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Binding of Quasi-Two-Dimensional Biexcitons
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Mikroelektronik Centret, The Technical University of Denmark, DK2800 Lyngby, Denmark
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Biexciton binding in GaAs quantum wells has been investigated for a range of well thickne
(80–160 Å) with spectrally resolved photoluminescence and transient degenerate four-wave m
Both light and heavy hole biexcitons are observed. The ratio of the binding energy of the heavy
biexciton to that of the heavy hole exciton is found to beø0.2, and nearly independent of well width
over the investigated range. A new theoretical calculation agrees very well with the experimental
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
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Since the first reported observation of biexcitons
GaAsyAlGaAs quantum wells [1], a large number of pa
pers concerning different aspects of quantum well bie
citons has been published. Several experimental val
of the biexciton binding energy have been reported, b
so far no systematic experimental study of the well wid
dependence of the biexction binding energy has been p
lished. The only published theoretical work on the bindin
energy of two-dimensional (2D) biexcitons is by Klein
man [2] who predicted a value of 1.2 meV for a 100
GaAsyAlGaAs quantum well; and indeed the first expe
imental results seemed to confirm this value [1,3,4].
these experiments, the spectral peak position of the biex
ton photoluminescence (PL), or a fit by the line shape, h
been used to deduce the biexciton binding energy.

Since then, several authors [4,5] have observed beat
transient four-wave mixing (TFWM), which were ascribe
to quantum beats between heavy hole excitons and b
citons. The use of exciton-biexciton quantum beats is
principle more accurate in determining the biexciton bin
ing energy, since it does not require a fit by a PL line sha
A binding energy of 1.8 meV for a 116 Å quantum we
[5] has been determined from TFWM experiments, and
a nonlinear transmission experiment a value of 2.7 m
for a 80 Å quantum well has been found [6]. Recent r
ports of 1.8 meV for a 100 Å quantum well [7], 1.2 meV
for a 250 Å well [8], and 2.8 meV for 50–60 Å wells [9]
demonstrate that conflicting data have been published
various authors for different samples. Nevertheless, th
all indicate higher binding energies for 2D biexcitons tha
predicted by Kleinman [2]. Recently, Ivanov and Hau
[10] have suggested a polariton effect to be responsible
the enhanced binding energy of 2D biexcitons.

Light hole biexcitons have so far not been reporte
although they should be excited. This is partly due
the fast relaxation of light hole excitons to heavy ho
exciton states, which suppresses the light hole exci
luminescence dramatically. In a coherent experiment,
excitonic states are probed before any scattering eve
take place, making the observation of light hole biexcito
possible. However, the requirement is, as in the case
heavy hole biexcitons, that the biexciton binding energy
0031-9007y96y76(4)y672(4)$06.00
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larger than, or similar to, the inhomogeneous broadeni
meaning that only samples of the best quality w
reveal biexcitons.

In this Letter we report (i) the determination of biexc
ton binding energies in GaAsyAlGaAs quantum wells of
different well widths, (ii) the first observation of the ligh
hole biexciton in GaAs quantum wells, and (iii) the resu
of a theoretical model for calculating the ratio of the bin
ing energy of the biexciton to that of the exciton, usin
the fractional dimension approach [11]. We determine t
binding energies using both coherent and noncoherent
tical techniques, i.e., TFWM and PL, respectively. Usin
spectrally resolved TFWM, we observe light hole biexc
tons. They are found to have a lower binding energy th
the heavy hole biexcitons and a stronger well width dep
dence. The ratio of the binding energies of the heavy h
biexciton (EXX

b ) to the heavy hole exciton (EX
b ) is found

to beø0.2 independent of well width. Our analytical re
sult for a 2D biexciton gives a value ofEXX

b yEX
b ­ 0.228

and independent of the quantum well width, which agr
very well with our experimental result. This suggests th
a new Hayne’s type of rule with a higher constant ratio
valid in dimensions lower than three [12].

To prevent uncertainties from sample to sample fluc
ations, one single structure is grown, containing wells
different thicknesses. In this sample, ten wells with thic
nesses 80, 100, 130, and 160 Å are grown. The wells
separated by 150 Å Al0.3Ga0.7As barriers, and after the
growth the structure is lifted off the substrate and mount
on a sapphire disk. The samples are kept in a liquid
cryostat at 5 K during the experiments.

