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Abstract

We show how the resonant absorption of the ground state neutral exciton confined in a single InGaAs self-assembled
quantum dot can be directly observed in an optical transmission experiment. A spectrum of the differential transmitted intensity
is obtained by sweeping the exciton energy into resonance with laser photons exploiting the voltage induced Stark-shift. We
describe the details of this experimental technique and some example results which exploit the ~1 peV spectral resolution.
In addition to the fine structure splitting of the neutral exciton and an upper bound on the homogeneous linewidth at 4.2 K,

we also determine the transition electric dipole moment.
© 2003 Elsevier B.V. All rights reserved.
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Self-assembled semiconductor quantum dots (QDs)
have been proposed to serve as fundamental compo-
nents of the solid-state quantum computer [1] or
nonclassical light sources [2]. High efficiency sin-
gle photon devices have been demonstrated from
QDs embedded in a micropost cavity [3]. Crucial to
such investigations is the knowledge of the excitonic
decoherence time as well as the strength of the cou-
pling to electromagnetic fields, the transition dipole
moment. These physical properties can be accessed
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directly by optical absorption spectroscopy. Ab-
sorption experiments on single ions [4] and single
molecules [5] have been demonstrated. Recently,
the absorption of single QDs formed naturally in
GaAs/AlGaAs quantum wells has been measured
using near-field microscopy or submicron aper-
ture masks [6,7]. A similar approach was made
with nonlinear absorption spectroscopy on single
self-assembled InGaAs QDs [8] but showed poor
signal.

In this paper, we demonstrate a new absorption
experiment which exploits the Stark effect in the
energy of the QD exciton. This technique allows us
to measure directly single dot excitonic resonances
with high spectral resolution. We explain in detail
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how these experiments are performed. Example re-
sults are presented on the ground state exciton of a
single self-assembled InGaAs QD. These results com-
plement the results we obtained on the first excited
exciton state [9].

The self-assembled InGaAs QDs investigated here
were grown using solid source molecular beam epitaxy
and embedded in a field effect heterostructure [10]. A
highly n doped GaAs layer acts as the back contact.
Above is 25 nm of undoped GaAs tunnel barrier and
the InGaAs QDs. The subsequent overgrowth with
30 nm GaAs and 120 nm short period AlAs/GaAs
superlattice defines the total separation of 150 nm
between the QDs and the semitransparent NiCr gate
electrode deposited on the surface. By applying a gate
voltage V, with respect to the back contact, QDs can
be filled sequentially with up to 3 electrons within a
voltage range of < 700 mV depending on the indi-
vidual QD confinement potential. Additionally, QDs
can be populated with excitons generated by an ex-
ternal light source. For a single QD, the degree of
charge and excitonic population can be monitored by
photoluminescence (PL) spectroscopy [11,12].

In our experiment we focus on the neutral exciton
state X°. By resonant absorption of laser light, the QD
vacuum state |0) is transformed into the ground state
of the neutral exciton |X°), as indicated in Fig. la. The
energy splitting 4, between the ground state excitonic
energy levels E* and E” accounts for the electron—hole
exchange interaction in a weakly asymmetric dot. In
order to perform interband optical transitions on the
ground state of the selected QD, the laser wavelength
was set to match the X° recombination energy ob-
tained from PL measurements. The fine tuning of the
excitonic energy into resonance is achieved using the
Stark effect by sweeping the gate voltage (Fig. 1b).

For both the PL and the absorption experiment, the
sample was mounted above an unbiased Ge p—i—n pho-
todiode (Thorlabs, FDGO05) in a home built fiber based
low temperature confocal microscope and cooled in
a cryostat to liquid helium bath temperature (Fig. 2).
Lateral translation as well as positioning of the sam-
ple into the focal plane were performed with a low
temperature suitable XYZ-positioner (Atto Cube Sys-
tems, ANP-XYZ-100). The miniature microscope has
an aspheric objective with numerical aperture of N.A.
= 0.55 and spatial resolution of 1.3 pm (full-width
at half-maximum at 1.06 um probing wavelength).
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Fig. 1. (a) Schematics of the quantum dot transition from the
vacuum state to the neutral excitonic ground state by laser photon
absorption. The exitonic energy level is split by fine structure
energy 4. (b) Measured gate voltage dependence of the PL energy
for the neutral exciton X and the resonance crosspoint with the
laser are shown.
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Fig. 2. Schematic of the setup: long wave pass filter (LP),
single-mode fiber (SM), fiber based beam splitter (BS), power me-
ter (PM), miniature microscope objective (MM), polarizing com-
ponents (P), Faraday isolator (FI), neutral density filters (NF),
flip-mounted mirror (FM). The arrow between positions (1) and
(2) indicates the microscope fiber switched for the luminescence
measurements and the absorption experiment, respectively.

