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Phonon-assisted population inversion of a single InGaAs/GaAs quantum dot by
ulsed laser excitation
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We demonstrate a new method to realize the population inversion of a single InGaAs/GaAs
quantum dot excited by a laser pulse tuned within the neutral exciton phonon sideband. In contrast
to the conventional method of inverting a two-level system by performing coherent Rabi oscillation,
the inversion is achieved by rapid thermalization of the optically dressed states via incoherent
phonon-assisted relaxation. A maximum exciton population of 0.67 & 0.06 is measured for a laser
tuned 0.83 meV to higher energy. Furthermore, the phonon sideband is mapped using a two-color
pump-probe technique, with its spectral form and magnitude in very good agreement with the result

of path-integral calculations.

It is a basic tenet of laser physics that a population
inversion cannot be achieved through incoherent excita-
tion of a two-level atom. At best, a laser pulse with dura-
tion much longer than the coherence time of the two-level
system T5 can only drive the system to the transparency
point where the populations of the upper and lower levels
are equal[l]. However, if the two-level atom is coupled
to a vibrational continuum, it has been predicted that
inversion can be possible even in the incoherent regime
through the interaction of the dressed states with the
Boson bath[2]. Excitons in semiconductor quantum dots
(QDs) form a near ideal system for investigating these
effects, since their behavior approximates well to that of
a two-level atom[3], while their coupling to the acoustic
phonons in the crystal provides a mechanism to thermal-
ize the dressed states.

The possibility of creating population inversion in
QDs through phonon coupling was first investigated for
microwave-driven electrostatic quantum dots[4]. Re-
cently, it has been demonstrated that the conditions for
population inversion can be met via a microwave Ra-
man effect [5l [6]. Theoretical work has indicated that
similar effects should be possible for optically-driven ex-
citons [THIT]. The underlying mechanism is the coupling
of the excitons to longitudinal acoustic (LA) phonons
through the deformation potential [12], which generates
sidebands in the excitonic spectra [I3] that can also be
observed in four-wave mixing[I4] and resonance fluores-
cence experiments[I5], as well as through off-resonant
coupling of excitons to nano-cavities[I6] [I7]. In a strong
driving field regime, evidence for phonon induced relax-
ation between optically dressed states is observed in the
intensity damping of Rabi rotations [I8-20], and more
recently in adiabatic rapid passage experiments [21] [22].

In this Letter we report a population inversion of the
excitonic two-level system of a single InGaAs/GaAs QD
excited by a strong laser pulse tuned into the phonon
sideband of the neutral exciton transition following the

theoretical proposal of Ref. [9]. The population inversion
is achieved in an incoherent regime where the dephasing
time is shorter than the laser pulse duration. Pump-
probe measurements are presented, where the phonon-
assisted population inversion is observed clearly as a gain-
like dip in the photocurrent absorption spectrum. Fur-
thermore, the dependence of the exciton population on
the pump detuning is measured. The experiments are
supplemented by simulations based on the path-integral
approach described in Ref. [23] and good agreement is
obtained with the theory. This work may form the ba-
sis of quasi-resonantly pumped single QD lasers. It also
shows that the phonon-assisted quasi-resonant excita-
tion scheme can be used to create spin-polarized exci-
tons whilst allowing the QD emission to be spectrally
filtered from the pump laser, with potential applications
for QD-based high-brightness single photon sources [17]
and on-chip quantum optical circuits [24].

The physical mechanism for generating the population
inversion can be understood as follows. A circularly-
polarized laser pulse with a large pulse area excites the
neutral exciton transition of an InGaAs/GaAs quantum
dot at a positive detuning within the phonon-sideband,
which typically peaks around 1 meV above the exci-
ton (see Fig. [4[(a) insert). Since the laser bandwidth of
0.2 meV is large compared with the fine-structure split-
ting of 13 peV, the dynamics of the exciton spin can
be neglected|25]. Also, since the laser is far detuned
from the two-photon biexciton transition, the QD can
be treated as a two-level system composed of two bare
states: a crystal ground-state |0), and neutral exciton
|X) (see Fig. [[[a)(i)), with respective populations: Cq
and Cx. With the presence of a laser pulse, the two
bare states are optically dressed (see Fig. [[fa)(ii), (iii)).
In the rotating frame, |Og) comprises the crystal ground
state and the incoming laser photons. |Xg) comprises
the exciton state and laser field with one photon less.



