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Linewidth broadening of a quantum dot coupled to an off-resonant cavity
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We study the coupling between a photonic crystal cavity and an off-resonant quantum dot under resonant
excitation of the cavity or the quantum dot. Linewidths of the quantum dot and the cavity as a function of the
excitation laser power are measured. We show that the linewidth of the quantum dot, measured by observing
the cavity emission, is significantly broadened compared to the theoretical estimate. This indicates additional
incoherent coupling between the quantum dot and the cavity.
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Recent demonstrations of cavity quantum electrodynam-
ics (CQED) with a single quantum dot (QD) coupled to a
semiconductor microcavity show the great potential of this
system for developing robust, scalable quantum information
processing devices.!"* However, unlike ultracold atoms, QDs
constantly interact with their local environments and this in-
teraction plays a significant role in CQED experiments with
QDs. For example, several experiments have reported the
observation of cavity emission even when the QD is far de-
tuned (~3-10 meV) from the cavity resonance, in contrast
with atomic CQED experiments. This unexpected nonreso-
nant QD-cavity coupling is observed both in photolumines-
cence, where the QD is excited by creating carriers above the
band-gap of the GaAs surrounding the QD (Refs. 2, 5, and 6)
and in the cavity luminescence under resonant excitation of
the QD.”# Recent theoretical investigations have attributed
the off-resonant coupling to several different causes includ-
ing pure dephasing,” phonon relaxation,'® multiexciton
complexes,'! and charges surrounding the QD.!?

In this paper, we experimentally study the process respon-
sible for transferring photons between the QD and off-
resonant cavity mode, under resonant excitation of the QD or
the cavity. We derive an analytical expression for the QD
linewidth based on pure dephasing and coupling to the cav-
ity, but find that experimentally obtained linewidths are
larger than that predicted by the theory. We attribute this to
an additional incoherent coupling mechanism between the
QD and the cavity.

When an off-resonant QD that is coupled to a cavity is
coherently driven by a laser field, the QD is dressed by both
the cavity and the laser field. In the absence of a driving
laser, the dynamics of a coupled QD-cavity system is de-
scribed by the Jaynes-Cummings Hamiltonian

Hyc=tho.a'a+hoo’o+hglo’a+od'). (1)

Here, w. and w, are the cavity and the QD resonance fre-
quency, respectively, o is the lowering operator for the QD, a
is the annihilation operator for the cavity photon and g is the
coherent interaction strength between the QD and the cavity.
The eigenfrequencies w. of the coupled system are given
by!
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where 2k and 2y are the cavity energy decay rate and the
QD spontaneous emission rate, respectively and ¢ is the QD-
cavity detuning w;—w.. When the coherent interaction
strength g is greater than the decay rates « and v, the system
is in strong coupling regime, and the eigenstates of H . are
polaritons possessing the characteristics of both the cavity
and the QD. In this regime, when the QD-cavity detuning
0=0, the linewidth of the polaritons is x+y. However, when
the QD-cavity detuning & is much greater than g, the system
is in the dispersive CQED regime. In this regime, one polar-
iton develops a cavitylike character while the other becomes
more QD-like. The linewidths I'. and I'j; of the cavitylike
and QD-like polaritons, respectively, are given by (with a
pure QD dephasing rate of y,)'?

¢\?
I.=2k+ 2(3) 02 (3)

2
[pa=2(y+ yd)+2(§5> K. 4)

The linewidth I, can be interpreted as a combination of the
QD spontaneous emission rate (27) and the QD emission
rate into the cavity mode 2(g/ d)’x.

On the other hand, when a QD is coherently driven by a
laser field in the absence of any optical cavity, the system
dynamics is described by the Master equation

dp

=- é[H, pl+2yL[o] + %E[rﬁo]- (5)

Here p is the density matrix of the QD optical transition and
v, is the pure dephasing rate. £[D] is the Lindblad operator
for an operator D and is given by

R T I
L[D]=DpD’ —ED‘Dp—EpD‘D. (6)

The Hamiltonian H describing the coherent dynamics of the
driven QD is given by

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.82.045306

MAJUMDAR et al.

