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Abstract

High-fidelity single photon sources are required for quantum information technologies and fun-
damental research. Recently near-unity single photon purity and near-unity indistinguisha-
bility have been shown in resonantly pumped quantum dots embedded in an optical cavity.
In this thesis we provide a theoretical framework and experimental results on polarization
non-degenerate self-assembled InAs/GaAs quantum dots inside a polarization non-degenerate
cavity, and show that by filtering the polarization the brightness of the single photon source
can be enhanced. We furthermore describe the resulting output light analytically as a mixture
of single photons and coherent light and derive a simple expression for the purity of the single
photon source. Lastly we present pulsed measurements of this quantum dot-cavity system,
and show that the purity of the single photon source is 98%.
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Chapter

Introduction

A good understanding of the physics of light has brought about several revolutionary leaps
of progress over the past centuries, ranging from the discovery of quantum mechanics to laser
technology and all telecom applications. Technological developments in nano-scale material
science over the past 20 years have allowed physicists to explore a new regime of optics, reaching
low energy scales where photons, individual light particles, can reliably be created and studied.

These single photons have applications in fundamental optics research as well as in quantum
encryption and key distribution [1] and quantum cluster computing [2]. For all these purposes
it is important to have access to a high quality single photon source (SPS) — a device that can
produce a single photon on demand. Although in practice no perfect SPS exists, a wide range
of systems has been studied for their ability to produce single photons on demand [3-8] and
some of these systems are approaching the limits required for practical applications.

The quality of a single photon source is quantified by three measures: brightness, purity and
indistinguishability. The indistinguishability measures to what degree the produced photons
are equal along all quantum mechanical degrees of freedom, i.e. to which degree these photons
can be used for interference experiments. The purity describesthe probability that only a
single photon is emitted at a time, i.e. the absence of higher photon states. Lastly the bright-
ness is given as the percentage of the time that triggering the SPS produces output light, as
opposed to not emitting any light into the output mode.

Modern research on potential methods of creating a single photon source has shown highly
promising SPS characteristics for samples consisting of a quantum dot (QD) excited on-
resonance in an optical cavity [3, 8-18|, presenting SPS’s with indistinguishability and pu-
rities exceeding 97% and a brightness on the order of 50%. Our samples are also of this type,
consisting of InAs/GaAs self-assembled quantum dots inside a micropillar cavity.

This thesis presents novel theoretical and experimental results to better understand and clas-
sify the behaviour of the quantum dots in our optical cavity and their properties as single
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2 Introduction

photon sources. We will first describe the experimental setup and the relevant theory for
interpreting the measurement methods. The next section derives theoretical conditions that
must be met when optimizing the QD-cavity system as a SPS. We will then proceed to ex-
plain how the SPS purity can be extracted from our measurements using a new theoretical
approach, and use this result to conclude that the semiclassical model is in good agreement
with measurements of the QD excited with a continuous wave laser. The final section of the
thesis presents theory and experiment of the same sample excited with a pulsed laser, and
interprets and discusses the results.
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Chapter

Quantum dot CQED

In this section we will first explain the experimental setup and then explain the model of our
quantum dot in an optical cavity. Although the model presented is semiclassical, we will refer
to the cavity quantum electrodynamical theory at all points where the semiclassical model
fails to describe phenomena of interest.

2.1 Continuous wave setup

Below we will introduce and discuss the experimental setup. The reason for discussing the
setup before the theory is that this will shed light on the applicability of approximations made
in the upcoming sections. We will study and discuss a single photon source consisting of a
quantum dot in a cavity excited by a continuous wave laser tuned on resonance.

2.1.1 Experimental setup

Figure 2.1 below shows a schematic overview of the setup.

The Fabry-Pérot cavity allows us to accurately measure the wavelength of the laser, which can
be tuned between 930-945nm. The light from the laser is then sent to a quantum dot inside an
optical cavity in the cold finger cryostat. The light transmitted through this cryostat is then,
after passing through an output polariser, detected in a Hanbury-Brown-Twiss detector, for
which we explain the motivation below.

As mentioned in the introduction one of the measures of the quality of a single photon source
is its purity, which is the percentage of emitted light that consists of single photons. While a
theoretical single photon source would have a purity of 100%, in practice purities of modern
SPS’s are as high as 97% [8]. It is therefore important to measure this purity, which can be
done with a Hanbury-Brown-Twiss setup.
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4 Quantum dot CQED
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Figure 2.1: Schematic overview of the SPS consisting of a QD excited by an on-resonance continuous
wave laser. The red box is the input laser, the sample is depicted by the purple bar inside the cold
finger cryostat.

The Hanbury-Brown-Twiss setup consists of a 50/50 beamsplitter with each arm connected
to a single photon detector. The signals from the single photon detectors are then led to a
start-stop circuit board — one of the two detectors starts a timer on the circuit board, the
other stops it and sends the measured time to the computer, thus producing a single coin-
cidence count. Accumulating such coincidence counts over time in a histogram gives us the
second-order autocorrelation function, i.e. the intensity autocorrelation function, of the light
in the detection path. By ensuring that the optical path (in practice electrical path of the
signal, but these are equivalent for our purposes) to the ‘stop’ single photon detector is longer
than the path tot the ‘start’ single photon detector we can even measure the autocorrelation
function, ¢*(7), for (slightly) negative values of 7.

From this autocorrelation function we can derive the purity of the SPS. A pure SPS emits only
single photons, which means that it is impossible to detect a single photon on both detectors
in this setup at the same time, i.e. ¢%(0) = 0 (see also figure 2.2). Any other light source
will produce a non-zero amount of coincidences at zero time delay. Since for large values of 7
the autocorrelation function converges to some non-zero asymptote (which is conventionally
normalised to 1) this means that the dip around 7 = 0 allows us to deduce the purity of a

SPS.

2.1.2 Materials

The quantum dot consists of an island of InAs embedded in single-crystalline GaAs, grown
by the Stranski-Krastanov growth method, where the lattice mismatch between these two
materials causes strain in the InAs which is released by island formation. The quantum dot
forms a potential well for electrons and holes, thereby leading to quantized states, which is why

4
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2.1 Continuous wave setup 5)
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Figure 2.2: The second-order autocorrelation function of a perfect SPS.

a quantum dot is also called an artificial atom. A resonant laser can excite such an electron-
hole pair (exciton), which can recombine and emit a single photon. During the production
process of the layered optical cavity many such QDs are grown on a specific layer which will
by the end of the fabrication process be in the middle of the sample, with layered Bragg
reflectors forming thin film mirrors on both sides to produce a Fabry-Pérot cavity (see figure
2.3). A PIN junction enables us control over the resonance frequencies of the quantum dots
inside through the quantum-confined Stark effect. We use this to tune an individual QD into
resonance with the cavity. Important to note is that this mechanism only allows us to apply a
global electric field, and does not allow fine-tuning of the local electrical configuration around
a chosen QD.
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6 Quantum dot CQED
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Figure 2.4: A scanning electron micrograph
image of the cavity (center). Visible are the
three trenches etched away from the layered
structure, which allows for whet-chemical ox-
idation of an AlAs layer. This results in an
intra-cavity aperture for in-plane confinement
of the optical modes in the cavity.

Figure 2.3: A schematic overview of the op-
tical cavity and the quantum dots inside it.

The modes in the mirror are confined transversally by oxide apertures, created by etching
away trenches around the desired location of the cavity and then oxidizing the sample (figure
2.4) [19].

2.2 Theory

In this section we will explain in detail the semiclassical model for a polarization non-degenerate
quantum dot in a polarization non-degenerate optical cavity. We will explore the theoretical
requirements for using this system as a good single photon source in terms of both the lab-
tunable and fixed system parameters, and conclude that for maximum brightness of the SPS
it is necessary that the optical cavity is polarization non-degenerate. In our analysis special
attention will be paid to the parameter of quantum dot angle and its influence on the quality
of the SPS.

2.2.1 Derivation of the semiclassical model

We are interested in modelling the transmission of light through a Fabry-Pérot cavity with
a near-resonance quantum dot in it. There are multiple sources [20-22] for the amplitude
transmission coefficient for single mode systems of this form, for example [22] giving the

formula
1

1—iA+ 27

t= Nout

Here A is the detuning between the laser frequency and the cavity resonance frequency, A’ is
the detuning between the laser and the QD resonance and C' is the quantum dot-cavity coop-
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2.2 Theory 7

erativity, which describes the interaction strength between light in the cavity and the quantum
dot. We can interpret this formula as describing the Fabry-Pérot cavity as a Lorentzian line-
shape filter and the quantum dot as a Lorentzian emitter inside the cavity.

