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Effect of Pure Dephasing and Phonon Scattering on the Coupling of Semiconductor
Quantum Dots to Optical Cavities
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Using site-controlled semiconductor quantum dots (QDs) free of multiexcitonic continuum states,
integrated with photonic crystal membrane cavities, we clarify the effects of pure dephasing and phonon
scattering on exciton-cavity coupling in the weak-coupling regime. In particular, the observed QD-cavity
copolarization and cavity mode feeding versus QD-cavity detuning are explained quantitatively by a model
of a two-level system embedded in a solid-state environment.
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Investigations of cavity quantum electrodynamics
(c-QED), initially carried out with atomic systems [1],
have been extended to solid-state platforms such as super-
conducting circuits [2] and quantum dots (QDs) incorpo-
rated in photonic nanocavities [3]. Although the latter
systems are more robust, hence offering a viable approach
to quantum information technology [4,5], they are inher-
ently susceptible to quantum decoherence induced by the
solid-state environment. The most relevant dephasing
processes in semiconductor QD systems are interactions
with phonons [6] and pure dephasing due to electrically
charged environment impurities [7] [Fig. 1(a)]. Previous
studies of QD-cavity systems performed with self-
assembled QDs evidenced the presence of spurious multi-
excitonic effects [8,9], making difficult the unraveling of
the impact of inherent dephasing processes on QD-cavity
interaction. Here, we employ site-controlled pyramidal
QDs, representing a near-ideal two-level system (TLS)
free of spurious multiexcitonic effects [10,11], to elucidate
the role of quantum decoherence on cavity mode (CM)
feeding [12] and exciton emission copolarization [10,13] at
finite CM-QD energy detuning. Based on a theoretical
modeling of polarization-resolved photoluminescence (PL)
spectra performed at the single photon level [10,14], we
provide a comprehensive analysis of the impact of pure
dephasing and phonon scattering on cavity feeding and the
copolarization effect in the weak-coupling regime.

The QD-cavity system employed consists of a single
InGaAs/GaAs pyramidal QD [15] aligned with the inten-
sity maximum of the CM of a modified photonic crystal
(PhC) L3 membrane cavity [Figs. 1(b) and 1(c)]. The QDs
were grown on a 265 nm thick (111)B GaAs membrane
substrate patterned with inverted pyramidal recesses,
defined using e-beam lithography and wet chemical etch-
ing. The InGaAs/GaAs QDs were grown by metalorganic
vapor phase epitaxy, nucleating at the apex of the inverted
pyramids without the formation of a 2D wetting layer. The
200 nm-pitch PhC hole patterns were written and properly
aligned with the QD positions (alignment precision
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< 50 nm) using e-beam lithography and etched by induced
coupled plasma etching. The resulting structure consists of
a single pyramidal QD in the center of a modified-L3 cavity
[16]. PL measurements of the QD-cavity systems were
performed in a He-flow cryostat by continuous wave (cw)
photoexcitation using a focused Ti-sapphire laser beam
(~1 um spot, 730 nm wavelength) with ~80 ueV spectral
resolution. Polarization-resolved spectra were acquired
using a 1/2 wave plate followed by a linear polarizer
placed in the detection path.

The QD PL spectra are reproducible, exhibiting tran-
sitions of the neutral exciton (X), the biexciton (2X), and
the negatively charged exciton (X™) [14]. In two selected
samples, QD1 and QD2, the CM is tuned near the X~
line, showing typical CM off-resonant emission and
copolarization of the excitonic transition with the CM
transition [Figs. 1(d) and 1(e)]. The copolarization effect is
quantified by the displayed spectra of the degree of linear
polarization DOLP = (I, — I)/(Iy + I ). The difference
in (Lorentzian) full width at half maximum (FWHM) of the
CM (k; = 590 peV and k, = 440 peV) and exciton line
('} =450 peV and I'; = 200 peV) stems from variations
in cavity Q-factor and exciton dephasing from sample to
sample. Since the binding energies (with respect to X) of
X~ and 2X in these dots are ~5 meV and < 1 meV [14],
respectively, this system well represents an isolated QD
transition coupled to a CM. The absence of fine structure
splitting for the X~ transition [17,18] further facilitates
interpretation of the observations. Figures 1(d) and 1(e)
demonstrate two different signatures of QD-cavity cou-
pling: off-resonant cavity feeding, specific to solid-state
systems, and QD-CM copolarization of emission.