. QO . )
H=hw,o 0+ ﬁ;(a’e"“’lt +a'elr), (7)

where, w; and w; are the QD resonance and the driving laser
frequency, respectively, and () is the Rabi frequency of the
driving laser field. In solving the Master equation [Eq. (5)], it
is found that the intensity 7 of the QD resonance fluorescence
for wy;=w, is given by

QZ
4 P
= 7(7"‘3’(1) o - )
QO
1+P

l+—
29(y+ va)

where 13:2;/(0—;%,) The QD linewidth Aw is given by

/ 0? -
Ao=2(y+y)\/1 + ————=2(y+ y) N1+ P.
2y(y+va)

)

The broadening of the QD linewidth with laser excitation
power occurs due to increasing stimulated emission in the
driving laser mode and is known as power broadening. Such
power broadening of the QD linewidth has been reported by
several other groups.!*!3

Following the discussion above, the linewidth Aw of a
resonantly driven QD that is coupled to an off-resonant cav-
ity has contributions from both the increased emission rate in
the cavity mode and the increasing stimulated emission due
to the driving laser. As the QD is detuned from the cavity
(and hence the laser driving the QD resonantly is also de-
tuned from the cavity), the QD emission into cavity mode
and the stimulated emission into the driving laser mode are
independent and Aw is given by

2
Aw=2<%) k+2(y+ y)V1+P=Aw.+ Awy\1 + P.

(10)

Here, Aw,=2(g/6)*k and Awy=2(y+7,). Similarly, as the
cavity is coupled to the QD, the cavitylike polariton line-
width contains a contribution from the QD emission, as evi-
dent from Eq. (3). However as the cavity loss rate 2k is
much greater than the QD spontaneous emission rate 2, the
modification of the cavity linewidth is negligible. From now
on, we will refer to the cavity-like polariton as the “cavity”
and QD-like polariton as the “QD.”

Experiments are performed in a helium-flow cryostat at
cryogenic temperatures (~30-55 K) on self-assembled
InAs QDs embedded in a GaAs photonic crystal cavity.! The
160 nm GaAs membrane used to fabricate the photonic crys-
tal is grown by molecular beam epitaxy on top of a GaAs
(100) wafer. The GaAs membrane sits on a 918 nm sacrifi-
cial layer of AlygGa,,As. Under the sacrificial layer, a 10-
period distributed Bragg reflector, consisting of a quarter-
wave AlAs/GaAs stack, is used to increase the collection into
the objective lens. The photonic crystal was fabricated using
electron beam lithography, dry plasma etching, and wet etch-
ing of the sacrificial layer in hydrofluoric acid (6%). A scan-
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Photonic crystal

FIG. 1. (Color online) (a) Scanning electron micrograph of the
fabricated photonic crystal cavity. (b) The experimental setup. An
objective lens (OL) with a numerical aperture of 0.75 is used in
front of the cryostat to image the chip. A half wave plate (HWP) is
used to adjust the excitation polarization relative to the cavity axis.
A polarizing beam splitter (PBS) is used to perform cross-polarized
reflectivity measurements. Details of the experimental setup are
given in Ref. 1.

ning electron micrograph of a photonic crystal cavity along
with a diagram of the experimental setup is shown in Fig. 1.

We perform two different types of experiments to study
the off-resonant QD-cavity coupling. For the first type, a
narrow bandwidth (~300 kHz) laser is scanned across the
QD optical transition while the emission at the cavity wave-
length is observed. In the second type, the laser is scanned
across the cavity linewidth and the QD emission is observed.
Figures 2(a) and 2(b) show the cavity and QD emission spec-
tra for the first and second experiments, respectively. Figures
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FIG. 2. (Color online) (a) Cavity emission when the QD is reso-
nantly excited. (b) QD emission when the cavity is resonantly ex-
cited. Experiments to obtain (a) and (b) are performed at 55 K. The
cavity wavelength is 931.2 nm. The QD resonances are at (a)
933.15 and (b) 931.9 nm. Emission from the QD at 933.15 nm is
very weak under resonant excitation of the cavity. Hence, for (b)
another QD at 931.9 nm is used. (c) Integrated cavity emission as a
function of the pump laser wavelength when the QD is resonantly
excited [as in (a)]. The solid line is a Lorentzian fit (with a line-
width of 0.075 nm, i.e., Aw/27=25 GHz). (d) Integrated QD
emission as a function of laser wavelength for the case of resonant
cavity excitation [as in (b)]. The solid line is a Lorentzian fit (with
a linewidth of 0.1517 nm, i.e., Aw/27~=52 GHz).
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TABLE 1. Details of the QD-cavity systems employed in the first experiment, when the cavity emission
is observed by resonantly exciting the QD. Also shown are the fits for two different contributions to the QD
linewidth, Aw, and Aw,, and the theoretical estimate for Aw, [see Eq. (10)].

