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CHAPTER 1

Introduction

1.1 Light and control

We, humans, scrutinize first to advance. Light is the commencement for our
observations and thereby for our knowledge. The question that drives us is: Can
we gain access to more information by controlling light? By crafting mirrors, early
people gained the ability to control light propagation and had therefore accessed
to new information 8000 years ago, as first examples found in Çatalhöyük, Turkey
demonstrate [1, 2]. In the 21st century we explore new ways to control light to
expand our knowledge. We are now able to fabricate structures on the nanometer
scale and harness light on length scales comparable or smaller then the wavelength
of light [3–6]. We have arrived at a stage where we can not only gain information
using light but also manipulate light to carry information [7, 8].

The extensive facilities offered by modern nanotechnology provide the ability to
fabricate composite dielectric optical structures that fundamentally modify both
the propagation and the emission of light. The main feature of these nanopho-
tonic materials is that the refractive index varies on length scales comparable to
the wavelength of light. For instance, photonic crystals and microcavities have
been used to tailor light propagation at the nanoscale [3–5, 9]. Photonic crystals
are shown to forbid light propagation by suppressing the number of available
states for light [10–12]. Moreover, the inhibition of light emitted from embed-
ded sources inside photonic crystals is shown to stabilize the sources’ excited
states [13–15]. Conversely, microcavities have been shown to greatly enhance the
emission of light from the light sources inside [16, 17]. Manipulating the refrac-
tive index of the underlying material of cavities and photonic crystals provides
the means to extend fundamental studies of light matter interactions in the time
domain [18–22].

The color of light is a main visual perception of light for humans. The color
of light is physically determined by the wavelength or by the frequency of light
and perception is a complex physical measure. Indeed, a simple measure for
the color of light is given by its frequency since frequency of light is invariant
from one medium to another [23]. Although the propagation of light is strongly
modified using nanostructures such as photonic crystals and microcavities, the
frequency of light stays constant in these structures as well. The color of light
can be altered in a nonlinear process or by absorption and re-emission [24, 25].
Using microcavities and waveguides light is conveniently confined in space and
then by dynamical control the medium is changed to act as a nonlinear medium
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for light [26–32]. As a result, it becomes possible to change the frequency of light
at a controlled moment in time and retain the unchanged frequency in the same
medium for the rest of the time.

Reversible changes of the refractive index can be induced to reconfigure pho-
tonic structures such as microcavities and photonic crystals [33–47]. An out-
standing practice would be to create a new structure by reversibly changing
the refractive index on a simple wafer. In this way, instead of crafting the ma-
terial, light can be shaped to induce a structured refractive index change so
that a programmable photonic structure is obtained. If this is achieved at time
scales shorter than a photon needs to pass through a network of these photonic
structures then a programmable photonic circuit is created. Light manipulated
all-optically inside an ultrafast reprogrammable photonic circuit would be the
most use of light in information technology for our ongoing advancement.

1.2 Switching

Switching, turning on and off the current, has been the foremost approach for
transferring information. Humans have used switching of smoke signals and mod-
ulated smoke signals in ancient times to communicate over long distances [48].
In the 18th century modulation of the electrical current is achieved by creat-
ing sensible on and off states and that played the major role in establishing the
groundwork for our modern communications systems [49]. The ever growing
needs of modern information technology for high bandwidth, low cost, and low
power consumption cannot be met by conventional electric circuits. The limiting
factors are the transmission speed, losses, and cross-talks of the metal wiring [50].
The fact that light beams offer high-bandwidth data transfer rates conveyed light
as the alternative for information technology [8, 35, 51, 52]. In addition to its
proverbially high transmission speed, the power consumption, heating and cross-
talk can be minimized with photonic integrated circuits [45, 53, 54].

Fundamentally, switching means more than turning on and off the flow as it
means the transition of a physical system from one state to another state. Here
we make a distinction between a permanent change and a true switch: If a system
is permanently changed then it does not allow for the reversible investigation,
hence we distinguish it from a switching action. A medium with refractive index
n0 can be transferred effectively to an optical medium with refractive index n′ by
inducing a reversible refractive index change. As a result, the transition of a phys-
ical system coupled to this medium can be studied while the medium is modified.
Here, the duration of the induced change to the medium also determines whether
we call the change a switch event: If the induced change is slow compared to the
characteristic time scales of the physical system, we call it tuning. In this regime,
the physical system is quasistatic, in other words, its dynamics instantaneously
follows the external conditions. Since the physical system relaxes much faster
than the slow external stimulus, no transition to another state is made. In this
thesis, we use the term switching to investigate a physical system that makes a
transition to another state at times comparable to the characteristic time scales
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of the system. Specifically, we are interested in physics of the resonance of a
switched semiconductor microcavity, as well as in the frequency of trapped light
inside a switched microcavity. The refractive index of a semiconductor cavity can
be altered via mechanical [55], thermal [56], free-carrier [27–31, 35, 36, 38, 57]
and Kerr induced modifications [26, 36, 40, 46, 47, 58]. As mechanisms that
leads to index change enable exploring cavity physics, we pursue free-carrier ex-
citation, and especially the electronic Kerr effect due to their fast response time
in picosecond and femtosecond time scales, respectively.

1.2.1 Switching by free carrier excitation

The Dutch physicist Hendrik Lorentz developed a classical theory for the op-
tical properties of matter in which the electrons and ions were treated as sim-
ple harmonic oscillators, subject to a driving force of applied electromagnetic
fields [59, 60]. In the Lorentz model, a polarizable material is considered to be
formed by a collection of identical, independent, isotropic harmonic oscillators.
The electrons are assumed to be connected to an infinitely heavy nucleus by a
spring and there is a restoring force which sustains the system in equilibrium.
Using the analogy to the simple spring mass system, the dielectric constant and
therefore the refractive index of dielectrics can be modelled [23, 61].

Of particular interest as dielectric materials are semiconductors, on account of
their elevated refractive indices, which allow the realization of powerful nanopho-
tonic media that strongly interact with light [62], and as a result strongly affect
the propagation and emission of light [3–5]. In semiconductors free charge carriers
can be excited using a light source that has a photon energy larger than the elec-
tronic bandgap energy of the semiconductor [63]. These free carriers are free to
move like in a metal and the refractive index has to be modelled differently than
the bound electrons. In 1900 Paul Drude proposed a practical way to estimate
optical properties of a free-carrier plasma in metals [64, 65]. In the Drude model
the electrons are assumed to be free to move, the electrons are not connected to
the nuclei by a spring. The optical response of a collection of free electrons can
be obtained from the Lorentz harmonic oscillator model by simply cutting the
springs. The total refractive index of the excited semiconductor will then be the
sum of the contributions of the bound electrons and of the free carriers. Accord-
ingly, if the density of free carriers is increased, a larger change in refractive index
will be induced and the refractive index of the semiconductor will decrease (see
chapter 3). The refractive index of a semiconductor can be reversibly changed
within tens of picoseconds by up to 3% by free carrier excitation [31, 66]. The
switching speed with free carrier excitation is material dependent and is limited
by the recombination dynamics of the excited carriers.

1.2.2 Switching by means of the electronic Kerr effect

In 1875 John Kerr discovered double refraction of light in solid and liquid di-
electrics placed in an electrostatic field [67]. Due to the applied field the molecules
and the electrons in the material are redistributed to minimize the free energy
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of the system and a nonlinear polarization is induced in the material [68]. As a
consequence of this induced nonlinear polarization, the propagation of light at
certain frequencies is affected and light at these frequencies encounters a mod-
ified refractive index [25]. The Kerr effect is related to the microscopic motion
of electrons, atoms, ions, and even whole molecules. On account of the small
electron mass the electronic Kerr effect is the fastest Kerr phenomenon and its
response time is material independent. The electronic Kerr effect is a third order
nonlinear process and its magnitude increases with increasing intensity of the
applied electric field and the nonlinear coefficient of the medium (see chapter 3).
The electronic Kerr effect enables switching at femtosecond time scales as a con-
sequence of its nearly instantaneous response nature [46]. Yet, the excitation
of relatively slow free carriers has to be avoided to accomplish an ultrafast and
positive refractive index change with the electronic Kerr effect, since free carriers
lead to an opposite and much slower change of the refractive index [42, 69, 70].
In chapter 3 we show that the excitation of free carriers can be suppressed and
the electronic Kerr effect can be employed as the main switching mechanism of
semiconductor microcavities.

1.3 Switching of semiconductor microcavities

Semiconductor microcavities have attracted considerable attention due to their
ability to store light for a given amount of time in a small volume [4, 9]. This
key issue of cavities enhances the interaction between light and matter [16, 17]
to the point of manipulating quantum states of matter [20, 71, 72]. The dynamic
manipulation of a cavity is thereby of major interest to control light matter
interactions in time [18, 21, 22]. For a cavity the main parameters are: (a)
The resonance frequency ω0 of the cavity that sets the frequency at which the
cavity operates. (b) The linewidth of the cavity resonance ∆ω that sets the
frequency range at which cavity operates. The quality factor of a cavity is given
by Q = ω0/∆ω, which also quantifies the storage time of the cavity (τcav) through
the relation Q = ω0τcav. The resonance frequency of a cavity is controlled by
changing the refractive index of the cavity. If the refractive index is increased
then the cavity resonance shifts to a lower frequency as is schematically depicted
in Fig. 1.1(a). If the resonance frequency of the cavity is monitored in time while
the cavity resonance is shifted by the increased refractive index than one could
achieve modulation, see Fig. 1.1(b). If ω0 is chosen as the operation frequency
than the intensity at ω0 will change by δR each time the cavity is switched. The
switching time is defined as τsw whereas the repetition rate or the clock rate is
given by 1/τrep.

The practicability of a cavity resonance shift is evaluated according to the fol-
lowing criteria: (i) The shift of the cavity resonance δω compared to the linewidth
of the cavity ∆ω. (ii) The switching speed. (iii) The power consumption. We will
discuss the power consumption within the first two criteria. To clearly identify
the switched and unswitched, i.e., switch-on and -off states, the shift of the cavity
resonance must be at least half a cavity linewidth (δω ≥ ∆ω/2). Since high-Q
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Figure 1.1: (a) Schematic representation of the reflectivity spectrum of a cavity with a
linewidth ∆ω. When the refractive index of the cavity is increased the cavity resonance
shifts by δω to a lower frequency. The reflectivity at ω0 changes by δR due to the
shift of the cavity resonance. (b) Schematic representation of the resonance frequency
of a switched cavity versus time. The horizontal dotted line represents the unswitched
resonance frequency ω0.

cavities possess a narrow linewidth, a small refractive index change will be suffi-
cient to shift the cavity resonance. Accordingly, the power requirement is reduced
since the required refractive index change is small. Today’s fabrication of micro-
cavities yields quality factors of the order of 106 at the telecom wavelengths [73].
Such a cavity has a linewidth of approximately ∆ω = 7.8×10−3 cm−1. A refrac-
tive index change of 5× 10−5 % will be sufficient to shift the cavity resonance by
half a linewidth. However, such a high-Q cavity is sensitive to small temperature
changes as well. For this reason, such a cavity must be extremely temperature
stable for error-free operation. For instance, a silicon cavity with Q = 106 must
be temperature stable within 9.4 × 10−3 K to prevent cavity resonance shift of
half a linewidth. For practical applications it is hard to achieve such a tem-
perature stability within 9.4 × 10−3K. For this reason, although high quality
factor cavities reduce the power requirement, the required temperature stability
opposes their practical use.

The cavity storage time sets the limit for the switching time. The long storage
time of the high quality factor cavities defies the idea of ultrafast switching since
storage time sets a limit for switching time. For this reason, the second criterion
cannot be met by high quality factor slow cavities. Thus, to increase the switching
speed we must start with a fast cavity and explore the ways to achieve switching of
the cavity resonance of more than half a linewidth with minimum energy loss. In
chapter 5 we explore the ways to achieve cavity resonance shifts exceeding a cavity
linewidth using the electronic Kerr effect. In chapter 4 we show experimental
evidence that we can switch cavities at an ultimate speed with a record low-level
energy-loss during the switch.
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1.4 Need for speed

Fundamentally, fast switching rates are needed to study real-time response of
physical systems such as cavities and coupled quantum dot (QD)-cavity systems.
To achieve dynamic control of these systems, the switching speed must approach
their characteristic time scales. For real-time cavity quantum electrodynamics
(cQED), the switching time should be shorter than relevant time-scales such as
the lifetime of an emitter τqd, the cavity decay time τcav, or the period of the
Rabi-oscillation τRabi between the excited state of the QD and the cavity [17, 72].
For a single QD in a semiconductor microcavity, such times are of the order of
τqd = 20−200 ps and τRabi = 1−10 ps [17, 72]. In the weak coupling regime, if the
switching of the cavity is achieved repeatedly at the inverse coupling rate between
the excited state of QD and the cavity, then we can manipulate the coupling at
its fundamental time scale [22]. Every time a photon is spontaneously emitted
by a QD the cavity mode can be shifted to prevent the coupling of photons to
the cavity mode. In the strong coupling regime, repeated switching would allow
to monitor Rabi oscillations in the time domain and even lead to new coherent
dynamics. Thus switching on the ps time scale or faster is essential for real-time
cQED research.

Fast switching rates are also essential for application purposes. Integrated pho-
tonic circuits are demonstrated to increase the clock speed of communication to
a few GHz [39, 52, 54]. This increase is achieved by using semiconductor micro-
cavities that form the backbone of optical modulators. All-optical switching of
microcavities provides an increase of clock speed up to tens of GHz [45, 51]. How-
ever, even this increase will not be sufficient to meet the future computational
demands. The data produced by humans grows exponentially at a rate of tenfold
every five years [74]. For this reason, switching speed of cavities should be in-
creased to meet the growing need for speed in computation. This can be achieved
if the switching of microcavities is performed independent of material-related re-
laxation properties. The electronic Kerr effect enables switching at femtosecond
time scales as a consequence of its material independent instantaneous response
nature [46].

1.4.1 Speed and changing the color of light

It is an intriguing question whether ultrafast switching of a cavity leads to adia-
batic [27, 30, 32, 75] or to non-adiabatic [28, 31] frequency change of light. The
theory of the frequency change in a cavity will be explained in chapter 6. In sta-
tistical physics, a process is classified as non-adiabatic if the rate of perturbation
is faster than the process that leads to the establishment of equilibrium [76]. In
quantum mechanics, a non-adiabatic transition is expected if the perturbation
acts faster than the inverse frequency spacing between available modes of the
system [77, 78]. If a cavity resonance is switched adiabatically then the light
trapped in the cavity will follow the cavity resonance during the switch and
shifts in frequency in succession with cavity resonance frequency shift. However,
if the cavity is switched non-adiabatically the light trapped in the cavity will
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not follow the cavity resonance and will escape at a frequency other than the
cavity resonance. Including this thesis there have been reports that study non-
adiabatic frequency conversion in a cavity and are listed in Table 1.1. In Ref. [28]

Table 1.1: List of studies that explore non-adiabatic frequency conversion in a micro-
cavity. The table lists the linewidth ∆ω, storage time τcav, cavity footprint C, resonance
frequency shift δω, and switching time τsw. The switching time τsw is taken as the com-
plete time for the switch event. The last column lists the ratio of the rate of change of
the resonance frequency versus the cavity footprint.