The fact that the X~ transition is spectrally shifted by
at least 4 meV from the other excitonic transitions allows
us to consider a model based on a TLS [Fig. 2(a)], with
Bohr frequency [w,/(27)] coupled to a CM at frequency
[Wcav/ (27)], with a detuning energy of A8 = hwy — Aw,, -
The X~ transition is represented by a randomly oriented
TLS [Fig. 2(a)]. The TLS-CM coupling is described in the
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FIG. 1. QD-cavity system investigated. (a) Schematic illustra-
tion of the system. (b) Schematic of the QD positioned at the
center of a modified-L3 PhC cavity: a = 200 nm, d = 130 nm,
d, =110 nm, and s =30 nm. (c) Computed field intensity
distribution of the fundamental CM. (d) [(e)] (Top panel) PL
spectrum of QD1 (QD2) coupled to the fundamental CM.
Lorentzian fits (the dashed lines) yield the linewidths x and I"
of, respectively, the CM and X~ transitions. (Bottom panel) PL
spectrum resolved in linear polarization along the vertical (V) and
horizontal (H) directions indicated in (c). (Center panel) Degree
of linear polarization of the PL.

Lindblad master equation formalism [19,20] using the
Jaynes-Cummings Hamiltonian in the rotating wave
approximation (see the Supplemental Material, method
A for details [21]). TLS and cavity losses at rates y
and «, respectively, are modeled by the jump operators
L,=./yo” and L, = v/ka and incoherent pumping of the
TLS is added through the Lindblad term Lp = V/Pot, with
a and o~ being the annihilation operators of the CM and the
TLS, respectively, and 6 = (67)". Pure dephasing caused
by fluctuating electrical charges near the QD is modeled by
the Lindblad term [19] L,, = +/(7,/4)0°, with y, being the
dephasing rate and o6°=26T6" —1, leading to a
Lorentzian broadening of the line’s FWHM by vy,
Phonon scattering is described by the Lindblad term [25]

™ (8)ato™ (1)

that accounts for the phonon-induced transfer of excitations
from the QD exciton to the energy mismatched CM.
Depending on the sign of the detuning, the annihilation

Lph -

of a QD exciton and the creation of a cavity photon requires
the absorption (6 < 0) or emission (6 > 0) of a phonon,
resulting in an asymmetry of the phonon scattering rate
I'P"(§) with respect to detuning. Whereas 7, «, and y,; can be
inferred from time-resolved and spectral measurements, no
indication of the effective phonon scattering rate I'P"(§) is
readily available. However, it can be estimated using a
microscopic model for the electron-phonon interaction
[25,26] (see the Supplemental Material, method B [21]):

R e G

where g is the TLS-cavity coupling strength and € the angle
between the QD dipole and the CM electric field at the
position of the QD. d(§) is the effective phonon density of
states [26,27] given by

d(8) = A8*[n(8.T) — n(=8.T) + 1]

where n(5,T) is the Bose-Einstein distribution at temper-
ature 7 and A a constant depending on the speed of sound
in the material c,, the material’s mass density, and the
deformation potential. # and ¢, are the Gaussian standard
deviations of in-plane and out-of-plane exciton electronic
wave functions.

Numerically solving the master equation yields the
steady-state power spectra for the TLS (5% ) and cavity
mode (S%,,) emissions through the Wiener-Khintchine
theorem [28] (see the Supplemental Material, method C
for details [21]). Following Auffeves et al [29], we
computed the following quantities:

N”erLs(a’) = |Fal|27/S%LS(w) (4)
and
N28V<w) = |Fcav|2KS§av(a))’ (5)

which can be directly compared to the measured PL
spectra. The total vertically and horizontally polarized
collected spectra are written

Ny (@) = Z[Ngav(a)) +cos(6)* N (@)

%
+ Cos(a)anvFTLS \/K_yscgzav;TLS (w)
+ COS(G)F"’I"LSFcaV\/}TES’?‘LS;caV((U)] (6)

and
N (@) = Z Sin(a)szfLs(w)» (7)
0

with
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FIG. 2. Model of QD-cavity interactions. (a) Schematic of the
model describing the TLS-cavity system. The decay rates of the
TLS and the cavity mode are y and k, respectively. The coupling
strength between the TLS and the CM is gcos(0). The TLS pure
dephasing rate is y; and the TLS-phonon bath coupling strength is
gph- (b) Computed PL spectrum showing the contributions of the
vertical (V) and horizontal (H) components of the TLS and the CM
(see the text for parameter values). (c) PL spectra with the same
simulation parameters as in (b), with (solid line) and without
(dashed line) TLS-phonon interactions. (d) Computed PL spectrum
linearly resolved in polarization along the directions indicated in
Fig. 1(a) [with the same simulation parameters as in (b)].