The quantum dot in our system has two different excitation modes which emit orthogonally
polarized light. Since the quantum dot is not perfectly circularly symmetrical these two modes
also differ slightly in energy. This means that the formula above is not sufficient to describe
the interaction of light with the quantum dot in our system. We therefore need a model that
allows for two different quantum dot energies.

On top of this our cavity also has two orthogonal polarization modes, and since the cavity
is also not perfectly circularly symmetrical (i.e. it is polarization non-degenerate) these two
modes have different resonance frequencies. Together this means that in general we should in
general introduce 4 coupling efficiencies. However due to the orthogonality and completeness
of these sets of modes it is sufficient to introduce two parameters: the quantum dot-cavity
cooperativity C' as before and the angle fgp between the quantum dot polarization basis and
the cavity polarization basis. We need to be careful in defining 6gp, since there are many
possible angles that can classify the interaction strength between the QD and the cavity. To
introduce this angle we first say by convention that we will call the lowest energy cavity mode
‘Horizontal’ or H and the highest energy cavity mode ‘Vertical’ or V. We will call the lowest
energy quantum dot mode X and the highest energy quantum dot mode Y, and we now define
fqp as the angle between the X mode and the H mode, see figure 2.5.

Next we adopt the notation introduced in [22]. For a given frequency of light we introduce the
detuning with the horizontal polarization mode per round trip, Ag. This is the phase picked
up by light of input (angular) frequency wjse, in the cavity mode with horizontal polarization.
We assume Ag to be small compared to 27. Similarly we introduce the detuning with the
vertical mode Ay .

In a single mode system without a quantum dot the light would pick up a phase exp(iAg) ~
1 4+ iAg each round trip, so that the total amplitude transmission of the cavity would be
1+ iAp+ (iAg)* + (1Ap)* +. .. = {55 Adding a quantum dot to the cavity with coupling
strength 2C and detuning A’ means that the amplitude change after a round trip becomes
1+ (z’A "+ 13_2&)7 as the quantum dot has a Lorentzian lineshape (since the QD emission is
limited by its exponential decay, so its frequency response function is the Fourier transform of
a single exponential, corresponding to a Lorentzian). Summing over all round trips now gives

the amplitude transmission formula from [22], i.e.

20 20 \° 1
1+ (iA A =
+(Z H+1—iA’)+<Z H+1—z’A’> * 1—ilAg + 25

We will now repeat this procedure of finding the amplitude change per round trip and then
summing over infinitely many round trips in the polarization non-degenerate case. Note that
now our amplitude is described by the 2-component Jones vector. To simplify notation we
will work in the cavity frame of reference, so the first component will be the amplitude of the
light in the horizontal cavity mode and the second component will be the amplitude of the
light in the vertical cavity mode.
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8 Quantum dot CQED

Figure 2.5: A schematic overview of the axes involved. Through the use of linear polarisers and
waveplates we can fix the input polarization and filter the output polarization. The optical cavity
is polarization non-degenerate with eigenmodes ‘H’ and ‘V’, the quantum dot is polarization non-
degenerate with eigenmodes ‘X’ and ‘Y’. The quantum dot angle 0gp is defined as the angle between
these two sets of axes.

The light in the horizontal polarization picks up a phase :Apy as before, and the light in the
vertical polarization picks up the phase iAy,. This can be written most easily as the diagonal

matrix
iAg 0
0 Ay )°

Then the light interacts with the quantum dot. The easiest way to oversee this interaction
is to rotate our polarization frame over the quantum dot angle fgp. After this rotation the
interaction can be written as a diagonal matrix with two Lorentzian lineshapes on the diagonal,

leading to the contribution
2C
; 0
1—iA’
—R o ( 6X 20 ) Ryqp

1A},

where

_( cos(fqp) —sin(fqp)
Roqp, = ( sin(6gp)  cos(6gp) )

is the rotation matrix. Aside from losses, which are incorporated in the global efficiency pa-
rameter 7),,, this is the only interaction the light has per round trip. Therefore our amplitude
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2.2 Theory 9

vector is transformed after one round trip as

20
A 0 N 0
o= (e (M58 ) e (T2 )
Y

Here we have used a first-order Taylor approximation, turning the multiplication of these
two effects on the amplitude into an addition. This approximation is allowed since we are
interested in the behaviour of this system near resonance, so all detunings involved are small.
We can repeat this process to find the amplitude vector after an arbitrary number of round
trips. Summing over all round trips (so taking the amplitude vector after infinitely many
round trips) now gives us the steady state amplitude transmission matrix

% 20 n
iNg 0 2
t2><2 = Nout Z (( OH ZAV ) - R—GQD ( ! OAX 2C > ROQD)

n=0 1—iAy,

20 -1
iNg 0 “ar,
= Nout <IQ><2 - ( OH iAy ) +R—9QD ( ' OAX : Q-CA/ ) ROQD) .
—iA],

This generalises the single polarization mode result presented earlier and allows us to numer-
ically compute the transmission of a polarization non-degenerate cavity system.

2.2.2 Interpreting the transmission matrix

The semiclassical model is not capable of simulating the indistinguishability of the single pho-
tons. However, the intensities of the light being transmitted through the cavity do give us
some insight into the brightness and purity of this single photon source. This means that we
can deduce criteria for good SPS characteristics from the semiclassical model. Section 3 gives
a quantitative analysis of this statement, deriving an expression for the purity of a SPS in
terms of output intensities in a classical optics setting. In this section we will explain which
constraints on the polarization will generate good single photon sources.

With the transmission matrix above we can simulate an empty cavity by setting the quantum
dot detunings, A’y and A, to very large numbers, in which case the quantum dot interaction
vanishes and we are only considering a polarization non-degenerate empty cavity. Through
controlling input and output polarisers we will search for configurations with maximum inten-
sity in the presence of a QD (on a scale of 0 to 7,,;) and minimum intensity in the absence of
the quantum dot.

In order to have this system function as a reasonable SPS the output needs to almost ex-
clusively consist of single photons. It is therefore important that the output polarization is
chosen such that the coherent light passing through the empty cavity is nearly 0, i.e. we need
to choose an input polarization vector e;, and an output polarization filter e,,; such that
(€outs t2x2.10QD - €in) =~ 0. Since every input polarization will produce some output polarization
tax2.n0QD * €in, Which has a unique (up to a global phase) orthogonal polarization, this means
that once we fix the input polarization we are left with no degrees if freedom for the output
polariser if we want high purity. At the same time it means that at least theoretically it is

9
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10 Quantum dot CQED

possible to obtain perfect purity through the use of polarizers and quarter wave plates alone
(for a specific frequency). Since we can therefore always ensure that our configuration has
high purity, the condition that separates good choices of polarization from bad ones in our
setup is the intensity (brightness) of the SPS, which we can influence through the remaining
degrees of freedom of the input polariser.

To better understand the brightness of the SPS in this setup it is interesting to consider the
most simple ‘90Cross’ configuration, where the input polarization is set to one of the two cavity
modes (say H) and the polarization filter in the outgoing path is set to the other, orthogonal,
polarization mode (say V). This clearly meets the orthogonality requirement explained above
— in the absence of a quantum dot the cavity does not alter the polarization of the incoming
light at all, and it is completely dimmed before reaching the detector. But to see why this
configuration is usually not optimal for brightness it is important to consider the quantum
dot interaction term in more detail. We expand:

22 0
1—iA
R—QQD ( O X 2C ) RGQD

1—iA},

cos2(9QD)% + sinQ(QQD)% cos(Oqp) sin(fqp) (1—21‘%; — 1_25,)()

cos(8qp) sin(fqp) <1—2@%’Y - 1_%%,}() COSQ(QQD)& + sin2(0QD)%

Now generally the spectral linewidth of the quantum dot modes is sufficiently narrow that they
do not overlap, so for any fixed frequency at least one of A’y and A} is very large. Assuming
in this example that we tune the laser on-resonance with the X quantum dot mode we omit
the terms containing A% and find

1_21.%/){ 0 R . 2C cosz(QQD) —% Sin(2¢9QD)
0 0 fop — 1— ZA/X —% SiIl(QQQD) sin2(9QD) '

These four matrix elements have clear physical interpretation: the top left element represents
the amplitude of light in the H mode exciting the X quantum dot mode, which then emits
back in the H cavity mode. Similarly, the process that is detected in the 90Cross configuration
is given by the bottom left element — light in the H cavity mode exciting the X quantum dot
mode and emitting in the V cavity mode. Important to observe is that the process of the QD
emitting in the same cavity mode that excited it occurs proportionally to cos*(Agp) (since the
above coefficients are amplitudes) or sin*(6gp), whereas the process where a QD emits in the
different cavity mode occurs proportionally to §sin*(20qp). For values of the QD angle 6gp
close to 0 or 90 degrees (the QD angle has a 180 degree symmetry) the term sin(20gp) vanishes
and the 90Cross configuration is a very poor choice for a SPS. Conversely even at the most
extreme value of fqp = 45 degrees we still have 1 sin(20qp) = 0.5 = cos?(6gp) = sin®*(fgp),
so even at the most convenient QD angle for this diagonal emission process it is still only
as prevalent as re-emission into the original mode. It is therefore important to ensure that,
while the polarising filter in the outgoing path is perpendicular to the emitted polarization
of the empty cavity e,,qp, it is not perpendicular to the ingoing polarization, because most
of the QD light will be emitted in this same polarization. This means that in an optimal
configuration it is necessary that the empty cavity changes the polarization of the light — i.e.

