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Fifth-order nonlinear optical response of excitonic states in an InAs quantum dot ensemble
measured with two-dimensional spectroscopy
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Exciton, trion, and biexciton dephasing rates are measured for an ensemble of InAs quantum dots using
two-dimensional Fourier-transform spectroscopy. The two-dimensional spectra reveal that the dephasing rate of
each excitonic state is similar for all dots in the ensemble and the rates are independent of excitation density. An
additional spectral feature (too weak to be observed in the time-integrated four-wave mixing signal) appears at
high excitation density and is attributed to the χ (5) biexcitonic nonlinear response.
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The optical spectrum of a semiconductor quantum dot
(QD) at low temperature is dominated by excitonic features
including neutral and charged excitons (trions) and bound
or antibound two-excitons (biexcitons).1 Exciton dephasing
times up to nanoseconds2,3 have made semiconductor QDs
attractive for applications in quantum information and co-
herent control, motivating studies investigating dephasing
and relaxation mechanisms that can limit the performance
of QD-based devices. The most widely used technique for
studying these properties has been spectrally and time-resolved
photoluminescence,4–6 in which single QDs must be isolated
to overcome significant inhomogeneous line broadening re-
sulting from QD size dispersion. These experiments have
investigated the effects of exciton-phonon interactions7–11 on
the homogeneous line shape and width (inversely proportional
to the dephasing time) and the influence of confinement and
external fields on the emission energies.12,13 Additional insight
into dephasing mechanisms and coherent interactions between
excitons can be gained by using nonlinear techniques,14–16 in
which many-body interactions give rise to distinct features in
the nonlinear signals.17 Transient four-wave mixing (FWM)
has been particularly suitable for revealing the effects of
phonon and interexciton scattering on the dephasing rate of
excitons, biexcitons, and trions in ensembles even in the
presence of significant inhomogeneity.14,18–20

More recently, optical two-dimensional Fourier-transform
spectroscopy21 (2DFTS), an extension of three-pulse FWM,
has been demonstrated as an extremely sensitive tool for in-
vestigating coherent excitonic interactions22–24 and incoherent
relaxation dynamics25 in interfacial GaAs QDs and electronic
properties in PbS colloidal QDs.26 2DFTS is advantageous for
investigating QD ensembles because of its ability to unfold the
coherent response onto two frequency dimensions, separating
the homogeneous and inhomogeneous linewidths and clearly
isolating different spectral features that would otherwise
overlap using one-dimensional techniques. In this work, we
use 2DFTS to investigate the nonlinear optical response of
excitons, trions, and biexcitons in an InAs QD ensemble by
exploiting the dipole transition selection rules for this system.
2DFTS has not been applied previously to the study of InAs

QDs, which exhibit stronger confinement compared to GaAs
QDs, and therefore smaller dipole moments, making them
more difficult to study. By using collinearly and cross-linearly
polarized excitation and detection schemes, we isolate the
different excitonic states and measure the emission energy
dependence of the linewidths. By increasing the excitation
intensity to drive the system beyond the χ (3) regime, we find
that an additional spectral feature, which is too weak to be
observed in the time-integrated FWM signal, appears in the
2D spectrum and is attributed to the χ (5) biexciton nonlinear
response that is radiated in the FWM phase-matched direction.
Furthermore, we find that the linewidths of all excitonic
states are independent of excitation density, indicating that
excitation-induced dephasing (EID) effects are not important
at these excitation levels.

