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Abstract—Optical 2-D Fourier transform spectroscopy is a pow-
erful technique for studying resonant light-matter interactions,
determining the transition structure and monitoring dynamics of
optically created excitations. The ability to separate homogeneous
and inhomogeneous broadening is one important capability. In this
paper, we discuss the use of this technique to study excitonic tran-
sitions in semiconductor nanostructures. In quantum wells, the
effects of structural disorder is observed as inhomogeneous broad-
ening of the exciton resonances. In quantum dots, the temperature
dependence of the homogeneous width gives insight into the nature
of the dephasing processes.

Index Terms—Semiconductor nanostructures, spectroscopy,
ultrafast optics.

1. INTRODUCTION

OHERENT light-matter interactions in direct-gap semi-
C conductor heterostructures are an important area of study
in quantum electronics [1]. Understanding of these interactions
provides a test for the theory of many-body systems and can
help facilitate the design of optoelectronic devices. Nonlinear
spectroscopic techniques, such at transient four-wave-mixing
(TFWM), are the traditional approach to accessing the coher-
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ent response. However, recent developments in implementing
multidimensional Fourier transform techniques in the optical
regime have provided a new tool for these studies.

Multidimensional Fourier-transform spectroscopy was origi-
nally developed in nuclear magnetic resonance [2]. Over the last
10 years, there has been significant effort to implement it in the
infrared and visible parts of the spectrum [3], [4]. Much of this
work has focused on electronic and vibrational transitions in
molecules and only considers two frequency (or time) variables,
thus is known as 2-D Fourier transform (2-DFT) spectroscopy.

2-DFT spectroscopy has proven to be a powerful tool for un-
raveling the complex coherent response of exciton resonances
in semiconductors. Early results gave evidence for coupling
between excitonic resonances and to unbound electron—hole
pairs [5]. Phase resolving the signal gave evidence for the dom-
inance of many-body interactions [6]. The presence of contri-
butions from correlation terms beyond a mean-field theory was
verified in detailed comparison to microscopic calculations [7].
Using colinearly polarized excitation reveals contributions from
biexcitonic resonances, which are more apparent for cross-
linearly polarized excitation due to suppression of the many-
body contributions [8]. By changing the excitation sequence,
two-quantum transitions can be isolated [9], [10], which reveal
pathways that occur at the mean-field level, due to the greater
sensitivity to interactions.

In this paper, we present recent work using 2-DFT spec-
troscopy to study semiconductor nanostructures, where the exci-
ton resonances display inhomogeneous broadening due to struc-
tural fluctuations. We review the experimental technique and the
theoretical basis for extracting quantitative information about
the linewidths from the 2-DFT spectrum of a resonance where
the broadening is due to a mixture of homogeneous and inhomo-
geneous effects. In high quality quantum wells, inevitable mono-
layer fluctuations in the well width results in fluctuations of the
confinement energy, which in turn gives rise to inhomogeneous
broadening. However, the observed inhomogeneity reflects the
interplay between the spatial frequencies of the monolayer fluc-
tuations and the exciton Bohr radius, which is revealed as a
difference in the inhomogeneous broadening of the heavy- and
light-hole excitons, although they experience the same structure.
Well-width fluctuations can be exploited to realize quantum dot
states by decreasing the well width, thus increasing the fractional
effect of a monolayer change in the width. In this case, fluctua-
tions in the lateral size of the quantum dots results in strong in-
homogeneous broadening. 2-DFT spectra reveal that within the
inhomogeneous distribution, the scattering by phonons varies.

1077-260X/$26.00 © 2011 IEEE



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Wavelength (nm)
804 802 800 798 796 794
T T T T T T

08 Heavy-hole

Exciton \

Light-hole
Exciton

0.2

Absorbance

0.0

1545 1550 1555 1560

Photon Energy (meV)

Fig. 1. Low temperature linear absorption spectrum of a quantum well where
the degeneracy between heavy-hole and light-hole bands is lifted by quantum
confinement, resulting in two exciton resonances.

A. Semiconductor Excitons

Absorption of light in a semiconductor produces an electron-
hole pair by exciting an electron from the valence band to the
conduction band. In GaAs, which is a direct-gap semiconduc-
tor, the maximum of the valence band and the minimum of
the conduction band are aligned in momentum space. Direct-
gap semiconductors are good light emitters because the electron
and hole can recombine and conserve momentum. In addition,
excitons can form in direct-gap semiconductors. An exciton is
an electron-hole pair that is bound by the Coulomb attraction. In
a perfect crystal, the center-of-mass wave function is extended,
just as wave functions for the electronic states are. However, the
binding results in a hydrogenic wave function for the relative
coordinate between the electron and hole. The small masses of
the electron and hole as well as the large background dielectric
constant result in a binding energy of only a few millielectron-
volts (meV). Consequently, excitons in GaAs only exist at low
temperatures (tens of degrees Kelvin). The correlation between
the electron and hole in an exciton increases their overlap, and
hence their dipole moment. As a consequence, excitonic reso-
nances tend to dominate the low temperature optical spectra of
GaAs and GaAs nanostructures.

