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Abstract

Quantum dots (QDs) coupled to optical cavities constitute a scalable, robust, on-chip,
semiconductor platform for probing fundamental cavity quantum electrodynamics.
Very strong interaction between light and matter can be achieved in this system as a
result of the field localization inside sub-cubic wavelength volumes leading to vacuum
Rabi frequencies in the range of 10s of GHz. Such strong light-matter interaction pro-
duces an optical nonlinearity that is present even at single-photon level and is tunable
at a very fast time-scale. This enables one to go beyond fundamental cavity quantum
electrodynamics (CQED) studies and to employ such effects for building practical in-
formation processing devices. My PhD work has focused on both fundamental physics
of the coupled QD-nanocavity system, as well as on several proof-of-principle devices
for low-power optical information processing based on this platform.

We have demonstrated the effects of photon blockade and photon-induced tun-
neling, which confirm the quantum nature of the coupled dot-cavity system. Using
these effects and the photon correlation measurements of light transmitted through
the dot-cavity system, we identify the first and second order energy manifolds of the
Jaynes-Cummings ladder describing the strong coupling between the quantum dot
and the cavity field, and propose a new way to generate multi-Fock states with high
purity. In addition, the interaction of the quantum dot with its semiconductor envi-
ronment gives rise to novel phenomena unique to a solid state cavity QED system,
namely phonon-mediated off-resonant dot-cavity coupling. We have employed this ef-
fect to perform cavity-assisted resonant quantum dot spectroscopy, which allows us to
resolve frequency features far below the limit of a conventional spectrometer. Finally,
the applications of such a coupled dot-cavity system in optical information processing
including ultrafast, low power all-optical switching and electro-optic modulation are
explored. With the light-matter interactions controlled at the most fundamental level,
the nano-photonic devices we implemented on this platform operate at extremely low

control powers and could achieve switching speeds potentially exceeding 10 GHz.
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(a) Scanning electron micrograph of the photonic crystal cavity. (b)
In the experiment, a combination of pulsed control laser (frequency
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the QD exciton line, and pulsed or continuous-wave signal laser (w;)
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(V) polarization. (c) Anticrossing observed in the PL as the QD sin-
gle exciton (X) is temperature-tuned through the cavity. The QD is
pumped through higher-order excited states by optical excitation at w,
corresponding to a wavelength of A, = 878 nm. (d) The transmitted
intensity of a broad-band light source (in the cross-polarized setup)
shows the mode splitting of the strongly coupled QD-cavity system
(this signal is resolved on a spectrometer). (e) PL lifetime ~ 17 ps
when the QD is tuned into the cavity and pulsed excitation is at wave-
length A\, = 878 nm. The emission that is expected theoretically, based
on the system parameters in (d) and a 10-ps relaxation time into the

single exciton state, is shown in the solid line. . . . . . . ... . ...
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All-optical switching of the CW signal beam by a pulsed control beam
through the strongly coupled QD/cavity system. (a) Cavity trans-
mission when the signal and control are tuned to the cavity, which
is resonant with the QD (panel 1). The transmitted cavity output is
normalized w.r.t. the maximum cavity transmission. As the signal
and control input powers are increased (panels 2 and 3), the QD sat-
urates and results in a net-positive nonlinear transmission. For the
three panels, the CW signal powers are 12 nW, 168 nW and 240 nW,
respectively; the pulsed control powers are 0.2 nW, 1.6 nW and 3.8
nW, respectively (all measured before the objective lens). (b) Plots
of the theoretically estimated intracavity photon number (a'a), which
gives the transmission by T = 2k (a'a). We plot the calculated intra-
cavity photon number for the control beam intracavity photon number
n(c), signal and control n(s + ¢), and the differential photon number

An=n(s+c)—n(s)—n(c). .. ..
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3.6

All-optical switching between two weak laser pulses interacting via
a strongly coupled QD-cavity system. (a) Time-delay setup for pro-
ducing pulses at a separation of At. (b) Simulated interaction of two
laser pulses, represented by the instantaneous intracavity photon num-
ber (a'a) as a function of the time delay At between the two 40 ps
long Gaussian pulses. Curves are calculated for a set of different rates
of pure QD dephasing [2], 74, which causes a reduction of the trans-
mission dips before and after the peak. Pure dephasing also causes a
blurring of the spectral normal mode splitting [2], which in turn raises
the transmission for increasing 4. (¢) Pump-power dependence of the
cavity transmission for coincident pulses repeating at 80 MHz. Differ-
ent curves correspond to the average power of each of the pulses used
in the experiment (averaged over 13 ns, the pulse repetition period).
(d) Signal observed when the cavity-QD system is probed with two 40
ps long pulses as a function of their delay. When the two pulses have
a temporal overlap inside the cavity (i.e., delay approaches zero), the
QD saturates and the overall cavity transmission increases. The power
in the single of the two pulses corresponds roughly to the 3.4nW trace
in (c). Best agreement is found with the theoretical plot for a pure
dephasing rate 7,/2m ~ 5 GHz (the solid red line). . . ... .. ..
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(a) Scanning electron microscope image of the photonic crystal cavity
and the metallic electrode placed within 1um from the center of the
cavity. (b) Schematic representation of the experimental setup (not
drawn to scale). A cross-polarized confocal microscope setup com-
posed of a polarizing beam splitter(PBS), half wave plate (HWP) and
objective lens (OL) was used for photoluminescence and reflectivity
measurements. The voltage on the chip was controlled using a func-
tion generator (FG) and the output signal was detected using a single-
photon counting module (SPCM). A flip mirror (M) switched the sig-
nal from spectrometer to SPCM. The time domain measurements were
performed using a picosecond time analyzer(PTA).(c) Photolumines-
cence spectra taken for different cavity /QD detunings by increasing the
temperature of the sample (indicated for each spectrum). The avoided
crossing of the polaritons (marked by the red lines as a guide to the
eye) indicates that QD1 is strongly coupled. . . . . . ... ... ...
(a) Photoluminescence spectra as a function of increasing control volt-
age (V) from OV to 10V. At OV the quantum dot was tuned on res-
onance with the cavity (T=48K). The PL intensity decreases and the
QD red shifts for V' > 8V. The shift is much smaller than the one
observed in broadband reflectivity because of the screening induced by
free carriers. (b)Broadband reflectivity spectra while changing V' from
0V to 10V (T=48K). The QD red shifts for V. >4V. . .. ... ...
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Change in QD frequency and coupling strength g with bias voltage (a)
Stark shift of the quantum dot with applied bias. (b) Experimental
data and fit indicating the quadratic dependence of the quantum dot
shift with electric field. (c¢) Dependence of the cavity/QD coupling ¢
with applied voltage, as inferred from the fit to experimental data (d)
Broadband reflectivity taken at T=46K such that the QD was reso-
nant with the cavity at high electric fields. As the voltage approaches
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probably due to the loss in the quantum dot confinement due to high
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Fast electrical switching of a continuous wave laser beam (a) CW re-
flectivity for bias voltages of 0V, 10V and 14V. During the time-domain
switching experiment the laser was set at the wavelength marked by
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of the coupled laser at the electrical QD driving frequency of 150MHz.
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Vertical electric field applied to a quantum dot in p-i-n diode: (a)
Fabrication steps for contacts and photonic crystal devices enabling
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(¢) Photoluminescence spectra as a function of the applied potential.
A discrete jump of the QD resonance is observed, which indicates a
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5.1

5.2

9.3

5.4

(a) Schematic representation of a single emitter coupled to an optical
resonator. The optical resonator has mirrors with different reflection
coefficients (Rj, >> Ryy) such that most of the field coupled into the
cavity is emitted at the output port. (b) Schematic representation of
the energy eigenstates for a strongly coupled cavity-emitter system.

(a) Non-classical state generation via pulsed-operation in photon block-
ade. The properties of the laser pulse coupled at the input port are
controlled such that the output field has primarily a single-photon com-
ponent. (b) Normalized Fock-state coefficients (|co|? for vacuum state,
|c1]? for single photon state, and |cui]® = oo, |cn|? for multi pho-
ton probability) for the output field as the intensity of the laser pulse
Q is modified and the pulsewidth is kept constant at 7 = 0.45/k.
The ground state and one of the first order eigenstates form an ef-
fective two level system so Rabi oscillations are observed in the sin-
gle photon character of the output field. The system has parameters
k/2m = 1GHz, v/2r = 0.1GHz, g/2m = 40GHz. (c) Fock-state co-
efficients for the output field as the duration of the laser pulse (7) is
modified while 20 = 10GHz was kept constant. The system has pa-
rameters /27 = 1GHz, v/2r = 0.1GHz, g/2n = 40GHz. (d) The
same simulation as in the panel b for a system with x/27 = 5GHz,
g/2r=30GHz . ... ...
(a) Second order correlation correlation function of the output field, for
the case k/2m = 1GHz, g/2m = 40GHz. (b) Second order correlation
correlation function for k/2m = 5GHz, g/2r =30GHz. . . . ... ..
Ratio of single photon to multi-photon probability in the output field
of the non-classical source with x/2m = 1GHz g/2n = 40GHz as a
function of mean photon number per pulse. The results are compared

with a coherent pulsed laser source of the same brightness. . . . . . .
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9.5

5.6

(a) Operation principle for non-classical state generation using a con-
tinuous wave input and fast control of the dipole frequency using an
electric field. (b) Detuning of the dipole frequency with time. The
cavity resonance is constant and zero detuning means dipole reso-
nant with the cavity. (c) Normalized Fock-state coefficients (|co|? for
vacuum state, |c;|? for single photon state, and |cpui|> = 3200, |ca|?
for multi photon probability) for the output field with varying inten-
sity of the continuous wave input field (€y). The system has pa-
rameters k/2r = 1GHz, v/2r = 0.1GHz, g/2r = 40GHz. (d)
Normalized Fock-state coefficients for a system with /27 = 5GHz,
v/2r =0.1GHz, g/2mr =30GHz . . . . . ... ... ... ... ...,
(a) The anharmonic ladder structure: when the laser is detuned from
the polariton, then the coupling of the first photon is difficult, but two
photons together can reach the second order manifold, and the output

light will have more two photon character. . . . . . .. ... ... ..
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5.7

5.8

Numerically calculated photon statistics at the output of the QD-cavity
system driven by Gaussian pulses with duration 7, ~ 24 ps. The
simulation parameters are g = 27 x40 GHz, k = 2n x4 GHz, and &, =
21 x 9GHz; pure QD dephasing is neglected. (a) P(n), probability of
generating an n photon state at the CQED system output as a function
of laser-cavity detuning A.. (b) The ratios r and 75 as a function of
Ao Ty = %, where P(m) is the probability of having m
photons in the light. The dotted lines show the expected values of the
ratios from a classical coherent state. (c¢) Second order auto-correlation
g?(0) as a function of A.. The red dashed line shows the expected
g?(0) for a coherent state. (d) Second order differential correlation
C®(0) as a function of A.. (e) C®(0) as a function of the laser-cavity
detuning A, for different values of the peak laser field &,/27 (in units of
GHz). Every plot is normalized by the maximum C®)(0), so that the
peak value becomes 1 for all the plots. We observe that the peak in the
C®(0) occurs at A, = 0.7g for weaker excitation (where the second
order manifold is excited resonantly via two photons). However, with
increasing excitation power, the peak positions shifts towards A, = 0,
due to excitation of higher manifolds. . . . . . .. ... .. ... ...
Numerically calculated photon statistics for pulsed driving of our cur-
rent QD-cavity system: (a)The probability P(n) of n photon states in
the output light, as a function of &,, when the laser is resonant with
the cavity. (b) ¢ (0) and C®(0) as a function of &£, The minimum
&, used is 0.1 in the plot. (c¢) P(n) for n photon state as a function
of laser-cavity detuning A. (d) g™ (0) and C®(0) as a function of A.
The simulation parameters are g &~ k = 27 x 20 GHz, &, = 27 x 9GHz

and and the system is driven with Gaussian pulses with 7, ~ 24 ps.

XxXiv

85

87



5.9

5.10

5.11

5.12

Experimental observations of photon induced tunneling and blockade
under pulsed excitation (7, ~ 24 ps pulses with 80 MHz repetition
frequency). (a) Coincidence measurement obtained when the laser is
tuned to the dip between polaritons. Increased coincidence counts at
t = 0 indicate the photon induced tunneling regime. (b) Coincidence
measurement obtained when the laser is tuned to the polariton (in this
case, the one at lower frequency). The reduced coincidence counts at

t = 0 indicate the photon blockade regime. The average laser power

(a) The transmission spectrum of a strongly coupled QD-cavity system
showing two polaritons. (b) Second order coherence function at t =
0, ¢?(0) as a function of the laser detuning from the empty cavity
frequency. The system is excited with 7, = 24 ps Gaussian pulses,
with 80 MHz repetition frequency. The dashed grey (solid black) line
results from a numerical simulation based on the system’s experimental
parameters and no (with) QD blinking. The average laser power for
the measurement is P,,, = 0.2nW. For the simulations we use a QD
dephasing rate v4/2r =1 GHz. . . ... ... ... ... ... ...,
(a) Normalized differential correlation function C'®(0) as a function of
the laser detuning. The dashed red line shows the result of a numerical
simulation based on the system’s experimental parameters. (b) ¢(*(0)
in the tunneling regime (A, = 0) as a function of laser power P,
measured in front of the objective lens. The solid line shows the result
of numerical simulation including the effects of QD blinking, while the
inset plots the numerically simulated ¢(®(0) in the absence of blinking.
For the simulations we use a QD dephasing rate v4/27 = 1 GHz.

The effect of pure QD dephasing on the tunneling and blockade regime:
(a) In the blockade regime ¢ (0) remains lower than 1, but increases
with increasing dephasing rate. (b) In the tunneling regime, ¢g®(0)

remains higher than 1, but decreases with increasing dephasing rate. .
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5.13

5.14

The effect of pure QD dephasing on the Fock state generation: (a)
Probability P(n) of generating n photon states as a function of A/g.
No QD dephasing is included. (b) P(n) as a function of A/g, with
a pure QD dephasing rate v;/2m = 1 GHz. For all the simulations:
k/2r =4 GHz and g/2r =40 GHz. . . . . . ... ... ... ... ..
(a) Schematic of a QD coupled to a single mode cavity, with a coupling
strength of g. (b) Schematic of a bimodal cavity with a coupled QD.
The two cavity modes are not directly coupled to each other. How-
ever, both of them are coupled to the QD with interaction strengths g,
and g,. (c) The cavity output x(a'a) as a function of the driving laser
detuning A from the empty cavity resonance both for a single mode
cavity (dashed line) and the bimodal cavity (solid line). The split
resonance observed is due to the coupled QD. (d) Second order auto-
correlation ¢(?(0) function calculated for the collected output of the
driven mode for a single mode (thick dashed line) and bimodal cavity
(solid line). The green dashed line marks the Poissonian statistics of a
coherent state (always 1). For single mode cavities at A ~ +1.5¢g and
for bimodal cavities at A ~ +1.8g, we observe a weakly sub-Poissonian
light (¢‘®(0) slightly less than 1). However, for bimodal cavity a strong
sub-Poissonian light is generated when A = 0. For bimodal cavities
we assumed identical interaction strengths and cavity decay rates for
two modes. Parameters used for the simulations: QD-cavity interac-
tion strength ¢/2m = g,/27 = g,/2m = 10 GHz, cavity field decay rate
k/2m = 20 GHz, dipole decay rate v/2m = 1 GHz, and driving laser
strength E/k/2r =1GHz. . . ... ... ... ... ... ......
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5.15

5.16

5.17

(a) Transmitted output x(b'b) from the undriven cavity mode b as a
function of ¢ and k. For both modes the same ¢ and x are assumed.
(b) Second order autocorrelation g®(0) for the bimodal cavity as a
function of g and k. The light is always sub-Poissonian, and results
from the resonant QD excitation via mode a, and collection of the
output photons via mode b. This is similar to a conventional single
photon source under resonant excitation of the QD. . . . . . . . . ..
(a) Second order autocorrelation g(®(0) for the conventional photon
blockade in a single mode cavity as a function of the QD-cavity cou-
pling strength g and cavity field decay rate x. ¢®(0) decreases with
increasing value of g/k, as expected, as a result of reduced overlap of
energy eigenstates in the anharmonic ladder. (b) ¢®(0) for the bimodal
cavity as a function of g and x. ¢®(0) is calculated for the output of
mode a, i.e., for photons leaking from the mode a. We observe that
g?(0) — 1 (Poissonian output) when g/x — 0 or co. However, we can
observe very low ¢ (0) even when the QD is not strongly coupled to
the two cavity modes (g < x/2). (c) ¢®?(0) as a function of the ratio
k/g for different g showing sub-Poissonian light generation in the bi-
modal cavity even in the weak coupling regime. For all the simulations
E/2m = 0.1 GHz such that the QD is not saturated. . . . . .. .. ..
(a) Cavity output for an empty cavity 5 and another cavity o coupled
to a QD with a coupling strength of v/2g. The combined output of
these two replicates the output from the bimodal cavity a (Fig. 5.14).
(b) ¢g®(0) for these three cases: the empty cavity 3 gives Poissonian
light; the cavity a with coupled QD gives super-Poissonian light due to
photo-induced tunneling [3] (the black curve goes to infinity at A = 0);
the combined output a provides sub-Poissonian light. Parameters for
the simulation: ¢g/27 = 10 GHz, /27 = 20 GHz, v/27 = 1 GHz and
EVE/2r =1GHz. . ... ..
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5.18

5.19

5.20

(a) Second order autocorrelation g®(0) of the cavity transmission,
as a function of the relative detuning A,, between two cavity modes
for different cavity field decay rates kK = Kk, = k. The quality of
the sub-Poissonian photon stream in the transmitted output degrades
with increasing detuning, which can be compensated by increasing
%, thereby maintaining low ¢®(0). For these simulations we assume
9a/2m = gp/2m = 10 GHz and £ /27 = 0.1 GHz. (b) Second order auto-
correlation g (0) of the cavity transmission as a function of the ratio
v/ gq for different g,. The transmitted light behaves like a coherent
state at high g,/g, ratio and like a super-Poissonian state generated
via photo-induced tunneling at low ¢,/g, ratio. In between, when
v/ ga ~ 1, we observe strong sub-Poissonian output. Here, x/2m = 20
GHz for both cavity modes. . . . . . . ... ...
Scanning electron micrographs of fabricated photonic crystal cavities
that can support degenerate modes: (a) H1 cavity, where the central
hole is removed; (b) ”calzone” cavity, where the central hole and half
of the next layer of holes are removed; (c) H2 cavity, where the central
hole and the first layer of surrounding holes are removed. (d) Photolu-
minescence spectrum of an H1 cavity showing moderate quality factors
and moderate degeneracy of the two modes. Black dots correspond to
experimental data points; the red lines are Lorentzian fits. . . . . . .
(a), (b) PL spectrum of the bimodal (H2) cavity and a coupled QD
at two different temperatures 20K (a) and 30K (b). The two modes
are denoted as M1 and M2 and the QD is denoted as D1. (c),(d)
Polarization dependence of the cavity modes (red and black plots) and
the QD (green plot) at two different temperatures: 20K (a) and 30K

(D). o o e e

XXVIiil

106

107



6.1

6.2

Numerically calculated cavity transmission spectra when the QD res-
onance is tuned across the two cavity resonances. (a) Anticrossing
is observed between the quantum dot and both cavity modes when
the two cavities are coupled (coupling rate between the two cavities is
J/2m = 80 GHz). (b) When the two cavities are not coupled (J = 0),
we observe anti-crossing in only one cavity. Parameters used for the
simulation: cavity decay rate x/2m = 20 GHz (for both cavities); QD
dipole decay rate v/2r=1 GHz; dot-cavity coupling rate of g/2m = 10
GHz; intrinsic detuning between the bare cavity modes A,/27m = 40
GHz for (a) and 120 GHz for (b). The plots are vertically offset for
clarity. The horizontal axis corresponds to the detuning of the probe
laser frequency w, from the cavity a resonance wp in units of cavity
field decay rate. . . . . . .. ..
Photoluminescence spectra of the coupled cavities for different hole
spacings between two cavities: (a) the cavities are diagonally placed
and separated at an angle of 60° (see the inset for a scanning electron
micrograph (SEM)); (b) the cavities are laterally separated (see the
inset for SEM). A decrease in the wavelength separation between two
cavity modes is observed with increasing spatial separation between the
cavities (i.e., with increasing number of holes inserted in between the
two cavities). For the diagonally placed cavities the holes are counted
along the 60° direction. A much larger separation is observed in (a)
when the cavities are coupled at an angle compared to the lateral

coupling (b). . . . . . ..
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6.3

6.4

6.5

Normalized PL intensity plotted when we tune the QD across the cav-
ity resonance by temperature: (a) before nitrogen deposition (i.e., the
QD is temperature tuned across the longer wavelength resonance), and
(b) after nitrogen deposition (which red-shifts the cavity resonances
and allows us to temperature tune the QD across the shorter wave-
length resonance). Clear anti-crossings between the QD and the cavity
are observed for both super-modes. In both cases, the temperature is
increased from bottom to top (the plots are vertically offset for clar-
ity). In the inset the resonances of the two anti-crossing peaks (as
extracted from curve-fitting) are plotted. Since nitrogen tuning affects
only cavity resonances (not QD), the same QD is tuned across both
super-modes. Red arrow in figure (a) shows another blue-shifted QD
that enters this spectral range during the temperature tuning, but it is
only weakly coupled to the lower super-mode, as explained in the text,
and does not affect experimental results. . . . . .. ... .. .. ...
QD-photonic molecule spectrum, (a) when the QD is resonant with
super-mode sm2 and (b) when the QD is resonant with super-mode
sml. From the fit we extract the system parameters (see text). Numer-
ically simulated (c) second order autocorrelation g?(0) and (d) trans-
mission from cavity b, as a function of laser frequency, with the exper-
imental system parameters that were extracted from the fits. . . . . .
(a) Cavity transmission for two cases: bimodal cavity and photonic
molecule. (b) Second order autocorrelation g?)(0) for these two cases.
Parameters used for the simulations: QD-cavity interaction strengths
g/2m = g./2m = gp/2m = 10 GHz; cavity field decay rates k,/2m =
kp/2m = 20 GHz; coupling strength for the photonic molecule J/27 =
40 GHz; dipole decay rate v/2r =1 GHz. . . . . .. ... ... ...
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7.1

7.2

(a),(b) Energy levels of the coupled QD /cavity system where the QD
is blue (a) and red (b) detuned from the cavity. A laser drives the
quantum dot (transition between ground state (1) and excited state
(2)) resonantly. The excited state (2) can decay via two paths: the
first is by direct decay back to the ground state (1) via the spontaneous
emission; the second is by indirect decay via the emission (Fig. 7.1 a)
or absorption (Fig. 7.1 b) of a phonon (transition (2) to (3)) and
subsequent emission of a photon at the cavity frequency (transition
(3) to (1)). (c), (d) Emission S(w) as a function of frequency w for
a resonantly driven QD, that is blue (c) and red (d) detuned from
the cavity, where w; is the laser frequency. Three different cases are
considered: without any dephasing; with pure dephasing and with a
cavity enhanced phonon process. We observe the Mollow triplet at
the QD frequency in all three cases. The insets of (¢) and (d) show
an enlarged view of the emission at the cavity frequency. For the
simulation we assume g/27 = k/27 = 20 GHz; v/2rm = 1 GHz; Q /21 =
6 GHz; QD-cavity detuning A = +6k. . . . . . . .. ... ... ..
Resonance fluorescence I collected from the cavity for a blue-detuned
QD (A > 0). (a) loge(I) as a function of the rates 74 and 7, (for two
models, respectively). A/k = 10. (b) log.(I) as a function of the cavity
linewidth , when the dot-cavity detuning A = 10x. (c) QD linewidth
as a function of the rates v, and ~, for pure dephasing and the cavity
enhanced phonon process, respectively. In both cases, /27 = 1 GHz
and A = 12k. The solid black line shows the theoretical estimates of
the QD linewidth when the laser excitation power is very low and the
QD is not significantly perturbed by the cavity. (Parameters used for
all the simulations are ¢g/2m = k/27 = 20 GHz; /27 = 1 GHz.)
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7.3

7.4

7.5

Theoretical resonance fluorescence I collected from the cavity and QD
linewidth for a blue-detuned QD (A > 0): (a) Normalized cavity flu-
orescence as a function of the Rabi frequency €2 of the laser for two
models. Saturation of the cavity emission is observed. (b) Power broad-
ened QD linewidth (read through the cavity, as in [4]) vs laser Rabi
frequency 2 for QD-cavity detuning A/2m = 6 GHz. (c¢) Dependence
of the saturated cavity emission Iy, on the dot-cavity detuning A. (d)
Dependence of the intrinsic QD linewidth Awy on dot-cavity detuning
A. Awy /27 approaches 2(7y + v4)/2m or 2(y + v,.) /27 (both chosen to
be 4 GHz) with large A. (Parameters used for all the simulations are:
k/2m =¢g/2r =20 GHz; v/2r =1GHz.) . . .. ... ... ... ...
(a) The difference in QD linewidths measured via collected emission
through the off-resonant cavity for a blue (Aw, ) and a red (Aw_) de-
tuned QD for different values of the excitation laser Rabi frequency (2
as a function of the bath temperature 7. (b) Ratio of the cavity inten-
sity for an off-resonant QD blue (1) and red (/-) detuned from the
cavity as a function of the bath temperature T'. For all the simulations,
the absolute value of the QD-cavity detuning is kept at 10k. . . . . .
Experimentally observed off-resonant cavity emission as a function of
the detuning A between the resonantly driven QD and the cavity. Data
are fit with a model A™%. Extracted values of « for the different curves

are ShOwIn. . . . . . . .,
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7.6

7.7

(a) Cross-polarized confocal microscope setup. (b) E, field in the
L3-cavity structure. The structure is perturbed at the sites indicated
by dashed circles, as described in Ref.[5]. (c) Scanning electron mi-
crograph of fabricated structure. (d) Energy levels of the coupled
QD /cavity system showing the two polarization states of the single
exciton (X,Y) and the biexciton state (XX). The table lists the system
parameters derived from the measurements, where g, k,v* are the vac-
uum Rabi frequency, cavity field decay rate, and dipole dephasing rate,
respectively. The dipole decay rate v is estimated from the lifetime of
uncoupled QDs. (e) The photoluminescence (PL) shows the QD /cavity
anticrossing as the QD is temperature-tuned through the cavity. (f)
Vacuum Rabi splitting observed in the reflectivity from the strongly
coupled QD/cavity system. For comparison, we show the reflectivity
of an empty cavity. . . . . ... ..
(a) Resonant QD excitation at 10K. For the autocorrelation measure-
ments, the cavity emission is isolated from the pump using a grating
filter providing 17 dB of isolation at 6 = —1.2 nm detuning. The laser
is operated in continuous wave here so that is has low overlap with
the cavity. (b) Autocorrelation histogram of cavity emission when the
QD is pumped resonantly with 40-ps pulses (spectrum not shown).
(¢) Time-resolved resonant pumping of the quantum dot and emission
into the cavity mode. A theoretical fit to the cavity emission yields an

estimate of the pure dephasing rate. . . . . . .. ... ... .. ...
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7.8

7.9

QD spectroscopy through cavity mode at 10K. (a) Intensity on spec-
trometer when the pump wavelength ), is scanned across the detuned
QD /cavity system (the laser has a weak red-detuned side band; power
is 12 nW before the objective lens). When )\, is resonant with the
dot (cavity), the cavity (QD) intensity rises. (b) Spectrum when QD
is pumped (the middle peak corresponds to the laser side mode) (c)
spectrum when cavity is pumped. In (b) and (c¢), we model the driving
mechanism by a pure dephasing process with v* = 0.1g. The model
agrees well with the emission through the cavity (QD) when the QD
(cavity) is pumped. (d) The integrated cavity emission as a function of
the pump wavelength ), shows the single exciton absorption resolved
to 3 GHz. (e) The integrated QD emission. . . . . . . . . . ... ...
(a) Dependence of integrated cavity emission on QD detuning when the
QD is resonantly pumped. (b) Pump power dependence: at a pump
power of 200 nW, a second line becomes visible at a pump wavelength
Ap = 919.87 nm. (The lines are slightly shifted since the tempera-
ture was, for technical reasons, raised to 18 K). (c) Integrated cavity
emission as A, is scanned. Inset: The power dependence of the two
lines suggests exciton (X) and biexciton (XX) states; in this inset, a

background of 40 was subtracted. . . . . . .. ...
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7.10 (a) Cavity emission when the QD is resonantly excited. (b) QD emis-

7.11

7.12

sion when the cavity is resonantly excited. 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 nm 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 linewidth 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/2r ~ 52 GHz). . . ... .. ... ..
(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. 7.38. (b),(d),(f): Corresponding
measured linewidths [as in Fig. 7.10 (c)] as a function of the laser
excitation power. The solid lines are fits to the data using the model
given by Eq. 7.40. The excitation laser power is measured in front of
the objective lens. . . . . . . . .. oo
(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 7.2). (c.c. stands for CCD count.) The solid lines
are fits to the data using model given by Eq. 7.38. (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 measurements, 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. . . . . . . . .. .. ... ...
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7.13

7.14

Experimental setup and numerical simulations. (a) The schematic
shows the relative position of the QD and the cavity on a wavelength
axis. For the particular QD-cavity system considered, the QD is red
detuned from the cavity, though off-resonant coupling is observed for
both red and blue detuned QDs. In experiments, a strong pump laser
dresses the QD while a weak probe laser is scanned across the QD.
QD emission is incoherently coupled to the cavity. The cavity emis-
sion is monitored as a function of probe laser wavelength A,. (b) The
experimental setup is a confocal cross-polarization setup. The PBS
(polarizing beam splitter) is used to perform cross-polarized reflectiv-
ity measurements, as in previous work [1]. The powers are measured
in front of the objective lens (OL). The output is dispersed in a single-
grating monochromator and measured by a nitrogen-cooled CCD. We
employ a linear three hole defect PC cavity (a scanning electron mi-
crograph is shown in the inset). (c) Normalized off-resonant cavity
emission obtained by numerical simulation is plotted as a function of
Ap — Agp, Agp and A, being the QD resonance and probe laser wave-
lengths, respectively, for different pump powers P (normalized units)
while the probe power is kept at 1. The pump laser is resonant with
the QD. (d) For a pump power of P = 25, the cavity emission is plot-
ted as a function of A\, — Agp for different pump-QD detunings AX,um,
(nm). In both (c) and (d), spectra are vertically offset for clarity.

Power dependence of the peaks and dips in the cavity emission spectra
and effect of coherent dot-cavity interaction strength g: (a) The sepa-
ration between the two peaks (as shown in Fig. 7.13 ¢ ) as a function
of the laser Rabi frequency. The slope of the linear fit is ~ 4. (b) The
separation between the two dips (as shown in Fig. 7.13 ¢) as a func-
tion of the laser Rabi frequency. The slope of the linear fit is ~ 2(c)
Cavity emission as a function of probe laser wavelength, for different

dot-cavity coupling g. . . . . . . .. ...
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7.15

7.16

(Characterization of the QD-cavity system in photoluminescence (PL)
and probing of the off-resonant dot-cavity coupling. (a) PL spectrum
of the system. From the Lorentzian fit to the cavity we estimate a
cavity linewidth AM., = 0.1 nm. (b) The laser is scanned across the
QD-cavity system. Emission from the cavity is observed when the laser
is resonant with the QD. Similarly, emission from the QD is observed
when the laser is resonant with the cavity. (c),(d) The QD (cavity)
linewidth is measured by monitoring the cavity (QD) emission as a
function of the probe wavelength A,. . . . . ... ... ... ... ..
Coherent interaction between the QD and the laser observed through
cavity emission. (a) Normalized cavity emission as a function of the
probe laser wavelength for different pump powers (measured before the
objective lens). We observe that a single QD resonance splits into two
peaks. The splitting is linearly proportional to the Rabi frequency of
the pump laser. Each peak is fit with a Lorentzian. (b) Rabi frequency
Q of the laser (estimated from the splitting) as a function of the square
root of the pump power P. A linear relation exists between 2 and
V/P. (c) Normalized cavity emission for a pump power of 190 nW
for two different QD-cavity detunings AX = 0.22 and 0.4 nm. (d)
Cavity emission for a pump power of 290 nW at two different QD-
cavity detunings AX = 0.26 and 0.4 nm. We observe that the splitting
increases for smaller detuning (i.e., when the pump laser is closer to
the cavity), which suggests that the input laser power is enhanced
by the presence of the cavity. For all experiments the probe laser
power is kept constant at 20 nW. The QD-cavity detuning is defined
as AN = Agp — Aeaw- In (a), (¢), (d) the spectra are vertically offset

for clarity. . . . . . .
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7.17

7.18

7.19

7.20

Dependence of the result on pump-QD detuning. Off-resonant cav-
ity emission as a function of the probe laser wavelength for different
pump-QD detunings AN ,ump = Apump — Aop- We observe that the QD
linewidth broadens when the pump is present and detuned from the
QD resonance. As the pump is tuned through the QD resonance, we
observe the emergence of two peaks in the cavity emission spectrum.
This two-peak spectrum is consistent with the observation of the anti-
crossing of Rabi sidebands. The pump and probe power are kept at
290 nW and 20 nW, respectively. The spectra are offset for clarity.

Simple level diagrams of the off-resonantly coupled QD-cavity system
for a blue (a) and a red (b) detuned QD. The ground state a and excited
state b of the QD are coupled via a laser. The excited state can decay
to the ground state with a rate v, and to the virtual state with a rate
v¢. The cavity couples the virtual state to the ground state, and the
cavity decay rate is k. In our experiment we measure the population
in the virtual state, or, ¢(f). . . . .. .. ...
Time resolved measurement of the off-resonant cavity emission. The
QD is resonantly excited with a 40 ps pulse, and the time-resolved
measurement of the higher energy off-resonant cavity emission is per-
formed. The inset plots the fall times of the cavity emission (extracted
from the exponential fits) against the system’s temperature. . . . . .
(a) Hlustration of the phonon assisted inter-dot coupling. QD1 is res-
onantly driven with a pump laser. The excitation is transferred to
QD2 via the cavity. (b) Experimental cross-polarized confocal mi-
croscopy setup. PBS: polarizing beam splitter, OL: objective lens. (c)
Numerically calculated power spectral density S(w) of the cavity out-
put for different QD2-phonon coupling strengths v, and QD2-cavity
mode coupling go. QD1 is resonantly excited (i.e., w; = wyy) and QD1-
cavity coupling is ¢; /27 = 20 GHz, while QD1-phonon coupling rate
is v,1/2m = 0.5 GHz. The cavity field decay rate is /27 = 20 GHz.

Inset shows a zoom-in of the emission at the QD2 frequency. . . . . .
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7.21

7.22

7.23

(a), (b) Calculated S(w) when QD1(a) and QD2(b) are resonantly
excited, and the dot-cavity detunings are changed. In other words,
w = wg for (a) and w; = wgy for (b). QD1 and QD2 resonances
are tuned together, as in the experiment. When QD1 is resonantly
driven (a), we observe anti-crossing between QD2 and the cavity in the
higher energy off-resonant emission. On the other hand, when QD2 is
resonantly driven (b), we observe an increase in QD1 emission when
QD2 is resonant with the cavity. For (a) and (b) parameters used for
the simulations were: /27 = /21 = 1GHz, ~,1/27 = ~.2/2m = 0.5
GHz, g1/27 = go/2m = 20 GHz, x/27 = 20 GHz, detuning between two
dots 5k, driving laser strength Qy/27 = 5 GHz. Inset of a(b), shows
the QD1(2) linewidth measured via monitoring QD2(1) emission. The
simulation result is fit with a Lorentzian to estimate the linewidths. .
Measurement of the emission from the off-resonant cavity and QD1,
under resonant excitation of QD2. We observe anti-crossing between
QD1 and the cavity when the temperature of the system is changed.
Natural log of the count from the spectrometer CCD is plotted. Inset
zooms into the cavity emission showing the anti-crossing between the
QD1 and the cavity. The plots are vertically offset for clarity.

Experimental demonstration of the phonon mediated inter-dot cou-
pling: we observe the emission from a lower energy QD1, when a
higher energy quantum dot QD2 is resonantly excited (blue). Simi-
larly, under resonant excitation of a lower energy QD1, emission from
a higher energy QD2 is observed (red). Natural log of the count from
the spectrometer CCD is plotted. Inset zooms into the QD emission
(the actual spectrometer ccd counts are plotted). QD linewidths are
estimated by fitting Lorentzians. Measured linewidths of the higher
and lower energy QDs, respectively, are ~ 0.03 nm and ~ 0.013 nm.

The cavity is at ~ 935 nm, close to the higher energy QD2. . . . . .
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7.24

7.25

8.1

Comparison of the linewidths measured in direct off-resonant dot emis-
sion (Fig. 7.23) and from resonant spectroscopy of the QDs: (a),(b)
the off-resonant QD emission (same as the inset of Fig. 7.23). QD
linewidths are estimated by fitting Lorentzians. Linewidths of the
higher and lower energy QDs, respectively, are ~ 0.03 nm and ~ 0.013
nm. The cavity is at ~ 935 nm, close to the higher energy QD. (c),(d)
the off-resonant dot emission as a function of the pump laser wave-
length A,. In this experiment, a laser is scanned across one QD and
emission is collected from the other QD as a function of the laser wave-
length, same as in Ref. [4]. By fitting Lorentzians, we estimate the
linewidths of the higher and lower energy QDs to be ~ 0.024 nm and
~ 0.008 nm, respectively. The y-axis plots the photon counts obtained
in the spectrometer CCD. . . . . . . . . ... ... ... .. .. ...
Effects of temperature on dot to dot coupling and the resulting fre-
quency conversion of the pump. In the experiments, the wavelength of
the pump, A, is scanned through one QD and the peak intensity of the
other QD is monitored. In (a), the pump is scanned through the higher
energy QD and the down-converted light from the lower energy QD is
collected and plotted. In (b), we plot the up-converted light emitted
from the higher energy QD as the pump is scanned through the lower
energy QD. All plots are separately normalized by the maximum QD

emission intensity in each plot and are vertically offset for clarity.

