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Biexcitonic resonance in the nonlinear optical response of an InAs quantum dot ensemble
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Transient spectral hole burning measurements are applied to an ensemble of InAs self-assembled quantum
dots. In addition to the expected exciton hole, we observe an ‘‘antihole’’ due to an induced absorption corre-
sponding to the biexciton state. The biexciton binding energy is consistent with previous measurements in
similar systems. The variation of the binding energy over the inhomogeneous quantum dot distribution is also
measured, and is found to be consistent with expectations for strongly confined systems as a function of
confinement.
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Recently, significant research effort has been applied
wards improving the understanding of optically created
citons in semiconductor quantum dots. One motivation
the investigation has been the proposed implementatio
these systems in the construction of quantum logic gate1,2

These proposals have been bolstered by recent experim
results, which have demonstrated Rabi flopping,3–6 nonradi-
ative coherence and entanglement of exciton polariza
states,7,8 and extremely long excitonic dephasing times
some of these systems.9,10 These studies have focused on t
response of single exciton states. However, it is also imp
tant for both the complete understanding of quantum d
and their application to quantum computing to study the
citonic molecule, or biexciton, formed by two interactin
excitons. Single quantum dot photoluminescence~PL! mea-
surements have allowed for the observation of biexci
resonances in a number of material systems,11–14 including
InxGa12xAs-based self-assembled quantum dots.15–17 How-
ever, the use of nonlinear techniques to study the biexcito
response in these systems offers significant advantages,
as their sensitivity to quantum coherences,18 a necessary re
quirement for quantum logic operations.

In this paper, we report on nondegenerate differen
transmission~DT! measurements performed in an ensem
of InAs/GaAs self-assembled quantum dots. In this cas
standard pump and probe geometry19 is used, but the pump
and probe pulses have independently controllable center
quencies. Previously, nondegenerate DT techniques h
been used to investigate applications such as quantum
hole burning memories,20,21 and relaxation between differen
energy levels of the quantum dot system.22–24Here, however,
we examine the nonlinear response resulting from the b
citon state of the quantum dots. The data is found to ag
with the modified polarization selection rules which res
from the structural asymmetry of the quantum dots. In ad
tion, we study the dependence of the biexciton binding
ergy on the size of the quantum dot, observing behav
which is consistent with the strongly-confined nature of th
dots.
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I. SAMPLE CHARACTERISTICS

A sample consisting of a single layer of InAs quantu
dots grown on GaAs was used in these measurements.
structure was prepared via molecular-beam epitaxy in
Stranski-Krastanow growth mode.25–27 The islands began
forming after the deposition of approximately 1.6 monola
ers~ML ! of InAs; a total of 2.3–2.6 ML was deposited. Th
quantum dots were then capped with a 100 nm layer
GaAs. Structural characterization of the dots via atomic fo
microscopy ~AFM! was performed on uncapped sample
These results yielded average dimensions of 8 nm and 15
for the dot height and lateral extent, respectively, and a d
sity of ;531010 dots/cm2. The observed structural dimen
sions are much smaller than the Bohr radius of the excito
bulk InAs (;36.8 nm),28 putting these quantum dots in th
limit of strong confinement. In addition, the AFM image
reveal a structural elongation of the quantum dots along
@110# crystal axis, similar to what has been widely report
for a number of quantum dot systems,11,13,29 including
InxGa12xAs self-assembled quantum dot samples.30,31

After growth the samples were subjected to rapid therm
annealing at 750 °C for 30 sec to shift the exciton transitio
to higher energies,32–36 to be accessible to available las
systems. To allow for the optical measurements to be p
formed in transmission, the sample was mounted to ac-axis
normal sapphire disk, and the GaAs substrate was remo
using a liquid chemical etch. The sample was mounted in
continuous flow liquid helium cryostat and held at a tempe
ture of 7 K.