The Hamiltonian in a rotating frame reads:

hOU(t
Hap = ~hAIXa)(Xa| + 0D j0g) (X + He., (1)
where the detuning A = w;, — wx, and Q(t) is the

Rabi frequency, which varies in time following the enve-
lope of the laser pulse. The energy eigenstates of Hqp,
|a), |8) are described by an admixing angle 20(t) =
arctan(Q(t)/A), and are split by the effective Rabi en-
ergy hA(t) = hy/A% 4+ Q(t)2. We define the bare pulse
area © = fj:oo Q(t) dt.

The QD resides in a crystal lattice, and the exci-
ton interacts with the LA phonons due to the defor-
mation potential [I2]. In the absence of a laser-field,
the exciton-phonon interaction leads to non-exponential
pure-dephasing of the excitonic dipole, as observed in
time-resolved four-wave mixing experiments [14]. In the
presence of a strong laser, both dressed states have an ex-
citonic component, thereby enabling relaxation between
them by the emission of a phonon with energy equal to
the effective Rabi-splitting hA, as shown in Fig. [ a)(iii)
for the case of positive detuning. This process gives rise
to intensity damping of Rabi rotations when resonantly
pumping [I8] [19], and also explains the difference in the
population inversions created by adiabatic rapid passage
when using laser pulses of positive and negative chirp
211 22].

Figure (b) depicts the dynamics in the rotating frame
of the phonon-assisted population inversion of the quan-
tum dot exciton. For a positively detuned laser (A > 0),
the state |Ogr) initially coincides with the higher-energy
dressed state |«). When the laser is applied, excitonic
admixture to the state |a) occurs, activating relaxation
to the lower-energy dressed state |3) by phonon emis-

sion. In the lab frame (see Fig. |1a)(i)), this process
corresponds to the absorption of a photon together with

the creation of an exciton and the emission of a phonon.
The greyscale indicates the time-dependent populations

of each dressed state, as calculated by our path-integral
method, and shows the continuous transfer of population
from |a) to |3). As the laser intensity drops off at the
end of the pulse, the admixing of the dressed states is
reduced and the phonon relaxation is deactivated. If the
time-integrated phonon-relaxation is strong, the final oc-
cupation of the lower-energy, exciton-like, dressed state
can dominate and a population inversion in the excitonic
basis occurs. According to our theoretical model, near-
unity exciton population that is robust against variations
in both the pulse-area and the detuning can be achieved
at high pulse-areas [9]. The amount of inversion is ul-
timately limited by the thermal occupation of the two
states to C'x — Cy = tanh(hA/2kgT) [9]. In our experi-
ments with AA = 0.83 meV and T = 4.2 K, this implies
a maximum exciton population of 0.91.

The experiments were performed on a device consisting
of a layer of InGaAs/GaAs quantum dots embedded in
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FIG. 1. Color online. (a) Bare QD states viewed in the (i)
lab frame and (ii) rotating frame. |0), |X) and |Or), |Xgr)
denote the ground state and exciton state in the lab frame
and rotating frame respectively. fiwx is the exciton transition
energy. wr, is the angular frequency of the laser. hA is the
positive detuning from the exciton transition. (iii) Optically
dressed states |a) and |3). (b) Evolution of the dressed QD
energy levels with time during the absorption of an 8.57 pulse
with A = +1 meV. The greyscale of the curves corresponds
to the instantaneous population of each state.

the intrinsic region of an n-i-Schottky diode structure.
The sample is held at 4.2 K in a helium bath cryostat and
is excited at normal incidence with circularly polarized
Gaussian pulses, derived by pulse-shaping of the output
from a 100 fs Ti:sapphire laser with repetition rate of
76.2 MHz. The FWHM of the electric field amplitude is
16.8 ps. Single QD peaks are observed in our sample at
energies close to 1.3 eV. Photocurrent detection is used,
where photo-generated electron-hole pairs tunnel from
the quantum dot under an applied electric-field. The
amplitude of the photocurrent signal reflects the final
occupation of the exciton or biexciton states. Full details
of the wafer structure can be found in Ref. 26

To demonstrate the phonon-assisted population inver-
sion, two-pulse pump probe experiments were performed.
First, the zero-phonon neutral exciton transition was
found by measuring the absorption spectrum of a sin-
gle m-pulse (blue line in Fig. [2)). Then the pump pulse
was detuned by +0.83 meV, where the exciton population
is predicted to be most efficiently created (see blue line
in Fig. a)), and the probe energy is scanned through
the transition. The probe pulse area is m and the pump
pulse area is 8.467, the maximum available in our setup.
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FIG. 2. Color online. Photocurrent signal APC' as a function
of the probe detuning. (Blue) A single probe-pulse only spec-
trum is presented for reference. Two pulse spectra where the
probe is co- (black) and cross- (red) polarized with the pump.
Pump detuning = +0.83 meV and 7qelay = 10 ps. The peak at
a detuning of -1.96 meV corresponds to the | X) — |2X) tran-
sition. Insert: energy level diagram for the exciton-biexciton
system. Arrows represent transitions induced by the o™ po-
larized pump pulse tuned to the phonon sideband and the
ot /o~ polarized probe pulse tuned either to the exciton or
biexction transition. X and X label the orthogonally circu-
larly polarised exciton states. 2X denotes the biexciton state.