The cross-polarized confocal microscopy setup used to probe the cou-
pled QD-cavity system. The inset shows a scanning electron micro-
graph of the fabricated PC cavity. OL and PBS stand for objective

lens and polarizing beam splitter, respectively. . . . . . . . .. ...
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8.2

8.3

(a) Effect of the above-band (AB) laser on the transmission spectrum of
a strongly coupled QD-cavity system. The arrow shows the wavelength
of the other (resonant) CW laser, whose transmission is modulated
by the AB laser in (b) and (c). Inset shows numerically simulated
plots of a cavity with and without two strongly coupled QDs. The
theoretical results qualitatively match the experimental data well. (b)
The transmitted laser power in steady state when the AB laser is turned
on and off manually, at intervals of several 10s. This shows the DC
characteristics of the modulation. (¢) The temporal dynamics of the
QD-cavity system: the transmitted laser output as a function of time
(black plot). The shown modulation signal (red) is used to modulate
the above-band laser. From exponential fits (green) we estimate a
time constant of ~ 22 ns, which is obtained as the inverse of the total
diffusion rate (equal to the sum of the rates for the rising edge, i.e.,
carrier capture, and the falling edge, i.e., carrier release). (d) The
on-off ratio of the transmitted laser as a function of the modulation
frequency. . . . ..
QD spectroscopy by off-resonant dot-cavity coupling: (a) The spec-
trum showing the laser resonantly driving the QD and the emission
from an off-resonant cavity. A logarithmic scale is used to show both
the strong laser and the weak cavity emission. (b) Cavity emission as
a function of the power of the laser that is driving the QD resonantly.
(c¢) QD linewidth Aw measured by monitoring the cavity emission by
scanning the laser across the QD. Aw is plotted as a function of the
excitation laser power. We find that the standard power broadening
model over-estimates the measured QD linewidth (the dashed line).
However, the model provides better agreement with experimental re-

sults when spectral diffusion is taken into account (solid line).
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8.4

8.5

9.1

9.2

9.3

Effect of the AB laser on the QD spectrum as measured though off-
resonant cavity emission. In the absence of the AB laser, we observe a
broad QD linewidth. However, in the presence of this laser, a significant
linewidth narrowing is observed. The increased background with the
AB laser on is caused by the PL generated by the AB laser. The inset

shows the QD linewidth measured as a function of the AB laser power. 190

(a) Off-resonant cavity emission as a function of the laser power driving
the QD resonantly for two cases: with and without the additional, weak
above band laser. (b) Extracted QD linewidth as a function of the
resonant driving laser power. A much narrower linewidth is observed
in the presence of the AB laser at lower excitation powers. Also, the
QD linewidth follows a simple power broadening with the excitation
laser power when the AB laser is present. In the absence of the AB
laser, we observe an additional power independent broadening, which

can be explained by spectral diffusion of the QD. . . . . . ... . ..

SEM of a coupled cavity array in photonic crystal. This particular
structure contains 16 cavities. . . . . . . ... ..o Lo
(a)SEM of a photonic crystal cavity with metallic grating on the side.

(b) SEM of a metallic grating fabricated for generating surface acoustic

Energy-level diagrams of a single electron spin confined in QD under
magnetic field (in the Voigt configuration). The two ground states are
electron spin up and down. These two constitute the stable basis for

the matter qubit. The two excited states are trion states. . . . . ..
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Chapter 1
Introduction

A single quantum dot (QD) coupled to a photonic crystal micro-cavity constitutes an
integrated nano-photonic platform for probing solid state cavity quantum electrody-
namic (CQED) effects [6]. Apart from the fundamental interest involving the coupled
system, there are two major practical applications that can potentially take advan-
tage of the strong light-matter interaction: long distance quantum communication

and optical interconnects.

1.1 Long distance quantum communication

For any long distance communication, the signal from the transmitter to the receiver
will be attenuated due to the losses in the channel. To counteract those losses a
classical communication system uses repeaters in the intermediate locations to amplify
the attenuated signals. Because of the no cloning theorem [7], this approach cannot
be used for long distance quantum telecommunications, and thus sending quantum
information over a long distance appears to be almost impossible at the first sight.
This predicament is addressed by so called quantum repeaters, and in past decade
scientists have come up with numerous schemes for implementing such repeaters
8,9, 10]. Although quantum repeater proposals are different in many aspects and
protocols, the basic principle behind them is sharing entangled photon pairs between

two adjacent nodes placed apart at a distances at which attenuation is small and
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creating an entangled state between these nodes. Initially it was thought that to
have entanglement between two particles, one needs to have a shared history between
them. This turns out not to be true and one can entangle two qubits without any
prior shared history, by exploiting entanglement swapping [11]. This is one of the
essential steps for achieving remote entanglement. Another important requirement
is entanglement purification [12], where one starts with M entangled pair of qubits
with not very high purity, but can create N < M entangled qubits with almost 100%
fidelity. Exploiting such entanglement purification and swapping one can achieve
entanglement over large distance, and hence a successful quantum communication.
Additionally, most of the quantum repeater proposals rely on the availability of quan-
tum memory that would allow storage and retrieval of the quantum state of a photon.
This in turn can be achieved by mapping the quantum state of the photon on the
quantum state of a quantum emitter; however for this to happen efficiently, strong in-
teraction between the photon and the emitter is needed. Additionally, entanglement
purification requires simple quantum computing, which is simpler to perform with
matter than photonic qubits. Hence one needs to use a matter qubit, which is much
easier to manipulate. In general, the polarization degrees of freedom (horizontal or
vertical) are used to specify a photon qubit(used for quantum communication), and
spins of quantum emitters are employed as matter qubits.

We note that, not just for quantum communication, but also for quantum comput-
ing one needs coherent mapping between the light and matter qubits, which requires
very strong light-matter interaction [13]. Such a quantum computing architecture,
known as a flying qubit architecture, is similar in many ways to a classical comput-
ing architecture, where the information is carried by metallic wires connecting the
transistors. The physical bit used for carrying information in classical computing is
also an electromagnetic wave, but at a much smaller frequency than the photons used
in quantum computing. Similarly, in transistors, the computation is performed via
electrons and holes. Of course the mapping between the electromagnetic wave and
the electron/ holes states in classical computing is not as delicate as required by the

quantum computing. In fact, in classical computing one does not need a coherent
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mapping between them, as one deals only with the eigen-states. However, quan-
tum computing relies on the superposition of the eigen-states and hence a coherent

mapping is essential.

1.2 Optical interconnects

Another motivation to study light-matter interaction is to combine the electronics
and photonics in the same device. The modern electronics industry is facing a serious
problem as the energy required to transfer signal at high frequencies is increasing.
One solution for this is to transmit signal via optical interconnects [14, 15]. Using
optical interconnects in parallel with the electronics used for computing is not a new
idea, and fiber optic cable is already used for sending signals over long distances.

For using optical interconnects with electronic components, one needs to convert
the electrical signal to an optical signal in the transmitter and reconvert the optical
signal back to the electrical signal in the receiver. However, all these energy con-
version processes are power-hungry [14]. As optical interconnects are used to bridge
shorter and shorter distances, the energy efficiency of the electro-optical signal conver-
sion becomes increasingly important. Such efficient conversion requires very strong
light-matter interaction. The figures of merit are the speed and energy consump-
tion per bit, and the current estimates are that the optical interconnect devices are
needed that operate at the speeds of 10’s of GHz and consume less than 1 fJ/bit
[14]. The requirement of such conversion with low energy is also important from an
environment-friendliness point of view. One might think that the energy required for
personal computing is much smaller than the energy required in the common house-
hold appliances. However, the increasing amount of data processing required in data
centers in companies like Google or Facebook poses a serious problem in terms of
energy consumption. Moreover, the energy dissipated in these data-centers is so high
that they require cooling by water. The large amount of water required is also a big
question in terms of sustainability.

Optical computing is one of the holy grails for the optical physicists [16], but its

implementation is currently limited by the size of conventional optical components
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and availability of significant optical non-linearities accessible with low power signals.
For any computing one needs to change an input signal by applying a control signal.
This requires a nonlinearity, as the system (or switch) depends on the control power.
However, optical nonlinearity appears at very high optical power. Hence, the optical
computing is significantly more energy consuming than the current electronic switches
made of Si-CMOS technology. Also, the optical components are much larger than the
electronic components. Nanophotonics may be able to address the latter issue and
provide a compact integrated platform for optical circuits. At the same time, CQED
provides a platform for achieving optical non-linearities at very small optical power.
In fact, the Jaynes Cummings nonlinearity that can be obtained in CQED is a unique
optical nonlinearity, that is present only at very low optical power and disappears at

higher power.

1.3 Quantum dots and photonic crystal cavities

Our solid state CQED experiments are based on self-assembled quantum dots coupled
to photonic crystal cavities [17]. In general, QDs can be roughly classified into three
categories: electrically defined QD [18], self-assembled QD [17] and nanocrystals or
colloidal QD [19]. In electrically defined QDs, either an electron or a hole is confined
with a set of nanofabricated electrodes, but the system is not suitable for interaction
with light. To attain optical addressability one needs to confine both the electron and
the hole at the same spatial location. Colloidal QDs are somewhat similar to self-
assembled QDs in terms of optical properties. However, colloidal QDs have smaller
electric dipole moment and larger homogeneous broadening than self-assembled QD,
which makes them less suitable for single emitter CQED experiments (the inhomo-
geneous linewidth of the the colloidal QD can be controlled by filtering the size).
We use self-assembled, epitaxially grown InAs (bandgap 0.36 eV) QDs embedded in
the GaAs (1.43 eV) substrate (see Figs. 1.1 a, b). The difference in the bandgap
in two materials provides the necessary confinement for electrons and holes. Such a
three dimensional confinement gives rise to delta-function-like density of states in the

QD, making it an attractive candidate for an artificial atom. For our QDs, however,
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the carriers are not confined at high temperature. Although the bandgap difference
between InAs and GaAs is large (~ 1 eV) due to quantum confinement the energy
difference between the QD exciton and GaAs bandgap is much smaller. At around
4K, the energy difference between the QD exciton (wavelength ~ 920 nm) and the
GaAs bandgap (wavelength ~ 820 nm) is only 164 meV. Hence with increasing tem-
perature the carriers can get thermally excited from the QD (and in our case, the QD
loses confinement at around 60 K). Quantum dots are self-assembled and thus ran-
domly positioned within a slab, as can be seen in Figure 1.1 b. We work with sparse
QDs, typically with densities below 100 per 1um?2. Additionally, QDs suffer from
inhomogeneous broadening of around 60 nm in their exciton wavelengths, resulting
from the discrepancy in their sizes and shapes (see Fig. 1.2 b).

In our experiments, this QD is embedded in a photonic crystal cavity. We use
a two-dimensional slab of photonic crystal, where a defect (cavity) is introduced
by removing holes. This defect then forms an optical cavity (resonator) in which
light gets confined in-plane by distributed Bragg reflection and out-of-plane by total
internal reflection (see Fig. 1.1). In our experiment, the 160nm GaAs membrane used
to fabricate the photonic crystal is grown by molecular beam epitaxy on top of a GaAs
(100) wafer. The GaAs membrane sits on a 918 nm sacrificial layer of AlysGagoAs.
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 etching of the sacrificial layer in hydrofluoric acid (6%). We rely on
probabilistic coupling of the QD with the cavity, meaning that we fabricate a regular
array of photonic crystal cavities and end up with resonant QQDs located inside of
some of them. The fraction of cavities containing a single resonant QD is small
(at most 10% for a perfect fabrication run), because of the sparse QDs and their

inhomogeneous broadening.
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Figure 1.1: (a)Scanning electron microscope image of the fabricated photonic crystal
cavity, (b) Atomic Force Microscopy (AFM) image of a 1um? array of self-assembled
InAs/GaAs QDs (courtesy of Bingyang Zhang, Stanford University). (c¢) Scanning
electron micro-graph of a hypothetical integrated nano-photonic structure made of
photonic crystal cavities and wave-guides.
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Figure 1.2: (a) The QD energy levels. Difference in bandgap between two materials
give rise to the barriers for the electrons and the holes; (b) The inhomogeneous broad-
ening of the quantum dots; (c) Single QD lines: delta function like density of states
in quantum dot gives rise to very narrow spectral lines in QD photoluminescence.

1.4 Cavity quantum electrodynamics

Optical cavities can confine light in a small mode volume, which in turn can lead to
high electric field intensity inside the cavity. Hence, by embedding matter inside the
cavity one can achieve very strong light-matter interactions. When the interaction
strength is smaller than the system losses, then the coupling between the emitter and
the cavity field is weak, and one can use perturbation theory to explain the system
dynamics. However, when the interaction strength is larger than the system losses,
the strong coupling regime is reached. In that regime, one cannot apply simple
perturbation theory, as the eigen-states of strongly coupled system are entangled
states consisting of the QD state and the cavity field. These eigen-states are called
the polaritons, hybridized states of matter and light [20].

Initial studies of CQED were mostly based on laser-cooled atoms trapped inside
Fabry Perot cavities [21]. An unprecedented amount of control over light-matter
interactions has been achieved in experiments based on such systems, and proof of
principle demonstrations of novel technologies, such as quantum information process-
ing and long distance quantum telecommunication, have been reported [22, 23, 24].
Atomic CQED in combination with technologies like laser cooling and Bose Einstein
condensation remains a promising platform for exploring fundamental physics and
precision metrology. However, the macroscopic size of Fabry-Perot cavities and the

need for atom cooling and trapping infrastructure make these systems difficult to
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scale or develop into integrated devices.

Advancement in nanofabrication technologies in last few decades has enabled im-
plementation of CQED systems in an integrated semiconductor platform. In such
systems, one uses quantum confined structures such as quantum wells or quantum
dots (QD) as the matter, and nanophotonic cavities to confine the light [25, 1]. This
semiconductor technology has a huge promise of scalability. Additionally the huge
dipole moment of a QD (~ 30D) is much larger than an atom (~ 1D) and a nano-
photonic cavity can have a mode-volume below ~ (A/n)3, which is much smaller
than the mode volumes achievable with Fabry-Perot cavities (typically of the order
of 100 — 1000 A? [21]). The cavity mode-volume V;, signifies the volume in which the
electromagnetic wave (light) is confined, and is given by
)| B "

maz(e(r)| E(r)[?)

Here, € is the relative permittivity of the system, and E is the electric field amplitude.

The QD-cavity interaction strength is proportional to the QD dipole moment u, and

1 | hw
9= 3 mﬂ (1.2)

(when the QD is placed at the position of the maximum ¢|FE|?). For our system

is given by

parameters, the value of g/27 is ~ 40 GHz, but experimentally we observe ¢g/27 ~
10 — 25 GHz (resulting from the spatial misalignment between the QD and the cavity
field). Consequently, scalable devices based on this platform can potentially operate
at speeds exceeding ~ 10 GHz, which exceeds the speeds possible in conventional
atomic CQED by two to three orders of magnitude.

The downside of the semiconductor platform is that at the current state-of-the-
art technology, there is not much control over the growth of QD. As described in
the previous section, the QDs are grown via a self-assembly process, which results
in non-deterministic spatial locations of the QDs [17]. Similarly, the size of the QDs
cannot be fully controlled, which results in variation in the QD resonances and leads
to a rather large inhomogeneous broadening of the QD (the linewidth of the QD

ensemble is ~ 40nm). This randomness presents challenges to the scalability of the
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QD-CQED platform, as it makes it difficult to position the QDs deterministically
at the preferred locations, and to spectrally align the QDs to cavity resonance. Al-
though the large inhomogeneous broadening of the QD presents a significant challenge
to the scalability of the solid state platform, there are several interesting avenues to
overcome that problem, such as, phonon-mediated coupling to circumvent the de-
tuning between QD and cavity [2]; or using nonlinear optics in a very small mode
volume cavity to achieve the nonlinear interaction [26]. Apart from this, the QD
interacts with its semiconductor environment, and hence the effects of phonons and
other sources of dephasing become important in QD-CQED. However, these effects
also give rise to new physics previously unexplored in atomic CQED systems [4, 2].
Finally, another technical problem currently faced in QD-CQED is the necessity of
cryogenic temperature operation needed for the confinement of charge carriers in the
QD.

Initial experiments in solid state CQED focused on using quantum wells in DBR
cavities [27]. Although strong coupling can be observed in such a system, its behavior
does not exhibit non-linearity in the presence of smaller number of photons (explained
in more details in chapter 3). To obtain nonlinearity at single or few photon level one
needs to use single quantum emitters, such as a QD, an NV center in diamond [28], an
atom [21], an ion, other impurities in a semiconductor [29], a single molecule [30] etc.
However, reaching the strong coupling regime with such single quantum emitters is
much harder than with a quantum well, as a result of a smaller overall dipole moment.
To enhance the coupling strength between the emitter and the optical field, one needs
to fabricate cavities with very small mode volume. With semiconductor nano-cavities
[31] one can realize the strong coupling between a single QD and an optical cavity
25, 1, 32, 33|, which opens up a new avenue for doing optical CQED. We note that
the coupling of the single quantum emitter to an optical cavity can be well described
by the Jaynes-Cummings Hamiltonian (see chapter 2).

The figure of merit for the cavities used in CQED is given by Q/V, where @ =
w,/Aw is the quality factor of cavity (Aw is the cavity line-width and w, is the
resonance frequency), and V' is the mode volume of the cavity. We note that in this

thesis, x is used to denote the cavity field decay rate, where Aw = 2k.
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Photonic crystal (PC) cavities provide a platform with the highest achievable
Q/V ratio among all the nanophotonic cavities. In particular, PC cavities benefit
from very small mode volume V' ~ (\/n)® (where X is the free space resonance
wavelength of the cavity and n is the refractive index of the material in the cavity).
We also note that, although the figure of merit for a cavity is Q/V or Q?/V for
some applications, increasing () decreases the speed of operation, which is crucial
for information processing. Hence, reducing V' to improve the cavity performance is
definitely a better strategy than increasing @), at least for the information processing
applications. Apart from this, a photonic crystal confines light in-plane, which allows

the implementation of planar, on-chip integrated photonic circuits.

1.5 Outline of the thesis

Chapter 2 provides an overview of the theoretical tools used in this PhD work to
describe the coupled CQED system. We use these techniques to solve the problems
of all-optical switching and electro-optical modulation in a strongly coupled dot-
cavity system. Then in chapter 3 we describe experiments showing the non-linear
nature of the system. Such nonlinearity can be used to perform all-optical switching
with the coupled system. The results presented in the chapter 3 are mostly based
on the References [34, 35]. In chapter 4 we describe our experiments in which the
QD-cavity system is used an electro-optic modulator. We show that we can achieve
electro-optic modulation with light-matter interaction at the most fundamental limit.
These results are published in the References [36, 37]. Chapter 5 presents studies of
the quantum nature of the system by measuring photon correlations in the light
transmitted through the cavity, where we show that in the strong coupling regime,
the system can produce non-classical photon states. These results are based on the
references [38, 39, 3]. Chapter 6 extends our CQED work from a single QD coupled to
a single cavity to CQED with a QD coupled to coupled cavities, also called a photonic
molecule. Such a system can be considered to be the first step towards building a
coupled cavity network with embedded single quantum emitters. These results are

reported in the reference [40]. Chapter 7 explores a new phenomenon observed in
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the QD-CQED system, known as phonon-mediated off-resonant dot-cavity coupling.
We use this coupling to perform resonant QD spectroscopy. The results on such
phonon-mediated coupling are reported in the references [2, 4, 41, 42]. From such
spectroscopic measurements we find a signature of large spectral diffusion in the
coupled dot-cavity system, most likely coming from the proximity of the QD to the
etched surfaces (chapter 8). This result is also published in [43]. Chapter 9 describes
the future research directions and the prospects for this solid state CQED platform.



Chapter 2

Theoretical study of the quantum
dot-cavity QED system

In this chapter, we present the theoretical framework for analyzing the dynamics of
the coupled QD-cavity system. The theory employed to analyze this CQED system
can be applied to any other CQED system, namely, atomic systems in the optical or
microwave domain, [44] or superconducting circuit QED [45]. However, the supercon-
ducting CQED might reach a new regime known as ultra-strong coupling, where the
vacuum Rabi frequency is of the same order of magnitude as the photon frequency -
the regime in which the following theoretical formalism breaks down. Therefore, as
long as photon frequency is much larger than all the rates in the system, we can use
the theoretical approach presented in this chapter. More detailed description of the
presented theory can be found elsewhere [46, 47, 48]. Using this theoretical approach,
we also analyze the basic physics of our cavity QED system, which is experimentally

studied in subsequent chapters.

2.1 Hamiltonian dynamics

The lossless dynamics of the quantum system is governed by the Hamiltonian dy-

namics. In the rotating wave approximation, the quantum-mechanical Hamiltonian

12
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H describing the coherent dynamics of the coupled QD-cavity system is given by [46]:
H = weo'o + wea'a+iglac’ — a'o) (2.1)

Here, w,. and w, are, respectively, the resonance frequencies of the cavity and the QD;
a is the annihilation operator for the cavity mode; o = |g)(e| is the lowering operator
for the QD with excited state |e) and ground state |g); g is the coherent interaction
strength between the QD and the cavity and A is set to 1. In general the interaction
term is given by (a + a)(c + of). However, rotating wave approximation (RWA)
gets rid of the non energy-conserving terms (also known as anti-Jaynes-Cummings
terms) a'o' and ao. It should be noted that, such RWA is not valid when the photon
energies are comparable to the rate parameters, as is true in the ultra-strong coupling
regime. When this system is coherently driven by a laser pulse with an electric field
amplitude envelope E£(t) = E,p(t) and a center frequency w;, the driven Hamiltonian
is

Hy = weo'o +weala +iglac’ — a’o) +iv/rE(t)(ae™ ™" — alet™t) (2.2)
This Hamiltonian, in a frame rotating at the frequency w; is given by (the formal

procedure is shown below)
Hyot = Aweala + Aw,olo +iglalo — aot) +iv/rE(t)(a — al) (2.3)

Here, Aw,. and Aw, are the detuning of the cavity and the QD resonance from the
laser frequency; & is the maximum laser strength and p(t) is proportional to the
envelope of the laser electric field.

When we switch to a frame rotating with a frequency w,, the new Hamiltonian

H,ot becomes:

o7
Hyor = TTHT + i T (2.4)
where T' is given by
T — e—iwotaTae—iwotUTU (25)

The new hamiltonian H,,; becomes:

TH(wea'a)T = wea'a (2.6)
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TH(weo'o)T = weolo (2.7)
oTt
iﬁT = —wyla'a+olo) (2.8)
THa)T = e ™“'q (2.9)
TH(aT = e“tal (2.10)
THo)T = e ™o (2.11)
THoONT = e“olof (2.12)
Heot = hwe—wo)ala+ h(w, —wo)o'o (2.13)
+ hgla'o + aot) + ilin/kKE(t) (ae' @)t — gleilwimwolty
Using w; = w,, the Hamiltonian in rotating frame becomes (h = 1)
Hyor = Awea'a + Aw,olo + ig(aTJ — aaT) +ivVkE(t)(a — aT). (2.14)

2.2 Master equation for lossy dynamics

All CQED systems are dissipative. These systems are inherently non-equilibrium
systems where a steady-state is reached by a balance between the drive and dissi-
pation. However, the Hamiltonian dynamics explained before ignores any effect of
loss. One way to incorporate the effect of loss is to use the quantum optical master
equation. For the specific system of coupled QD-cavity, there are two major sources
of loss: dissipation of the cavity field to the environment with a decay rate kK = w./20Q)
(@ is the quality factor of the resonator) and a dipole spontaneous emission rate ~.
The dynamics of the QD-cavity system, in presence of losses, are determined by the

master equation [47]:
o _
dt
where p is the density matrix of the coupled QD-cavity system. £[D] is the Lindblad

—i[H, p] + 2cL][a] + 2vL][0o] (2.15)

operator corresponding to a collapse operator D to model the incoherent decays and
is given by:
1 1
L[D] = DpD' — §DTDp — 5pDU) (2.16)
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In this thesis, the Master equation is solved using numerical integration routines
provided in quantum optics toolbox, truncating the photon states to ~ 20 photons
[49]. This method is completely quantum mechanical, and no approximation (other
than the standard Born-Markov approximation and truncation of Fock state basis) is

made.

2.2.1 Quantum and semiclassical description

Although, the master equation provides a complete description of the coupled system,
it is computationally expensive, and in general, analytically intractable. A semi-
classical description of the coupled system [36] can be derived by using the relation

d(D)

dp
—=Tr [D] (2.17)

dt

valid for any operator D. These mean field dynamical equations for the coupled

QD-cavity system can then be written as

B~ ko) +alo) — VREQ (2.18)
W)~ i)+l (219)
W)~ (o) + 1)~ 2((a'e) + (a0®) (2.20)

where, 0, = |e) (e| — |g) (g]. We note that this set of equations is not complete; for
an exact solution we need to find the equations describing all the other higher order
moments, namely (ac.) and (ac'). However, in the low excitation regime (no more

than 1 photon in the system), the QD will remain mostly in its ground state and we

can approximate (o,) &~ —1 and replace (ao.) = — (a). The resulting set of equations
d
g? = —k{a)+g (o) —VKE (2.21)
d{o
Y -t (2.22)

is identical to the set of equations describing the dynamics of two coupled linear

classical oscillators. Although this approximation neglects the nonlinear nature of the
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QD, it matches the actual output quantitatively at low excitation power. However,
with increasing drive intensities &y, this model fails completely, as the approximation
(0.,) ~ —1 becomes invalid. For sufficiently high drive intensities, though one can

approximate, (o,) — 0, and equation (2.19) simplifies to

1) (2.23)

Alternatively, we can retain the dynamics of the o, term, while making the set

of equations (2.18), (2.19), and (2.20) complete by using the approximations (ao,) ~
{a) {0.) and (a'o) =~ (a) (o) [50]. While this approach neglects the coherence of the
system while analyzing the mean-field dynamical equations, the nonlinear behavior

of the QD is taken into account.

2.3 Quantum trajectory

Another way to incorporate the lossy dynamics is to use quantum trajectory method.
In quantum trajectory method, one can calculate information about both the density
matrix and the wave-function. The methods are known as stochastic master equation
(when one calculates information about the density matrix) and stochastic wave-
equation method (for just the wave-function). For a density matrix type of calculation
one still needs to compute O(N?) elements where N is the size of the Hilbert space.
On the other hand, when one calculates the wave function, one needs to compute
only O(N) elements. Hence we obtain significant reduction in total computations.
For the Monte Carlo simulation using quantum trajectory method [47] the Schrodinger

equation is:

i = Hegg (00 (2.24)

where H.sy is given by:

Hepy(t) = H(t) — ;%:D};Dk (2.25)
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where, H(t) is the system Hamiltonian without loss and Dy, is the collapse operator
corresponding to the k' dissipation channel. In the experiment considered here, there
are mainly two decay channels: the spontaneous emission of the QD D; = /7|g)(e]
and the cavity decay Dy = y/ka. For running the Monte Carlo simulations, the
total time-interval of interest is divided into small steps, such that in each step we
can have either one detection event or no detection. At each step, with certain
probability we collapse the wave-function as ¢ (t,11) = Dyt(t,) and then propagate
the wave-function with the effective Hamiltonian. Several trajectories are run and

ensemble average is taken to get the result.

2.4 Strong coupling

From the master equation as well as from the semi-classical description one can derive
that the eigen-values of the coupled system consisting of a single QD (atom) and a

single photon are given by

Wetwe, K+

We =0 —i— j:\/g2+i(5—i(/£—”y))2 (2.26)

where 0 = Aw,. — Aw, is the dot-cavity detuning. In the dot-cavity system the QD
dipole decay rate «y is very small. Hence, when g > /2, the expression under the
square root is positive. In this case, the system is in strong coupling regime: there are
two distinct solutions for real part of wy, which are exhibited as the split resonance
appearing in the cavity transmission spectrum (Fig. 2.1 a). On the other hand,
without a coupled QD, a single Lorentzian peak is observed in the spectrum of the
cavity transmission (Fig. 2.1 a). The two peaks correspond to the entangled states of
the QD and the cavity, known as polaritons. They are also called dressed states, and
the splitting between these two polaritons is twice the QD-cavity coupling strength
g, also known as the vacuum Rabi frequency.

The solutions given by equation 2.26 are the two lowest order eigenstates of the
strongly coupled QD-cavity system. In this strong coupling regime, energy eigenstates
are grouped into two-level manifolds with eigen-energies given by nw. + g/n (for

W, = W), where n is the number of energy quanta in the cavity-QD system (shown



CHAPTER 2. THEORETICAL STUDY 18

f
\
2
L]
<
9
2 ’
- -k -2
©
= \
£
®
o
Frequency
(a) (b)

Figure 2.1: (a) The transmission spectrum of a strongly coupled QD-cavity system
(split resonance) and and empty cavity (single Lorentzian line); (b) The anharmonic
dressed state ladder structure.

in Fig. 2.1 b). The eigenstates can be written as:

_lg.n) £1]e,n—1)
n, +) = NG (2.27)

As the splitting between the energy eigenstates in each manifold has a non-linear

dependence on n, the eigen-structure of the coupled system is anharmonic (as opposed
to an empty cavity which is described by a harmonic oscillator, as shown in the left
part of the Fig. 2.1 b). This anharmonicity is crucial for understanding the effect like
photon blockade and tunneling (see chapter 5) as well as for implementing devices

like all-optical switch (see chapter 3) or elecro-optic modulator (see chapter 4).

2.5 Temporal dynamics of dot-cavity system

While the signature of the strong coupling regime in frequency domain is the splitting
of the cavity resonance into two peaks (see Fig. 2.1 a), in time domain this corre-

sponds to Rabi oscillation between the original eigenstates of the uncoupled system
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(e.g., le,0) and |g,1) for the first ladder manifold). In this section, we theoretically
analyze the temporal dynamics of strongly coupled quantum dot-cavity system driven
by a resonant laser pulse and observe the signature of Rabi oscillation in the time
resolved response of the system (i.e., in the numerically calculated cavity output).
The experimental data on such dynamics is reported in chapter 3. First, we study
the temporal dynamics of the coupled dot-cavity system driven by a short laser pulse
(Fig. 2.2 a) using a full quantum optical numerical simulation. The oscillatory behav-
ior of the cavity output (Fig. 2.2 b), which is caused by the vacuum Rabi splitting,
is analyzed at low, intermediate, and high intensity of the driving laser. Specifically,
we show that under weak driving, the coupled QD-cavity system follows the same dy-
namics as a set of two classical linear coupled oscillators. Following this, we describe
an improved, non-linear semi-classical model, that mimics the quantum optical model
very well for both very low and high peak intensity of the driving pulse. However,
the non-linear semi-classical model deviates from the quantum optical description at
intermediate peak intensities of the drive pulse, and we show that this discrepancy
arises from the coherence present in the quantum optical system. Finally, we present
a study of the temporal dynamics as a function of the major parameters describing

the cavity-QD system.

2.5.1 Semiclassical equation of motion

A quantum optical and semi-classical description of the system can be derived by the
method outlined above. When driven very weakly (0, = —1 as explained above),
the dynamics of the coupled QD-cavity system is identical to the set of equations
describing the dynamics of two coupled linear classical oscillators. The dynamics of
two classical coupled oscillators, with resonance frequency wg and decay rates I'y and

['s, are governed by

d’x dx ,
y t; + Fld—; +wlay + Gy — 10) = Q(t)e™! (2.28)
and g p
I )
Tz Tl Wity + G(x9 — 1) = 0, (2.29)
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Figure 2.2: (a) The schematic of the coupled QD-cavity system. It is driven by a laser
pulse, and the cavity output is monitored. (b) The cavity transmission calculated by
three different models: the quantum optical (red), semi-classical linear (blue) and non-
linear (black) model at low (€2/2m = 1 GHz) peak intensity of the driving pulse. All
three models match quite well. The input pulse is also shown (green dashed line). The
oscillation in the cavity output is due to Rabi oscillation of the photon between the
QD and the cavity. Inset shows the cavity transmission spectrum in presence and in
absence of the strongly coupled QD. The split resonances are separated approximately
by twice the coherent dot-cavity interaction strength g. The spectral shape of laser
pulses with pulse-length 5 ps (blue dashed line) and 40 ps (green dashed line) is also
shown. Parameters used for the simulations are g/2m = 25 GHz, /27 = 29 GHz and
v/2m =1 GHz.
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where (G denotes the coupling strength between the oscillators. One of the oscillators
is driven resonantly with driving strength €)(¢), as the cavity is driven by a laser. We
assume a solution of the form z1(t) = X;(t)e™° and z5(t) = Xy (t)e™°!, where X (t)
and X(t) are slowly varying envelopes of the actual oscillator outputs. Then we can

write

d , dX, .
1 — inXlezwot -+ <1 €Zw0t>

dt dt
d2£131 . Xm ) iw d2X1 W
ol 2@w0—dt e Ot—wSXle ot 1 R elwot

For x5 we can find similar equations. Using the slowly varying envelope approximation

(% d?X; dX,

dt dt?

<< iwpX; and T

<< 1wy w2 X1), we remove the bracketed terms and

obtain the following equations for the un-driven coupled oscillator system:

e r, G G
(e T )X X, + Q(t 9.
dt (2 +2@'w0> S *) (2.30)
and dX r, G G
2 2
2 (224 T\ x X 2.31
dt (2+22’w0) 2t e ! (2:31)

Alternatively, by retaining the dynamics of the o, term we can derive nonlinear
semi-classical equations (as explained above). Fig. 2.2b compares the time-resolved
cavity transmission in the low-excitation limit (€y/27 = 1) when calculated by the
three different models: (i) semi-classical in the linear approximation, (ii) semi-classical
in the non-linear approximation; (iii) and the numerical Master equation solution
up to truncated fock state basis n = 15. For the numerical simulation, we used a
Gaussian pulse with full-width half-maximum (FWHM) of 5 ps to drive the dot-cavity
system with a pulse with bandwidth higher than the coupled system (as shown in the
inset of Fig. 2.2b). In this low-excitation limit, all three models closely agree, and
exhibit an oscillation in the cavity transmission. This oscillation is due to the coherent
Rabi oscillation of the photons between the QD and the cavity and vanishes when
g — 0. Note that further oscillations are quenched by the decay of the cavity field. To
intuitively understand the origin of the oscillation, one can consider the eigenvalues of

the lossy coupled system (see chapter 2). When the cavity is driven with a short pulse



CHAPTER 2. THEORETICAL STUDY 22

with bandwidth larger than that of the coupled system, the cavity output is modulated

at the frequency difference between the polaritons. i.e., 2\/92 + % (6 —i(k—n))°
Although the non-linear semi-classical model allows QD saturation, it neglects the
quantum mechanical coherence between the QD and the cavity. Fig. 2.3 compares the
semiclassical and quantum optical simulations of the coupled dot-cavity system. We
find that the results match well both at low (when the QD excited state population is
almost zero and (o,) ~ —1) and high intensities of the driving field (when the QD is
saturated and (o,) ~ 0). As expected, the nonlinear semi-classical approach deviates
for intermediate intensities. As a measure of the coherence, we plot the quantity
C = ({(a’o) — (a") (o)) /92 integrated over time as a function of the driving strength
)y in the inset of Fig. 2.3. C is zero in absence of any coherence, and is much smaller
for low and high excitation powers than in the intermediate excitation regime. Note
that the onset of the increase in the higher excitation power is due to numerical errors

caused by the truncated Fock state basis.

2.5.2 Dependence on the system parameters

We are now in a position to characterize the temporal cavity transmission as a func-
tion of four relevant parameters describing the coupled dot-cavity system: dot-cavity
detuning 9, the dot-cavity coupling rate g, the cavity field decay rate x and pure QD
dephasing rate v4. Fig. 2.4a shows that the time interval between two peaks decreases
as the QD-cavity coupling rate, g, increases. This observation is consistent with the
oscillation period as predicted by the simple linear analysis. At the same time, the
oscillation period depends only weakly on x (Fig. 2.4b). We note an increasing cav-
ity output with increasing cavity decay rate x, which is due to the increasing overlap
between the input pulse and the cavity spectrum. The oscillation frequency increases
with increasing detuning between the dot and the cavity; when the QD is detuned
too far from the cavity, the oscillation almost disappears. This is expected, as with
large enough detuning, the input pulse is not affected by the QD (Fig. 2.4c).

An important effect in solid-state cavity QED is pure QD dephasing, which de-

stroys the coherence of the system, without affecting the population of the quantum
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Figure 2.3: (a) Comparison between the temporal cavity transmission obtained via
quantum optical (red dashed line) and the semi-classical non-linear (black solid line)
models. The cavity transmission is normalized by the maximum cavity transmission
and plots are vertically offset for clarity. The two models match quite well at low and
high driving power, but at intermediate power, they differ. Inset shows the coherence
calculated as ({(a'c) — (a')(0))/Q2 integrated over time as a function of the driving
strength €2y. We observe that quantity increases in the intermediate driving power.
Parameters used for the simulations: g/2m = 25 GHz and /27 = 29 GHz.
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Figure 2.4: The temporal cavity output obtained from the full quantum optical sim-
ulation as a function of (a) the dot-cavity coupling strength g (here x/2m = 20 GHz;
d =0 and y; = 0), (b) the cavity field decay rate x (here g/2m = 20 GHz; 6 = 0 and
74 = 0), (c) the dot cavity detuning ¢ (here ¢g/2m = /27 = 20 GHz and 74 = 0) and
(d) the pure QD dephasing rate 4 (here g/2m = k/2m = 20 GHz and § = 0). For all
the simulations a low excitation power (€/27 = 2) is assumed.

dot states. The effect of pure QD dephasing can be incorporated by adding the term
2v4L(0'o) in the Master equation [2, 41], where 74 is the pure QD dephasing rate.
Fig. 2.4d plots the cavity output as a function of the pure QD dephasing rate ~,,

indicating that the oscillation eventually disappears when the dephasing rate is large.

2.6 All-optical switching with quantum dot-cavity
QED system

In the previous section, we analyzed the transmission of a single pulse through the

cavity and observed significant optical nonlinearity. Here we theoretically analyze
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the performance of an all-optical switch, which exploits such optical nonlinearity. We
present numerical simulation results showing both the detailed temporal behavior of

such a switch and the time-integrated light transmission through the cavity.

2.6.1 Static response

The switching characteristic of the all-optical switch is first calculated using a con-
tinuous wave (CW) driving laser. The cavity output o« {(a'a) (normalized by an
empty cavity transmission) is calculated as a function of the laser power. Figure 2.5
shows the non-linear transmission characteristic of the coupled QD-cavity system.
This can be thought of as the DC behavior of the switch. Figure 2.5a shows the
cavity transmission as a function of the laser frequency, for a resonant dot-cavity
system (i.e., detunings of the laser from both the QD and the cavity mode are equal:
Aw, = Awg = A). We find that the dip between the polaritons (induced by the
strongly coupled QD) is reduced when the incident laser power increases. This is

caused by saturation of the QD.

An important aspect of the solid-state quantum emitter is pure QD dephasing,
caused by the constant interaction of the quantum emitter with the phonons in the
surrounding crystal lattice [41]. This pure QD dephasing destroys the coherence of
the system without affecting the population. This can be modeled by adding another
Lindblad term in the Master equation, 2v,£(c0). The pure QD dephasing reduces
the dip in the transmission spectrum of the coupled QD-cavity system. Fig. 2.5b
plots the transmission of a resonant laser through the QD-cavity system with and
without pure dephasing as a function of the incident laser power. For both cases, the
transmission of the system increases with increasing laser power due to saturation of
the QD. However, we observe increased transmission of the laser at low power when
pure dephasing is included.

Finally, we analyze the performance of the system as a function of the QD-cavity
interaction strength ¢ and cavity decay rate k. In absence of any control, only signal

(with a driving strength &) interacts with the coupled system. However, in presence
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Figure 2.5: DC transmission characteristics of the all-optical switch made of a strongly
coupled QD-cavity system system. The system is on resonance (w, = wy), and thus
driving laser detunings from both QD and cavity mode are equal A = Aw,. = Awy.
(a) The transmission spectra for four different cases. An empty cavity shows a sin-
gle Lorentzian peak. A strongly coupled QD-cavity system shows two peaks in the
transmission, corresponding to the polaritons. The dip reduces both due to the pure
QD dephasing, and at high laser power. The change in the dip at different driving
laser power £ is due to the QD saturation. The units of £/27 are in GHz. (b) The
transmission on resonance with an empty cavity, i.e., at Aw, = 0 (normalized by the
empty cavity transmission) as a function of the driving laser strength.
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Figure 2.6: Comparison between two methods: quantum optical and semi-classical.
The integrated cavity transmission is plotted as a function of the delay between two
pulses. The two methods match quite well at zero and large time delay. However,
they differ at the minimum transmission due to destructive interference between two
pulses.
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of a control, the total driving strength becomes 2€, assuming the control and the
signal are of same strength. We define the on-off ratio of the switch as 7'(2£) /4T (E),
where T'(€) is the cavity transmission at a driving laser strength of £. If the system
is completely linear, the factor T'(2€)/4T(£) will always be 1. Figure 2.7a shows the
on-off ratio as a function of g and k, maintaining the same cavity transmission for
different . We note that the on-off-ratio is not a strong function of g or . Figure
2.7b shows the on-off-ratio as a function of the ratio g/ for several different values
of k. We observe that, increasing both g and s improves the on-off ratio. This is
because with increasing g the separation between the two polaritons increases, which
reduces the transmission of single pulses resonant with the bare cavity. On the other
hand, increasing x reduces the power needed to saturate the QD, which again causes

the on-off ratio to increase.