The sample investigated consists of 10 quantum-
mechanically isolated self-assembled InAs/GaAs QD layers
epitaxially grown on a GaAs (001) substrate. Investigation
of an ensemble eliminates any modification to the dielectric
environment that occurs from patterning the sample (as is often
done in single QD studies), which might influence the optical
properties. The sample is thermally annealed post-growth at
900 ◦C for 30 s, which affects the emission properties of the
ensemble in several ways:27,28 the ground-state distribution is
blue-shifted to 1345 meV; the inhomogeneous width is nar-
rowed to 15 meV full-width at half-maximum (FWHM); and
the ground-state-to-wetting-layer confinement is decreased
to 100 meV. Impurities unintentionally introduced during
growth result in half of the QDs being doped with a hole,
determined through single dot studies of similar samples and
a quantitative analysis discussed in the following. In neutral
QDs, electron-hole exchange couples the exciton spin states,
forming a basis of two orthogonal linearly polarized states
|H〉 and |V〉, separated by the fine-structure splitting (δ1)
for an asymmetric confinement potential.12 These states are
coupled through confinement-enhanced Coulomb interactions,
forming the four-level diamond scheme shown in Fig. 1(c).
The effects of confinement on δ1 have been measured through
experiments29 in which T is scanned instead of τ , and the
results preclude a distribution of eigenstate orientations. In
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FIG. 1. (Color online) A schematic of the 2DFTS experimental
setup is shown in (a). Three pulses are focused onto the sample by lens
L1 to generate a nonlinear signal that is radiated in the phase-matched
direction and collimated by lens L2. The signal is heterodyned with
a phase-stabilized reference pulse and their interference is spectrally
resolved. Interferograms are recorded while the delay between the
first two pulses τ is incrementally stepped. The data are Fourier
transformed with respect to τ to unfold the complex nonlinear
response onto two frequency dimensions. The pulse-time ordering
is shown in (b) and an energy-level diagram for a neutral QD is
shown in (c) for the ground (|g〉), lowest-energy exciton states (|H 〉
and |V 〉) that are energetically separated by the fine-structure splitting
δ1 and the bound biexciton (|B〉) red-shifted from the two-exciton by
the biexciton binding energy �XX.

that work, well-defined peaks associated with a nonradiative
Raman-type coherence between |H〉 and |V〉 reveal that the
linearly polarized exciton states are aligned along the same
crystal axes for all QDs in the ensemble. Biexciton states
are optically excited by two collinearly polarized pulses,
which form a four-particle correlated state that is red-shifted
from twice the average exciton energy by a positive biex-
citon binding energy �XX. The sample temperature is held
at 10 K.

The 2DFTS technique, shown in the schematic diagram
in Fig. 1(a), is based on three-pulse FWM with the ad-
dition of interferometric stabilization of the pulse delays
(for experimental details, see Bristow et al.30). Briefly, three
150-fs pulses resonant with the ground-state inhomogeneous
distribution with a FWHM of 10 meV are incident on the
sample with wave vectors ka , kb, and kc. The pulses generate a
nonlinear signal that is radiated in the phase-matched direction
ks = −ka + kb + kc. The signal is heterodyned with a phase-
stabilized reference and their interference is spectrally resolved
with a 17-μeV resolution. The delay between the first two
pulses incident on the sample τ is stepped with interferometric
precision while recording spectral interferograms, and the
extracted nonlinear signal is Fourier transformed with respect
to τ to generate a complex 2D rephasing spectrum. At each
delay, the phases of pulses A and B are toggled by π

using liquid-crystal modulators and phased interferograms
are combined appropriately to cancel scatter of the excitation
beams along ks . The excitation intensity can be varied from 5
to 200 W cm−2 (0.025 to 1 × 1013 photons pulse−1 cm−2).

Normalized amplitude spectra are shown in Figs. 2(a)
and 2(b) for the highest excitation intensity using collinearly
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FIG. 2. (Color online) Normalized rephasing amplitude spectra
for collinear (HHHH) and cross-linear (HVVH) polarization for
an excitation intensity of 200 W cm−2 are shown in (a) and (b),
respectively. A cross-diagonal slice (points) at the peak maximum
and a

√
Lorentzian fit (line) are shown in the inset to (a).

(HHHH) and cross-linearly (HVVH) polarized excitation
sequences, respectively, where the polarization is defined as
that of pulses A, B, C, and the detected signal. Because pulse
A is incident on the sample first and the signal is measured
along ks , coherences oscillate at negative frequencies during
τ with respect to oscillations during t ; thus, the spectra are
plotted as a function of negative absorption energy h̄ωτ and
positive emission energy h̄ωt along the vertical and horizontal
axes, respectively. At 200 W cm−2, we estimate an average of
0.1 excitons are excited per QD. Both spectra feature a peak
on the diagonal, and the maximum amplitude of this peak
decreases by two orders of magnitude when switching from
HHHH to HVVH polarization. In a strongly inhomogeneously
broadened system, the width of a slice taken along the diagonal
provides the inhomogeneous linewidth �inhom, but is limited by
the excitation spectrum in these experiments, whereas a slice
perpendicular to the diagonal, shown in the inset of Fig. 2(a), is
a measure of the homogeneous line shape, and the half-width at
half-maximum31 (HWHM) gives the zero-phonon line (ZPL)
width γhom at low temperature.24 For HVVH polarization,
additional peaks appear shifted below and above the diagonal
line by equal energy.