Fig. 1 shows the linear absorption spectrum of a typical GaAs
quantum-well sample at low temperature. This sample consists
of four layers of GaAs, each 10 nm thick, embedded between
layers of Aly.3Gag.7As, also 10 nm thick. Since Alj 3Gag 7 As
has a larger band gap than GaAs, carriers in the GaAs layer
experience quantum confinement in the growth direction. The
two resonances visible in the absorption spectrum are due to
transitions from the heavy-hole (HH) and light-hole (LH) va-
lence bands to the conduction band resulting in the formation
of bound excitons. In bulk GaAs, the HH and LH bands are
degenerate at k = 0, however, quantum confinement lifts the
degeneracy because the confinement energy depends on mass.

B. Coherent Spectroscopy of Excitons

The original goal of studying excitons in semiconductors
using coherent spectroscopy was to measure the dephasing
rate despite the presence of inhomogeneous broadening. How-
ever, the measured signals had unexpected features, which were
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Fig.2. Schematic showing disorder in a GaAs quantum well due to monolayer
fluctuations of the well width.

explained by the presence of many-body effects. Indeed it be-
came clear that the coherent response is dominated by many-
body effects. Thus, the study of many-body effects became an
important goal in of itself.

Most of these studies used TFWM with two excitation pulses.
The two pulses excite the sample with wave vectors k, and k;.
They are separated by a delay 7, where by definition 7 > 0 if
the pulse with wave vector k,, arrives first. A signal is generated
in the direction k; = 2k; — k, by the coherent interaction be-
tween the incident pulses. If the sample consists of an ensemble
of two-level systems, a signal is emitted in this direction only
if k, arrives before k; [11]. The generation of the coherent
TFWM signal is usually described using the following steps:
1) the first pulse creates a coherence in the sample; 2) the sec-
ond pulse generates an excited-state or ground-state population
from the coherence left behind by the first pulse, depending on
the phase between the pulses, which varies across the sample;
and c) the second pulse also scatters off the spatially modulated
populations, which effectively act as diffraction gratings. If a
slow, time-integrating, detector is used to detect the signal, the
signal strength for a homogeneously broadened system will be
I, (1) = e 2717, where ), is the dephasing rate.

Measurements on semiconductor excitons did not agree with
this simple picture in that there was a signal for 7 < 0. This
discrepancy is due to the presence of many-body interactions
is semiconductors, which dominate the coherent response. In
a phenomenological picture, these signals can be assigned to
local fields [12], [13], excitation induced dephasing [14]-[16],
biexcitonic effects [17] and excitation-induced shifts [18], [19].
In a microscopic calculation, they appear from a combination
of mean-field effects and correlation terms beyond a mean field
[20]-[22].

Quantum wells exhibit inhomogeneous broadening of the res-
onance due to structural disorder, namely fluctuations in the well
width by one monolayer (see Fig. 2). In the presence of inho-
mogeneous broadening, TFWM produces a photon echo. In this
case, the time-integrated signal intensity is I (7) = e 4717,
Thus, TFWM can still measure the dephasing rate even when
the resonance is inhomogeneously broadened, however, the re-
lationship between the decay of the signal and dephasing rate is
different by a factor of two. This means that knowledge about the
nature of the broadening is needed before a dephasing rate can
be extracted from the TFWM decay. In addition to inhomoge-
neous broadening of the resonance, structural disorder localizes
the exciton center-of-mass wave function, which can reduce or
suppress many-body interactions and simplify the interpretation
of the data.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

CUNDIFF et al.: OPTICAL 2-D FOURIER TRANSFORM SPECTROSCOPY

II. METHOD

Multidimensional Fourier transform spectroscopy utilizes a
signal that is produced by the nonlinear mixing of incident
electromagnetic fields in a sample. Typically pulsed excitation
fields are used and the signal is recorded in the time domain
as a function of the delays between the excitation pulses. To
produce a spectrum, a multidimensional Fourier transform is
taken numerically with respect to the delays and signal time. In
order to take the Fourier transform, the data must be recorded
with equal time steps that have subwavelength precision and
stability.

