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ABSTRACT

Through the utilization of index-matched GaAs immersion lens techniques, we demonstrate a record extinction (12%) of a far-field focused
laser beam by a single InAs/GaAs quantum dot. This contrast level enables us to report for the first time resonant laser transmission spectroscopy
on a single InAs/GaAs quantum dot without the need for phase-sensitive lock-in detection.

The interaction of light and matter at the nanometer length dipole-like two-level system should be able to strongly
scale is at the heart of the burgeoning field of nanophotdnics. extinguish the illuminating beam energy with a modest
A prerequisite to the efficient optical manipulation and focusing objective numerical aperture of NA0.65. A more
interrogation of a nanophotonic system is the ability to couple careful analysis shows that strong extinction would require
external electromagnetic radiation to and from the system a good matching of the focused Gaussian laser beam with
of interest. The problem of light coupling is exacerbated if the dipole emission profile of the two-level emitfet.
the physical system of interest is buried beneath high Experimental studies reveal 6% extinction of light from
refractive index-air boundariekas is the case for most solid-  the 100 nm aperture of a near-field tip onto a single
state systems. Here we demonstrate, through the utilizationgipenzanthanthrene molecl& The aluminum-coated ta-
of index-matched GaAs immersion lens technigtfes, pered fiber localized the light field beyond the diffraction
record extinction (12%) of a far-field focused laser by a |imit and enhanced the near-field coupling to the molecule,
single InAs/GaAs quantum dot. The lens system provides apt the presence of the tip influences the isolated molecule’s
7-fold improvement in extinction over the planar interface. optical response. Another physical realization of the two-
This contrast level enables us to report for the first time |gg| guantum mechanical system is the ground-state exciton
resonant laser transmission spectroscopy on a single INAsio i InAs guantum dots (QDs) buried in a GaAs hbst.
GaAs quantum dot without the need for phase-sensitive lock-thjs recent work, the optical coupling to the QD was limited
in detection. by the dielectric boundary formed between the GaAs host
The extinction cross section quantifies the ability of a matrix and the surrounding medium. Conventional far-field
quantum mechanical two-level system to extinguish the measurements through planar boundaries limit the focused
energy of a monochromatic plane wave. At resonance peam spot diameter to about half the vacuum wavelength,
between the incoming plane wave and the two-level system regylting in measurements with a maximum extinction by

transition, the extinction cross section dgs = 3/274 the quantum dot of 1.7% and require lock-in detection to
provided that the line broadening is solely due to spontaneous,emove both laser and electrical noise.

emission on the probed transitid® comparison of the far-
field diffraction limited focused beam aréq = (1/4NA)?
with the on-resonance cross sectiops suggests that a

Solid immersion technology enhances coupling of light
to and from molecular beam epitaxy grown QDs buried
within the planar structure of a high-index GaAs host matrix.
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Figure 1. (a) lllustration of the experimental apparatus used for both microphotoluminescence and resonant scattering measurements. (b)
Schematic of the sample-NAIL/SIL assembly. (c) lllustration of the MBE layer stack. The sample composition from the bottom substrate
to the top surface is as follows: GaAs substrate/20 nm n-GaAs with1@'8 cm~3 doping level/35 nm GaAs tunnel barrier/QD layer/12

nm GaAs/50 nm Al0.4Ga0.6As/88 nm GaAs/5 nm titanium window. (d) Picture of the contacted sample assembly illustrated in b.