The structural asymmetry observed in quantum dots
found to greatly impact the optical properties of the excito
and biexcitons confined within these structures. In bulk a
some quantum well samples, there exists translational s
metry within the plane of the structure. In such cases,
exciton states, such as the heavy hole statesu21/2,13/2&
andu11/2,23/2&, are excited by circularly polarized light. A
biexciton state consists of a combination of these two sta
and can therefore be excited by two circularly polarized p
©2004 The American Physical Society06-1



ts
o
u
d
o

u
s

y
r-
p
a

ee

-
re
n
d
a

p
-
ld
to

e
ns
ct
io
b
um

-

lse
r to
-
uch

atrix
se-
ive

re

ci-
ond

u-
ith
ral
w-
e, in
ing
of

e
ual
of

-
ays

n of

he
the
an
ton
the

real
in

ts;
sed
o

n

tly

n
l

pe
si

A. S. LENIHAN et al. PHYSICAL REVIEW B 69, 045306 ~2004!
tons, of opposite helicity. In the elongated quantum do
however, the symmetry is broken; this leads to a mixing
the exciton spin doublet via the exchange interaction, res
ing in two linearly polarized transitions which are aligne
along the orthogonal in-plane axes of the d
structure.11,13,29,30,37

Figure 1 shows the energy level diagram for such a str
ture. Here we have labeled the states in the two exciton ba
u00& corresponds to the crystal ground state~no excitation!;
u10& andu01& are the single exciton states excited byPx- and
Py-polarized light, respectively; andu11& corresponds to the
biexciton state. The associated biexciton binding energ
denoted asDEb . Note that unlike the case of highe
dimensional semiconductors, where photons of opposite
larization are required to excite the biexciton, here two p
allel, linearly polarized photons are required.11,13,18,38Also
indicated are the population relaxation pathways, betw
the biexciton and exciton states (Gb), and the exciton and
ground states (G). We have ignored spin-flip related relax
ation between the single exciton states, based on our p
ously reported results showing these processes are stro
suppressed in this sample.8 In addition, those results showe
that at zero magnetic field the exciton polarization states
slightly nondegenerate, with a typical energy splittingDExy
of ;40 meV.

II. EXPERIMENTAL METHODS

The measurements are performed using two pulsed o
cal fieldsE1(v1 ,t) andE2(v2 ,t2t) each having its respec
tive polarization. The temporal delay between the two fie
is designated byt. These fields interact with the sample
produce a nonlinear polarization, which in turn radiates
signal field along the direction of the probe fieldE2. Both of
these fields are then homodyne-detected on a square-law
tector. The nonlinear polarization is calculated to third ord
in the applied fields, and will in general contain contributio
from several different perturbation sequences. In the spe
hole burning experiments, both frequency and polarizat
can be used to determine which of these will actually
present. For the discussion presented here, we will ass
that the first fieldE1 always has polarizationPy correspond-
ing to excitation of theu01& exciton transition. The polariza

FIG. 1. Energy-level diagram for the exciton and biexciton tra
sitions in a structurally elongated quantum dot. The states are
beled in the two exciton basis, withu00&, u10&, u01&, and u11&
corresponding to the ground, exciton, and biexciton states, res
tively. Both the polarization selection rules for the optical tran
tions and the population decay paths are also indicated.
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tion, energy detuning, and temporal delay of the probe pu
with respect to the pump pulse can all be adjusted, in orde
control which of the transitions shown in Fig. 1 will contrib
ute to the nonlinear response. The expected results for s
measurements can be understood using the density-m
formalism.39 There are several possible perturbation
quences to third order in the applied fields, which can g
rise to a nonlinear signal in the DT geometry.

For those cases in which the energy ofE2 is tuned around
that of E1, so that the exciton transition is probed, there a
the pathways

r00,00→
E1

r00,01→
E1* H r00,00

r01,01
J →

E2uuE1

r00,01, ~1!

r00,00→
E1

r00,01→
E1* H r00,00

r01,01
J →

E2'E1

r00,10. ~2!

Both pathways result in induced transmission at the ex
ton energy, i.e., spectral hole burning, although in the sec
pathway, whereE2 is polarized orthogonal toE1, the signal
will arise solely from the depletion of the ground-state pop
lation. In spectral hole burning measurements made w
very narrow bandwidth lasers, the linewidth of the spect
hole is related to the dephasing rate of the transition. Ho
ever, in the case of pulsed measurements such as thes
which the pulse width is much shorter than the dephas
time, the spectral hole will be determined by the spectrum
the optical pulses.