The first proposal to implement multidimensional Fourier
transform spectroscopy using a Raman excitation scheme was
made in 1993 [23]. The proposal focused on studying vibrational
excitations in molecules, which proved easier to do using direct
infrared excitation [24], [25]. 2-DFT spectroscopy has also been
implemented using visible or near-IR pulses to study electronic
excitations in dye molecules [26] and in photosynthetic systems
[27].

2-DFTS is typically implemented using three excitation
pulses with wave vectors k,, k;, and k.. These pulses in-
teract in the sample to produce a signal in the direction
k, = —k, + k; + k.. Pulses k, and k; are separated by a delay
7, while pulses k; and k. are separated by delay 7". The signal
is recorded as a function of time ¢. The resulting three dimen-
sional time domain “spectrum” is denoted S; (7, T', t), where the
subscript ¢ denotes the time ordering of the conjugated field k,, .
If k,, arrives first, the resulting Sy (7, T, t) separates inhomoge-
neous and homogeneous broadening because the phase accu-
mulated during 7 is cancelled during ¢, which also produces a
photon echo in a TFWM experiment. This cancelation does not
occur if k,, arrives second to produce an Sy (7, T, t), however,
the sum of S;(7,T,t) and S;;(7,T,t) produces a “correla-
tion” spectrum that isolates the absorptive part of the nonlinear
response [28]. 2-D frequency domain spectra are obtained by
Fourier transforming two of the time variables while holding the
third fixed. The most common 2-D spectrum is Sy (w;, T, w;)
as it reveals the homogeneous linewdith.

A. Overview of 2-DFT Spectroscopy of Semiconductors

The power of measuring the TFWM signal from semicon-
ductor excitons as a function of multiple delays (or frequencies)
was first recognized in the context of understanding the ori-
gin of beats in the time-integrated TFWM signal. The origin
of beats arising from simultaneous excitation of HH and LH
resonances was clear [29]. However, those arising from mono-
layer fluctuations were more controversial [30]. Specifically,
debate arose as to whether the observed beats were truly due to
quantum mechanical interference, and thus “quantum beats” or
rather were only due to electromagnetic interference, which was
known as “polarization interference.” It was shown that measur-
ing the time-resolved TFWM signal for a series of delays [31],
or measuring the signal spectrum for a series of delays [32]
could distinguish between these cases. Applying these meth-
ods to the case of monolayer fluctuations showed a complex

situation due to the interplay between disorder and many-body
effects [33], [34].

A variant on these techniques, known as “coherent excitation
spectroscopy” generated a 2-D frequency spectrum by resolving
the TFWM signal produced by a narrow band first pulse and a
broadband second pulse, and plotting the spectra for varying first
pulse frequencies [35]. This approach was motivated by earlier
work using such a pulse combination to study coupling between
the excitons and continuum states and amongst magnetoexcitons
[36].

While these experiments were addressing similar questions
to those answered by 2-DFTS, namely, whether or not reso-
nances are homogeneously or inhomogeneously broadened and
whether or not multiple resonances are coupled, they had sig-
nificant limitations compared to 2-DFTS experiments. Since
they did not measure the complex signal field, they could not
separate real and imaginary parts. Furthermore, most of these
experiments only used two excitation pulses, thus, many con-
tributing quantum pathways could not be separated.

The first demonstration of 2-DFT spectroscopy of exciton res-
onances in a semiconductor quantum well measured the ampli-
tude spectrum of the HH and LH excitonic resonances [5]. These
spectra showed that an HH-LH cross-peak was the strongest fea-
ture and that the continuum produced a streak parallel to the w,
axis, rather than the diagonal streak expected for an inhomo-
geneously broadened system. Simulations using modified opti-
cal Bloch equations reproduced these features, but only when
phenomenological many-body interactions were included. De-
termining the overall phase, so that the real and imaginary spec-
tra could be generated [6], gave further insight into the many-
body interactions and showed that excitation-induced shifts [19]
dominate.

Calculations using a microscopic theory confirmed that
2-DFT spectra clearly show signatures of many-body interac-
tions [37]. Detailed comparison to experiments showed correla-
tion terms beyond a mean-field approach are required to obtain
agreement with the experiments [7]. A study of the polariza-
tion dependence showed biexcitonic contributions for colinearly
polarized excitation pulses, but the biexcitonic contributions
become more important for cross-linearly polarized excitation
pulses, because the many-body enhancement of the exciton peak
is absent [8], [38].