∆ω (cm−1) τcav (ps) C (cm−1/ps) δω (cm−1) τsw (ps) (δω/τsw)/C

Dong et al.[28] 0.54 10.0 0.05 0.4 450 0.02
Harding et al.[31] 6.87 0.8 8.59 96.8 100 0.11
This thesis 20.03 0.3 66.77 5.7 0.7 0.12

a non-adiabatic frequency conversion is shown by spatial inhomogeneous switch-
ing within τsw = 450 ps using a ring cavity that has a storage time of τcav = 10 ps.
In Ref. [31] strongly not-adiabatic changes were achieved within a switching time
of τsw = 100 ps with a large index change (1%) induced to a microcavity that
has a storage time of τcav = 0.8 ps. This work and Ref. [31] also involves spa-
tial inhomogeneous switching since only GaAs layers in the Bragg mirror of the
planar cavity are switched and the AlAs layers are not switched, see chapter 2
and 3. Since in Ref. [28] a time-resolved spectra is not presented we consider the
complete duration of the switching process as the relevant switching time and the
cavity storage time for comparison. Neither Ref. [28] nor Ref. [31] demonstrates
non-adiabatic changes in the sense of Ref. [76] since the switching time is much
longer than the cavity storage time which is the relevant time for the resonance
that establishes equilibrium. In our work, we achieve switching of the cavity
within the cavity storage time of 300 fs, we consider the complete switch time
700 fs to be consistent with Ref. [28] and [31]. At this point a question arises:
Is it sufficient to switch a cavity faster than the cavity storage time for non-
adiabatic frequency conversion? The answer to this question is that we cannot
only take into account the time scale. We also have to consider the magnitude of
the perturbation and we have to compare the rate of change to a characteristic
property of the cavity. For this reason, we introduce a characteristic ratio called
cavity footprint that we define as follows:

C =
∆ω

τcav
. (1.1)

Here, ∆ω is the linewidth of the cavity and τcav the cavity storage time. For a
non-adiabatic change we define the criteria such that the rate of change of the
cavity resonance frequency must be greater than the cavity foofprint:

δω

τsw
≥ C. (1.2)
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Figure 1.2: Schematic graphs that show the resonance frequency shift and the re-
fractive index change of a switched cavity versus time. The cavity foot print C is
marked with the shaded region for the same cavity in both panels. The footprint is
plotted for a cavity with linewidth ∆ω = 20 cm−1 (vertical dashed line) and storage
time τcav = 0.3 ps (horizontal dashed line) typical for our experiments. The cavity is
switched via (a) the electronic Kerr effect and (b) the excitation of free carriers. The
horizontal dotted lines represent the unswitched refractive index and also the cavity
resonance frequency.

In Fig. 1.2 the cavity footprint is marked in the schematic graphs that show
the resonance frequency shift and the refractive index change of a switched cavity
versus time. Fig. 1.2(a) is plotted for a cavity that is switched via the electronic
Kerr effect using the results reported in Ref. [46] and in chapter 3. In Fig. 1.2(a)
the refractive index is increased due to the instantaneous electronic Kerr effect
and that results in a positive shift of δω = 7 cm−1 of the resonance frequency
within 300 fs. Fig. 1.2(b) pertains to a cavity that is switched with free carrier
excitation using the results reported in Ref. [31]. The excited free carriers de-
crease the refractive index and the resonance frequency shifts by δω = 78.1 cm−1

within 100 ps in Fig. 1.2(b). In both Fig. 1.2(a) and (b) the non-adiabatic con-
dition is not satisfied for the complete switch since δω/τsw < C. As can be seen
in Fig. 1.2(b) the frequency shift rate exceeds the cavity footprint around the
maximum of the cavity resonance shift and the rest of the switch is too slow to
induce a non-adiabatic transition. For this reason, the moment in time of the
presented spectra is critical.

In order to define a figure of merit (FOM) for non-adiabatic frequency change
we insert ∆ω = ω0/Q and τcav = Q/ω0 into Eq. 1.2 and we get:

τswω
2
0

δωQ2
≤ O(1). (1.3)

While the left hand side of Eq. 1.3 is smaller than order of one then the
frequency change is non-adiabatic. The result of Eq. 1.3 is plotted in Fig. 1.3 that
defines the FOM for non-adiabatic frequency change. The results that are listed
in Table 1.1 are marked in Fig. 1.3. While all these results appear in the adiabatic
regime, it is clear from all reported observations that not-adiabatic effects are
seen since the frequency shifted light does not follow the cavity resonance. For
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Figure 1.3: Figure of merit (FOM) for a non-adiabatic frequency change of a cavity.
The vertical scale shows the rate of change of the resonance frequency and the horizontal
scale shows the quality factor. The results that are listed in Table 1.1 are marked on
the graph and in all cases the frequency change is adiabatic. The FOM is obtained
using Eq. 1.3. The boundary between the adiabatic and non-adiabatic regime is shown
with dashed lines to illustrate that the transition is not strictly defined. The color of
symbols are made to match the color of the lines that are calculated for each cavity
resonance used in that particular study.

this reason, we do not define a sharp boundary between the adiabatic and non-
adiabatic regime. At this time, we speculate that in the non-adiabatic regime
broad-band light is generated that is not resonant with the cavity resonance.
The largest rate of change of the resonance frequency shift is achieved with the
electronic Kerr effect that enables switching of the cavity resonance within 300 fs,
only limited by the cavity storage time [46, 47]. The switching time with the
excitation of free carriers has to be faster to enter the non-adiabatic regime
which requires further exploration. In order to enter the non-adiabatic regime
with the electronic Kerr effect, a larger resonance frequency shift of the cavity
resonance is required. The shift of the cavity resonance frequency achieved via
the electronic Kerr effect can be increased with double resonant cavities, and by
increasing the temporal overlap of pump and the probe pulses, see chapter 5.

1.5 Overview of this thesis

The main questions we address in this thesis are: How fast can a cavity resonance
be switched reversibly? What are limitations to the time scales, in other words,
what is the fastest possible cavity switch? How light trapped in a microcavity
follow the resonance during the switching? How fast the cavity resonance can be
switched repeatedly? How we can increase the resonance frequency shift if the
switching is only limited by optical means?

� In chapter 2, we describe the planar and micropillar microcavities that we
use in our all-optical switching experiments throughout this thesis. We
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present linear reflectivity measurements to characterize our samples. Fi-
nally, we describe the ultrafast switching setup used for all-optical switching
of our microcavities from femtosecond to picosecond time scales.

� Chapter 3 describes the first ever switching of a semiconductor microcavity
within 300 fs using the electronic Kerr effect. We study ultimate-fast optical
switching of the cavity resonance that is measured as a function of pump
fluence. We develop an analytic model, which predicts the competition
between the electronic Kerr effect and free carriers in agreement with the
experimental data. To this end we derive the nondegenerate two- and three-
photon absorption coefficients for GaAs. We retrieve the nondegenerate
third order nonlinear susceptibility χ(3) for GaAs from our measurements.
By exploiting the linear regime where only the electronic Kerr effect is
observed, we manage to achieve ultimate-fast switching of the microcavity.

� In chapter 4, we demonstrate reproducible and repeated switching of a
GaAs/AlAs planar microcavity operating in the “original” telecom band
by exploiting the nearly instantaneous electronic Kerr effect. We achieve
repetition times as fast as 700 fs, thereby breaking the THz modulation
barrier. We obtain the lowest energy loss per switch event and demonstrate
the possibility of recycling the trigger pulses to achieve repeated switching
of the cavity.

� In chapter 5, we discuss how to increase the refractive index change of a
cavity switched using the electronic Kerr effect. We explore the effect of
the quality factor in terms of its effect on temporal overlap of pump and
probe sources and the enhancement of the probe field in the cavity. We
perform calculations to investigate the effect of the pump pulse duration
in Kerr switching experiments. We investigate the effect of the backbone
in the switching process by performing experiments on AlGaAs/AlAs and
GaAs/AlAs cavities.

� Chapter 6 describes the first ever frequency conversion of light trapped in
a microcavity using the electronic Kerr effect. By exploiting the nearly
instantaneous electronic Kerr effect we achieve color conversion within the
storage time of the microcavity. We manage to generate blue- and red-
shifted train of pulses from the cavity that are separated by as little as one
picosecond.

� In chapter 7, we study all-optical switching of micropillar cavities with dif-
ferent diameters. We manage to change the resonance frequency of distinct
transverse cavity modes independently via the excitation of free carriers.
We observe color conversion of light during the switching of the micropillar
cavities.

� In chapter 8, we present and discuss the consequences of our switching
experiments on cavities for the future research based on our experimental
and theoretical results.
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Wong, Ultrafast all-optical modulation in GaAs photonic crystal cavities,
Appl. Phys. Lett. 94, 021111 (2009). — p.10.

[42] P. J. Harding, T. G. Euser, and W. L. Vos, Identification of competing
ultrafast all-optical switching mechanisms in Si woodpile photonic crystals,
J. Opt. Soc. Am. B 28, 610 (2009). — p.10, 12.
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CHAPTER 2

Samples and Experimental Setup

In this chapter we describe the planar and micropillar microcavities
that we use in our all-optical switching experiments throughout this
thesis. We present linear reflectivity measurements to characterize
our samples. Finally, we describe our ultrafast switching setup used
for all-optical switching of our microcavities.

2.1 Introduction

Semiconductor microcavities are widely used solid-state structures that confine
light within a narrow frequency band for a certain duration in time by resonant
recirculation within a microscale volume [1]. Microcavities have proven to be
of great value in a number of areas owing to the optical functionalities they of-
fer such as frequency filtering [2], intricate lasing [3, 4], spontaneous emission
enhancement [5], and strong coupling of light-matter interactions [6, 7]. In the
optical regime, one-dimensional or planar cavities are fabricated by forming peri-
odic stacks of dielectric layers around a defect layer that breaks the symmetry [8].
They require much simpler fabrication facilities compared to three-dimensional
cavities. One-dimensional cavities are widely used as reference models for physi-
cal understanding and as building blocks for modelling three-dimensional struc-
tures [9]. The fabrication of a three-dimensional cavity such as a micropillar
cavity also starts by forming a periodic stack of dielectric layers and then the pil-
lar structure is formed by shaping the planar structure [10]. A micropillar cavity
confines light in three dimensions: In the longitudinal direction light is confined
by the Bragg mirrors. In the transverse direction the confinement is achieved
by total internal reflection due to the high refractive index contrast at the pillar
side walls [10, 11]. The confinement in a small mode volume for instance in a
micropillar enables larger Purcell enhancement for emitters embedded inside [5].
In this chapter, we discuss the fabrication process of our planar and micropillar
cavities and their linear optical properties.

The optical properties of cavities can be altered by changing the refractive in-
dex of the constituent materials. The refractive index of a semiconductor cavity
can be switched all-optically via the excitation of free carriers in the semicon-
ductor [12–16] and by the electronic Kerr effect [17]. In this chapter we present
our experimental setup used to study Kerr and free carrier switching of planar
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microcavities. In addition, we built a switch microscope in order to perform
experiments on micropillar cavities with high spatial resolution.

2.2 Planar cavities

l

1mm

Figure 2.1: SEM picture of a GaAs-AlAs microcavity showing the multilayer struc-
ture. The image is obtained from the cross-sectional view of a micropillar cavity
(BsCavJc071012A). The thickness of the GaAs λ-layer is indicated with the white
arrows. The magnifier shows the GaAs λ-layer sandwiched between two GaAs-AlAs
Bragg stacks. The GaAs substrate is visible at the bottom. The GaAs layers appear
light grey, while the AlAs layers appear dark grey.

We have studied planar microcavities grown by means of molecular-beam epi-
taxy (MBE). MBE is a well-known method to grow microcavities from semi-
conductor layers [18]. Using MBE the semiconductor layers can be grown with
atomic precision. Our cavities are made by fabricating a sample that consists of
a GaAs λ-layer (d = 376 nm) sandwiched between two Bragg stacks consisting of
15 and 19 pairs of λ/4-thick layers of nominally pure GaAs (dGaAs = 94 nm) and
AlAs (dAlAs = 110 nm), respectively and grown on a GaAs wafer. The derivation
of the Bragg condition is given in appendix A. Figure 2.1 shows a scanning elec-
tron micrograph (SEM) cross-section of such a sample. The number of layers of
the bottom Bragg stack is greater than of the top mirror since the bottom mirror
is positioned on a GaAs wafer resulting in a smaller refractive index contrast.
Therefore, a greater number of layers is required at the bottom Bragg stack to
achieve a similar reflectivity as the upper Bragg stack. The cavity resonance is
designed to occur at λ0 = 1280± 5 nm in the Original (O) telecom band.

In order to prepare several samples with reduced cavity storage times, the
sample is cut into smaller chips (5 mm× 5 mm). The reduced storage time leads
to faster switching rates while at the same time reducing free carrier excitation
due to a reduced field enhancement in the cavity (see chapter 5). The edge of the
chips is protected with optical resist. Afterwards, a number of layers is selectively
removed from the top Bragg stack by dry and wet etching techniques to obtain
four cavities with sequentially reduced quality factors. The samples are first
etched by reactive ion-etching (RIE) that reacts on both GaAs and AlAs layers.
The depth of the etching process is controlled interferometrically with a 20 nm
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accuracy during the RIE step. After removing the targeted number of layers with
RIE the remaining AlAs layer on top of the structure is selectively removed with
wet etching using HF. In this way the storage time of the probe photons in the
cavity is reduced. The samples are listed in Table 2.1. In order to investigate the
effect of the backbone in Kerr switching experiments we have also studied a planar
microcavity made of Al30%Ga70%As λ-layer (d = 400 nm) sandwiched between
two Bragg stacks made of 9 and 16 pairs of λ/4-thick layers of nominally pure
Al30%Ga70%As (dAlGaAs = 100.2 nm) and AlAs (dAlAs = 111.7 nm), respectively
and grown on a GaAs wafer. The cavity resonance of AlGaAs is designed to occur
at λ0 = 1300± 5 nm in the Original (O) telecom band and has a quality factor
factor of Q = 210.
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Figure 2.2: Measured (black symbols) and calculated (red line) reflectivity spectra of
the microcavities with increasing number of top layers (a) 7 pairs with Q = 390 ± 60,
(b) 9 pairs with Q = 540 ± 60, (c) 11 pairs with Q = 750 ± 60, and (d) 15 pairs with
Q = 890± 60. The vertical axes show the reflectivity, the horizontal bottom axes show
the frequency and the top horizontal axes denote the wavelength. Within the stopbands
a narrow trough indicates the cavity resonance ω0, shown with higher resolution in the
inset of all panels. The calculations are performed with a transfer matrix model.

Figure 2.2 shows the measured and the calculated reflectivity spectra of the
GaAs/AlAs microcavities with different quality factors. The reflectivity spectra
of the cavities are measured with a setup consisting of a supercontinuum white-
light source (Fianium) and a Fourier-transform interferometer with a resolution
of 0.5 cm−1 (BioRad FTS6000), similar to Ref. [11]. In Fig. 2.2 we see that
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the stopband of the Bragg stacks extends from approximately 7050 cm−1 to
8500 cm−1 (1418.4 nm to 1176.5 nm). On both sides of the stopband Fabry-Pérot
fringes are visible due to interference of the light reflected from the front and the
back surfaces of the sample. Inside the stopband a narrow trough indicates the
cavity resonance. From the spectra we obtain the resonance frequency and the
quality factor of the cavities that are listed in Table 2.1. In Table 2.1 we see that
although the four samples (BsCav100203) are fabricated from the same chip we
observe a ±40 cm−1 (±7 nm) variation in the cavity resonance frequency. This is
due to a spatial gradient in the cavity thickness that is a result of a temperature
gradient during the growth process. Thus we have a position dependent resonance
frequency, see also [19], that we can use to scan the resonance.