Niota = Nt‘(/)tal(w) + Ntlgtal(w)’ (8)

where the coefficients F, and F,, describe coupling
efficiencies to the photon detector and relative phases of
the TLS and cavity mode decay channels, respectively, and
the last two terms of the sum in Eq. (6) account for the
interferences between the TLS and cavity decay channels
[30,31]. We find that these interference terms do not modify
the qualitative conclusions of our study and thus neglect
them in the rest of this Letter. Because of the high in-plane
symmetry of pyramidal QDs [32], we assume a random
orientation of the exciton dipole in the growth plane. Since
the QD lifetime is much smaller than the integration time
used to acquire the experimental spectra in cw mode
excitation, we average over all possible orientations of
the QD exciton dipole. To account for this in the simu-
lations, we take the sum on @ in Egs. (6) and (7).

Figure 2(b) shows the computed spectra N (@),
Neay (@), NYp5(0) = 359 c0s(0)* Ny s (o), and N 5 (o) =
> g sin(0)?>NY; s(w) for the following simulation parame-

ters: 76 =1 meV, Ak =400 pueV, hy =02 pueV,
hy, =200 ueV, hg = 50 ueV, (2z/h*)A = 0.8 nm/meV,
T'=10K, #nP=01pueV, ¢=4nm, ¢,=2nm,

F.y =04, and F, = 0.3. The finite coupling between
the TLS and the CM yields emission by the cavity channel at
the TLS transition energy and reduction of the V-polarized

TLS emission. Figure 2(c) shows Ny (@) without (A = 0)
and with ((2z/A%)A = 0.8 nm/meV) phonon scattering,
illustrating the cavity feeding by the TLS transition induced
by phonon scattering [other parameters are as in Fig. 2(b)].
Resolution of the emission spectra into V and H components
[Fig. 2(d)] illustrates the copolarization of the TLS transition
induced by the finite coupling of the TLS to the CM.

The evolution of the copolarization and cavity feeding
effects with QD-CM detuning is displayed in Fig. 3,
where polarization-resolved PL spectra of QD1 and QD2
[Fig. 3(a) and 3(c)] are compared to the fitted computed
spectra [Figs. 3(b) and 3(d)]. The normalized, measured
spectra span a detuning range of about 3 meV induced by
the temperature dependent (In)GaAs band gap. The energy
shifts of the CM and X~ transitions as a function of
temperature are shown in the Supplemental Material,
Figs. S3(a)-S3(d). Unlike in recent reports [33,34], fre-
quency cavity pulling effects are not visible in the exper-
imental data (see the Supplemental Material, Sec. D for
details [21]). The fitting parameters are listed in Table I. y,
and x were retrieved from the fits of Figs. 1(d) and 1(e). y,
the intrinsic QD linewidth in the PhC band gap, was
obtained from time-resolved measurements performed on
nominally identical pyramidal QDs inside the photonic
crystal band gap and corresponds to a lifetime of 3 ns. F,,
and F, were computed using 3D finite-difference time
domain simulations. The values used for ¢ and £, are
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FIG. 3. Comparing experiments and modeling. Experimental

(a) and simulated (b) temperature dependent PL spectra of the
cavity-QD systems, linearly resolved in polarization along the
directions indicated in Fig. 1(c) for QDI. (c),(d) The same
for QD2.
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suitable for InGaAs QDs with confinement dimensions of
10 nm in plane and 5 nm in the growth direction. The
remaining three parameters (g, A, and P) were adjusted to
fit the experimental data. The results of the modeling
reproduce remarkably well the QD-cavity spectral detuning
dynamics for both structures up to 7' ~ 65 K. The discrep-
ancies at higher temperatures are attributed to nonradiative
recombination such as thermally activated nonradiative
recombination in barriers [35] and thermally induced
escape of carriers [36].

Efficient CM feeding by the TLS system occurs through-
out the +3 meV detuning range scanned. Narrowing of
the CM linewidths [34] for small detunings was observed in
the experimental data and the simulations as shown in the
Supplemental Material, Fig. S3(f) [21]. Near resonance, the
luminescence at the QD transition energy is a superposition
of photons escaping through the QD and CM decay
channels. In the “bad cavity” regime (x> y), cavity
photons are emitted at a faster rate than QD photons,
which translates here into an increase of the emission
intensity at the X~ energy. This increase of the X~
integrated intensity with decreasing detuning reaches
tenfold enhancement at resonance and is qualitatively
reproduced by the simulations as shown in the
Supplemental Material, Fig. S3(e) [21]. Polarizationwise,
the additional cavity photons emitted at the energy of the
QD transition are V polarized. This explains the gradual
copolarization of the X~ transition with decreasing detun-
ing, which is well reproduced by the modeling. Whereas
off-resonant CM emission is observed for detuning as large
as +3 meV, copolarization of the X~ transition is visible
only for detuning as large as =1 meV, in agreement with
previous reports [10]. This behavior is well accounted for
by the model, showing that copolarization persists only
when the CM and X~ lines significantly overlap. We note
that measurements were performed below QD saturation,
without background emission in the vicinity of the s-state
transitions. From this fitting procedure, we were able to
extract coupling strengths of g = 20 eV for QD1 and
fag = 50 ueV for QD2 (see Table I). These values are in
line with those reported for InGaAs/GaAs QDs [37-39].
Given our deterministic positioning of the QD at a
maximum of the CM intensity, these values mainly reflect
the degree of mutual alignment of the electric field of the
mode and the QD dipole moment, rather than the non-
optimal overlap of the CM intensity with the QD.