2.6.2 Dynamic response

For any switch, the speed of switching is a very important quantity. To estimate
the switching speed we numerically calculate the dynamics of the coupled dot-cavity
system.

Fig. 2.6 shows the integrated cavity transmission as a function of delay between
two pulses. This is the type of signal observed in the recently published experiments
[35, 51], in which a low speed detector was used. The two curves were obtained using
the quantum optical and semi-classical approaches. At zero delay and large delay
two methods agree quite well. An interesting feature in the integrated transmission
of the switch is the dip that appears at small delay between the two pulses and we
will explain its origin in the next paragraphs. Note that the semi-classical approach
underestimates the amplitude of this dip.

Fig. 2.8a shows the temporal cavity output when two pulses interact with the
coupled system, for different delays between the pulses and pulse duration of 40ps.
For each input pulse, we observe two pulses at the output, as can be seen from the
temporal cavity output at large delay. This is a signature of Rabi oscillation between

the QD and the cavity in time domain, as analyzed in the previous section. Fig. 2.9
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Figure 2.7: (a) Figure showing the on-off ratio (as defined in the text) under CW
driving, as a function of g and k. (b) On-off ratio as a function of the ratio g/x for
different x. An increase in on-off ratio is observed with increase in both ¢ and x. For,
this simulation £/27 = 0.1 GHz.
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Figure 2.8: The cavity transmission as a function of time (horizontal axis) when
two pulses interact with the coupled QD-cavity system, for different delays between
two pulses (vertical axis). We present both results obtained by full quantum optical
calculation (a) and semi-classically (b). The pulse-length is 40ps and £/27 = 1 GHz.
For this weak excitation limit, the two approaches yield nearly identical results. At
small delay between the two pulses, the pulses overlap, and they behave as a single
pulse. At larger delay, two pulses do not meet, and propagate independently of each
other. For each input pulse we obtain two output pulses due to Rabi oscillation. At
intermediate delay, there is a destructive interference between the two pulses causing
reduced transmission.
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Figure 2.9: Switching performance for different pulse durations. (a) Total cavity
transmission integrated over time as a function of the delay between two pulses.
Pulses with different pulse-durations are considered in different curves. An increased
transmission is observed at zero time-delay. The minimum transmission at a non-zero
time delay is due to a destructive interference between two pulses caused by the Rabi
oscillation. (b) The effect of pure QD dephasing. With increasing QD dephasing,
Rabi oscillations are suppressed, the destructive interference becomes ineffective, and
the minimum transmission increases with pure QD dephasing rates. (c) The on-
off ratio (defined as the ratio of time-integrated cavity transmission between zero
delay and large delay) as a function of the pulse duration. Increasing on-off-ratio
with increasing pulse duration is due to reduced bandwidth of the pulses. (d) Ratio
between maximum and minimum transmission as a function of the pulse duration.
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a shows the integrated cavity transmission as a function of the delay between the two
pulses for several pulse-lengths. As expected, an increase in cavity transmission is
observed, when the two pulses arrive simultaneously (delay = 0). This is due to the
saturation of the QD, which gives rise to the nonlinear behavior of the switch. As ex-
pected, when the two pulses are delayed relative to each other, the cavity transmission
is low.

Numerical simulations also reveal an interesting effect of suppressed transmission
that happens at a finite non-zero time delay. This can be explained by a destructive
interference between the two pulses at a finite delay. We observe that effect more
clearly in the temporal cavity output in Fig. 2.8a. When the two pulses overlap in
time, they behave almost like a single pulse. At large delay between two pulses, the
two pulses are independent of each other and we see four peaks, corresponding to two
output peaks from each input pulse due to Rabi oscillation. At an intermediate delay
between the pulses, the second peak from the first input pulse destructively interferes
with the first peak from the second input pulse, and we observe only two peaks. At
this delay the integrated transmission is minimal. In addition, we observe that this
minimum transmission increases with increasing pure QD dephasing rate (Fig. 2.9
b).

Next, we study the dependence of the switching performance on pulse duration.
Fig. 2.9 ¢ shows the on-off ratio (defined as the ratio of the time-integrated cavity
transmission at zero and large time delay, i.e., the ratio of the values in the curves
in Fig. 2.9a at delay= 0 and as delay tends to 0o) as a function of the pulse length.
We observe an increase in the on-off-ratio with increasing pulse length. With short
pulses, the spectral bandwidth of the pulses exceeds the width of the dip induced by
the QD. Consequently, the effective transmission of the pulse increases. Lastly, in
Fig. 2.9d we examine the ratio between the maximum and minimum transmission
through the coupled QD-cavity system as a function of the pulse length (practically,
we plot the ratio between the maximum and minimum values of the plots in Fig.
2.9a).

The initial increase in the ratio with an increase in the pulse length can be ascribed

to reduction in the pulse bandwidth. However, as the pulse length keeps increasing,
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complete destructive interference and cancelation of the middle peaks (see Fig. 2.8)
cannot be achieved, which leads to a decrease in the plotted values. We note that, in
this switch, we do not have a control-to-output isolation (i.e., the control goes to the
output, and one cannot distinguish the control and signal), as generally required in a
practical switch [52]. This can be achieved if one has access to both the polarizations
of the quantum dot, and thus distinguishes the signal and the control by polarization.
The other possibility is to use slightly frequency detuned signal and control pulses
(35, 51, 53]. However, in both of these cases signal and control are not interchangeable,
as is needed for realistic optical computing. Nevertheless, our simulation clearly shows
the presence of an optical non-linearity almost at a single photon level, which can be

exploited to make an optical switch.

2.7 Theory of electro-optic modulation

In the previous two sections, we exploited the low power optical nonlinearity for
potential optical information processing. However, the properties of the QD can also
be drastically changed by applying an electrical signal, and hence the coupled dot-
cavity system can also be used as an electro-optic modulator. Here we analyze the
performance of such an electro-optic modulator, where the electrical control of the
quantum dot frequency is achieved via the quantum confined Stark effect (QCSE).
Using realistic system parameters, we show that modulation speeds of a few tens of
GHz are achievable with this system. In addition, we study the non-linear distortion,
and the effect of pure quantum dot dephasing on the performance of the modulator.

We can use the previously described quantum optical Master equation to solve
the dynamics of the system. However, that method is computationally expensive.
Therefore we find the mean-field equations (also described previously in this chapter)
for the coupled cavity/QD system (assuming the laser is resonant with the cavity
frequency, i.e., Aw. = 0):

d(x) .
So = A(X) +i0B (2.32)
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and .
<dt> = C(Y) +iQ2D(X) (2.33)
where
T
_ [ 0 o o of } (2.34)
T
Y = {aTa olo alo aaT} (2.35)
-~ g 0 0
—-g I' 0 O
A= 1" (2.36)
0 0 —k g
0 0 —g I™
T
B = |-1010 (2.37)
[ 2k 0 g g
0 =2 - —
C = T J (2.38)
—q g TI'—k 0
| —yg g 0 " —k
(10 —1
00 O
D — (2.39)
01 0
00 0 -1
where I' = —(vy + 74 + 1Aw,). These equations are similar to the Maxwell-Bloch

equations (MBE). In deriving the MBEs, we assume that under low excitation, the
system stays mostly in the lowest manifolds (single quantum of energy) and hence
(ao,) ~ —{a) and (a'ac,) ~ —(a'a) [54].

When operating as a modulator, the cavity/QD system modulates the transmis-
sion of the laser driving the cavity (laser amplitude £ and frequency w;). The system
is modulated using an electrical signal which changes the QD resonance frequency
via the quantum confined Stark effect (QCSE). In our analysis, we assume that the
optical signal is always resonant with the bare cavity (w; = w.) and only the QD
resonance frequency changes. We note that applying electric field across the QD re-

duces the overlap between the electron and the hole wavefunctions and consequently
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Figure 2.10: (a) Transmission spectra of coupled cavity-QD system for two different
QD-cavity detunings. The blue arrow shows the wavelength of the laser whose trans-
mission is being modified. (b) Normalized steady state transmission with different
QD detunings. The laser is resonant with the cavity. We used the following param-
eters: g/2m = k/2m = 20 GHz; v = k/80; the pure dephasing rate is assumed to be
zero for this analysis (74/27 = 0).

reduces the dipole moment of the QD and the coherent coupling strength g. However
the reduction in ¢ is due to the change in the spatial overlap of the eigen-states of
the perturbed Hamiltonian (the Hamiltonian describing the confining potential of the
QD), while the change in the QD resonance frequency is due to the modification of
eigenvalues of the perturbed Hamiltonian. The perturbation in eigen-states due to
QCSE is a higher order effect than the change in eigenvalues. Hence the reduction
in ¢ is much less prominent than the change in the QD resonance frequency and we
preserve strong coupling even with the applied electric field [37]. However, there is a
finite probability for the electron or the hole to tunnel out of the QD, when a large
electric field Fy,, is applied. For successful operation of the electro-optic modulator,
the applied electric field must be smaller than E},, and here we assume that this
condition is satisfied.

The detuning of the quantum dot due to the application of an electric field causes
dramatic changes in the transmission spectrum of the strongly coupled dot-cavity sys-
tem (Fig. 2.10(a)). This directly affects the transmitted intensity of a laser tuned at

the bare cavity resonance [shown by an arrow in Fig. 2.10(a)]. Figure 2.10(b) shows
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the steady-state transmission (normalized by the transmission through an empty cav-
ity) for different values of QD-cavity detuning. This has been derived by solving the
MBEs (Eqgs. 2.32, 2.33) at steady-state (in absence of pure dephasing, i.e., v4/2m = 0),
which gives that the ratio of the maximum to the minimum transmission through the
cavity is (1+ g2/ /17)2. To relate our theory to current state of the art technology
where values of /27 = ¢/2m ~ 20 GHz (k/2m = 20 GHz corresponds to a cavity
quality factor of ~ 8000) can be easily achieved [1], we mainly analyze the system

performance for both /27 and g/2m ranging between 10 to 40 GHz.

2.7.1 Frequency response

The foremost criterion of a good electro-optic modulator is its speed of operation.
In this electro-optic modulator, the modulation speed is determined by two different
time scales. One time scale depends on how fast the QD can be modulated by
applying an electric field. This depends on the drift velocity of electrons and holes
in the semiconductor, and the electrical capacitance of the modulator. As the active
area of the modulator is very small (dimensions of a QD ~ 10 x 10nm?), this time
scale is extremely short and thus does not limit the modulator speed. The other
time scale is due to the optical bandwidth of the system, i.e., the finite bandwidths
of the cavity spectrum and the dip induced by the strong coupling of the dipole to
the cavity. The cavity has a finite bandwidth, which limits how fast the modulator
can operate. This optical bandwidth limits the speed of operation of the electro-
optical modulator described here. To estimate the bandwidth of modulation, one can
consider the cavity transmission spectrum [as shown by the red line in Fig. 2.10 (a)]
as the filter response of the modulator; for successful operation, the pulse band-width
should not exceed the splitting obtained due to the strong coupling. Following this
argument, the bandwidth of the pulse that can be modulated via this electro-optic
modulator is approximately g2 /.

However, to obtain the modulation speed more rigorously, we apply a sinusoidal

1

change in the QD resonance frequency: Aw,(t) = 5Awo(1 — cos(wet)); where Awy is

the maximum detuning of the QD resonance (this is proportional to the amplitude of
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Figure 2.11: The frequency response of the switch for different (a) k. (g/27) is
kept constant at 20 GHz and (b) g. (k/27) is kept constant at 20 GHz. For both
simulations Q = 1 GHz; Awy/27 = 10 GHz; /27 = v/2m = 0.1 GHz.

the electrical signal applied to tune the QD) and w, is the frequency of the modulating
electrical signal and hence also the frequency of the change in the QD resonance. The
system performance is determined by analyzing the change in the cavity output (i.e.
k{a(t)Ta(t))) as a function of w, . The on/off ratio is defined as the ratio of the
maximum to minimum cavity output during sinusoidal driving. The Rabi frequency
2 of the driving laser is chosen such that the QD is not saturated. The effect of
free carriers generation in the semiconductor surrounding the QD by two photon
absorption of the driving laser is not included in our analysis as at low {2 (that is, at
low intensity of the driving laser) this effect is very small. The pure dephasing rate
va/27 of the QD is assumed to be 0.1 GHz.

Figure 2.11 shows the on-off ratio of the output signal as a function of frequency
of modulating signal for different x and g. We observe that the modulator behaves
like a second order low pass filter with a roll-off of —20 dB/decade. Figure 2.12 shows
the cut-off frequency and the on-off ratio at low frequency as a function of different
g and k. The cut-off frequency of the filter increases with the coupling strength
g. Similarly, reduction in k increases the cut-off frequency. However when x < g,
the change in cut-off frequency is not significant and g plays the dominant role. At
the same time, the on-off ratio decreases with ¢, which occurs because we kept the

maximum detuning Awy /27 fixed at 5 GHz. By increasing Awg /27 the on-off ratio
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Figure 2.12: (a) Cut-off frequency of the modulator as a function of g and k. In the
color scheme, the maximum cutoff frequency of ~ 90 GHz is red and the minimum cut-
off frequency of ~ 10 GHz is blue; (b) On-off ratio of the modulator at a modulating
frequency of w./2m = 5 GHz as a function of g and k. For both plots Awg/2m =5
GHz; 74/2m = 0.1 GHz; Q = 1 GHz.

can be increased for higher values of g.

2.7.2 Nonlinear distortion of signal

Another important property of good modulators is that the modulated optical output
should closely resemble the shape of the modulating electrical signal. If the modulator
does not operate in the linear regime, the output signal contains spurious higher
harmonics. Figure 2.13 shows the optical output signal for two different values of
maximal QD detuning Awy. For small values of the electrical input (i.e., for small
Auwyp), the output follows exactly the variation of the QD resonance frequency, as
shown in Fig. 2.13(a). However, distortions appear for higher amplitudes of Awy
[Fig. 2.13(b)]. Here we observe ripples at a frequency different from the modulating
frequency w.. These ripples do not arise only because of the finite bandwidth of
the system, but are also due to the nonlinearity of the system with respect to Awy.
A more detailed analysis of these ripples is described below, when we analyze the
step response of the modulator. The value of Aw, also affects the visibility of the

modulated signal. The on-off ratio (i.e., the desired output) is proportional to the
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Figure 2.13: Normalized output signal for two different maximal QD detunings Awy.
(a) Awg/2m = 2 GHz. (b) Awy/2m = 40 GHz. For both simulations the frequency of
the electrical signal is w,./2m = 20 GHz, /27 = g/27 = 20 GHz and Q2 = 1 GHz.
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first harmonic of the modulated output signal. Figure 2.14 shows the ratio of second
and third harmonics to the first harmonic of the output signal as a function of Awy.
As expected, the higher order harmonics increase with increase in QD detuning Awy.

We note that by employing a differential detection method, one can get rid of
the even order harmonics. For differential detection, one uses two electro-optic
modulators, but the electrical signals applied to the modulators are out of phase.
Let us assume that the desired signal, when the modulator is in linear regime, is
x(t) = Asin(wt). Due to nonlinearity the distorted signal is z4(t) = Ajsin(wt) +
Agsin®(wt) + Azsin®(wt) + - - -, where Aj,Ay, Az are the amplitudes of different har-
monics. In differential detection, we apply two out of phase signals and then subtract
the modulated optical signals to remove the even order harmonics, which are unaf-
fected by the phase change. Hence the performance of the modulator is primarily

determined by the third order harmonics.

2.7.3 Step response

The step response gives information about both the bandwidth of the system and
the nonlinear distortion. To analytically calculate the step response we consider two
situations: (1) when the electrical signal goes from on to off (that is the QD detuning
goes from Awy — 0); and (2) when the electrical signal goes from off to on (that is
the QD detuning goes from 0 — Awy). For low excitation and small dephasing rate,
the average value of cavity output x|{a(t)Ta(t))| is approximately given by &|{a(t))|?,
where (a(t)) is

(a(t)) Awy—0 = 7(0)e"*Otcos(B(0)t + ¢(0)) 4+ SS(0) (2.40)
and
(a(t)) oo nwe = T(Awp)e B0 cos(B(Awg)t + ¢(Awg)) + SS(Awp) (2.41)

where the switching happens at ¢ = 0 and

K4 v+ iw

alw) = 5
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Figure 2.14: Ratio of the second and third harmonic to the first harmonic of the
modulated signal, as a function of the maximum frequency shift of the QD, scaled
by a factor of g?/k. The first harmonic is proportional to the actual signal. For the
simulation we assumed that the modulation is working in the passband (w./27 = 20
GHz); k/2m = g/2m = 20 GHz and the dephasing rate v4/2m = 0.
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Figure 2.15: Step response of the single QD electro-optic modulator. The parameters
used for the simulation are: «/2m = 5 GHz; g/2rm = 20 GHz; Awy/27 = 20 GHz;
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Figure 2.15 shows the step response of the modulator. The numerical simulation of
MBEs and the analytical expression for the step response show excellent agreement.
We see the oscillations in step response because the system needs finite time to relax.

Due to non-linearity of the system, this relaxation time depends on Awgy. Hence in
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Figure 2.16: Ratio between the third and first harmonic of the modulated signal for
different QD-cavity coupling g and maximum QD detuning Awy. The cavity decay
rate x/2m = 20 GHz and the modulation frequency w./2m =5 GHz.

Fig. 2.13 we observe ripples only for high values of Awy.

Following previous analysis, we observe that with high amplitude of electrical
signal (Awyp), the on-off ratio of the modulator increases, but the modulated signal
becomes distorted. In fact, when QD-cavity coupling g is large, one needs high Awy
to achieve good on-off ratio (Fig. 2.12). However, it should be noted that in a system
with high g, the amplitude of electrical signal causing distortion is also high. Figure
2.16 shows the ratio between the third and first harmonic of the modulated signal
for different g and Awg. We observe that for same amplitude of electrical signal (i.e.,

Auwy), the distortion is larger for a system with smaller g.
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Figure 2.17: (a) Normalized steady state transmission of the laser resonant with the
dot (i.e., Aw, = 0) with pure dephasing rate v,;/27. Parameters used are: ¢/2m =
k/2m = 20 GHz; v = £/80; (b) On-off ratio of the modulated signal as a function of
the dephasing rate, for k/2m = g/2m = 20 GHz. The modulation frequency w, /27 =5
GHz and the amplitude of the change in resonance frequency Awg/2m = 10 GHz.

2.7.4 Effect of dephasing on performance of the single QD

modulator

One of the major problems in CQED with a QD is the dephasing of the QD, caused
by interaction of the QD with nearby nuclei and phonons. The dip in transmission
through the cavity in presence of a coupled QD is caused by the destructive inter-
ference of the incoming light and the light absorbed and re-radiated by the QD [54].
Due to the dephasing of the QD, the light scattered from the QD is not exactly
out-of-phase with the incoming light. This affects the destructive interference thus
causing the cavity not to be fully reflective. Figure 2.17(a) shows the steady state
transmission through a coupled cavity/QD system (normalized by the transmission
through an empty cavity) of a laser resonant with the cavity and the QD, as a func-
tion of the QD dephasing rate. It is clear that, the performance of the modulator is
strongly affected by dephasing. Figure 2.17(b) shows the on-off ratio as a function
of the dephasing rate v,/2m of the QD. As expected the on-off ratio falls off with

increased dephasing rate.



Chapter 3

Temporal dynamics and all optical
switching with QD-CQED system:

Experiment

In the previous chapter, we have theoretically shown how a QD-CQED system can
provide strong optical nonlinearity that could be employed in classical optical switch-
ing, where a control pulse can change the transmission of the signal pulse through
the coupled dot-cavity system. We have also theoretically studied dynamics of the
QD-CQED system and the predicted transmission of an optical pulse through it, ex-
hibiting features coming from vacuum Rabi oscillation. In this chapter, we present
experimental results of these effects too. First, we present experimental data showing
the cavity transmission for a single pulse. We observe vacuum Rabi oscillation, which
depends on the excitation laser power. Then we present cavity transmission for two

pulses, and show the signature of optical switching.

3.1 Temporal Rabi Oscillation

First, we provide the experimental data to test the validity of our numerical simula-
tions of the dynamics of a strongly coupled dot-cavity system driven by a short pulse

(see chapter 2). We note that temporal Rabi oscillations were previously reported

45
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Figure 3.1: Cross-polarized reflectivity setup: the cavity is kept at a 45° angle. The
probe light is vertically polarized, but we collect only the horizontal light at the
output. Thus we collect only the light which interacted with the cavity, and get rid
of the background.

in atomic CQED system with a single atom [55], but very recently by our group
with a single solid-state quantum emitter [34]. In the solid state system, much larger
dipole-cavity interaction strength is possible due to the large QD dipole moment and
tight confinement of the light field inside the small mode-volume cavity (the vacuum
Rabi frequency is on the order of ~ 10 GHz, compared to MHz in atomic CQED sys-
tems) [2, 1]. As a result, the temporal dynamics is much faster than that previously
reported in the atomic system [55]. We also note that time-resolved Rabi oscillations
were previously analyzed theoretically [56] and experimentally [57] with quantum well
excitons embedded in planar microcavities. However, that system is very different
from a single quantum emitter (e.g., single quantum dot) embedded in a nanocavity.

A cross-polarized reflectivity setup (Fig. 3.1) was used to obtain the transmission
of light through the coupled system and the cavity transmission was monitored with
a Hamamatsu streak camera. In cross-polarized reflectivity, the probe light is linearly
polarized (say, vertical polarization). The linearly polarized cavity is kept at a 45°
angle, i.e., at a polarization %(H + V). However, only horizontal polarized light is
collected at the output. Hence, we collect only the light, that is reflected from the
cavity. The experimental parameters of the probed dot-cavity system are g/2m = 25

GHz and k/2m = 29 GHz [35]. We did not observe the predicted oscillations in

the initial experiments measuring the transmission of 5 ps pulses through the cavity,
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Figure 3.2: The normalized cavity transmission for different pulse duration. The pulse
duration is changed from 5 ps to 50 ps. We observe oscillation in the cavity output,
although the oscillation frequency decreases with increasing pulse-width. This can
be explained by the reduced overlap between the pulse and the coupled dot-cavity
system in frequency domain.

most likely because of the limited time resolution of our detector. Subsequently the
experiment was performed with a longer pulse (40 ps Full Width Half Maximum
(FWHM)). As shown in chapter 2, we theoretically analyze the dependence of the
cavity transmission on the pulse duration (Fig. 3.2). When the pulse duration is
changed from 5 ps to 50 ps, we observe a decreasing oscillation frequency. This
can be explained by the reduced overlap between the input pulse and the coupled
dot-cavity system with reduction in pulse bandwidth. In other words, a long pulse
does not have sufficient bandwidth to excite both the polaritons and the oscillation
frequency in the cavity output deviates more from 2g.

Fig. 3.3 a,b,c show the experimentally obtained cavity output for three different
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Figure 3.3: Experimentally measured time resolved transmission of 40ps pulses
through a strongly coupled dot-cavity system for three different powers (averaged
over the pulse repetition period): (a)0.1 nW; (b) 0.23 nW; (c¢) 1 nW. The powers are
measured in front of the objective lens in the confocal microscopy setup. For this spe-
cific system cavity field decay rate x/2m = 29 GHz and coherent dot-cavity coupling
strength g/2m = 25 GHz. Clear oscillations are observed in the cavity transmission,
consistent with the the theoretical predictions. We also observe decreasing oscillation
with increasing laser power due to QD saturation.

excitation powers. The experimental data match qualitatively the predictions from
the numerical simulation and clear oscillation is observed in the cavity output. This
oscillation disappears with increasing laser power, as expected from the QD satu-
ration. The oscillation period is estimated to be 25 GHz, corresponding to time
difference of 39 ps between the two peaks. We note that the numerically obtained
plots in Fig. 3.2 are calculated with very small excitation power. However, the ex-
periment cannot be performed with such low excitation power as the detected signal
is too low. Hence, in the experiment, the coupled system is driven close to the QD
saturation, and the oscillations are less visible. Another reason is that the extinction
of the cross-polarized cavity transmission measurement is not perfect, so the signal
will be detected together with light reflected from the surface of the sample that
did not interact with the QD-cavity system. Additionally, possible charging of the
QD moves the dot far out of resonance and will blur the predicted oscillatory cavity

transmission with the non-oscillating spectrum for g = 0.
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3.2 All-optical switch

Once we understand the transmission of a single pulse, we study dynamics of the
interaction between two weak light beams mediated by a strongly coupled quantum
dot-photonic crystal cavity system. Optical nonlinearity observable with low power
light is a necessary requirement for efficient all-optical switching. Though cavities
can be used to enhance the bulk optical nonlinearity of a material, the enhancement
is often not sufficient for operation of a practical device. In recent years, several
experiments (including several experiments by our group) have demonstrated op-
tical non-linearities at single-photon level, showing potential for implementation of
ultra-low power and high-speed all-optical gates and switches for classical information
processing [58, 53, 1, 37, 33]. In particular, the strongly coupled dot-cavity system
seems very promising for such switching. The advantages of these systems include
their small footprint and compatibility with standard nanofabrication procedures, in
addition to an optical nonlinearity that is, in the ideal limit, observable with a single
photon.

The parameters of the emitter-cavity system used in the experiment (obtained by
fitting the spectrum of coupled QD-cavity system at resonance as shown in Fig. 3.4
d) are g/2m = 25 GHz and /27 = 27 GHz. The spectrum of the coupled QD-cavity
system does not depend strongly on the QD dipole decay rate 7, as it is much smaller
compared to g and xk. However, this parameter is estimated from the time-resolved
measurements of the uncoupled QD emission and from QD linewidth measurements
in off-resonant dot-cavity coupling [4] to be equal to v/27 ~ 1 GHz.

We characterize the system in a cross-polarized confocal microscope setup in a
He flow cryostat (Fig. 3.4(b)). The photoluminescence (PL) scans in Fig. 3.4(c)
show the anticrossing between the QD-like states and the cavity-like states as the
temperature is raised from 36K to 42 K, giving the polariton energies. The cavity
transmission, obtained using a broad-band light source at 930 4+ 20 nm in the cross-
polarized configuration [1] shown in Fig. 3.4(b), shows the same mode splitting in
Fig. 3.4(d). We also characterize the system by time-resolved photoluminescence

after the QD is quasi-resonantly excited with 3.5 ps pulses at 878 nm. As shown in
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Figure 3.4: (a) Scanning electron micrograph of the photonic crystal cavity. (b) In
the experiment, a combination of pulsed control laser (frequency w.), non-resonant
pulsed or continuous wave pump laser at w, above the QD exciton line, and pulsed or
continuous-wave signal laser (w;) is employed. The cavity is backed by a distributed
Bragg reflector, effectively creating a single-sided cavity[1]. A cross-polarized confo-
cal microscope configuration reduces the laser background that is reflected from the
sample without coupling to the cavity, which is polarized at 45° to the incident laser
polarization. The measurement is effectively a transmission measurement from the
horizontal (H) into the vertical (V) polarization. (¢) Anticrossing observed in the PL
as the QD single exciton (X) is temperature-tuned through the cavity. The QD is
pumped through higher-order excited states by optical excitation at w. corresponding
to a wavelength of A\, = 878 nm. (d) The transmitted intensity of a broad-band light
source (in the cross-polarized setup) shows the mode splitting of the strongly coupled
QD-cavity system (this signal is resolved on a spectrometer). (e) PL lifetime ~ 17 ps
when the QD is tuned into the cavity and pulsed excitation is at wavelength \, = 878
nm. The emission that is expected theoretically, based on the system parameters in
(d) and a 10-ps relaxation time into the single exciton state, is shown in the solid
line.
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Fig. 3.4(e), the PL decays with a characteristic time of 17 ps, as measured using a
streak camera with 3 ps timing resolution. This decay closely matches a theoretical
model of the cavity field and coupled QD system. Very weak above-band laser power
( 1 nW measured before the objective lens) is used in this measurement, in order to
avoid generation of multi-excitonic complexes which may affect the measured lifetime
[59].

The coupled QD-cavity system enables a strong interaction between two weak
laser fields. This was previously demonstrated by our group for two slightly frequency
detuned continuous-wave (CW) beams[53]. However, for practical applications of this
effect, it is important to demonstrate such interaction with ultrafast optical pulses.
Moreover, for practical applications it is critical that signal and control beams are
at the same frequency, in order to enable cascading of the switches [52]. In both
experiments presented below we used signal and control beams of the same frequency.
We first study the time-resolved dynamics of this interaction between CW ‘signal’
and pulsed ‘control” beams, both within the linewidth of the cavity resonance. In the
experiment, with the QD resonant with the cavity and the control and signal beams
tuned to the bottom of the transmission dip (shown in Fig. 3.4d), we measure the
time-resolved transmission of the control 7'(c), the signal T'(s), and the signal and
control T'(s+ c¢) on the streak camera. The system temperature is set to 30 K for this
experiment. This measurement was taken on the same system from Fig. 3.4, but on
a different day when the QD-cavity became resonant at lower temperature than in
Fig. 3.4c.

We first set the signal and control fields resonant with the tuned QD-cavity sys-
tem and attenuate the power so that the average intracavity photon number is nearly
zero; this corresponds to 12 nW for the CW beam and ~ 0.2 nW average power
for the pulsed control (40ps pulses, 13ns repetition period), both measured before
the objective lens. Considering a coupling efficiency into the cavity of n ~ 3% [1],
this corresponds to an average intracavity photon number of (afa) ~ 0.005 for the
CW signal beam and up to 0.025 (per pulse) for the pulsed control beam. Here the
intracavity photon number is estimated as nF;,/(2rkhw,) for CW beam , where P, is

the average input power measured before the objective lens [1]. For a pulsed beam
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this expression is multiplied by a factor 325, corresponding to the ratio between the
repetition period and the pulse duration. In the following figures (afa) corresponds
to the instantaneous cavity photon number. Fig. 3.5(a), panel 1, plots the curves
T(c), T(s),T(s + c), as well as the difference AT = T'(c + s) — T(c) — T'(s), which
provides a measure of the nonlinear response of the system. Measurements for two
additional sets of curves with higher powers in signal (168 nW and 240 nW, respec-
tively) and control (1.6 and 3.8 nW, respectively), are shown in panels 2 and 3 of
Fig. 3.5(a). We observe that the difference AT increases with increasing laser power,
as the QD is driven closer to saturation. We note that, for the three sets of data,
the collection efficiency and integration time of collection are different, due to me-
chanical instability of the system. A stochastic simulation of the quantum master
equation yields the cavity transmission, which is proportional to the intracavity pho-
ton numbers n(c),n(c + s), and n(s), as well as the nonlinear signal An, all plotted
in Fig. 3.5b and showing good agreement with the experiment in Fig. 3.5a. In fitting
the data, the intensities of the pulsed and CW beams were not free parameters, but
were fixed by the experimentally measured optical powers, using the same coupling
efficiency 1. We note that in these simulations we did not include the effect of pure
QD dephasing [2], as the role of these particular simulations is to just qualitatively
show the expected system dynamics. However, we do include the effect of dephasing
in the simulations of the actual optical switching between two pulses described below.
As previously reported [36], dephasing reduces the switching contrast, which can be
alleviated by performing the experiment at lower temperature.

Finally, we perform the actual all-optical switching experiment between two weak,
40ps optical pulses, by interacting them in a strongly coupled QD-cavity system. The
pulses are resonant with the cavity and have a relative delay of At. The pulse pair is
generated using the delay setup of Fig. 3.6(a). The pulses are therefore at the same
frequency, but to eliminate interference between the two pulses, we detune them
by 40 MHz and average measurement over many pulse pairs (this detuning is very
small compared to the pulse bandwidth). Same as in the experiments in Fig. 3.5,
numerical integration of the Master equation predicts an increased transmission when

both pulses are simultaneously coupled to the cavity. This is shown for a particular



CHAPTER 3. TEMPORAL DYNAMICS AND SWITCHING 53

a experiment b theory, T=2K(ala)
—n(c)

0.03

normalized cavity transmission

t(ps) t(ps)

Figure 3.5: All-optical switching of the CW signal beam by a pulsed control beam
through the strongly coupled QD/cavity system. (a) Cavity transmission when the
signal and control are tuned to the cavity, which is resonant with the QD (panel 1).
The transmitted cavity output is normalized w.r.t. the maximum cavity transmis-
sion. As the signal and control input powers are increased (panels 2 and 3), the QD
saturates and results in a net-positive nonlinear transmission. For the three panels,
the CW signal powers are 12 nW, 168 nW and 240 nW, respectively; the pulsed
control powers are 0.2 nW, 1.6 nW and 3.8 nW, respectively (all measured before the
objective lens). (b) Plots of the theoretically estimated intracavity photon number
(a'a), which gives the transmission by T' = 2k (a'a). We plot the calculated intracav-
ity photon number for the control beam intracavity photon number n(c), signal and
control n(s + ¢), and the differential photon number An = n(s + ¢) — n(s) — n(c).
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choice of powers in Fig. 3.6(b).

This experiment is performed on a different QD-cavity system with similar pa-
rameters {x, g,7v}/2m = {27.2,21.2,1} GHz while the temperature of the system is
kept at 38K. Photon statistics measurements on the system showed non-classical be-
havior confirming only a single QD is coupled to the cavity and result in the effects
of photon blockade and photon induced tunneling, confirming quantum nature of the
system [3]. Fig. 3.6(c) plots the time-averaged cavity transmitted signal observed on
a spectrometer for coincident pump pulses with average power of both pulses increas-
ing from 0.3 nW to 9.2 nW before the objective lens. It is evident that for powers
beyond ~ 9 nW, the polariton mode splitting disappears as the QD is saturated. This
suggests that the QD-cavity system acts as a highly nonlinear system that increases
its transmission for coincident pulses. Based on the result of Fig. 3.6¢, we choose
average powers of individual pulses to be 3.4 nW, as it is evident that the presence
of two such pulses saturates the system leading to maximum cavity transmission.
This pulse power corresponds to an intracavity photon number of 0.4 for each pulse
(n = 3%). Then we perform optical switching experiment by tuning the delay be-
tween two such pulses, as shown in Fig. 3.6(d): the cavity transmission rises by 22%
when the pulses are coincident at At = 0. This transmission peak agrees with the
theoretical prediction as shown by the red curve. In the theory plot, we also observe
reduced transmission at a non-zero time delay. We find that by including a pure QD
dephasing term into the master equation model, the transmission dips are diminished
(Fig. 3.6 b), as observed in the experimental results. The best fit to experimental
data is found for a dephasing rate of ~,/2m ~ 5 GHz.

In conclusion, we demonstrated the ultrafast all-optical switching between the
pulsed control beam and a CW or pulsed signal beam via a strongly coupled QD /cavity
system. A strong nonlinear response exists at low powers corresponding to mean in-
tracavity photon numbers below one. The large nonlinearity may be of use in classical
all-optical signal processing[58] — for example, for the implementation of all-optical
logic gates operating at the single- or few-photon level. In addition, it may be benefi-

cial for quantum information processing with optical nonlinearities [44, 60]. Moreover,
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Figure 3.6:  All-optical switching between two weak laser pulses interacting via a
strongly coupled QD-cavity system. (a) Time-delay setup for producing pulses at
a separation of At. (b) Simulated interaction of two laser pulses, represented by
the instantaneous intracavity photon number (a'a) as a function of the time delay At
between the two 40 ps long Gaussian pulses. Curves are calculated for a set of different
rates of pure QD dephasing [2], 74, which causes a reduction of the transmission dips
before and after the peak. Pure dephasing also causes a blurring of the spectral
normal mode splitting [2], which in turn raises the transmission for increasing 4. (c)
Pump-power dependence of the cavity transmission for coincident pulses repeating at
80 MHz. Different curves correspond to the average power of each of the pulses used in
the experiment (averaged over 13 ns, the pulse repetition period). (d) Signal observed
when the cavity-QD system is probed with two 40 ps long pulses as a function of their
delay. When the two pulses have a temporal overlap inside the cavity (i.e., delay
approaches zero), the QD saturates and the overall cavity transmission increases.
The power in the single of the two pulses corresponds roughly to the 3.4nW trace
in (c). Best agreement is found with the theoretical plot for a pure dephasing rate
va/2m ~ 5 GHz (the solid red line).
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the QD-cavity system is ideal for on-chip integration and can easily operate with rep-

etition rates up to a tens of GHz.



Chapter 4

Fast electrical control of a single

quantum dot-cavity system

In this chapter, we present experimental results of electro-optic modulation of an
input laser beam using a single QD strongly coupled to a photonic crystal cavity.
Theoretical analysis of such a system was presented in chapter 2. For electro-optic
modulation we employed a lateral electric field. In the last section, we describe an
experiment on vertical electrical control of a QD in cavity, where the QD is embedded

in a p-n-i-n diode.

4.1 Electro-optic modulation: lateral electrical con-

trol

In this section, we present the experimental study of the electro-optic modulation
by a single QD strongly coupled to the cavity. The resonance frequency of the InAs
quantum dot strongly coupled to a GaAs photonic crystal cavity was electrically
controlled via quadratic quantum confined Stark effect. Stark shifts up to 0.3 meV
were achieved using a lateral Schottky electrode that created a local depletion region
at the location of the quantum dot. We report switching of a probe laser coherently

coupled to the cavity up to speeds as high as 150MHz, limited by the RC constant

o7
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of the transmission line used to feed electrical signal into the cryostat. The coupling
strength g and the magnitude of the Stark shift with electric field were investigated
while coherently probing the system.

The device consists of an InAs quantum dot coupled to a linear three hole defect
photonic crystal cavity fabricated in a 160nm thick GaAs membrane (Fig.4.1(a)),
similar to the devices reported in the previous chapters. The electrical control was
achieved by applying a lateral electric field across the quantum dot and thus shifting
its resonant frequency via QCSE[61, 62]. The field was created in the depletion layer
of a Schottky contact (20nm Cr/25nm Au on GaAs) deposited in the vicinity of
the quantum dot[63]. A scanning electron microscope image of the photonic crystal
resonator integrated with the laterally positioned electrode is shown in Fig.4.1(a).
Another Schottky contact, located on the surface of the chip a few hundred microns
away from the photonic crystal, was used to set the ground potential.