From the linewidth, taken as the full width at half maximum of the cavity
resonance, we derive the quality factors. In Fig. 2.3(a) we show the linewidth of
the cavity resonance versus the number of GaAs/AlAs pairs on the top Bragg
mirror. Increasing the number of layers on the top Bragg mirror results in a
better reflectivity and thereby reduces the linewidth. In Fig. 2.3(a) we observe a
slight mismatch between the measured and the calculated cavity linewidths for
high quality factor cavities. The mismatch can be attributed to two mechanisms:
(i) The white light beam is sent to the sample without focusing with a beam
size of 10 mm. Therefore, we average over a large area on the sample resulting
in inhomogeneous broadening. We can exclude broadening due to the numeri-
cal aperture and concomitant angle-dependent resonance frequency, since we on
purpose used a collimated beam (NA → 0). (ii) Losses related to fabrication
imperfections become prominent with increasing quality factor. In this limit a
high mirror reflectivity is required, however, due to imperfections the reflectivity
of the mirrors does not increase further. As a result, we observe a broader cavity
resonance linewidth compared to the calculated linewidth.

Figure 2.3: (a) Linewidth of the cavity resonances (b) reflectivity of cavity resonance
troughs versus the number of GaAs/AlAs pairs on the top Bragg mirror. The black sym-
bols show the measured results from the samples made from sample chip BsCav100203
and the solid lines show the calculated results. The calculations are performed with a
transfer matrix model including a 500 µm thick GaAs buffer layer below the bottom
Bragg mirror.
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Figure 2.3(b) shows the reflectivity of the cavity resonance trough versus the
number of GaAs/AlAs pairs on the top Bragg mirror. Our cavities become asym-
metric as we only reduce the number of Bragg layers on the top mirror to change
the quality factor. The asymmetry of the Bragg mirrors result in higher reflec-
tivity of the cavity resonance minimum (Rtrough) as shown in Fig. 2.3(b). The
deviation of the measured linewidth and Rtrough for increased number of layers
on the top mirror is caused by the imperfections and inhomogeneous broadening
as explained previously. The designed and fabricated fast cavities with different
quality factors are used to explore the effect of cavity storage time in our Kerr
switching experiments.

Table 2.1: List of samples used in this work. The resonance frequency and the quality
factor of the cavities are obtained from the measured spectra shown in Fig. 2.2. The
table shows in which chapters the cavities are used.

Sample name Material Res. freq. Quality Used in
[cm−1] factor chapter

BsCav100203Q320 GaAs/AlAs 7806± 40 390± 60 3, 4, 5, 6
BsCav100203Q540 GaAs/AlAs 7762± 40 540± 60 5
BsCav100203Q640 GaAs/AlAs 7848± 40 750± 60 5
BsCav100203Q840 GaAs/AlAs 7806± 40 890± 60 5
BsCav110126Q247 AlGaAs/AlAs 8038± 40 210± 60 5
Micropillars
BsCavJc081027 GaAs/AlAs 10189± 40 1000 to 2500 7
(SiOx coating)

2.3 Micropillar cavities

The fabrication process of micropillars starts by growing a planar microcavity
by MBE on a GaAs substrate at a temperature of around 590oC. The planar
structures can be seen from the cross-section of a microcavity in Fig. 2.4. During
the growth process the λ-layer was doped with 1010 cm−2 InGaAs/GaAs quan-
tum dots (QD), which hardly influence our experiments [14]. From the planar
microcavity, the micropillars have been structured at room temperature. The
etching process of the micropillar cavities is performed by the following proce-
dure. A 2 µm-thick hard-mask layer (consisting of either Si3N4 or photosensitive
resist) is first deposited on the sample. Electron-beam lithography using poly-
methylmethacrylate and a lift-off technique are used to define a 100 nm-thick Al
mask, which is transferred to the hard-mask layer by RIE using SF6 gas. The
micropillars are finally formed by RIE using SiCl4 [10]. As a result, many mi-
cropillar cavities are fabricated on the same chip with a range of diameters as
shown in Fig. 2.5. A layer of SiOx with a thickness between 100 nm and 200 nm
is deposited after RIE to protect the AlAs layers from oxidizing. The fabricated
pillar diameter deviates less than ±1% from the targeted value.
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4mm

l

Figure 2.4: SEM picture of cross section of a cleaved and gold-coated micropillar with
8 µm diameter. The GaAs λ-layer, shown with the magnifier, is sandwiched between two
GaAs-AlAs Bragg stacks. The GaAs substrate is visible at the bottom. The substrate
and the pillar side walls are gold-coated, the top facet is clean. The GaAs layers appear
light grey, while the AlAs layers appear dark grey inside the pillar structure [20].

We have also studied gold-coated micropillars. The gold coating around the
pillar prevents the coupling to leaky modes [21] and is deposited on bare pillar
samples after the RIE process. The gold at the top facet of the pillars is then
removed by focused ion beam milling using Ar ions [10]. In Fig. 2.4 the gold
coating on the substrate and the side walls of the pillar is shown. The top facet of
the pillar and the bottom of the GaAs substrate are clean to allow for incoupling
of the laser beam.

10 mm 5 mm 2 mm

(a) (b) (c)

Figure 2.5: (a) SEM picture of a field of gold coated micropillars with different di-
ameters ranging from 1 µm to 20 µm. SEM picture of a micropillar with a diameter
of (b) 5 µm and (c) 1 µm consisting of GaAs λ-layer (indicated with the arrow) sand-
wiched between two Bragg stacks made of from λ/4 − layers of GaAs and AlAs. The
micropillars are coated with SiOx [20].

Figure 2.6 shows reflectivity spectra of micropillar cavities with diameters
20 µm, 6 µm, and 3 µm. The reflectivity of the stopband decreases with de-
creasing pillar diameter. The first reason is that the small pillars have more
optical losses than large pillars due to scattering at the edges [22]. Moreover, the
diameter of the beam (4.2 µm) is larger than the 3 µm pillar size, hence only a
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Figure 2.6: (a) Reflectivity spectra of three different micropillar cavities with 20 µm,
6 µm, and 3 µm diameter and coated with SiOx. The reflectivity of the stopband
decreases with decreasing pillar diameter due to the finite spot diameter. (b) High-
resolution graph of the cavity resonances shown in (a). The cavities reveal fine structure
with 7, 3, and 2 resonance troughs for pillars with 20 µm, 6 µm, and 3 µm diameter,
respectively [11, 20].

fraction of the light is reflected by the micropillar [20]. Figure 2.6(b) shows the
cavity resonances shown in Fig. 2.6(a) with higher resolution. We observe a fine
structure of 7, 3, and 2 resonance troughs for micropillars with 20 µm, 6 µm, and
3 µm diameter, respectively.

The distinct resonance troughs for each pillar are attributed to the confinement
of the electromagnetic radiation in the transverse plane. Each trough is a res-
onance associated to a transverse mode of the resonator and they have distinct
transversal spatial frequencies as identified in Ref. [11]. Figure 2.7 shows the
shift of the mode frequencies versus micropillar diameter with respect to the res-
onance of a planar cavity (ωres = 10755 cm−1). A good agreement between the
calculations and experiments is observed. We can therefore assign the measured
modes by their standard notation from waveguide theory [11]. The shift of the
mode frequency due to the lateral confinement in the micropillar decreases with
increasing pillar diameter. We identify the distinct resonances in the micropillar
cavities that are used in this work using Fig. 2.7. The distinct transversal cavity
modes are also marked on Fig. 2.6.

2.4 Experimental setup

2.4.1 Setup for planar cavities

A versatile setup described extensively in Ref. [23, 24] is used to Kerr-switch our
microcavities. We mainly describe the changes that we implemented for switching
the planar microcavities and give an overview of the main instruments. Figure
2.8 shows the schematic of the setup, see appendix B for a detailed scheme and
picture of the setup. The setup consists of a regeneratively amplified Ti:Sapphire
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Figure 2.7: Measured (symbols) and calculated (curves) transversal micropillar mode
frequency shift versus the pillar diameter with respect to the resonance of a planar
cavity (ωres = 10755 cm−1), figure from Ref. [11]. A good agreement between the
experiment and calculation is observed. The shift of the modes is due to the lateral
confinement in the micropillar. The modes are labelled with the standard notation for
cylindrical dielectric waveguides.

laser (Spectra Physics Hurricane) operating at a wavelength of 800 nm with a
repetition rate of Ωrep = 1 kHz as the main source. Two independently tunable
optical parametric amplifiers (OPA, Light Conversion Topas) are pumped by the
amplifier that are the sources of the pump and probe beams. We alternatively
denote the pump source as trigger depending on the application of the switching
experiment. The pulse duration of both OPAs is τP = 140 ± 10 fs (full width
at half maximum). In order to focus the pump beam we use a planoconvex lens
with NApu = 0.13 resulting in a beam diameter of �pu = 70 µm at the sample.
For the probe beam we use an achromatic lens with NApr = 0.13 giving a beam
diameter of �pr = 30 µm at the sample. The pump beam has a larger Gaussian
focus than the probe beam to ensure that only the central flat part of the pump
focus is probed and that the probed region is spatially homogeneously pumped.
The probe beam is sent to the sample at normal incidence. The pump beam,
on the other hand, is sent to the sample at an angle of θ = 15◦ relative to the
probe beam to spatially filter the pump source in the detection path. The time
delay ∆t between the pump and the probe pulse is set by a delay stage with a
resolution of 15 fs.

To investigate fast repeated switching, Michelson interferometers are built in
both pump and trigger beam paths to split each pulse into two pulses as schemat-
ically illustrated in Fig. 2.9. The time delay between the successive trigger and
probe pulses is adjusted by translating the moving arm of each Michelson inter-
ferometer. We reach THz repetition rates by adjusting the time delay between
the successive trigger and probe pulses. We also perform trigger pulse division by
sending the trigger beam through a thin dielectric slab as shown in Fig. 2.9(b).
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spectrometer
cavity

beam 
splitter

trigger OPA’s

probe

Figure 2.8: Schematic of the switch setup. The probe beam path is shown in blue,
the trigger (pump) beam path in red. The time delay between the trigger and the
probe pulses is adjusted through a delay stage. The reflected signal from the cavity is
spectrally resolved and detected with a spectrometer. The frequency of the probe beam
is resonant with the cavity and the bandwidth of the probe beam is broader than the
cavity linewidth.

The pulse reflected from the front and the pulse reflected from the back surface
form a closely separated pulse pair. The back surface of the GaAs slab is coated
with gold to increase the reflection from the second surface. Due to the thickness
of the slab (350 µm) we generate a pulse pair separated by a delay of δttr1 = 8 ps.
The trigger pulse pair generated in this way can repeatedly switch the cavity with
minimal loss of pulse energy in the second pulse due to the suppressed absorption
in GaAs (see chapter 3.2).

The reflected signal from the cavity is coupled to a single mode fiber and sent
to a spectrometer, with a resolution of 0.08 nm, located in a separate setup. The
reflected signal is first dispersed with a grating (900 grids/mm) and then detected
with a nitrogen cooled InGaAs line array detector. The measured transient re-
flectivity is a result of the probe light that impinges at delay ∆t and circulates in
the cavity during the storage time. It is then detected with the InGaAs detector
which integrates the short pulses (τP = 140 ± 10 fs) due to its relatively slow
response time compared to the pulse duration. The measured transient reflec-
tivity signal, therefore, contains information on the cavity resonance during the
storage of the probe light in the cavity and it should thus not be confused with
the instantaneous reflectivity at the delay ∆t, see Ref. [19, 20, 24].

In this work we devised a new procedure for the spatial alignment of the pump
and the probe pulses on the cavity. The method used in Ref. [19, 20, 24] is
based on comparing the voltage read from an InGaAs photodiode, detecting
the reflected signal, for the unswitched and switched cavity. However, since the
difference between the unswitched and switched reflectivity is small it is hard
to determine the overlap of the pump and the probe pulses using the signal
from a photodiode. Here, we first use the differential reflectivity measured by a
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Figure 2.9: (a) Michelson interferometer that is used both in trigger and probe beam
paths to split each pulse into two pulses. The time delay between successive trigger and
probe pulses is denoted by δttr, and δtpr, respectively. (b) A trigger pulse incident on
a GaAs wafer with a thickness of 350 µm is split in two pulses by reflecting from the
front and back surface of the wafer, which is gold coated. The time difference between
the two pulses is determined by the round trip time in the wafer (δttr1 = 8 ps).

photodiode to determine the zero time delay between the pump and the probe
pulses from the two-photon absorption trough by switching a silicon wafer, as
shown in Ref. [23, 25]. After we determine the zero pump-probe delay (∆t = 0)
we set the time delay between the pump and the probe pulses to zero. Then we
replace the silicon wafer with our cavity and we measure reflectivity spectrum
using the spectrometer. We maximize the spatial overlap of the pump and the
probe pulses by checking the switched reflectivity spectrum at the spectrometer.
Since the cavity resonance frequency shift provides a more sensitive measure
for the spatial overlap of the pump and the probe pulses we achieve a better
alignment using the spectrum. During the switching of the cavities more neutral
density filters are used which change the pump-probe time delay due to the extra
material. We calibrate the extra time delay introduced by the extra neutral
density filters and correct for the time delay in our experiments. The fluence of
the pulses are determined from the average laser power at the sample position and
are converted to peak power assuming a Gaussian pulse shape [24]. We choose to
express the fluences per square micron since the switching of a cavity resonance
is strongly needed by applications using miniature cavities with footprints in the
micron range [11, 26].

2.4.2 Setup for micropillars

We have built a setup for switching the micropillar cavities as shown schematically
in Fig. 2.10, see appendix B for a detailed scheme of the setup. The micropillar
setup is built as an extension of the planar cavity setup so that we can operate
both setups using the same main equipment. In order to switch the micropillars
we send the pump and the probe beam at normal incidence to the sample. To
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Figure 2.10: Schematic of the setup. The probe beam path is shown in blue, the pump
beam path in red. The time delay between the pump and the probe pulses is adjusted
through a delay stage. The focus depth of the pump beam on the sample is adjusted by
the telescope. The reflected signal from the cavity is spectrally resolved and detected
with a spectrometer. Only the frequency of the probe beam is resonant with the cavity.

switch micropillars with diameters down to 3 µm we use high NA lenses (NA =
0.4). The high NA lenses require such a short working distance that a separate
lens for the pump beam at an oblique angle θ = 15◦ is impossible. A separate
lens at θ = 15◦ would interfere with the opening angle of the high NA lens
that is required for sending the probe beam to resolve the micropillars. For this
reason, we send the pump and the probe beams to the sample through the same
achromatic lens with NA = 0.4 resulting in beam diameters of approximately
�pu = 5 µm and �pr = 3 µm for the pump and probe beams, respectively. The
frequency of the probe is set by the cavity resonance at ωpr = 10341 cm−1 (λpr =
967 nm) and the pump frequency is tuned to ωpu = 5814 cm−1 (λpu = 1720 nm)
near the two photon excitation edge of free carriers in GaAs [14, 27]. Since the
frequency of the two laser sources are far apart while we use the same lens to
focus both beams, the pump and the probe beams are focused at different depths.
In order to focus the pump beam at the same depth as the probe beam, we built
a telescope in the pump path. The telescope consists of two identical achromats
with NA = 0.13, one of which is placed on a translation stage to set the depth
of the focus on the pillar. The reflected signal from the cavity is coupled to a
single mode fiber after filtering the pump beam and detected with a nitrogen
cooled InGaAs line array detector spectrometer. We follow the spatial alignment
procedure that we have discussed previously to switch micropillars with diameters
down to 3 µm diameter.
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2.5 Conclusion

In this chapter we describe and analyse our planar cavities fabricated from dif-
ferent materials with altered quality factors. Our planar cavities are designed to
operate in the original telecom band (1300 nm). We discuss the linear response
of the 3D micropillar cavities that reveal distinct transversal cavity modes. The
micropillar cavities are designed to operate at the emission range of embedded
InGaAs/GaAs quantum dots (930 nm), which will be used for switching the Pur-
cell enhancement in future. We describe the ultrafast switch setup that includes
two OPAs with pulse durations of τP = 140 ± 10 fs. The two independently
tunable OPAs provide a spectral region starting from 500 nm up to 2400 nm.
The spectra from our samples is resolved with a nitrogen cooled spectrometer
that has a resolution of 0.08 nm.
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CHAPTER 3

Competition Between Electronic Kerr and Free

Carrier Effects in an Ultimate-Fast Optically

Switched Semiconductor Microcavity

We have performed ultrafast pump-probe experiments on a GaAs-
AlAs microcavity with a resonance near 1300 nm in the “original”
telecom band. We concentrate on ultimate-fast optical switching of
the cavity resonance that is measured as a function of pump fluence.
We observe that at low pump fluences the switching of the cavity res-
onance is governed by the instantaneous electronic Kerr effect and is
achieved within 300 fs. At high pump fluences the index change in-
duced by free carriers generated in the GaAs start to compete with
the electronic Kerr effect and reduce the resonance frequency shift.
We have developed an analytic model, which predicts this competi-
tion in agreement with the experimental data. To this end we derive
the nondegenerate two- and three-photon absorption coefficients for
GaAs. Our model includes a new term in the intensity-dependent
refractive index that considers the effect of the probe pulse intensity,
which is resonantly enhanced by the cavity. We manage to retrieve the
nondegenerate third order nonlinear susceptibility χ(3) for GaAs from
our measurements. By exploiting the linear regime where only the
electronic Kerr effect is observed, we manage to achieve ultimate-fast
switching of the microcavity.