One of the powerful features of 2-DFT spectroscopy is its
ability to probe nonradiative coherences, i.e., coherences be-
tween states that are not coupled by a dipole allowed transi-
tion [39]. In semiconductors, examples of non-radiative coher-
ences include the “Raman” coherence between the HH and LH
exciton [40] and two-quantum coherences between the ground
state and two-exciton states, which include bound biexcitons and
unbound two-exciton pairs [9], [10], [38], [41]. Theory shows
that two-exciton two-quantum coherences appear within a mean
field approximation [10], which is an interesting contrast to the
single-quantum coherences that required correlation terms be-
yond mean-field to yield agreement with experiment [7].

The ability of 2-DFT spectroscopy to separate the inhomoge-
neous and homogeneous components of the line broadening, and
moreover to measure the homogeneous linewidth in the presence
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Fig. 3. Diagram of experimental arrangement for excitation and detection of
the sample.

of inhomogeneous broadening, is significant in semiconductors
due to structural disorder in quantum wells and size dispersion
in quantum dots. Two methods have been proposed to quantify
the homogeneous width, 1) using the cross-diagonal distance
between the maximum and minimum in a phase-rotated real
spectrum [42]; and 2) fitting the cross-diagonal line shape in the
amplitude spectrum [43]. These techniques are discussed below.
They have been used to study disordered quantum wells [44] and
broadening of natural quantum dots that occur due to interface
fluctuations in thin quantum wells [45]. Single semiconductor
quantum dots have also been studied using an alternate approach
to 2-DFT based on heterodyne spectral interferometry [46], [47].

B. Experimental Implementation

The excitation pulses are produced by a set of nested inter-
ferometers to produce four phase-locked beams that propagate
parallel to each other on four corners of a square [48]. The in-
put to the interferometers is the output of a modelocked laser
that produces 100 fs pulses at a repetition rate of 76 MHz. The
interferometers are locked using a copropagating helium—neon
(He—Ne) laser beam. The individual servo locks can be dis-
abled under computer control, allowing the arm lengths to be
changed while the computer monitors the He—Ne interference
fringes. After the length has been changed by a desired number
of fringes, the servo loop is reenabled. Thus, the delays between
the pulses are controlled and stabilized with interferometric
precision.

Three of the beams generated by the interferometers are fo-
cused on to the sample by a lens (Fig. 3). The interaction of
the three beams produces a signal beam corresponding to the
fourth corner of the square. The fourth incident beam is split in
two parts. One part is routed around the sample and recombined
with the signal as the reference beam for retrieving the complex
signal spectrum using spectral interferometry [49]. This beam
is phase-locked to excitation pulse c. The second part is used
to determine phase shifts along the signal path and is blocked
when spectra are being acquired.

The real and imaginary parts of the 2-DFT spectrum are re-
lated to the complex third-order susceptibility. To properly de-
compose the spectrum into real and imaginary parts, corrections
must be made for phase offsets in the as-measured spectrum.
To determine these offsets, we image the interference pattern of
the four incident beams and measure the phase of the reference
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Fig. 4. Rephasing spectrum S;(w;,, T, w;) of a GaAs quantum well excited
with cocircular excitation pulses. The dashed line indicates the diagonal.

pulse relative to the tracer beam [50]. A similar method has been
used for infrared 2-DFT experiments [51].

C. Si(w;,T,w) of Excitons in Quantum Wells

A typical rephasing spectrum Sy (w;, T, w; ) for a GaAs quan-
tum well is shown in Fig. 4. This spectrum is for an epitaxi-
ally grown sample containing a four-period multiple QW with
Al 3Gay 7 As barriers. Both the wells and barriers are 10 nm
thick. The sample is mounted on a sapphire disk and GaAs
substrate is removed for transmission experiments. The sample
is held at 6 K in a cold-finger cryostat. The linear absorption
spectrum of this sample is presented in Fig. 1. The HH and LH
exciton peaks are separated by 8 meV, and both are excited by
the laser, which has a spectral width of approximately 11 meV
full-width half-maximum. For this spectrum, the polarizations
of the excitation beam are cocircular and the same polarization
signal is detected.

When plotting 2-DFT spectra, we use the convention that the
signal field defines the sign of the frequency. Since the first pulse
is conjugated in an S spectrum, the absorption frequency, w;,
is negative because it has the opposite sign from the emission
frequency, w;. Thus, the absorption frequency axis is inverted
in an Sy spectrum. To help indicate this, we plot the diagonal,
w; = —w, as a dashed line.

