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Resonant elastic scattering from InAs quantum dots (QDs) is studied by heterodyne spectroscopy.
We show theoretically that heterodyne spectroscopy of a two-level quantum emitter is not sensitive
to the inelastic fluorescence component. In practice, we easily measure the elastic emission even
when the fluorescence is dominated by inelastic scattering. We are able to distinguish the resonant
elastic fluorescence from a large background of scattered pump light by modulating the QD
transition frequency with a surface acoustic wave. The signal linewidth is 250 Hz, limited by
vibration-induced phase noise in the optical fibers used for resonant optical drive and fluorescence
collection. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809594]

Self-assembled InAs quantum dots (QD), nanometer-
sized isolated islands of InAs epitaxially embedded in a
GaAs matrix, can be described as optically active solid-state
“atoms” with discrete energy levels. Using recently devel-
oped resonant-spectroscopy techniques, such as differential
transmission,' cross polarization,” and waveguide coupling,’
two levels (e.g., crystal ground state and the exciton excited
state) of the QDs can be optically addressed, thus, revealing
quantum-optical properties such as Rabi oscillations,*” AC
Stark effect,® Autler-Townes splitting,®® and the Mollow
Triplet.> An enabling feature of these techniques is the abil-
ity to reject a large background of scattered resonant pump
light while still collecting the QD emission with high
efficiency.

When an ideal two-level system (TLS) is driven on reso-
nance, the emission spectrum consists of an elastic compo-
nent (Rayleigh scattering), which has the spectral properties
of the resonant pump laser, and an inelastic component
(Mollow spectrum). For large optical drive power P, the
latter consists of a central peak and two symmetric sidebands
separated from the central peak by the Rabi frequency,'®
Qr = C./P,y, where C is a constant. The linewidths of
these inelastic features are determined by the radiative line-
width of the QD transition, I'. Previously, the QD Mollow
spectrum was resolved with a scanning Fabry-Perot (F-P)
interferometer.>%"''='> However, at large pump powers, the
inelastic Mollow spectrum dominates and obscures the weak
elastic Rayleigh scattering. In this work, we demonstrate that
heterodyne spectroscopy can resolve the Rayleigh signal for
even the largest resonant pump powers, with a resolution
limited only by vibration-induced phase noise in our optical
fibers. We verify that the Rayleigh emission has the spectral
properties of the resonant pumping laser and we characterize
the magnitude of the elastic signal versus resonant pump
power. Furthermore, by strain modulating the QD resonance
frequency with a surface acoustic wave (SAW), we are able
to distinguish the resonant QD signal from the strongly scat-
tered resonant pump light, thus, eliminating the need for
complicated resonant spectroscopy setups.
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Our experimental setup is shown in Fig. 1. InAs quantum
dots are embedded in a planar AIAs/GaAs distributed Bragg
reflector (DBR) cavity. Interdigitated transducers (IDTs) fab-
ricated on the chip surface may be used to excite surface
acoustic waves at a frequency of vsaw (vsaw = 92 MHz in
this work). The SAW applies periodic strain to the QDs, thus,
inducing sidebands in their emission spectra.'* The sample is
maintained at a temperature of approximately 3 K in vacuum
in a closed-cycle cryostat. The QDs can be resonantly driven
with a narrowband CW laser either through the side of the
chip, thus, coupling into the DBR planar waveguide or per-
pendicular to the surface of the chip. The resulting QD emis-
sion is collected perpendicular to the sample surface in both
cases. As observed previously,”'> a “repumping” laser is
required to avoid the QD becoming trapped via an alternative
decay path into a state that does not couple to the monochro-
matic excitation. For the repumper, we use light with a wave-
length of 790 nm, with a power level far too low to produce
an appreciable photoluminescence signal. Optical excitation
and signal collection are done by means of single-mode
fibers. We estimate our collection efficiency to be less than
1%. Once outside the cryostat, we measure the QD emission
using heterodyne spectroscopy by beating the QD signal,
Eqp, against a local oscillator, E;, derived by frequency-
shifting light from the excitation laser with an acousto-optic
modulator (AOM) driven at frequency vaom. The heterodyne
signal is then collected with an avalanche photodetector
(bandwidth 1 GHz) whose output is measured on a spectrum
analyzer.