10
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2.2 Theory 11

the cavity needs to be polarization non-degenerate.

If the cavity is polarization non-degenerate then, after fixing the input laser frequency, the
transmitted light will pick up a different phase in the two cavity polarization modes, effectively
causing the cavity to act like a birefringent crystal. Simulations and experiment below show
us that the difference in phase picked up can be as large as 90°, giving us a lot of control over
the desired output polarization.

Armed with the knowledge that we need to make use of the birefringent properties of the
empty cavity we are forced to choose an input polarization that has non-zero amounts of
light in both cavity polarization modes. For simplicity we consider the case where the laser
frequency is set precisely between the two cavity modes, so Ay = —Ay. In the absence of the
QD the transmission matrix now simplifies to

: -1 — 1 0

’LAH 0 1_1'@
toxonoaD = | Toxo + . = 2 :
2x2,n0QD ( 2x2 ( 0 ZAV )) ( 0 1+ii%av >

with Acay the (normalised) splitting in frequency between the two cavity modes. If in these
normalised coordinates the cavity is split such that Ac,, = 2 then a diagonal input polariza-

. 1 . . .
tion e;, = \/Li ( 1 ) gives us a completely circular output polarization e, = t2x2noQD€in =

i1 1
2 V2 \
In this configuration the input polarization is diagonal, as specified above. The polarization
filter in the outgoing path would be of the opposite circular polarization to the one emitted
by the empty cavity. This configuration, which we denoted by ‘45Circ’, has the significant
advantage over the 90Cross configuration that the output polariser is not perpendicular to
the input polariser, so a large portion of the single photons re-emitted into the cavity mode
that excited the quantum dot will pass through the output polariser and go to the detector.
Furthermore this configuration has the advantage of being relatively easy to assemble experi-
mentally, requiring only a polariser and a half wave plate on the input side of the sample and
a polariser and a quarter wave plate on the output side.

In our sample the splitting between the cavity modes is close to Agay = 2.

Lastly, to find the truly optimal polarization configuration, the author and Marnix van de
Stolpe have collaborated on writing an optimization algorithm that simulates the transmission
through the cavity and generates optimal polarization configurations for single photon sources.
For an extensive review of this algorithm we refer the reader to [23].

11
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Chapter

¢°(0) of mixed sources of light

In the previous sections we have explained that the dip in the autocorrelation function ¢?(7)
at zero time displacement (7 = 0) is a measure of the purity of a single photon source. And
indeed, a perfect single photon source would have a dip in ¢*(7) all the way to 0, i.e. g*>(0) = 0.
In actual experiment there are two major obstacles that prevent us from detecting a g>-dip all
the way down to 0. The first is the detector response function, describing the imperfections of
the detector (in particular the detector jitter). This has a significant influence on the observed
autocorrelation function. The second contributing factor is the presence of a low amount of
photons from the laser in the detection path. In this section we will explore the influence of
these photons on the value of ¢?(0) in both a quantum optics and a modified classical optics
framework. To do this we will model a continuous wave monochromatic laser and mix it with
the light emitted by a quantum dot. In section 5.3.1 we briefly discuss whether this approach
is also valid if the pump laser is pulsed instead of continuous.

o
+ d =
® ®

3.1 Quantum optical description of g(0)

In the framework of quantum optics the value of the second-order autocorrelation function at
zero time displacement, ¢*(0), is given by the expression

(pla‘aaale)

2(0) = .
900 =" glataio)r

13
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14 g2(0) of mized sources of light

Here ¢ is the state of the light in the detection arm and a is the annihilation operator of a
single photon at the frequency of our interest.

The value g*(0) is normalised to the intensity squared of the state, which ensures that this
autocorrelation dip is independent of losses or intensity gain and is therefore macroscopically
observable.

We wish to model the value of ¢%(0) of an outgoing light beam that is created by mixing two
input beams. Of course if this problem is solved in full generality the result can be applied
iteratively to mix arbitrary numbers of input beams. However we will restrict our analysis
by assuming that the light emitted from the cavity is a mixture of pure single photons from
the quantum dot, along with a low intensity contribution from the excitation laser. To model
this mixing we use a beam splitter with amplitude transmission coefficient ¢t and reflection
coefficient r. In terms of the annihilation operators of the input arms (ay, a») and output arms
(b1, by) the effect of the beam splitter can be written as

Where we demand that the transformation matrix is unitary, and we take ¢, r real with t24+r? =
1. The choice of t real is free of conditions, whereas the choice of r real corresponds to a choice
of global phase difference between the two input arms of exactly 90°. We will work in the
Fock basis to simplify working with single photons. The input state in the first arm is a
single photon, given by |1) = a;]0). The state in the second input arm is coherent light,
characterised by a complex parameter o. This state is given by |a) = exp(adl), — a*ay)[0).
Using our conversion matrix for the beamsplitter above we find a; = tl;1 — TZA)Q, a9 = rBl + ths
SO

a} exp(adl — *a,)]01)[02)
= (tb — rb}) exp(a(rb] + tb}) — a* (rby + tb2))]01)]05)
— (tb] — rb}) exp(arbl — arby) exp(ath, — athy)|01)]0,).

[¥)

Where we split the exponential and used that the creation and annihilation operators with
different indices commute. We now wish to move the exponential containing b, all the way to
the left. To do this we will first split it in two parts, and then move these to the left separately.
So:

exp(athh — athy) = exp(—|ta|?/2) exp(athl) exp(—a*thy).

14

Version of August 28, 2017— Created August 28, 2017 - 12:03



3.1 Quantum optical description of g*(0) 15

The first two exponents commute with bl, b and bT and can therefore immediately be moved
to the left. The second term commutes Wlth b, and b but not with b , SO we compute:

ot [ iy]

NE

bl exp(—a*tlgg)} =

n!
n=0
= (—art)™ o
:Z< n') (—nb2 1)

i
o

— —(—Oé*t) Z ((na_t)1> bn 1

= a'texp(—a’*thy).

n=1

So we find that

(tb! — rbb) exp(atbl — a*thy) = (b} — b)) exp(—|ta|?/2) exp(athl) exp(—a*ths)
= exp(—|ta?/2) exp(atbh) (tb! — rbl) exp(—a’thy)
= exp(—|ta?/2) exp(atbl) exp(—athy) (th] — bl — rat)
= exp(athh — o thy) (tb] — rbl — ra’t).

So that also

|) = (tl;J{ — rlA)E) exp(aré} — 04*7“131) exp(ati); — a*t52)|01>|02)
— exp(atbh — athy) (£l — rbl — rat) exp(arbl — arby)[01)]0,).

At this point we remark that the leftmost operator is a unitary transformation acting only
on the output of arm 2 - the output arm we are not interested in. This means that we may
ignore it. More formally put, if O, is some operator acting only on the first output arm, i.e.
[01,b5] = [O1,b] = 0, and we write |¢) = (tb] — bl — ra*t) exp(arbl — a*rby)[01)[02) (which
coincides with 1)) with the first exponent removed) then we have:

(W|O1[¥) = (¥|O exp(athl — a’thy) (tb] — rbl — ra*t) exp(arbl — a*rb,)0;)[02)
= (Y| exp(atlA); — a*tlA)g)OAl(tlA)i — rlsg —ra’t) exp(arl;]; — a*rlal)|01>|02>
= <¢|Ol|¢>-

Since we are interested only in expressions for O, consisting entirely of products of b, and
bl we can therefore continue to consider only |¢) instead of o). We will first compute the
denominator of our expression for g?(0). To compute this we remark that |¢) written in the
double Fock basis |n1)|n2) only has non-zero amplitudes whenever ny = 0,1. We write

=33 Al ma).

n=0 m=0
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16 g2(0) of mized sources of light

Our expression for |¢) now gives

lp) = (tlsi — rlA)g —ra’t) exp(ow“lAJJ{ — 04*7“31)|01>|02>

A A = (ra)™
= exp(—|ral?/2)(tb! — rbl — ra*t) Z ( n) n1)]05)
n=0 :

= exp(—|ra/?/2) (tz '\/n—l— In 4 1,)]05) —TZ \/_‘|n1 |15) —ratz \/_.|n1 |02).