The states contributing to the features in Fig. 2 are identified
by considering the dipole selection rules shown in Fig. 1(c).
For HHHH polarization, excitons and biexcitons are optically
accessible in neutral QDs, whereas in QDs containing a resi-
dent hole, Pauli blocking inhibits excitation of these excitonic
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FIG. 3. (Color online) (a) The exciton (γX, diamonds), trion (γX+,
squares), and biexciton (γXXL

, circles) cross-diagonal linewidths
(HWHM) are shown within the ground-state inhomogeneous distribu-
tion and are nearly constant for all emission energies. Representative
error bars are indicated. (b) For the HVVH spectrum, a cubic
power dependence of the peak amplitudes below (XXL) and on
(X+) the diagonal confirms their χ (3) nature, whereas the quintic
power dependence of the above-diagonal peak amplitude (XXU )
indicates that this peak arises from the χ (5) nonlinear response
amplitude radiating along ks . The cubic (P 3/2) and quintic (P 5/2)
power dependencies are indicated by the dashed lines.

states and instead positively charged trions can form. Because
of inhomogeneity, the exciton and trion distributions overlap
on the diagonal and are spectrally indistinguishable; however,
the excitonic contribution is eliminated by using an HVVH
polarization scheme for which no quantum pathways exist for
the exciton. Local-field effects, two-exciton coherences, and
excitation-induced effects previously measured and calculated
to generate a signal at the exciton energy in quantum wells for
this polarization are not present, verified through auxiliary
measurements similar to negative delay two-pulse FWM
experiments.32 Therefore, the remaining spectral amplitude on
the diagonal in Fig. 2(b) isolates the trion response. In charged
QDs, optical excitation creates a single electron-hole pair,
and the three-particle state forms a singlet trion. The fraction
of charged QDs is estimated by noting that the third-order
polarization and the ZPL width are proportional to the fourth
and second powers of the dipole moment, respectively. We
assume that a single dipole moment characterizes the quantum
pathways leading to each excitonic state and that the linewidths
are radiatively limited. By measuring the amplitudes and
linewidths for both polarizations at low power (in the χ (3)

regime) and relating them through the dipole moments, we
estimate that 52% of the QDs are charged.

Identification of the diagonal peak in Fig. 2(b) as a trion
is further supported by a narrower ZPL width for HVVH
polarization by a factor of 1.5, shown in Fig. 3(a), and is
consistent with time-resolved photoluminescence measure-
ments of a similar sample showing positive trions having a
longer radiative lifetime than excitons.33 The cross-diagonal
linewidths (HWHM) extracted from the fits, shown in Fig. 3(a)
for the exciton (γX), trion (γX+), and biexciton (γXXL ), are
constant within the inhomogeneous distribution FWHM and
are equal to 12 ± 1, 8 ± 2, and 32 ± 3 μeV, respectively,
after deconvolving the spectrometer response. Furthermore,
for all excitation intensities used, the linewidths remain
constant within the experimental uncertainties (data not
shown).

As mentioned previously, the cross-diagonal linewidths
(HWHM) for the exciton and trion are equal to their ZPL
widths at low temperature, and the values observed here are
larger than the radiative lifetime-limited widths reported in
the literature.18,20 Because of different sample preparation and
high-temperature annealing of the sample investigated here,
comparison of the results is difficult. However, one possible
explanation for additional pure dephasing observed here could
be the presence of charge-trapping sites near the QDs, which
results in a fluctuating quantum-confined Stark shift of the
energy levels34 and would dephase the excitonic states as
long as the charge fluctuation times are fast compared to the
formation of the photon echo. Spectral diffusion occurring on
a slower time scale would appear in the 2D spectra as a loss
of correlation between absorption and emission energies of
a particular resonance with increasing delay T , resulting in
a change in line shape; however, we find that for T up to
300 ps, the linewidths remain the same within experimental
uncertainty (data not shown). This result provides additional
evidence that the pure dephasing mechanism is fast compared
to the echo formation time. For the biexciton, the cross-
diagonal width is equal to the dephasing rate assuming that
fluctuations in the ground state → exciton transition energy
are perfectly correlated with those of the exciton → biexciton.
Uncorrelated exciton-biexciton broadening would lead to a
greater dephasing rate and result in a distribution of binding
energies at a particular emission energy, broadening the cross-
diagonal linewidth.