For the TFWM experiments, the sample was excited
100 fs pulses from a self-mode-locked Ti:sapphire las
The laser spot size was focused to approximately60 mm
on the sample surface. The TFWM experiments we
performed in the two beam self-diffraction geometry [13
In this geometry, two beams with wave vectorsk1 andk2

are incident on the sample under a small angle. The pu
in thek2 direction arrives with a delay oft after the pulse
in thek1 direction. The signal propagates in the2k2 2 k1

direction. Parallel linearly polarized light in the two inpu
beams has been used in all the experiments. The TFW
© 1996 The American Physical Society
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signal was dispersed in a 0.6 m spectrometer and dete
by an optical multichannel analyzer with a resulti
resolution better than 0.1 meV. The photoluminesce
is excited either by the femtosecond laser or the 632.8
line of a HeNe laser.

The 5 K absorption spectrum, obtained with a halog
lamp, is shown in Fig. 1(a). We have indicated t
heavy hole exciton and light hole exciton absorption lin
from the different quantum wells, by HHX and LHX ,
respectively. These lines have linewidths from below
meV (160 and 130 Å) to about 1.5 meV (80 Å). F
the PL spectrum in Fig. 1(b), obtained using HeNe la
excitation, we find no Stokes shift for the 160, 130, a
100 Å quantum wells, and a small shift of 0.5 me
for the 80 Å quantum wells. For the 130 and 160
quantum wells, a weak light hole exciton luminescen
is also observed.

In Fig. 1(b), additional PL peaks are observed bel
each of the HHX PL peaks. To investigate whether the
PL peaks are due to a transition from the biexciton (XX)
to exciton states, we fit the PL data with the line sha
used by Phillipset al. [14]:

Ish̄vd ~
Z

gsE; h̄vdQsEx 2 EXX
b 2 Ed

3 expf2sEx 2 EXX
b 2 EdykTeffg dE , (1)

where gsEd is a broadening function,Ex the exciton
energy,EXX

b the biexciton binding energy, andTeff is the

FIG. 1 Low temperature absorption (a) and photolumin
cence (b) spectrum. The luminescence data are obtained
HeNe laser excitation.
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effective temperature of the exciton-biexciton gas. Th
fits of the biexciton lines suggest binding energies f
the 160 and 130 Å quantum wells 1.5 and 1.7 me
respectively. The effective temperature of the biexcito
was determined from the fits to be 12–15 K, which
above the lattice temperature. This temperature incre
is due to the HeNe excitation, creating both the excito
and biexcitons with excess energy, and possibly due
“recombination heating” of the exciton gas, as discuss
by Phillipset al. [14].

Cold injection of excitons leaves only “recombinatio
heating,” as the source for an effective exciton tempe
ture above the lattice temperature. In addition, the co
injection of excitons enhances the creation of biexcito
as suggested by Loveringet al. [4]. To investigate this
further, the femtosecond laser was tuned in resonance w
the HHX resonance of the 130 Å quantum well (HHX

130),
and the PL spectra were recorded for different excitati
densities. The results of this are presented in Fig. 2(
showing a superlinear growth of the biexciton lumine
cence with increasing excitation intensity. The integrat
areas under the exciton and biexciton PL lines from t
160 and 130 Å quantum wells are plotted against e
citation density in Fig. 2(b) revealing a linear increas
in the exciton luminescence and a superlinear growth
the biexciton luminescence asIPL ~ I

g
L , whereIL is the

FIG. 2 Resonantly excited PL. (a) The photoluminescen
spectra at different excitation densities, (b) linear increase
exciton luminescence and superlinear increase of biexciton
minescence with excitation density, and (c) fit of the photol
minescence lines with the inverted Boltzmann distribution.
673
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laser intensity and the value ofg is determined to be
1.3 for both well thicknesses. The luminescence d
have been fitted with Eq. (1), and the result is sho
in Fig. 2(c). The PL lines from the heavy hole exc
tons are fitted by Lorentzians and the step function d
sity of states for the biexcitons have been broaden
with Lorentzians of the same width as the exciton lin
The effective exciton temperature was in this case
K, indicating the pure effect of recombination heatin
of the initial cold exciton population. These fits gav
biexciton binding energies identical to those found usi
HeNe excitation.

A weak shoulder below the LHX160 photoluminescence
peak, seen in Fig. 2(a), may be related to the light h
biexciton luminescence. However, the density of the lig
hole excitons and biexcitons is low due to the fast rela
ation of light hole excitons to the heavy hole state.
TFWM with 100 fs pulses, we study the exciton states b
fore the initial scattering events take place. By spectra
resolving the TFWM signal, the contributions to the si
nal from individual states can be identified. With the las
resonant to the HHX130, the TFWM spectrum is shown in
Fig. 3 for a delay of 3 ps. Distinct lines are observed f
all the exciton resonances. Below the exciton resonan
clear lines are seen. These lines coincide with the li
observed in the luminescence and are identified as be
due to two-photon transitions to the biexciton states
the intermediate exciton states. Since the spectral widt
the laser is much wider than the biexciton binding ener
photons with an energy equal to the exciton energy min
the biexciton binding energy are emitted for both positi
and negative delays. Note that the light hole biexciton
the 130 Å quantum well is clearly resolved, with a bin
ing energy of 1.4 meV. Using cocircular polarized light
the input beams, the contribution from the biexciton res