One challenge in designing the device is the small extent of the depletion layer in
the vicinity of the Schottky contact. For typical undoped GaAs grown by molecular
beam epitaxy, there is still a dopant concentration of ~ 10'®/cm? that limits the size of
the depletion layer to a few microns for a 10V bias voltage. This requires the contact
to be brought into a proximity of a few microns from the quantum dot embedded in
the photonic crystal cavity. Since metals introduce high optical losses, the device was
designed such that the metal electrode, located within ~ 1um from the center of the
resonator, had a minimum overlap with the optical mode. The fundamental mode of
the resonator extends mainly in a direction that makes an angle of ~ 30° with the
cavity axis (z) and has a small extent in the y direction[64]. To minimize the optical
loss, the electrode was brought in the proximity of the resonator along the y direction
and no significant degradation of the quality factor was observed. On the same chip,
we measured electrically controlled resonators with quality factors as high as 17000,
similar to cavities without the metal electrode. The cavity studied in this letter had
a lower quality factor (Q ~ 4000) because it was integrated with a grating structure
that allows efficient resonant in/out coupling from the resonator, as discussed in [2].

The measurements were done at cryogenic temperatures using a cross-polarized

optical setup as shown in Fig.4.1(b). First, a photoluminescence (PL) measurement
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Figure 4.1: (a) Scanning electron microscope image of the photonic crystal cavity and
the metallic electrode placed within 1um from the center of the cavity. (b) Schematic
representation of the experimental setup (not drawn to scale). A cross-polarized
confocal microscope setup composed of a polarizing beam splitter(PBS), half wave
plate (HWP) and objective lens (OL) was used for photoluminescence and reflectivity
measurements. The voltage on the chip was controlled using a function generator
(FG) and the output signal was detected using a single-photon counting module
(SPCM). A flip mirror (M) switched the signal from spectrometer to SPCM. The time
domain measurements were performed using a picosecond time analyzer(PTA).(c)
Photoluminescence spectra taken for different cavity/QD detunings by increasing the
temperature of the sample (indicated for each spectrum). The avoided crossing of
the polaritons (marked by the red lines as a guide to the eye) indicates that QD1 is
strongly coupled.
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Figure 4.2: (a) Photoluminescence spectra as a function of increasing control voltage
(V) from OV to 10V. At OV the quantum dot was tuned on resonance with the cavity
(T=48K). The PL intensity decreases and the QD red shifts for V' > 8V. The shift is
much smaller than the one observed in broadband reflectivity because of the screening
induced by free carriers. (b)Broadband reflectivity spectra while changing V' from 0V
to 10V (T=48K). The QD red shifts for V' > 4V.
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was performed to identify a strongly coupled QD. The signature of strong coupling
is the vacuum Rabi splitting, observed (Fig.4.1(c)) as an avoided crossing of the
eigenstates of the system when the quantum dot is tuned into resonance with the
cavity [65]. From the PL spectra one could identify two quantum dots with frequencies
close to the cavity resonance, labeled as QD1 and QD2 in (Fig.4.2(a)). Only QD1
showed the avoided crossing, thus indicating strong coupling. All the measurements
reported here were done using QD1, but the signature of QD2 was still visible in some
of the data sets. For clarity, QD1 was marked with a red arrow in some of the figures.
The experimental data indicated a cavity quality factor () ~ 4000, corresponding
to a field decay rate k/2m ~ 40GHz), and a quantum dot cavity coupling strength
g/2m ~ 20GHz. Since g > k/2 and g >> 7, ( quantum dot spontaneous emission
rate /27 on the order of 0.1GHz), the system operated on the onset of the strong
coupling regime.

The vacuum Rabi splitting was also observed in the transmission function of the
resonator, as measured using a cross-polarized reflectivity measurement(Fig.4.2(b))[1].
Two types of resonant probing were used in this experiment. In one case, a continuous
wave (CW) laser beam was scanned through the cavity resonance and the output was
monitored with a photodetector. This measurement is referred as “CW reflectivity”.
In the second case, a broadband light source was coupled into the resonator and the
entire reflectivity spectrum was monitored on a spectrometer. This measurement is
referred to as “broadband reflectivity”.

With the quantum dot and the cavity brought into resonance (temperature set
to T' = 48K), the effect of the electric field was first studied in PL by changing the
bias voltage from 0V to 10V. As the bias approached ~ 10V, the total PL intensity
decreased and the quantum dot showed a red shift of only ~ 0.03nm (0.04meV’) as
shown in Fig.4.2(a). The shift in the QD resonance was due to the QCSE, and the
reduction in the PL intensity was caused by the carriers being swept away before
recombining in the QD. The Stark shift and the PL reduction were only observed
when using low powers of the excitation laser (tuned at 875nm). By increasing the
intensity of the laser, more carriers were excited in the cavity and thus screened the

electric field.



CHAPTER 4. ELECTRICAL CONTROL 62

d S dro
[J]
£
(NN}
<
8
b 0.4 _6
= 2
E 02 2
Ll
4 >
0 4 ) ) 4
0 1 2 3 4 5
F [V/um]
C X o ' ' 2
= 20 X 1
E KSR |
S 16 MWS%%%-
(3 |
© 12 - - : : 0
0 1 2 3 4 5 935.4 935.8 936.2
F [V/um] A [nm]

Figure 4.3: Change in QD frequency and coupling strength g with bias voltage (a)
Stark shift of the quantum dot with applied bias. (b) Experimental data and fit
indicating the quadratic dependence of the quantum dot shift with electric field. (c)
Dependence of the cavity /QD coupling g with applied voltage, as inferred from the fit
to experimental data (d) Broadband reflectivity taken at T=46K such that the QD
was resonant with the cavity at high electric fields. As the voltage approaches 8V,
the signature of the quantum dot in the spectrum vanished, most probably due to
the loss in the quantum dot confinement due to high electric field. More information
about the nature of this effect could be inferred by a QD spectroscopy method where
the energy of all the QD orbitals are monitored while varying the field.
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To test the effect of the electric field under resonant probing, the system was
measured using broadband reflectivity. A superluminescent diode with broad emission
around 935nm was used as the light source, thus minimizing free carrier generation
because of it’s low spectral power density. The broadband reflectivity spectra shown
in Fig.4.2(b), indicate two local minima (marked by the red arrow for the strongly
coupled dot and green arrow for the weakly coupled dot) thus confirming that two
quantum dots were coupled to the cavity. The effect of the bias voltage on the QD
wavelength was more pronounced than in the PL measurement. The Stark shift could
be observed for bias voltages larger than V' ~ 4V and for voltages exceeding V' ~ 7V
the quantum dot was completely detuned from the cavity. As seen from Fig.4.2(c), by
applying the electric field the transmission at the cavity resonance is switched from
a local minimum to a local maximum.

The dependence of the quantum dot Stark shift with the applied bias voltage
is shown in Fig.4.3(a). The quantum dot frequency was determined by fitting the
spectra in Fig.4.2(b), as described in ref.[1]. The Stark shift is only observed for
voltages larger than V' ~ 4V which corresponds to the depletion layer extending
to the location of the quantum dot. The magnitude of the electric field in the
center of the cavity was inferred by modeling the Schottky contact. The size of
the depletion layer (x4(V)) and the electric field in the cavity (F(V')) are given by
2a = \/2606Gas(V — 0)/(eNy) and F = —eNy(wq — Az) H(zq — Ax)/(€n€Gass)- Here,

Az = 750nm is the distance between the electrode and the center of the cavity,

Ny =9 x 10" /em? is the doping concentration, ¢ = 0.36V is the potential barrier of
the Schottky contact, e is the electron charge, egq.as = 12.9 is the dielectric constant
of GaAs at low temperatures, ¢, is the electrical permittivity of vacuum, and H(z)
is the unit-step function. The effect of the surface states were not considered when
estimating the electric field. The dependence of the energy shift with electric field is
shown in Fig.4.3(b). The shift was quadratic in electric field, since the perturbation
of the energy levels due to electric field is a second order effect. The data was fit
using[63] AE = pF — BF? with 8 = —0.0156meV um?/V? = —2.4 x 10736J/(V/m)?
and p = —0.009meVum/V = —1.4 x 1073°Cm. These values are within an order

of magnitude but lower than previously measured by other research groups [63]. We
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believe that the lower value that we estimate is caused by the QD not being located
exactly in the middle of the cavity, as we assumed.

The confining potential of the quantum dot could be perturbed by the influence of
the electric field. For the data set shown in Fig.4.2(b) (taken at T' = 48 K) the QD be-
came completely off resonant with the cavity for V' > 7V so the reflectivity spectrum
at high electric field yielded little information about the quantum dot. For a better
investigation of the QD behavior at large electric fields, another data set was taken
at T = 46K (Fig.4.3(d)) such that the QD was resonant with the cavity for V> 7V.
Under bias voltage, the electron and hole wave functions were deformed and pulled in
opposite directions thus reducing their overlap. One consequence is diminished QD
oscillator strength. The overall result is in a reduction of the cavity/QD coupling g.
The fits to the data showed that g/27 decreased from ~ 20GHz to ~ 15G Hz when a
bias of ~ 7V was applied. For V' > 8V, the influence of the electric field was strong
enough to completely erase the signature of the quantum dot from the broadband
reflectivity spectrum. This could be either due to reduced g, or high tunneling rate

of the electron-hole pairs out of the quantum dot placed in the electric field.
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Figure 4.4: Fast electrical switching of a continuous wave laser beam (a) CW re-
flectivity for bias voltages of 0V, 10V and 14V. During the time-domain switching
experiment the laser was set at the wavelength marked by the vertical dashed line
and a 0-10V signal was applied. (b) Switching of the coupled laser at the electrical
QD driving frequency of 150MHz.
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The CW reflectivity spectra for different values of the bias voltage are shown in
Fig.4.4(a). The Stark shift was still present but its magnitude was smaller compared
to the broadband reflectivity measurement (0.04meV for V' ~ 10V'), most probably
due to an increased number of carriers that screen the electric field. We believe that,
unlike the broadband source, the CW laser was more efficient in generating excitons
in the quantum dot because of increased spectral power density and long coherence
length. Due to the bias voltage, these electron-hole pairs could tunnel out of the
quantum dot and become free carriers that screened the electric field [66]. Alter-
natively, since more than one quantum dot was present in the cavity, the screening
could also be caused by excitons created in the neighboring off resonant quantum
dots. It has already been shown that these excitons could be created through the
off resonant energy transfer between the photonic crystal resonator and the coupled
quantum dots[2, 32]. The screening of the electric field became more pronounced
with increasing laser intensity, thus affecting the device performance. The effect of
the QD on the transmission function of the resonator can be observed for coupled
probe powers as high as tens on nW (as previously shown in[1]), but manipulation
of the QD via QCSE at those probe power levels still needs to be demonstrated and
may be limited by electric field screening. The CW reflectivity spectra in Fig.4.4(a)
indicated that an on/off switching ratio of ~ 1.5 : 1 was achievable with this system
when driven between 0V and 10V (on/off ratio of 2:1 achievable for 0V to 14V driv-
ing). Although on:off ratios of 100:1 are theoretically expected with this system, the
experimentally observed on/off ratio was limited by the properties of the quantum
dot, especially operation at the onset of the strong coupling regime, decoherence|2]
and QD blinking[67].

The time domain measurement was performed by setting the probe laser at the
QD frequency (marked by the vertical dashed line in Fig.4.4(a)) and by controlling
the voltage using a function generator. The modulated output was monitored us-
ing a single photon counting module (SPCM) and a dual channel picosecond time
analyzer(PTA) synchronized to the function generator. To minimize the amount of
screening due to coherently excited carriers, the probe laser power was set to ~ 10pW.

The switching behavior at 150MHz is shown in Fig.4.4(b), with an on/off ratio of
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~ 1.3 : 1. This is smaller than the expected ~ 1.5 : 1 because of the 3dB cutoff in the
transmission line at 100MHz. An on/off ratio of 1.45:1 was observed when driving
the system at 80MHz, close to the value expected from the DC measurement.

The performance of the proof of concept device reported in this section is lim-
ited by the experimental setup and the non-ideality of the strongly coupled system.
All-optical measurements on similar devices showed that speeds up to 10GHz could
be achieved with this type of system[2]. This was also predicted with theoretical
analysis presented in chapter 2. With improved engineering, similar speeds should
be achievable in electrical operation. Theoretically, when operating with g, x >>
(i.e. strong coupling regime or high Purcell factor regime) as is the case for quantum
dots in photonic crystals, the maximum bandwidth is limited to min(g/m, x/m) in the
strong coupling regime and ¢g?/(mk) in the weak coupling regime. Regarding the en-
ergy required to shift the QD, it is fundamentally limited by the energy density of the
electric field required to shift the quantum dot inside the active volume. Considering
an active volume the size of the resonator (V, ~ 1um x 1pum x 200nm), and an electric
field F' ~ 5 x 10*V/cm, this translates into a switching energy of ~ 1f.J, much lower
than state of the art devices[68, 69, 70, 71]. Confining the electric field over such a
small volume is not trivial, but suitable technological solutions may be found in the
future. This type of device can be integrated in a on-chip optical or quantum net-
work [72] and will be an essential building block for future optoelectronic devices for
classical and quantum information processing devices operating at ultra-low energies,

where fine and fast tuning of the quantum dot resonance is required.

4.1.1 Switching power

For most of the modern optoelectronic devices, the energy required per switching
operation is one of the most important figures of merit [14]. For the type of devices
presented here the fundamental limit for the control energy per switching operation is
given by the energy density of the electric field required to detune the QD inside the
active volume. To estimate the control energy we use the experimental parameters

as presented in [37]. When the electrode is placed laterally at a distance of 1um, the
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active region of the cavity /QD system has a volume of V' ~ 1um x 1umx200nm. Since
the electric field to tune the quantum dot is on the order of F' ~ 5 x 10* V/cm, the
energy per switching operation is on the order of E = eye, F?V/2 ~ 0.5 £J (e, ~ 13).
This translates into an operating power of ~ 5u W at 10 GHz. The same order of
magnitude estimation is obtained by modeling the device as a parallel plate capacitor
with width w ~ 1um, thickness t ~ 200nm and spacing L ~ 1lum and taking into
account fringing effects. Since the energy consumption has a quadratic dependence
on the applied voltage, the operating power can be lowered significantly by bringing
the electrode closer to the quantum dot. In case the active volume could be reduced
to the size of the quantum dot itself (~ 25 x 25 x 25 nm?), the switching energy can
be lowered below 0.1 aJ. These energy scales are of the same order of magnitude as all
other optical switching devices operating at single photon level [1, 53], and are orders
of magnitude lower than the current state of the art electro-optic modulators [69, 68].
However, this electro-optic modulator cannot be used to modulate high power optical

signal, as high optical power will saturate the QD.

4.2 Vertical electrical control

In the previous experiment, the electric field was applied in the lateral direction (in
plane) of the QD. However, the QD is larger (less confined) in this direction whereas
it is more confined in the vertical direction, along the growth axis. Therefore to
efficiently control and to potentially charge the QD on demand, the QD should be
embedded in a p-i-n diode. To achieve this, we grow a p-i-n junction embedded in a
photonic crystal slab, where QDs are located in the i-region at the center of the slab.
The description of the p-i-n membrane with doping is shown in the Figure 4.5. Such
a structure is also useful for QD charging with a single electron, which is needed in
order to build a 3-level lambda system necessary to implement a spin-photon interface
[13].

The fabrication procedure essentially remains the same as previously, except now
p and n contacts have to be deposited (Fig. 4.6a) after photonic crystal fabrication

to allow application of voltage across the p-i-n diode. Fig. 4.6b shows the vertical
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p-GaAs (10nm) : 2X10'%cm -3 (For p contact)

p-GaAs (25nm) : 5X10'%em -3 (For p contact)
n-GaAs (13nm) : 3.7X10"® cm -3 (Current blocking layer)

i-GaAs (43nm)
| QD Layer (3nm)  (The active area)

i-GaAs (40nm)

n-GaAs (20nm) : 5X108cm -3 (For n contact)
i-GaAs (10nm)

Figure 4.5: The details of the p-n-i-n wafer with doping densities.

Stark shift of the QD transition, when a forward bias is applied to the p-i-n diode.
The QD senses an electric field even in the absence of any applied voltage due to the
built-in potential of the p-i-n diode. Under forward bias, the electric field across the
QD decreases, and we observe a blue-shift. At a high forward voltage, the flat-band
condition is achieved, and we do not see any more changes in the QD resonance. We
also observe discrete jumps of the QD resonances (shown by a dashed arrow in Fig.
4.6¢), which are due to the charging of the QD with additional carriers [6].



CHAPTER 4. ELECTRICAL CONTROL

Lithography

69

ctal

Fabrication;
Undereat

Metal

E-beam
Metallization

Metal

E-beam
Metallization
Annealing

9415,

941.4

hap(nm)
Anm)

941.3
. FlatBand

941.2
0 0.5 1
Voltage

15

0 0.2 04 0.8 0.8 1 1.2 g 16
voltage (V)

Figure 4.6: Vertical electric field applied to a quantum dot in p-i-n diode: (a) Fab-
rication steps for contacts and photonic crystal devices enabling electrical control in
a p-i-n junction. Here, p-GaAs, n-GaAs and i-GaAs indicate p-doped, n-doped and
intrinsic gallium arsenide, respectively. (b) QD resonance as a function of the applied
potential in p-i-n diode. (c¢) Photoluminescence spectra as a function of the applied
potential. A discrete jump of the QD resonance is observed, which indicates a discrete

charging event of the QD.



Chapter 5

Photon blockade and photon

assisted tunneling

In this chapter, we introduce the effects of the photon induced tunneling and block-
ade, and explore the possibility of employing them for non-classical light generation
and probing of higher order dressed states in the solid state CQED system consisting
of a single QD coupled to a photonic crystal cavity. We start by giving an intro-
duction into these effects, and then we provide numerical simulation data showing
that the single photon generation in the photon blockade regime can be improved
by choosing a proper pulse shape. More specifically, we show that the single photon
probability in the cavity transmitted light oscillates as the excitation pulse amplitude
is changed. Then, we show that photon induced tunneling can be used to preferen-
tially generate specific multi-photon states. Following this, we present experimental
data demonstrating the transition from blockade to tunneling regime in such a sys-
tem and show the signature of higher order dressed states observed in the measured
photon statistics. Finally, we present theoretical results demonstrating that a QD
coupled to a bimodal cavity can be used to generate strong sub-Poissonian light even

in the presence of large cavity loss.

70
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5.1 Photon blockade

Single photons at optical frequencies are commonly used in quantum key distribution
systems[73], and play a fundamental role in proposed devices for quantum information
processing [23, 74]. While the majority of quantum cryptography systems currently
in use are based on coherent light sources, most of the proposals for more advanced
quantum information devices are based on non-classical states of light, mainly single
photon states. One way to generate single photons is by parametric down conversion
or attenuation of coherent laser beams such that the probability of having multi-
photon states is considerably diminished. However, this causes increased probability
of the vacuum state, so most of the time there are no photons in the light source. To
make a good single photon source one has to ensure suppression of both the multi-
photon states as well as the zero-photon state. There are several proposals for making
on demand single photon sources, like above-band or resonant excitation of solid state
single emitters [75] or adiabatic state transfer in single atoms [76].

Non-classical states of light that closely resemble the single photon states can be
generated in the photon blockade regime[77] with a single emitter strongly coupled to
an optical resonator. The experiments on atomic system [78] as well as in semicon-
ductor CQED [67] demonstrated photon anti-bunching caused by photon blockade,
a signature of enhanced probability of the single photon states at the output. There
are a few advantages for using photon blockade for single photon generation. First,
the produced single photons are free of jitter, as the quantum emitter is resonantly
excited [79]. Second, the collection efficiency of the photons is very high due to the
presence of a cavity. However, for on demand single photon generation, the source
must be operated in pulsed regime and only one photon should be generated for each
pulse. The latter requirement was not satisfied in any experiments performed so far

on photon blockade.

5.1.1 Photon blockade in pulsed operation of the driving field

As explained before, the studied optical system consists of a single emitter (QD)

strongly coupled to a cavity (coherently driven by a laser), as shown in Fig.5.1. The
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Figure 5.1: (a) Schematic representation of a single emitter coupled to an optical
The optical resonator has mirrors with different reflection coefficients

resonator.

(Rin >> Rou) such that most of the field coupled into the cavity is emitted at the
output port. (b) Schematic representation of the energy eigenstates for a strongly

coupled cavity-emitter system.
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anharmonic ladder structure of this coupled system (see chapter 2) gives rise to the
effect of photon blockade, where the presence of one photon in the cavity blocks
the coupling of subsequent photons. For example, the system could be driven by a
coherent light source (see Fig.5.1) with frequency resonant with one of the polaritons
(say |1,—)). Once a photon is coupled, the system is excited into the state |1, —),
so the coupling of another photon with energy w. — ¢ would require the system to
transition to energy state 2(w. —¢g). However, the system does not have an eigenstate
at this energy, the closest being at 2w, — gv/2. For this reason, the probability
of coupling the second photon is reduced. This effect is refereed to as the photon
blockade - as the presence of one photon in the system prevents coupling of another
photon, similar to Coulomb blockade.

A typical experimental configuration for observing photon blockade is depicted in
Fig.5.1(a) where light can be coupled into the cavity containing a strongly coupled
quantum emitter via the input port a;, and the output can be collected at the port
bout- The resonator is represented by two mirrors with reflection coefficients R;,, and
Rout.

For on demand generation of non-classical states of light, it is desirable that the
state is delivered at the output port at times that can be chosen deterministically.
This means that the interaction between the input beam and the cavity /QD system
is controlled in time domain. One way to achieve this is by driving the system with
light pulses with controlled shape, as illustrated schematically in Fig.5.2(a). In this
section, we investigate how the non-classical state of light observed at the output
depends on the properties of the laser pulse at the input.

To simulate the system we use quantum trajectory method [47], as explained in the
chapter 2. The dephasing rate of the QD and any non-radiative decay is neglected.
As the non-classical state is collected from one of the output modes of the cavity
(bout), only the collapse operator corresponding to the cavity decay is monitored.

The driving term €(¢) in the Hamiltonian (see chapter 2) is assumed to be of the
form Q(t) = Q,p(t), where 2, is the amplitude and the time dependence is described

by p(t). For the simulation we assume a Gaussian shape for p(¢):
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Figure 5.2: (a) Non-classical state generation via pulsed-operation in photon blockade.
The properties of the laser pulse coupled at the input port are controlled such that
the output field has primarily a single-photon component. (b) Normalized Fock-
state coefficients (|co|? for vacuum state, |c;|? for single photon state, and |cpusi|* =

* , |ca|? for multi photon probability) for the output field as the intensity of the
laser pulse €2y is modified and the pulsewidth is kept constant at 7 = 0.45/k. The
ground state and one of the first order eigenstates form an effective two level system so
Rabi oscillations are observed in the single photon character of the output field. The
system has parameters /27 = 1GHz, 7/2m = 0.1GHz, g/2m = 40GHz. (c) Fock-
state coefficients for the output field as the duration of the laser pulse (7) is modified
while Qy = 10GHz was kept constant. The system has parameters x/21 = 1GHz,
v/27 = 0.1GHz, g/2r = 40GHz. (d) The same simulation as in the panel b for a
system with x/2r =5GHz, g/2n = 30GHz
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p(t) = eap (— (f ;t°)2) | (1)

where t; is the time when the pulse reaches its maximum value and 7 is the pulse-
width. In principle, the input laser pulse can have any specific waveform. To limit the
number of free parameters, we analyze the configuration where the system is driven
with Gaussian pulses. In this case, the free parameters are the length, intensity and
the center frequency of the pulse.

The non-classical state of light emitted at the output is analyzed using an ideal
single photon detector. Exact modeling of the non-ideality of the detectors requires
stochastic master equation, where the whole density matrix needs to be monitored.
This is because although one can ensure that the initial state is a pure state, the
non-ideality of the detector makes the state mixed. However, the error generated by
the assumption of ideal detector is not significant, and stochastic wave function can
also be used to model non-ideal detectors. For each quantum trajectory, a laser pulse
is coupled to the cavity and the number of clicks detected at the output is monitored.
Ideally, for a deterministic single photon source, a single click should be registered by
the detector every time the device is operated. However, the output field is not in a

pure single photon state, and in a Fock state basis, it can be expressed as:

bout) = f: on ) (5.2)

where the ¢, is the coefficient of the Fock state |n). Here we write the output state
as a pure state considering that the dephasing rate of the system is negligible. The
2

normalized value (|c,|?) of the coefficients |¢,|? can be estimated from the number

of detected photons at the output when running a large number of trajectories. For
example, |c,|* = % is well estimated by the relative number of trajectories for
which n counts were detected at the output. If the desired output state should be as
close as possible to a single photon state, then the simulation parameters should be
optimized such that |¢;]? is maximized.

The experimental configuration considered here is as shown in Figure 5.2(a). The

cavity has two mirrors, with decay rates k; and ks such that k1 << ko. Effectively,
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the total decay rate of the cavity is k &~ k1. The driving laser is incident on the mirror
with higher reflectivity and the output field is mainly collected from the lossier mirror.
This configuration allows for efficient collection of the non-classical field at the cavity
output.

To illustrate the behavior of the system operating in photon blockade under pulsed
driving, we first analyze a system with parameters /27 = 1GHz, ~v/2r = 0.1GH z,
g/2m = 40GHz. The value /27 = 1GHz corresponds to a cavity with a quality
factor of () = 160000. This is about 5 times larger than the state of the art values of
@ observed in GaAs cavities with coupled InAs quantum dots operating around 930
nm, but still within the theoretical limit for this material [80]. Regarding the coupling
rate g, the typical values measured so far are around g/2m = 25GH z[2|. However,
with further improvements in the material system and the fabrication techniques it
is expected that higher values for () and ¢, as considered here, will be achievable.
For this simulation, the cavity and the quantum dot are assumed to be on resonance
(we = wy). The center frequency of the driving field is set on resonance with the
transition to the first order manifold (w.+¢) and the pulse width is set to 7 = 0.45/k.
Figure 5.2(b) shows the zero-photon, single photon as well as multi-photon population
(|emui]® = 352, |ea]?) as a function of the amplitude of a driving pulse. The values
for the coefficients |c,|? are inferred from the number of detection events detected
over multiple (3000) quantum trajectories.

As shown in Fig.5.2(b), the probability of obtaining a single photon at the output
has a strong oscillatory dependence on the intensity on the incoming pulse. When
operating in blockade regime, the successful blocking of the second photon depends
on how well the first photon is coupled to the QD-cavity system. One could consider
the ground state and the state |1, —) to constitute an effective two-level system.
Under pulsed excitation, the population in |1, —) Rabi oscillates with the pulse area
(Fig. 5.1(b)). For optimum operation, one would choose the pulse area such that
the system transitions completely from |0) to |1, —) so one photon is coupled into
the system and then is released at the output port. At the operation point with
maximum single photon state probability, the output field has ~ 83% single photon,

~ 1% vacuum state and ~ 15% multi-photon state character (i.e. |co|* = 0.01,
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le1]? = 0.83, |emuiil® = 200, |cn|? = 0.16).

The oscillations of the single photon population in the output field can also be
observed when the maximum field intensity is kept constant and the pulse length is
changed. This is shown in Fig.5.2(c), where the pulse intensity was chosen as the
intensity that gave the maximum single photon output in Fig.5.2(c) (20 = 10GHz).

A similar but less prominent effect can be observed in a system with /27 =
5GHz, g/2r = 30GHz, parameters that are very close to those already achieved
experimentally [2, 80]. For this set of parameters the maximum achievable single
photon probability is ~ 45%, with ~ 30% vacuum state and ~ 25% multi photon
state, as shown in Fig.5.2(d).

One of the parameters most commonly used to characterize single photon source,
is the second order correlation function g (0). For single photon sources it is desired
that ¢ (0) = 0, which means that the source emits either zero or one photon but
never multiple photons. However, the second order correlation does not give any
information about the efficiency of emitting a single photon each time the source is
operated. Starting from the coefficients |c,|?, one may compute ¢®(0) = (X°°,(n —
D(n —2)|ea?)/ (252, (n — 1)|e,]?)?, and the results are shown in Fig.5.3(a,b). For
the case r/21 = 1GHz, g/21 = 40GHz, g?(0) can be as small as 0.12, while for
k/21 = 5GHz, g/21 = 30G H z the minimum value is ¢(®(0) = 0.64.

These sources of non-classical light could improve the speed of generating secure
quantum keys, compared to current systems that use coherent laser sources. Com-
pared to coherent laser pulses of the same brightness, the ratio of single photon pulses
to multi-photon pulses could be up to ten times higher in the case of non-classical

light sources operating in photon blockade as shown in Fig.5.4.

5.1.2 Non-classical state generation via fast control of dipole
frequency
Here we present an alternative method for on demand generation of non-classical

light that is based on ultra-fast control of the QD dipole. The principle is depicted

in Fig.5.5(a), where a continuous wave field is incident on the input port and the
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Figure 5.3: (a) Second order correlation correlation function of the output field, for
the case k/2r = 1GHz, g/2n = 40GHz. (b) Second order correlation correlation

function for /27 = 5GHz, g/2m = 30GH z.
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Figure 5.4: Ratio of single photon to multi-photon probability in the output field of
the non-classical source with /27 = 1GHz g/2n = 40GHz as a function of mean
photon number per pulse. The results are compared with a coherent pulsed laser
source of the same brightness.
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Figure 5.5: (a) Operation principle for non-classical state generation using a con-
tinuous wave input and fast control of the dipole frequency using an electric field.
(b) Detuning of the dipole frequency with time. The cavity resonance is con-
stant and zero detuning means dipole resonant with the cavity. (c¢) Normalized
Fock-state coefficients (|co|*> for vacuum state, |c;|* for single photon state, and
|Conutti]? = 5%, |ca]? for multi photon probability) for the output field with vary-
ing intensity of the continuous wave input field (£2g). The system has parameters
k/2r = 1GHz, v/2n = 0.1GHz, g/2r = 40GHz. (d) Normalized Fock-state coeffi-
cients for a system with x/2m = b5GHz, v/2r = 0.1GHz, g/2m = 30GH z



CHAPTER 5. BLOCKADE AND TUNNELING 81

frequency of the dipole (A,) is controlled at time-scales comparable to the cavity decay
rate. One method to achieve this kind of ultra-fast control in solid-state systems is by
using an electric-field to shift the frequency of a quantum dot via quantum confined
Stark effect, as we described in the previous chapter [37, 81].

In this configuration, the cavity frequency is kept constant and the electric field
controls the cavity - quantum dot detuning. With the quantum dot and the cavity on
resonance, the input laser is tuned to the frequency of one of the first order eigenstates
(say |1,—)). Shifting the resonance of the quantum dot causes an energy shift of both
first order eigenstates. To generate single photon states, one should start with the
quantum dot detuned from the cavity such that no light is transmitted to the output.
Then the quantum dot is brought into resonance with the cavity such that |1, —)
becomes resonant with the input laser beam. The QD is kept resonant with the
cavity so only one photon is coupled and transmitted through the system, and then it
is detuned back as shown in Fig.5.5(b). In this case, the coherent driving term in the
Hamiltonian €y (dependent on the driving laser power), and cavity-laser detuning A,
is kept constant, but the dot-laser detuning A,(t) is time dependent, and is the fixed
detuning between the cavity and the driving laser.

The quantum statistics of the output field as a function of €2y is shown in Fig.
5.5(c-d) for different parameters of the strongly coupled system. The quantum dot
frequency is detuned by up to g, as shown in in Fig. 5.5(b). Similar to the optical
time domain pulse shaping, oscillations are observed in the magnitude of the single
photon state for k/27 = 1GHz, g/2m = 40GHz (Fig.5.5(c)). For optimal operation
parameters, |co|? = 0.05, |c1]? = 0.73, 0%, |c,|* = 0.22. The results for /27 =
5GHz, g/2m = 30GH z are shown in Fig. 5.5(d), and indicate an 44% single photon,
35% vacuum state, and 21% multi photon Fock states at the point of maximum single

photon state probability.

5.2 Multi-Fock state generation

In this section we investigate the photon induced tunneling phenomena in a the same

strongly coupled dot-cavity system. We theoretically analyze how this tunneling
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Figure 5.6: (a) The anharmonic ladder structure: when the laser is detuned from the
polariton, then the coupling of the first photon is difficult, but two photons together
can reach the second order manifold, and the output light will have more two photon
character.

can be used to generate photon states consisting mainly of a particular Fock state
(in contrast to single photon state as explained in last section). Additionally, we
study experimentally the second order auto-correlation ¢ (0) in the photon-induced
tunneling regime as a function of the frequency and the power of the probe laser
and observe signs of higher manifolds of the Jaynes-Cummings Hamiltonian in the
frequency-dependent photon-statistics of the transmitted light, as well as the strong
power dependence of g?)(0), distinguishing this effect clearly from bunching occurring
in a thermal light source.

As explained in last section, the anharmonic ladder structure gives rise to phe-
nomenon of the photon blockade, when the laser is tuned to the polariton frequency.
A very different regime is achieved when the laser is detuned from the polariton (see
Fig. 5.6 a). As shown in the Fig. 5.6 a, due to slight detuning between the laser
and the polariton, the coupling of the initial photon is difficult, but two photons
simultaneously can reach the second order manifold, and thus the transmitted light
will have more two photon character. This is called photon-induced tunneling. In
contrast to blockade, in the tunneling regime, the coupling of initial photons into the
system is inhibited by the absence of the dressed states at this frequency. However,
once the initial photon is coupled, the probability of coupling subsequent photons is

increased as higher order manifolds in the ladder of dressed states are reached via
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multiphoton processes. In our system, as a result of broadening of the dressed states,
at the empty cavity resonance one can excite multiple higher order manifolds. Hence,
the light transmitted through a cavity in the photon-induced tunneling regime is a
superposition of Fock states with small photon numbers and a strong presence of the
vacuum state. As a result, the photon statistics of this light is super-Poissonian [3].
As explained in the last section, signatures of the photon blockade and photon-

induced tunneling tunneling can be detected through photon-statistics measurements,

(aTataa)
@fa)?

Another important statistical quantity is n** order differential correlation function

such as the second-order coherence function at time delay zero ¢®(0) =

C™(0) = (a'ma™) — (aa)", which provides a clearer measure of the probability to
create n photons at once in the cavity [82]. Second order differential correlation
function can also be expressed as C®(0) = [¢®(0) — 1]n?, where n, = (a'a) is
the average intra-cavity photon number. Particularly for a weakly driven system
(n. < 1), C®(0) becomes positive only when the probability of two-photon state
becomes significant compared to that of a single-photon state, while a peak in C'®)(0)
indicates maximum probability of a two-photon state inside the cavity.

We note that ¢®(0) is measured in the experiment by means of Hanbury Brown
Twiss (HBT) setup as shown in the Fig. 5.6b. In the HBT setup the light is split
into paths via a beam-splitter and sent to two detectors. The clicks in the detectors
are monitored via a timing electronics. If the incoming light is single photon, then
when the light is split into two paths, the single photon can go in one of the two
paths, but not in both paths. Hence no coincidence can be observed between the two
detectors. Such a coincidence measurement is in effect similar to the second order

auto-correlation g?(0) measurement.

5.2.1 Numerical simulation

Although the photon blockade and tunneling phenomena can be observed under con-
tinuous wave (CW) excitation in a numerical simulation, for practical consideration

it is important to analyze the response of the cavity-QD system to a pulsed driving
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field. In particular, the ability to measure the photon statistics of the system’s out-
put during the actual experiment is determined by the time resolution capabilities of
the single photon counters in the HBT setup, which in practice do not allow for ¢®
measurement of a CW-driven cavity-QD system. A common way to overcome this
limitation is to drive the strongly coupled cavity-QD system with a train of weak,
coherent pulses of sufficiently narrow bandwidth [67]. We use quantum trajectory
method [47, 83] to analyze the pulsed driving of the coupled QD-cavity system and
find the resulting photon statistics [38]. As the non-classical state is collected from the
cavity, only the collapse operator corresponding to the cavity decay (a) is monitored.
A histogram is calculated based on the photon counts in the cavity decay channel,
and probability P(n) for having exactly n photons in the system is found. The driv-

+2

ing term £(t) in the Hamiltonian is assumed to be of the form £(t) = Eexp(—5=),

where &, is the peak amplitude of the pulse. We set 7, = 24.4 ps (i.e., full width
at half maximum - FWHM of 34 ps), which satisfies the narrow-band condition and
corresponds to our experimental parameters.

Figure 5.7 shows the behavior of the system with better than current state of the
art [84] but achievable experimental parameters (assuming QD dipole moment of 30
Debye embedded in a linear three holes defect cavity with mode volume ~ 0.7(\/n)?)
resulting in g = 27 X 40GHz and k = 27 x 4 GHz . The results in Fig. 5.7a show
that such a cavity-QD system can be employed to deterministically and preferentially
generate a non-classical state with a high fraction of a particular Fock state inside
the cavity (no pure QD dephasing is included in the simulation). The detuning
values (1.1g, 0.9¢ and 0.7g) are different from what one intuitively expects from a
lossless strongly coupled QD-cavity system under CW driving (g, g/v/2 and g/v/3,
corresponding to the excitation of first, second and third order manifold, respectively)
because of both the losses and the pulsed driving of the system [67]. We note that,
in presence of pure QD dephasing, P(n) for n photon states decreases. We also note
that even for a coherent state |a) = >, %]n), it is possible to have a particular
Fock state |m) to be the state with the highest probability P(m) of occurrence by

2

choosing « such that m +1 > a® > m. However, for a coherent state the ratio

P(m)?

B )Pl = 1+1/m does not depend on «, and that cannot be increased by

T =
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Figure 5.7: Numerically calculated photon statistics at the output of the QD-cavity
system driven by Gaussian pulses with duration 7, ~ 24 ps. The simulation pa-
rameters are g = 27 x 40 GHz, k = 27 x 4 GHz, and &, = 27 x 9GHz; pure QD
dephasing is neglected. (a) P(n), probability of generating an n photon state at the
CQED system output as a function of laser-cavity detuning A.. (b) The ratios r
and ry as a function of A.. r,, = %, where P(m) is the probability of
having m photons in the light. The dotted lines show the expected values of the
ratios from a classical coherent state. (c) Second order auto-correlation g (0) as a
function of A.. The red dashed line shows the expected ¢g(®(0) for a coherent state.
(d) Second order differential correlation C®(0) as a function of A.. (e) C®(0) as
a function of the laser-cavity detuning A, for different values of the peak laser field
&,/2m (in units of GHz). Every plot is normalized by the maximum C®)(0), so that
the peak value becomes 1 for all the plots. We observe that the peak in the C®(0)
occurs at A, = 0.7¢g for weaker excitation (where the second order manifold is excited
resonantly via two photons). However, with increasing excitation power, the peak
positions shifts towards A, = 0, due to excitation of higher manifolds.
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changing power in the coherent state. However, using the strongly coupled QD-cavity
system, one can preferentially generate Fock states with probabilities that exceed this
classical ratio achievable in a coherent state. This is shown in Fig. 5.7b, where we
compare the ratio r,, for 1 and 2 photon Fock state for a classical coherent state and
the non-classical state generated by the coupled QQD-cavity system. We clearly see a
large increase in the ratio r1(ry) for QD-cavity system at a detuning ~ 1.1¢g (~ 0.9¢)
showing that at those detunings we are preferentially generating 1 and 2 photon Fock
states.