Temperature QD wavelength Cavity wavelength Aw,./27 (fit)

Awy/27 (fit) Aw./27 (theory)

QD (K) (nm) (nm) (GHz) (GHz) (GHz)
S1 32 934.15 934.8 12.6 1.96 1.3
S2 44 932.3 931.9 9.9 9.8 2.34
S3 55 933.15 931.2 15 5.8 0.28

2(c) and 2(d) show the integrated cavity and QD intensities
as we scan the laser across the QD and the cavity, respec-
tively. Lorentzian fits to the cavity and the QD intensities as
a function of laser wavelength enable estimation of the QD
and the cavity linewidths, respectively.

The first type of experiment is performed on three differ-
ent QD-cavity systems for different detunings between the
cavity and the QD transition. Details of three systems are
given in the Table I. The detuning between the cavity and a
particular QD transition is controlled by varying the sample
temperature. As the limited temperature tuning range limits
the range of achievable QD-cavity detunings, multiple QDs
must be chosen to cover an extended range of detunings.
However, all three systems show similar qualitative behavior.

In the first experiment, we observe saturation of the cavity
emission with increasing power of the laser used to excite
the QD. We fit the cavity intensity with the model given by
Eq. (8) [Figs. 3(a), 3(c), and 3(e) (solid line)]. In actual ex-
periments, TR nP, where P is the measured laser excitation
power in front of the objective lens and # is a constant factor
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FIG. 3. (Color online) [(a),(c),(e)] Integrated cavity emission as
a function of the excitation power of the laser resonantly pumping
the QD, for the three QD-cavity systems studied. (c.c. stands for
CCD count.) The solid lines are fits to the data using the model
given by Eq. (8). [(b),(d),(f)] Corresponding measured linewidths
[as in Fig. 2(c)] as a function of the laser excitation power. The
solid lines are fits to the data using the model given by Eq. (10).
The excitation laser power is measured in front of the objective
lens.

signifying the percentage of incident light coupled to the
QD. Hence, assuming that both the QD spontaneous emis-
sion rate 2y and the pure dephasing rate v, are independent
of the laser excitation power, P=aP, where « is a constant
factor, independent of the laser power. « is determined from
the fit to the cavity intensity with the excitation laser power.
In addition to emission saturation, we see broadening of the
QD linewidth with increasing excitation laser power, as mea-
sured from Lorentzian fits similar to the one shown in Fig.
2(c). Measurements of the QD linewidth as a function of the
laser power for the three different QDs studied are plotted in

Figs. 3(b), 3(d), and 3(f). Using the extracted values of P
=aP (as previously explained), the linewidths are fit with the
model given by Eq. (10) [Figs. 3(b), 3(d), and 3(f) (solid
line)]. The fitting parameters are shown in Table L.

We note that for the QD S1, the value of Aw, obtained
from the fit is of the same order of magnitude as the line-
width of a resonantly driven QD without a cavity (Aw/27
~2.5 GHz),'* although in this case we use an off-resonant
cavity for read-out. Relatively higher values of Aw, for the
second (S2) and the third (§3) QD can be attributed to the
high dephasing rate at higher sample temperatures.'® How-
ever, the linewidth of a QD also depends on its local envi-
ronment, for example, presence of other nearby QDs or traps
(which can be results of, e.g., the proximity of the etched
surfaces of the photonic crystal), which can explain the dif-
ference in Aw, for (52) and (S3).