The more general features of the cavity feeding and CM-
exciton copolarization are presented in the maps of Fig. 4.
Figure 4(b) shows the calculated relative intensity of the
CM peak Icy/(Iem + Itis) as a function of detuning
and QD-cavity coupling strength. The relative CM peak
intensity reaches a maximum for detunings of 1.7 meV and
increases with g. The detunings for which the maximum
CM relative intensity is reached correspond to the energies
of longitudinal acoustic phonons interacting with QD
excitons having a localization length of 4 nm [6], indicating

TABLE 1. Table of parameters used for the simulations of
Figs. 3(b) and 3(d).

Parameter Symbol (unit) QD1 QD2
TLS loss rate hy(ueV) 0.2
CM loss rate hx(ueV) 590 440
Pure dephasing rate Ay 4(ueV) 450 200
TLS-CM coupling strength hg(ueV) 20 50

Phonon density of state
constant

(2z/h?)A(nm/meV) 13 14

Incoherent pumping rate AP (neV) 10 5

Wave function standard ¢(nm) 4
deviation (in plane)

Wave function standard ¢, (nm) 2
deviation (vertical)

CM coupling efficiency Fo 0.4

to detector
TLS coupling efficiency Fy 0.3
to detector

that phonon scattering is responsible for this strong increase
of the off-resonant CM emission. Note that, although not
investigated here, phonon scattering also influences the QD
decay rate [27,40]. The decrease in relative CM emission
for detunings < 1.7 meV is in agreement with our mea-
surements and other reports [41]. Figure 4(c) displays the
TLS peak DOLP as a function of detuning and sample
temperature. Below 7 = 50 K, the DOLP is always pos-
itive and is maximum for small QD-cavity detunings.
Above T =50 K, a region of negative DOLP appears
for QD-cavity detunings between ~1 and 3 meV, a direct

len/Uomtinis)

0.2 04 0.6

(a) h(w—wg) [meV] B
5 -4 -3 -2 -1 0 1 h&[meV]
'; 0.3 __Simulated CM I TLS
5 spectrum TLS
S, 100 S
%‘ 021 . FitTLs )
5 0.1} __Fitcm 150;
= (9 S 200
3
§ 50 E
(d) =
10 K
100 6 5 4
ﬁ&[meV] h&[mev
[ - | |
020020406 0.2 0.40.60.8
DOLP | /I
CM,A=0" CM

FIG. 4. Further model predictions. (a) Simulated spectrum with
simulation parameters as in Fig. 3 for QD2, except that
hg =105 ueV. Peak integrated intensities evaluated using
Lorentzian line shapes Iy and Ipps. (b) Relative CM peak
intensity versus g and TLS-CM detunings. (c) TLS peak DOLP
versus temperature and TLS-CM detuning. (d) Intensity of the
CM peak without phonon scattering Iy 4—o relative to Icy
including phonon scattering versus y, and TLS-CM detunings.
The simulation parameters correspond to QD2.
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consequence of the increase in efficiency of phonon
mediated cavity feeding with temperature, which leads
to a depletion of the V-polarized TLS emission. Figure 4(d)
presents the intensity of the CM peak without phonon
scattering Iy 4—o, Where the only decoherence mechanism
is pure dephasing, relative to /¢y, which includes phonon
scattering. The line in Fig. 4(d) corresponding to a ratio
Icpma—o/Icym = 0.5 demarcates two regions of parameters
for which either pure dephasing or phonon scattering
contributes the most to the off-resonant CM emission. It
is interesting to note that, for certain pure dephasing rates,
both regions can be probed by changing only the QD-cavity
detuning. An analysis of the relative contribution of
dephasing and phonon scattering for QD1 and QD2 is
given in the Supplemental Material, Fig. S4 [21].

In conclusion, using a TLS-like QD system embedded in
a solid-state environment coupled with a single mode
photonic cavity, we elucidated the roles of phonons and
pure dephasing on exciton-cavity interaction in the weak-
coupling regime. In contrast to previous studies performed
with self-assembled QDs, the absence of spurious multi-
excitonic effects in pyramidal QDs allowed a quantitative
analysis of the effects of phonon scattering and pure
dephasing on off-resonant CM emission. Besides providing
insight into weak-coupling mechanisms in solid-state
c-QED phenomena, the results yield useful information
for designing integrated quantum photonic systems such as
efficient single photon sources.

This work was supported by the Swiss National Science
Foundation.
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