3.1 Introduction

All-optical switching of cavities gains momentum since it enables the dynamic
control of the capture and release of photons on sub-picosecond timescales [1].
Moreover, ultrafast change of the optical properties of a cavity prevails to fre-
quency conversion through adiabatic [2] and not-adiabatic processes [3]. The
optical properties of cavities can be altered by changing the refractive index of

Part of this chapter has been published as: E. Yüce, G. Ctistis, J. Claudon, E. Dupuy, K.-J.
Boller, J.-M. Gérard, and W. L. Vos, J. Opt. Soc. Am. B 29, 2630 (2012) and G. Ctistis,
E. Yüce, A. Hartsuiker, J. Claudon, M. Bazin, J.-M. Gérard, and W. L. Vos, Appl. Phys.
Lett. 98, 161114 (2011).
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the constituent materials. The refractive index of a semiconductor cavity can
be switched via the excitation of free-carriers in the semiconductor [4–11]. How-
ever, the switching speed in such schemes is material dependent and limited by
the recombination dynamics of the excited carriers. On the other hand, the re-
fractive index of a semiconductor cavity can also be changed with the electronic
Kerr effect. The electronic Kerr effect is, in terms of speed, the ultimate way for
ultrafast switching due to its material independent and instantaneous response
nature as we will show here [12–15]. Yet, the excitation of relatively slow free
carriers has to be avoided to accomplish an ultrafast and positive refractive index
change with the electronic Kerr effect [15–17]. The main challenge is therefore
to find a range of parameters where solely the Kerr effect controls the optical
properties of the cavity.

In this chapter we employ the instantaneous electronic Kerr effect to switch the
resonance frequency of a semiconductor planar microcavity in the original telecom
band within 300 fs as a function of pump fluence. Using two light sources that
provide pump and probe pulses we observe and analyse the competition of free
carrier induced index changes and the electronic Kerr effect in a switched cavity.
We develop an analytical model which predicts this competition in agreement
with our experimental data. Our model is developed for nondegenerate light
sources and thereby can explain the effect of the cavity enhancement and the
intensity of each source in the switching of a cavity resonance.

3.2 Experimental details

A versatile setup as described in chapter 2.4.1, is used to Kerr-switch our mi-
crocavity [18]. We perform our experiments on the planar microcavity with a
quality factor of Q = 390 ± 60 (see chapter 2.2). The storage time of the probe
photons in the cavity is deliberately reduced to τcav = 300 fs by decreasing the
reflectivity of the top mirror of the cavity. This leads to faster switching rates
while at the same time reducing free carrier excitation due to a reduced field
enhancement in the cavity. The resonance frequency of the switched cavity is
determined by fitting a Lorentz function to the resonance trough over a limited
frequency range.

The cavity is switched with the electronic Kerr effect by judicious tuning of the
pump and the probe frequencies relative to the semiconductor bandgap [14, 15].
The probe frequency (ωpr = 7812 cm−1) is set by the cavity resonance in the
telecom range while the pump frequency is centered at ωpu = 4165 cm−1 (λpu =
2400nm) to suppress nondegenerate two-photon excitation of carriers (Epr +
Epu ≤ Egap) see Fig. 3.6(a2). Furthermore, the energy of the pump photons is
chosen to lie below half of the semiconductor band gap energy (Epu <

1
2Egap), see

Fig. 3.6(a1), to avoid two pump-photon excitation. The excitation of free carriers
is also suppressed by choosing a low probe fluence (Ipr = 0.18 ± 0.02 pJ/µm2)
while the average pump fluence is varied between Ipu = 13 and 275±20 pJ/µm2.
The fluences are determined from the average laser power at the sample position
and converted to peak power assuming a Gaussian pulse shape in time. The
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Figure 3.1: Transient reflectivity spectra for three different pump probe delays. The
spectra are obtained at 84 pJ/µm2 pump fluence. The gray curves show the fit to the
cavity resonance from which the cavity resonance frequency (ωres) is determined as the
minimum.

fluences are given per square micron since the switching of a cavity resonance
has interesting prospects for miniature cavities with footprints in the micron
range [7, 19]. The judicious selection of the pump-probe powers and frequencies
enabled the instantaneous Kerr switching at elevated frequencies including the
telecom band.

3.3 Ultimate-fast optical switching of a microcavity

In order to study the time evolution of the resonance frequency change we perform
switching experiments at different pump-probe delays. Figure 3.1 shows the
transient reflectivity spectra for three different pump-probe time delays ∆t. At
∆t = −2 ps the probe pulse arrives earlier than the pump pulse. Hence, the
measured spectra shows the unswitched transient reflectivity of the cavity with
a resonance at ωres = 7805.6 cm−1. At temporal overlap of pump and probe
pulses (∆t = 0 ps) the cavity resonance frequency has red-shifted to 7800.7 cm−1

indicating an increase of the refractive index. At positive delays (∆t = +5 ps),
where the pump pulse arrives earlier than the probe pulse, the cavity resonance
is measured at 7805.2 cm−1. Thus the resonance frequency at positive delays
has returned to the same frequency as the unswitched resonance frequency at
negative delays. The spectra shown in Fig. 3.1 appear asymmetric due to the
imperfect normalization to a gold reference. The simultaneous observation of a
red-shift of the cavity resonance only at pump-probe overlap and of the identical
cavity resonances at positive and negative delays at short time scales confirms
that the cavity resonance is mainly switched by the electronic Kerr effect, and
not by free carriers.
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We perform switching experiments at pump fluence of 78 ± 7 pJ/µm2 since
the cavity resonance returns well to the unswitched frequency right after the
pump pulse disappears. Figure 3.2 (a) shows the switching of the cavity reso-
nance with the electronic Kerr effect as realized for the first time ever by our
group. The dashed horizontal line denotes the unswitched resonance frequency
ω0. The measured resonance frequency shifts to a lower frequency starting at
-0.8 ps and reaching its maximum shift at -0.2 ps. 1 Subsequently, the resonance
frequency shifts back to its original frequency ω0. The resonance frequency shifts
by ∆ω = 7 cm−1 or a relative shift of 0.1%, only at the overlap of pump and
probe pulses. We conclude from the shift to a lower frequency that the refrac-
tive index is increased, which agrees with a positive Kerr coefficient for GaAs
[14]. To confirm our interpretation we performed calculations with a dynamic
Fabry-Pérot model [20, 21], taking solely into account the refractive index change
of GaAs due to the electronic Kerr effect. We observe an excellent quantitative
agreement between the measured and calculated shifts for the amplitude and the
temporal evolution. Our results furthermore demonstrate that our method truly
avoids the excitation of free carriers since there is no blue-shift of the resonance
at ∆t > 0 ps. For comparison, the inset shows the resonance frequency of the
cavity when the cavity is switched at pump frequency ωpu = 5000 cm−1 instead
of ωpu = 4165 cm−1. There is no instantaneous shift of the resonance when the
pump frequency is set to ωpu = 5000 cm−1 as expected; the free-carrier excitation
leads to a blue-shift after a delay of 3 ps that recovers in tens of picoseconds [8].
The very good agreement between the calculation and our experimental results
confirm the ultimate fast electronic Kerr switching of our photonic microcavity.

Figure 3.2(b) shows the transient reflectivity of the unswitched resonance fre-
quency as a function of pump-probe delay. The relatively high reflectivity of the
trough (Rtrough = 90 %) is a result of the asymmetric cavity design. One can see
that the transient reflectivity quickly changes from high to low (at pump-probe
overlap) and back to high, within 1.5 ps. This decrease is explained in chapter
6, where we discuss the frequency conversion of the trapped light that occurs
during the switching of the cavity. Moreover, during the switching of the cavity
not only the λ-layer but also the mirrors consisting of GaAs are switched. This
leads to a higher contrast in the Bragg stack and changes the reflectivity of the
resonance trough.

The dependence of the resonance shift on the time delay in Fig. 3.2 (a) is
strikingly asymmetric. The asymmetry is result of the dynamics of the light in
the cavity. In our experiment we are probing the change in the dielectric function
δε of the material induced by the nonlinear polarization P(3) [12]. The magnitude
of the observed frequency shift δω is given by the overlap integral of the pump
pulse (Epu(ω2, t)) and probe pulses. The probe pulse is broadened in time as it
is stored in the cavity and subsequently escapes to (Epr(ω0, t

′ − ∆t)). Thus at
a certain delay time ∆t the pulse overlap gives the following relative frequency

1The time delay between pump and probe is calibrated through a separate experiment, see
chapter 2.
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Figure 3.2: (a) Measured (open symbols) and modelled (line) resonance frequency vs.
pump-probe delay. The resonance frequency reaches its maximum shift at temporal
overlap (∆t = 0 ± 15 fs) of pump-probe and quickly returns to its unswitched value.
The model matches the experiment well. The inset shows no switch when the pump
frequency is at 5000 cm−1 for comparison. (b) Transient reflectivity vs. pump-probe
delay at the cold cavity resonance frequency. The transient reflectivity shows similar
reversible behaviour as the resonance.

shift:

δω(∆t)

ω0(0)
=
δε(∆t)

ε(0)
=
χ(3)

ε(0)

∫ ∞
−∞

E(ω0, t
′ −∆t)E(ω2, t

′)dt′ (3.1)

Hence, we tomographically sample the probe pulse E(ω0, t) stored in the cavity
with the shorter pump pulse E(ω2, t): While scanning the delay ∆t, we obtain a
shift that follows the probe envelope. The shift is maximal at a slightly negative
delay of −0.2 ps. The reason for this slightly negative delay is that the maximum
of the probe field intensity is shifted in time by the charging of the cavity, as
elaborated in chapter 6.
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Figure 3.3: Transient reflectivity versus wavenumber for three different pump fluences.
The spectra are obtained at pump-probe coincidence (∆t = 0±15 fs). The gray curves
show the fit to the cavity resonance from which the cavity resonance frequency (ωres)
is determined as the minimum, indicated as ticks.

3.4 Time evolution and pump fluence dependence

In order to investigate the competition between the electronic Kerr effect and
the free carriers we perform switching experiments at pump fluences between
Ipu = 13 and 275±20 pJ/µm2. Figure 3.3 shows the transient reflectivity spectra
for three different pump fluences at temporal (∆t = 0 ps) and spatial overlap
of the pump and the probe beams. The cavity resonance frequency (ωres =
7805.4 cm−1), shifts to a lower frequency (7804.2 cm−1) if the sample is pumped
at a low pump fluence 13 ± 1 pJ/µm2. When the pump fluence is increased to
65±7 pJ/µm2 we observe that the instantaneously switched resonance frequency
further red-shifts to 7800.9 cm−1. However, when the pump fluence is increased
to 275± 20 pJ/µm2 the resonance frequency shifts to only 7801.3 cm−1 showing
less shift than the previous step. We propose that at high pump fluences a
competition takes place between the electronic Kerr effect that increases the
refractive index and red-shifts the cavity resonance with the excited free carriers
that decrease the refractive index and blue-shift the cavity resonance.

Figure 3.4 shows the resonance frequency versus time delay for three different
pump fluences. When the sample is pumped at 42 ± 5 pJ/µm2 the resonance
frequency red shifts by 1 cm−1 at ∆t = 0. We observe the dynamic red-shift of
the cavity resonance only at pump-probe coincidence within 300 fs, confirming
the instantaneous switching of the cavity resonance frequency [1]. The red-shift
of the resonance frequency induced by the electronic Kerr effect increases to
4 cm−1 when the cavity is pumped at 84 ± 10 pJ/µm2. At these power levels
the cavity resonance frequency returns to the same value at positive time delays
as the unswitched cavity resonance. Further increasing the pump fluence to
238± 20 pJ/µm2 results in an instantaneous shift of only 4.3 cm−1 although the
sample is pumped with a three times higher fluence. At high pump energies we
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Figure 3.4: Resonance frequency versus time delay (∆t) between pump and probe at
different pump fluences. The resonance frequency red-shifts due to the instantaneous
electronic Kerr effect only at temporal overlap (∆t = 0 ±15 fs) of pump-probe (shaded
with bright color). The blue shift of the cavity resonance due to free carriers is observed
when the pump fluence is increased (shaded with dark color). The dotted horizontal
line shows the unswitched resonance frequency at ω0 = 7805.6 cm−1

also observe that the resonance frequency is blue shifted at positive time delays.
At positive delays the refractive index decreases as a result of free carriers that
remain excited for a much longer time of about 50 ps, as has been observed
before [7–9, 13]. The free carriers are excited by two- and three-photon processes
as depicted in Fig. 3.6 (a) and (b). Moreover, at high pump energies the cavity
resonance frequency at ∆t < 0 ps is already blue shifted compared to the cold
cavity resonance at low pump fluences, likely since the probe light is stored in the
cavity up to ∆t = −2 ps, which results in free carrier excitation by nondegenerate
two- and three-photon absorption. We conclude from Fig. 3.4 that the reversible
and ultrafast cavity switching as a result of the electronic Kerr effect occurs
mainly at low pump fluences up to 50± 5 pJ/µm2. In this regime, the switching
of the cavity can be reversibly achieved within 300 fs, which is only limited by
the storage time of light in the cavity and not material-related properties such
as carrier relaxation.