As mentioned above, the important characteristics of the
2-DFT spectra in Fig. 4 are diagonal intra-action resonances
of the two exciton species, two off-diagonal interaction reso-
nances, and vertical stripes associated with excitation of e—hh
continuum states. In phase-resolved real 2-DFT spectra (not
shown here) the line shapes of most features are dispersive,
resulting from many-body interactions, particularly excitation-
induced shifts [6] in a phenomenological description. Qualita-
tively, these spectra match well to microscopic 1-D tight-binding
calculations, which include Coulomb correlations beyond the
Hartree-Fock mean-field approximation [7] and phenomenolog-
ical Gaussian inhomogeneous broadening [42]. More recently,
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Rephasing 2-DFT spectra and slices for varying ratios of homogeneous and inhomogeneous broadening. (a)—(c) 2-DFT spectra, (d)—(f) diagonal (solid

line) and cross-diagonal (dashed line) slices of the 2-DFT spectra. For (a) and (d), there is no inhomogeneous broadening, for (b) and (e) the inhomogeneous
broadening matches the homogeneous broadening, and in (c¢) and (f) the inhomogeneous broadening is much larger than the homogeneous broadening. The
frequency scales are normalized to the homogeneous width. The inset in (d) compares the cross diagonal slices for homogeneous broadening (solid line) and

inhomogeneous broadening (dashed line).

the inhomogeneous broadening has been modeled with multi-
ple realizations of fluctuating energy levels to simulate struc-
tural disorder—a more realistic microscopic picture—and has
again shown good qualitative agreement with experimental
spectra [52].

III. LINE SHAPE ANALYSIS

Multidimensional NMR spectroscopy focuses on peak
strengths to extract coupling information and largely ignores
information in the 2-D line shape, beyond correcting phase
twists and determining peak amplitudes [2]. In 2-D infrared
spectroscopy, homogeneous and inhomogeneous line shapes
have been considered in molecules [53]. The linewidths of
inhomogeneously broadened resonances in the diagonal and
cross-diagonal directions of a rephasing S;(w,,Tw;) 2-DFT
spectrum are significantly different. Inhomogeneous broaden-
ing results in elongation along the diagonal of a S;(w,,T w;)
spectrum. It is, therefore, possible to extract both the homoge-
neous linewidth () and inhomogeneous linewidth (dw) from
a single S;(w;,T,w;) spectrum. Diagonal and cross-diagonal
slices in the S;(w;,T,w;) spectra can be analyzed [54] by ap-
plying the projection-slice theorem [2] to the 2-D time data.
The projection-slice theorem relates a projection in one domain
to a slice in the Fourier-transformed domain (even in multiple
dimensions). Tokmakoff used this method to extract v and dw
for two extreme cases [54]: 1) for a purely homogeneous line
shape (0w = 0), and 2) for a strongly inhomogeneous line shape
(dw > 7).

For excitonic resonances in semiconductors, the weak inho-
mogeneous regime (dw =~ ) is also of importance. Recently,
methods have been proposed to relate theoretical values of

~v and dw to the line shapes found in experiments. In one
method, the peak-to-peak distances along the dispersive direc-
tions of phase-resolved S;(w;,T,.w;) and Syj(w;,T,w;) spec-
tra are extracted [42]. The peak-to-peak distance from the
S;(w;, T wy) spectrum, AQg, is proportional to +. The value
from the S;;(w,,Tw;) spectrum, AQNg, contains contributions
from inhomogeneous and homogeneous broadening, such that
AQnr — AQr = AQOnr_R & dw. Model calculations show
that AQr ~ 0.9 x v, whereas AQyg _g is approximately equal
to the inhomogeneous width [55].

A second method of relating the observed line shape to vy and
dw extends the analysis developed by Tokmakoff. Starting with
a perturbative solution of the optical Bloch equations for the
TFWM signal in the time domain, analytical expressions for the
calculated signal can be manipulated using the slice-projection
theorem rather than performing the usual 2-DFT [43]. The di-
agonal of the 2-D time map is dominated by dephasing for
both homogeneously and inhomogeneously broadened spectra.
Projection of the time data onto the diagonal yields a 1-D func-
tion that will mostly represent the homogeneous dephasing, but
will be modified by the inhomogeneous broadening. Similarly,
a projection of the time data onto a line through the origin and
perpendicular to the diagonal gives a function that is dominated
by inhomogeneous broadening. Fourier-transforming these pro-
jections yields slices in the 2-DFT spectra that correspond to the
diagonal (w,') and cross-diagonal (w;/) directions (see Fig. 5),
with an appropriate frequency offset. The functional forms of
these slices can be used to fit the diagonal and cross-diagonal
slices of a rephasing 2-DFT spectrum.