Now we introduce the probabilities of finding n photons in output arm 1, given by Z, =
| A 0l? + |An1]?. From the expression above we find that:

exp(—|ra?)(r? + r?|al?t?) n=0
Zn = exp(—|ral?) ( r? ‘”:fn + |m‘2(n 1) t\/n — ra tm ) n >0
exp(—|ral?)(r? + r2|a]2t2) n=
- exp(—|ral?) <r2 ‘”:an - |TZ‘12,(71L)_!1) (th —22|a)?r? + T2|a|2t2¢>> n >0
exp(—|ra|?)(r? + r2|a|*t?) n=
) exp(—|raf?)(r? + r?lo?t?) - ‘m|2n + exp(—|ral?) ‘T?f_(i;) (t*n —2r*|a**) n>0 "

Note that for any operator O, acting only on the first output beam as before we have

00 1
<¢|Ol|¢> - ZZ kl Z2|O1 Z ZAnm|n1 |m2

k=0 1=0 n=0 m=0
=S A RO )
k,n=01,m=0
oo} 1 R
- Z ZAZ,mAn,m<kl|Ol|n1>-
k,n=0 m=0

In the particular case that O; is the number operator ISIZA)I we have <k1]01|n1> = Nljn, and
the above expression reduces to

0o 1 e}
($l6101]6) = > D | Anml*n =Y Zun.
n=0 m=0 n=0

Similarly for O; = blblb,b; we have (ki|O1|n1) = n(n — 1)0kpn, SO

<¢|Z;IBJ{Z;181|¢> = Z Zyn(n —1).
n=0
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3.1 Quantum optical description of g*(0) 17

We now compute:

(|b1Dy|¢) = ZZ n

|7‘ |2n 1)

2 2) [raf® 2 1242 2 raf=b
—eXp—‘TC(’ T—l-T‘Oé‘t Z ol n—2r ’&’tZW n+t Zmn

n=0 n=1 n—1
= exp(—|ral?) ( 2+ r?al*t?) |ral? exp(|ral?) — 2r?|al*t?(1 + |ral?) exp(|ral?)
+ t2exp(|ral?®)(|ra|* + 3|ral® + ))
= (12 + r?|al??)|ral® — 2r? a2 (1 + |ral?®) + 2(jral* + 3jral* + 1)
= |a|*(t*r* = 2t%r* + 20" + a2 (r* — 2022 + 312) + 12

Unitarity of the beamsplitter means that ¢ + r> = 1, so the above reduces to
($[b1br[¢) = r?|af® + 2.

This result has a simple interpretation: the average photon number of the output beam is 2
times that of the coherent state |a) plut ¢? times that of a single photon state. To determine
the numerator of our expression for g(0) we compute

(GD1DI0aDr|6) = Zan(n — 1)

2 2 o e ral” 2 12,2 % [ral? Y
= exp(—|ral®) [ (r* + r*|a*t )Z o n(n—1) = 2r%al“t Z =1 n(n —1)
n=0 ’ n=1 o ’

= exp(—|ral?) ((r* 4+ r*|a|*t®)|ra|* exp(|ral?) — 2r®|a*|ral*(2 + [ral?) exp(|ral?)
+ t*exp(|ral?)|ral*([ral* + 5lral® + 4))
= (r* +r¥al*t?)|ralt — 2% ral?(2 + |ral?) + Blral*(jral* + 5|ral® + 4)
= |a|S(#%r* — 263" + 2rh) 4 |a* (r® — 420t + 563rY) + 4t%r?a)?
= rtal* + 4t*%|af?.
Introducing the intensity transmission and reflection coefficients 7' = t?, R = r? now allows us
to write the expression for g?(0) as

92<O) — <¢|bJ{AbJ{Ab1bl|¢>
([6b1[6)?
_ R?|a]' + 4T R|af?
~ (Rla]?+T)?
(Rla* +T)? — (R?|a|* + AT R|a]?)
(Rlaf* +T)

T? — 2T R|al?

~ (RlaP+T)?

—1—
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18 g2(0) of mized sources of light

In our experiments the outgoing beam consists of mainly single photons. This means that
R|a|* < T. We will therefore ignore the second term in the numerator, and find

2 T
O)~1l— —F——.
TOR a1y
Now we remark that the intensity of the outgoing beam is proportional to its mean photon
number. This means that the total intensity of the outgoing beam with a QD in the cavity,
LyithqD, can be written as Iyimqp = Io(R|a*+T). Similarly the total intensity of the outgoing
beam in the absence of a QD is proportional to the photon number of the laser, so I,,qp =
Io|a|?. From this we find that

Iwi Ino Ino
D _ Rlal? 4+ T = (1 — 7)== 229D 4 (1 — |o?).
Io Iy Iy
So also T' = |a‘2 IW“hQDI;I“"QD = = |1a‘2 7, - Substituting this now gives
T? 1 AI)?
g2(O)z1—ﬁ:1— ( )
(Rlof* +T) (1= ]al?)® imgp

As a final step we remark that the g2(0) of a single photon is 0 (as (1|b]bibyby|1) = 0) and the
g%(0) of coherent light is 1, so we can write the expression above in the more suggestive form

(g|2a)(0) - DI+ (g|21>(0) 1)(1 [a2)2 2(AI)?
(Inogqp + AI)? '

g*(0) — 1=

3.2 Classical g?(0)

Classical optics also has a second-order autocorrelation function ¢g*(7), the so-called intensity
autocorrelation function, which is written in terms of the time-dependent intensity of the light
as

) S [ I+ It
g (1) = :

(o pt0ar)

Contrary to the quantum optical ¢g*(7) the classical definition guarantees that g*(0) > 1 (since
the average value of I(t)? is always at least the square of the average value of I(t), by Jensen’s
inequality). This forms a problem since in the previous section we have explicitly worked
with sources of light with a zero-time autocorrelation of less than 1. To mitigate this we
will use the formula above to combine different sources of light, but will reduce the final ex-
pression to one explicitly dependent on the ¢g?(7) of the sources. This way we can manually
input classically forbidden values of g2(7), while adhering to a classical description of the light.

To mix light in a classical setting we can simply add the electric fields of the different sources.
We will assume that there is no definite phase relation between our single photon source and
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3.2 Classical g*(0) 19

our pump laser. This assumption is justified since the time at which the quantum dot decays is
determined by its lifetime, and not by the external electric field. Because of this case we may
even simply add the intensities of both sources to find the behaviour of the output beam. In
particular we will introduce again the intensity of the light coming through an empty cavity,
Loqn(t), and the light coming through a cavity with a quantum dot in it, Iyitngp(t), and their
difference AI(t) = ILyitngp(t) — Inogn(t). Since the light from the pump laser is coherent it
satisfies gﬁOQD(O) = 1. Since the difference in output between these two scenarios is created
purely by the quantum dot, which has zero autocorrelation at time zero, we have g3pg(0) = 0.
The assumption of independence above guarantees that the intensities of the quantum dot
and the pump are independent in time (which is the case for a continuous pump), i.e.
<AI( ) HOQD( )> (AI(t))(Inoqp(t)) (Where the expectation value is taken in time, i.e. (X) =

. This gives us:

tlnax 0
) r— Otmx withQD () Lwitnqp (t + 7)dt
gtotal(T) = .
(tmax f e [WlthQD dt)

_ ((Inoqp + AI)(#)(Inoqp + AI)(t + 7))
((Inoqp + AI))?
~ {Tuoqp () InoqD (t 4 7) + Tnoqp (1) AI(t + 7) + Lnoqp(t + T)AL(t) + AI(t)AI(t + 7))
((Inoqp) + (AI))?
{ZnoqD (1) Inoqp (T + 7)) + {Lnoqp (D AI(t 4+ 7)) + (Inogn(t + T)AL(E)) + (AI(H)AI(t + 7))

B (<[n0QD> + <A]>)2
(£noqD (1) o@D (T + 7)) + 2(Lnoqn ) (AI) + (AI(H)AI(t + 7))
((Znoqp) + (AI))? ‘

(AL()AI(T))

TaoadWhegn()) oy g2, (7) = Sanz - to rewrite this

(IDOQD>2

Now we use the fact that g2 op(7) =
as

23y  Shoan(T) e} + 2o} (A) + glps (1) (A1)
(Inoq) + (AI))?