The delay time between the pump and probe pulses Tqclay
ranges from 10 to 34 ps [27].

As illustrated in the energy-level diagram shown in
Fig. [2l the photon energy of the probe pulse and its po-
larization relative to the pump selects the transition that
is probed. We consider first the case for a co-polarized
probe pulse, where both the pump and probe pulses have
the same ot-polarization. In this case, the pump pulse
(orange arrow) excites a dephased, mixed exciton pop-
ulation Cx (see the insert in Fig. [2]). Since the probe
has a pulse area of =, it exchanges the |0) population
with the |X) population when it is resonant with the
neutral exciton transition (see black arrow in the insert
to Fig. [2)), resulting in a change in photocurrent propor-
tional to the populations after the pump but before the
probe: APCy_x x Cy — Cx [27]. APC is the change
in the photocurrent signal resulting from the dot that is
induced by the probe pulse. APC' is measured relative to
the photocurrent measured for a detuned probe. A key
signature of population inversion is that APCy_ x should
be negative, independent of the photocurrent to exciton
population calibration. Figure [2 shows the experimental
results (black). The dip at zero-detuning clearly demon-
strates that a population inversion has been achieved be-
tween the |0) and | X)-states.

The red line in Fig. [2| shows the results obtained for
cross-polarized excitation (¢ pump, o~ probe). At zero-
detuning, the probe addresses the orthogonally polarized
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FIG. 3. Color online. The exciton population C'x generated
by the pump pulse with hA = 4+0.83 meV, as extracted from
the exciton and biexciton peak in two-pulse spectra versus
the pump pulse area. For a full derivation, see [27]. (Blue)
Calculated Cx.

exciton transition [0) — |X) as shown by the lower red
arrow in the insert to Fig. [2] providing a measure of the
occupation of the crystal ground-state Cy. The ampli-
tude of the peak at zero detuning falls to less than half
the amplitude measured by the single pulse, again con-
firming that a population inversion between |0) and | X)
has been achieved since APC,,_g « Cy — Cg. The sec-
ond peak at a detuning of —1.96 meV corresponds to
the | X) — |2X) transition, and provides a third measure
of Cx (see [27]). The absence of the biexciton peak in
the co-polarized spectra proves that the phonon-assisted
channel is spin-preserving because the phonon-assisted
relaxation (few ps) [28] is much faster than exciton spin
relaxation (few ns) [29].

Figure 3] plots the occupation of the neutral exciton
versus the area of the pump pulse. The three data points
for each pulse area are obtained from an analysis of the
co- and cross-polarized signals at zero detuning, and from
the biexciton peak. The exciton population is deduced by
comparison with the neutral exciton photocurrent peak
for resonant excitation with a single m-pulse (for details,
see [27]). Since the electron can tunnel out from the QD
before the arrival of the probe, which reduces the mea-
sured exciton population created by the pump, a correc-
tion is made to account for an electron tunneling time
of ~50 ps [27]. The three measurements of the exciton
population are in close agreement, and pass the trans-
parency point, C'x = 0.5, at a pulse-area of 6.5 — 7.
The largest exciton population observed is 0.67 4+ 0.06
for a pump pulse detuned by +0.83 meV, limited by the
power available in our setup. The blue line in Fig. [3]
shows the results of our path-integral simulations which
quantitatively reproduce the experiments.

To investigate the dependence of the phonon-assisted
population inversion on the pump frequency, a series
of two-color photocurrent spectra, similar to Fig.
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FIG. 4. Color online. (a) Exciton population created by a 7.247 pump as a function of the pump detuning. 7Tdgelay = 15 ps.
Blue: Calculated C'x. Insert: Theoretical spectral density of the exciton-phonon interaction J(w). (b) Experimentally obtained

Cx vs © and AA with Tgelay = 33.6 ps. (c) Path-integral results for the same pulse area and detuning range as in (b).