In the limit of weak inhomogeneous broadening, v and dw
contribute to both the diagonal and cross-diagonal slices of the
2-DFT line shape. The functional forms for line shape slices
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with arbitrary inhomogeneity are

I )
S(WT’) = 76(’0\/2/76)([){1'7} n
X <ErfC[:L'] + exp { 2?:;/ } ErfC[x+])
2
S(wn) = exp {z? }Erfc{z_} o

dw(y — iwy)

where Erfc(x) is the complex complementary error function
and 74 = 7%;’;’. Examples of 2-DFT spectra and diagonal
and cross-diagonal slices for single resonances that are homo-
geneously broadened, have equal homogeneous and inhomoge-
neously broadening and that have strong inhomogeneous broad-
ening are shown in Fig. 5. Complete details of this analysis is

given in Siemens et al. [43].

IV. DISORDERED QUANTUM WELLS

To extract information about the broadening mechanism for
excitons in GaAs quantum wells [44], we apply the line shape
analysis presented in the previous section to the 2-DFT spectrum
shown in Fig. 4. Fig. 6 shows the diagonal and cross-diagonal
data slices and fits using (1) and (2). The two slices can be fit
simultaneously to obtain consistent values. Additionally, this
analysis can be extended to find functional forms for slices in
the nonrephasing spectrum. However, these fits are not as ro-
bust and do not provide any additional information, since the
nonrephasing is formally equivalent to a 1-D scan. Including
phenomenological many-body terms in the optical Bloch equa-
tions does not result in a significant change in the extracted
linewidths.

A striking feature in the 2-DFT spectrum is the difference
between diagonal and cross-diagonal widths for the HH exciton
as compared to the LH exciton. For the HH exciton, the diagonal
width is clearly larger than the cross-diagonal. Whereas, for the
LH exciton, they are similar. In part, this difference is because
the LH exciton has a larger homogeneous width than the HH
exciton due to spectral overlap and coupling between the LH ex-
citons with HH continuum states, which have a faster dephasing
rate [56]. Also, the LH exciton actually has a smaller inhomo-
geneous width than the HH exciton. This difference means that
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while the HH exciton is dominated by disorder, the LH exciton
is not.

The difference in the HH exciton and LH exciton inhomo-
geneous widths is initially surprising, but recent calculations
explained this difference in terms of the Bohr radii (ax ) of the
excitons and the length scale of the disorder potential (/) in
the QW [52]. When ay > [;, the exciton averages over the
disorder, whereas if ay < [; there are no fluctuations for the
exciton to sense. Between these extremes, when [; is close to
ax and the excitonic localization length, the exciton is the most
sensitive to the disorder [57]. The 2-D exciton Bohr radius is
ax = h2€0 / 2uez, thus the difference in ay between the two
excitons species is due the reduced excitonic mass, which is
w=mim’/m; + m}. The effective mass of the electron (m?)
is the same for both excitons, but the effective masses of the
valence bands (1) differ, resulting in ax of the LH exciton be-
ing approximately 50% larger than the HH exciton ax ~ 6 nm.
Thus we conclude that, for this sample, the magnitude of the
disorder is larger for length scales close to the HH Bohr radius
than for length scales comparable to the LH Bohr radius.

Disorder-induced and other broadening mechanisms are
clearly separated by 2-DFT spectroscopy. The excitation-
induced dephasing contribution to the coherent response can be
determined from the variation of the homogeneous line width in
excitation-density-dependent measurements, performed in the
X(3> regime [14], [16], [58]. Fig. 7 shows the extracted 1) ho-
mogeneous and 2) inhomogeneous linewidths as a function of
excitation power of the HH exciton and LH exciton when the
laser has sufficient bandwidth to excite both resonances simul-
taneously. From these data, the linewidth at zero excitation den-
sity can be determined by extrapolation. Also shown are the
linewidths for the HH exciton when excited alone by spectrally
filtered laser pulses.

Over the range of excitation densities shown in Fig. 7, the
homogeneous linewidth increases by approximately 0.15 meV
for HH and LH excitons, i.e., the two slopes are ~9 x
10~'" meV/em™2, as determined by a linear fit. Although the
excitons have different energies and oscillator strengths, they
both experience similar amounts of excitation-induced dephas-
ing. However, the zero-excitation homogeneous linewidths dif-
fer; extrapolated values are v gz = 0.073 £ 0.005 meV and
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Y0,o.5 = 0.26 4= 0.003 meV, which confirms that the LH exciton
has a larger natural homogeneous linewidth.

Experiments performed with spectrally filtered excitation
pulses excite only the HH excitonic resonance, suppressing ex-
citation of the e—hh continuum or LH excitons. In this case,
the slope of the homogeneous linewidth for the HH exciton
decreases to ~2 x 107'' meV/cm~2. However, the extrapo-
lated natural homogeneous linewidth is unchanged within ex-
perimental errors. This difference in slopes demonstrates that
exciton-exciton scattering, and exciton-free-carrier scattering
mechanisms significantly contribute to the excitation-induced
dephasing of the HH excitonic resonance [56].