From the probability distribution of the different Fock states we can find the wave-
function of the overall photon state |¢)) = Zﬂ:cn|n> with P(n) = |c,|?, the second

Zn(n—l)P(n)
vlatalaaly) _ " -~ and second order differ-

(Y[aTal)?
ential correlation function C?(0) = (Y|afataaly) — (¥]ataly)? = S n(n — 1)P(n) —

order coherence function ¢ (0) = ¢

2
(Z nP(n)) , which we can measure experimentally. Figure 5.7c shows ¢ (0) as a

function of A,, the laser detuning from the empty cavity. The dashed line indicates
the expected ¢®(0) for a coherent state. Figure 5.7d shows C?(0) as a function
of A.. C®?(0) transitions from negative to positive value with decreased detuning
at A. ~ 0.9¢g, thanks to the excitation of the second manifold in the ladder when
two photons are simultaneously coupled into the cavity-QD system. Fig. 5.7e shows
C®@(0) as a function of A, for different laser excitation powers. We note that, the
peak position changes depending on the excitation laser power and at lower driving
power we observe the peak at A. ~ 0.7g, where the second order manifold is ex-
cited via two photons. With increasing power, the higher (third and more) manifolds
starts being populated, and the peak in C®(0) subsequently shifts to smaller values
of detuning. In Fig.5.7d, the peak in C®(0) is at a detuning of A, ~ 0.5¢.

Figure 5.8a shows the probability P(n) for different photon numbers as a function
of the peak amplitude of the drive pulse &, of the laser for kK &~ g ~ 271 x 20GHz, which
correspond to typical experimental parameters of our current system. The system is
driven with Gaussian pulses with 7, ~ 24 ps. Figure 5.8b shows the dependence of
g?(0) and C®(0) on the coherent driving amplitude &,. We assume that the laser
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Figure 5.8: Numerically calculated photon statistics for pulsed driving of our current
QD-cavity system: (a)The probability P(n) of n photon states in the output light,
as a function of &,, when the laser is resonant with the cavity. (b) ¢®(0) and C'®(0)
as a function of &,. The minimum &, used is 0.1 in the plot. (c¢) P(n) for n photon
state as a function of laser-cavity detuning A. (d) ¢ (0) and C®(0) as a function of
A. The simulation parameters are g ~ k = 27 x 20 GHz, &, = 27 x 9GHz and and
the system is driven with Gaussian pulses with 7, ~ 24 ps.

is resonant with the empty cavity frequency (A = 0), and hence the coupled system
is in the tunneling regime.

We repeat these calculations with &, fixed while the laser-cavity detuning A is
being changed. Figures 5.8c and 5.8d show the probabilities of different photon states
at the output, ¢®(0), and C®(0) as a function of A for a driving laser with peak
amplitude &, = 27 x 9 GHz, which roughly corresponds to the laser power used in

our experiment.

5.2.2 Experimental result

We confirm our theoretical predictions by performing experiment with InAs QDs

coupled to a linear three hole defect GaAs photonic crystal cavity. We measure laser
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transmission through the system (using the same cross-polarized reflectivity setup
described previously in this thesis, in chapter 3) and observe anti-crossing between
the QD and cavity (by changing temperature) signifying the system is in the strong
coupling regime. At resonance, the QD and cavity mix to generate two polaritons,
seen as two Lorentzian peaks in Figure 5.10a. By fitting the spectrum at resonance
we estimate the system parameters as k/2m = 27 GHz (corresponding to ) ~ 6,000)
and g/2m = 21 GHz. To drive the cavity-QD system, we use a mode-locked Ti-
Sapphire laser, that generates 3 ps pulses at a repetition rate of f,., = 80 MHz.
These 3 ps pulses are passed through a monochromator to elongate the pulse in time
domain, which results in pulses with approximately Gaussian temporal profile of 34 ps

FWHM, corresponding to 7, = 24.44 ps (as in our theoretical analysis). We determine
177Pavg
A2 QTp freph
the average optical power of the pulse train measured before the objective lens and

the amplitude of the coherent driving field using &, = , where P,,, is
n ~ 0.03 [67] is the coupling efficiency of the incident light into the cavity including
all the optics losses. For our experimental parameters, &, ~ 2my/Py,s(nW) x 9.3GHz.

All the photon statistics measurement were performed using the HBT setup. We
measure the histograms corresponding to the coincidences between two counters. We
tune the pulsed laser to the dip in the transmission spectrum (between two polaritons)
and perform second-order correlation measurement on light transmitted through the
cavity. Figure 5.9a shows the histogram, where the coincidence counts at zero time
delay are increased compared to the non-zero time delays. This is a signature of
photon bunching, and indication of photon-induced tunneling. Similar experiment
with the laser tuned slightly above the polariton frequency results in anti-bunching,
where the coincidence count at zero time delay is smaller than the coincidence counts
at non-zero time delay (Figure 5.9 b). This is the signature of photon blockade. We
estimate ¢(®(0) as the ratio of the coincidence counts at zero-time delay and non-zero
time delay. The second order auto-correlation ¢?(0) is measured as a function of
excitation laser frequency (Figure 5.10b) to observe transition from photon blockade
to photon induced tunneling regime. The measurement setup has a timing resolution
of 100 ps. We estimate ¢g‘®(0) as the ratio of the coincidence counts at zero-time

delay and at a time delay much larger than the timescale of the system dynamics
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Figure 5.9: Experimental observations of photon induced tunneling and blockade un-
der pulsed excitation (7, ~ 24 ps pulses with 80 MHz repetition frequency). (a)
Coincidence measurement obtained when the laser is tuned to the dip between po-
laritons. Increased coincidence counts at ¢ = 0 indicate the photon induced tunneling
regime. (b) Coincidence measurement obtained when the laser is tuned to the polari-
ton (in this case, the one at lower frequency). The reduced coincidence counts at ¢ = 0
indicate the photon blockade regime. The average laser power for the measurement
is Pyg = 0.20W.

(~ 1ns).

Following this we calculate the second order differential correlation function C'?)(0)
for the coupled-QD cavity system as a function of the laser-cavity detuning (Fig.
5.11a). We observe the transition of C'®(0) from negative to positive values. Simu-
lations with our system parameters are shown by the dashed line in Fig. 5.11a and
the onset of a peak at A, ~ 0.5¢g corresponding to the excitation of the higher order
dressed states is observed. The absence of such a clear peak in the experimental data
can be ascribed to QD blinking. As explained before, the peak in C®(0) does not
correspond exactly to the resonant excitation of the second order manifold via two
photon process, because of the additional excitation of the higher order manifolds.
All the measurements are performed at 14 K. We note that, in the simulation, g (0)
in the tunneling regime is much larger than the experimentally measured value as a
result of QD blinking, which causes the experimentally collected data to be a weighted
average of transmission through an empty cavity and a cavity with strongly coupled

QD; in other words, blinking effectively pulls the ¢®(0) curve towards ¢®(0) = 1
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Figure 5.10: (a) The transmission spectrum of a strongly coupled QD-cavity system
showing two polaritons. (b) Second order coherence function at t = 0, ¢®(0) as a
function of the laser detuning from the empty cavity frequency. The system is excited
with 7, = 24 ps Gaussian pulses, with 80 MHz repetition frequency. The dashed
grey (solid black) line results from a numerical simulation based on the system’s
experimental parameters and no (with) QD blinking. The average laser power for
the measurement is P,,, = 0.2nW. For the simulations we use a QD dephasing rate
va/2m = 1 GHz.
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Figure 5.11: (a) Normalized differential correlation function C'®(0) as a function of
the laser detuning. The dashed red line shows the result of a numerical simulation
based on the system’s experimental parameters. (b) ¢?(0) in the tunneling regime
(A, = 0) as a function of laser power P,,, measured in front of the objective lens.
The solid line shows the result of numerical simulation including the effects of QD
blinking, while the inset plots the numerically simulated ¢ (0) in the absence of
blinking. For the simulations we use a QD dephasing rate 7,4/2m = 1 GHz.
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[67]. We model the blinking behavior of the QD by assuming that during a unit time
interval the QD is active for a fraction r and inactive for (1 — r) of the time. Thus
the ¢ (0) measured in the experiment will be a statistical mixture of the coherent
photon state (when QD is inactive, i.e., QD-cavity coupling g = 0) and the correlated
photons from the coupled QD-cavity system. The quantum mechanical description
of the state is a mixed state (1 — r)|a){a| + (1)) (0], where the QD is active during
the fraction of the time given by 7. In the simulation we calculate ¢®(0) for two
different cases: ¢{»(0) when the QD is active (g # 0) and gf)(O) when the QD is

inactive or dark (g = 0). Hence we can find that the combined ¢®(0) (for a mixed

state) is given by

_ g (0)(ata)2 + (1 — 1) (0){a'a)}

g?(0) r(ata)? + (1 —r)(ata)?

(5.3)

where, (a'a), and (a'a)q are respectively, the square of the cavity transmission for an
active and a dark QD. We obtain good fit to our experimental data with » = 0.65.
The vertical error bars in all the figures are calculated from the uncertainties in the
fit of the histogram data sets. The horizontal error bars are given by the uncertainty
in the measurement of the laser wavelength or the laser power.

Finally, Fig. 5.11 b shows ¢?(0) as a function of excitation laser power in the
tunneling regime (A. = 0). This data is taken with the same CQED system on a
different day, when the cavity is red-shifted compared to the previous measurements.
For this particular experiment, the QD and the cavity are resonant at 26 K. This
slightly higher temperature might cause more QD dephasing, leading to a worse value
of g®(0) (1.12 as opposed to 1.2 from the previous measurement). Overall, g (0)
decreases with increasing laser power as expected from the intuitive picture of QD
saturation at high driving power and the numerical simulation. This clearly shows
that the photon bunching observed in tunneling regime is coming solely from the
quantum mechanical nature of the QD-cavity system, and not from a classical effect.
We also observe interesting oscillatory behavior in ¢ (0) as a function of power.
An oscillatory behavior is also observed in the simulation that includes the effects
of QD blinking. Without any QD blinking, the simulation results show a mostly

monotonically decreasing ¢‘®(0) with increasing laser power (inset of Fig. 5.11b).
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We would like to point out that these measurements have been performed at the
lowest P,y = 0.2 nW that we can reliably use, corresponding to &, ~ 27 x 4.2GHz.
This roughly corresponds to the red plot in the theoretical Fig. 5.7e, where the
peak in C?(0) is near ~ 0.5g. This lower power limit is caused by the limited
mechanical stability of the cryostat and the low overall efficiency with which we can
couple the cavity photons into the single photon counters in our HBT setup. The time
needed to perform the second-order coherence measurement increases quadratically
with decreasing F,,, and for low powers the cavity drifts out of focus before we can

collect sufficient number of coincidence counts.

5.2.3 Effect of dephasing on blockade and tunneling

Pure QD dephasing turns out to be a very important quantity, for solid state CQED
with quantum dot [2]. The effect of pure QD dephasing can be modeled by adding a
term 2v4L(cfo) in the Master equation. With increasing dephasing rate, the g (0)
spectrum tends to the one expected from just a coherent state (¢¥(0) = 1 for all
the detunings) (Figure 5.12). However the qualitative nature of the tunneling and
blockade in the spectrum remains same.

We also investigate the effect of pure QD dephasing on the Fock-state generation.
Figure 5.13 shows the probability P(n) of generating n photon Fock state for two
different situations: no dephasing and with a pure QD dephasing rate of v,4/27 = 1
GHz. We observe that the qualitative nature of the Fock state generation remains
same even in the presence of the pure dephasing. However, the corresponding prob-
abilities are diminished. In fact at very large dephasing, the system produces only a

coherent state.

5.3 Sub-Poissonian light generation with a bimodal
cavity

In previous sections, the system studied involved a single mode cavity. In this sec-

tion, we propose an implementation of a source of strongly sub-Poissonian light in a
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Figure 5.12: The effect of pure QD dephasing on the tunneling and blockade regime:
(a) In the blockade regime ¢(?(0) remains lower than 1, but increases with increasing
dephasing rate. (b) In the tunneling regime, ¢®(0) remains higher than 1, but
decreases with increasing dephasing rate.
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Figure 5.13: The effect of pure QD dephasing on the Fock state generation: (a) Prob-
ability P(n) of generating n photon states as a function of A/g. No QD dephasing is
included. (b) P(n) as a function of A/g, with a pure QD dephasing rate v;/27m = 1
GHz. For all the simulations: /27 =4 GHz and g/27 = 40 GHz.
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system consisting of a quantum dot coupled to both modes of a lossy bimodal op-
tical cavity [39]. When one mode of the cavity is resonantly driven with coherent
light, the system will act as an efficient single photon filter, and the transmitted light
will have a strongly sub-Poissonian character. In addition to numerical simulations
demonstrating this effect, we present a physical explanation of the underlying mech-
anism. In particular, we show that the effect results from an interference between
the coherent light transmitted through the resonant cavity and the super-Poissonian
light generated by photon-induced tunneling. Peculiarly, this effect vanishes in the
absence of the cavity loss.

While most of the recent experiments focus on photon blockade with a single two
level system and a single cavity [78, 67, 3, 85, there have been several theoretical
proposals predicting similar effects and sub-Poissonian light generation in systems
based on multi-level atoms in a cavity [77] and on a quantum dot interacting with a
pair of proximity-coupled nanocavities [86, 87] or wave-guides [88].

The cavity QED systems in which photon blockade can be studied depend on three
important rate quantities: the coherent coupling strength between the atomic system
and the cavity g, the cavity field decay rate x and the dipole decay rate 7 (as explained
earlier in the thesis). In all aforementioned proposals, the photon blockade occurs
in the strong coupling regime, when the coherent interaction strength is larger than
the loss rates in the system. In fact, the limit of g/k, g/y — oo results in vanishing
overlap between the energy eigen-states of the anharmonic ladder, which in turn leads
to a perfect photon blockade (¢(®(0) = 0). In a solid state optical system based on
a photonic-crystal cavity with an embedded single QD as the two-level system, the
condition g > 7 is generally easy to satisfy. However, achieving the condition of
g > K, which requires a high quality (Q) factor of the cavity, is generally difficult
due to fabrication challenges. As a result, even the best photon blockade with a QD
embedded in a solid-state nanocavity reported so far in the literature gives a second
order correlation g (0) ~ 0.75 [85]. Though a proposal based on a QD interacting
with a photonic molecule (a pair of coupled cavities) predicts efficient blockade even
for cavities with easily achievable Q factors [86, 87](also analyze din the following

chapter), the suggested scheme requires both individual addressability of each cavity
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and a large coupling strength between the two cavities. Since nanophotonic cavities
are generally coupled via spatial proximity, large coupling poses a major challenge
for achieving individual addressability.

In this section, we propose a different approach for generation of strongly anti-
bunched light which employs a bimodal cavity with both of its modes coupled to
a QD. We will show that in this approach the cavity loss is actually crucial for
achieving the effect, as opposed to photon blockade systems introduced so far in
which the cavity loss plays a negative role. Specifically, the effect does not occur in
our system in the limit of g/x — 0, which is intuitively expected, as this is the case
of an infinitely large loss (and this is what also happens for the cases of blockade with
a single QD strongly coupled to a single cavity and in previous photonic molecule
proposals). However, for g/k — oo (zero loss, i.e., an infinite cavity Q-factor), the
proposed system fails to generate sub-Poissonian light, in contrast with the single
cavity with a strongly coupled QD, where perfect photon blockade occurs in such
a limit. Here, we provide an intuitive explanation of how a balance between the
coherent QD-cavity interaction and the decay of the cavity field is required to achieve
a strong sub-Poissonian output photon stream. Second order auto-correlation of such
a bimodal cavity was analyzed before experimentally [89] and theoretically [90] in the
context of semiconductor micro-disk cavities, where the right and left hand circularly
polarized cavity modes are degenerate. However, the unusual dependence of the sub-
Poissonian light on g/ ratio was not reported before. Additionally, we analyze the
nanophotonic platform for possible experimental realization of this effect. We note
that the role of cavity loss in generation of entanglement between two cavity modes

was previously studied in Ref. [91].

5.3.1 Theory

In a conventional strongly coupled QD-cavity system, a QD interacts with a single
cavity mode (Fig. 5.14a). In the bimodal cavity, the QD is coupled to both cavity
modes (described with photon annihilation operators a and b) although there is no

direct coupling between the two modes (Fig. 5.14b). Assuming the cavity modes are
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degenerate and the QD is resonant with both of them, the Hamiltonian H describing
such a system (in a frame rotating at the frequency of the laser driving the cavity

mode a) is:

H=A(ala + oo +b'b)+ gu(a'o + ao’) (5.4)
+ g(blo +bot) + Evk(a +al)

Here, o is the QD lowering operator, g, and g, are the coupling strengths between the
QD and the two cavity modes,k is the cavity field decay rate, £ denotes strength of the
driving laser and A is the detuning between the driving laser and the cavity modes.
The loss in the system is incorporated in the usual way by using the Master equation.
Fig. 5.14c shows the transmitted light collected from the driven cavity (x(a'a)) for
both single (dashed line) and double mode cavities (solid line). The cavity output
is qualitatively similar for both cases, and the split resonance is caused by coupling
of the QD to the cavity and creation of polaritons. For the single mode cavity, the
two polaritons are separated by 2¢, while for the bimodal cavity, the separation is
21/2¢ due to the presence of two modes, as will be explained later. Increased cavity
transmission at A = 0 for the bimodal case is also due to the presence of two modes.
However, the second-order autocorrelation functions of the cavity transmission g‘® (0)
are strikingly different for two cases (Fig. 5.14d). For the single mode cavity, one
observes photon blockade (g®)(0) < 1), when the driving laser is tuned close to
the frequency of the polariton, A ~ +1.5g. For the bimodal cavity, sub-Poissonian
statistics are observed at three different detunings: A ~ +1.8g and A = 0. A
slight deviation from the polariton frequencies (for single mode cavity A ~ 4+¢ and
for bimodal cavity A =~ 4+/2g) is due to the losses in the system. The weak sub-
Poissonian light (¢ (0) ~ 0.95) at A ~ 4+/2g is comparable to that observed in
the single mode cavity, and it arises from the same mechanism. At A = 0, the
sub-Poissonian character is much stronger (¢ (0) ~ 0.4), and it is this regime in the
bimodal cavity that we will focus on. Note that the sub-Poissonian character observed
at this frequency of the driving laser cannot be explained by the anharmonic nature of
the ladder alone. In fact, in the energy structure of the coupled QD and the bimodal

cavity, we always find an available eigen-state at this empty cavity frequency.
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Figure 5.14: (a) Schematic of a QD coupled to a single mode cavity, with a coupling
strength of g. (b) Schematic of a bimodal cavity with a coupled QD. The two cavity
modes are not directly coupled to each other. However, both of them are coupled
to the QD with interaction strengths g, and g,. (c) The cavity output x(a'a) as
a function of the driving laser detuning A from the empty cavity resonance both
for a single mode cavity (dashed line) and the bimodal cavity (solid line). The split
resonance observed is due to the coupled QD. (d) Second order autocorrelation g (0)
function calculated for the collected output of the driven mode for a single mode
(thick dashed line) and bimodal cavity (solid line). The green dashed line marks
the Poissonian statistics of a coherent state (always 1). For single mode cavities
at A ~ +1.5¢ and for bimodal cavities at A ~ +1.8¢g, we observe a weakly sub-
Poissonian light (¢(?(0) slightly less than 1). However, for bimodal cavity a strong
sub-Poissonian light is generated when A = 0. For bimodal cavities we assumed
identical interaction strengths and cavity decay rates for two modes. Parameters
used for the simulations: QD-cavity interaction strength ¢g/27 = g,/27 = g,/27m = 10
GHz, cavity field decay rate k/2m = 20 GHz, dipole decay rate v/2r = 1 GHz, and
driving laser strength £y/k/2m = 1 GHz.
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To further illustrate the difference between the photon blockade in a single mode
cavity and the effect we observe in a bimodal cavity, we perform numerical simulations
for a range of coupling strengths ¢ and cavity field decay rates x in both systems.
Using these simulations, we obtained the values of ¢(®(0) for the transmitted light
for a single mode cavity (laser tuned to one of the polaritons, i.e., A = g) and for a
double mode cavity (the laser tuned to the bare cavity frequency, i.e., A = 0). Fig.
5.16a,b shows ¢®(0) as a function of g and x. For a single mode cavity, blockade
appears at high g and low k, as generally expected for any photon blockade system
(Fig. 5.16a). However, for a bimodal cavity (when excited at A = 0), the effect
disappears and the transmitted photon output becomes Poissonian whenever g and
are disproportionate (i.e., g/k — 0 or g/k — 00). A strongly sub-Poissonian output
can be observed from a bimodal cavity when g and k are comparable. Fig. 5.16¢ plots
the ¢(®(0) as a function of the ratio /g for different ¢ demonstrating sub-Poissonian
light in the bimodal cavity even in the weak coupling regime. We stress again that
this result cannot be explained just by the anharmonicity of the ladder of energy
eigenstates. We note that for the bimodal cavity when pumped at A ~ v/2g, the
light is sub-Poissonian only at high ¢ and low &, consistent with conventional photon
blockade. We now briefly discuss the light state from the undriven cavity mode b.
Mode b is not directly coupled to mode a, and the only way it can receive photons is
via the QD. Hence the amount of light collected from mode b is very small, but the
light is sub-Poissonian. However, there is no photon blockade present in the mode b,
and the sub-Poissonian character of light in mode b is similar to the single photons
generated by resonant excitation of a QD. Fig. 5.15 a,b shows the transmitted cavity
(b) output and second order autocorrelation ¢®(0) as a function of ¢ and k.

To understand the origin of the strongly sub-Poissonian light transmitted through
a bimodal cavity, we transform the system’s Hamiltonian to a different cavity mode
basis: « = (a +b)/v/2 and 3 = (a — b)/v/2. The Hamiltonian H can be written
(assuming g, = g» = g) as H = H; + Ho with

£V
V2

Hi, = Alafa+ofo) + V2g(alo + acl) + (a4 ah) (5.5)
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Figure 5.15: (a) Transmitted output x(b'b) from the undriven cavity mode b as a
function of g and k. For both modes the same g and  are assumed. (b) Second order
autocorrelation ¢(®(0) for the bimodal cavity as a function of g and x. The light is
always sub-Poissonian, and results from the resonant QD excitation via mode a, and
collection of the output photons via mode b. This is similar to a conventional single
photon source under resonant excitation of the QD.
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Figure 5.16: (a) Second order autocorrelation g (0) for the conventional photon
blockade in a single mode cavity as a function of the QD-cavity coupling strength
g and cavity field decay rate k. ¢®(0) decreases with increasing value of g/k, as
expected, as a result of reduced overlap of energy eigenstates in the anharmonic
ladder. (b) ¢‘®(0) for the bimodal cavity as a function of g and x. ¢‘¥(0) is calculated
for the output of mode a, i.e., for photons leaking from the mode a. We observe that
g»(0) — 1 (Poissonian output) when g/k — 0 or co. However, we can observe
very low ¢®(0) even when the QD is not strongly coupled to the two cavity modes
(9 < K/2). (c) g?(0) as a function of the ratio x/g for different g showing sub-
Poissonian light generation in the bimodal cavity even in the weak coupling regime.

For all the simulations £/27 = 0.1 GHz such that the QD is not saturated.
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describing a driven single mode cavity coupled to a QD with a strength of v/2¢ and

Ha = 8815+ £ 54 51 59

describing a driven empty cavity mode. Both cavities are driven at the bare cavity
resonances. We monitor a = (a+f)/v/2 which, in the transformed basis, is equivalent
to the output from two cavities: one with a coupled QD («) and the other empty
(8), combined on a beam-splitter. Fig. 5.17a shows the transmitted cavity output for
three different cases: cavity a alone, cavity § alone and the combined output. Note
the polariton peaks in the combined output at ++/2¢ and increased transmission of
light at zero detuning due to the empty cavity.

The cavity transmission with a strongly coupled QD driven at the cavity reso-
nance is super-Poissonian due to photon-induced tunneling, as explained earlier in
this chapter(a in Fig. 5.17b). On the other hand, the empty cavity transmission
(8 in Fig. 5.17 b) is a purely Poissonian coherent state. When the outputs of these
two cavities are combined on a beam-splitter (a = (o + 3)/+/2 in Fig. 5.17 b), the
output shows sub-Poissonian character. We note that similar interference effect was
previously reported in [89]. However, for efficient generation of sub-Poissonian light,
one needs comparable transmitted light intensity from both cavities, which calls for
a balance between the cavity loss x and the QD-cavity nonlinear interaction strength
g. Using this effective model, the somewhat unusual dependence of ¢®(0) on ¢g and
k can now be explained. When g/x — 0, the coupled system is linear and both of the
equivalent cavities transmit just coherent light. On the other hand, although photon-
induced tunneling does happen in the limit g/x — 0o, the amount of super-Poissonian
light transmitted through the cavity « is so small (as the dressed states separation
in the ladder is so large that it is impossible to couple photons at energies between
them) that its interference with the coherent light from the empty cavity g will still
result in light with Poissonian statistics. To generate enough super-Poissonian light
via photon-induced tunneling in cavity («) which can affect the coherent light from
the empty cavity (f), comparable values of dot-cavity interaction strength ¢ and

cavity decay rate k are required.
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Figure 5.17: (a) Cavity output for an empty cavity § and another cavity a coupled to
a QD with a coupling strength of v/2¢. The combined output of these two replicates
the output from the bimodal cavity a (Fig. 5.14). (b) ¢®(0) for these three cases:
the empty cavity 8 gives Poissonian light; the cavity « with coupled QD gives super-
Poissonian light due to photo-induced tunneling [3] (the black curve goes to infinity
at A = 0); the combined output a provides sub-Poissonian light. Parameters for the
simulation: g/27 = 10 GHz, /27 = 20 GHz, /27 =1 GHz and £+/k/27 = 1 GHz.
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5.3.2 Proposed experiment and preliminary experimental data

Finally, we discuss the nanophotonic platform that can be used to implement our
proposal. A photonic-crystal cavity with Cg symmetry can support two degenerate
cavity modes with orthogonal polarizations [92]. The two cavity modes are thus not
coupled to each other (since their polarizations are orthogonal), and can be easily
addressed independently by a laser. At the same time, a QD can be coupled to both
cavity modes, if it is placed spatially at the center of the cavity with its dipole moment
aligned at a 45°-angle to the polarizations of both modes.

Two potential issues can arise from fabrication imperfections in a realistic system:
a frequency difference A,, between the two cavity modes and a mismatch between
the QD coupling strengths g, and g, to each mode. These issues can be seen in
the preliminary experimental results shown below. To examine the robustness of the
proposed scheme against these imperfections, we plot their effects on ¢(®(0) in Fig.
5.18. Fig. 5.18a shows the numerically calculated ¢g‘®(0) as a function of the detuning
between the two cavity modes A,,. We observe that the sub-Poissonian character of
the transmitted light vanishes when A,, > k. This negative effect of frequency
difference of the two modes can be balanced simply by increasing the cavity decay
rate k, i.e., by lowering the cavity quality factor. This results in an increase of the
frequency overlap between the two modes and makes the degeneracy of the two modes
more robust. The effects of this improvement outweigh the penalty incurred on the
system’s performance by reducing the g/x ratio, and we can see in Fig. 5.18a that a
strong sub-Poissonian output can still be produced.

Additionally, we analyze the performance of the system as a function of the ratio
gv/ ga, where g, and g, are the QD coupling strengths with the cavity modes a and b
assuming mode a is coherently driven. It can be shown from the effective model that
at a large g,/g, ratio, we essentially drive only the empty cavity § and the photon
statistics is Poissonian. Similarly, at a small g;/g, ratio, we drive only the cavity «
with coupled QD and the photon statistics is super-Poissonian due to photo-induced
tunneling. This can be explained by looking at the effective model for different g, and
gy, Which is described previously only for the g, = g, case. To understand the nature

of the effect resulting in transmission of sub-Poissonian light, we make the following
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transformation:
“ b
_ GO T G0 (5.7)
V92 + 9
a — gagb
ﬁ — 913792 (5.8)
Va2 + 9
Under this transformation, we can rewrite the total Hamiltonian as
H="H+H, (5.9)
with
&
H, = Aldfa+olo) +1/g2 + gilac’ +alo) + \/Eﬁ(a +af) (5.10)
&
Hy = ABB+VE———(5+ B, (5.11)

V1472

where r = ¢,/g,. For g, = gy, we recover the result reported in the main text. When
r — 0, there is no light in the uncoupled cavity, and all the light output is from
the coupled QD-cavity system. That light is super-Poissonian due to photo-induced
tunneling. On the other hand, when r — oo, the coupled QD-cavity does not get
any light. Hence the output light is just in a coherent state, which means its photon
statistics will be Poissonian.

When ¢,/g, ~ 1, we meet the optimal condition of interference between the co-
herent state and super-Poissonian state to generate light with sub-Poissonian photon
statistics. This can be seen in the numerical simulations of ¢(®(0) as a function of
v/ 9e in Fig. 5.18b. The system performance is insensitive to the actual value of g,
for a relatively large range, as long as the ratio g,/g, is maintained. At the same
time, we can see that the lowest value of g(®(0) is achieved for the ratio of coupling
strengths g,/g, ~ 0.8. We note that this ratio depends on the driving strength of the
laser, and can be related to the requirement for similar transmission from the cavities
a and 5.

Now we will describe some initial experimental results showing the signature of
QD-cavity coupling in a bimodal cavity, and comment on the feasibility of implement-

ing our theoretical method in this system. Fig. 5.19 a,b,c show the scanning electron
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Figure 5.18: (a) Second order autocorrelation ¢(®(0) of the cavity transmission, as a
function of the relative detuning A, between two cavity modes for different cavity
field decay rates k = Kk, = kp. The quality of the sub-Poissonian photon stream in
the transmitted output degrades with increasing detuning, which can be compensated
by increasing x, thereby maintaining low ¢®(0). For these simulations we assume
9a/2m = g»/271 = 10 GHz and £/2m = 0.1 GHz. (b) Second order autocorrelation
g?(0) of the cavity transmission as a function of the ratio g,/g, for different g,.
The transmitted light behaves like a coherent state at high ¢,/g, ratio and like a
super-Poissonian state generated via photo-induced tunneling at low g,/g, ratio. In
between, when g,/g, ~ 1, we observe strong sub-Poissonian output. Here, x/27m = 20
GHz for both cavity modes.
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Figure 5.19: Scanning electron micrographs of fabricated photonic crystal cavities
that can support degenerate modes: (a) H1 cavity, where the central hole is removed;
(b) ”calzone” cavity, where the central hole and half of the next layer of holes are
removed; (¢) H2 cavity, where the central hole and the first layer of surrounding holes
are removed. (d) Photoluminescence spectrum of an H1 cavity showing moderate
quality factors and moderate degeneracy of the two modes. Black dots correspond to
experimental data points; the red lines are Lorentzian fits.

microscope images of three different photonic crystal cavities designed to support de-
generate cavity modes. Fig 5.19d shows the photoluminescence (PL) spectrum from
an H1 (Fig. 5.19a) cavity. We have so far achieved quality factors of 2000 — 2500
with this cavity design while maintaining significant overlap between the two modes.
For this particular system the separation between the two peaks is ~ 0.5 nm.
Lastly, we study the effects of the drive laser polarization to verify that the QD
can couple to both cavity modes, and to examine the polarization properties of the
two cavity modes. Fig. 5.20a,b show the PL spectrum of the bimodal cavity system
(mode M1 and M2), with a coupled QD (D1) at two different temperatures 20K and
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Figure 5.20: (a), (b) PL spectrum of the bimodal (H2) cavity and a coupled QD at
two different temperatures 20K (a) and 30K (b). The two modes are denoted as M1
and M2 and the QD is denoted as D1. (c),(d) Polarization dependence of the cavity
modes (red and black plots) and the QD (green plot) at two different temperatures:
20K (a) and 30K (b).

30K. Fig. 5.20c,d show the polarization dependence of the two modes and the QD.
At both temperatures, the cavities are of orthogonal polarizations. However, in Fig.
5.20c the QD D1 mostly follows cavity mode M1. With increasing temperature, the
QD moves closer to mode M2, and the polarization dependence of D1, follows both
modes M1 and M2 (Fig. 5.20d).

Based on these preliminary results, we expect that modest fabrication improve-
ments increasing the frequency overlap of the two modes or implementation of in-situ
frequency tuning of the two modes will allow us to implement the proposed scheme.

In summary, we introduced a scheme for generation of sub-Poissonian light in
a CQED system with a bimodal cavity and provided a theoretical and numerical
analysis of its performance. For similar system parameters, the bimodal cavity can
provide a much better sub-Poissonian character of the transmitted photon stream

(9®(0) ~ 0.1) compared to a single mode cavity (¢®(0) ~ 0.9). We also introduce
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an equivalent model which explains the effect as an interference between a coherent
state and a super-Poissonian state generated by photon-induced tunneling, and a
balance between the nonlinearity and the loss of the system is required to observe it.
Moreover, the effect disappears in the absence of the cavity loss (g/k — o00). This
interplay between loss and nonlinearity has great potential to be exploited for the

design of realistic coupled cavity arrays for efficient quantum simulation.



Chapter 6

Cavity QED with a Single
Quantum Dot in a Photonic

Molecule

In this chapter, we demonstrate cavity QED effects for a quantum dot coupled to
a photonic molecule, consisting of a pair of coupled photonic crystal cavities. We
show anti-crossing between the quantum dot and the two super-modes of the pho-
tonic molecule, signifying achievement of the strong coupling regime. From the anti-
crossing data, we estimate the contributions of both mode-coupling and intrinsic
detuning to the total detuning between the super-modes. Such a configuration is
useful both for nonclassical light generation and for quantum simulation of exotic

many-body systems.

6.1 Introduction

As described in the previous chapters, a single QD coupled to a PC cavity is an im-
portant building block for integrated nanophotonic quantum information processing
devices [6]. However, all of the CQED effects demonstrated so far in this system
involve a single cavity. Although numerous theoretical proposals employing multiple

cavities coupled to quantum dots exist in the literature [93, 94, 95|, experimental
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development in this direction is rather limited. Recently it has been reported that
strongly sub-Poissonian light can be generated from a pair of coupled cavities contain-
ing a single QD [86, 87]. This double cavity, also called a photonic molecule, coupled
to a single QD forms the first step towards building an integrated cavity network
with coupled QDs. Photonic molecules made of PC cavities were studied previously
(96, 97] to observe mode-splitting due to coupling between the cavities. In those
studies, a high density of QDs was used merely as an internal light source to generate
photoluminescence (PL) under above-band excitation and no quantum properties of
the system were studied. In another experiment, a photonic molecule consisting of
two micropost cavities was used along with a single QD to generate entangled pho-
tons via exciton-biexciton decay, but the QD-cavity system was in the weak coupling
regime and the Purcell enhancement was the only CQED effect observed [98].

In this chapter, we demonstrate strong coupling of a photonic molecule with a
single QD. We show clear anti-crossing between the QD and two super-modes formed
in the photonic molecule. In general, the exact coupling strength between two cavities
in a photonic molecule is difficult to calculate, as the observed separation between the
two modes has contributions both from the cavity coupling strength as well as from
the mismatch between the two cavities due to fabrication imperfections. However,
by monitoring the interaction between a single QD and the photonic molecule we
can exactly calculate the coupling strength between the cavities and separate the
contribution of the bare detuning due to cavity mismatch. In fact, without any
coupling between two cavities, one cannot have strong coupling of the QD with both
of the observed modes. Hence, the observed anti-crossing of the QD with both modes

clearly indicates coupling between the cavities.

6.2 Theory

Let us consider a photonic molecule consisting of two cavities with annihilation oper-
ators for their bare (uncoupled) modes denoted by a and b, respectively. We assume

that a QD is placed in and resonantly coupled to the cavity described by operator a.
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The Hamiltonian describing such a system is:
H = Ab'b+ J(a'b+ ab’) + g(a'o + ac) (6.1)

where A, is the detuning between the two bare cavity modes; J and g are, respectively,
the inter-cavity and dot-cavity coupling strength; o is the QD lowering operator; and
the resonance frequency wy of the cavity with annihilation operator a is assumed to be
zero. We now transform this Hamiltonian by mapping the cavity modes a and b to the
bosonic modes « and 3 introduced as a = cos(6)a+sin(f)S and b = sin(6)a —cos(0) 5.
We note that this mapping maintains the appropriate commutation relations between
operators a and b. Under these transformations we can decouple the two cavity modes
(o and ) for the following choice of 6:

2J
A,

Under this condition the transformed Hamiltonian becomes:

tan(20) = — (6.2)

H = ala(A,sin?(0) + Jsin(20)) + gcos(8)(alo + aol)
+ BTB(A, cos*(0) — Jsin(20)) + gsin(0) (870 + Bol)

Therefore, a QD coupled to a photonic molecule has exactly the same eigen-structure
as two detuned cavities with the QD coupled to both of them (from the equivalence
of the two expressions above for the Hamiltonian ). The super-modes of the trans-
formed Hamiltonian « and  will be separated by A = /A2 + 4.J2 (obtained by
subtracting the terms multiplying afa and 573, under the conditions of Eq.6.2) and
the interaction strength between the QD and the super-modes will be g; = g cos(6)
and gy = gsin(f). If the two cavities are not coupled (J = 0 and 6 = 0), we can still
observe two different cavity modes in the experiment due to A,, the intrinsic detuning
between two bare cavities. However, if we tune the QD across the two cavities in this
case, we will observe QD-cavity interaction only with one cavity mode (in this case
a, as the term coupling 3 to the QD in the transformed Hamiltonian will vanish, as a
result of sin(f) = 0). In other words, in this case the QD is spatially located in only
one cavity and cannot interact with the other, spatially distant and decoupled cavity.

Fig. 6.1 shows the numerically calculated cavity transmission spectra (proportional
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to (a'a) + (b'b)) when the QD is tuned across the two cavity resonances. When the
two cavities are coupled (J # 0), we observe anti-crossing between each cavity mode
and the QD (Fig. 6.1a). However, only one anti-crossing is observed when the cavities

are not coupled (Fig. 6.1b).

6.3 Characterization of photonic molecule

The actual experiments are performed with self-assembled InAs QDs embedded in
GaAs. We fabricated two different types of coupled cavities: in one case, the two
cavities are offset at a 30° angle (inset of Fig. 6.2a) and in the other the two cavities
are laterally coupled (inset of Fig. 6.2b). In the first case the coupling between the
cavities is stronger as the overlap between the electromagnetic fields confined in the
cavities is larger along the 30° angle. Figs. 6.2a,b show the typical PL spectra of
these two different types of coupled cavities for different spacing between the cavities.
A clear decrease in the frequency separation between the cavities is observed with
increasing spatial separation. Note that the consistency of this trend between different
fabrication runs already indicates that this frequency separation cannot be purely due
to the fabrication-related intrinsic detuning between the two cavities. Nevertheless,
it is very difficult to quantify how much of the separation is due to coupling (J), and
how much is due to intrinsic detuning (A,) of the cavity resonances. However, we
will show that by observing the anti-crossing between the QD and the two modes we

can conclusively determine both J and A,.