Suppression of the exciton for HVVH polarization reveals
the biexciton, which is three orders of magnitude weaker
than that of the exciton in the HHHH spectrum. Observed as
beats in time-integrated FWM signals, the χ (3) response of the
bound biexciton has appeared in 2D rephasing spectra of GaAs
quantum wells35 as a peak red-shifted from the diagonal along
the emission energy axis h̄ωt by the biexciton binding energy
�XX, similar to peak XXL observed in Fig. 2(b). An additional
peak, XXU in Fig. 2(b), appears above the diagonal red-shifted
by �XX along the absorption energy axis h̄ωτ for excitation
intensities greater than 65 W cm−2. A power dependence of
the amplitudes for HVVH polarization, shown in Fig. 3(b),
indicates that XXU increases with intensity as P 5/2 and thus
is due to the χ (5) biexciton nonlinear response. This six-wave
mixing signal radiates in the FWM direction only for nonlinear
interactions in which either pulse A, B, or C acts three times.
For excitation below 65 W cm−2, X+ and XXL increase as
P 3/2, confirming that the experiment is performed in the χ (3)

regime at low power.
Additional evidence supporting our identification of the

biexciton peaks is provided by considering the quantum
pathways contributing to each peak, represented by double-
sided Feynman diagrams shown in Fig. 4. Only a single
Feynman diagram contributes to the biexciton χ (3) nonlin-
ear response for HVVH polarization, shown in Fig. 4(a).
The diagram demonstrates that the system evolves with
frequencies ω0 and ω0 − �XX/h̄ during τ and t , respectively,
corresponding to a peak red-shifted along h̄ωt by �XX,
consistent with peak XXL. The χ (5) biexciton nonlinear
response can be constructed from a total of 12 quantum
pathways; however, only three pathways in which pulse A
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FIG. 4. Double-sided Feynman diagrams representing the quan-
tum pathways contributing to (a) the χ (3) response of peak XXL and
(b)–(d) the χ (5) response of peak XXU .

acts three times, shown in Figs. 4(b)–4(d), contribute to peak
XXU . The diagrams indicate that the system evolves with
frequencies ω0 − �XX/h̄ and ω0 during τ and t , respectively,
corresponding to a peak red-shifted along h̄ωτ by �XX,
consistent with peak XXU.

The time-integrated FWM from this sample for HVVH
polarization does indeed show biexciton quantum beats,
but with a frequency proportional to the emission energy
difference between the X+ and XXL peaks. If strong enough,

the presence of the fifth-order biexciton contribution would
be distinguished in time-integrated FWM as a beat with a
frequency corresponding to the energy difference between
XXL and XXU .36 We demonstrate here that while too weak
to be observed in one-dimensional FWM experiments, certain
quantum pathways of the χ (5) biexciton nonlinear response are
clearly and unambiguously identified using 2DFTS. Further
separation of the χ (5) pathways could be accomplished by
using a variation of nonlinear spectroscopy that isolates the
six-wave mixing signal37,38 in combination with higher-order
Fourier-transform spectroscopy.39

In conclusion, we present 2DFT spectra of excitons,
biexcitons, and trions in an InAs QD ensemble for increasing
excitation intensities that drive the system from the χ (3) to
the χ (5) regime. We find that the linewidths are independent
of emission energy and that excitation-induced dephasing
is absent for the excitation intensities used. Under strong
excitation, the χ (5) biexciton nonlinear response appears in
the 2D spectra as an additional peak. While the χ (5) biexciton
contribution is too weak to be observed in the time-integrated
FWM signal, it is clearly separated and resolved using 2D
spectroscopy.
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