FIG. 3 Spectrally resolved four-wave mixing att ­ 3 ps
showing the heavy hole and light hole biexcitons. Inset sho
the four-wave mixing instensity of the heavy hole exciton a
biexciton as a function of delay.
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FIG. 4 Well width dependence of binding energies. (
Heavy hole binding energies, and (b) ratio of the heavy ho
biexciton to exciton binding energy. The dashed curves
(a) and (b) indicate the calculation of Kleinmann [2], the fu
curve in (b) shows the result of the present calculation, and
markers indicate the experimental data.

nances to the TFWM spectrum disappears, confirming
assignment [15]. The inset of Fig. 3 shows the intens
of the TFWM signal at the HHX100 and HHXX

100 spectral posi-
tions, with the laser peak intensity at HHX

100. A clear beat
is seen in the biexciton component with a beat period
2.00 ps corresponding to 2.07 meV in good agreement w
the 2.05 meV splitting between the exciton and biexcito
lines extracted from the TFWM spectra. By appropria
tuning of the laser, we obtain the response from the HHXX

in each of the quantum wells, and determine their bindi
energies. The well width dependence of the HHXX binding
energies is shown in Fig. 4(a). Also shown, as a dash
curve, is the calculation by Kleinman [2].

Assuming a square structure for a 2D biexciton, wi
two electrons and two holes separated by diagonals2r,
we have calculated the ratio of the binding energy of bie
citons to that of excitons analytically using the fraction
dimension approach [11]. Our model structure helps
reducing the biexciton Hamiltonian into an exciton Hami
tonian with a modified reduced mass and modified diele
tric constant, which in spherical coordinates reads:

ĤXX ­ 2
h̄2

2mXX

∑
1

ra21

≠

≠r

Ω
ra21 ≠

≠r

æ∏
1

L2

2mXXr2
2

e2

eXXr
, (2)
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where mXX ­
2
3 mX , and eXX ­

p
2 eXys4 2

p
2d. mX

and eX are the reduced effective mass and dielec
constant of the material, respectively. It is to be noted t
for the present case the fractional dimension paramete
1 # a # 2, to conform with our proposed geometric
model of a biexciton confined in a quantum well.L2 is
the square of the angular momentum operator of a
biexciton. The biexciton binding energy is thus deriv
as a function of the exciton binding energy:

EXX
b ­

"
mXX

mX

e
2
X

e
2
XX

2 2

#
EX

b , (3)

which givesEXX
b yEX

b . 0.228, independently of the frac
tional dimensiona and hence the well width. The detai
of this calculation will be published elsewhere [16].

The binding energies of the heavy hole excitons ha
been estimated from photoluminescence excitation m
surements, using a halogen lamp and a monochrom
In Fig. 4(b), we have compared the experimental ratio
the heavy hole biexciton binding energy and the hea
hole exciton binding energyEXX

b yEX
b with those of Klein-

mann [2] and the present calculation. The experime
results deviate significantly from the calculation by Klei
man but agree quite well with our calculation, and su
gest that a Hayne’s type of rule, with a higher value
the ratio, is found in lower dimensional systems. Our e
perimental findings indicate that the binding energy of
light hole biexciton is lower than that of the heavy ho
biexcitons. Our theoretical result (3) gives a ratio that
independent of the mass. However, due to the larger
perimental uncertainties involved in determining the bin
ing energies of both of the light hole excitons and the lig
hole biexcitons it is not possible at the present to addr
this issue any further.

In summary, this is the first report of light hole biexc
tons in GaAs quantum wells. The quantum well biexcit
binding energies have been measured and calculated
series of different well thicknesses. The ratio of the bie
citon and exciton binding energies is found to be indep
dent of well width having a value ofø0.2 in agreement
with the results of a theoretical model. We find larg
values of the binding energies than those initially fou
for 100 Å quantum wells [1,3,4,14]. However, our resu
agree with those published in a number of recent rep
[5–9], on larger biexciton binding energies in high qual
ic
at
is

D

e
a-
or.
f
y

al
-
-
f
-
e

s
x-
-
t
ss

n
r a
-

n-

r
d

ts

samples. Since the present theoretical approach is gen
with respect to the quantum well host material, we belie
that our findings are of importance also in the discuss
of the biexcitonic origin of the lasing mechanism in wid
gap II-VI semiconductors [17].
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