Figure 3.5 illustrates the competition between the electronic Kerr effect and
the free carriers by showing the shift of the instantaneously switched resonance
frequency versus pump fluence. We observe that at low pump fluences the res-
onance frequency shift increases linearly with pump fluence due to the positive
refractive index change of the electronic Kerr effect [12]. The linear change of
both the cavity resonance and the refractive index is physically reasonable since
the nonlinear index change with the Kerr effect is a product of the nonlinear
susceptibility with the pump field squared (see section 3.5 and Ref. [12]). Near
100 ± 5 pJ/µm2 we observe a saturation of the resonance frequency shift ver-
sus pump fluence. At high pump fluences, free carriers are excited that reduce
the refractive index, opposite to the Kerr effect. Since for our settings of light
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Figure 3.5: Instantaneous negative shift of the resonance frequency versus pump flu-
ence. Black circles show the measured results with a 10% error bar. For low pump
fluences (bright shaded region) we only observe electronic Kerr effect since the reso-
nance frequency decreases linearly with the pump fluence (magenta dashed line). The
competing blue shift of free carriers is observed beyond 70 pJ/µm2 and the region with
both Kerr and free carrier excitation is darker shaded. The right ordinate shows the
calculated refractive index change. The red solid curve indicates the modelled index
change as a function of the pump fluence for general nondegenerate pump-probe light
beams.

frequencies the carriers can only be excited by two- and three-photon processes,
the dependence of the refractive index (and hence resonance frequency) becomes
nonlinear versus pump fluence as is apparent from Fig. 3.5. We see in Fig. 3.5
that beyond 150±5 pJ/µm2 there is a slight decrease of the resonance frequency
in our experimental results. Our model also shows a maximum and a decrease
of the resonance frequency at high pump fluences. From the linear slope at low
pump energies where the effect of free carriers is negligible, we derive a nonde-
generate third-order nonlinear susceptibility χ(3) = 0.48× 10−11 esu for GaAs at
the strongly nondegenerate conditions ωpr = 7812 cm−1 and ωpu = 4165 cm−1

(dashed line in Fig. 3.5). The value that we find for χ(3) agrees within an order
of magnitude with degenerate values reported at ω = 9434 cm−1 [12]. The qual-
itative agreement between these different measurements is gratifying in view of
the differences in the frequencies of the relevant light sources [22].

3.5 Model

In order to interpret the competition between the electronic Kerr effect and free
carrier effects at elevated pump fluences, we have developed a model for the
optical properties of semiconductor cavity composed of GaAs and AlAs. We
notably aim for a model to include the nondegenerate three photon excitation of
free carriers. Since only the two-photon absorption coefficient has been reported
previously for the nondegenerate case [23], we chose to develop a model for
nondegenerate case that can predict both two- and three-photon absorption cross
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sections. In our experiment, the effect of the probe intensity becomes comparable
to the pump intensity as a result of the cavity field enhancement. For this reason,
we chose to develop a new model, instead of using the existing degenerate three-
photon absorption models [24], in order to calculate the free carrier density as
a function of both pump and probe intensities independently. To model the
refractive index change induced by the electronic Kerr effect we use the χ(3)

value determined from our experiments to limit the number of free parameters.
The index change induced by free carriers that are excited by two (Fig. 3.6(a))
and three (Fig. 3.6(b)) photon absorption is calculated using the well-known
Drude model [25, 26]. We can safely neglect the contribution of free carriers
generated by one-photon excitation since both the pump and the probe photons
are much less energetic than the band-gap energy of GaAs. We combine both the
electronic Kerr effect and the index change resulting from excited free carriers in
Eq. 3.2, which gives the refractive index change ∆n for a semiconductor optically
switched in a general nondegenerate pump-probe experiment:

∆n =
6πχ(3)

n0
[|Ecav|2 + 2|Epu|2]︸ ︷︷ ︸

Kerr

− q2

2n0ε0m∗optω
2
pr

[N
(2)
eh +N

(3)
eh ]︸ ︷︷ ︸

free carriers

. (3.2)

In equation 3.2, χ(3) is the third order nonlinear susceptibility, ε0 the vacuum
permittivity, Ecav and Epu the electric field of the probe in the cavity and of the
pump pulses, respectively, q the electron charge, ωpr and ωpu the frequencies of
the probe and the pump beams, respectively, m∗opt the optical effective mass of

the free carriers, N
(2)
eh and N

(3)
eh the free carrier densities generated by two-photon

and three-photon excitation, respectively. The electric fields in the instantaneous
(Kerr) part of Eq. 3.2 are written in terms of cycle-averaged intensity using the
relation I∗ = |E|2n0c/2π. Equation 3.2 shows that the refractive index increases
with the electronic Kerr effect and decreases with the increasing density of free
carriers in agreement with our experiments in Fig. 3.5. In Eq. 3.2 the refractive
index change induced by the electronic Kerr effect depends on the square of the
electric fields of both the pump and the probe light (the factor 2 for Epu will
become clear at Eq. 3.5). Up to date, the intensity-dependent refractive index
effect of the probe is neglected due to its smaller intensity compared to the pump
[12]. However, this is not necessarily the case for cavities due to the resonant field
enhancement inside the cavity, which appears to be the case in our experiment.
The cavity enhancement is given by I∗cav/I

∗
pr = Q/2π

√
R, where Q is the quality

factor of the cavity and R the reflectivity of the cavity mirrors [27]. The probe
fluence in our experiments is I∗pr = 0.18 ± 0.02 pJ/µm2 before entering the

cavity. Our cavity with Q=390 enhances the probe field by Q/2π
√

0.98 = 63
times to I∗cav = 11 pJ/µm2 so that it is non-negligible compared to the pump
fluence (Ipu = 13 and 275±20 pJ/µm2). The resonant enhancement of the probe
pulses by the cavity becomes even more important for cavities with high quality
factors [11, 28, 29], which will even bring the probe intensity beyond the level
of the pump intensity. We conclude that if the effect of probe light is neglected
(see Eq. 3.2) the usual pump intensity-dependent refractive index change will be
especially incorrect for high finesse cavities.
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In order to calculate the intensity-dependent refractive index for the general
nondegenerate pump-probe case we start by writing the total optical field as
Ẽ(t) = Ecav(ωpr)e

−iωprt + Epu(ωpu)e−iωput + c.c. The general form of the total
polarization of a material in the time domain is described by

P̃(r, t) =
∑
n

P(ωn)e−iωnt. (3.3)

where the summation extends over all positive- and negative-frequency compo-
nents [12]. In the frequency domain we can write the total polarization of a
material up to third order as:

PTot(ω) = ε0χ
(1)Ẽ(ω) + ε0χ

(2)Ẽ2(ω) + ε0χ
(3)Ẽ3(ω). (3.4)

Due to the centrosymmetry of GaAs, χ(2) = 0 and the total polarization of the
material reduces to PTot(ω) = ε0χ

(1)Ẽ(ω) + ε0χ
(3)Ẽ3(ω) [30]. Taking the third

power of the total optical field for nondegenerate pump-probe light and inserting
it into the total polarization leads to

PTot(ωpr) = ε0χ
(1)Ecave

−iωprt + 3ε0χ
(3)E3

cave
−i(ωpr+ωpr−ωpr)t

+6ε0χ
(3)EcavE

2
pue
−i(ωpu−ωpu+ωpr)t, (3.5)

which is the nonlinear polarization that influences the propagation of a beam
of frequency ωpr. The third term has a degeneracy factor 6, which is twice
the prefactor of the second term, and this explains the same factor in Eq. 3.2
(see section 3.A for the derivation). With this addition our model takes the
cavity field enhancement into account and gives the appropriate solution for the
intensity dependent refractive index for comparable intensities of nondegenerate
pump-probe light. Having explained the Kerr term of Eq. 3.2 we calculate the
free carrier term of Eq. 3.2 by calculating the free carrier densities as follows:

N
(2)
eh = R(2)

ngNatmτint =
Natmτint8π

3|µmgµnm|2

~2n20c2

[ Fig.3.6(a3)︷ ︸︸ ︷
I2cavρf (ωng = 2ωpr)

+

Fig.3.6(a2)︷ ︸︸ ︷
IcavIpuωprωpuρf (ωng = ωpr + ωpu)

(
1

ω2
pr

+
2

ωprωpu
+

1

ω2
pu

)]
, (3.6)
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and

N
(3)
eh = R

(3)
lg Natmτint =

Natmτint16π4|µmgµnmµln|2

~3n30c3
×

[ Fig.3.6(b1)︷ ︸︸ ︷
I3puρf (ωlg = 3ωpu)

4ωpu
+

Fig.3.6(b4)︷ ︸︸ ︷
I3cavρf (ωlg = 3ωpr)

4ωpr

+

Fig.3.6(b2)︷ ︸︸ ︷
IcavI

2
puωprω

2
puρf (ωlg = ωpr + 2ωpu)

(
1

4ω4
pu

+
1

ω2
pu(ωpr + ωpu)2

+

Fig.3.6(b2)︷ ︸︸ ︷
1

ω2
pr(ωpr + ωpu)2

+
1

ωprω2
pu(ωpr + ωpu)

+

Fig.3.6(b2)︷ ︸︸ ︷
1

ω3
pu(ωpr + ωpu)

+
2

ωprωpu(ωpr + ωpu)2

)

+

Fig.3.6(b3)︷ ︸︸ ︷
I2cavIpuω

2
prωpuρf (ωlg = 2ωpr + ωpu)

(
1

4ω4
pr

+
1

ω2
pu(ωpr + ωpu)2

+

Fig.3.6(b3)︷ ︸︸ ︷
1

ω2
pr(ωpr + ωpu)2

+
1

ω2
prωpu(ωpr + ωpu)

+

Fig.3.6(b3)︷ ︸︸ ︷
1

ω3
pr(ωpr + ωpu)

+
2

ωprωpu(ωpr + ωpu)2

)]
. (3.7)

The two- and three-photon free carrier densities (N
(2)
eh and N

(3)
eh ) in Eqs. 3.6

and 3.7 are calculated by multiplying the excitation rate Reh with the density of
atoms Natm and the interaction time τint (see sections 3.B and 3.C for derivations
of the general case). The relatively slow response time of the free carriers and the
accumulative nature of the free carrier excitation leads to an integration in time
and this will mask the ultrafast dynamics. Therefore, the intensities in Eqs. 3.6
and 3.7 are defined as I =

∫
|E|2n0c/2πdt, which differs from the instantaneous

intensity term (I∗) in the Kerr term of Eq. 3.2. The pump interaction time is
given by the pulse duration τP whereas the probe interaction time is given by
τcav due to the cavity which is in resonance with the probe light only. In Eqs. 3.6
and 3.7, ρf (ωng) and ρf (ωlg) are the density of final states and µmg, µnm, µln are
the dipole transition moments associated with the resonance schemes depicted in
Fig. 3.6(a) and (b). The parameters used in our model are listed in table 3.1.

We have derived the two-photon absorption rate R
(2)
ng using the perturbation so-

lution to Schrödinger’s equation for nondegenerate optical fields, see section 3.B.
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Figure 3.6: (a)Schematic energy diagram for the two-photon carrier excitation pro-
cesses possible in our experiment (see Eq. 3.6). (b) Schematic energy diagrams for
all possible three-photon processes in the experiment that may result in free carrier
generation (see Eq. 3.7).

We calculate the two-photon absorption cross section σ
(2)
ng starting by the gen-

eral relation σ
(2)
ng = R

(2)
ng /I2. Then we calculate the two-photon absorption cross

section σ
(2)
ng by taking into account that the energy of two pump photons is less

than the electronic bandgap energy of GaAs [2×Epu(0.51 eV) < Egap(1.43 eV),
Fig. 3.6(a1)] so that we can safely neglect the excitation of free carriers by two-
pump photons. We consider absorption of two probe photons (Fig. 3.6(a3))
and the nondegenerate two-photon absorption (Fig. 3.6(a2)) when we calcu-
late the two-photon absorption cross section. Under the conditions listed in Ta-

ble 3.1 we calculate the two-photon absorption cross section to be σ
(2)
ng (ωpr, ωpu) =

1.14 × 10−50 cm4s/photons2. The two-photon absorption coefficient β(2) is cal-

culated from β(2) = 4σ
(2)
ngNatm/~ω [32]. We obtain the two-photon absorption

coefficient to be β(2) = 0.13× 10−1 cm/MW. The values for σ
(2)
ng and β(2) agree

with the earlier estimated and measured values [32, 33]. In our experiment the
sum of the energies of the pump and the probe photons are chosen to minimize
two-photon absorption [Epr(0.95 eV) + Epu(0.51 eV) ' Egap(1.43 eV)] which
affects the two-photon absorption cross section. Therefore, we reduce the two-

photon cross section to σ
(2)∗
ng (ωpr, ωpu) = 8.59 × 10−52 cm4s/photons2 to obtain

a good match of our model with our experimental data. Without reducing the

σ
(2)
ng we observe that the refractive index does not increase due to the Kerr effect

due to large number of two-photon excited free carriers. We use the value that

we calculate for σ
(2)∗
ng (ωpr, ωpu) in our model (solid curve in Fig. 3.5) to calculate

the two-photon generated free carrier density, see section 3.B for the derivation

of N
(2)
eh from σ

(2)
ng . As in the experiments, we observe that the linear increase

of the index change due to the electronic Kerr effect competes with the excited
free carriers whose density also increases linearly with pump fluence. This is
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Table 3.1: Parameters used in our model.

Parameter .Value Unit Source

Natm 4.42× 1022 atoms/cm3 [31]
µ2 6.25× 10−43 J.cm3 [12]
Γn,l 6.28× 1013 rad/s [12]
τint 150.0× 10−15 s a

ωpr 7805.79 cm−1 a

1.47× 1015 Hz a

I∗pr 0.18 pJ/µm2 a

0.2 GW/cm2 a

I∗cav 11.3 pJ/µm2 a

12.0 GW/cm2 a

ωpu 4166.67 cm−1 a

7.85× 1015 Hz a

I∗pu 1.00× 102 pJ/µm2 a

93.7 GW/cm2 a

a Set by the experimental conditions.

because only nondegenerate two-photon absorption can take place and not the
degenerate two-pump photon absorption since Epu <

1
2Egap. The nondegenerate

two-photon coefficient can also be estimated for GaAs using the two-parabolic-
band model described by Hutchings et al [23]. However, their derivations are
performed only up to two-photon excitation and do not involve nondegenerate
three photon excitation. We calculate the nondegenerate two-photon absorp-
tion coefficient using our model since it was a necessary step to calculate the
nondegenerate three-photon absorption coefficient.

We have derived the density of free carriers generated by three-photon ab-

sorption N
(3)
eh in Eq. 3.7. We calculate the three-photon absorption rate R

(3)
lg

using the perturbation solution to the Schrödinger’s equation for nondegenerate
optical fields (see section 3.C). We calculate the three-photon absorption cross

section σ
(3)
lg using the general relation σ

(3)
lg = R

(3)
lg /I

3. The three-photon ab-

sorption cross section σ
(3)
lg is calculated by considering all excitation schemes

shown in Fig. 3.6(b), since all the permutations of pump and probe exceed
the bandgap of GaAs. We find the three-photon absorption cross section to be

σ
(3)
lg (ωpr, ωpu) = 3.9× 10−84 cm6s2/photons3. The three-photon absorption coef-

ficient (γ(3)) can then be calculated from γ(3) = 6σ
(3)
lg Natm/(~ω)2 [32]. We obtain

the three-photon absorption coefficient to be γ(3) = 0.45× 10−4 cm3/GW2. The

values we calculated for σ
(3)
lg and γ(3) agree within one order of magnitude with

the reported values [32, 33]. We consider this a very good agreement in the view
of the difference in frequencies, material and the difference due to degenerate and
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Table 3.2: Measured and calculated coefficients. The values are calculated and mea-
sured for the experimental parameters listed in table 3.1.