(9hoqn(T) = D){Znoqn)? + (g5ps(7) — 1){AT)
({Inoqn) + (AD))?

Moving the 1 to the other side now gives a clear and insightful formula: the value of ¢*(7) — 1
of a mixture of two sources can be found by taking the values of g(7)—1 of each of the sources,
weighing them by the square of the intensity of the source and adding them up. However it
is important to note that we divide not by the sum of the squares of these intensities, but by
the square of the sums. This means that the total denominator will always be more than the
weights present in the numerator, and also that if we add a very large number of sources with
comparable intensity the entire fraction becomes practically zero, implying that the g(7) of
this mixture converges to 1 regardless of the character of the individual sources. This does
not contradict the existence of macroscopic sources with ¢g?(7) different from the constant 1
function as we assume in our derivation that all these sources are independent, i.e. have no
definite phase relation between the light they emit.

=1+
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20 g2(0) of mized sources of light

3.3 Comparison between the two

The two formulae are in great agreement, in fact the only difference is in the fraction W
at the end of the numerator. Since in practice we expect || to be small this term is nearly
equal to 1, and we may freely omit it for estimates. To further investigate this expression,
assume that the light in our detection path consists of x parts coherent light leaked from the
pump laser, and 1 — z part single photons created by the quantum dot, measured as fractions
of the total intensity. Since the autocorrelation function is independent of total intensity we
may divide by it, and we get the formula
(1—1)2% + (0 —1)(1 — x)?

20) - 1= = —1+22 —2°.
9°(0) s+ (1—2) +2r —x

In the case that z is small, i.e. we have a good single photon source, we may further omit
the term 22, and find that ¢*(0) ~ 2z. Therefore we can find the fraction of the light that is
single photons by measuring the dip in the ¢g*(7) function, halving the value at the deepest
point and taking the complement, i.e.

(0]

Purity of a SPS =1 — 5

Note that for this formula to be applicable to experimental results it is necessary to adjust for
imperfections in the detector, as will be explained in more detail in the next section.
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Chapter

Combining theory and experiment

In this section we will take a closer look at two aspects of the experimental setup that are
important important for replicating and interpreting the measurements, but did not appear
in our theoretical analysis. The first of these two aspects concerns the origin of ‘leaked’ laser
light in the detection path, while the second comments on the influences of an imperfect single
photon detector on the experimentally observed g(7)-curve.

4.1 Leaked laser light

In the theoretical investigation of the semiclassical cavity model we determined that it is vital
that the outgoing polariser filters the laser light that passes through the cavity without inter-
acting with the quantum dot, to ensure that almost all of the light in the detection path of the
setup indeed originates from the QD. We observe in practice that in the setup the peak height
of the transmitted QD light is only roughly 1% of the total transmission through the cavity
— meaning that if only one percent of the laser light passes through our output polariser the
purity of the SPS is down to 50%. In practice we wish to detect very deep ¢g?(0)-dips, and the
results from the previous section tell us that in order to detect (for example) a 80% dip the
purity of the SPS needs to be around 90%, which translates to a polarization filter of 99.9%
efficiency.

While the polarising filters have an erroneous transmission of approximately 0.001% as speci-
fied by the manufacturer, the main source of unwanted transmission is slight misalignment of
the polariser angle. Since the intensity of the transmission in the perpendicular mode goes as
sin?(#) with 0 the amount of misalignment this means that an erroneous angle of 1° translates
to an intensity transmission of sin?() ~ 3 x 107, or a SPS purity of 97%. Despite the fact
that this might seem like only a small deviation from a perfect SPS we can clearly detect
purities this far away from 100% in our measurement, and misalignment by up to a single
degree is likely present in the setup, so this is a significant contribution to the impurity of the
SPS.

21

Version of August 28, 2017— Created August 28, 2017 - 12:03



22 Combining theory and experiment

4.2 Detector response

Another mechanism which we have not considered in great detail is the workings of the single
photon detectors and their influence on the observed autocorrelation function. Due to the nor-
malisation of the g?(7) function it is independent of losses, which means that reduced detector
efficiency (and even asymmetric detector efficiency) have no influence on the observed auto-
correlation curve other than increasing the amount of time needed to collect the histogram.
However, an important deformation of the ¢g*(7) curve is created by the electronic jitter and
electrical noise in the system processing the timestamps. Both of these contribute uncertainty
to the timestamp of a single detection event. This uncertainty means that in our histogram
of the coincidence counts all bins ‘flow over’ into the neighbouring bins. The effect of this
is mathematically described as a convolution with the 2-time convoluted Detector Response
Function, which is given in figure 4.1.

a 3500

3000t

2500} ﬁ
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SN et
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Figure 4.1: The 2-time convoluted detector response function, i.e. autocorrelation of a 50 ps laser
pulse input. The experimental data (black) can be approximated well with a double exponential
decay (red).

Since the ¢g*(7) dips we are looking for are narrow (in figure 2.2 we have shown the experi-
mentally realistic FWHM of 6ns) this means that a significant amount of coincidences from
outside the dip influence the deepest point, overall making the observed correlation function

22

Version of August 28, 2017— Created August 28, 2017 - 12:03



4.8 Simulations and measurements 23

less deep and wider. In this thesis we do not correct for this convolution, so it is important to
keep in mind that the observed g?(0)-values therefore only give (liberal) lower bounds on the
purity of our SPS.

4.3 Simulations and measurements

In this section we will discuss the simulations and optimization algorithm for the semiclassical
model of the polarization non-degenerate system. An extensive explanation of the workings
of this model, along with the optimization settings, have already been presented in [23]. We
will therefore focus particularly on predictions made by this simulation, and discuss the level
of agreement between simulation and measurement.

The simulation determines the optimal polarization configuration for given parameters of the
cavity and QD, and then proceeds to compute the transmitted light through the cavity for
each of our three preferred polarization settings:

e ‘90Cross’, where the input polariser is aligned with a cavity axis and the output polar-
ization filter aligned with the orthogonal cavity axis.

e ‘45Circ’, where the input polariser is aligned precisely 45° between the two cavity polar-
ization modes and the output polariser filters circularly polarized light.

e ‘Optimal’, where the polarization settings are set (as close as possible) to the values
found by the SPS optimization algorithm.

4.3.1 Theoretical predictions

The simulations predict that by tuning the polarisers away from the conventional ‘90Cross’
configuration we can achieve a higher brightness (intensity) of the SPS without losing purity.
In particular for our cavity the ‘45Circ’ configuration should be both experimentally realisable
and a significant improvement on the transmission intensity. On top of this a particular
elliptical ‘Optimal’ polarization configuration, which is largely independent of the quantum
dot properties, should give us maximal brightness of the SPS while maintaining high purity.

4.3.2 Comparison with measurement

In figure 4.2 below we present three lineshapes, i.e. graphs of the intensity of the transmission
as a function of laser frequency, predicted by the simulation (top) above three measured
lineshapes (below) for these same polarizations.
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24 Combining theory and experiment
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Figure 4.2: The transmission lineshapes for three different polarization configurations, simulated
(top) and measured (bottom). Note that the vertical axis of the top left graph is a factor 10 lower
than those of the other graphs in that column.

We see that there is remarkably good agreement between theory and experiment. The mea-
sured lineshapes, horizontal axes and height of the transmission peak by the QD agree closely
with theory, leading the author to believe that this semiclassical model is an accurate simula-
tion of our cavity. However, there are also some differences between the measured results and
the theory that need to be addressed.

Firstly the QD emission in the ‘90Cross’ configuration is significantly higher in the measure-
ment than was expected in theory (by roughly a factor 10). We believe that this is caused by
the local electronic configuration around the QD. Note that the peak in the transmission for
this measurement is shifted in frequency (52 GHz instead of 61 GHz) compared to the location
of the peaks for the other two polarization configurations. To keep the QD on-resonance this
means that we had to apply a different electric field for this particular measurement with the
PIN junction, possibly giving rise to an unexpected local electronic reconfiguration [23].