The gate voltage V, is defined with respect to the
grounded back contact by superimposed signals from
the DC-calibrator Knick S252 and the AC synthesized
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function generator and attenuator (Stanford Research
Systems, DS335). A ﬁ attenuator is connected to the
output channel of the function generator in order to re-
duce the modulation amplitude. The Ge photodetector
signal is amplified by a low-noise current preampli-
fier. Two types of preamplifiers were used: Stanford
Research Systems, SR570 and Ithaco, Model 1211,
the latter having an order of magnitude higher dy-
namic range for amplifications above 108 V/A. The
amplified DC part of the photo-signal was recorded
with a computer. Demodulation and further amplifica-
tion of the AC part is performed by an EG& G 7260
lock-in amplifier supplied with the function generator
reference signal. Again a computer was used for data
acquisition and device control.

The single-mode (SM) fiber (3M, FC-SN-4224)
was switched to position 1 in Fig. 2 for luminescence
experiments. It guides both the excitation laser light
and the luminescence signal. To couple the pump light
into the microscope fiber and to direct the PL signal
to the spectrometer a 2 x 2 single-mode fiber coupler
(Gould Fiber Optics, 2340541) is used. It acts as a
beam splitter with a transmission efficiency of 7=0.4
for the PL signal. The output power of the pump laser
diode (Roithner, RLT8305MG) emitting at 830 nm
wavelength was monitored with a power meter and
kept below 30 pW in order to guarantee single exciton
regime (intensity within the Gaussian focused illumi-
nation spot < 15 W/cm?). A set of two long pass fil-
ters (NDC Infrared Engineering, LWP-880-25) placed
in front of the spectrometer (Acton Research Corpora-
tion SpectraPro-300i) suppressed the excitation light.
The luminescence was dispersed with a 0.25-m grating
spectrometer and detected with a nitrogen cooled CCD
camera (Princeton Instruments, LN/CCD-1100PB), a
setup with a resolution of 150 peV.

For the absorption experiment the SM fiber was
switched to position 2 in Fig. 2. The tuning range of
the external cavity semiconductor diode laser (Sacher
Lasertechnik, TEC500) is 930-980 nm and covers
the relevant spectral range of the ensemble PL. Di-
recting the beam to a wavemeter (Burleigh, Model
20VIS) with a flip-mount mirror allows for laser
wavelength monitoring. A narrow and stable laser
line (Av(20 s) < 5 MHz) is essential in order to per-
form spectroscopy on the narrow X° line (lifetime
limited linewidth Av~160 MHz). The output power
is 25—40 mW depending on the wavelength and was
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Fig. 3. (a) PL spectrum of a single quantum dot. At Vy=—0.62 V,
the emission peak centered at £y = 1.2720 eV is that of a neutral
exciton X (dots: Counts in 120 s, line: Gaussian fit to the data).
The spectral resolution is limited by the spectrometer to 150 peV.
(b) Differential transmission spectrum of the neutral exciton on
the same quantum dot showing two resonances obtained with
modulation amplitude 6V = 2.5 mV. (¢) Zoom-in of (b) by a
factor of 10 in energy. A spectrum obtained with 6/ = 0.5 mV
is also shown and offset by 0.003 for clarity. The fine structure
splitting between the resonances is 30 peV.

attenuated with neutral density filters. To avoid mode
hops induced by back reflections we placed a Fara-
day isolator (Linos, DLI1) into the optical path. The
degree of polarization of the incident beam was de-
fined by polarizing components.

First, we performed luminescence spectroscopy on
a spectrally isolated single QD. The PL was recorded
as a function of gate voltage V,. At high negative
gate voltages, the radiative excitonic recombination is
quenched due to field ionization [13]. The onset volt-
age of the X° PL emission is ¥y =—0.70 V and the en-
ergy is centered at Ep (X°)=1.2719 eV. The spectrum
recorded at V; = —0.62 V with an integration time of
120 s is shown in Fig. 3a. At V; =—0.50 V the emis-
sion line jumps to lower energy indicating a transition
from the neutral exciton state X° to the singly charged
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state X'~. We also observed higher charged excitons
X2~ and X3~ at more positive gate voltages. From
the gate voltage sweep we unambiguously identify the
PL energy and the voltage interval of the neutral
exciton X°.

With applied gate voltage the X° energy exhibits
a shift due to the Stark effect in the vertical electric
field. The dependence of the PL energy is found to be
a quadratic function of Vg, as anticipated for a polar-
izable dipole in an electric field [14]. Fig. 1b shows
the quadratic fit function to the Stark-shifted PL en-
ergy corrected for the bias shift [15] in the absence of
nonresonant pump light and limited to the voltage
interval —0.70 to —0.45 V. The linear component
is determined by the permanent dipole moment, the
quadratic component by the polarizability of the
confined exciton and both are in good agreement
with values discussed in Ref. [14]. In the given
voltage range of the X° emission line, a linear ap-
proximation of the energy dispersion with a slope of
+(1.3 £ 0.1) peV/mV can be made for the sake of
simplicity without introducing significant errors.