Parameter Measurement Calculated Unit

χ(3) 6.72× 10−20 m2/V2

0.48× 10−11 esu

σ
(2)
ng 8.59× 10−52 1.14× 10−50 cm4s/photons2

N
(2)
eh 3.78× 1017 5.04× 1018 1/cm3

β(2) 0.10× 10−2 0.13× 10−1 cm/MW

σ
(3)
lg 4.71× 10−83 3.93× 10−84 cm6s2/photons3

N
(3)
eh 5.92× 1016 4.93× 1015 1/cm3

γ(3) 0.53× 10−3 0.45× 10−4 cm3/GW2

nondegenerate conditions. The value that we experimentally determine for γ(3)

is in good agreement with the measured values [34]. We set the three-photon

absorption cross section to σ
(3)∗
lg (ωpr, ωpu) = 4.7× 10−83 cm6s2/photons3 to ob-

tain a good match of our model with our experimental data. From the value we

use for σ
(3)∗
lg (ωpr, ωpu) we calculate the three-photon excited free carrier density

N
(3)
eh , see section 3.C for the derivation. For the calculated N

(3)
eh using γ(3)∗ the

refractive index change becomes nonlinear with the applied pump fluence and the
refractive index starts to decreases in the high pump fluence regime shown in Fig.
3.5. The model also clearly shows the desired linear increase of the index in the
Kerr regime at low pulse fluences, and the appearance of the nonlinear decrease
of the free-carrier index that starts to compete at higher fluences. We attribute
the difference between the model and the experiment at low pump fluences to
our choice of not using χ(3) as a free parameter while we consider the free carrier
excitation even at low pump fluences in our model. In our analysis we do not
calculate the density of states for each permutation of pump-probe frequencies
although our model can describe the frequency dependency. Instead we use the
approximation that ρf (ω) ≈ (2πΓn,l)

−1 [12] where Γn,l (see Table 3.1) is the
width of level n, l. In our model we do not consider the plasma screening effect.
Namely, the excited free carriers in the GaAs can flow to shield the pump field
and exciton features disappear at high free carrier densities [12] and the effective
susceptibility can be modified. We do not take into account that the band-gap
of a semiconductor decreases due to high concentration of free carriers, known as
band-gap renormalization [12]. We list all the coefficients that we calculate using
our model and the coefficients that we deduce from our experiment in Table 3.2.
We conclude here that the onset of the carrier effects determines the optimum
power for instantaneous Kerr switching of our cavity.
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3.6 Conclusion

We demonstrate the reversible and ultrafast switching of a semiconductor micro-
cavity within 300 fs at telecom wavelengths using the electronic Kerr effect as a
function of pump fluence. We manage to derive the nondegenerate third order
susceptibility (χ(3)) of GaAs using our pump-probe experiment. We show that
the refractive index change induced by the electronic Kerr effect can be increased
to an extent that is limited by the increasing density of excited free carriers.
We show that the judicious tuning of the frequency of the driving fields relative
to the band gap of the semiconductor decreases the number of free carriers and
thereby increases the positive shift of the resonance frequency resulting from the
electronic Kerr effect. Our model quantitatively describes the frequency and the
intensity dependence of nondegenerate switching with pump-probe experiment.
The realization and the understanding of the competition between the electronic
Kerr effect and the free carriers reveal the set of parameters using which the
instantaneous electronic Kerr effect can be utilized as the ultimate-fast way of
all-optical switching.



54 Competition Between Electronic Kerr and Free Carrier Effects

3.A Intensity dependent refractive index

In nonlinear optics the intensity dependent refractive index for pump-probe ex-
periments is generally described under the assumption of a weak probe field, see
textbook by Boyd [12]. In experiments involving cavities, however, as described
in this chapter, pump and probe fields may be of the same order due to the
resonant enhancement of the probe field. In order to study the consequences of
this, we derive in this section the intensity-dependent refractive index involving
nondegenerate pump and probe fields.

The nonlinear refractive index can be described for large interaction times [12]

n(ωpr) = n0(ωpr) + n2(ωpr : ωpr, ωpu)〈Ẽ2〉, (3.8)

where n0 is the weak field linear refractive index, n2 the second-order index of

refraction and 〈Ẽ2〉 = limT→∞
∫ T
0
e−iωtdt, the time average of the electric field

squared. The arguments of n2 express that the result at frequency ωpr depends
on both ωpr and ωpu, as we will see below. In order to calculate the intensity
dependent refractive index for nondegenerate pump and probe light we start with
an optical field of the form

Ẽ(t) = Epr(ωpr)e
−iωprt + Epu(ωpu)e−iωput + c.c., (3.9)

so that

〈Ẽ2(ωpr, ωpu)〉 = 2Epr(ωpr)E
∗
pr(ωpr) + 2Epu(ωpu)E∗pu(ωpu) = 2(|Epr|2 + |Epu|2).

(3.10)
By inserting Eq. 3.10 into Eq. 3.8 we obtain the nonlinear index in terms of the
pump and probe fields

n(ωpr) = n0(ωpr) + 2n2(ωpr : ωpr, ωpu)(|Epr|2 + |Epu|2). (3.11)

The general form of the total polarization of a material in the time domain is
described by

P̃(r, t) =
∑
n

P(ωn)e−iωnt. (3.12)

where summation extends over all positive- and negative-frequency components [12].
In the frequency domain we can write the total polarization PTot(ω) of a material
up to third order as:

PTot(ω) = ε0χ
(1)Ẽ(ω) + ε0χ

(2)Ẽ2(ω) + ε0χ
(3)Ẽ3(ω). (3.13)

Due to the centrosymmetry of GaAs the second order terms vanish and the total
polarization reduces to PTot(ω) = ε0χ

(1)Ẽ(ω) + ε0χ
(3)Ẽ3(ω) [30]. Raising the

total optical field to the third power and inserting it into the total polarization
leads to

PTot(ωpr) = ε0χ
(1)Epre

−iωprt + 3ε0χ
(3)E3

pre
−i(ωpr+ωpr−ωpr)t

+6ε0χ
(3)EprE

2
pue
−i(ωpu−ωpu+ωpr)t

= ε0Epre
−iωprt (χ(1) + 3χ(3)E2

pr + 6χ(3)E2
pu)︸ ︷︷ ︸

χeff

, (3.14)
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which is the nonlinear polarization that influences the propagation of a beam
of frequency ωpr. We introduce an effective nonlinear susceptibility in Eq. 3.14
given by

χeff = χ(1) + 3χ(3)|Epr|2 + 6χ(3)|Epu|2. (3.15)

We note that it is generally true that [12]

n2(ωpr) = 1 + 4πχeff , (3.16)

and by inserting Eq. 3.11 and 3.15 into Eq. 3.16 we get

n20(ωpr) + 4n2(ωpr : ωpr, ωpu)n0(ωpr)(|Epr|2 + |Epu|2) +

4n22(ωpr : ωpr, ωpu)(|Epr|2 + |Epu|2)2

= 1 + 4πχ(1) + 12πχ(3)|Epr|2 + 24πχ(3)|Epu|2. (3.17)

Making the reasonable assumption that n2 << n0 and by equating the terms of
the same order on each side of Eq. 3.17 we find the relation between the linear
and nonlinear refractive indices and the relevant susceptibilities as follows:

n20(ωpr) = 1 + 4πχ(1), (3.18)

n2(ωpr : ωpr, ωpu) =
3πχ(3)

n0(ωpr)

(|Epr|2 + 2|Epu|2)

(|Epr|2 + |Epu|2)
. (3.19)

Inserting Eq. 3.19 into Eq. 3.8 results in the nonlinear index

n(ωpr) = n0(ωpr) +
6πχ(3)

n0(ωpr)
(|Epr|2 + 2|Epu|2). (3.20)

Equation 3.20 shows that the refractive index change induced by the electronic
Kerr effect depends on the square of the electric fields of both the pump and the
probe light. For a weak probe (low Epr), we get the usual expression for two
degenerate beams as given in textbook[12]. In our text we use Ecav instead of
Epr since only the probe pulse is in resonance with the cavity, which modifies
the probe pulse duration and the intensity of the probe pulse. However, in this
section the equations are derived for a general case where the probe pulse is
non-resonant.

3.B Two-photon excitation cross section

We derive the two-photon absorption rate R
(2)
ng using a perturbation approach to

solve Schrödinger’s equation for nondegenerate applied optical fields. We start
with a two-level system to calculate the two-photon excitation rate of carriers
and later on introduce the density of states in order to mimic a semiconductor.
In our derivation we choose to explicitly write out all terms instead of using the
permutation operator for the probability amplitude as in [12]. In this way we can
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calculate the absorption rate as a function of both pump and probe intensities
as an extension beyond the textbook of Boyd [12].

We start by writing the time-dependent Schrödinger equation in the presence
of a time-dependent interaction potential Ṽ (t). We use the standard perturba-
tion analysis described in Ref. [12] to get the time derivative of the probability
amplitude of the mth electron level

da
(N)
m

dt
= (i~)−1

∑
l

aN−1l Ṽlme
−iωlmt, (3.21)

where a
(N)
m is the probability amplitude of state m with N the order of the inter-

action and Ṽlm are the matrix elements of interaction Hamiltonian V̂ . Since we
are using a perturbation expansion, we must first calculate low-order probability
amplitudes in order to arrive at the desired two- or three-photon process. We
assume that in the absence of any applied electric fields (N=0) the carriers are
in the ground state g (see Fig. 3.6 for the energy levels) so that a0g(t) = 1 and
a0m(t) = 0 for m 6= g at all times t [12]. We now calculate the linear absorption
term, hence we set N=1. We then write the interaction potential Ṽmg in the
dipole approximation as:

Ṽmg = −µmg [Epr(ωpr)e
−iωprt + Epu(ωpu)e−iωput

+E∗pr(ωpr)e
iωprt + E∗pu(ωpu)eiωput], (3.22)

where µmg is the transition dipole moment between states m and g. Inserting Eq.
3.22 into Eq. 3.21 gives the time derivative of the one-photon excited probability
amplitude

da
(1)
m

dt
= −(i~)−1µmg[Epr(ωpr)e

i(ωmg−ωpr)t + Epu(ωpu)ei(ωmg−ωpu)t

+E∗pr(ωpr)e
i(ωpr+ωmg)t + E∗pu(ωpu)ei(ωpu+ωmg)t]. (3.23)

We drop the terms with (ωpr + ωmg) and (ωpu + ωmg) since they describe the
process of stimulated emission. The neglect of the second terms is known as
the rotating wave approximation. To get the probability amplitude for linear

absorption we integrate Eq. 3.23 in time and set a
(1)
m = 0

a(1)m (t) = −(i~)−1µmg

∫ t

0

dt′[Epr(ωpr)e
i(ωmg−ωpr)t′

+Epu(ωpu)ei(ωmg−ωpu)t
′
]

=
µmgEpr

~(ωmg − ωpr)
[ei(ωmg−ωpr)t − 1]

+
µmgEpu

~(ωmg − ωpu)
[ei(ωmg−ωpu)t − 1]. (3.24)

In order to get the probability amplitude a2n(t) for two-photon excitation (see
Fig. 3.6(a) for the energy levels) we describe Ṽnm as:

Ṽnm = −µnm [Epr(ωpr)e
−iωprt + Epu(ωpu)e−iωput

+E∗pr(ωpr)e
iωprt + E∗pu(ωpu)eiωput], (3.25)
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We write the time derivative of the two-photon excitation probability amplitude
as:

da
(2)
n

dt
= −(i~)−1

∑
m

a(1)m × Ṽnme−iωmnt. (3.26)

We insert Eqs. 3.24 and 3.25 in Eq. 3.21. After that we again use the rotating
wave approximation and omit the complex terms which describe stimulated emis-
sion as discussed in Eq. 3.23. Furthermore, in Eq. 3.26 we assume that a single
excited level m dominates the sum over all levels so that the sum disappears.
Thus we derive the two-photon dynamics as:

da
(2)
n

dt
= − µmgµnm

i~2

[
E2
pr

(ωmg − ωpr)
[ei(ωmg+ωnm−2ωpr)t − ei(ωnm−ωpr)t]

+
EprEpu

(ωmg − ωpu)
[ei(ωmg+ωnm−ωpr−ωpu)t − ei(ωnm−ωpr)t]

+
EprEpu

(ωmg − ωpr)
[ei(ωmg+ωnm−ωpr−ωpu)t − ei(ωnm−ωpu)t]

+
E2
pu

(ωmg − ωpu)
[ei(ωmg+ωnm−2ωpu)t − ei(ωnm−ωpu)t]

]
. (3.27)

After we obtain Eq. 3.27, we used the identity (ωng = ωnm+ωmg) and we assume
that the one-photon transition is highly non-resonant so that (ωmg − ωpr ' ωpr)
and (ωmg − ωpu ' ωpu). The terms with (ωnm − ωpr) and (ωnm − ωpu) give the
transient response of the process so that they can be dropped in the consideration
of Eq. 3.27 [12]. Finally, we integrate Eq. 3.27 up to time t and then multiply
by (t/t) to have the denominators look similar to the exponents:

a(2)n (t) =
tµmgµnm

~2

[
E2
pr[e

i(ωng−2ωpr)t − 1]

ωpr(ωng − 2ωpr)t
+
E2
pu[ei(ωng−2ωpu)t − 1]

ωpu(ωng − 2ωpu)t

+

(
EprEpu
ωpu

+
EprEpu
ωpr

)
ei(ωng−ωpr−ωpu)t − 1

(ωng − ωpr − ωpu)t

]
. (3.28)

We set (ωng−2ωpr)t = x, (ωng−ωpr−ωpu)t = y, (ωng−2ωpu)t = z, E2
pr/ωpr =

A,
EprEpu
ωpu

+
EprEpu
ωpr

= B, E2
pu/ωpu = C so that Eq. 3.28 simplifies to:

a(2)n (t) =
tµmgµnm

~2

[
A(eix − 1)

x
+
B(eiy − 1)

y
+
C(eiz − 1)

z

]
. (3.29)



58 Competition Between Electronic Kerr and Free Carrier Effects

Then the probability of two-photon excitation is

p(2)n (t) = |a(2)n (t)|2 =
t2|µmgµnm|2

~4
×

[
A2(1− eix − e−ix + 1)

x2

+
B2(1− eiy − e−iy + 1)

y2
+
C2(1− eiz − e−iz + 1)

z2

+
AB(ei(x−y) − eix − e−iy + 1)

xy

+
AB(e−i(x−y) − e−ix − eiy + 1)

xy

+
AC(ei(x−z) − eix − e−iz + 1)

xz

+
AC(e−i(x−z) − e−ix − eiz + 1)

xz

+
BC(ei(y−z) − eiy − e−iz + 1)

yz

+
BC(e−i(y−z) − e−iy − eiz + 1)

yz

]
. (3.30)

In the following we analyse the terms inside the square brackets of Eq. 3.30 for
long interaction times. First we introduce functions f(t) and g(t) defined as:

f(t) ≡ t2(2− eix − e−ix)

x2
=
t22(1− cosx)

x2
(3.31)

g(t) ≡ t2[
ei(x−y) − eix − e−iy + 1

xy
+
e−i(x−y) − e−ix − eiy + 1

xy
]

≡ t2[
2 + 2cos(x− y)− 2cosx− 2cosy

xy
]. (3.32)

Figure 3.7 (a) and (b) shows the functions f(t) and g(t), respectively. The peak
value of f(t) is t2 when x→ 0 that is ωng − 2ωpr → 0. The width of the central
peak is of the order of 2π/t. Thus the area under the central peak is of the order
of 2πt. The function f(t) can be expressed in terms of a Dirac delta function for
large t as [12]:

lim
t→∞

f(t) = 2πtδ(ωng − 2ωpr). (3.33)

Similarly we can also write g(t) in terms of Dirac delta functions for large t as:

lim
t→∞

g(t) = 4πtδ(ωng − 2ωpr)δ(ωng − ωpr − ωpu). (3.34)

We can see that (Fig. 3.7) limt→∞ g(t) = 2, if ωng−2ωpr = 0 and ωng−ωpr−ωpu =
0 at the same time. And since ωpr 6= ωpu then g(t) = 0 for nondegenerate light
fields. For degenerate light fields the function g(t) can be solved by applying
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Figure 3.7: (a) The function f(t) versus x from Eq. 3.31. For long interaction times
it can be approximated as a Dirac delta function. (b) The function g(t) from Eq. 3.32.
For long interaction times it can be approximated by a two-dimensional Dirac delta
function. The absorption probability is proportional to the functions f(t) and g(t).