The

vertical line is where hAA = +0.83 meV and horizontal line is for © = 7.247 as shown in Figs. [3| and E|(a), respectively. Inset:
calculated values with no phonon interaction. All plots in (b) and (c) use the same colour scale.

were measured for a cross-polarized 7.247 pump pulse
as a function of pump detuning with a « probe. Fig-
ure a) presents the exciton population generated by
the pump pulse. The spectrum has three features. At
zero-detuning there is a pulsewidth-limited peak corre-
sponding to the zero-phonon |0) — |X) transition. At
positive detuning there is a broad feature due to phonon
emission. The absence of discrete features in the phonon
sideband indicates that phonon confinement effects are
weak, as expected given the similar lattice properties of
the QD and barrier materials. In principle, there can also
be a phonon feature at negative detuning due to phonon
absorption. However, the phonon absorption is negligible
at low temperature. The third feature is a narrow peak
at a pump detuning of —1 meV, corresponding to the
two-photon |0) — |2X) biexciton transition[30], indicat-
ing that the pump pulse is slightly elliptically polarized.

In the theory, the phonon influence on the dot dynam-
ics is mediated mainly by the phonon spectral density:
J(w) = Y qlal*d(w — wq), where 74 is the exciton-
phonon coupling. In the absence of detailed information
on the shape of the QD we consider spherically symmet-
ric, parabolic potentials. For bulk LA phonons coupled
via the deformation potential we then obtain[23]:

w3 2 2, 2 2 2 2172
J -~ |:Dc (70.1 ae/4vC) - D (7w ah/4vc):| ’
(@) 472 pho’ c h ¢

(2)

where p is the mass density, v. the sound velocity and
D,/ denote the deformation potential constants for elec-
trons and holes. These material parameters are taken
from the literature and are given explicitly in the sup-
plement [27], while the electron and hole confinement
lengths a,/y, are used as fitting parameters. Good agree-
ment with our experiments is obtained for a, = 4.5 nm
and ay = 1.8 nm resulting in the spectral density shown

in the insert of Fig. a). We note that the low fre-
quency asymptote ~ w? is characteristic for bulk acoustic
phonons and occurs independent of the material or the
dot shape. On the other hand, the Gaussians in Eq.
result from the Fourier transforms of the electron and
hole probability densities, reflecting the assumption of
parabolic confinement potentials.

The blue line in Fig. a) shows the theoretical values
of the exciton population generated by the pump pulse,
which excellently replicates the broadband feature ob-
served at positive detuning. The lineshape of this feature
is implicitly determined by J(w); more detailed informa-
tion on J(w) can be obtained here than from fitting the
intensity damping of Rabi rotations [19]. Eq. shows
that high frequency behavior of J(w) follows the Fourier
transform of the electron and hole probability densities,
and so a lineshape analysis in principle provides a way to
obtain insight on the spatial distributions of the electrons
and holes. However, accessing this information would re-
quire more detailed studies which are beyond the scope
of the present Letter. The asymmetry of the spectrum
with respect to the sign of AA unambiguously proves that
the population created by the off-resonant pump pulse is
the result of phonon-assisted relaxation into the lower en-
ergy dressed state[31]. This is further demonstrated by
a calculation without exciton-phonon coupling, where no
broad sideband is observed (see insert in Fig. [[c)). We
also note that the measured low-energy phonon sideband
is stronger than expected. This may be due to an ele-
vated temperature of about 6-7 K caused by heating of
the sample by the laser.

Figures [{b) and (c) compare the exciton population
generated by the pump pulse measured as in Fig. @(a)
at different pulse areas with corresponding path-integral
calculations. On-resonance, the zero-phonon line exhibits
intensity-damped Rabi rotations. To positive detuning,



there is the phonon-emission sideband that broadens for
higher pulse areas. The calculations are in good agree-
ment with the experimental data, further confirming the
model. Even the slight shift of the resonant peaks to-
wards higher energies with increasing pulse area is repro-
duced by the theory.

In conclusion, we have experimentally demonstrated
the population inversion of a neutral exciton in a single
QD excited by a quasi-resonant laser pulse tuned within
the exciton phonon sideband. The population inversion
arises due to incoherent phonon-induced relaxation be-
tween optically dressed states which arises at high driv-
ing intensities. Phonon interactions, which are usually a
hindrance in quantum dot physics, in this case enable the
population inversion and lead to qualitatively distinct be-
haviour. The phonon-mediated population inversion we
report may have potential as the basis of quasi-resonantly
pumped single QD lasers with dots embedded in cavities,
and as high repetition rate single photon sources [17],
with easy spectral filtering of excitation lasers, especially
relevant to on-chip geometries [24].
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