V. NATURAL QUANTUM DOTS

If the quantum wells are made very thin, and the growth is
optimized for formation of large islands, the disorder mentioned
in the previous section can result in well-localized states called
“interface fluctuation quantum dots.” These quantum dots (QDs)
are a model zero-dimensional system for investigating coherent
exciton and carrier interactions because of their discrete energy
level structure [59]-[62], narrow homogeneous linewidth [63],
large oscillator strength [64], and defect-free growth. The ho-
mogeneous linewidth of the exciton depends on the QD en-
vironment, such as lattice temperature 77, exciton population
density, and material composition.

Using 2-DFT spectroscopy, we measure the temperature de-
pendence of the homogeneous linewidth at line center of an inho-
mogeneously broadened QD ensemble in the temperature range
of 6 to 50 K [45], and show that the measured linewidths agree
with those obtained by prior studies of single QDs [65]. The
temperature dependence of the linewidth exhibits an activation-
type behavior; however lack of a phonon-activation peak in the
2-D spectra and comparison to theoretical predictions suggest
that elastic exciton-phonon coupling via a virtual activation pro-
cess of the ground state exciton dominates the thermal broaden-
ing. Measurement of the virtual activation energy and exciton-
phonon coupling strength as a function of QD size shows that
excitons localized in smaller QDs dephase faster. The exciton-
phonon coupling is weak enough that broad sidebands are not
observed.

The sample is an epitaxially grown single GaAs QW 15
monolayers (ML) thick, corresponding to ~4.2 nm, with 35 nm
Alp 3Gay 7 As barriers. Growth interruption wait times on the
order of tens of seconds at the GaAs/Aljy 3Gay.7As interface
result in monolayer width fluctuations forming island-like fea-
tures known as interfacial or “natural” QDs. The QD ensem-
ble is inhomogeneously broadened because of QD size disper-
sion. Excitons delocalized in the QW are also inhomogeneously
broadened due to averaging of the wave function over high-
frequency fluctuations at the Al 3Gaj ; As/GaAs interface. The
2-DFT S;(w;,T,w;) for this sample is shown in Fig. 8. The
homogeneous linewidths are obtained by fitting cross-diagonal
peaks as above.

Fig. 9 shows the homogeneous linewidth across the inho-
mogeneous distribution for 77, from 6 to 50 K, with line center
marked by circles. The linewidth increases linearly with increas-
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Fig. 8. Amplitude 2DFT spectrum (normalized to the QW peak and truncated
to emphasize the QD signal) of QW and QD ensemble for 77, = 6 K (a) and
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Fig. 9. The homogeneous linewidths across the inhomogeneous distribution
for an average excitation photon density of 1 x 10'? photons/pulse/cm? are
shown as a function of temperature. Line center is indicated by the solid circles.

ing energy (decreasing QD size) across the inhomogeneous dis-
tribution for all temperatures. Oscillations in the linewidths are
due to truncation in the time domain due to the finite scan range
of 7 used in experiments. To reduce the effect of truncation,
we apply an arctangent window function, thus the actual line
shape is a convolution of a Lorentzian, from the exponential
decay and Fourier transform of the window function. However,
importance of the window function oscillates depending on how
many cycles of the “carrier frequency” fit within it (actually the
aliased carrier due to undersampling). If there is an integer num-
ber of cycles, it has the smallest influence, whereas if there is
an integer number plus a half cycle, it is the strongest. Thus, the
contribution of the window function oscillates with frequency,
and hence, so does the extracted linewidth. Of course, the trun-
cation effects are stronger for slow dephasing, and thus at lower
temperature. From the magnitude of the oscillations, it is easy
to estimate that at most the window function is increasing the
linewidth by 10% for the lowest temperatures. At each temper-
ature, a linear fit to the extracted values of the homogeneous
linewidth, which further reduces the effect of the windowing,
and the values used for the following analysis are taken from
the fit.

The temperature dependence of the homogeneous linewidth
at line center is shown in Fig. 10. Thermal broadening of the
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Fig. 10. Temperature dependence of the homogeneous linewidth for an aver-
age excitation power of 1.0 mW and 7" = 200 fs, with a representative error bar
(high-low values) determined from repeating the measurement at 77, = 6 K.
Equation (3) is fit to the data using an activation energy of Ej3 = 4.44 meV
and an offset of 7{ = 0.11 meV. The absence of an activation peak in the
2-D spectra reveals that the dominant thermal broadening mechanism is elastic
exciton-phonon scattering.

linewidth for excitons in QDs has been modeled by considering
the probability of phonon absorption and subsequent excitation
of the exciton to higher-lying states [63]

Yo (T) =+ > Yuun (B, T) 3)

V>

vy is the Bose-Einstein
distribution that gives the number of phonons at an energy
E,, . The first term in (3) is temperature-independent dephas-
ing, while the second term is due to activation of the exciton
from state p to a higher-lying energy state v.

