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Binding of Quasi-Two-Dimensional Biexcitons

D. Birkedal, J. Singh,* V. G. Lyssenkb). Erland’ and J. M. Hvam

Mikroelektronik Centret, The Technical University of Denmark, DK2800 Lyngby, Denmark
(Received 2 October 1995

Biexciton binding in GaAs quantum wells has been investigated for a range of well thicknesses
(80—-160 A) with spectrally resolved photoluminescence and transient degenerate four-wave mixing.
Both light and heavy hole biexcitons are observed. The ratio of the binding energy of the heavy hole
biexciton to that of the heavy hole exciton is found to48.2, and nearly independent of well width
over the investigated range. A new theoretical calculation agrees very well with the experimental ratio.
This ratio is larger than predicted by Hayne's rule for three-dimensional biexcitons.

PACS numbers: 71.35.Cc, 42.50.Md, 73.20.Dx

Since the first reported observation of biexcitons inlarger than, or similar to, the inhomogeneous broadening,
GaAs/AlGaAs quantum wells [1], a large number of pa- meaning that only samples of the best quality will
pers concerning different aspects of quantum well biexfeveal biexcitons.
citons has been published. Several experimental values In this Letter we report (i) the determination of biexci-
of the biexciton binding energy have been reported, buton binding energies in GaAalGaAs quantum wells of
so far no systematic experimental study of the well widthdifferent well widths, (ii) the first observation of the light
dependence of the biexction binding energy has been puliole biexciton in GaAs quantum wells, and (iii) the result
lished. The only published theoretical work on the bindingof a theoretical model for calculating the ratio of the bind-
energy of two-dimensional (2D) biexcitons is by Klein- ing energy of the biexciton to that of the exciton, using
man [2] who predicted a value of 1.2 meV for a 100 A the fractional dimension approach [11]. We determine the
GaAs/AlGaAs quantum well; and indeed the first exper-binding energies using both coherent and noncoherent op-
imental results seemed to confirm this value [1,3,4]. Intical techniques, i.e., TFWM and PL, respectively. Using
these experiments, the spectral peak position of the biexcspectrally resolved TFWM, we observe light hole biexci-
ton photoluminescence (PL), or a fit by the line shape, hatons. They are found to have a lower binding energy than
been used to deduce the biexciton binding energy. the heavy hole biexcitons and a stronger well width depen-

Since then, several authors [4,5] have observed beats dence. The ratio of the binding energies of the heavy hole
transient four-wave mixing (TFWM), which were ascribed biexciton ;) to the heavy hole excitonEf) is found
to quantum beats between heavy hole excitons and biexe be =~0.2 independent of well width. Our analytical re-
citons. The use of exciton-biexciton quantum beats is irsult for a 2D biexciton gives a value &~ /E5x = 0.228
principle more accurate in determining the biexciton bind-and independent of the quantum well width, which agree
ing energy, since it does not require a fit by a PL line shapevery well with our experimental result. This suggests that
A binding energy of 1.8 meV for a 116 A quantum well a new Hayne’s type of rule with a higher constant ratio is
[5] has been determined from TFWM experiments, and invalid in dimensions lower than three [12].

a nonlinear transmission experiment a value of 2.7 meV To prevent uncertainties from sample to sample fluctu-
for a 80 A quantum well has been found [6]. Recent re-ations, one single structure is grown, containing wells of
ports of 1.8 meV for a 100 A quantum well [7], 1.2 meV different thicknesses. In this sample, ten wells with thick-
for a 250 A well [8], and 2.8 meV for 50—60 A wells [9] nesses 80, 100, 130, and 160 A are grown. The wells are
demonstrate that conflicting data have been published bgeparated by 150 A AkGa);As barriers, and after the
various authors for different samples. Nevertheless, thegrowth the structure is lifted off the substrate and mounted
all indicate higher binding energies for 2D biexcitons thanon a sapphire disk. The samples are kept in a liquid He
predicted by Kleinman [2]. Recently, lvanov and Haugcryostat at 5 K during the experiments.