Secondly the background transmission (lineshapes without the QD) in the ‘45Circ’ and ‘Op-
timal” polarization configuration is not filtered by the output polarizer as well as predicted
by the theory, visible as the non-zero background counts at the local minimum in these line-
shapes. We have remarked before that the autocorrelation function is sensitive to the amount
of background light present, so this limits the purity of the SPS severely. A possible reason
for this is the also aforementioned sensitivity of the background on the precise angles of the
waveplates and polarisers. While in this particular set of measurements the purity of the SPS
in all three configurations are comparable, the low flat background in the ‘90Cross’ configu-
ration allows for easier alignment of these optical instruments, explaining the relative lack of
background in that experimental data.
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4.8 Simulations and measurements 25

Despite these discrepancies the semiclassical model gives us generally accurate predictions
of the lineshapes observed experimentally. To test the predictions about the quality of the
single photon source we proceed to determine the autocorrelation function g?(7) in all three
polarization configurations for a wide range of input laser power. Figure 4.3 shows a recently
measured curve in the ‘90Cross’ configuration, along with a Lorentzian fit of the dip.

Coincidence counts of QD excited by continuous wave laser
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Figure 4.3: Experimentally determined autocorrelation function of a quantum dot excited by a
continuous wave laser in the ‘90Cross’ configuration. The measured dip is g?(0) ~ 19%. Total
measurement time was 200 seconds.

The measured autocorrelation function agrees well with the Lorentzian fit, and from this fit
we can deduce the peak depth and therefore purity of this configuration. We present the
measured dips in the ¢?(7)-function plotted against the brightness of the SPS for all three
polarization configurations in figure 4.4 below. We see that within the measurement error the
dips for low counts (intensity) are comparable in all three polarization configurations, meaning
that for low power all three polarization configurations produce SPS’s of comparable purity.
However, the ‘45Circ’ and ‘Optimal’ configuration achieve higher count rate on the detector
before the dip starts to decline (these configurations give us the same value of g?(0) for higher
output single counts). This agrees perfectly what was predicted by the theory: in the in the
‘45Circ’ configuration we can, at the same SPS purity, achieve higher brightness of the than
in the ‘90Cross’ configuration, and in the ‘Optimal’ setting we can achieve a higher brightness
still.
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26 Combining theory and experiment

g?(0) as a function of single count rate
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Figure 4.4: Lowest point (fitted) in the g?(7)-curve plotted against the single count rate in one arm

of the Hanbury-Brown-Twiss setup, for three different polarization configurations. The dotted lines
guide the eye and are not fits.
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Chapter

Rabi oscillations

In the previous sections we have seen that our semiclassical model produces accurate predic-
tions for the behaviour of our polarization non-degenerate quantum dot in our polarization
non-degenerate cavity. To further explore and classify the properties of our cavity QED setup
we next looked experimentally for a well-established indicator of strong coupling to two-level
systems; Rabi oscillations. We would like to mention at this point that such Rabi oscillations
have only recently been observed in QD CQED systems [24-26] and there is great need to
improve the understanding of the connected issues.

We will first briefly explain the theory of Rabi oscillations and then proceed to discuss what
changes had to be made to the setup to detect the oscillations. Lastly we present our experi-
mental results from this new setup and discuss the results.

5.1 Theory of Rabi oscillations

Rabi oscillations are a phenomenon where the number of single photons created by a quantum
dot is not monotonic in the applied pump power, but rather oscillates as a function of the
external electric field. To model the QD we remark that it is significantly smaller than the
wavelength of the pump light (several nanometers versus 930 nm), so we can approximate it
with an electrical dipole d. The electric field applied by the laser as a function of time is given
by Ecos(wt) with E the polarization and amplitude of the field and w = 27r% the angular
frequency of the light.

Writing |g) for the ground state of the QD and |e) for the excited state, the Hamiltonian of
the QD is given by

H = |e){e|Awres

with wyes = % the resonance frequency of the excitation of the quantum dot, which in

our case coincides with the angular frequency w of the applied light (we excite the system on
resonance). Note that we have here chosen an energy gauge where the ground state has zero
energy.

Adding the laser light now introduces the interaction Hamiltonian f/img = —d- E cos(wt) =
1 cos(wt) with V = —d-E. We will assume that V has no diagonal terms — from the perspective
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28 Rabi oscillations

of perturbation theory the diagonal elements only change the energies of the ground and excited
state, whereas the off-diagonal terms give rise to new behaviour. Writing the time-dependent
state of the QD as ¥(t) = C,(t)|g) + Ce(t)e ™t|e) and applying the Schrodinger equation
with the Hamiltonian above now gives the equation
Loy S ( —iwrest ¢ —iwrest
zha = i1hCy(t)|g) + ik <C€(t)e rest — jyes Co™ e ) le)
= H(t)y

- (hw\e)(e\ + Vcos(wt)) Cy(t)]g) + O, (t)e et

¢)
= (Celtye ™" cos(wt) (gl VIe)) lg) + (AwCeltle =" + Cy(t) cos(wt){elV]g) ) le).

Collecting terms and writing (g|V]e) = V = (e|V]g) where we take this interaction term to
be real gives us the coupled set of differential equations

C, = —%em cos(wt)C,

. a
C. = —%em cos(wt)C,,.

Next we expand the cosine in terms of exponentials and apply the so-called rotating wave ap-
proximation, where we discard terms oscillating very quickly and keep only the low-frequency
contributions. This approximation is acceptable since the fast oscillations average out over
any reasonable timescale that can be measured at, so they cannot be detected in our setup.
Since cos(wt) = M we find

iV

Cg - —%Ce
. A%
Co=—57Cy

Putting these together in a second-order differential equation for C, gives

Assuming the QD started in the ground state, so Cy(0) = 1, C.(0) = 0 the solution to this is
C.(t) = —isin (%t) In particular this means that the occupation of the excited state of the
QD oscillates in time as |C¢(¢)[* = sin® (37t), which in turn also means that the amount of
emitted photons oscillates in time (see figure 5.1). Or, more accurately, the amount of emitted
photons oscillates with Vt. In our experiments we will keep the exposure time t fixed and
change the value of V' by changing the strength of the applied electric field E, i.e. the applied

laser power.
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5.1 Theory of Rabi oscillations 29

l|gf_,,|(t)|2, the probability of finding the QD in the excited state
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Figure 5.1: The probability of finding a two-level system in the excited state when applying an
external on-resonance electric field. The simulated field strength corresponds to 2 nW inside the

cavity.

In practice Rabi oscillations do not continue indefinitely, the amplitude of the Rabi oscillations
decays exponentially due to dephasing (decoherence) of the quantum dot. We therefore expect
that experimentally we will not see a clear oscillation as depicted in figure 5.1, but rather a
dampened oscillation as depicted in figure 5.2. In practice it is far more feasible to detect the
first peak (corresponding to a m-pulse) than the higher order dips and peaks, so we are looking
for a local maximum of the transmission intensity as a function of applied laser power.
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Rabi oscillations with damping
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Figure 5.2: The transmission intensity as a function of pulse area, which is proportional to input
laser intensity. In this simulation the QD decoherence decreases the amplitude of the oscillations.
The damping rate in this simulation is set at one third of the Rabi frequency, so v = %Q R-

In cavity quantum electrodynamics the strength of the interaction between the quantum dot
and the light in the cavity is given by the cooperativity C', which is the (dimensionless) average
number of excitations of the quantum dot when inserting a single photon into the cavity. Note
that in a cavity setup a photon can be absorbed by the quantum dot, emitted into the cavity
mode and then re-absorbed by the quantum dot, so it is possible to have a value of C' higher
than 1. In our current sample the experimentally determined value of the cooperativity is
approximately equal to 1. This means that the period of the Rabi oscillation is the same as
the amount of time it takes to send a single photon into the cavity. To observe these Rabi
oscillations we need to inject the light faster than the decay rate of the quantum dot, which
is on the order of a single nanosecond. Injecting 1 photon of wavelength 930 nm every 0.1
nanosecond corresponds to a power of 2 x 107° W, or 2 nW inside the cavity.