We use a single term from the sum in (3) to fit the data, plotted
as the solid line in Fig. 10, and extract an activation energy of
FEiy = 4.44 meV and an offset of 7 = 0.11 meV. The offset
is predominantly a result of excitation-induced dephasing. A
solution to Schrodinger’s equation as well as PLE spectra reveal
discrete energy levels with a separation in the range of Fjs.
Activation to a real state would result in incoherent population
being transferred from the initially excited state to the higher
energy state. Such incoherent population dynamics are a form
of spectral diffusion. For nonzero 7', spectral diffusion results
in off-diagonal peaks in 2-D spectra; in this case, they would
appear above the diagonal by 4.44 meV as the population is
transferred to a higher energy state. We have taken data for
large 1" and do not observe such off diagonal peaks that would
result from activation to a real state.

The lack of an activation peak indicates that the broaden-
ing is due to population decay and pure dephasing processes.
Calculations in the approximation of linear coupling between
excitons and acoustic phonons predict broad acoustic phonon
sidebands on a narrow temperature-independent zero-phonon
line, which has also been reproduced theoretically [66]. Includ-
ing quadratic exciton-phonon coupling results in a temperature
dependence of the zero-phonon line and predicts that the de-
phasing depends strongly on QD size and phonon energies [67].
This model yields a linear dependence of the dephasing rate on
temperature if the energy separation between the QD ground

where 1 (E,,,T) = [ePw/kT 1]~
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Fig. 11. Virtual activation energy (solid line) and exciton-phonon cou-
pling prefactor (dashed line), obtained from fitting (3) to the homoge-
neous linewidth temperature dependence, increase across the inhomogeneous
distribution.

and excited states is larger than the acoustic phonon energy be-
cause only virtual excitation of the QD lowest state contributes.
When the temperature is increased so that the phonon energy
approaches the QD level separation, a nonlinear temperature
dependence appears due to participation of higher lying states
in the virtual processes [67]. Sidebands on the zero-phonon line
only appear for strong exciton-phonon coupling. Experimen-
tally, both an exponential decay (corresponding to a Lorentzian
zero-phonon line) [68] and sidebands [69] have been obtained
for GaAs interface QDs. Sidebands have also been observed
for InAs QDs [70]. The lack of sidebands can be attributed to
smaller confinement in larger QDs [71].

In interfacial GaAs QDs with lateral dimensions of ~40 nm,
phonons with energies below 1 meV couple most strongly to
excitons [67], [69]. Weak exciton confinement and ground-to-
excited state energy level separation of a few meV result in a
linear temperature dependence of the dephasing rate for 77, <
20 K. At elevated temperatures, the thermal broadening is well-
described by the same activation term that is used to fit the
data in Fig. 10. Thus, the thermal broadening is dominated
by virtual transitions of the ground state exciton via elastic
exciton-phonon coupling, rather than inelastic phonon-assisted
activation to higher-lying states.

The homogeneous linewidth temperature dependence as a
function of energy offset from line center (QD size) was fit
to (3). Fig. 11 shows the virtual activation energy, F1o (solid
line), and the exciton-phonon coupling strength, ;2 (dashed
line). Both increase with increasing exciton energy (decreasing
QD size) across the inhomogeneous distribution. An increase in
F5 results from the ground-to-excited state energy separation
increasing with decreasing QD size. A solution to Schrodinger’s
equation shows that Fj» changes by £0.99 meV for a change
in exciton energy of £0.75 meV, which agrees well with the
measured values of Fs.

A larger E'j5 for smaller QDs would indicate weaker thermal
broadening; however, we observe an increase of the slope of
the homogeneous linewidth with temperature (Fig. 9). Conse-
quently, greater thermal broadening for smaller QDs is a result
of larger exciton-phonon coupling, shown as the dashed line
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in Fig. 11. The effect of 7,2 dominates the effect of Ejs, as
predicted [67].

VI. CONCLUSION

We have shown that 2-DFT spectroscopy is a powerful tech-
nique for separating the homogeneous and inhomogeneous con-
tributions to the broadening of spectral lines. Using this tech-
nique, we have studied the homogeneous linewidth of disordered
quantum wells and natural quantum dots.
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