For excitation of the biexciton transition, in which th
probe is detuned from the pump energy by an amount eq
to the biexciton binding energy, there is no signal in case
orthogonally polarized pulses~in the absence of spin relax
ation!. For the parallel polarized case, two possible pathw
exist

r00,00→
Ei

r00,01→
Ej* H r00,00

r01,01
J →

Ek

r11,01, ~3!

r00,00→
Ei

r00,01→
Ej*

r00,11→
Ek

r00,01. ~4!

The first of these corresponds to the stepwise excitatio
the biexciton, withEi5Ej5E1 andEk5E2. In this case, real
exciton population is created, which is then driven to t
biexciton state. This results in induced absorption of
probe at the exciton to biexciton transition, leading to
antihole. The final sequence corresponds to the two-pho
coherence pathway. In this case, a coherence between
ground and biexciton states is first created, rather than a
exciton population. This contribution has been observed
frequency-domain measurements of single quantum do18

however, in the present measurements which utilize pul
sources, this term could only contribute if either one of tw
conditions were met~while assuming that time ordering i
the pump-probe geometry must be maintained, i.e.,E2 does
not arrive beforeE1, and local field corrections are ignored!.
First, if the spectral bandwidth of the pulses was sufficien
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large relative to the biexciton binding energy, such that eit
pulse could excite both the exciton and biexciton transitio
then the term can contribute, even with a temporal de
between the pulses, withEi5Ej5E1 and Ek5E2. Other-
wise, if the bandwidths are much smaller than the bind
energy then the pulses must be overlapped in time, such
Ei5Ek5E1 andEj5E2. In our experiments the first cond
tion is not met, as will be observed in the results. Likewi
as all of the results shown are obtained with a small posi
temporal delay between the pump and probe pulses, the
ond condition is not met. Therefore we will not consid
contributions from the two-photon coherence in discuss
the data.

For these experiments, both of the fieldsE1 andE2 were
obtained from a single mode locked Ti:sapphire laser, op
ating at a repetition rate of 76 MHz. The output pulses ha
spectral bandwidth of approximately 16 meV~full width at
half maximum—FWHM!. The laser output was split into
separate paths for the pump and probe fields. In order to h
the two fields at different and independently tunable frequ
cies v1 and v2, two pulse shapers were used.40 The pulse
shapers each consisted of a grating and lens pair, which
aged the spectrum of the pulses on a variable slit assem
which acts as a spectral amplitude filter. By adjusting
width and horizontal position of the slits, the bandwidth a
center frequency of the shaped pulse could be controlled.
these measurements, the shaped pulses had a spectral
width of ;1.4 meV ~FWHM!. Optical cross-correlation
measurements, utilizing an unshaped reference pulse, yie
a temporal duration of approximately 2.8 psec. In the cas
the probe fieldE2, the position of slit assembly was scann
using a computer-controlled stepping motor, to allow for a
eraging of spectral scans. A motorized linear translation st
controlled the temporal delay between the two fields.

Amplitude modulation at frequencies near 1 MHz w
used, via traveling-wave acousto-optic modulators. The
arms of the experiment differed in modulation frequency
an amountd. The signal and probe fields were homody
detected on a silicon photodiode, and the resulting DT sig
was measured using lock-in detection at this difference
quencyd. In order to improve the signal-to-noise ratio in th
measurement, balanced detection was utilized, using a
ond photodiode and a reference field which did not p
through the sample. In addition, because the peak po
changes as the spectral position was varied, a separate
without the pump fieldE1 present, was made to measure t
transmission~T! of the probe field. The data shown in th
paper are plotted as the normalized nonlinear response D