5.2 Experimental design

To detect these Rabi Oscillations we wish to expose the sample to the laser light for a fixed
amount of time and detect the number of single photons generated. This leads to two prob-
lems with the design of the setup, both of which can be fixed with a single change. Firstly
to perform this experiment we need to have good (picosecond) control over the exposure time
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of the sample. Secondly we have seen in the previous setup that applying high electric fields
shifts the resonance frequency of the quantum dot and possibly has large impact on the local
electronic configuration, so we cannot simply ramp up the power for this experiment [27].
We fix both these issues by performing this experiment with a pulsed laser, as opposed to a
continuous wave laser. Since the pulse duration (50 ps) is very well defined this means that
we have good control over the exposure time of the sample. Furthermore since the sample is
not exposed continuously (but instead is exposed 50 ps per 12.5 ns) the average electric field
in the cavity is very low, so we expect that there are no large shifts in the local electronic
configuration.

Substituting a pulsed laser now gives us the following setup.

Cold finger cryostat
="

output polarizer

Input polarizer

20x
objective

20x

objective ]
Single photon

counter

Coincidence Counter
g'()

Fabry-Perot

Single photon
counter

Figure 5.3: A schematic overview of the experimental setup with the pulsed laser. The additional
cable from the laser to the coincidence counter can be used as a stop signal for the timer.

The setup is mostly identical to before, except that on top of the Hanbury-Brown-Twiss setup
we can also use the pump for the pulsed laser as the stop signal for the timer in the coincidence
counter. In that configuration we only use one of the two single photon detectors, and this
can be used to measure the time-dependent response of the system to a pulse (instead of the
autocorrelation function).

5.3 Methods

With this new setup we can perform three types of measurements, all of which are presented
in the next section.

e Firstly we can use the Hanbury-Brown-Twiss setup to detect the autocorrelation function
of the light emitted by the quantum dot when pumped by a pulsed laser. The expected
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shape of this autocorrelation function differs significantly from that of a QD pumped by
a continuous wave laser, as we will discuss below.

e Secondly we will use this setup to look for Rabi oscillations. This is done by recording
the single count rate of the photodetectors over a wide range of input laser power.

e Thirdly we can use the timing of the pulsed laser (with a repetition rate of 80 MHz, i.e.
a single pulse every 12.5 ns) as the stop signal for the timed measurement, which will
give us a histogram of the emitted single photons as a function of time after the pulse is
received.

One side remark that needs to be made is that we have chosen to perform all these mea-
surements in the ‘90Cross’ configuration. We have previously established that the ‘45Circ’ or
‘Optimal’ configuration will lead to higher brightness without a loss in purity. However we
have seen experimentally that the outgoing light is of sufficient intensity to perform accurate
and quick measurements even in the ‘90Cross’ configuration.

Furthermore the completely flat lineshape of this configuration in the absence of a quantum
dot allows for accurate calibration of the optical elements in the beam path. Since the purity
of the quantum dot is very sensitive to the alignment of these elements the ‘90Cross’ config-
uration is therefore the most ideal configuration to work with, provided the intensity is high
enough for good measurements.

Thirdly since the laser pulses are very narrow in time, 50 ps, they are relatively broad written
in the frequency domain. This means that the non-zero background close to the QD resonance
frequency in the ‘45Circ” and ‘Optimal’ configuration (see figure 4.2) will transmit too much
laser light to perform good SPS measurements.

5.3.1 g?(7) of a pumped system

We have before investigated the expected shape of the autocorrelation function ¢*(7) of a
single photon source pumped by a continuous wave laser. Furthermore we investigated the
influence of impurity on the dip in this autocorrelation function, and calculated how to extract
the SPS purity from the experimental results. In this section we will take a closer look at the
expected g?(7)-curve for a quantum dot pumped with a pulsed laser, and comment on the
applicability of the earlier analysis on purity in this setting.

A pulsed laser sends tightly bunched packets of photons at regular intervals. The autocor-
relation function of such a system looks like very sharp peaks spaced apart at exactly the
repetition rate (time between concurrent packets of photons). When this is used to excite a
QD the resulting emission consist of single photons, spaced apart by the repetition rate. This
means that the autocorrelation function of the emitted single photons will also show sharp
peaks at (multiples of) the repetition rate of the pump laser. However, the autocorrelation
at 0 time delay, g2(0), will still in theory be exactly 0 as there is no chance of detecting two
photons at the same time. This means that in theory the height of any observed signal at
7 = 0 is a measure for the purity of the quantum dot.

Furthermore, the count bleeding in the ¢*(7)-measurement due to the detector response func-
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tion is reduced in measurements of the pulsed autocorrelation function since there are (almost)
no coincidence counts not just at 7 = 0 but also almost no counts for 7 close to zero. More
specifically: as long as the detector jitter is well below the repetition rate of the pulsed laser,
it is irrelevant and the purity measurements are perfectly accurate. This means that we can
get much better purity measurements in the pulsed configuration.

There are two assumptions in the analysis on ¢*(7) of a mixed beam that might not hold for
a system driven by a pulsed laser, each of which might invalidate the conclusion. However, we
claim that the final result still holds. Below we discuss these two points.

Firstly we have neglected an interference term in the derivation of our final result in chapter
3, which was allowed in the continuous wave setting since the quantum dot samples randomly
from all the phases of the applied laser light. In the pulsed setting the exact reverse happens:
the pulse duration is significantly shorter than the decay time of the quantum dot (50 ps
versus 2.7 ns, see figures 5.6 and 5.7). Since a pulse with a well-defined energy has a definite
number of photons it has no global phase, so averaging over the entire pulse means that still
there is no correlation between photon phase and QD excitation.

Secondly we used the fact that our cavity is in equilibrium to justify using a coherent state to
describe the laser light. Since the applied laser light is explicitly time-dependent in the pulsed
setting this motivation no longer holds. However the wave packets emitted by the laser are
still best described as coherent states (with a time dependent amplitude), meaning that this
model is still appropriate for the pulsed setting.

We conclude that, similar to before, the purity of the SPS can be determined from the height
of the autocorrelation function at 7 = 0.

5.4 Measurements

In this section we present the experimental results acquired with the methods explained above.
We will first present the autocorrelation function results, secondly the data on Rabi oscilla-
tions, and thirdly the measured decay rate of the quantum dot.

5.4.1 g2(7) of a pulsed quantum dot

Figure 5.4 presents the measured ¢?(7)-function of the QD in the pulsed setup.

We see that almost no peak is visible at zero time delay, whereas the expected peaks at multi-
ples of the repetition rate 12.5 ns are clearly visible. Comparing the peak heights shows that
the peak around 7 = 0 is approximately 6% of the height of the neighbouring peaks, putting
the pulsed SPS at 97% purity. However due to the detector response broadening all measured
data it is more accurate to compare the area of the central peak with the neighbouring ones
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Coincidence counts of a QD excited by a pulsed laser
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Figure 5.4: Experimentally observed autocorrelation function of a quantum dot excited by a pulsed
laser with a repetition rate of 12.5 ns. The lines are double exponentials fit to the data.

[8]. Using this method to compute the purity gives us 98%, confirming that our system acts

as a good SPS.
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5.4.2 Rabi oscillation measurements

Figure 5.5 presents our measured single count rate on the detector (corresponding to the
intensity of the emitted light) as a function of the applied laser power. The power is measured
before the cavity, the discussion on converting this scale to the power inside the cavity can be
found below.

Single counts on the detector as a function of applied laser power
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Figure 5.5: The single counts on the detector, corresponding to the intensity of the light emitted by
the quantum dot, versus the applied laser power. An exponential fit corresponding to a saturation
curve was included for comparison.

The good agreement between the observed data and the simple exponential curve indicate
that there are no signs of a Rabi oscillation at all. The slight decrease in counts at the high
power end of the measurement, as well as the slightly higher count rate around 170 nW, is
most likely due to slight cavity drift (physically drifting out of the center of the beam path)
during the measurement. During this measurement the data points at 250 nW, 205 nW and
170 nW were measured near the start of the experiment, and the rest later, so their deviation
is consistent with cavity drift. Below we will first explain why our range of laser power is the
right energy scale for observing Rabi oscillations, and then discuss potential causes that might
prevent these oscillations from being present in our system.

We need to convert the horizontal axis to energy per pulse, i.e. number of photons in each
pulse, inside the cavity. The power is measured in a free space part of the setup outside the
cavity. From there the coupling to the cavity mode is 0.5%, so the 400 nW power corresponds
to 2 nW at the cavity mode. However, to ensure that most of the light created by the quan-
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tum dot is sent to the detectors we need to tune the quantum dot emission frequency to the
outgoing polarization mode, which means that it is placed in the tail of the lineshape of the
input polarization mode (since the cavity is polarization non-degenerate these two frequencies
differ). This means that we lose another factor of approximately 5 in the coupling. We there-
fore expect the average power in the input cavity mode to be 0.4 nW at the highest power used
in the measurement. Since the repetition rate of the pulsed laser is 80 MHz this corresponds
to 5 x 107 J per pulse, or roughly 22-23 photons per pulse.