L’Hôpital’s rule. We consider that describing the energy states of a semiconductor
only by the delta function is somewhat unphysical. Instead of using a delta
function we use the fact that the final state n is spread into a density of final
states, similar to a semiconductor, ρf (ωng) which is normalized such that [12]∫ ∞

0

ρf (ωng)dωng = 1, (3.35)

and thus ∫ ∞
0

ρf (ωng)2πδ(ωng − 2ωpr)dωng = ρf (ωng = 2ωpr). (3.36)

Considering the fact that the first three terms inside square brackets in Eq. 3.30
have the same form as f(t), we can apply the same procedure described from
Eqns. 3.31 to 3.36 for these three terms. Moreover, due to the fact that g(t) = 0
for nondegenerate light fields, the last six terms inside the square brackets in
Eq. 3.30 become also zero since they have the form of g(t). As a result, the
probability to be in the upper level n simplifies to

p(2)n (t) =
2πt|µmgµnm|2

~4
× [A2ρf (ωng = 2ωpr)

+ B2ρf (ωng = ωpr + ωpu) + C2ρf (ωng = 2ωpu)]. (3.37)
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Since the probability for the carriers to be in the upper state increases linearly
with time, we can define a transition rate as [12]

R(2)
ng =

p
(2)
n (t)

t
. (3.38)

We can now calculate the density of excited free carriers from the transition rate
using

N
(2)
eh = R(2)

ngNatmτint, (3.39)

where Natm is the density of interacting atoms and τint the interaction time. We
use the explicit forms of A, B, and C and we write the density of free carriers
generated by two-photon excitation:

N
(2)
eh =

Natmτint8π
3|µmgµnm|2

~2n20c2

[ Fig.3.6(a1)︷ ︸︸ ︷
I2puρf (ωng = 2ωpu) +

Fig.3.6(a3)︷ ︸︸ ︷
I2prρf (ωng = 2ωpr)

+

Fig.3.6(a2)︷ ︸︸ ︷
IprIpuωprωpuρf (ωng = ωpr + ωpu)

(
1

ω2
pr

+
2

ωprωpu
+

1

ω2
pu

)]
. (3.40)

Using Eq. 3.40 we can calculate the density of free carriers excited by all two-
photon processes, shown in Fig. 3.6, as function of pump and probe intensities
and interaction times independently. In our calculations we assume that the laser
frequency is tuned to the peak of the two-photon resonance, so that ρf (ω) ≈
(2πΓn)−1 [12] where Γn is the width of level n (see Table 3.1). Eq. 3.40 is
calculated for the general case of two-photon excitation where all permutations
of pump and probe exceed the bandgap energy. One has to consider to leave out
the non-resonant terms (that do not excite free carriers) to calculate the density
of free carriers generated via two-photon excitation. Since two-pump photons are
non-resonant we leave out this term and write Eq. 3.40 in the form of Eq. 3.6.

3.C Three-photon excitation cross section

In order to calculate the probability amplitude a3n(t) for three-photon excitation
(see Fig. 3.6(b) for the levels) we follow the same steps as in section 3.B modified
for the three-photon excitation process. Since we already derived the two-photon
process, we need only one more step top derive the three-photon process. Here,
we describe Ṽln as:

Ṽln = −µln[Epr(ωpr)e
−iωprt+Epu(ωpu)e−iωput+E∗pr(ωpr)e

iωprt+E∗pu(ωpu)eiωput].
(3.41)

We write the time derivative of the probability amplitude for three-photon exci-
tation process as:

da
(3)
l

dt
= −(i~)−1

∑
mn

a(2)n × Ṽlne−iωlnt. (3.42)
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After that we use Eq. 3.28 and 3.41 in Eq. 3.21 to get the probability amplitude

for three-photon process a
(3)
l (t). We carry out the multiplications in Eq. 3.42

and we use (ωlg = ωln + ωnm + ωmg) for simplification and we drop the terms
with (ωln − ωpr) and (ωln − ωpu) since they give the transient response of the
process and we also drop the terms describing the stimulated emission [12]. We
integrate Eq. 3.42 in time (see section 3.B for the similar steps). We assume that
both the one-photon and two-photon transitions are highly non-resonant so that
(ωmg − ωpr ' ωpr) , (ωmg − ωpu ' ωpu) , (ωng − 2ωpr ' 2ωpr) , (ωng − 2ωpu '
2ωpu) , and (ωng − ωpr − ωpu ' ωpr + ωpu). Finally, we get

a
(3)
l (t) =

tµlnµnmµmg
~3

[
E3
pr

2ω2
pr

(ei(ωlg−3ωpr)t − 1)

(ωlg − 3ωpr)t

+
E2
prEpu

2ω2
pr

(ei(ωlg−2ωpr−ωpu)t − 1)

(ωlg − 2ωpr − ωpu)t

+
E2
prEpu

ωpu(ωpr + ωpu)

(ei(ωlg−2ωpr−ωpu)t − 1)

(ωlg − 2ωpr − ωpu)t

+
EprE

2
pu

ωpu(ωpr + ωpu)

(ei(ωlg−ωpr−2ωpu)t − 1)

(ωlg − ωpr − 2ωpu)t

+
E2
prEpu

ωpr(ωpr + ωpu)

(ei(ωlg−2ωpr−ωpu)t − 1)

(ωlg − 2ωpr − ωpu)t

+
EprE

2
pu

ωpr(ωpr + ωpu)

(ei(ωlg−ωpr−2ωpu)t − 1)

(ωlg − ωpr − 2ωpu)t

+
E2
puEpr

2ω2
pu

(ei(ωlg−2ωpu−ωpr)t − 1)

(ωlg − 2ωpu − ωpr)t

+
E3
pu

2ω2
pu

(ei(ωlg−3ωpu)t − 1)

(ωlg − 3ωpu)t

]
. (3.43)

In Eq. 3.43 we set

x = (ωlg − 3ωpr)t, y = (ωlg − 2ωpr − ωpu)t

z = (ωlg − 2ωpu − ωpr)t, w = (ωlg − 3ωpu)t

A =
E3
pr

2ω2
pr
, B =

E2
prEpu
2ω2
pr

+
E2
prEpu

ωpu(ωpr+ωpu)
+

E2
prEpu

ωpr(ωpr+ωpu)

C =
E2
puEpr
2ω2
pu

+
E2
puEpr

ωpu(ωpr+ωpu)
+

E2
puEpr

ωpr(ωpr+ωpu)
, D =

E3
pu

2ω2
pu

(3.44)

then Eq. 3.43 simplifies to:

a
(3)
l (t) =

tµmgµnmµln
~3

[
A(eix − 1)

x
+
B(eiy − 1)

y

+
C(eiz − 1)

z
+
D(eiw − 1)

w

]
. (3.45)
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Then the probability is

p
(3)
l (t) = |a(3)l (t)|2 =

t2|µmgµnmµln|2

~6
×[

A2(1− eix − e−ix + 1)

x2
+
B2(1− eiy − e−iy + 1)

y2

+
C2(1− eiz − e−iz + 1)

z2
+
D2(1− eiw − e−iw + 1)

w2

+
AB(ei(x−y) − eix − e−iy + 1)

xy
+
AB(e−i(x−y) − e−ix − eiy + 1)

xy

+
AC(ei(x−z) − eix − e−iz + 1)

xz
+
AC(e−i(x−z) − e−ix − eiz + 1)

xz

+
AD(ei(x−w) − eix − e−iw + 1)

xw
+
AD(e−i(x−w) − e−ix − eiw + 1)

xw

+
BC(ei(y−z) − eiy − e−iz + 1)

yz
+
BC(e−i(y−z) − e−iy − eiz + 1)

yz

+
BD(ei(y−w) − eiy − e−iw + 1)

yw
+
BD(e−i(y−w) − e−iy − eiw + 1)

yw

+
CD(ei(z−w) − eiz − e−iw + 1)

zw
+
CD(e−i(z−w) − e−iz − eiw + 1)

zw

]
.

(3.46)

If we analyse the terms inside the square brackets in Eq. 3.46 for large interaction
times, following the same steps used in section 3.B (from Eq. 3.31 to Eq. 3.36),
the probability of the carriers to be in upper level l simplifies to

p
(3)
l (t) =

2πt|µmgµnmµln|2

~6
[A2ρf (ωlg = 3ωpr) +B2ρf (ωlg = 2ωpr + ωpu)

+ C2ρf (ωlg = ωpr + 2ωpu) +D2ρf (ωlg = 3ωpu)]. (3.47)

We define a transition rate as [12]

R
(3)
lg =

p
(3)
l (t)

t
. (3.48)

We can now calculate the density of free carriers from the transition rate using

N
(3)
eh = R

(3)
lg Natmτint, (3.49)

where Natm is the number of interacting atoms in the unit volume and τint the
interaction time. Then we write the density of free carriers generated by three-



Three-photon excitation cross section 63

photon excitation by simply inserting the functions Eq. 3.44 into Eq. 3.47:

N
(3)
eh = R

(3)
lg Natmτint =

Natmτint16π4|µmgµnmµln|2

~3n30c3
×

[ Fig.3.6(b1)︷ ︸︸ ︷
I3puρf (ωlg = 3ωpu)

4ωpu
+

Fig.3.6(b4)︷ ︸︸ ︷
I3cavρf (ωlg = 3ωpr)

4ωpr

+

Fig.3.6(b2)︷ ︸︸ ︷
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. (3.50)

Using Eq. 3.50 we can explicitly calculate the density of free carriers generated via
three-photon excitation as function of pump and probe intensities and interaction
times independently. In our calculations we assume that the laser frequency is
tuned to the peak of the two-photon resonance, so that ρf (ω) ≈ (2πΓl)

−1 [12]
where Γl (see Table 3.1) is the width of level l. Eq. 3.50 is calculated for the
general case of three-photon excitation where all the permutations of pump and
probe exceeds the bandgap energy. One has to consider to leave out the non-
resonant terms to calculate the density of free carriers generated via three-photon
excitation.
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CHAPTER 4

All-optical Switching of a Microcavity Repeated at

Terahertz Rates

We have repeatedly and reproducibly switched a GaAs-AlAs planar
microcavity operating in the “original” telecom band by exploiting
the virtually instantaneous electronic Kerr effect. We achieve repe-
tition times as fast as 300 fs, thereby breaking the THz modulation
barrier. The rate of the switching in our experiments is only deter-
mined by the speed of light and not by material related relaxation
properties. We obtain the lowest energy loss per switch event and
demonstrate the possibility of recycling the trigger pulses to achieve
repeated switching of the cavity. Our results offer novel opportuni-
ties for fundamental studies of cavity-QED and optical information
processing in sub-picosecond time scale.

4.1 Introduction

Semiconductor microcavities have proven to be essential to strongly confine light,
thereby enhancing the interaction between light and matter [1] to the point of
manipulating quantum states of matter [2–4]. To achieve dynamic control of these
processes, the switching speed must approach their characteristic time scales [1, 3]
in the picosecond range. For real-time cavity quantum electrodynamics (QED),
the switching time τsw should be shorter than relevant time-scales such as the
lifetime of an emitter in the weak coupling regime τqd, or the period of the
Rabi-oscillation τRabi of a two-level system in the strong coupling regime. For
a single quantum dot in a semiconductor microcavity, such times are of the
order of τqd = 20 − 200 ps and τRabi = 1 − 10 ps [1, 3]. Thus switching on
the ps time scale or faster is essential, corresponding to THz modulation rates.
Repeated switching in the order of inverse coupling rate between the cavity and
the quantum dot could also lead to new coherent dynamics (see chapter 1) [5].
Repeated switching at THz rates will provide the means for exploring periodic
perturbations to a quantum mechanical system [6] in the optical regime. While
all-optical switching is essential as it allows subpicosecond reversible control of the

Part of this chapter has been published as: E. Yüce, G. Ctistis, J. Claudon, E. Dupuy, R.
D. Buijs, B. de Ronde, A. P. Mosk, J.-M. Gérard, W. L. Vos, Opt. Lett. 38, 374 (2013).
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refractive index [7–9], the popular optical free carrier excitation mechanisms [10–
15] are too slow to repeatedly switch at THz switching rates [16].

We exploit the electronic Kerr effect that enables switching of the cavity faster
than all relevant time scales. We employ the virtually instantaneous electronic
Kerr effect to repeatedly and reproducibly switch a GaAs-AlAs planar micro-
cavity operating in the telecom O-band. The electronic Kerr effect is one of the
fastest optical phenomena on account of the low electron mass. In many practi-
cal situations, however, slower nonlinear effects such as two-photon excited free
carriers dominate over the electronic Kerr effect [7, 17]. Therefore, we use low
photon-energy trigger pulses in our experiment, in order to avoid two-photon
absorption and perform switching of the cavity at THz repetition rates.

4.2 Experimental details

In this chapter we perform our experiments on the planar microcavity with a
quality factor of Q = 390± 60 (see chapter 2). We take the resonance frequency
of the cavity to be the minimum of the cavity trough. We deliberately reduced the
storage time of the probe photons in the cavity by decreasing the number of layers
of the top mirror. This allows for fast switching rates, and simultaneously multi-
photon excitation of free carriers is reduced compared to high Q cavities [17].

dt =8 pstr1 dt =2 pstr2

350mm
GaAs

Time

dttr1=8 ps dttr2=2 ps
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Cavity
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Figure 4.1: (a) A trigger pulse incident on a GaAs wafer with a thickness of 350 µm
is split in two pulses by reflecting from the front and back surface of the wafer, which
is gold coated. The time difference between the two pulses is determined by the round
trip time in the wafer (δttr1 = 8 ps). The pulses incident on the cavity are also reflected
from the front and back surface of the GaAs substrate (500 µm) on which the cavity is
grown. The substrate generates two pulses separated by δt = 10 ps. As a result, the
time difference between the pulse that is reflected from the back surface of the 350 µm
thick wafer and the pulse that is reflected from the back surface of the 500 µm thick
substrate is δttr2 = 2 ps. (b) Schematic of the generated trigger-pulse sequence using
the GaAs wafer and cavity substrate.

The versatile setup described in chapter 2 is used to Kerr-switch our microcav-
ity. We use low photon-energy trigger pulses in our experiment to prevent free
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carrier excitation as explained in chapter 3.2. The incident trigger and probe flu-
ences are set to Itr = 22± 2 pJ/µm2 and Ipr = 0.2± 0.02 pJ/µm2, respectively.
Michelson interferometers are used in both trigger and probe beam paths to split
each pulse into two pulses as shown in Fig. 2.9(a). The time delay between the
successive trigger (δttr) and probe (δtpr) pulses is set to be in the range of 1 ps,
which corresponds to THz repetition rates. The experiments are done at room
temperature.