In order to perform excitonic interband transition
experiments on the ground state of the selected single
QD, we set the laser wavelength to match the X°
recombination energy. The fine tuning of the energy
level into resonance was achieved by sweeping the
gate voltage (Fig. 1). A superimposed square wave
modulation signal with a frequency f and a small
modulation amplitude 6V allows for the measurement
of the differential optical transmission [9]. The mod-
ulation frequency was set to 77 Hz. Due to the large
active area (~20 mm?) and therefore high ohmic re-
sistance of the Ge diode at 4.2 K, its dynamic range
was limited to about 100 Hz. Biasing the photodetec-
tor did not improve the performance. The laser power
was set to 1.6 nW as measured on the Ge detector,
corresponding to 0.145 W/cm? intensity within the
focal spot. The gain mode of the SRS preamplifier
was set to low-noise and the gain factor to 108 V/A.
Using the lock-in settings of 100 pV for the sensitiv-
ity, 20 dB for the gain and 20 s for the time constant, a
gate voltage sweep was performed. The DC-calibrator
ramped up the voltage from —0.55 to —0.45V in
steps of 100 pV with a time interval adjusted to
the lock-in integration time constant. A contrast ra-
tio of maximum absorption strength to noise was
typically 10.

A typical spectrum obtained with modulation
amplitude of 26V = 5 mV peak to peak (p—p) is
shown in Fig. 3b. The abscissa scale of the energy
detuning is the same as in Fig. 3a for the recombi-
nation line detected with a standard PL setup. The
representation demonstrates the advantage of the dif-
ferential optical transmission technique in terms of
spectral resolution. In fact, the spectrometer limited
resolution of 150 peV in the case of our PL setup is
reduced down to 1.3 peV rms by two orders of mag-
nitude. The fine structure splitting of the ground state
can be clearly resolved. A zoom-in representation is
given in Fig. 3c, also showing a differential transmis-
sion spectrum recorded at 207 = 1 mV p—p modula-
tion amplitude. Two absorption peaks separated by the
fine structure splitting energy 4; = (30.1 £ 0.1) peV
can be resolved. We have investigated the polariza-
tion dependence of the resonances and found them to
be linearly polarized in-plane with orthogonal orienta-
tions. The splitting energy and the polarization prop-
erty are characteristic for confinement potentials with
a weak in-plane asymmetry. Values for the fine struc-
ture splitting of 20—50 peV observed for natural QDs
have been reported earlier [16]. For self-assembled
QDs grown under similar conditions, the splitting
of the ground state could not be resolved but an
upper boundary was given to 50 peV [12]. Higher
values (150-200 peV) for the fine structure splitting
were reported for strongly asymmetric self-assembled
InGaAs QDs in Ref. [17].

The expected line shape is the derivative of a
Lorentzian transmission curve. Details on the line
shape and the fit function to the data points (solid line
in Fig. 3¢) have been discussed in Ref. [9]. We adopt
the same notation and the fitting formalism for our
analysis. The differential transmission signal is given
by 6T =00y*{1/[(00+ 6w )?> +7*]1—1/[(w—dw)*+7?1}.
Here oy denotes the absorption value at resonance, @
is the Stark frequency detuning from the resonance,
ow is the adjustable energy modulation amplitude
given by Adw = (1.3 neV/mV)JV and y is the de-
phasing rate of the excitonic transition. We obtained
the full-width at half-maximum of the absorption res-
onance I’ = 2y for each of the two peaks as well as
the strength op = 0.0014 £ 0.0001. From the spectra
we deduce for AT, the linewidth in energy, values of
(3.6 £0.2) and (5.4 £ 0.3) peV for the two lines. To
obtain the maximum absorption value at resonance,
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we have to account for the fact that under the present
excitation conditions the absorption amplitude still de-
pends on the laser power. We find that the absorption
reaches its maximum value 0.0037 for power densi-
ties in the focal spot below ~0.15 W/cm?. Moreover,
the excitation is circularly polarized yet the transi-
tions are linearly polarized, such that the value for
the maximum absorption strength has to be doubled
resulting in oy,x~0.007. In the low power limit, the
linewidth is (2.3 4+ 0.2) peV, very close to values
reported in Ref. [18]. Using the model of a two level
system and again following the formalism described
in Ref. [9], we derive for the oscillator strength of the
transition f~13-15 in good agreement with values
obtained from ensemble absorption measurements on
InAs QDs [19].

In summary, we have established a new absorption
technique for measuring the transition to the exciton
ground state in single self-assembled QDs. Due to
an improvement of the spectral resolution by more
than two orders of magnitude, the fine structure split-
ting of the ground state energy level could be resolved.
The homogeneous linewidth as well as the oscilla-
tor strength for the ground state transition were deter-
mined directly in the absorption spectrum.
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