6.4 Strong coupling between a single QD and a

photonic molecule

First, we investigate the strong coupling between a single QD and the photonic
molecule. For this particular experiment, we used a photonic molecule consisting

of cavities separated by 4 holes along the 60° angle. In practice it is not trivial to
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Figure 6.1: Numerically calculated cavity transmission spectra when the QD reso-
nance is tuned across the two cavity resonances. (a) Anticrossing is observed between
the quantum dot and both cavity modes when the two cavities are coupled (coupling
rate between the two cavities is J/2m = 80 GHz). (b) When the two cavities are not
coupled (J = 0), we observe anti-crossing in only one cavity. Parameters used for the
simulation: cavity decay rate /27w = 20 GHz (for both cavities); QD dipole decay
rate v/2n=1 GHz; dot-cavity coupling rate of ¢g/2r = 10 GHz; intrinsic detuning
between the bare cavity modes A,/2m = 40 GHz for (a) and 120 GHz for (b). The
plots are vertically offset for clarity. The horizontal axis corresponds to the detuning
of the probe laser frequency w, from the cavity a resonance wy in units of cavity field
decay rate.
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Figure 6.2: Photoluminescence spectra of the coupled cavities for different hole spac-
ings between two cavities: (a) the cavities are diagonally placed and separated at
an angle of 60° (see the inset for a scanning electron micrograph (SEM)); (b) the
cavities are laterally separated (see the inset for SEM). A decrease in the wavelength
separation between two cavity modes is observed with increasing spatial separation
between the cavities (i.e., with increasing number of holes inserted in between the
two cavities). For the diagonally placed cavities the holes are counted along the 60°
direction. A much larger separation is observed in (a) when the cavities are coupled

at an angle compared to the lateral coupling (b).
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tune the QD over such a long wavelength range as required by the observed separa-
tion of the two cavity peaks. Hence we use two different tuning techniques: we tune
the cavity modes by depositing nitrogen on the cavity [99], and then tune the QD
resonance across the cavity resonance by changing the temperature of the system. We
observe clear anti-crossings for both the modes as shown in Figs. 6.3a,b. Fig. 6.3a
is obtained by temperature-tuning the QD across the longer-wavelength cavity mode
before nitrogen deposition. We then perform the nitrogen deposition to red-shift the
cavity resonances, and repeat the temperature tuning to scan QDs across cavities.
Since nitrogen tuning does not shift QDs and shifts only cavities, we always scan
the same QD through cavity resonances. Fig. 6.3b shows the anti-crossing between
the QD and the shorter-wavelength cavity mode. The nitrogen and the temperature
tuning do not cause a significant change in the coupling and the detuning between
the cavities, as confirmed in the experiments described below.

We perform curve-fitting for the PL spectra when the QD is resonant to the cavity
super-modes and estimate the system parameters (Figs. 6.4a,b). The super-mode at
shorter (longer) wavelength is denoted as sml (sm2). As the detuning between the
super-modes is much larger than the vacuum Rabi spitting caused by the QD, we
can assume that when the QD is resonant to sm1(2), its interaction with sm2(1)
is negligible. Therefore, we can fit the PL spectra of sm1 (sm2) modes exhibiting
Rabi splitting individually. For sml, we extract from the fit the field decay rate
k1/2m = 22.4 GHz and the QD-field interaction strength g¢,/27 = 14.2 GHz (Fig.
6.4b); for sm2, ko/2m = 16.7 GHz and ¢o/27 = 23.7 GHz (Fig. 6.4a). We note that
we can achieve very high quality factors (~ 7,000 — 10,000) of the coupled cavity
modes as seen from the extracted s values. We also estimate the total detuning
between two observed modes as A/27m = 0.7 and 0.72 nm before and after nitrogen
tuning. This minimal difference in A resulting from the nitrogen tuning does not
impact our further analysis, and we take A to be the average of these two values.
The change in the cavity field decay rates arising from the nitrogen deposition is also
minimal. From these data, we use the relations 6 = arctan(gz/g1), tan(20) = —2J/A,
and A = /4J% + A2 to obtain: J/2m ~ 110 GHz and A, /27 ~ 118 GHz.

We now numerically simulate the performance of such a QD-photonic molecule



CHAPTER 6. CQED WITH PHOTONIC MOLECULE 117

.
0

.
— 9929l .
.... = T R d
...............
3 O
cC Temperature . [Tyl
- T e perature
.......... —.) T aeestee
.
B~ P e XY
...........
,,,,,,
6 — —
-
-
~ - 923.7
-~ -
~ WAY -

Normalized PL Intensity

e

923 924 923 924 925
A (nm) A (nm)

Figure 6.3: Normalized PL intensity plotted when we tune the QD across the cavity
resonance by temperature: (a) before nitrogen deposition (i.e., the QD is temperature
tuned across the longer wavelength resonance), and (b) after nitrogen deposition
(which red-shifts the cavity resonances and allows us to temperature tune the QD
across the shorter wavelength resonance). Clear anti-crossings between the QD and
the cavity are observed for both super-modes. In both cases, the temperature is
increased from bottom to top (the plots are vertically offset for clarity). In the inset
the resonances of the two anti-crossing peaks (as extracted from curve-fitting) are
plotted. Since nitrogen tuning affects only cavity resonances (not QD), the same QD
is tuned across both super-modes. Red arrow in figure (a) shows another blue-shifted
QD that enters this spectral range during the temperature tuning, but it is only
weakly coupled to the lower super-mode, as explained in the text, and does not affect
experimental results.
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for generation of sub-Poissonian light using the quantum optical master equation
approach [41]. Two bare cavity modes are separated by A,/27 = 118 GHz; a QD
is resonant and strongly coupled to one of the modes (a) with interaction strength
g/2m = 27.6 GHz (g = \/¢? + g3, where g; and gy are the two values of QD-cavity
interaction strengths obtained by fitting the PL spectra); mode b is the empty cavity.

The mode b is driven and the second order autocorrelation g*(0) = <IZZ$Z;’§> of the
transmitted light through cavity b is calculated [87]. We also assume the two cavities
to have the same cavity decay rate, which is an average of the cavity decay rates
measured from the two super-modes. Note however that, having slightly different
decay rates does not significantly affect the performance of the system. The numer-
ically simulated cavity b transmission and ¢?(0) of the transmitted light is shown
in Figs. 6.4c,d. We note that with our system parameters we can achieve strongly
sub-Poissonian light with ¢?(0) ~ 0.03. Unfortunately, in practice it is very difficult
to drive only one cavity mode without affecting the other mode due to the spatial
proximity of two cavities. This individual addressability is critical for good perfor-
mance of the system [87] and to retain such a capability in a photonic molecule the

cavities should be coupled via a waveguide [100].

6.5 Comparison with bimodal cavity

We note that generation of sub-Poissonian light with photonic molecule is somewhat
related to the proposal of generating sub-Poissonian light in a bimodal cavity as de-
scribed in the previous chapter. Figure 6.5 a,b shows the transmitted cavity output
and ¢ (0) for two different cases: the photonic molecule and the bimodal cavity.
We observe that the performance for both cases are comparable. However, for the
photonic molecule, we need to maintain both individual addressability and high cou-
pling strength between the cavities. In the nanophotonics platform this requirement
is challenging, as generally the inter-cavity coupling is achieved by spatial proximity.
Although, wave-guide coupling can be employed to mitigate the problem [100], that

solution brings the added complexity of engineering the cavity-to-waveguide coupling.
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Figure 6.4: QD-photonic molecule spectrum, (a) when the QD is resonant with super-
mode sm2 and (b) when the QD is resonant with super-mode sml. From the fit we
extract the system parameters (see text). Numerically simulated (c¢) second order au-
tocorrelation g?(0) and (d) transmission from cavity b, as a function of laser frequency,
with the experimental system parameters that were extracted from the fits.
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Figure 6.5: (a) Cavity transmission for two cases: bimodal cavity and photonic
molecule. (b) Second order autocorrelation ¢(®(0) for these two cases. Parameters
used for the simulations: QD-cavity interaction strengths ¢g/27 = g,/2m = g,/27m = 10
GHz; cavity field decay rates k,/2m = kp/2m = 20 GHz; coupling strength for the

photonic molecule J/27w = 40 GHz; dipole decay rate /27 = 1 GHz.



Chapter 7

Phonon-mediated off-resonant
interaction in a quantum

dot-cavity system

Phonon-mediated coupling between a self-assembled semiconductor quantum dot
(QD) and a semiconductor microcavity is a recently discovered phenomenon unique
to solid state cavity quantum electrodynamics. The physical effects described in
the previous chapters (like photon blockade, electro-optic modulation or all-optical
switching) can be well explained assuming that the QD behaves just like a two level
atomic system, but explaining this new off-resonant interaction requires a deeper un-
derstanding of the role that phonons play in the solid state. The prospect of strongly
enhanced light-matter interactions between a QD and an optical field has served as
a focal point in integrating QDs with high quality factor (Q) optical cavities, with
maximum enhancement occurring when the QD and the cavity are resonant and
the QD is spatially aligned to the cavity mode. Since achieving this maximum en-
hancement is difficult due to limitations in growth and fabrication techniques, the
recently observed coupling between a single QD and a detuned optical cavity mode
(2, 101] has spurred considerable theoretical [102, 41] and experimental interest in
determining the physical mechanism behind such coupling as well as in possible ap-

plications. This phenomenon has been observed both in photoluminescence studies
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under above-band pumping [32, 103, 104, 105, 106] and under resonant excitation of
the QD [2, 101]. The coupling observed via photoluminescence is attributed to several
phenomena including the electron-phonon interactions [102, 107, 108, 109, 110, 111],
multi-exciton complexes [59] and charges in the vicinity of the QD [112]. To isolate
the role of phonons in off-resonant QD-cavity coupling, studies employing resonant
excitation of the QD are preferable as they avoid possible complications arising from
multi-excitonic complexes and nearby charges generated via above band pumping.
A recent experiment, although performed in photoluminescence, eliminated possi-
ble multi-excitonic processes by novel QD growth techniques [113]. Apart from the
fundamental interest in identifying the mechanism behind this off-resonant coupling
[113, 59, 102, 107, 108, 109], this effect can be used to probe the coherent interaction
of the QD with a strong laser [42] as well as the cavity-enhanced AC stark shift of
a QD [114]. These results demonstrate that the off-resonant cavity constitutes an
efficient read-out channel for the QD states.

In this chapter, we theoretically and experimentally investigate off-resonant dot-
cavity coupling under resonant excitation of the QD. First we provide a theoreti-
cal framework to explain such coupling. We model this coupling as an incoherent
phonon-mediated channel. Then we present experimental results showing some ap-
plications of this off-resonant coupling, namely, making a single photon source with
photon frequency controlled by the cavity resonance, as well as using it for resonant
QD spectroscopy. Finally, we show the signature of such phonon-mediated coupling

between two off-resonant QDs.

7.1 Theory

In this section, we propose a model for phonon mediated off-resonant quantum dot-
cavity coupling and use it to successfully explain the observed results from resonant
QD spectroscopy. We first theoretically model the coupling via pure QD dephasing.
Then, we propose a new model where the phonon-mediated coupling is enhanced by
the cavity. We compare these two models and find that they predict qualitatively

similar signatures in resonant QD spectroscopic studies, such as power broadening
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and QD saturation [4, 115] (explained later in this chapter). However, in the cavity-
enhanced model, the coupling is maintained even at very large QD-cavity detunings
(~ 3 meV). Thus our results demonstrate that phonon mediated processes effectively
extend the detuning range in which off-resonant QD-cavity coupling may occur be-
yond that given by pure dephasing processes. Simulated QD spectroscopy results
also exhibit an inherent asymmetry between phonon emission and absorption rate,
depending on whether the QD is red or blue detuned from the cavity. To contrast the
two theoretical models, we experimentally study several QDs that are off-resonantly
coupled to a photonic crystal cavity mode. Analysis of the detuning dependence of
the off-resonant coupling shows that pure QD dephasing is incapable of describing
experimentally observed results. The phonon-mediated model, on the other hand,
provides an experimentally consistent and intuitive picture that accurately accounts

for the persistence of off-resonant coupling at large QD-cavity detunings.

7.1.1 Theory with pure QD dephasing

In addition to system losses (the cavity and the QD decay), phonons in the solid state
system destroy the coherence of the exciton. This is generally modeled by adding an
additional incoherent decay term 2y4L[o7o] to the master equation, where 274 is
the pure dephasing rate of the QD. This term destroys the polarization of the QD
without affecting the population of the QD. The dissipations of the QD polarization

and population (o, = [07,0]) is described by the mean-field equations:

1 Gt (1)
d<$> — (14 (o) (7.2)

The linewidth of the QD, at the zero excitation power limit, is 2(y +y4). However, in
this model, the effect of phonons is embedded in the phenomenological pure dephasing

rate 4, which affects only the QD and does not include any cavity effects.
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7.1.2 Theory with cavity enhanced phonon process

We now propose a different model for off-resonant dot-cavity coupling, where the
phonon-mediated coupling strength is affected by both the cavity and the QD. In
this case, the effect of phonons can be modeled by adding two additional incoherent
decay terms to the master equation. For a blue-detuned QD (Fig. 7.1 a) the master

equation has the form

dp

il —i[H, p| + 26L][a] + 2vL]o] (7.3)

+2vy,nL(oa) + 2y.(n 4+ 1) L(oal)

where 27, is the effective decay rate of the QD exciton states via the emission of a
phonon and a photon at the off-resonant cavity frequency and n(A,T) = (eMA/ksT —
1)~! is the average number of phonons at the dot-cavity detuning A, which are
present in the system at thermal equilibrium with the reservoir at a temperature 7.
The analysis for a QD red detuned from the cavity (Fig. 7.1 b) can be carried out in
a similar manner by replacing the final two terms of Eqn. 7.3 with 2y,7L(ca’) and
27, (7 + 1) L(oTa).

We use the level diagram as shown in Fig. 7.1 a to model the effect of phonons

explicitly. The Hamiltonian of the system is given by

H = Hy + H; (7.4)
where,
Hy = w|1)(1] + w2|2)(2] + w3|3) (3] + wala + > v;blb; (7.5)
J
and
Hy = g(al3){1] +a'[1)(3]) + Zgég(b§!3><2l + b;12)(3]) (7.6)

J
where, |i){i| is the population operator for i*" level; a is the annihilation operator for
the cavity mode; b; is the annihilation operator for a phonon in the 5" mode. w; , w
and v; are the frequencies of the i*" energy level, cavity resonance and a phonon in

the 7" mode. g, signifies the interaction strength between the cavity and the virtual
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Figure 7.1: (a),(b) Energy levels of the coupled QD/cavity system where the QD
is blue (a) and red (b) detuned from the cavity. A laser drives the quantum dot
(transition between ground state (1) and excited state (2)) resonantly. The excited
state (2) can decay via two paths: the first is by direct decay back to the ground state
(1) via the spontaneous emission; the second is by indirect decay via the emission (Fig.
7.1 a) or absorption (Fig. 7.1 b) of a phonon (transition (2) to (3)) and subsequent
emission of a photon at the cavity frequency (transition (3) to (1)). (c), (d) Emission
S(w) as a function of frequency w for a resonantly driven QD, that is blue (¢) and red
(d) detuned from the cavity, where w is the laser frequency. Three different cases are
considered: without any dephasing; with pure dephasing and with a cavity enhanced
phonon process. We observe the Mollow triplet at the QD frequency in all three
cases. The insets of (¢) and (d) show an enlarged view of the emission at the cavity
frequency. For the simulation we assume ¢g/27 = k/27m = 20 GHz; /27 = 1 GHz;
Q/2m = 6 GHz; QD-cavity detuning A = +6k.
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transition and 9%3 is the interaction strength between the QD exciton and a j** mode
phonon. We note that this interaction Hamiltonian is valid only for the level structure
as in Fig. 7.1 a, where the cavity is at lower energy than the QD. For the situation in
Fig. 7.1 b (where the cavity is of higher energy compared to the QD), the interaction

Hamiltonian H; is given by
Hy = go(al3)(1] + a'[1)(3]) + 3 g3s(b;13) (2] + b12)(3]) (7.7)
J

In the following derivation, we will use the situation shown in Fig. 7.1 a.
If we define the QD resonance frequency as w,, then w, = ws — wy; and the
cavity frequency is given by w. = w3 — wy. Then the QD-cavity detuning is given by

A = wy — ws. Defining ;; = [i)(j|, we can write

o135 = —i|ows, Hy + Hj| (7.8)

_ ; ; ; J pt
= —iw.0o13 — igya(oy — o33) — @ ZQZBbj012
J

Similarly,

Oo3 = —i[oas, Hy+ Hj] (7.9)

= iAO'Qg — igUCLO'Ql — Z'Zg’;g)b;r-((fgg — 0'33)
J

Separating the slow and the fast components of the operators, we can write

o13 = Opze et (7.10)
Oy3 = Gage i’ (7.11)
o1y = Gppe o)t (7.12)
a = ae ! (7.13)
bl = ble ™! (7.14)

Hence the equations governing the dynamics of the system can be written as

G13 = —igy@(F11 — G33) — Z'ZQ%3B}512 (7.15)
J
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and

5’23 = l(A — wj)623 - igyd@l - Zzgggg;r(&gg - 5’33) (716)
J

As level 3 is a virtual level, it is never populated. Hence by adiabatic elimination,

using 013 = 093 = 0, we obtain

Gua021 + 3 9%36;(522 — 033)
A — (,L)j

(7.17)

O93 =

and o 3

—gva(Un - 033)
> Q%Sb}

Using these values, we can find the interaction Hamiltonian. The first term g,(ao3; +

(7.18)

012 =

a'o13) denotes the coherent dynamics. The second term, which signifies the effect of

phonons, can be written as (using the Eqns. 7.17 and 7.18)

Hyn = Y ghs(boss + bjos;) (7.19)
J
= > gha(blGss + bjoas) (7.20)
J
PosGv it .
= 2 (bja'orz +bjac 7.21
;A_wj(ya 12 + b;a61) (7.21)
(9%3)2 ~ A 799
+ZA (022 033)(JJ+JJ) (7.22)
;T

The second term involves two-phonon processes which are less likely. If we neglect

them, we can model the effect of phonons as follows:

ia i
Hy =Y X’?ﬂ(b}zﬁ&u + by (7.23)

;ST Y
We can write this Hamiltonian as
Hy, = (a'61oT" + a6, T) (7.24)

where, the operator I' can be written as

- J -
=y Ag’?jg;j b, (7.25)
J
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and

PG | i
I = Z = o be~ it (7.26)
J

To obtain the familiar Lindblad term, we take the partial trace of the correlation

between the reservoir operators over the reservoir variables. The correlation is given

by
G390 | ooy ot
<FT(t’)F(t))R — Z T i (t—t )<bjbj>R (7.27)

J

As the operators b; are bosonic and the system is in thermal equilibrium with a bath

at temperature 7', using the relation

(Bib) = ey, T) = —— (7.28)
ersT —1
we find )
(TT(E)D(t) k= %: ‘ A92jgz;j e pi(w;, T) (7.29)
and ; )
(LT )k = ; m e (M(wy, T) + 1) (7.30)

From the correlation, we find that the phonons with frequency A (corresponding to
the difference between levels |2) and |3), i.e., QD-cavity mode detuning), have the
maximum contribution in the interaction Hamiltonian. In the Born-Markov approx-
imation, we can model the electron-phonon interaction (for Fig. 7.1 a) as an inco-
herent decay process by adding two extra terms to the master equation: 2v,7iL(o'a)
and 2v,(i + 1)L(oa'), 7, being the effective decay rate of the excited QD state and
is given by

1 2

77“:52

J

9390
A — LL)j

(7.31)

For the situation shown in Fig. 7.1 b, the decay terms are given by 27v,7L(ca’) and
2v,(n+1)L(cTa). We note that the different rates in both cases are due to an inherent
asymmetry between the absorption and emission rates of the phonons.

The decay term o'a denotes the annihilation of a cavity photon and excitation

of the QD, while the term oa' denotes the creation of a cavity photon and collapse
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of the QD to its ground state. Each process is then accompanied by the creation
(or annihilation) of phonons to compensate for the QD-cavity frequency difference.
Only the second process is important for observing cavity emission under resonant
excitation of the dot. We also note that the observation of QD emission under resonant
excitation of the cavity [2] can be modeled in the same way by changing the coherent
driving term from Q(co + o) to Q(a + a'). In this case, the collapse operator ofa
is important. Similar decay channels have been proposed to model cavity assisted
atomic decay [116]. We refer to this process as a cavity-enhanced phonon process.
As an example, consider the case where the QD is blue detuned from the cavity
(Fig. 7.1 a). The qualitative nature of the dissipation of the QD polarization and

population can be determined from the mean-field equations (in the limit 7 = 0):

dfi(;) = —y(o) =1+ <aTa>)<a> (7.32)
d<datZ> = —29(1+ (o)) = 27 (1 + {a'a)) (1 + (o)) (7.33)

We notice that unlike the pure dephasing case, both the QD population and polar-
ization are affected by the cavity enhanced phonon process. The linewidth of the
QD in the zero excitation power limit is given by 2[y + ~,(1 + (a'a))], which differs
qualitatively from the pure QD dephasing model owing to the fact that the presence
of cavity photons affects the QD linewidth.

7.1.3 Simulation results

The resonance fluorescence of the coupled system is given by the power spectral
density (PSD). As we collect the fluorescence primarily from the cavity, the PSD
is calculated as the Fourier transform of the cavity field auto-correlation S(w) =
[ {a’(1)a(0))e"*7dr. To determine the two time correlation functions (a'(7)a(0))
and, subsequently, the PSD, we use the quantum regression theorem [46].

We simulate the coupled system using numerical integration routines provided in
the quantum optics toolbox [49] with realistic system parameters x/2m = g/2m = 20
GHz and /27 = 1 GHz. Off-resonant coupling is observed for both strongly (g >
k/2) and weakly (¢ < k/2) coupled QDs. Figure 7.1 ¢ shows numerically calculated
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resonance fluorescence spectra obtained from the cavity under resonant excitation of
a blue detuned QD for three different cases: no dephasing, pure QD dephasing and
no dephasing with a cavity-enhanced phonon process at a bath temperature of 4 K.
We first note that no emission is observed at the cavity frequency in the absence
of either pure dephasing or a cavity enhanced phonon process (see inset of Fig. 7.1
¢). Though the pure dephasing (v4/27m = 0.5 GHz) and the cavity-enhanced phonon
process (v,/2m = 0.5 GHz) cases both show off-resonant cavity emission, the latter
shows enhanced cavity emission. In all three cases, we also observe the Mollow triplet
at the QD frequency, as expected from QD resonance fluorescence [117]. The Mollow
side-band closer to the cavity is enhanced causing an asymmetric triplet. Fig. 7.1 d
shows similar spectra for a red-detuned QD. Our model predicts that emission at the
cavity frequency is considerably smaller for a red detuned QD than for a blue-detuned
one at finite temperatures, as the process for a red-detuned dot relies on a less-likely
phonon absorption and not on phonon emission.

We present more simulation results on the off-resonant cavity emission and QD
linewidth by two different models: pure QD dephasing and cavity-enhanced phonon
process. We observe that the cavity emission I increases almost linearly with the
pure QD dephasing rate 74 [Fig. 7.2 a], but exhibits a nonlinear dependence on the
rate 7, when the coupling is enhanced by the presence of the cavity. Fig. 7.2 b shows
loge(I) as a function of the cavity decay rate k, for a fixed detuning of A/27w = 200
GHz. For both models, the emission falls off as 1/x?, signifying that the off-resonant
coupling does not depend on the overlap between the QD and the cavity spectra.

We now measure the QD line-width Aw monitoring the cavity emission, while
scanning the laser wavelength across the QD resonance, similar to the experiments
in Ref. [4]. We observe that at very low excitation power /27 = 1 GHz and large
QD-cavity detuning A/27 = 12k, the linewidths of the QD are very close to the
theoretical linewidth in the absence of the cavity (shown by the solid black line in
Fig. 7.2 ¢). At a constant QD-cavity detuning and laser excitation power, the QD
line-width increases with increasing 74 and =, (Fig. 7.2 ¢).

In experimental studies, QD saturation and power broadening have been observed

with increasing resonant laser excitation power [4, 115]. These phenomena are also
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Figure 7.2: Resonance fluorescence I collected from the cavity for a blue-detuned
QD (A > 0). (a) loge(I) as a function of the rates 74 and =, (for two models,
respectively). A/k = 10. (b) log.(I) as a function of the cavity linewidth s, when
the dot-cavity detuning A = 10x. (¢) QD linewidth as a function of the rates 74
and -, for pure dephasing and the cavity enhanced phonon process, respectively. In
both cases, /27 =1 GHz and A = 12k. The solid black line shows the theoretical
estimates of the QD linewidth when the laser excitation power is very low and the QD
is not significantly perturbed by the cavity. (Parameters used for all the simulations
are g/2m = k/2m = 20 GHz; v/2m = 1 GHz.)
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observed in our theoretical simulations for both models of off-resonant coupling. We
first treat the case of blue-detuned QD. Fig. 7.3 a plots the cavity fluorescence as a
function of the laser Rabi frequency 2. For both models, the cavity fluorescence I
follows a saturation curve I = I, P/(1+ P) where, P o< Q2 and I,q, is the saturated
cavity emission intensity. Fig. 7.3 b shows the QD linewidth as a function of the
laser Rabi frequency €). The power broadened QD linewidth Aw is fit with the model
Aw = Awgy\/1 + ]5, where Awy is the intrinsic line-width of the QD and P is obtained
from the fit to the saturation of the cavity emission. The theoretical model does not
reproduce the additional power-independent broadening of the QD [4], which results
from QD spectral diffusion [118].

However, the results are dramatically different for a red-detuned QD, as shown in
Fig. 7.4. This is expected because at any temperature, the rates of absorption and
emission of phonons are different. We observe that the difference in linewidths of the
red and blue detuned QD (measured via the off-resonant cavity) is larger, when the
QD is weakly driven and hence is not power broadened [4]. This difference reaches
the maximum value of 2, at high temperatures (Fig. 7.4 a). Fig. 7.4 b shows the
ratio of the cavity emission as a function of the bath temperature for different driving
laser Rabi frequencies €2. The difference in cavity emission between a red and blue
detuned QD is maximum at lower bath temperature and is almost zero at higher
temperature.

In addition, we investigate the dependence of the saturation emission intensity .,
on the QD-cavity detuning A for a blue detuned dot (Fig. 7.3 ¢). We note that we
fit experimentally measurable quantities with an empirical exponential model A~ to
estimate how rapidly the dot-cavity coupling decays as a function of the QD-cavity
detuning A. This type of model is not valid when the QD is very close to the cav-
ity. However, in experiments, this small detuning regime cannot be probed due to
large laser background. Also, for very small detunings it cannot be assumed that the
laser excites the dot without exciting the cavity, thus complicating the interpreta-
tion of experimental results. Simulation results show that I, falls off as 1/A? with
the detuning A when the dot-cavity coupling is modeled as a pure dephasing pro-

cess. However, when the coupling is modeled as a cavity enhanced phonon process,
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Figure 7.3: Theoretical resonance fluorescence I collected from the cavity and QD
linewidth for a blue-detuned QD (A > 0): (a) Normalized cavity fluorescence as a
function of the Rabi frequency €2 of the laser for two models. Saturation of the cavity
emission is observed. (b) Power broadened QD linewidth (read through the cavity,
as in [4]) vs laser Rabi frequency Q for QD-cavity detuning A/2w = 6 GHz. (c)
Dependence of the saturated cavity emission Iy, on the dot-cavity detuning A. (d)
Dependence of the intrinsic QD linewidth Awy on dot-cavity detuning A. Awq/27
approaches 2(y + v4)/2m or 2(v + 7,)/27 (both chosen to be 4 GHz) with large A.
(Parameters used for all the simulations are: x/2m = ¢/2m = 20 GHz; /27 = 1
GHz.)
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Figure 7.4: (a) The difference in QD linewidths measured via collected emission
through the off-resonant cavity for a blue (Aw,) and a red (Aw_) detuned QD for
different values of the excitation laser Rabi frequency {2 as a function of the bath
temperature 7. (b) Ratio of the cavity intensity for an off-resonant QD blue (1)
and red (/_) detuned from the cavity as a function of the bath temperature 7'. For
all the simulations, the absolute value of the QD-cavity detuning is kept at 10k.

the saturation intensity exhibits a much weaker dependence on detuning A (esti-
mated to be ~ 1/A%?° for the employed simulation parameters). This signifies an
important difference between the two models: the cavity-enhanced phonon process
permits observation of off-resonant coupling for a much larger detuning range than
that associated with pure dephasing. We also analyze the intrinsic QD linewidth Awy
(obtained from Fig. 7.3 b at 2 = 0 limit) as a function of the QD-cavity detuning
A for two different models (Figure 7.3 d). We observe that at large detuning, Awy
approaches the unperturbed QD linewidth 2(y + v4) and 2(y + +,), respectively. The
weak dependence of the intrinsic QD linewidths on the dot-cavity detuning shows

that the off-resonant cavity does not perturb the QD significantly.

7.1.4 Experimental data

We now compare our theoretical model with experimental studies of the cavity emis-
sion as a function of QD-cavity detuning A for several QDs. Measurements are

obtained using the same experimental setup and approach as in Ref. [4]. Here, the
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Figure 7.5: Experimentally observed off-resonant cavity emission as a function of the
detuning A between the resonantly driven QD and the cavity. Data are fit with a
model A™%. Extracted values of « for the different curves are shown.

QD linewidth and off-resonant cavity emission are measured as a function of detuning
A, where this detuning is varied by varying the sample temperature. Fig. 7.5 shows
the saturated cavity intensity as a function of the detuning A for different QDs. The
excitation laser power is same for all the detunings for a particular dot. For large de-
tunings (A/k > 10), we do not expect significant cavity emission for the case of pure
dephasing (which is described by A~? dependence), but expect significant emission
by the cavity-enhanced phonon model (see Fig.7.3 c¢). In our experiment, we observe
significant cavity emission for such highly detuned QDs; the cavity emission is fit well
with A~ with o < 2. This weaker dependence on detuning is thus more consistent
with the description of the off-resonant coupling as a cavity enhanced phonon process.
On the other hand, for QDs with smaller detunings, « is very close to 2 and a role of
pure dephasing is evident. We do not observe a significant change in the QD linewidth
over the detuning range, due both to the weaker dependence of the linewidth on A

as predicted by the theory (Fig. 7.3 d) and due to additional broadening caused by
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spectral diffusion.
Therefore, comparison with experimental results strongly suggests the role of the
cavity enhanced phonon process in mediating the off-resonant coupling, particularly

in the case of large QD-cavity detuning.

7.2 Single photon source

In this section, we will show how this off-resonance dot-cavity coupling can be used
to make a single photon source. We measure antibunched population of the detuned
cavity mode (¢ (0) = 0.19), under resonance excitation of the QD. Thus we demon-
strate a single photon source, whose frequency is determined by the cavity resonance.
In addition, because the QD is resonantly excited, the antibunched cavity emission
has the potential for low timing jitter and high photon indistinguishability[119].

For this experiment, we employ a grating-integrated cavity (GIC) design[5], based
on a linear three-hole defect cavity. The GIC design incorporates a second-order
grating around the cavity, as seen in the perturbations in Fig. 7.6(b,c), which couples
plane waves with low in-plane k-vectors with the cavity mode.

We first characterize the QD /cavity system by its photoluminescence (PL) under
non-resonant excitation at a temperature between 10 K and 50 K. A continuous-wave
(CW) laser at A\, = 860 nm excites electron-hole pairs which can relax through a
phonon-mediated process into radiative levels of the QD (Fig.7.6(d)). Fig.7.6(e) plots
the anticrossing between the QD-like and cavity-like states. Fits to the anticrossing
spectra yield the system parameters summarized in Fig.7.6(d).

We measure the reflection of the cavity by the cross-polarized reflectivity method
illustrated in Fig.7.6(a). Fig.7.6(f) shows the vacuum Rabi splitting[1, 54]. We obtain
good agreement with a theoretical model (solid line fit in Fig.7.6(f)) using the same
parameters as derived from the photoluminescence.

We now describe autocorrelation measurements under resonant excitation. At low
temperature, the detuning is large enough so that the single exciton can be resonantly
excited while very little pump light overlaps with the cavity resonance. This is shown

in Fig.7.7(a) for the narrow CW-wave pump laser. We spectrally filter the cavity
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Figure 7.6: (a) Cross-polarized confocal microscope setup. (b) E, field in the L3-
cavity structure. The structure is perturbed at the sites indicated by dashed circles,
as described in Ref.[5]. (c¢) Scanning electron micrograph of fabricated structure. (d)
Energy levels of the coupled QD /cavity system showing the two polarization states
of the single exciton (X,Y) and the biexciton state (XX). The table lists the system
parameters derived from the measurements, where g, k,~v* are the vacuum Rabi fre-
quency, cavity field decay rate, and dipole dephasing rate, respectively. The dipole
decay rate 7 is estimated from the lifetime of uncoupled QDs. (e) The photolumi-
nescence (PL) shows the QD/cavity anticrossing as the QD is temperature-tuned
through the cavity. (f) Vacuum Rabi splitting observed in the reflectivity from the

strongly coupled QD /cavity system. For comparison, we show the reflectivity of an
empty cavity.
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emission using a dispersion grating-based filter (FWHM of 0.2 nm) before sending
the signal to a Hnabury Brown Twiss (HBT) setup, described in chapter 5. Under the
CW-excitation configuration, we observe only weak antibunching (¢(®(0) = 0.73(5))
because the features are blurred by the 300 ps detector response time, which is slower
than the ~ 118 ps exciton lifetime. To overcome the detector timing resolution,
we excite the single exciton line with 40 ps pulses at a repetition rate of 80 MHz.
The center excitation wavelength is resonant with the QD at 919.5 nm. Fig.7.7(b)
shows the autocorrelation histogram of the cavity emission, which indicates g (0) =
0.19(1). The clear antibunching is markedly different from previous reports which
observed weak or no antibunching of the detuned PC cavity mode[32, 104], and may
be attributed to the expected absence of multi-exciton population of the QD under
resonant excitation of the single exciton [59]. A significant contribution to the value
of ¢ (0) is due to overlap of the 40-ps pulses with the filter at the cavity frequency,
which could be improved by a narrower filter or larger QD-cavity detuning.

The autocorrelation measurements demonstrate the use of the resonantly driven
QD as an on-demand single photon source. The resonant driving mechanism can
reduce timing jitter due to the random relaxation time of electron-hole pairs under
above-resonant excitation. The reduction in jitter would lead to an improvement in
photon indistinguishability. Furthermore, the emission wavelength is given by the
cavity frequency and would be less sensitive to spectral jumps in the QD emission
wavelength. In this experiment, the cavity emission under resonant excitation of the
QD was too low to measure the indistinguishability, in part because of low coupling
efficiency (~ 0.1) into the single mode fiber in our Hong-Ou-Mandel setup.

We have also performed time resolved measurements of the emission of the reso-
nantly excited QD into the cavity mode. Fig.7.7(c) shows the 40-ps pump pulse and
cavity emission, measured simultaneously on a streak camera. The QD-driven cavity
emission lifetime is 7 ~ 118 ps when the dot is detuned by § = —1.2 nm. We can
use this lifetime measurement to infer the dephasing rate. We fit the decay time by a
Monte Carlo simulation of the master equation, with the QD initialized in the ground
state and resonantly excited by the 40-ps pump pulse. All parameters except for
are fixed as before. The fit gives v* = 0.10(1)g.
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Figure 7.7: (a) Resonant QD excitation at 10K. For the autocorrelation measure-
ments, the cavity emission is isolated from the pump using a grating filter providing
17 dB of isolation at 6 = —1.2 nm detuning. The laser is operated in continuous
wave here so that is has low overlap with the cavity. (b) Autocorrelation histogram
of cavity emission when the QD is pumped resonantly with 40-ps pulses (spectrum
not shown). (c¢) Time-resolved resonant pumping of the quantum dot and emission
into the cavity mode. A theoretical fit to the cavity emission yields an estimate of
the pure dephasing rate.
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7.3 Resonant QD spectroscopy

Another application of this off-resonant coupling is resonant QD spectroscopy. In
conventional resonant spectroscopy, the probe light, and the light carrying information
about the QD are at same wavelength. This makes the detection in presence of
large laser background difficult. In general, people use polarization based background
rejection technique [120] or complicated fabrication enabling orthogonal pumping and
collection of light [121, 101]. However, we exploit off-resonant QD-cavity coupling to
perform resonant QD spectroscopy, where the pump laser is resonant to the QD, but

the signal is read-out at the cavity wavelength.

7.3.1 Probing exciton and biexciton

This experiment is performed on the same system, where we performed the auto-
correlation measurements (as described in the last section). When the QD exciton
line is blue-detuned from the cavity by § = Ay — A. = —1.17 nm at a temperature of
10 K, the laser is scanned across the QD and cavity resonances, as shown in Fig.7.8.
The excitation laser power is ~ 12 nW before the objective lens. Precisely when the
laser becomes resonant with the QD, we observe a strong emission into the cavity
mode; otherwise, the cavity is dark. We can view the cavity as an efficient read-out
channel for resonant quantum dot spectroscopy: the QD emits into the cavity mode,
which is far detuned and easy to separate spectrally. Alternatively, if the cavity mode
is pumped, the QD single-exciton line radiates. Fig.7.8(b)[c| plots spectra when the
QD|[cavity| are pumped.

Fig.7.8(d) plots the integrated cavity emission as a function of the laser pump
wavelength \,. We observe an absorption linewidth below 0.008 nm (2.7 GHz), which
is better than 0.03 nm, the resolution of our spectrometer. The technique allows
mapping of QD transitions with a resolution given by the excitation laser, which is in
the MHz regime in our case. This cavity-enhanced spectroscopy technique adds an
important tool to the repertoire for resonant single quantum dot spectroscopy.

Fig. 7.8(e) plots the integrated QD intensity as the laser is scanned over the

cavity resonance. The transfer to the QD is strongly asymmetric towards higher



CHAPTER 7. PHONON-MEDIATED OFF-RESONANT COUPLING IN CQED140

(d) QD pumped

—— experiment

o* cavity intensity

= T
=] ——emission model
o —i
g pump — A~3GHZ
©
2 1 919.32 919.36 919.4
5 : ! xp(nm)
n —
< o © 30
- A I (e) cav. pumped
[}
500 | pump : >
1 1 ‘B
[} 1 OC)
600 A I N
" M [ g
[} 1 0
700 * 0

919 9195 920 920.5 919 9195 920 920.5 9203 920.5 920.7
A (nm) A (nm) }»p(nm)

N

Figure 7.8: QD spectroscopy through cavity mode at 10K. (a) Intensity on spectrom-
eter when the pump wavelength ), is scanned across the detuned QD /cavity system
(the laser has a weak red-detuned side band; power is 12 nW before the objective
lens). When A, is resonant with the dot (cavity), the cavity (QD) intensity rises. (b)
Spectrum when QD is pumped (the middle peak corresponds to the laser side mode)
(¢) spectrum when cavity is pumped. In (b) and (c), we model the driving mechanism
by a pure dephasing process with v* = 0.1g. The model agrees well with the emission
through the cavity (QD) when the QD (cavity) is pumped. (d) The integrated cavity
emission as a function of the pump wavelength ), shows the single exciton absorption
resolved to 3 GHz. (e) The integrated QD emission.
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Figure 7.9: (a) Dependence of integrated cavity emission on QD detuning when the
QD is resonantly pumped. (b) Pump power dependence: at a pump power of 200
nW, a second line becomes visible at a pump wavelength A\, = 919.87 nm. (The lines
are slightly shifted since the temperature was, for technical reasons, raised to 18 K).
(c) Integrated cavity emission as A, is scanned. Inset: The power dependence of the
two lines suggests exciton (X) and biexciton (XX) states; in this inset, a background
of 40 was subtracted.

energy photons absorbed into the cavity, which are closer to the QD single exciton
wavelength.