We now discuss the shot-noise limited sensitivity of het-
erodyne spectroscopy applied to fluorescence from a single
quantum TLS. In the case of an ideal TLS with an electric-
dipole coupling to the radiation field, driven on resonance
with monochromatic light of power P,,,,, the spectral density
(all spectral densities are taken single-sided in this work) of
the total power scattered is given by'”
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FIG. 1. Schematic of heterodyne measurement setup. The quantum dots can
be resonantly excited through the side of the chip into the planar waveguide.
This minimizes the amount of scattered resonant pump light entering the
collection optics. By modulating the QD resonance frequency at rf frequen-
cies using a SAW, however, we can use the heterodyne technique to extract
the resonant QD signal even when exciting the QD and extracting the fluo-
rescence perpendicular to the surface of the chip using the same optics.

where Qp = C/P,p and ficwy is the separation in energy
between the levels of the TLS. Here, g(Qg, w) is the sum of
an elastic component
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and an inelastic component g;,./(Qg, @), the Mollow spec-
trum. For low Rabi frequency Qg < I', the spectrum is
dominated by the elastic scattering. As the resonant excita-
tion power is raised, the inelastic emission becomes more
significant, and for Qg > I', the spectrum is dominated by
the three inelastic peaks (“Mollow triplet”).

Heterodyne spectroscopy allows us to shift the optical
spectrum to a frequency where it is accessible by means of rf
electronics. We next relate the power spectrum of the hetero-
dyne signal to the power spectrum of the QD emission. To
this end, we assume that some fraction of the scattered QD
emission is collected and collimated, and beat it with a
strong monochromatic optical local oscillator (LO) with fre-
quency vpp, such that the frequency vy is near the charac-
teristic frequency vpp of the QD emission. We take the
electric field of our LO to have the same transverse spatial
dependence and polarization as the signal beam (perfect spa-
tial mode overlap). The total electric field E;; = Ero + Egp
is incident on a square-law detector, which gives a signal V
proportional to the instantaneous optical power, with con-
stant of proportionality K. It is the sum of a DC term Ve =
K(Pro + Pop) ~ KPp and an AC term V¢ (f). Taking the
autocorrelation of Vsc(f) and using the Wiener-Khinchin
theorem, one finds that the spectral density of the heterodyne
signal power is related to the power spectral density Sp,, (@)
of the QD emission by'®

Sv,e (@) =2P1oK*{Spy, (0 + w10) + Spyy (010 — )}, (3)

where w; o = 2nvyp.

It is desirable to choose a local oscillator frequency that
is either larger or smaller than all frequency components in
the signal, so that one of the terms in Eq. (3) vanishes.
Henceforth, we assume the latter condition, so that
Sy, (0) = 2P10K*Sp,, (0 + wio). 1t is thus apparent that
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the result of the heterodyne measurement is to shift the
power spectrum by an amount wy ¢, from the optical to the rf
domain, and scale it by a factor 2P, oK.

The minimum possible measurement noise will be the
shot noise associated with the DC term Vp. To determine
the shot-noise limit, we take K = n/(hwro), where 7 is the
detector quantum efficiency. The shot-noise limited S/N ra-
tio'® for the elastic Rayleigh signal is then found to be

F3 QZ
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in the event that all of the scattered fluorescence is captured.
This is maximized for Qg =1/ V2, at which point
S/N|,iastic. max = 1T/ (8B). It is noteworthy that the S/N ratio
is independent of the power of the local oscillator laser. In
practice, the LO power should be chosen high enough that
its shot noise dominates the detector dark noise, but low
enough to avoid detector saturation.