the optical microscope alters the planar boundary geometry, Two ceramic pieces auto-align the SIL/QD/ NAIL on the
providing maximum coupling to the buried QDs. Glass and optical axis of the sample assembly and clamp the lens
index-matched GaAs SIL/NAIL techniques have been em- sample assembly into position, providing optical contact
ployed in microphotoluminescence studies of single InAs/ between the QD sample and both lenses. To compare the
GaAs QDs!*?and recently, an epitaxy-side glass SIL has extinction enhancement, measurements have been made with
been used in a resonant scattering measuretieigmnon- two types of assemblies. Sample assembly 1 (SA1, Figure
strating reduction of the laser spot area and stronger1b) consists of a 1.61 mm radius GaAs SIL in optical contact
interaction with single QDs. In this work, we introduce both with the epitaxial QD sample surface and a 1.61 mm radius
an epitaxy-side GaAs SIL and a substrate-side GaAs NAIL GaAs SIL (also referred to as a NAIL) in optical contact
into the resonant light-scattering measurement system so thatvith the substrate side of the QD sample. A second assembly
the QD is accessible optically from nearly the fulk 4f (SA2) consisted of a single 1 mm radius GaAs SIL in optical
solid angle. The top SIL reduces the focal spot area, while contact with the QD sample epitaxial surface and no lens
the bottom NAIL improves light collection. We demonstrate mounted on the substrate side of the QD sample.
record far-field extinction of a focused laser beam and typical ~ All measurements are carried out in a liquid helium bath
QD extinction is visible even using a dc power meter without cryostat operating at 4.2 K temperature. The numerical
the need for phase-sensitive lock-in detection to monitor the aperture of the confocal microscope system (see Figure 1a)
light resonantly scattered from a single QD. can be 0.55 or 0.65, resulting in a diffraction-limited laser
The experimental setup is illustrated in Figure 1a, with spot with a diameter of km. The QD density of the sample
the SIL/QD/NAIL sample assembly sandwich illustrated in is chosen to yield essentially one QD at a time within the
Figure 1b. The self-assembled InAs/GaAs QDs used in this focal area, and its optical transitions can be identified by
experiment are grown by molecular beam epitaxy (MBE). their spectral signatures. Piezoelectric positioners are used
Emission is blue-shifted by the partially covered island (PCI) to move the sample in all three dimensions. For the initial
technique. The QDs are embedded in a Schottky-type characterization and identification of the QD optical transi-
heterostructure to achieve charge tunabilftfthe sample  tions and charging states, conventional microphotolumines-
composition (see Figure 1c) from the bottom substrate to cence (PL) as a function of gate voltage is performed. The
the top surface is as follows: GaAs substrate/20 nm n-GaAsexcitation laser energy is 1.6 eV, and the collected PL signal
with 4 x 10'® cm~2 doping level/35 nm GaAs tunnel barrier/ is sent to a liquid nitrogen cooled charge-coupled device
QD layer/12 nm GaAs/50 nm Al0.4Ga0.6As/88 nm GaAs/5 (LN2-CCD) through a 0.75 m spectrometer with a 1500 lines/
nm titanium window. The bias voltage between the titanium mm diffraction grating. The spectral resolution of this
window and the n-GaAs layer determines the electric field detection system is 3@eV. Once the two optical transitions
across the structure and controls the charging of the QDs.of a neutral QD are identified, the differential transmission
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Figure 2. (a) We fixed the diode laser frequency to be commensurate with $heaksition frequency and measured the strength of the
scattered light signal as a function of incident laser power. To evaluate the true extinction ratio of the QD transition, we took the raw
measured lock-in signal power, divided by the incident laser power, and rescaled the measured saturation curves by an experimentally
obtained correction factor (2.25 or 2 depending on the lock-in amplifier) to account for the reduction in contrast resulting from the lock-in
measurement technique. Each data point for the four saturation curves is the average of three separate measurements. The red diamonds ar
the saturation data with no immersion lens incorporated into the setup. The blue triangles are data measured on the average quantum dot
with ar = 1 mm GaAs SIL and a 0.65 numerical aperture objective. The purple circle data is the best dot we encountered with the

1 mm GaAs SIL. The orange square data is taken with both #h&.62 mm GaAs SIL and NAIL with a 0.55 numerical aperture objective.

All data points are averages from 3 measurements each recorded with a lock-in time constant of 100 ms. (b) Best line scan recorded for

the lowest power point on the purple power saturation curve in (a). The measured contrast is 12% and the line width is 368 MHz (1.47
ueV).

technique is used. The excitation laser is tuned to the vicinity a saturation curve with a contrast of 6.#70.12% for an
of the optical frequency of the relevant transition, which in average QD in the SA2 configuration, and the orange circles
turn can be tuned by gate voltage, and the transmitted laseffit to a contrast of 8.66= 0.24% for the best QD in the SA1
light upon scattering from the QD is detected on the other configuration. For the 12 QDs measured in both configura-
side of the sample by a Silicon-based PIN diode photo- tions SA1 and SA2, we found an average contrast of 6.65
detector. The spectral resolution of this technique is 0.08 + 2.4%. The best case improvementof measured in the
ueV (20 MHz) as dictated by gate voltage noise and laser SA2 configuration, as determined from comparing to the
stability. planar contrast (red diamonds in Figure 2a), is plotted in
The detected field in transmission measurements is aFigure 2a with purple circles. Remarkably, this particular
coherent superposition of the field scattered by tAextiton QD extinguishes~12% of the illuminating beam energy.
and the transmitted laser light that drives the transition. The Figure 2b displays one of the three laser scans performed to
differential transmission is related to both the QD extinction obtain the highlighted data point in Figure 2a at a fixed
cross section and the numerical aperture of the light-focusing optical power of 0.02 nW.