For this experiment, we describe our experimental data with a pure dephasing rate
7. The dephasing term allows driving of the cavity (QD) through the QD (cavity),
as is shown in the fit in Figs.7.8(c,d), where we used v* = 0.1k. This value of +*
was fit to match the off-resonant excitation between QD and cavity in Fig.7.8(c,d)
and was also estimated independently (see Fig.7.7(c)) and agrees with values cited
in the literature for resonant excitation studies [122]. The dephasing rate v* = 0.1k
also explains the 2.7 GHz linewidth of the exciton absorption (Fig.7.8(d)), which is
broader by a factor of two than the radiative linewidth corresponding to the exciton
lifetime of 118 ps at a similar QD-cavity detuning (Fig.7.7(c)).

In Fig.7.9(a), we explore the dependence of the cavity feeding mechanism on the
QD single exciton-cavity detuning 6. We measured the cavity intensity through the
resonantly driven QD for a temperature range of 28K-47K, corresponding to a QD-
cavity detuning from -0.6 nm to 0.4 nm. At each temperature given in Fig.7.9(a), we
tune the CW excitation laser to the QD, keeping the power constant at 50 + 0.5 nW
before the lens. In the dephasing model, shown in the black curve in Fig.7.9(a), we
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assume a temperature-dependent dephasing[123] rate v = o + a7, with g = 0.5u
eV K™ and 79 = x/100. We use the dephasing model to model the experimental data
at small detunings on the order of meV, where the dephasing processes are thought
to be mediated by absorption or emission of acoustic phonons[123]. In the regime of
larger detunings, up to tens of meV, the efficient cavity pumping persists through a
process that has recently been attributed to transitions between excited multiexciton
states[59].

Fig.7.9(b) shows the resonant excitation repeated at a higher power of P, = 200
nW. One striking difference is that the features are far more blurred; we believe this
results from power broadening and increased spectral diffusion at high intensity[123].
A scan across the QD, where the tail of the excitation laser is subtracted, gives the
cavity emission spectrum shown in Fig.7.9(c). The data reveal a second peak when
the pump is tuned to A\, = 919.85 nm. In Fig.7.9(c, inset), we plot the cavity emis-
sion as a function of excitation power when ), is tuned to two resonant wavelengths.
The single-exciton line shows a linear pump dependence, as expected. The second
line shows a quadratic pump dependence. The power dependence suggests a biex-
citon state that is resonantly pumped by two-photon absorption; we note, however,
that the X-XX energy splitting is rather low compared to values reported for reso-
nant XX excitation in bulk semiconductor. Unfortunately, the signal-to-background
was too low to confirm the biexciton nature of the second peak by cross-correlation

measurements with the single exciton emission.

7.3.2 Emission saturation and linewidth broadening

This off-resonant interaction can also be employed to perform a power dependent
resonant QD spectroscopy. Linewidths of the quantum dot and the cavity as a func-
tion 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 additional broadening is due to spectral
diffusion, as will be explained in the chapter 8.

When an off-resonant QD that is coupled to a cavity is coherently driven by a laser
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field, the QD is dressed by both the cavity and the laser field. When the coherent
interaction strength ¢ is greater than the decay rates x and ~, the system is in strong
coupling regime, and the eigen-states of the coupled system are polaritons possessing
the characteristics of both the cavity and the QD. In this regime, when the QD-cavity
detuning 6 = 0, the linewidth of the polaritons is k+~. However, when the QD-cavity
detuning ¢ is much greater than g, the system is in the dispersive CQED regime. In
this regime, one polariton develops a cavity-like character while the other becomes
more QD-like. The linewidths I'. and I'y4 of the cavity-like and QD-like polaritons,
respectively, are given by (with a pure QD dephasing rate of 74) [45]

g 2
.~2k+2 (5> Y (7.34)
g 2
Tya =~ 2(y + 74) + 2 (5) K (7.35)

The linewidth I'j4 can be interpreted as a combination of the QD spontaneous emission
rate (2) and the QD emission rate into the cavity mode 2 (g/0)” k.
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
d i
?f = —5[H, p] + 29Llo] + 274Llo"0] (7.36)
Here p is the density matrix of the QD optical transition and ~, is the pure dephasing
rate. £[D] is the Lindblad operator for an operator D. The Hamiltonian H describing

the coherent dynamics of the driven QD is given by
t Q —iwgt T iwit
H = hwqgo'o + h;(ae 4 glett) (7.37)

where, wy and w; are the QD resonance and the driving laser frequency, respectively,
and (2 is the Rabi frequency of the driving laser field. In solving the master equation
(Eq. 7.36), it is found that the intensity I of the QD resonance fluorescence for

wq = w; is given by
2 ~
e, P
Y(v+7a) . (7.38)

Q2 =
1+ 2v(y+7a) 1+P
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where P = #;d) The QD linewidth Aw is given by

QZ

;= 2y +7a)V1+ P (7.39)

Aw = 2(y + I+ —
b %l)\l 29(v + 74

The broadening of the QD linewidth with laser excitation power occurs due to increas-
ing 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
(121, 124].

Following the discussion above, the linewidth Aw of a resonantly driven QD that is
coupled to an off-resonant cavity 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 detuned 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 (g) K+ 2(y+va)V1+ P (7.40)
= Aw,+ Awg\/1+ P

Here, Aw, = 2(g/6)° k and Aw, = 2(y + v4). Similarly, as the cavity is coupled
to the QD, the cavity-like polariton linewidth contains a contribution from the QD
emission, as evident from Eq. 7.34. However as the cavity loss rate 2x is much greater
than the QD spontaneous emission rate 27, 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”.

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 wavelength is observed. In
the second type, the laser is scanned across the cavity linewidth and the QD emission
is observed. Figs. 7.10 (a), (b) show the cavity and QD emission spectra for the first
and second experiments, respectively. Figs. 7.10 (c), (d) show the integrated cavity
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and QD intensities as we scan the laser across the QD and the cavity, respectively.
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 different QQD-cavity systems
for different detunings between the cavity and the QD transition. Details of three
systems are given in the Table 7.1. The detuning between the cavity and a particular
QD transition is controlled by varying the sample temperature. As the limited tem-
perature 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 increas-
ing power of the laser used to excite the QD. We fit the cavity intensity with the model
given by Eq. 7.38 [Figs. 7.11 (a),(c), and (e) (solid line)]. In actual experiments,
0% «x nP, where P is the measured laser excitation power in front of the objective
lens and 7 is a constant factor signifying the percentage of incident light coupled to
the QD. Hence, assuming that both the QD spontaneous emission rate 27 and the
pure dephasing rate 4 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 measured from Lorentzian fits similar to the one shown in Fig. 7.10 (c).
Measurements of the QD linewidth as a function of the laser power for the three
different QQDs studied are plotted in Figs. 7.11 (b), (d), and (f). Using the extracted
values of P = aP (as previously explained), the linewidths are fit with the model
given by Eq. 7.40 [Figs. 7.11 (b),(d), and (f) (solid line)]. The fitting parameters are
shown in Table 7.1.

We note that for the QD S1, the value of Awy obtained from the fit is of the
same order of magnitude as the linewidth of a resonantly driven QD without a cavity
(Aw/2m ~ 2.5 GHz) [121], although in this case we use an off-resonant cavity for
read-out. Relatively higher values of Awy for the second (S2) and the third (S3) QD
can be attributed to the high dephasing rate at higher sample temperatures [125].
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Figure 7.10: (a) Cavity emission when the QD is resonantly excited. (b) QD emis-
sion when the cavity is resonantly excited. 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 nm 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 linewidth of
0.075 nm, i.e., Aw/2m &~ 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 7.1: 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 Awy, and the theoretical
estimate for Aw, (see Eq. 7.40).
QD Tempe- QD  Cavity Aw./27m Awe/2r Aw./27
rature  Wave- Wave-  (Fit) (Fit)  (Theory)
length length
(K) (nm)  (nm) (GHz) (GHz) GHz

S1 32 934.15 9348 12.6 1.96 1.3
S2 44 932.3  931.9 9.9 9.8 2.34
S3 95 933.15 931.2 15 5.8 0.28

Table 7.2: Details of the QD-cavity systems employed in the second experiment, when
the QD emission is observed by resonantly exciting the cavity. Also shown are the
values of the Awyg.

QD Tempe- QD Cavity  Awg/2m
rature Resonance Resonance (GHz)
(K) (nm) (nm)
S2 44 932.3 931.9 35.6
S4 95 931.9 931.2 50.3

However, the linewidth of a QD also depends on its local environment, 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 difference in Awg
for (S2) and (S3).

To theoretically estimate Aw./27 (contribution from the increased emission into
the cavity mode as given by Eq. 7.35) in Table 7.1 , we assume g = k. 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, values are still much lower than the experimental data shown in Table 7.1. Just
pure QD dephasing cannot explain this finding as dephasing contributes only to the
term Awgy. The increased broadening indicates a higher coupling strength between

the QD and the cavity exceeding what our theoretical model predicts.
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Figure 7.11: (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. 7.38. (b),(d),(f): Corresponding measured linewidths [as in Fig.
7.10 (c)] as a function of the laser excitation power. The solid lines are fits to the
data using the model given by Eq. 7.40. The excitation laser power is measured in
front of the objective lens.
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Figure 7.12: (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 7.2). (c.c. stands for CCD count.) The solid lines are fits to the data using
model given by Eq. 7.38. (b),(d): The difference between the cavity linewidth Aw,
measured by observing the QD emission and the cavity linewidth Aw.y obtained from
the cavity reflectivity measurements, 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.
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We now analyze the linewidth of the process [Fig. 7.10(d)] responsible for trans-
ferring photons from the resonantly excited cavity to the QD. We perform the second
type of experiment (exciting the cavity and collecting emission from the QD) on two
QD-cavity systems (Table 7.2). The QD described in the first row of Table 7.2 is the
same as the QD used in the first experiment (second row of Table 7.1). The other
two systems shown in Table 7.1 could not be employed in this experiment, as they ei-
ther showed no emission or very weak emission from QD line under cavity excitation.
Hence, we employed another QD system (54) described in Table 7.2.

Figs. 7.12 (a),(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. 7.38. In this experiment, 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
measure the intrinsic cavity linewidth Aw. from cavity reflectivity measurements at
low laser power. In reflectivity measurements, the laser is scanned across the cavity
linewidth and the cavity reflected laser power is observed, as in our previous work [1].
For both cavities, the linewidths Aw,, extracted from the second type of experiment
(exciting cavity resonantly and imaging emission at QD wavelength) are larger than
the linewidth Aw.g obtained in reflectivity measurements. Figs. 7.12 (b),(d) show the
difference between two linewidths, i.e., (Aw, — Aw.), which increases linearly 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).

7.3.3 QD dressing observed via off-resonant cavity

We showed previously (in our theoretical model) that the coupling between the QD
and the off-resonant cavity is incoherent. Here we demonstrate that despite its inco-
herent nature, this process preserves the signatures of coherent interaction between

a QD and a strong driving laser, which may be observed via the optical emission
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from the off-resonant cavity. Under bichromatic driving of the QD, the cavity emis-
sion exhibits spectral features consistent with optical dressing of the QD transition.
These cavity emission measurements are more akin to absorption measurements of a
strongly driven QD rather than resonance fluorescence measurements. In addition to
revealing new aspects of the off-resonant QD-cavity interaction, this result provides a
new, simpler means of coherently probing QDs and opens the possibility of employing
off-resonant cavities to optically interface QD-nodes in quantum networks.

Here, a strong narrow-bandwidth CW pump laser serves to dress the QD, while
a weaker continuous wave (CW) probe laser is scanned across the QD resonance; the
output signal is always collected at the frequency of the spectrally detuned cavity
(Fig. 7.13 a). We theoretically model the bichromatic driving of the QD coupled to
an off-resonant cavity by adding an incoherent phonon-mediated coupling between
the QD and the cavity and perform simulations with realistic system parameters.
The bichromatic driving of a two-level system has been analyzed before [126]. We
use similar techniques to analyze the driving of a two-level system such as a QD,
incoherently coupled to an off-resonant cavity via phonons [41].

The dynamics of a driven QD-cavity system is given by the Jaynes-Cummings

Hamiltonian:
H = Wegpa'a +wgpo'to + g(ota + oa') + Jo + J*o! (7.41)

J is the Rabi frequency of the driving laser. For bichromatic driving, the driving field
J consists of a strong pump laser with Rabi frequency .J; tuned to the QD resonance
and a weak probe laser with Rabi frequency .Js, which can be tuned to arbitrary

frequency, parameterized by the pump-probe detuning ¢:
J = Jieart 4 J,elwentolt (7.42)

In a frame rotating with the pump laser frequency the Hamiltonian is

H o= Hy+ H) (7.43)
= Ad'a+g(ota+oal) + Jio, + Js (eiéto + e‘wtaT) (7.44)
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where A = wepy — wop is the QD-cavity detuning. We note that for bichromatic
driving, the Hamiltonian is always time-dependent. To treat incoherent processes
we use the quantum optical master equation. We numerically calculate the emission
spectrum of the cavity given by the Fourier transform of the two-time correlation
function of the cavity field, proportional to {a'(7)a(0)). Under the quantum regression
theorem the auto-correlation function is equal to tr{a'M(7)} where M (7) obeys the
master equation with initial condition ap(t — o0). The time dependence of the
Hamiltonian is such that the master equation can be cast in terms of Liouvillian
superoperators as
p=(Lo+ L™+ L) p (7.45)
This equation is solved with Floquet theory, by assuming a solution of the form

p(t) = > pn(t)e™. The number of terms in the expansion necessary to obtain

any level of precision is determined by the relative strength of J; to J, and in this
way the problem can be considered perturbative in the probe strength.
Introducing this trial solution to eq. 7.45, taking the Laplace transform, and

indt

equating terms proportional to " yields the recurrence relation

2pn(2) + p(0)dn0 + 1ndpn(t) = Lopn(2) + Lipn-1(z) + L_ppi1(2) (7.46)

which can be solved numerically by the method of continued fractions. We seek
the resonance fluorescence spectrum of the cavity which is found as the real part of
the Fourier transform of the stationary two-time correlation function {a'(t + 7)a(t)).
Application of the quantum regression theorem allows this quantity to be calculated
as tra' M (), where M(7) solves the master equation with initial condition M (0) =
ap(t — 00). From the recurrence relation and the aforementioned initial condition

the method of continued fractions allows us to obtain an expansion of the Laplace

transform of M(7) of the form M(z) = Y  M,(z + ind), from which the cavity

resonance fluorescence spectrum is
S(w) = Re (tr{a' My (iw)}) (7.47)

where w is the angular frequency of the emitted light, centered at the frequency of

the pump laser. In our calculation, p, is found to first order in J; by assuming all
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pn for |n| > 1 are 0, reflecting the relatively weak probe strength. In the regime
under consideration much less than one photon is ever in the cavity at any time
(i.e. (a'a) < 1) and the photon basis is truncated to a small subspace of Fock
states (|0),]1),|2)). These approximations are validated by observing no change in
the calculation with an expansion of either basis.

The height of the peak at the cavity resonance is calculated as a function of the
probe detuning 0. The criterion for the appearance of dressed states is that the
pump Rabi frequency J; should be higher than the QD linewidth 2. The inclusion
of incoherent terms ~, and v, effectively broadens the dot and alters this condition,
but below a certain critical value of J; the change in the cavity height with probe
detuning is a simple Lorentzian with a linewidth on the order of the natural QD
linewidth. Above threshold, the dressed states are resolvable and the cavity height
spectrum splits into two peaks in the experimental regime we considered. Broadening
of the peaks in the experiment beyond the theoretical prediction is caused by spectral
diffusion of the QD, which likely arises from the charge fluctuations on etched surfaces
of the photonic crystal. The parameters used for the simulations are: x/2m = 17 GHz,
v/27 = 1 GHz, v, /27 = .5 GHz, v4/27 = 3 GHz, A = 8k, . = 1. In these simulations
we neglect any coherent coupling between the QD and the cavity (i.e., the coherent
dot-cavity coupling strength g = 0). Figure 7.13 ¢ shows the theoretically calculated
cavity output as a function of the probe laser wavelength ), for different powers P
of the resonant pump laser. At low pump power, we observe a simple Lorentzian
line-shape with QD linewidth [4]. However, as the pump power is increased, the
Lorentzian peak splits into two peaks, the separation between the peaks increasing
linearly with pump Rabi frequency. We find that these two peaks are separated by
~ 4 times the Rabi frequency Jy(Fig. 7.14 a). As the pump power is increased further,
a third peak corresponding to the central Mollow peak appears at the QD resonance,
leading to the emergence of two dips whose separation also increases linearly with
pump Rabi frequency (Fig. 7.14 b).

We note that the lack of a prominent central Mollow peak as observed in resonance

fluorescence studies of single QDs [121, 120] is a result of the saturation of the QD
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absorption and, hence, of the cavity emission. As such, these cavity emission measure-
ments are more akin to absorption measurements of a strongly driven QD [127, 128]
rather than the aforementioned resonance fluorescence measurements [121, 120]. Fig-
ure 7.13 d plots the cavity output for different detunings AXpump = Apump — AQD
between the pump and the QD. We observe that the two peaks remain distinct but
become asymmetric when the pump is detuned from the QD. This is consistent with
the anti-crossing of the Rabi sidebands of the dressed QD that occurs as the pump is
tuned through the QD resonance [129]. Inclusion of g makes the two peaks asymmet-
ric. Fig. 7.14 ¢ shows the cavity emission for a pump power of 25, with g/27 ranging
from 0 to 10. Here the cavity is at a shorter wavelength compared to the QD, and
we observe that the peak closer to cavity is not enhanced. This observation is starkly
different from the resonance fluorescence measurement, where the peak close to the
cavity is enhanced, as observed in [41, 130]. This indicates again, that this way of
measuring the coherent interaction between the QD and the laser is akin to an ab-
sorption measurement. These theoretical results demonstrate that measurements of
cavity emission allow for the observation of phenomena associated with the coherent
optical driving of the QD.

To demonstrate the use of such cavity emission to perform coherent optical spec-
troscopy of an off-resonantly coupled QD, we perform a series of experiments mea-
suring the optical emission spectra of a system consisting of a single self-assembled
InAs QD off-resonantly coupled to a linear three hole defect GaAs PC cavity kept at
cryogenic temperatures (~ 30 — 35 K) (Fig. 7.13 b) [1].

Experiments are performed by driving the QD-cavity system under different opti-
cal configurations and measuring optical emission. Optical emission is collected and
dispersed by a single grating monochromator and then measured by a liquid nitrogen
cooled charge coupled device (CCD). We first characterize the coupled QD-cavity sys-
tem by measuring the photoluminescence (PL) spectrum obtained under above-band
excitation by an 820 nm Ti:sapphire laser (Fig. 7.15 a). From the Lorentzian fit to the
cavity resonance, we find that the cavity linewidth is A\, = 0.1 nm, corresponding
to a cavity field decay rate of k/2m = 17 GHz. We do not observe the anti-crossing
of the cavity and QD peaks when the QD is tuned across the cavity resonance by
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Figure 7.13: Experimental setup and numerical simulations. (a) The schematic shows
the relative position of the QD and the cavity on a wavelength axis. For the par-
ticular QD-cavity system considered, the QD is red detuned from the cavity, though
off-resonant coupling is observed for both red and blue detuned QDs. In experi-
ments, a strong pump laser dresses the QD while a weak probe laser is scanned across
the QD. QD emission is incoherently coupled to the cavity. The cavity emission is
monitored as a function of probe laser wavelength A,. (b) The experimental setup
is a confocal cross-polarization setup. The PBS (polarizing beam splitter) is used
to perform cross-polarized reflectivity measurements, as in previous work [1]. The
powers are measured in front of the objective lens (OL). The output is dispersed in a
single-grating monochromator and measured by a nitrogen-cooled CCD. We employ
a linear three hole defect PC cavity (a scanning electron micrograph is shown in the
inset). (c) Normalized off-resonant cavity emission obtained by numerical simulation
is plotted as a function of A\, — Agp, A\gp and A, being the QD resonance and probe
laser wavelengths, respectively, for different pump powers P (normalized units) while
the probe power is kept at 1. The pump laser is resonant with the QD. (d) For a pump
power of P = 25, the cavity emission is plotted as a function of A\, — Agp for different
pump-QD detunings A\, (nm). In both (c¢) and (d), spectra are vertically offset
for clarity.
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Figure 7.14: Power dependence of the peaks and dips in the cavity emission spectra
and effect of coherent dot-cavity interaction strength ¢: (a) The separation between
the two peaks (as shown in Fig. 7.13 ¢ ) as a function of the laser Rabi frequency.
The slope of the linear fit is ~ 4. (b) The separation between the two dips (as shown
in Fig. 7.13 c¢) as a function of the laser Rabi frequency. The slope of the linear
fit is ~ 2(c) Cavity emission as a function of probe laser wavelength, for different

dot-cavity coupling g.
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changing temperature, indicating that the QD is not strongly coupled to the cavity.
The QD resonance is at Agp = 927.5 nm and the cavity resonance is at A, = 927.1
nm at 35 K temperature leading to a dot-cavity detuning AX = Agp — Aggp = 0.4 nm.
Once these system parameters are determined, we confirm the presence of off-resonant
coupling effects by scanning a narrow-bandwidth CW field in wavelength across the
QD-cavity system and measuring emission spectra, as shown in Fig. 7.15(b). In
these spectra, off-resonant coupling leads to the observation of cavity emission under
optical excitation of the QD and vice-versa. We note that these emission signatures
depend on the polarization of the scanning laser and are maximum when the laser
is co-polarized with the PC cavity mode. We can estimate the linewidth of the QD
(AXgp = 0.06 nm) and the cavity (AX,, = 0.11 nm) by scanning the excitation
laser across one resonance and observing emission at the other (Fig. 7.15 ¢ and d).
These measurements yield a broader cavity linewidth compared to that measured in
standard PL measurements due to the heating of the structure caused by the resonant
laser [4]. We now use this off-resonant cavity emission to probe the dressing of the
QD by a strong resonant laser field.

To observe the QD dressed states, we scan the CW (probe) field across the QD
resonance and measure the cavity emission signal [as in Fig. 7.15 ¢] in the presence
of a strong CW pump field tuned resonantly to the QD transition. The pump laser,
co-polarized with the probe laser, serves to dress the QD, thus qualitatively altering
the observed cavity emission spectrum. To optimize the signal to noise ratio of cavity
emission measurements, the polarization of the pump and probe fields is rotated 45
degrees with respect to the cavity mode polarization in front of the objective lens
to minimize the amount of pump and probe light collected through the polarizing
beam splitter (PBS) [Fig. 7.13 b]. High amounts of collected excitation light lead
to higher noise in cavity emission as measured by the spectrometer CCD even when
the cavity and the QD are detuned. Fig. 7.16 a shows the cavity emission intensity
as a function of the probe laser wavelength \,. In the absence of the pump laser
(P = 0), we observe that the cavity emission spectrum possesses a Lorentzian line-
shape. However, when a strong pump drives the QD, the Lorentzian splits into

two peaks, as observed in the simulations in Fig. 7.13 ¢. However experimentally
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Figure 7.15: (Characterization of the QD-cavity system in photoluminescence (PL)
and probing of the off-resonant dot-cavity coupling. (a) PL spectrum of the system.
From the Lorentzian fit to the cavity we estimate a cavity linewidth AM\., = 0.1
nm. (b) The laser is scanned across the QD-cavity system. Emission from the cavity
is observed when the laser is resonant with the QD. Similarly, emission from the
QD is observed when the laser is resonant with the cavity. (c),(d) The QD (cavity)
linewidth is measured by monitoring the cavity (QD) emission as a function of the

probe wavelength A,,.
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measured QD linewidths are broadened by spectral diffusion of the QD transition,
which is not included in our theoretical model [118]. Hence, we fit a Lorentzian to
each peak and study the splitting between two peaks as a function of the pump laser
power. Fig. 7.16 b plots this splitting as a function of the square root of the laser
power P measured in front of the objective lens (OL). We observe that the splitting
increases linearly with v/P o E, the laser field amplitude. The splitting is given by
~ 4 times the laser Rabi frequency 2 = /Id.ﬁ /h, where 4 is the QD dipole moment.
We note that in the results of Fig. 7.16 a, the peaks are not symmetric. This is
mainly due to the fact that fixing the pump laser exactly to the QD resonance in
experiments is made difficult by spectral drifts in both the QD resonance and the
pump laser wavelength over time. However, this asymmetry can also be partially
attributed to the coherent interaction g between the QD and the cavity (Fig. 7.14 b).
For a detuned pump, the splitting is modified, and this causes a deviation of the Rabi
frequencies from the linear relation as shown in Fig. 7.16 b. We also note that the
high pump power regime of Fig. 7.13 ¢, which shows a central peak and two dips in
the observed spectra, is difficult to observe in experiments due to the fact that there is
still considerable pump leakage through the PBS. At higher powers, this transmitted
pump light can saturate CCD pixels corresponding to wavelengths near the pump
wavelength. This saturation can result in charge leakage across CCD pixels leading
to a deterioration of the signal to noise ratio of cavity emission measurements. The
use of improved spectral filtering techniques would reduce the amount of pump light
collected, possibly enabling observation of this high power regime.

We estimate that the off-resonant cavity (AX = 0.4nm) enhances the laser electric
field inside cavity by a factor of ~ 40, compared to the bare QD case, assuming a spot
size of 3um and QD at the field maximum. This agrees with the result shown in Fig.
7.16 c, where the cavity emission is plotted for two different QD-cavity detunings
at the same pump power. We consider a Gaussian laser beam with power P and
frequency w incident on a photonic crystal cavity. The power is measured in front of
the objective lens and the coupling efficiency of the laser to the cavity is n. If the
cavity quality factor is @ = wy/Aw, with cavity resonance frequency wy and linewidth

Aw, the energy inside the cavity (for a laser resonant to the cavity) is W = Pn/Aw.
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For an off-resonant cavity, where the laser is detuned from the cavity by A, the

previous expression for energy is multiplied by a Lorentzian:

1

T 1+ (2A/Aw)? (7.48)

f

where A = w — wy with wy being the resonance frequency of the cavity. The energy
in the cavity can also be expressed as e|Emax]2Vm, where € is the permittivity of
the medium, and E,,,, is the electric field at the point of maximum electric energy
density, and V/,, is the cavity mode volume. Equating the two expressions of energy,

we can write

Pn 1

7 = €|Epaz|*Vin 7.49
Aol QAAG) ~ VFmal (7.49)
Using
wWo 2mce
Av=—=— 7.50
QN (7:30)
where c¢ is the velocity of light and ) is the resonance wavelength of the cavity, we
can find that E,,q.:
nPQAo 1
Ema:c = 7.51
| | \/QchVm 1+ (2A/Aw)? (7.51)

If the quantum dot is not located at the point of the maximum electric field energy
density, the electric field at its location will be smaller than E,,,, (and the spatial
variation of the E-field is determined by the mode pattern ¢ (z,y)). Therefore, the
electric field at the location of the QD would be

|Ecav| = ’Emaww(xaw <7'52>

On the other hand, when there is no cavity present, the intensity I of the light

(assuming a Gaussian beam) incident on the GaAs is given by

P
I = 5
2oy

(7.53)

where 0g is the Gaussian beam radius of the laser. Also the intensity of the laser is
given by
1
I= §ce]E|2 (7.54)
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Equating these two, the electric field is found to be

P
E| = . (7.55)

CETOg

Assuming normal incidence on the air-GaAs interface

2
14+n

| EGaas| = |E| (7.56)

where n is the refractive index of GaAs. We note that the effect of the reflection in
the interface, is embedded in n for the analysis done for the cavity. From the above
discussion, the electric field sensed by the QD in the absence of the cavity has the

form

| = 2 P
neeatt 1 1\ cemo?

(7.57)

Comparing the cavity and no-cavity case, we can find that the electric field en-

hancement is given by

= :1+an%03 ) (7.5%)

Erocas 2 W, 1+ (2A/Aw)?

When the laser is resonant with the cavity, the maximum field enhancement for a
linear three hole defect (L3) cavity is ~ 350, assuming n = 1%, @ = 10000, Ao = 927
nm, og = 3u m, V,,, = 0.8(Xg/n)3, and the QD at the field maximum, i.e., ¢ = 1. For
a detuning of 4 linewidths (as is true for our experiment), the maximum enhancement
is ~ 40. We note that this maximum enhancement can be increased by using a cavity
with a higher quality factor or lower mode volume. Another way to increase the
enhancement is by increasing the coupling efficiency n by using a waveguide or a fiber
coupled to the cavity.

The Rabi frequencies of the laser at a QD-cavity detuning of AX = 0.4 nm are
measured to be 8.15 and 8.9 GHz at input powers of 190 and 290 nW, respectively.
The Rabi frequencies increase to 11.1 and 12.1 GHz when the pump is closer to the
cavity resonance (A\ are 0.26 and 0.22 nm, respectively). We theoretically estimate
these Rabi frequencies to be 11.6 and 13.8 GHz, which are close to the experimentally

measured values. The data of Fig. 3 a, b allows for order of magnitude estimation
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of system parameters such as QD dipole moment and effective QD electric field.
Assuming a coupling efficiency of the Gaussian laser beam to the PC cavity mode 7,
we can estimate the maximum laser field amplitude F at the position of the QD using
the Eqn. 7.51. From the linear fit in Fig. 3 b, we estimate the dipole moment g of
the QD to be be on the order of 22 Debye, with n = 1% as obtained previously with
the same grating coupled cavity design [5]. For this dipole moment, the maximum
QD-cavity interaction strength ¢g/27 should be ~ 29 GHz, assuming the QD is located
at the electric field maximum, thereby leading to the strong coupling. As mentioned
previously, we did not observe the anti-crossing of the QD and cavity peaks in PL
and thus believe that the actual value of g is smaller than this calculated value most
likely because the QD is not located at the cavity electric field maximum.

Finally, we study the effects of the detuning between the pump and the QD
resonance on the off-resonant cavity emission. Fig. 7.17 shows the cavity emission
as a function of probe laser wavelength A, for different pump laser-QD detunings
AXpump = Apump — Agp- The pump laser power is kept fixed at 290 nW. The detuning
AXpump 1s changed from —0.04 nm (blue detuned) to 0.04 nm (red detuned). We
observe that when the pump laser is far detuned from the QD resonance, the cavity
emission shows a single peak with A,. As the pump is tuned closer to the cavity
resonance, two peaks emerge in the spectrum, where the peaks are asymmetric when
the pump is not exactly resonant with the QD. The fact that the peaks remain distinct
as the pump is tuned through the QD resonance verifies experimental observation of
the anti-crossing of the Rabi sidebands of the driven QD, consistent with the theory
(Fig. 7.13 d).

Therefore, we demonstrate that signatures of the coherent driving of a QD by a
strong pump laser are preserved after phonon assisted scattering to an off-resonant
cavity despite the fact that this scattering process is incoherent. In addition to
revealing new aspects of the off-resonant QD-cavity interaction, this result is also
potentially useful for enabling simpler coherent optical spectroscopy of a QD, as
the readout signal is offset in frequency and can be spectrally filtered using well-
established techniques. Moreover, this approach may relax the requirement of working

exclusively with strongly coupled QD-cavity systems in quantum networks.
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Figure 7.16: Coherent interaction between the QD and the laser observed through
cavity emission. (a) Normalized cavity emission as a function of the probe laser wave-
length for different pump powers (measured before the objective lens). We observe
that a single QD resonance splits into two peaks. The splitting is linearly propor-
tional to the Rabi frequency of the pump laser. Each peak is fit with a Lorentzian.
(b) Rabi frequency 2 of the laser (estimated from the splitting) as a function of the
square root of the pump power P. A linear relation exists between Q and v/P. (c)
Normalized cavity emission for a pump power of 190 nW for two different QD-cavity
detunings A\ = 0.22 and 0.4 nm. (d) Cavity emission for a pump power of 290 nW
at two different QD-cavity detunings A\ = 0.26 and 0.4 nm. We observe that the
splitting increases for smaller detuning (i.e., when the pump laser is closer to the
cavity), which suggests that the input laser power is enhanced by the presence of the
cavity. For all experiments the probe laser power is kept constant at 20 nW. The
QD-cavity detuning is defined as AN = Agp — Aeaw- In (a), (¢), (d) the spectra are
vertically offset for clarity.
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Figure 7.17: Dependence of the result on pump-QD detuning. Off-resonant cavity
emission as a function of the probe laser wavelength for different pump-QD detunings
AXpump = Apump — Agp-. We observe that the QD linewidth broadens when the pump
is present and detuned from the QD resonance. As the pump is tuned through the QD
resonance, we observe the emergence of two peaks in the cavity emission spectrum.
This two-peak spectrum is consistent with the observation of the anti-crossing of Rabi
sidebands. The pump and probe power are kept at 290 nW and 20 nW, respectively.
The spectra are offset for clarity.



CHAPTER 7. PHONON-MEDIATED OFF-RESONANT COUPLING IN CQED165

7.4 Time resolved study of the off-resonant cavity
emission

Here we describe an experiment to estimate the time required to transfer the energy
from a QD to the cavity, when the QD is resonantly excited. This measurement gives
a way to estimate the incoherent coupling rate +,. The experiments are performed at
cryogenic temperatures (~ 30 — 55 K) on the same type of QDs embedded in a GaAs
three-hole defect L3 photonic crystal cavity.

We resonantly excite the QD with a laser pulse train consisting of ~ 40 ps wide
pulses with a repetition period of 13 ns. A grating filter is used to collect only the
off-resonant cavity emission (at higher energy than the excited QD) and block all
the background light from the excitation laser. The cavity emission signal is then
sent to a single photon counter followed by a picosecond time analyzer (PTA), with
a time resolution of ~ 100 ps. The PTA is triggered by the excitation laser pulse,
and the cavity emission is recorded. Fig. 7.19 shows the pulse shape (reflected from
the semiconductor sample to show the delay and distortion of the pulse itself due
to the setup and the PTA), as well as the rising and falling edges of the cavity
emission for different temperatures. By fitting exponentials to the cavity signal, we
estimate the fall times of the cavity emission. In practice, both the rise and fall times
are complicated functions of the dipole decay rate 7, the phonon coupling rate ~,
and the cavity decay rate k. From a simple rate equation calculation (where the
population goes from the QD to the cavity with a rate 7;), under the assumption
that all the population is in the QD excited state at time zero, we can find that the
cavity population is proportional to e~ ("t — e=%t  The rate equations describing

the dynamics of the coupled QD-cavity system are given by (Fig. 7.18)

CCZZC: = vb+kc—R (7.59)
db
- = B=(y+wh (7.60)
dc
o = b — ke (7.61)

As in our experiment, we are mainly measuring the emission from the cavity (i.e.,
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Figure 7.18: Simple level diagrams of the off-resonantly coupled QD-cavity system
for a blue (a) and a red (b) detuned QD. The ground state a and excited state b of
the QD are coupled via a laser. The excited state can decay to the ground state with
a rate v, and to the virtual state with a rate ;. The cavity couples the virtual state
to the ground state, and the cavity decay rate is k. In our experiment we measure
the population in the virtual state, or, ¢(t).

the ¢(t)) after the pump excites the QD, we can model the system as at time ¢t = 0,
b(0) =1, a(0) = 0 and ¢(0) = 0, and there is no R. Hence the equations become

db

i —(v+ )b (7.62)
;Zj = b — ke (7.63)

This can be re-written as a second order differential equation for ¢(t)

d?c

o7 + k(7 +v)e=0 (7.64)

de
+(7+%+Ii)dt

with the initial conditions ¢(0) = 0 and %|,_y > 0. The solution is given by c(t) =
e~ (et et for k> (4 7).
We note that the newly introduced rate +; depends on +,, the phonon-QD inco-

herent coupling rate, but they are not same. In our system, the cavity decay rate s
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Figure 7.19: Time resolved measurement of the off-resonant cavity emission. The
QD is resonantly excited with a 40 ps pulse, and the time-resolved measurement of
the higher energy off-resonant cavity emission is performed. The inset plots the fall
times of the cavity emission (extracted from the exponential fits) against the system’s
temperature.

is an order of magnitude larger than both v and ~;, and the fall time of the cavity
emission mainly follows e~(#+"t We fit the fall time of the cavity emission with
an exponential and find a value of ~ 850 ps. From independent measurements, we
know that the radiative QD lifetime is ~ 2 ns, when the QD is not Purcell enhanced.
From this, we can estimate v,/27 = 0.12 GHz. The QD in this particular case is
red detuned from the cavity, so to have off-resonant coupling, a phonon needs to be
absorbed. The temperature is changed from 40 K to 50 K, corresponding to a change
in dot-cavity detuning from 1.8 nm to 2.25 nm and a change in mean phonon number
n only from 7.8 to 8 [41]. Hence, the slight difference between the fall-times cannot

be attributed to the increase in phonon density.
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7.5 Phonon assisted inter-dot coupling

All phonon-assisted off-resonant interaction experiments reported so far in the liter-
ature (and also in this thesis) are based on a single QD and a cavity. Recently, an
experimental study of two spatially separated QDs interacting resonantly in a micro-
cavity has been reported [131], as well as a theoretical analysis [132, 133, 134, 135, 136]
of the possible energy transfer mechanisms between QDs in such a cavity. The inter-
action between two spectrally detuned QDs via a photonic crystal cavity has also been
demonstrated recently under p-shell QD excitation [137]. However, the actual cou-
pling mechanism between two QDs is not conclusively proven in that experiment, as
the presence of a higher-energy pumping laser can create charges and multi-excitons,
making the system more complex. In our work, we show that under resonant excita-
tion (of one of the dots), two spectrally far-detuned QDs can interact with each other
via an off-resonant cavity. More specifically, we observe emission from a spectrally
detuned QD when another QD is resonantly excited. Both frequency down-conversion
(energy transfer from a higher energy QD to a lower energy QD) and up-conversion
(energy transfer from a lower energy QD to a higher energy QD) are observed for
frequency separation of up to ~ £1.2 THz. Such a large energy difference cannot
be ascribed to an excited state of the same QD, as opposed to earlier work by Flagg
et. al. [138] which was performed without a cavity and for frequency difference of
~ £0.2 THz. Based on our observations, we believe this process occurs between two
different QDs, and the coupling between the QDs is enhanced by the presence of the

cavity.

7.5.1 Theory

The experimental system we want to model is shown in Fig. 7.20a. QD1, spectrally
detuned from both the cavity and QD?2, is resonantly excited with a pump laser. The
excitation is transferred to the cavity and QD2 via an incoherent phonon-mediated
coupling [41]. We note that, in theory, it is possible to transfer energy directly from
QD1 to QD2 via phonons. However, we observe the QD2 emission to be strongly de-

pendent on the QD2-cavity detuning, and hence the presence of a cavity is important
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for our experiment. In particular, for detunings greater than a few cavity linewidths,
the QD2 emission becomes weak and eventually vanishes.