The shot-noise limited S/N ratio for the inelastic signal
is found to be

S _n

N > I ginet(Qr, ® + wro) )

inelastic

independent of bandwidth. Fig. 2 shows the theoretical shot-
noise limited S/N ratio from Eqgs. (4) and (5) for heterodyne
observation of the resonantly driven QD fluorescence,
assuming a quantum efficiency # = 1, radiative linewidth
I' =10°s"!, and a measurement bandwidth of B=1Hz.
Rabi frequencies of Qg =T/ V2 (maximum elastic S/N),
Qr =2I' (maximum inelastic S/N), and Qr = 8I" (well-
resolved Mollow triplet) have been chosen, each with a dif-
ferent heterodyne frequency for clarity. The elastic spectrum
has an S/N ratio of up to 1.25 x 10® (81dB) in a 1-Hz band-
width. In practice, of course, the value will be substantially
lower, primarily because one typically collects only a small
fraction of the total emission from a single QD. As seen in
Fig. 2, however, the S/N ratio of the inelastic part of the

—_ —_ —_
(=] N Om Ooc
I I I

_
ON
T

=

S/N ratio (1 Hz bandwidth)
=)

S

]
0 10 20 30

o/T

—
S,

FIG. 2. Shot-noise limited S/N ratio for heterodyne signal from a single
quantum emitter with I' = 10° 57! for the cases (left, green) Qp =T/ V2,
wro = 5T, (middle, blue) Qg =2I",w;p =8I, (right, red) Qg = 8T,
wro = 2017 different heterodyne frequencies ;o are taken for clarity. In
all cases, it is assumed that all of the scattered light is captured and the de-
tector has unit quantum efficiency. The inelastic part of the spectrum falls
below the noise floor.
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Mollow triplet as observed in heterodyne spectroscopy
always falls below unity. Thus, the inelastic fluorescence
from a single QD will never be observable with heterodyne
spectroscopy, regardless of the amount of integration time.
The same conclusion can be shown to apply to the case of
QD photoluminescence with a Lorentzian spectral density."'
A typical measured heterodyne signal is shown in Fig.
3. The QD is modulated with a SAW at vgaw = 92 MHz,
and heterodyne signals from the sideband fluorescence are
observed at vsaw=*vaom, despite the presence of a back-
ground of scattered resonant pump light that is orders of
magnitude larger than the signal of interest. The red curve
shows a high-resolution heterodyne spectrum of one side-
band, offset by Vofrser = Vsaw + Yaom (172 MHz). The blue
curve shows the resonant elastic signal when the repumping
laser is blocked. No QD signal is observed, confirming that
the heterodyne signal we observe comes from QD emission
and is not an electronic artifact or scattered pump light.
Since the local oscillator is derived from the same laser
as the one driving the resonant QD emission, the linewidth
of the heterodyne signal should be unaffected by the optical
frequency fluctuations contributing to the laser linewidth
(=500kHz). The data in Fig. 3 were taken with a resolution
bandwidth of 100 Hz, and the FWHM of the heterodyne sig-
nal is measured to be 25020 Hz. To further understand the
observed linewidth, we performed two auxiliary experi-
ments. In a first case, we detuned the pump from the QD to
eliminate QD emission and used nonresonant light scattered
off the vacuum/GaAs interface on our sample as the
“signal.” We observed a heterodyne signal with the same
FWHM, shifted of course by vsaw (92MHz) from that
shown in Fig. 3. A second comparison was made with a sig-
nal produced by mixing the pump laser directly with the LO,
bypassing the cryostat and the collection/excitation fibers. In
this case, the observed signal was much narrower, limited by
the resolution bandwidth of our spectrum analyzer (20 Hz).
We infer that the dominant source of broadening in our
observed signal is likely to be phase noise contributed by the
optical fiber used for excitation and emission extraction.
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FIG. 3. Typical heterodyne signal measured on spectrum analyzer. The local
oscillator is offset from the excitation laser by 80 MHz, the QD energy levels
are modulated using a SAW at 92 MHz, and the sidebands generate beat
notes at 12MHz and 172 MHz. Red curve: Signal at 172 MHz, offset by
Voftset = Vsaw + Vaom- The spectrum analyzer resolution bandwidth is set to
100 Hz. Blue curve: Background signal when the QD emission is “switched
oft” by extinguishing the repumper.
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Thus, as expected, the elastic spectrum is determined by the
properties of the resonant pump laser and not by intrinsic
properties of the QD.