To extract the number of Rabi oscillations that we expect from these 22-23 photons per pulse
in the input polarization mode we need to consider one more coupling strength: the influence
of the quantum dot angle. In our experiment the QD angle was determined to be 6gp = 94°,
which gives an intensity coupling strength of cos?(fgp) ~ 0.005. Since the cooperativity of
the QD is C' = 1 this means that our 22-23 photons correspond to a 0.17-pulse, far less than a
single Rabi oscillation. However, the experimental data clearly disagrees with this number —
the QD is saturated around 150 nW input power, so even half the maximum power is already
enough to elevate the QD to the excited state with nearly every pulse! We expect that this
disagreement between theory and experiment is due to the QD angle. We have seen before in
the continuous wave measurements that the ‘90Cross’ configuration leads to higher transmis-
sion than expected, and proposed that the cause of this is the local electronic configuration
influencing the dipole of the quantum dot. This mechanism could change the QD angle at
the specific applied voltage we are measuring at. From the extraordinary transmission in the
continuous wave experiment, which was 10 times the expected intensity, we can deduce that
the QD angle for this voltage is 103° instead of 94°, increasing the value of cos?(6gp) to 0.05.
This would imply that at the highest power we applied a 7m-pulse with every pulse of the laser.
However, the power for a Rabi w-pulse is necessarily lower than the saturation constant in
the exponential fit of the measured count rate, since coherent excitation is the most efficient
mechanism to bring the quantum dot to the excited state. This means that the above analysis
underestimates the coupling efficiency of the measured power to the QD by at least a factor
2. In particular the value of the cooperativity and the on-resonance coupling of the applied
field to the cavity polarization mode might be a factor 2 higher than previously estimated.
All in all we conclude that the power range investigated in the experiment corresponds to the
order of a Rabi oscillation, so it is surprising that none are visible in the data.

There are a few potential explanations for the absence of Rabi oscillations in the experimental
data.

Firstly the amplitude of Rabi oscillations decreases exponentially with the oscillation number
(the first oscillation is exponentially larger than the second one, which is exponentially larger
than the third oscillation, etc.). It might therefore be of interest to take a closer look at the
lower power ranges, from 0 nW to 50 nW on the experimental schale in figure 5.5. However
due to the good fit of the exponential saturation we believe that the absence of Rabi oscilla-
tions in this data is not just an artefact of sampling, but has a physical cause.

Secondly the absence of Rabi oscillations might naively be attributed to the presence of other
quantum dots in the system, whose oscillations could interfere destructively. However the
autocorrelation measurements show that the transmitted light consists of at least 98% single
photons, which means that this interference could be at most 2% of the signal. This explana-
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tion is therefore not sufficient to explain the lack of oscillations.

Thirdly simulations show that in this QD-cavity setup Rabi oscillations are sensitive to a
number of non-linear effects such as phonon interaction and multi-photon absorption. This
makes these oscillations challenging to observe, which potentially contributes to the absence
of visible oscillations.

All in all it is at the moment of writing this not clear why no Rabi oscillations were found in
this experiment.

5.4.3 Decay rate

By using using the 80 MHz signal of the pulsed laser as the start signal in the detection setup
we can observe the time-dependent emission of the QD excited by the pulsed laser.

Figure 5.6 shows the measured time-tagged counts on a logarithmic scale for three different
measurements: two at different laser power (with 3 KHz single counts on the detector and 1.8
KHz single counts on the detector respectively) and one with the voltage over the cavity set
to such a value that no quantum dot was excited by the pulsed laser light. Figure 5.7 shows
the fitted lifetime of the quantum dot as a function of the applied laser power.
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Figure 5.6: The number of counts on the photodector as a function of time after the laser pulse is
sent through the system. A delay time of 12.5 ns coincides with exactly the repetition rate of the
laser.

First we remark that the ‘No QD’ dataset shows the pulse width of the light passing through
the empty is around 300 ps (the FWHM of the pulse is 6 data points, which are spaced ap-
proximately 0.05 ns apart). This is in good agreement with the measured detector jitter of
350 ps in figure 4.1.

Next we note that the straight lines (on a logarithmic scale) of the two sets of measurements
on the QD indicate that we are observing a simple exponential decay process — the decay
rate of the QD in the cavity. But the two different slopes indicate that the decay rate of
the quantum dot is sensitive to the applied laser power. In particular the decay time fitted
from the ‘3 KHz" measurement is 2.5 ns, whereas the decay time fitted from the ‘1.8 KHz’
measurement is 3.5 ns, a significant difference. To further study this we measured the decay
rate of the QD for a wider range of input laser power, shown below in figure 5.7.

There are several observations that we can make about this dataset. Most importantly these
measurements are not consistent with a fixed QD decay rate, which is what we would expect
in our setup and is also present in the full quantum master equation simulations of our system.
Below we will discuss these measurements.

Firstly we would like to mention that the decay rate in figure 5.6 for the dataset with 1.8KHz
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3.4 Fitted lifetime of the QD as a function of applied laser power
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Figure 5.7: The measured decay rate of the QD in the cavity as a function of applied laser power.

counts, given as 3.5 ns, is larger than any of the decay rates from the second experiment. The
power in the 1.8KHz measurement was 50 nW, the same as the first datapoint from the second
measurement set. While we would therefore expect the decay rate to be high, it is not clear
what causes it to be this far above all the other measurements.

Secondly we note that this unexpected dependency has been seen before in weakly coupled
InAs/GaAs quantum dots in a 1D waveguide [28], where the authors provide a phenomenolog-
ical theory to predict this behaviour. Furthermore change in the decay rate has been observed
in a photoluminescence measurement [29] and in a photoluminescence measurement of col-
loidal CdSe quantum dots [30], where the authors suggest that non-radiative decay pathways
are effected by the applied intensity. However [30] clearly observe multiexponential behaviour
in their measurements, whereas all our decay curves (as well as those shown by [28]) are single
exponential.

Thirdly we note that in the absence of a quantum dot in the cavity the pulse has left the cavity
after 100 ps at the latest (laser pulse width and cavity lifetime) after reaching it. This means
that for almost the whole duration of the QD decay, which takes on the order of 3 ns, there
is no light present in the cavity. This suggests that the change in the decay rate of the QD
is not caused by the dot-cavity interaction but rather by a coupling of the QD excited state
to a non-radiative energy mode. The only available mechanism for this is phonon coupling to
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the QD. A potential mechanism for how the QD-phonon coupling is dependent on the applied
electric field could be the realignment of the QD dipole along the electric field, keeping in
mind that the applied field is strong enough that we are in the strong coupling regime. Such
a shift of the dipole could also influence the coupling to phonon states. However if this were
the case we would expect to see a multi-exponential decay, showing both the lifetime of the
QD-phonon interaction and the QD-cavity interaction. In conclusion we cannot say more
than that additional research is needed to determine the exact mechanism through which the
optical field influences the decay rate.

Finally we remark that the unexpected behaviour of the lifetime of the QD might be related
to the absence of Rabi oscillations in our earlier measurements. If the lifetime changes are
indeed due to a changing coupling strength to a non-radiative decay mode we would expect
the amount of created single photons to also be effected by this, making Rabi oscillations less
pronounced.
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Chapter

Conclusion

We have shown through theory and simulation that in order to use a quantum dot in an
optical cavity as a single photon source it is best if the cavity is polarization non-degenerate.
Furthermore simulation and experiment have proven that by using non-linear polarization
configurations for such a cavity-plus-quantum dot system we can achieve an increased inten-
sity of the single photon source without sacrificing purity.

We proceeded to give two different theoretical derivations of determining the autocorrelation
function, g?(7), of light created by mixing different sources. The resulting formula can be used
to determine the purity of a single photon source from a measurement of the autocorrelation
function. By comparing the two derivations we conclude that in the limit of low power a
quantum mechanical description of mixing of light and a classical description of mixing of
light give the same result for the autocorrelation function.

Lastly we conducted several measurements of the quantum dot excited by a pulsed laser. We
observed that the autocorrelation function for this measurement has approximately 4% coin-
cidence counts by area at 7 = 0, indicating that this setup acts as a single photon source with
a high purity of 98%. However, our system exhibits no signs of Rabi oscillations. Further-
more we experimentally detected that the lifetime of the quantum dot is dependent on the
power of the pulse sent to the cavity. Further research is needed to investigate these last two
phenomena.
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