The master equation used to describe the lossy dynamics of the density matrix p
of a coupled system consisting of two QDs and a cavity is given by

d .
dlt) = —i[H, p] + 26L[a] + 20 L[on] + 272L]0). (7.65)
Assuming the rotating wave approximation, the Hamiltonian describing the coherent

dynamics of the system H can be written in the interaction picture as

H=wala + waoloy + gi(afoy +acl) (7.66)

+ wdgo;ag + 92(aT02 + aag),

while the Lindblad operator modeling the incoherent decay via a collapse operator D
is L|D] = DpD' — $D'Dp— 1pD'D. Additionally,  is the cavity field decay rate; v,
and 9 are the QD dipole decay rates; w., wg; and wgo are the resonance frequencies
of the cavity, QD1 and QD2; ¢g; and gy are the coherent interaction strengths between
the cavity and the two QDs. The resonant driving of QD1 or QD2 can be described,
respectively, by adding the term Q(oy +o1) or Q(o3 +01) to the Hamiltonian . The
driving laser frequency is denoted by w;. We model the incoherent phonon-mediated
coupling by adding 2v,1L[afo] and 27,5L[ac}] to the Master equation [41]. We note
that the phonon-QD interaction strength depends on the phonon frequency and is,
in general, not a constant [107, 108]. However, as we are focusing only on a small
range of detunings in our experiments, a constant rate of QD-phonon interaction
can be assumed. The channel between QD1 and the cavity is then characterized by
the rates v,; and ¢;, while the channel between the cavity and QD2 is characterized
by 7.2 and go. Fig. 7.20c shows the numerically simulated power spectral density
(PSD) of the cavity output S(w) = [ (a’(7)a(0))e"*7dr when the lower energy
QD1 is resonantly driven with a laser. We use only the cavity operator to calculate
the PSD because experimentally most of the collected light (even off-resonant) is
coupled to the cavity mode. For these simulations, we use /27 = 7, /27 = 1 GHz,
vr1/27 = 0.5 GHz, ¢1/2m = 20 GHz, /27 = 20 GHz, QD1-cavity detuning A; = 6x
and QD2-cavity detuning Ay = —6k and the driving laser strength /27 = 5 GHz.
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We first study the role of 7,5 and g, in the QD2 emission. Without g5, no emission
from QD2 is observed; in the presence of g5, QD2 emission appears and 7,5 enhances
it (Fig. 7.20 ¢). This shows that coherent coupling between the cavity and QD2 is
required to observe this dot to dot coupling. Although QD2 emission is observed even
in the absence of its coupling to phonons (for 7,5 = 0), such emission is much weaker
than when phonon assisted process is present. The three peaks observed at the QD1
resonance are the usual Mollow triplet, modified due to the presence of the cavity
and phonons [130, 139, 41]. We note that to observe the off-resonant emissions from
the cavity and the QD2, we also need to have a phonon assisted interaction between
the QD1 and the cavity, i.e., a nonzero ,;.

Next, we theoretically analyze the dependence of the inter-dot coupling on the
spectral detuning between the undriven dot and the cavity. In an actual experiment
it is very difficult to tune only one QD without affecting the other, as the two QDs
are spatially very close to each other. Hence, in the simulation, we changed both
QD resonances and kept the cavity resonance fixed. In Fig. 7.21a we excite lower
energy QD1, which is spectrally far detuned from the cavity. QD2 is spectrally close
to the cavity, and strongly coupled to it. The resonant excitation of QD1 causes light
to be emitted both from the cavity and from QD2. Additionally, we observe anti-
crossing between the cavity and QD2 as the frequency of QD2 is tuned. Following
this, we excite higher energy QD2 resonantly, and observe emission from QD1 (Fig.
7.21b). We observe an increase in QD1 emission intensity when QD2 is resonant with
the cavity. Finally, we calculate the linewidth of QD1 while measuring the emission
from QD2 (inset of Fig. 7.21a), as well as the linewidth of QD2 while measuring the
emission from QD1 (inset of Fig. 7.21b), for a weak excitation laser power (§y/2m =1
GHz). The dotted black points are the simulation results, and we fit a Lorentzian to
estimate the linewidth. We find that the linewidth of QD1 is 4 GHz and the linewidth
of QD2 is 9 GHz. These simulated linewidths are larger than the linewidths one would
expect based on just the decay rates, i.e. 2(y+1,)/2m = 3 GHz; this results from the
presence of the cavity and from power broadening induced by the driving laser [41].
However, the linewidths are much smaller than that of the cavity (linewidth of 40

GHz) showing that the coupling is indeed between two QDs. We note that the slight
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Figure 7.20: (a) Illustration of the phonon assisted inter-dot coupling. QDI is reso-
nantly driven with a pump laser. The excitation is transferred to QD2 via the cavity.
(b) Experimental cross-polarized confocal microscopy setup. PBS: polarizing beam
splitter, OL: objective lens. (c) Numerically calculated power spectral density S(w)
of the cavity output for different QD2-phonon coupling strengths v,2 and QD2-cavity
mode coupling go. QD1 is resonantly excited (i.e., w; = wq1) and QD1-cavity coupling
is g1 /2m = 20 GHz, while QD1-phonon coupling rate is 7,1 /27 = 0.5 GHz. The cavity
field decay rate is k/2m = 20 GHz. Inset shows a zoom-in of the emission at the QD2
frequency.

shifts in the measured QD resonances from the bare QD resonances wy; and wgs arise

from a dispersive shift caused by the cavity.

7.5.2 Coupling between two quantum dots

In this subsection, we present experimental data showing dot to dot coupling via an
off-resonant cavity for two different systems: one with a strongly coupled QD, and
the other with a weakly coupled QD. In the first system, we excite higher energy QD2
resonantly with a laser, and observe emission both from the lower energy off-resonant
cavity and QD1 (Fig. 7.22). Note that QD1 is strongly coupled to the cavity and we
observe anti-crossing between the cavity and QD1 in the off-resonant emission when
the temperature of the system is changed (inset of Fig. 7.22). The experimental
data match well qualitatively with the theoretical result shown in Fig. 7.21a. The

emission from QD1 diminishes as QD1 is detuned from the cavity, which shows that
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Figure 7.21: (a), (b) Calculated S(w) when QD1(a) and QD2(b) are resonantly ex-
cited, and the dot-cavity detunings are changed. In other words, w;, = wg for (a)
and w; = wgy for (b). QD1 and QD2 resonances are tuned together, as in the exper-
iment. When QD1 is resonantly driven (a), we observe anti-crossing between QD2
and the cavity in the higher energy off-resonant emission. On the other hand, when
QD2 is resonantly driven (b), we observe an increase in QD1 emission when QD2 is
resonant with the cavity. For (a) and (b) parameters used for the simulations were:
Y1/27 = v2/27 = 1GHz, 4,1/27 = y9/27 = 0.5 GHz, g1/27 = go/27 = 20 GHz,
k/2m = 20 GHz, detuning between two dots 5k, driving laser strength Qy/27 = 5
GHz. Inset of a(b), shows the QD1(2) linewidth measured via monitoring QD2(1)
emission. The simulation result is fit with a Lorentzian to estimate the linewidths.
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Figure 7.22: Measurement of the emission from the off-resonant cavity and QDI,
under resonant excitation of QD2. We observe anti-crossing between QD1 and the
cavity when the temperature of the system is changed. Natural log of the count
from the spectrometer CCD is plotted. Inset zooms into the cavity emission showing
the anti-crossing between the QD1 and the cavity. The plots are vertically offset for
clarity.

the coupling between the two dots is enhanced by the presence of the cavity, and ¢
has an important contribution. However, when we scan the pump laser across lower
energy QD1 and observe higher energy QD2 emission in this system, we obtain the
cavity linewidth showing the usual cavity to QD2 coupling [4]. This might be due
to the high temperature (40-48K) of the system, as will be explained later in this
section.

In the second system, the higher energy QD2 that is spectrally close to the cavity
is only weakly coupled to it. We observe emission from a lower energy QD1 when a

laser resonantly excites a higher energy QD2 (Fig. 7.23 blue plot). We also observe
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up-conversion, i.e., emission from the higher energy QD2 under excitation of the
lower energy QD1 (Fig. 7.23 red plot). The energy difference between the two QDs
corresponds to a 1.2 THz acoustic phonon. The cavity is at ~ 935 nm, closer to the
higher energy QD2, although its emission is not distinctly noticeable. The data is
taken at 25K. In the inset (replicated in Fig. 7.24 a,b), we plot the collected emission
from the QD which is not resonant with the laser and estimate the linewidth by
a Lorentzian fit. The higher and lower energy QDs, respectively, have linewidths
of ~ 0.03 nm and ~ 0.013 nm. These are comparable to the linewidths of the
self-assembled QDs [4], and indicate that the coupling is indeed between two QDs.
The broader linewidth of the higher energy QD is due to the presence of the cavity.
Following this, we perform a more accurate measurement of the linewidths of each
QD by observing the peak amplitude of the emission from the off-resonant dot as a
function of the pump laser wavelength A, (Fig. 7.24 ¢,d), which gives us an estimate
for the linewidth of the other (resonantly excited) QD, as the laser scans across it. [4].
From the Lorentzian fit, we estimate that linewidths of the higher and lower energy
QDs are, respectively, ~ 0.024 nm and ~ 0.008 nm. The slightly smaller linewidths
measured by the latter approach are due to the better spectral resolution offered by
this method [4].

Finally, we performed a study of the effects of temperature on the inter-dot cou-
pling. We note that while down-conversion of the pump light is observed at a tem-
perature as low as 10 K, we did not observe any up-conversion at this temperature.
This corroborates the fact that the observed dot to dot coupling is phonon-mediated,
and at a low temperature up-conversion cannot happen due to the smaller number
of phonons. We first scan the laser across the higher energy QD and observe the
off-resonant emission from the lower energy QD; Fig. 7.25a shows the result of this
measurement for a set of different temperatures. Similarly, Fig. 7.25b shows the
data obtained by scanning the laser across the lower energy QD and observing the
off-resonant emission from the higher energy QD for an assortment of temperatures.
The cavity is spectrally closer to the higher energy QD. It can be seen from the
down-conversion plots in Fig. 7.25a that at lower temperature we observe emission

from the lower energy QD only when the pump is within the linewidth of the higher
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Figure 7.23: Experimental demonstration of the phonon mediated inter-dot coupling:
we observe the emission from a lower energy QD1, when a higher energy quantum
dot QD2 is resonantly excited (blue). Similarly, under resonant excitation of a lower
energy QD1, emission from a higher energy QD2 is observed (red). Natural log of the
count from the spectrometer CCD is plotted. Inset zooms into the QD emission (the
actual spectrometer ccd counts are plotted). QD linewidths are estimated by fitting
Lorentzians. Measured linewidths of the higher and lower energy QDs, respectively,
are ~ (.03 nm and ~ 0.013 nm. The cavity is at ~ 935 nm, close to the higher energy

QD2.
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Figure 7.24: Comparison of the linewidths measured in direct off-resonant dot emis-
sion (Fig. 7.23) and from resonant spectroscopy of the QDs: (a),(b) the off-resonant
QD emission (same as the inset of Fig. 7.23). QD linewidths are estimated by fit-
ting Lorentzians. Linewidths of the higher and lower energy QQDs, respectively, are
~ 0.03 nm and ~ 0.013 nm. The cavity is at ~ 935 nm, close to the higher energy
QD. (c),(d) the off-resonant dot emission as a function of the pump laser wavelength
Ap. In this experiment, a laser is scanned across one QD and emission is collected
from the other QD as a function of the laser wavelength, same as in Ref. [4]. By
fitting Lorentzians, we estimate the linewidths of the higher and lower energy QDs
to be ~ 0.024 nm and ~ 0.008 nm, respectively. The y-axis plots the photon counts
obtained in the spectrometer CCD.
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energy QD (the QD of interest and the cavity are shown by arrows). Upto 25 K, the
coupling is mostly between two QDs: the emission from lower energy QD is collected
only when the higher energy QD is excited, and the linewidth measured is closer to
a QD linewidth. However, with increasing temperature (28 K and higher) we ob-
serve emission from the lower energy QD even when the cavity is pumped. When
the temperature is raised to ~ 40 K, we observe coupling only from cavity to the
lower energy QD (i.e., emission from lower energy QD is collected only by exciting
the cavity, and not anymore by exciting the higher energy QD); similar to the obser-
vations reported previously [2]. The disappearance of the dot to dot coupling (while
preserving off-resonant cavity to dot coupling) is also noticed in Figure 7.22 (for the
system with only a strongly coupled dot and at 45 K temperature). This effect might
be caused by the increase in phonon density and the resulting broadening of the QD
lines. In Fig. 7.25b, we monitor the effects of temperature on the up-conversion (the
QD of interest is shown by an arrow). We cannot detect the up-conversion at 10
K, as it only becomes observable at higher temperatures. However, with increasing
temperature, the QD lines disappear. This is most likely due to the fact that the
QD starts losing confinement with higher temperature. The additional peaks in Fig.
7.25b show up-conversion of several other QDs.

In summary, we observed phonon mediated inter-dot coupling, both in systems
with strongly and weakly coupled QDs. Both frequency up- and down-conversion
were reported via a phonon of estimated frequency ~ 1.2 THz. Our results indicate
that this coupling is enhanced by the presence of the cavity, and that without a cavity

spectrally close to one of the QDs this process does not occur.
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Figure 7.25: Effects of temperature on dot to dot coupling and the resulting frequency
conversion of the pump. In the experiments, the wavelength of the pump, A, is
scanned through one QD and the peak intensity of the other QD is monitored. In (a),
the pump is scanned through the higher energy QD and the down-converted light from
the lower energy QD is collected and plotted. In (b), we plot the up-converted light
emitted from the higher energy QD as the pump is scanned through the lower energy
QD. All plots are separately normalized by the maximum QD emission intensity in
each plot and are vertically offset for clarity.



Chapter 8

Spectral diffusion and its effect on
CQED

In this chapter, we experimentally study the effect of photo-generated carriers on the
spectral diffusion of a QD coupled to a PC cavity. In this system, spectral diffusion
arises in part from charge fluctuations on the etched surfaces of the PC. We find
that these fluctuations may be suppressed by photo-generated carriers, leading to a
reduction of the measured QD linewidth by a factor of ~ 2 compared to the case where
the photo-generated carriers are not present. This result demonstrates a possible
means of countering the effects of spectral diffusion in QD-PC cavity systems and thus
may be useful for quantum information applications where narrow QD linewidths are
desired.

Although the solid-state cavity QED system consisting of a QD coupled to cavity
behaves similarly to its atomic counterpart in a number of ways, the unavoidable
interaction of the QD with its solid-state environment gives rise to phenomena specific
to the solid-state system, for example, off resonant coupling as described in the chapter
7. Another important phenomenon arising from the solid state nature of the QD-
cavity system is the random trapping and untrapping of charges in the vicinity of the
QD due to defects, leading to spectral diffusion of the QD optical transition energy
(140, 141, 142, 143]. Spectral diffusion (or jitter) is generally considered detrimental

to the optical properties of QDs as it leads to the broadening of optical emission lines
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(118, 144, 145]. Studies of spectral diffusion in bulk self-assembled QD systems have
attributed its observation to defects provided by the highly disordered QD wetting
layer [141, 146]. Additionally, it has been postulated that the proximity of etched
surfaces near the QD can lead to spectral diffusion due to defects provided by the
etched surface roughness [147]. Recent experimental studies of the linewidth of a
QD off-resonantly coupled to a photonic crystal (PC) cavity mode have also observed
broadening of QD linewidths that cannot simply be attributed to a pure dephasing
process [4]. This is not surprising considering that in QD-PC cavity systems both the
wetting layer and the presence of etched surfaces are expected to contribute to spectral
diffusion, particularly for QDs close to the holes of the photonic lattice. Further, each
contribution is expected to manifest under different system conditions. For instance,
wetting layer defects predominantly trap charges through the ionization of excitons
generated in the vicinity of the QD by above-band (AB) optical excitation. This
contribution to spectral diffusion has been shown to depend on the strength of the
AB laser and is absent at very low excitation powers [141]. For trap states provided
by the rough etched surfaces of the photonic crystal, fluctuating surface charges are
anticipated to contribute to spectral diffusion even in the absence of AB optical
excitation. It is unclear, however, how this contribution to spectral diffusion may be
affected by above-band excitation, if it can be affected at all.

Here, we experimentally analyze the dependence of spectral diffusion on the power
of an AB laser for a QD off-resonantly coupled to a PC cavity. Specifically, we per-
form QD linewidth measurements by scanning a narrow-bandwidth continuous-wave
(CW) laser across the QD resonance and observing optical emission from the detuned
cavity. In the absence of AB pumping, we observe a broadened QD linewidth and
attribute this broadening to fluctuating surface charges on the nearby etched surfaces.
Surprisingly, we find that this contribution to spectral diffusion is suppressed in the
presence of AB excitation. We attribute this suppression to the filling of trap states
in nearby etched surfaces by photo-generated carriers leading to a drastic reduction of
charge fluctuations. This in turn dramatically reduces the experimentally observed
QD linewidth. For low AB laser powers, spectral diffusion becomes negligible and

the QD linewidth exhibits the standard power broadening as the CW laser power is
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increased. These results demonstrate an optical excitation regime in which spectral
diffusion may be overcome and provide a simple means of countering the degradation
of the optical properties of QDs in PC structures. This approach could thus prove use-
ful in QD-PC cavity based quantum technologies that benefit from narrower emitter
linewidths.

8.1 Theory: QD linewidth broadening

The effect of the spectral diffusion is reflected in the measurement of the QD linewidth.
In the linear response regime, the QD lineshape is characterized by the QD suscepti-
bility [148]

X<t> x F l:e(iwo—V(‘;O))t(e—i fot dT&u(T)> (81)

where F denotes the Fourier transform, wy is the QD resonance frequency, v(wp) is
the radiative QD linewidth and the statistical average is taken over all the possible
frequencies at different times 7. The effect of spectral diffusion is reflected in this
statistical average. This average depends on the underlying probability distribution of
the random environment. Assuming a Gaussian fluctuation, by Cumulant expansion

(and noting the odd moments are zero), we can write
<e—i fot dTéw(T)> _ e_%fot dr fot dro(dw(T1)dw(T2)) (82)

Assuming an exponential correlation function (with variance I" and correlation time

7.) of the form
_Im =7l

(dw(m)owr) =T = (8.3)
we find that
<€—if0t dT(Sw(T)> B 10 (8.4)
with
O(t) =22 e ™ +t/7, — 1] (8.5)

Hence, we can model the effect of the fluctuating environment by two quantities: the
standard deviation I" and the correlation time 7.. In the limit of long measurement

time (¢ >> 7.), the linewidth of the QD is given by (v + I'*7.), where v comes from
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the Lorentzian lineshape of the QD and I'?7, is the contribution of the fluctuating
environment. In this article, we perform two separate sets of experiments to deter-
mine these characteristic quantities of the fluctuating environment. From the first
set of experiments, we obtain a measure of the lifetime of the charges in the traps
and estimate the correlation time 7, to be approximately 22 ns. In the second set
of experiments, we show how photo-generated carriers can mitigate the effect of the
spectral diffusion that is present in the absence of any above-band excitation. From
experimental results (see section IV) we determine the broadening due to the fluc-
tuating environment and estimate the quantity I'?7, to be approximately 8.7 GHz,
corresponding to I' ~ 600 MHz. We note that as these values were obtained for two

different QDs on the same wafer, they provide only order-of-magnitude estimates.

8.2 QD charging and modulation

In the first set of experiments, we investigate the time scale on which carriers gener-
ated by the above-band (AB) laser affect the QD environment. These experiments
are used to provide a measure of correlation time 7. associated with the fluctuating
surface charges. To perform these measurements, we first identify a strongly coupled
QD-cavity system in PL studies by observing the anti-crossing of the QD and cavity
resonances that occurs as the temperature is varied. We then probe the system by
measuring the transmission of a resonant continuous wave laser through the cavity.
In the absence of the AB laser excitation, we observe a Lorentzian line shape for the
cavity transmission, indicating that there is no QD coupled to the cavity despite the
fact that coupling is observed in PL studies. When the weak AB laser is turned on,
however, we observe a drastic change in the transmission spectrum as shown in Fig.
8.2a. The spectrum now appears to show two QDs strongly coupled to the cavity
as indicated by the presence of two dips in the transmission spectrum. Inset of Fig.
8.2a shows the theoretically predicted spectrum of cavity transmission, in the absence
and presence of two coupled QDs. The experimentally obtained spectra qualitatively
match well with the numerical calculation. We note that, in presence of two strongly

coupled QDs, the total loss of the system is distributed among the three peaks and
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Figure 8.1: The cross-polarized confocal microscopy setup used to probe the coupled
QD-cavity system. The inset shows a scanning electron micrograph of the fabri-
cated PC cavity. OL and PBS stand for objective lens and polarizing beam splitter,
respectively.
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an apparent narrowing of the bare cavity linewidth is observed. Similar simultaneous
strong coupling of two QDs with a semiconductor micro-cavity has previously been
observed by other groups [149, 37, 131]. This dramatic change in the transmission
spectrum could be caused by the capturing of optically generated carriers by the
QD, which leads to the formation of charged excitons and a discrete shift in the QD
resonance wavelength, which in this case aligns it with the cavity [150]. Another
possibility is that both QDs are in the optically dark state, but are brought back to
the optically active states (aligned with the cavity resonance) by the action of the
AB laser. However, in the previous experiments on QD blinking it has been shown
that QDs remain in such optically dark states typically for approximately several
hundred nanoseconds [151] which is much smaller than our experimental integration
time. Therefore, this would mean that splitting in the transmission spectrum in Fig.
8.2a should be observed even without the AB laser (although with smaller contrast).
Another possible explanation is that the linewidth broadening caused by spectral
diffusion suppresses the dips in the transmission spectrum. In the presence of the
AB laser, the spectral diffusion is reduced (as will be discussed later in the chapter),
leading to a reduction of QD linewidths and the appearance of the dips in the trans-
mission spectrum. We note that in presence of the AB laser, the amount of light
coming out of the cavity due to PL is negligible compared to the light transmitted
through the cavity.

Next, we study the time dynamics of this resonance shift to obtain a measure of
the time scale on which the charge environment surrounding the QD fluctuates. This
is done by measuring the transient response of the transmitted resonant laser power
to modulation of the AB laser. We note that this type of modulation is different from
the all-optical modulation reported in [152], where the QD shifts continuously with
increasing AB laser power and the modulation is caused by the screening of the built-
in electric field by photo-generated carriers (in the present case, we use an undoped
wafer, while Ref. [152] employed a wafer with a pin junction where such effect was
significant). To obtain optimal modulation contrast we tune the CW laser to the dip
in the cavity transmission spectrum (shown by the arrow in Figure 8.2 a). Figure 8.2

b shows the DC modulation behavior when the above-band laser is manually turned
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Figure 8.2: (a) Effect of the above-band (AB) laser on the transmission spectrum of
a strongly coupled QD-cavity system. The arrow shows the wavelength of the other
(resonant) CW laser, whose transmission is modulated by the AB laser in (b) and (c).
Inset shows numerically simulated plots of a cavity with and without two strongly
coupled QDs. The theoretical results qualitatively match the experimental data well.
(b) The transmitted laser power in steady state when the AB laser is turned on and
off manually, at intervals of several 10s. This shows the DC characteristics of the
modulation. (c¢) The temporal dynamics of the QD-cavity system: the transmitted
laser output as a function of time (black plot). The shown modulation signal (red) is
used to modulate the above-band laser. From exponential fits (green) we estimate a
time constant of ~ 22 ns, which is obtained as the inverse of the total diffusion rate
(equal to the sum of the rates for the rising edge, i.e., carrier capture, and the falling
edge, i.e., carrier release). (d) The on-off ratio of the transmitted laser as a function
of the modulation frequency.
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on and off at varying time intervals and the resonant laser transmission is measured
at steady-state. To measure temporal dynamics, we apply a square-wave modulation
to the above-band laser and measure the CW laser transmission (at the wavelength
indicated by an arrow in Fig. 8.2a) by a single photon counter and a pico-second
time analyzer triggered by the modulated above-band laser [37]. We note that for
this experiment, the powers of the above-band laser and the resonant CW laser are,
respectively, 15 nW and 250 nW as measured in front of the objective lens of the
confocal microscopy setup. Figure 8.2 ¢ shows the modulated cavity transmission
output with time, for a modulation frequency of 2 MHz. We observe an exponential
rise (decay) of the resonant laser transmission when the AB laser is turned on (off).
These two time-scales provide estimates of how much time it takes for the charges
to get trapped or untrapped in the vicinity of the QD. We fit the exponentials and
obtain a rising time constant of 7. ~ 30 ns and a decay time constant of 7, ~ 80

ns. From these two measurements we estimate the time-scale of the fluctuation of

TrTd
Tr+Tq

1/(2n7.) ~ 7 MHz. Finally, Fig. 8.2 d shows the on-off-ratio of the transmitted CW

laser as a function of the modulation frequency of the above-band laser demonstrating

charges to be 7, = ~ 22 ns. This shows that the maximum modulation speed is

that the maximum modulation speed is approximately on the order of ~ 7 MHz. We
note that this measurement of correlation time only provides an order of magnitude

estimation.

8.3 QD linewidth broadening

Having obtained a measure of the correlation time associated with local charge fluctu-
ations, we now turn to experimental measurements of the broadening of QD linewidths
by spectral diffusion. For this set of experiments, we consider a system where a QD
is far off-resonantly coupled to a PC cavity mode. For this particular system the
dot is 1.4 nm blue-detuned from the cavity (the dot and cavity are, respectively, at
934.9 and 936.3 nm; see Figure 8.3 a). QD linewidths are obtained by measuring the
off-resonant cavity emission as the CW laser is scanned through the QD resonance,

similar to experiments reported in Ref. [4]. We observe saturation of the cavity
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emission and power broadening of the QD with increasing excitation laser power.
We emphasize that in the experimental data shown in Fig. 8.3, the additional AB
laser is not used, and the QD is driven only by the resonant laser. By simultane-
ously fitting the cavity emission with the model I, P/(1 + P) (Figure 8.3 b) and
the QD linewidth with the model Awyy/1 + P (Figure 8.3 ¢) [121], we find that the
observed QD linewidth is significantly smaller than what is expected from ordinary
power broadening of a two level system (the dashed line in Figure 8.3 ¢). Here, 5
is the saturated cavity emission intensity, Awq is the QD linewidth at the limit of
zero excitation power and P is proportional to the laser intensity at the position
of the QD. Simple theoretical analysis shows that the QD linewidth exhibits power
broadening similar to that of a two-level system [41], thus showing that the cavity
read-out does not affect the QD linewidth significantly. This unusual broadening
behavior cannot be explained by an increasing pure dephasing rate with increasing
laser power or excitation induced dephasing [153], since those effects would lead to
a broader linewidth than that predicted by standard power broadening. In fact, the
nature of the broadening indicates a power-independent broadening mechanism.

We thus consider spectral diffusion as a means of modeling this additional power-
independent broadening. We note that spectral diffusion is indeed power independent
when the laser is resonant with the QD. The effect of spectral diffusion is modeled as
a Voigt lineshape, which is a convolution of a Lorentzian lineshape (the actual QD
linewidth Awy) and a Gaussian lineshape (the spectral fluctuations with a linewidth

of Awp). The full width half maximum Awy of a Voigt line-shape is given by [154]:

Awy ~ ADwy + /(1 — APAWE + Aw (8.6)

where the parameter A = 0.5346 is empirically determined. We use this model to
fit the power broadened linewidth, where Aw;, = Awgy/1 + P. The model fits the
experimental data very well, with parameters Awg/2m = 4.7 GHz and Awp/27 =
8.7 GHz. These results support the theory that spectral diffusion is caused by the
trap states present on the etched surfaces of the photonic crystal. These traps can
be randomly charged and discharged, resulting in a fluctuating charge environment

that can modify the QD resonance frequency by random DC Stark shifts. As we
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perform time-averaged measurements on time scales much longer than the correlation
time estimated in the preceding set of experiments, the measured QD linewidth is a
statistical mixture of the QD resonances at different resonance frequencies.

We now repeat these experiments in the presence of an above-band laser. Although
the QD transition energy is not shifted in the presence of the PL laser, we observe
a significant reduction in the measured QD linewidth (by a factor of ~ 2) and an
increase in the off-resonant cavity emission (Figure 8.4). The resonant laser power is
kept at the same value (~ 100 nW) as used in the measurements of Fig. 8.3. The
increased background in the cavity emission in the presence of the AB laser is caused
by the small amount of PL generated by this laser. We find that the QD exhibits
a Lorentzian line-shape in presence of the AB laser, but shows a nearly Gaussian
lineshape in the absence of the AB laser. We attribute this difference to the fact that
one of the effects of the AB laser is to create carriers that subsequently fill all the
empty traps near the QD, thereby reducing spectral fluctuations. The dependence
of the QD linewidth as a function of AB laser power is shown in the inset of Fig.
8.4. With increasing AB laser power, the PL adds noise to the off-resonant cavity
emission, making linewidth measurements difficult. However, we do observe a slight
increase in the QD linewidth with increasing AB laser power, consistent with previous
studies [141]. We note that an AB laser can cause multiple effects such as an abrupt
change in the QD resonance frequency [150], or saturation of the QD. Hence this type
of linewidth narrowing in the presence of the AB laser is not observed for all the QDs.
However, the additional power-independent broadening is present in the absence of
AB pumping for all QDs studied.

For this particular QD, we also perform a power dependent study of the QD
linewidth and cavity emission in the presence of the AB laser. The AB laser power
is kept constant throughout experiments. The data in the absence of the AB laser is
the same as shown in Figure 8.3. Figure 8.5a shows the off-resonant cavity emission
intensity as a function of the excitation laser power both in the presence and absence
of the AB laser. In the presence of the AB laser, we observe an increased cavity
emission and also a saturation trend at lower laser power (shown by the fit). However,

with increasing excitation laser power, the cavity emission decreases. This decrease



CHAPTER 8. SPECTRAL DIFFUSION 189

Laser on QD

(P2

loge (counts)

Cavity
Emission

A®/2T

0.5 1.5 2.5 3.5
Laser Power (LW)

Figure 8.3: QD spectroscopy by off-resonant dot-cavity coupling: (a) The spectrum
showing the laser resonantly driving the QD and the emission from an off-resonant
cavity. A logarithmic scale is used to show both the strong laser and the weak
cavity emission. (b) Cavity emission as a function of the power of the laser that
is driving the QD resonantly. (c¢) QD linewidth Aw measured by monitoring the
cavity emission by scanning the laser across the QD. Aw is plotted as a function
of the excitation laser power. We find that the standard power broadening model
over-estimates the measured QD linewidth (the dashed line). However, the model
provides better agreement with experimental results when spectral diffusion is taken
into account (solid line).
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Figure 8.4: Effect of the AB laser on the QD spectrum as measured though off-
resonant cavity emission. In the absence of the AB laser, we observe a broad QD
linewidth. However, in the presence of this laser, a significant linewidth narrowing
is observed. The increased background with the AB laser on is caused by the PL
generated by the AB laser. The inset shows the QD linewidth measured as a function
of the AB laser power.
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Figure 8.5: (a) Off-resonant cavity emission as a function of the laser power driving
the QD resonantly for two cases: with and without the additional, weak above band
laser. (b) Extracted QD linewidth as a function of the resonant driving laser power.
A much narrower linewidth is observed in the presence of the AB laser at lower
excitation powers. Also, the QD linewidth follows a simple power broadening with
the excitation laser power when the AB laser is present. In the absence of the AB
laser, we observe an additional power independent broadening, which can be explained
by spectral diffusion of the QD.

in the cavity emission may be due to the presence of other QD excitonic states. The
fact that those states are present only with the AB excitation may be an indication
that these other excitonic states are multiply charged states arising from the capture
of multiple photo-generated carriers [155]. Figure 8.5 b shows the measured QD
linewidth as a function of the excitation laser power both in the presence and absence
of the AB laser. We find that the QD linewidth is narrower with AB laser on at
lower laser excitation power. In fact, the QD linewidth in that case follows ordinary
power broadening (as shown by the solid line fit), with Awy/27m = 4.7 GHz, the same
as the Lorentzian linewidth obtained from the fit to the linewidth data with spectral

diffusion.
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In summary, we have presented experimental studies showing the effect of the
photo-generated carriers on spectral diffusion in the QD-PC cavity QED system. We
first showed that the transmission spectrum of the strongly coupled QD-PC cavity
system can be modified with a very low power of the additional above-band laser.
We also show the significant effect of spectral diffusion in resonant QD spectroscopy,
when the QD is embedded in a photonic crystal cavity. This spectral diffusion can
be mitigated by photo-generated carriers that serve to fill the trap states occurring
at the etched surfaces of the PC. This significant reduction of the QD linewidth by
the additional weak, above-band excitation is an attractive prospect for potential
quantum information applications employing QDs in PC structures. For those appli-
cations benefiting from narrow QD linewidths, the results presented here demonstrate
a relatively simple means of improving the optical quality of QDs and thus system

performance.



Chapter 9

Outlook

In this thesis, I have presented detailed experiments and theoretical studies of a cavity
QED system consisting of a single QD and a PC cavity. We have shown that a very
high optical nonlinearity can be achieved in this system, which is present almost at
a single photon level. Such a strong light-matter interaction opens up several new
directions to explore, which are both scientifically and technologically important. In
this chapter, I briefly describe some of the future research directions, where such

strong optical nonlinearity can be beneficial.

9.1 Coupled cavity array for quantum many body

simulation

Solving strongly correlated quantum many body systems is a formidable task. One
promising approach is to mimic such complicated systems using another simpler and
easily controllable quantum system, as envisioned by Richard Feynman [156]. To that
end, the first demonstration of quantum phase transitions with ultra-cold atoms in
optical lattice [157] proliferated a significant amount of research on quantum simula-
tion with atomic systems [158]. Another very promising direction of using photons
themselves as the interacting particles has been conceived very recently, and gener-

ated considerable interest [159]. The main idea to obtain such a “Quantum fluids of
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Figure 9.1: SEM of a coupled cavity array in photonic crystal. This particular struc-
ture contains 16 cavities.

light” [159] is to build a coupled network of non-linear electro-magnetic cavities. The
photons can hop between cavities due to the electromagnetic coupling and can repel
each other in the same cavity due to the nonlinearity present in the cavity. Obviously,
the optical nonlinearity required for such strong repulsion at low photon number is
very high, and in current technology, only quantum emitters strongly coupled to cav-
ities (for example, atoms, dots or super-conducting transmon qubits) provide such
strong nonlinearity in the photon blockade regime [3, 85]. As one needs to have many
cavities for this operation, a solid-state system is obviously a better choice.

QDs coupled to photonic crystal cavities (as described in this thesis) can be used
to build such a nanophotonic platform for quantum simulation. Photonic crystal cav-
ities can be scaled very easily, the first step being the demonstration of the photonic
molecule as described in the chapter 6. Figure 9.1 shows SEM image of a fabricated
coupled cavity array in GaAs. In this particular structure we have 16 cavities with all
the cavities having the same polarization. However, positioning one QD in each solid-
state cavity is very difficult. Especially, it is very difficult to deterministically position
the self-assembled QDs, which have the best performance in terms of cavity quantum
electrodynamics (CQED). Recently several groups have demonstrated deterministic
position of such QDs [113], and we hope that those QDs will also perform well in a
cavity QED setting. Another approach will be to use a bulk nonlinearity or quan-

tum well nonlinearity, but significantly enhanced by a high Q and low-mode-volume



CHAPTER 9. OUTLOOK 195

Figure 9.2: (a)SEM of a photonic crystal cavity with metallic grating on the side. (b)
SEM of a metallic grating fabricated for generating surface acoustic wave.

nano-cavity [160, 95]. We also note that such a platform consisting of coupled non-
linear cavities is useful not just for quantum simulation, but also for quantum error

correction [161] as well as for classical optical signal processing [162].

9.2 Coherent control of phonons

In the chapter 7, we studied an incoherent phonon-mediated coupling between the
QD and the cavity. This coupling results in a conversion of one frequency of light
to a slightly detuned frequency. Such frequency conversion can be useful for quan-
tum dot based implementation of a quantum repeater or a quantum computer, which
is currently limited by the inhomogeneous broadening of the QDs. At present, the
described phonon-mediated channel is incoherent, and it cannot be controlled deter-
ministically. Although changing the temperature affects the phonon density of states,
and thus affects such phonon-mediated process, the effect of temperature is not very
large, and operating temperature range is limited by the QDs.

Hence, one can think of generating such phonons at nano-scale deterministically
by optical means. More specifically, we have designed a metallic grating with spatial
periodicity a (see Figure 9.2). Via a short laser pulse we can heat up the metal
and the semiconductor (here GaAs) differently. Once the pulse is gone, the metal
and the semiconductor start dissipating heat, but at different rates. With changing
temperature, the size of the metal and the semiconductor also change due to thermal
expansion and cause strain. Such strain generates surface acoustic waves (SAW),

with wavelength A\ ~ a. Thus one can deterministically generate phonons at the



CHAPTER 9. OUTLOOK 196

4> |t +>____
A

5.1 4 18| —|t,->—>[3>
Wyl V
O¢ )
A 4 A4 |Z'>_>|2>
|1><|z+>—

Figure 9.3: Energy-level diagrams of a single electron spin confined in QD under
magnetic field (in the Voigt configuration). The two ground states are electron spin
up and down. These two constitute the stable basis for the matter qubit. The two
excited states are trion states.

nano-scale. We note that, in order to generate a 50 GHz signal (corresponding to
QD-cavity detuning of ~ 0.02 nm), one needs the spatial periodicity of the metallic
grating to be 100 nm (as the velocity of sound in GaAs is 5000 m/s), which is well
within the reach of the current state-of-the-art fabrication techniques. However, to
generate such high frequency SAW by electrical means, one needs to use a high

frequency of electrical signal as well, which is difficult to generate.

9.3 Spin-photon interface

Another very important direction to exploit such low-power nonlinearity is to build a
spin-photon interface for a quantum repeater. The necessity of quantum repeaters for
long distance quantum communication is described in the introduction of the thesis.
In fact, one of the main motivations for studying this cavity QED platform is to
realize quantum information processing and communication methods.

The experiments described in the thesis mostly involve QD excitons. In this
system, the basis for the qubits are the ground state and the single exciton state of
the QD. However, the QD exciton state is short-lived, and coupling it to a cavity

reduces the life-time further. Hence, even though the QD exciton qubit has two
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states, it is not a stable basis for a qubit. For that reason, we want to use the single
electron spin confined in the QD as our qubit. In chapter 4 we showed that we can
deterministically charge a single QD with an electron by applying a vertical electric
field. A single electron confined in the QD has spin, and under the application of a
magnetic field the energies of the spin-up state and the spin-down state differ, and a
level splitting is observed. We note that the self-assembled QDs have significant strain
and hence the only good quantization axis is along the growth axis, which is also the
optical axis in our case. Hence all the spin states are specified along this direction,
also called the z-direction. There are two different configurations for application of
the magnetic field: Faraday configuration where the magnetic field is parallel to the
quantization axis; and Voigt configuration, where the magnetic field is perpendicular
to the quantization axis. In the Faraday configuration, although the spin up and spin
down states acquire different energies, they do not mix. Hence we end up with two
decoupled two level systems. On the other hand, in the Voigt geometry the spins
mix, and thus we get a 4-level system, as shown in Fig. 9.3. This system is suitable
for spin-manipulation. Significant progress has been made in the manipulation of
QD spin without a cavity [163]. However, ultimately for practical application one
needs to use a cavity to enhance the light-matter interaction. The cavity enhances
the in-coupling of light, and thus ultimately enables single photon operation. The
cavity also enhances the out-coupling, and thus makes the read-out efficient.
However, coupling the QD to the cavity perturbs the QD states strongly. This
in turn affects the fidelity of the spin initialization and spin read-out. Hence, one
can use the off-resonant QD-cavity coupling to ensure that the QD is not greatly
perturbed by the cavity, but still maintaining good in-coupling (see chapter 7). Also,

the off-resonant emission can be used for efficient readout.
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