To theoretically estimate Aw,/27 [contribution from the
increased emission into the cavity mode as given by Eq. (4)]
in Table I, we assume g=«. This is an overestimated value of
g as our system is not strongly coupled (which is confirmed
by bringing the QD onto resonance with the cavity). The
overestimated g leads to an overestimate of Aw,.. However,
we find that even those theoretically overestimated Aw,. val-
ues are still much lower than the experimental data shown in
Table 1. Just pure QD dephasing cannot explain this finding
as dephasing contributes only to the term Aw,. The increased
broadening indicates a higher coupling strength between the
QD and the cavity exceeding what our theoretical model pre-
dicts. One possible explanation of this incoherent coupling is
that the resonantly excited QD couples to the continuum
states provided by the wetting layer or neighboring GaAs
layers via tunneling!” or Auger process.'® This continuum of
states then couples to the off-resonant cavity leading to the
observation of cavity emission.

We now analyze the linewidth of the process [Fig. 2(d)]
responsible for transferring photons from the resonantly ex-
cited cavity to the QD. We perform the second type of ex-
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TABLE II. Details of the QD-cavity systems employed in the
second experiment, when the QD emission is observed by reso-
nantly exciting the cavity. Also shown are the values of the Aw,.

Temperature QD resonance Cavity resonance Aw.q/2
QDb (K) (nm) (nm) (GHz)
S2 44 932.3 931.9 35.6
S4 55 931.9 931.2 50.3

periment (exciting the cavity and collecting emission from
the QD) on two QD-cavity systems (Table II). The QD de-
scribed in the first row of Table II is the same as the QD used
in the first experiment (second row of Table I). The other two
systems shown in Table I could not be employed in this
experiment, as they either showed no emission or very weak
emission from QD line under cavity excitation. Hence, we
employed another QD system (S4) described in Table II.

Figures 4(a) and 4(c) show the QD intensity as a function
of the power of the laser resonantly pumping the cavity. We
observe saturation of the integrated QD emission and the
data fit well with the model given by Eq. (8). In this experi-
ment, we also measure the cavity linewidth Aw,, but here we
scan the laser wavelength across the cavity and collect the
integrated emission from the QD. In addition, we also mea-
sure the intrinsic cavity linewidth Aw,, from cavity reflec-
tivity measurements at low laser power. In reflectivity mea-
surements, the laser is scanned across the cavity linewidth
and the cavity reflected laser power is observed, as in our
previous work.! For both cavities, the linewidths Aw,, ex-
tracted from the second type of experiment (exciting cavity
resonantly and imaging emission at QD wavelength) are
larger than the linewidth Aw,, obtained in reflectivity mea-
surements. Figures 4(b) and 4(d) show the difference be-
tween two linewidths, i.e., (Aw.—Aw,q), which increases lin-
early with laser power. This additional broadening is
attributed to the free carrier absorption losses. The carriers
are generated in bulk GaAs by the laser excitation (via two-
photon absorption).

In conclusion, we studied the off-resonant QD-cavity cou-
pling under resonant excitation of both the QD and the cav-
ity. We found that pure dephasing along with power broad-
ening and coherent coupling between the cavity and the QD
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FIG. 4. (Color online) [(a),(c)] Integrated QD emission as a
function of the excitation power of the laser resonantly pumping the
cavity, for the two QD-cavity systems studied (see Table II). (c.c.
stands for CCD count.) The solid lines are fits to the data using
model given by Eq. (8). [(b),(d)] The difference between the cavity
linewidth Aw,. measured by observing the QD emission and the
cavity linewidth Aw,, obtained from the cavity reflectivity mea-
surements, as a function of the laser power. The solid line is a linear
fit to the difference. The excitation laser power is measured in front
of the objective lens.

underestimate the QD linewidth. This indicates a higher in-
coherent coupling strength between the QD and the cavity,
possibly resulting from the coupling to the continuum of
states of the wetting layer or neighboring GaAs.!”!8

Note added. Similar recent work investigating non-
resonant dot-cavity coupling is being reported in micro-pillar
systems.'? In this case, saturation of the cavity output is ob-
served under resonant excitation of the non-resonant dot,
though no unusual power broadening of the quantum dot
emission is seen as in our case.
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