[10] have suggested a polariton effect to be responsible for For the TFWM experiments, the sample was excited by
the enhanced binding energy of 2D biexcitons. 100 fs pulses from a self-mode-locked Ti:sapphire laser.

Light hole biexcitons have so far not been reportedThe laser spot size was focused to approximately.m
although they should be excited. This is partly due toon the sample surface. The TFWM experiments were
the fast relaxation of light hole excitons to heavy holeperformed in the two beam self-diffraction geometry [13].
exciton states, which suppresses the light hole excitoin this geometry, two beams with wave vectéisandk,
luminescence dramatically. In a coherent experiment, thare incident on the sample under a small angle. The pulse
excitonic states are probed before any scattering evenis thek, direction arrives with a delay af after the pulse
take place, making the observation of light hole biexcitonsn thek, direction. The signal propagates in thle, — k;
possible. However, the requirement is, as in the case dfirection. Parallel linearly polarized light in the two input
heavy hole biexcitons, that the biexciton binding energy isbeams has been used in all the experiments. The TFWM
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signal was dispersed in a 0.6 m spectrometer and detecteffective temperature of the exciton-biexciton gas. The
by an optical multichannel analyzer with a resultingfits of the biexciton lines suggest binding energies for
resolution better than 0.1 meV. The photoluminescencéhe 160 and 130 A quantum wells 1.5 and 1.7 meV,
is excited either by the femtosecond laser or the 632.8 nrespectively. The effective temperature of the biexcitons
line of a HeNe laser. was determined from the fits to be 12—15 K, which is

The 5 K absorption spectrum, obtained with a halogerabove the lattice temperature. This temperature increase
lamp, is shown in Fig. 1(a). We have indicated theis due to the HeNe excitation, creating both the excitons
heavy hole exciton and light hole exciton absorption linesand biexcitons with excess energy, and possibly due to
from the different quantum wells, by HHand LHY, *“recombination heating” of the exciton gas, as discussed
respectively. These lines have linewidths from below 1by Phillipset al. [14].
meV (160 and 130 A) to about 1.5 meV (80 A). For Cold injection of excitons leaves only “recombination
the PL spectrum in Fig. 1(b), obtained using HeNe laseheating,” as the source for an effective exciton tempera-
excitation, we find no Stokes shift for the 160, 130, andture above the lattice temperature. In addition, the cold
100 A quantum wells, and a small shift of 0.5 meV injection of excitons enhances the creation of biexcitons
for the 80 A quantum wells. For the 130 and 160 Aas suggested by Loveringt al.[4]. To investigate this
quantum wells, a weak light hole exciton luminescencefurther, the femtosecond laser was tuned in resonance with
is also observed. the HH® resonance of the 130 A quantum well (),

In Fig. 1(b), additional PL peaks are observed belowand the PL spectra were recorded for different excitation
each of the HH PL peaks. To investigate whether thesedensities. The results of this are presented in Fig. 2(a),
PL peaks are due to a transition from the biexcit&fX  showing a superlinear growth of the biexciton lumines-
to exciton states, we fit the PL data with the line shapecence with increasing excitation intensity. The integrated

used by Phillipset al. [14]: areas under the exciton and biexciton PL lines from the
160 and 130 A quantum wells are plotted against ex-
[(fw) fg(E;hw)@(Ex — EXX — E) citation density in Fig. 2(b) revealing a linear increase

in the exciton luminescence and a superlinear growth in

X exd—(Ex — Ey* — E)/kTe]dE, (1 e : ,
A—(E — Ej )/KTereldE s (1) e piexciton luminescence dp. « I, wherel is the

where g(E) is a broadening functionE, the exciton
energy,E;” the biexciton binding energy, arfl is the
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FIG. 1 Low temperature absorption (a) and photolumines-exciton luminescence and superlinear increase of biexciton lu-
cence (b) spectrum. The luminescence data are obtained usimginescence with excitation density, and (c) fit of the photolu-
HeNe laser excitation. minescence lines with the inverted Boltzmann distribution.
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laser intensity and the value of is determined to be
1.3 for both well thicknesses. The luminescence data
have been fitted with Eq. (1), and the result is shown
in Fig. 2(c). The PL lines from the heavy hole exci-
tons are fitted by Lorentzians and the step function den-
sity of states for the biexcitons have been broadened
with Lorentzians of the same width as the exciton line.
The effective exciton temperature was in this case 7
K, indicating the pure effect of recombination heating
of the initial cold exciton population. These fits gave
biexciton binding energies identical to those found using
HeNe excitation.

