] i S Z

To explain the experimentally observed dependence ofXCitons into their center-of-mass  coordinal = (R,
the binding energy of the biexciton on the localization, we+R,)/2 and relative coordinateyyx=R;—R,. The total
propose a simple model that takes into account the systelmexciton potential without the repulsive kernel then reads
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FIG. 2. Calculated ratio between biexciton and exciton binding 01 ,— 1'0";';"7;0 — 4 BT E————
energyEyxx/Ex as a function of the ratier between the localization L(nm) E JE
energy and the exciton binding enerffyq. (5)] for quasi-2D 6 foe
=2) and quasi-3D {=3), usingo=0.2, and without repulsive FIG. 3. Experimental and calculated data for quasi-2D samples.
kernel (dOtted: a=009,8=04 or with repU|S|Ve kerne(solld): (a) Symbols: experimenta| data for GaAséM;a)wb\s QWS as a
«=0.3128=24. function of the well thicknes&. Crosses: Exciton binding energy;
squares: experimental rati€yy/Eyx. Circle: Exx/Ex for an
V|>?>C<:wa|20c| Rxx|2 Al 1Ga As/Aly Ga ,As QW. Lines are calculation$Refs. 30,

35 and 36. (b) Exx/Ex versus localization strength,,./Exx for
1 . different quasi-2D material systems: Open diamonds: this work;
+ ZMX(w|200+ 0% Mxxl?2—Nhwe— BEx. (4  filed squares: GaAs/AGa_,As QWs: crosses: ZnSe/
Zn,Mg; _,S,Se _y (Refs. 25, 37, and 38stars: In_,GaAs/GaAs
Introducing the localization parameter=fiw./Ex, and (Re_f. 3_9. Line: calculated with Eq(5) for n=2, other parameters
again taking into account the repulsive kernel in first-order@s " Fig- 1.

perturbation, the resulting binding energy of the localized For the quasi-two-dimensional systems the transition from
biexciton is free to localized biexcitons is traced by the GaAs QW series,
for which the experimental results are given in Fi¢p)3Ex
(crosses is determined from the absorption spectra, and
changes from 5.3 meV for 35 nm well width to 13 meV for
4 nm well width, in agreement with published dat&,.. is
The result is plotted in Fig. 2 for three- and two-dimensionaltaken from the full width at half maximum of the heavy-hole
systems. Without the repulsive kernél € 0), the additional  exciton absorption line. The measured biexciton binding en-
kinetic energy due to the biexciton binding, given by theergy E is increasing with decreasing well width, reaching
difference to the constant biexciton binding energy in 0D, is4.1 meV in the 4 nm QW. The rati&yy/Ey (square} is
vanishing forwyx<wjq. (corresponding ta/>0.2 in Fig. 3,  constant at about 0.2 for well widths from 35 nm to 8 nm, for
andEYS approaches the depfEy of the biexciton binding  which E,q. is lower thanEyy, while Ey is increasing from
potential. Including the repulsive kernel, the biexciton bind-4.8 meV to 11 meV. This implies that the change of the
ing also increases foy<<1, but decreases foy>0.5, i.e.,, exciton wave function from quasi-3D to quasi-2D is not in-
outside the weak confinement limit. Within the weak con-fluencing Exx/Ex significantly. The change of this ratio
finement limit, both calculations show a comparable increasérom about 0.1 in quasi-3D structufeso about 0.2 in
of the biexciton binding energy. quasi-2D structuréds due to the reduction of the dimension-
To compare Eq(5) with the experimental data, we have ality of the relative exciton-exciton motion in the biexciton,
to relate the quantityi w. With the inhomogeneous line- which occurs in GaAs QWs already between 50 nm and 100
width Ej.c. In a random localization potential with a corre- nm well thickness.Below 8 nm well thicknesg . is larger
lation length much smaller than the localization radius, thehanExyx and an enhancement &fyx/Ey is observed. The
average kinetic and potential energies are scaling equalljpehavior in quasi-2D is thus qualitatively comparable to the
All the investigated samples are grown under optimumguasi-3D case, showing an enhancemengEigy>Eyyx, with
growth conditions, for which clustering can be neglectedthe difference that one dimension of exciton-exciton motion
and the disorder, given by random alloy broadening and inis already quenched by the 2D confinement.
terface roughness, has a short correlation length. In this case The variational calculation of Kleinmadh(dashed lingis
the influence of the disorder on the exciton motion can béar below the experimental data, while an improved calcula-
described by a single broadening parameter. We take hetn of Liu, Kong, and Lii® (dotted ling is close to the
hwp.=E,J/4, a choice that is giving the best quantitative measured ratio for QW thicknesses around 10 nm. For larger
agreement between the model and the experimental data farell widths the ratio is underestimated, probably due to re-
both quasi-2D and quasi-3D cases. The calculated depestrictions in the used quasi-2D trial function. Also at smaller
dence is compared with the quasi-3D,&b; _,As system in  well widths, for which the trial function should be well
Fig. 1. It shows good agreement with the experimental dataadapted, their results are below the experiment, indicating
indicating that the theoretical description catches the esseithe importance of exciton localization. This importance is
tial features of the problem. evident when comparing the 15 nm GaAs QW with the 15

Eloc n/2
E—X;(ZB—g(\/anrvz—7)—A(§W72+77 ©)
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nm Al :Gay 6As QW (circle). The latter has a larger local- leads to an enhanced binding energy of the biexciton. In the
ization energy at equal well width, and shows a significantlyproposed analytical model, this is attributed to a quenching
higher biexciton binding. of the exciton-exciton motion in the biexciton. The predicted
If we instead of the well width use the localization ratio increase of the biexciton binding energy due to localization
Eioc/Exx as coordinat¢Fig. 3(b)], all the QWExy/Ex data is stronger for quasi-3D than for quasi-2D structures. The
show a common dependence. In addition to thga&l _,As  model shows qualitative agreement with the experimental
QW data, results from literature on,/@a, _,As/GaAs(starg  data for the AlGa,_,As material system. All the presented
and ZnSe/Zp_,Mg,S,Se _, (crosses QWs are displayed. data are on type-I material systems. In type-Il systems, the
This indicates that the localization ratio is the crucial paramspatial separation between electron and hole leads to addi-

eter determiningExx/Ey, rather than the actual quantum tional Coulomb repulsion, reducing the biexciton binding.
well confinement potential. The result of E@), using the

same parameters, 8 as in the quasi-3D case, is given as a  The authors want to thank C.B/@msen, llI-V Nanolab,

solid line. It reproduces the experimental data. The modelor growing the high-quality GaAs samples, and P. Borri, for

thus captures the main mechanisms leading to the enhancealuable discussions. This work was supported by the Danish

ment of Exx also in localized quasi-2D systems. Ministries of Research and Industry in the framework of
In summary, we have shown that localization of excitonsCNAST.
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