III. RESULTS AND DISCUSSION

Figure 2 shows the low-temperature PL and nonlinear
spectra of the quantum dot ensemble, in the upper and lo
traces, respectively. The PL spectrum is obtained w
continuous-wave excitation at 2.5 eV, well above the ene
bandgap of the GaAs barrier layers. The PL peak is cente
at 1.287 eV, with an inhomogeneous linewidth
;37.5 meV~FWHM!. As has been widely reported for sim
lar quantum dot samples,33,36,41–46at higher excitation inten-
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sities, emission from the higher-energy excited state is
served, with a ground-excited state splitting
approximately 50 meV in this sample.47 The degenerate DT
spectrum was measured by fixing the pump-probe temp
delay to12 psec, and tuning the degenerate (v15v2) exci-
tation fields. The data are indicated by the filled circle
while the solid line is a fit to a Gaussian function, centered
1.304 eV, with a linewidth of 51.9461.32 meV ~FWHM!.
While the observed energy shift of 17 meV with respect
the PL is large compared to that observed in high
dimensional semiconductors, it is still much smaller than
excited state splitting in this sample. Both spectra show
quantum dot ensemble to be strongly inhomogeneou
broadened; by comparison, recent four-wave-mixing m
surements have inferred homogeneous linewidths which
orders of magnitude smaller, at only a few micro electr
volt.9,10

We now turn to the case of spectral hole burning, in wh
the two fields are nondegenerate (v1Þv2). The pump field
E1 is tuned to 1.288 eV, on the low-energy side of the no
linear response observed, as indicated by the arrow in Fig
the pump spectrum is shown for reference in Fig. 3~a!. First,
we consider the case of the two fields having orthogon
linear polarizations, corresponding to pathway~2! in the
density-matrix picture previously discussed. In this polariz
tion configuration, the signal results from the depletion of t
ground-state exciton population, and does not have any c
tribution from the biexciton. These data are shown in F
3~b!, where the nonlinear signal is plotted as a function
the energy shift from the pump@\(v22v1)#, for a fixed
temporal delay of16 psec. As expected, the nonlinear r
sponse is peaked at the pump energy position; the data
well fitted by a Gaussian function~indicated by the solid
line!. The width of the spectral hole obtained from the fittin
is 1.4460.04 meV~FWHM!, which is significantly narrower

FIG. 2. Low-temperature PL~upper trace! and degenerate DT
~lower trace! spectra of the InAs quantum dot ensemble. The P
obtained under nonresonant excitation at 2.5 eV is peaked at 1
eV, with an inhomogeneous linewidth of 37.5 meV~FWHM!. The
DT spectrum is obtained by tuning the energy of the degene
pump and probe pulses, with the temporal delay fixed at12 psec.
The solid line is a fit to a Gaussian function, peaked at 1.304
with a FWHM of 51.9461.32 meV. A shift of;17 meV between
the peaks of the PL and nonlinear spectra is observed. Figure
offset for clarity. The arrow indicates the spectral position of t
pump field for the spectral hole burning measurements.
6-3
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than the observed inhomogeneous linewidth of the ensem
and corresponds to the bandwidth of the optical pulses.
shape and width of the spectral hole is in agreement with
hypothesis that the homogeneous linewidth of these quan
dots is much narrower than our optical pulse bandwidth.

We now turn to the case of parallel, linearly polariz
excitation fields, which corresponds to excitation pathw
~1!. In this case, if the probe fieldE2 is tuned to the wave-
length of the pump fieldE1, the response due to bleaching
the exciton absorption will be observed. If however, it
instead detuned by an amount equal to the binding energ
the biexciton state, an induced absorption resonance sh
be present, corresponding to the stepwise excitation of
biexciton as in pathway~3!. Figure 3~c! shows the data ob
tained for this polarization configuration. At zero detunin
corresponding to the exciton response, a peak is obser
The magnitude of this signal is twice that of the orthogo
polarization case in Fig. 3~b!, due to the contribution of both
saturation and ground-state depletion. The spectral width
within the accuracy of the fitting, the same as in~b!, as one
would expect. At energies below the pump position, a cl
induced absorption response is observed, correspondin
absorption to the biexciton state. While biexciton states
self-assembled dots have been previously studied using
spectroscopy,15–17 this represents the first evidence of t