Finally, we use our heterodyne technique to track the elas-
tically scattered QD fluorescence for all resonant pump powers
and compare it to that predicted by Eq. (2). We begin by cali-
brating the Rabi frequency, (g, vs resonant pump power, P,
by measuring the complete fluorescence spectrum with a scan-
ning FP cavity'' while resonantly exciting the QD from the
side through the planar waveguide. The QD linewidth I" and
Rabi frequency Q are extracted by fitting fluorescence spectra
such as those shown in Fig. 4(a) to an analytical convolution of
the power spectrum (1) with the Lorentzian response of our FP
cavity (FWHM 210 MHz). Prior to performing these fits, the
background, measured by extinguishing the repumping laser,
has been subtracted, so that any contribution from residual
scattered pump light has been eliminated. In this manner, we
determine the Rabi frequency as a function of optical power
for a range of powers spanning more than three orders of
magnitude. The inset to Fig. 4(a) shows the data, along with a
fit to Qg = C/P,y yielding C = 0.03 = 0.002 GHz/uW°?.
From the fits, we also infer the QD linewidth I'/(2n)
= 508 = 20 MHz. The uncertainties refer to the standard devi-
ation of results from three complete scans of resonant drive
power. It is notable that there is a distinct kink in the data for
Qg ~ I' (P,p = 400 uW), in the intermediate region between
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FIG. 4. (a) Mollow triplet measured using a scanning FP interferometer for
three different resonant drive powers. Elastic emission is visible at low
pump powers (blue curve), but not distinguishable from inelastic emission at
high pump powers (green and red curves). Inset: Result of fitting 18 such
curves to the Mollow expression to extract Q. (b) Heterodyne signal power
versus input optical pump power for the same QD. The red curve is a fit to
Eq. (2).
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the elastic and inelastic regimes, suggestive of a departure
from the exact description of a resonantly driven two-level
system.

We now proceed to the heterodyne measurement, which
filters out the inelastic Mollow emission that dominates the
FP data at high pump powers. As in Fig. 3, the QD is modu-
lated at vsaw = 92 MHz and we study the heterodyne signal
at vsaw + vaom = 172 MHz. Fig. 4(b) shows (blue circles)
the heterodyne signal as a function of the optical drive
power. The red line is a fit to Eq. (2), taking Qg = C/Pops;
the extracted value of C = 0.006 = 0.0006 GHz/uW?? is
found to differ rather substantially from that obtained with
the Mollow data. Once again the stated uncertainty corre-
sponds to the standard deviation of fits from three different
scans. We have observed similar behavior, with the expected
clear reduction of the signal at high pump powers, on other
samples with SAWs at 90 MHz, 500 MHz, and 1 GHz. The
discrepancy between the Rabi frequency inferred from the
inelastic and elastic data suggests a departure from the ideal
two-level-system behavior described by Eq. (1). A QD has
alternative optical transitions in the vicinity of the one stud-
ied, and it is embedded in a GaAs matrix resulting in possi-
ble couplings to nearby defects and carriers. As mentioned
previously, the kink observed in the inset of Fig. 4(a) is sug-
gestive of non-ideal two-level behavior. Furthermore, the
fact that a repumper is required to avoid population trapping
and the corresponding fluorescence quenching are additional
evidence of nearby states not accounted for in the simple
TLS theory. In addition, phonons from the SAW may be
playing a role (the SAW is not applied while measuring the
inelastic spectra). These matters are under investigation.

In conclusion, we have described and implemented a
heterodyne technique to perform resonant spectroscopy of a
single self assembled InAs/GaAs QD. The method is shown
theoretically to be sensitive only to the elastic component of
the fluorescence, and indeed we find experimentally that the
elastic signal can be resolved for all resonant pump powers,
even deep in the inelastic regime. The linewidth of the heter-
odyne signal is below our measurement resolution of 250 Hz,
in agreement with the expected nature of Rayleigh elastic
scattering. Furthermore, by fast modulation of the QD

Appl. Phys. Lett. 102, 231114 (2013)

resonance frequency, the heterodyne technique enables the
QD signal to be measured even in the presence of strongly
scattered resonant pump light. Future perspectives for this
work include full phase control of the heterodyne signal, en-
abling coherent detection of perturbations of the QD.
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