optics as'® To demonstrate our improved ability to couple light to
the InAs QD, we eliminated the phase-sensitive lock-in
AT o(Q.w,) o_Ietect_ion electronics and measured the rgsonant!y scattered
T 1- TG Q) light directly as we tuned the%esonance with applied gate

voltage. Figure 3 presents transmission as a function of laser
power demonstrating, the two-level atomic system signature
where we assume the laser is a monochromatic plane wavepf power broadenind for the X° transition for the dot with
o is the QD extinction cross sectio®, is the Rabi frequency, the average contrast (triangle data) in Figure 2a. This data
w. is the driving laser frequencys < 1 is a factor taking is the first far-field resonant light-scattering experiment
into account the fact that the focused Gaussian and the dipolereported on a solid-state-based two-level system without the
emission profiles have an imperfect overfaand A is the need for phase sensitive lock-in detection. Further, we

focused beam area approximately equal GU/4NA)2. measure at least 7% extinction of the illuminating laser on
Equation 1 is valid provided th&T ~ T, which is satisfied the dc power meter when the laser power is 0.03 nW
in all such experiments to date. (saturation power is 0.206 nW). At these optical powers, the

In Figure 2, we present resonant scattering data from the QD sees a photon about once every 10 radiative lifetimes,
X0 transition in single INAs/GaAs QDs measured with a lock- and we detect an easily observable extinction contrast in the
in detection technique by amplitude modulation of the gate far-field measured light despite no active noise reduction in
voltage!® In Figure 2a, we compare the power saturation the measurement technique.
curves for three different QDs with two different external ~ The maximum number of photons a two-level system can
numerical aperture objectives. The red diamonds fit to a scatter is fixed due to saturation. Although we do increase
contrast of 1.70t 0.15% for the best Xdata measured in  the measured contrast by a factor of 7 in the SIL/QD
the standard planar interface sample configuration with a 0.65configuration (SA2), we want to stress that we do not change
NA external objective. The blue triangles in Figure 2a fitto the extinction cross section of the dot, but only the input
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Figure 3. (a) Line scans as a function of incident laser power to demonstrate power broadening of thet@bsKion. The line scans

are recorded for laser powers of 0.030, 0.075, 0.426, and 2.200 nW (ordered from top line scan to bottom line scan). The lowest power line

scan fits to a line width of 309 MHz (1.2i7eV). The lower left inset is the power at which the line scan is recorded and the lower right
inset is the measured fwhm. (b) Saturation curve for QD studied in (a).

power necessary to scatter a fixed number of photons. Theatoms or semiconductor QDBsOur improved ability to

effect of the epitaxy-side SIL is to decrease the focal spot couple light to the QD has removed the need for phase-
area of the illuminating laser and therefore reduce the sensitive electronic detection in a standard resonant scattering
necessary input power to drive the dot to saturation; it does experiment. Directly monitoring light scattered from an InAs
not change the optical response of the QD in the linear QD without a lock-in opens the door for real-time measure-
(below-saturation) regime. However, the substrate-side planarment and control of single QDs without the need for voltage
GaAs interface causes total internal reflection, reducing the or laser modulation. Additionally, the recent demonstrations
laser and dipole field intensity at the detection plane. The of time-averaged single spin measurement by means of
SIL/QD/NAIL configuration (SA1) is the more suitable Faraday rotatiof¥-?*estimates that incorporation of SIL/NAIL
system for future experiments, as this removes the effectsinto a resonant scattering experiment can make accessible
of total internal refraction of the laser and dipole field and an experimental regime in which the dynamics of a single
results in an increased signal at the detection plane. electron spin can be monitored without significant back-
The theoretical enhancement in contrast for small NA is action on the spin degree of freedom induced by the
approximately the square of the GaAs refractive index, which measuring optical field, a technical necessity for the imple-
at 960 nm is~12.1 for two index matched materials. We mentation of optical quantum information processing pro-

measure more modest values of contrast enhancement, mosbcols2223

likely limited by the quality of the optical contact between
the epitaxy-side SIL and the QD sample. In our geometry,
the metallic top Schottky contact inhibits the optical contact
between the SIL and QD sample and the vacti@aAs
boundaries form a FabryPerot cavity that, depending on
the QD transition wavelength, can enhance or suppress th
QD emission influencing the measured contfast.
Immersion lens techniques have markedly improved our
ability to couple light to and from single buried solid-state-
based light emitters, yielding a record 12% extinction of
strongly focused light. The next step in this particular
direction will be to improve the spatial mode matching
between the laser and dipole fields in eq 1). Further, the

increase in far-field accessible object space solid angle

suggests tailoring the excitation beam amplitude distribution
to yield specific vectorial field distributions in the object
space, opening the possibility of quantum nanophotonics with
engineered vector field§:'° A compelling interest in the
fundamental limit of strongly focused light extinction by a
two-level system is the efficient coupling of light to qubits
realized in the physical degrees of freedom of either single
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