FIG. 3. Polarization dependent spectral hole burning meas
in the InAs quantum dot ensemble, plotted as a function of ene
detuning from the center of the pump spectrum:~a! spectrum of the
pump pulse, where zero detuning corresponds to 1.288 eV.~b! spec-
tral hole burning, at a temporal pump-probe delay of16 psec,
observed when the two excitation fields have orthogonal, lin
polarizations. The spectral hole linewidth of 1.4460.04 meV cor-
responds to the bandwidth of the optical pulses and not the
homogeneous linewidth of the quantum dot transitions.~c! as ~b!,
but for parallel linear field polarizations. In addition to the satu
tion response at zero detuning, an induced absorption resonan
observed at lower energy, indicating absorption on the excit
biexciton transition. A binding energy of 3.7560.07 meV for the
biexciton is obtained from the fitting.
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biexciton state in nonlinear spectroscopy in these system
Fitting the data to a combination of two Gaussian fun

tions ~indicated by the solid line!, we obtain a biexciton
binding energy of 3.7560.07 meV. As expected for confine
structures, this binding energy is much larger than those
served in GaAs bulk48 or quantum well49 samples, and is
comparable to that reported in single dot PL for InAs-bas
quantum dots.15–17 The fitted width of the biexciton re-
sponse, 2.39360.17 meV, is slightly wider than the excito
peak. We attribute this observation to the ensemble natur
the measurements: excitons which have similar transition
ergies, and thus are excited by the pump pulse, may h
different biexciton binding energies, resulting in a larg
width for the induced absorption response.

The binding energy of the biexciton state is found to va
across the inhomogeneous ensemble of quantum dots,
tained by measuring the spectral hole burning response
function of the pump position within the inhomogeneous
broadened nonlinear response. These results are show
Fig. 4, where the measured biexciton binding energies~open
circles! are plotted as a function of the pump fieldE1 energy,
corresponding to a subset of exciton transition energies.
reference, the degenerate DT spectrum~from Fig. 2! is
shown as well. At the lowest energy which could be attain
with our experimental setup, 1.278 eV, a binding energy
;3.9 meV was measured. However, as the energy of
pump fieldE1 is increased, the binding energy decreases
almost a factor of two, down to;2.5 meV at the highes
energy studied, 1.332 eV.

The inhomogeneous spectrum of the quantum dot
semble reflects variations in the physical properties of
dots, e.g., size, strain, shape, or indium content; these pa
eters will also strongly influence the biexciton bindin
energy.50,51 For self-assembled structures, previous resu
have shown that increasing exciton recombination ener
can be correlated with decreasing dot size15,42,52,53and de-
creasing indium concentration.54,55 The exact structure and
composition of the present samples after annealing is
known, and both of these effects likely impact the observ
results. In both cases, the electron and hole states in t
dots with higher exciton recombination energies are l

ed
y

r

e

-
is

-

FIG. 4. Dependence of the biexciton binding energy~open
circles! on the energy tuning of the pump pulse within the inhom
geneous distribution. The degenerate DT spectrum is shown
reference.
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strongly localized than those at lower energies, resulting
decrease in the electron-hole wave-function overlap. T
Coulomb repulsion between like particles can then begin
offset, and eventually dominate, the electron-hole attract
The net result is a decrease in biexciton binding energy
the exciton recombination energy is increased,50,51,56,57as ob-
served in Fig. 4. We note that similar trends in the biexci
binding energy have been observed in single quantum
emission studies,58 as have the negative binding energy a
tibound states.58,59 These previous observations, as well
our own, are in contrast to results from larger quantum
structures, in which the size of the dot is comparable to
somewhat larger than the exciton bulk Bohr radius. In t
case, there is an enhancement of the Coulomb interac
between the excitons due to the increased wave-func
overlap caused by confinement. As the size of the quan
dot is decreased, the biexciton binding energy is increa
as observed experimentally for several systems, includ
II-VI nanocrystals60,61 and larger InxGa12xAs dots.15

IV. CONCLUSIONS

In this paper we have reported on polarization-depend
spectral hole burning measurements in an ensemble of I
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quantum dots, in which we have directly observed the
duced absorption resulting from the quantum dot biexcito
As a result of the confinement enhancement, a large bind
energy of 3.7560.07 meV is measured. The binding ener
shows a strong dependence on the size of the quantum
varying by nearly a factor of two over the inhomogeneo
distribution of dots. These measurements will hopefully le
to further studies of biexcitons in these strongly confin
structures, such as the measurement of the two-photon
herent excitation, similar to that observed in GaAs quant
dots.18
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