A weak shoulder below the L4, photoluminescence
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peak, seen in Fig. 2(a), may be related to the light hole
biexciton luminescence. However, the density of the light <
hole excitons and biexcitons is low due to the fast relax- @,
ation of light hole excitons to the heavy hole state. In i\
el
w

TFWM with 100 fs pulses, we study the exciton states be-
fore the initial scattering events take place. By spectrally
resolving the TFWM signal, the contributions to the sig-
nal from individual states can be identified. With the laser
resonant to the H{,, the TFWM spectrum is shown in 80
Fig. 3 for a delay of 3 ps. Distinct lines are observed for
all the.eXCIton resonances. B?'OW th? e>_(C|ton_ resonance’\ﬁG_ 4 Well width dependence of binding energies. (a)
clear Imes are seen. These lines CO'n(_:'de W_'th the “n_e{ileavy hole binding energies, and (b) ratio of the heavy hole
observed in the luminescence and are identified as beingexciton to exciton binding energy. The dashed curves in
due to two-photon transitions to the biexciton states viga) and (b) indicate the calculation of Kleinmann [2], the full
the intermediate exciton states. Since the spectral width giurve in (b) shows the result of the present calculation, and the
the laser is much wider than the biexciton binding energyMarkers indicate the experimental data.
photons with an energy equal to the exciton energy minus
the biexciton binding energy are emitted for both positivenances to the TFWM spectrum disappears, confirming the
and negative delays. Note that the light hole biexciton inassignment [15]. The inset of Fig. 3 shows the intensity
the 130 A quantum well is clearly resolved, with a bind- of the TFWM signal at the Hif, and HH3, spectral posi-
ing energy of 1.4 meV. Using cocircular polarized light in tions, with the laser peak intensity at K. A clear beat
the input beams, the contribution from the biexciton resois seen in the biexciton component with a beat period of
2.00 ps corresponding to 2.07 meV in good agreement with
the 2.05 meV splitting between the exciton and biexciton
lines extracted from the TFWM spectra. By appropriate
S . HH, tuning of the laser, we obtain the response from theé{H
‘ in each of the quantum wells, and determine their binding
o energies. The well width dependence of the’liinding
energies is shown in Fig. 4(a). Also shown, as a dashed
curve, is the calculation by Kleinman [2].

Assuming a square structure for a 2D biexciton, with
two electrons and two holes separated by diagoRals
we have calculated the ratio of the binding energy of biex-
citons to that of excitons analytically using the fractional
dimension approach [11]. Our model structure helps in
reducing the biexciton Hamiltonian into an exciton Hamil-
tonian with a modified reduced mass and modified dielec-
tric constant, which in spherical coordinates reads:
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FIG. 3 Spectrally resolved four-wave mixing at= 3 ps Hyx =~
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where uyx = %Mx, and exy = V2ex/(4 — V2). px samples. Since the present theoretical approach is general
and ey are the reduced effective mass and dielectriovith respect to the quantum well host material, we believe
constant of the material, respectively. It is to be noted thathat our findings are of importance also in the discussion
for the present case the fractional dimension parameter &f the biexcitonic origin of the lasing mechanism in wide

1 = a = 2, to conform with our proposed geometrical gap II-VI semiconductors [17].

model of a biexciton confined in a quantum welL? is We would like to thank C.B. Sgrensen, IlI-V
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biexciton. The biexciton binding energy is thus derivedsupported by the Center Nanostructures (CNAST) and the

as a function of the exciton binding energy: Danish Natural Science Research Council.
2
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E* = |:_T - Z}E?f’ (3)
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