We observe additional trigger pulse division by sending the trigger beam through
a thin dielectric slab as depicted in Fig. 2.9(b). Due to the thickness of 350 µm
the first pulse pair is generated with a time delay of δttr1 = 8 ps. Therefore,
the trigger pulse pair generated in this way can repeatedly switch the cavity in
δttr1 = 8 ps with minimal loss of pulse energy in the second pulse due to the
suppressed absorption in GaAs (see chapter 3.2). In addition, Fig. 4.1(a) shows
that we generate a third trigger pulse that arrives within δttr2 = 2 ps after the
second trigger pulse. The trigger pulse incident on the cavity is also reflected
from back surface of the GaAs substrate (500 µm thick) on which the cavity is
grown. The substrate thus generates a third trigger pulse delayed by δt = 10 ps
from the first trigger pulse. Fig. 4.1(b) shows the schematic of such a generated
trigger pulse train. As a result, the time difference between the second pulse that
is reflected from the back surface of the 350 µm thick wafer and the pulse that
is reflected from the back surface of the 500 µm thick substrate is δttr2 = 2 ps.
We will see that the third pulse generated in this way validate the recycling of
the trigger photons in a Kerr switching experiment.

4.3 Repeated switching at terahertz rates

Figure 4.2 shows the resonance frequency versus trigger-probe time delay ∆t for
different separations of two trigger pulses (δttr). To demonstrate switching of
the cavity at the speed of light, we start in Fig. 4.2(a) with widely separated
trigger pulses, so that single switch events are well separated. The resonance
quickly shifts by 5.7 cm−1 to a lower frequency at trigger-probe overlap (∆t =
0) and returns to the starting frequency immediately after the trigger pulse is
gone. Single subpicosecond switching events have also been observed for excited
quantum-wells in a planar microcavity [8]. In contrast, the electronic Kerr effect
offers more flexibility as it is not restricted to a specific quantum-well resonance
and geometry. We conclude from the shift to a lower frequency that the refractive
index of GaAs has increased, in agreement with the positive non-degenerate Kerr
coefficient of GaAs [17]. To confirm our hypothesis, we performed calculations
with a dynamic model, taking solely into account the positive refractive index
change of GaAs due to the electronic Kerr effect. The propagation of the field
through the cavity is calculated by evaluating the incident fields at each of the
interfaces in the multilayer in the time domain and explained in chapter 6.5.
Figure 4.2 shows that the minimum of the resonance trough appears at a higher
frequency when the probe pulse arrives before the trigger pulse (∆t < −500 fs)
while the index only increases during the overlap of trigger-probe pulses. The
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Figure 4.2: Cavity resonance frequency (left ordinate) and refractive index change
(right ordinate) versus time delay ∆t. (a) One trigger pulse is applied. (b) Two trigger
pulses separated by δttr = 1.0 ps, (c) δttr = 700 fs, and (d) δttr = 300 fs. The horizontal
dashed lines denote the unswitched resonance frequency. The solid curves represent the
calculated resonance frequency and the dotted lines the refractive index change in the
dynamic model. Blue-filled regions indicate the overlap of the first trigger pulse with
the probe pulse and the yellow regions indicate the second trigger pulse.

apparent blue shift of the cavity trough is a result of the interference between the
probe light that entered the cavity before the trigger pulse, and the probe light
influenced by the trigger pulse (see also chapter 6); the refractive index does not
decrease. We observe an excellent quantitative agreement between the measured
and calculated shifts for the magnitude of the shift and the temporal evolution.

Figure 4.2 shows the ultrafast control of the microcavity resonance under the
influence of repeated trigger pulses that we generated through the trigger pulse
divider. The delay of the second trigger pulse with respect to the first pulse is
set to (b) δttr = 1.0 ps, (c) δttr = 700 fs, and (d) δttr = 300 fs. Figures 4.2(b-d)
show that the measured resonance frequency reversibly shifts to lower frequencies
at ∆t = 0 due to the first trigger pulse. Right after we reversibly change the
resonance frequency again with the second trigger pulse at ∆t = δttr. At a
trigger repetition time of δttr = 300 fs, the consecutive switch events are barely
resolved since the fundamental speed limit is set by the cavity storage time τcav =
300 fs with the present cavity. The observation that after both trigger pulses the
resonance frequency returns to its initial value within 300 fs confirms the absence
of free carrier effects. The relatively slow decay of excited free carriers over tens
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of picoseconds or more would indeed impede the repeated switching of the cavity
on a subpicosecond time scale [10, 13]. The very good agreement between the
calculation and experimental results confirms the ultimate fast electronic Kerr
switching of our photonic microcavity at THz repetition rate. The repetition rate
achieved here is already an order of magnitude larger than the fastest reported
cavity modulators in the telecom range [11, 14, 18].

Figure 4.3: Cavity resonance frequency (left ordinate) and refractive index change
(right ordinate) versus time delay ∆t. The cavity resonance frequency is switched
with two trigger pulses separated by δttr = 1.0 ps and two probe pulses separated
by (a) δtpr = 3.0 ps (b) δtpr = 2.0 ps. Horizontal dashed lines are the unswitched
resonance. Solid curves are the calculated resonance frequency and the dotted lines
show the refractive index change in the dynamic model. Blue-filled regions indicate
the overlap of the first trigger pulse with probe pulses and yellow regions indicate the
overlap of the second trigger pulse with the probe pulses.

We will now discuss our experiments where we employ both repeated trigger
pulses and repeated probe pulses. Figure 4.3 shows the resonance frequency
versus trigger-probe time delay ∆t for different delays δtpr of two probe pulses
at a fixed time delay δttr = 1 ps between successive trigger pulses. In this
experiment, we have used two closely timed probe pulses to monitor twice each
of the two switching events separated by δttr = 1 ps. As expected, four ultrafast
switching events are observed as a function of the trigger-probe delay. Each
pair of trigger pulses interacts with each probe pulse resulting in instantaneous
refractive index change. Figure 4.3(a) and (b) show that all four switch events
are reversible, similar, and not affected by prior switching events as little as 1 ps
earlier. Thus, our observations demonstrate the repeated triggering and probing
of the system at THz repetition rates.

4.4 Recycling of trigger photons

A considerable amount of research is being dedicated to perform switching at low
powers. Many switching studies rely on free carrier excitation via the absorption



72 All-optical Switching of a Microcavity Repeated at Terahertz Rates

0 5 10
7800

7802

7804

7806

7808

7810

Time Delay ∆t (ps)

 Measured
 Model

9 10 11 12
7807.0

7807.2

7807.4

7807.6

7807.8

Time Delay ∆t (ps)

dt = 8.0 pstr1

dt = 2.0 pstr2

(a) (b)
-1

F
re

q
u

e
n

c
y
 (

cm
)

-1
F

re
q

u
e

n
c
y
 (

cm
)

Figure 4.4: (a) Cavity resonance frequency versus time delay ∆t. The cavity resonance
frequency is switched with three trigger pulses delayed from each other by δttr1 = 8.0 ps
and δttr2 = 2 ps. Horizontal dashed lines are the unswitched resonance. Solid curves
are the calculated resonance frequency. Blue-filled regions indicate the overlap of the
first trigger, yellow regions indicate the overlap of the second trigger pulse, and magenta
regions indicate the overlap of the third trigger pulse with the probe pulses. (b) High
resolution of (a) illustrating the switch at ∆t = 10 ps.

of the trigger pulse [14, 16, 19–21]. For this reason, when the structure is switched
the energy of the incident trigger pulse is lost as heat [22] and extra energy must
be spent to remove the heat or keep the structure’s temperature stable. On the
other hand, the electronic Kerr effect does not rely on absorption so that the
trigger pulses could be recycled to switch the cavity over and over again.

Using the measured nondegenerate two- and three-photon absorption coeffi-
cients (see Table 3.2) we estimate that the trigger pulse only lose 22 aJ/µm2

at each switch event, which is a record level of minimum energy loss per switch
event. We perform our estimations under the conditions listed in Table 3.1. We
estimate the absorbed fraction of the trigger pulse during the switching of the
cavity resonance to be as small as 10−6. This means that if we start with a
trigger fluence of Itr = 22 ± 2 pJ/µm2 we can perform 100,000 switches before
loosing only 10% of the initial fluence. Therefore, we investigate the possibility
of recycling of trigger photons to switch the cavity resonance again.

We use a thin GaAs slab as shown in Fig. 4.1(a) to validate that the trig-
ger photons can be recycled after passing through GaAs. Figure 4.4(a) shows
the resonance frequency versus the trigger-probe time delay for the three trigger
pulses generated using the GaAs slab and the substrate on which the cavity is
grown. These three pulses that we generate using the GaAs wafer and the cavity
substrate are schematically shown in Fig. 4.1(b). The first pulse is reflected from
the front face of the GaAs slab and arrives at ∆t = 0. The second trigger pulse
is reflected from the gold-coated back surface of 350 µm thick GaAs and meets
the probe pulse at ∆t = 8 ps. We adjusted the spatial overlap of the probe beam
with the two trigger pulses separated by δttr1 = 8 ps to obtain same amount of
resonance frequency shift. Using the degenerate three-photon absorption coeffi-
cient at the trigger frequency of ωtr = 4165 cm−1 (λtr = 2400 nm) we conclude
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that the trigger pulse passing through the GaAs slab loses negligible energy [17].
At ∆t = 10 ps the third trigger pulse reflected from the back surface of 500 µm
thick substrate also switches the cavity resonance frequency as shown with higher
resolution in Fig. 4.4 (b). We found that the trigger pulse which switches the
cavity at ∆t = 0 is recycled to switch the cavity resonance again at ∆t = 10 ps.
Using transfer matrix model we estimate that the recycled third pulse without
scattering loss will result in 1.4 cm−1 resonance frequency shift. We observe
0.4 cm−1 shift in our experiments which is reasonable as the back surface of the
substrate is not polished. As a result, the third pulse is considerably attenuated
and results in smaller cavity resonance shift than the calculated value without
scattering loss.

We demonstrate that we can switch the cavity resonance frequency repeatedly
by recycling the trigger photons. Although the electronic Kerr effect requires
large trigger fluence, during the switching only a small amount of the trigger pulse
energy is lost due to the suppressed absorption by staying below the band-gap
energy of GaAs (see chapter 3). As a result, we achieve two orders of magnitude
lower absorption levels than the lowest value reported in the literature [14]. The
record level minimum energy loss per switch event that we achieve here invites
the electronic Kerr effect as a switching mechanism to reduce power consumption
and heating as opposed to all-switching that relies on absorption.

4.5 Conclusion

The switching speed and the repetition rate can be controlled for a specific ap-
plication by choosing the storage time of the cavity and the timing between
successive trigger pulses. The recent developments in compound ultrafast laser
systems [16, 23] promise high repetition rates that are beneficial for repeated
switching on picosecond time scales. Unlike the free carrier excitation schemes,
we here avoid absorption so that trigger photons can be recycled to switch the
cavity again. Switching with the Kerr effect at even lower fluences is achieved if
the trigger pulses are also resonantly enhanced by the cavity. Our results offer
novel opportunities for fundamental studies of cavity-QED, frequency conversion
and optical information processing in subpicosecond time scale.
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CHAPTER 5

How to Increase the Frequency Shift of a Cavity

Resonance Switched by the Electronic Kerr Effect

We have switched GaAs/AlAs planar microcavities with different qual-
ity factors operating in the “original” telecom band by exploiting the
virtually instantaneous electronic Kerr effect. In this chapter we ex-
plore the role of the quality factor in terms of its effect on the temporal
overlap of pump and probe pulses and the enhancement of the probe
field in the cavity. To this end, we have performed calculations to
investigate the role of the pump pulse duration in Kerr switching ex-
periments. Moreover, we have investigated the effect of the backbone
on switching by performing experiments on both AlGaAs/AlAs and
GaAs/AlAs cavities.

5.1 Introduction

The electronic Kerr effect is, in terms of speed, the ultimate way for ultrafast
optical switching due to its virtually instantaneous response nature [1–5]. The
Kerr effect is a third order nonlinear process and its magnitude increases linearly
with the intensity of the pump laser pulse [1]. However, increasing the intensity
of the laser pulse also results in free carrier excitation and that will counteract the
electronic Kerr effect (see chapter 3). Fortunately, the excitation of free carriers
can be suppressed via the judicious selection of the energy of the photons and
the intensity of the switching pulse [5–7]. As a result, the electronic Kerr effect
can be utilized without being hindered by free carriers to perform switching
of the cavity resonances repeatedly and reproducibly up to terahertz rates, see
chapter 4. In switching the cavity resonance by the electronic Kerr effect a main
challenge remains, namely how to increase the shift of the cavity resonance to
more than a cavity linewidth to clearly identify the switch-on and -off states.
Since the instantaneous change of the cavity resonance occurs only during the
temporal overlap of the pump and the probe pulses, the temporal shape of the
pump and probe light should be altered to obtain more than a greater shift of
the cavity resonance.

Part of this chapter has been published as: E. Yüce, G. Ctistis, J. Claudon, E. Dupuy, K.-J.
Boller, J.-M. Gérard, and W. L. Vos, J. Opt. Soc. Am. B 29, 2630–2642 (2012).
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In this chapter we employ the instantaneous electronic Kerr effect to switch
the resonance frequency of semiconductor planar microcavities as a function of
their quality factor. We observe and analyse the effect of the cavity’s quality
factor in the Kerr induced refractive index change. We have developed a model
to study the effect of the temporal overlap of pump and probe pulses in the
switching process. We also perform switching experiments on cavities made from
GaAs and from AlGaAs to compare the effect of the backbone in switching of
the cavity resonance frequency.

Figure 5.1: (Left panel) Schematic representation of the pump and probe pulses in
the cavity for two different quality factors. The duration and the intensity of the probe
pulse is increased with increasing quality factor while the pump is not affected. (Right
panel) Schematic representation of the pump and probe pulses in the cavity for two
different pump pulse durations. The peak intensity of the pump pulse is kept constant
while stretching the pump pulse. When the temporal overlap of the pump and probe
pulses increases with increasing pump pulse duration.

The duration of the pump and the probe overlap determines the induced re-
fractive index change at the probe frequency. This overlap is determined both by
the duration of the pump pulse and the quality factor of the cavity, which mod-
ifies the duration of the probe pulse. As illustrated in the left panel of Fig. 5.1
a larger portion of the probe light overlaps with the short pump pulse with a
cavity that has a short storage time, close to the pump pulse duration. Cavities
with longer storage times decrease the temporal overlap while they also enhance
the probe light intensity. Instead of changing the quality factor of a cavity the
pump pulse duration can also be modified to obtain a better temporal overlap of
pump and probe as is schematically shown in the right panel of Fig. 5.1. If the
peak power of the pump pulse is kept constant and its duration is increased, a
larger portion of the detected probe light will be affected by the switch event.

5.2 Experimental details

We have performed experiments on planar microcavities made of GaAs/AlAs
with quality factors ranging from Q = 390 to 890 and a planar microcavity made
of AlGaAs/AlAs with a quality factor of Q = 210, see chapter 2 for sample
details. A versatile setup, as described in chapter 2, is used to Kerr-switch
our microcavity. The switching of the cavities is performed at pump fluence
of 65 pJ/µm2. The duration of the pump and the probe pulses is τp = 140 fs
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before the microcavity. The induced resonance frequency shift with the electronic
Kerr effect is determined by the temporal and the spatial overlap of the pump
and the probe beams. For this reason, once we fix the spatial alignment of the
pump and probe beams we perform switching of the different cavities successively
to allow for the best possible comparison. The switching of the AlGaAs/AlAs
cavity is performed with the same alignment as the GaAs/AlAs microcavity with
Q = 390± 60, in order to compare the effect of the backbone.

5.3 The effect of the quality factor of the cavities

5.3.1 The effect of the cavity storage time

We have performed switching experiments on cavities with different quality fac-
tors to investigate effect of the cavity storage time in Kerr induced resonance
frequency change. Figure 5.2 shows the relative cavity resonance frequency shift
versus the quality factor and the storage time of the cavity. We observe that
the shift of the cavity resonance frequency (δω) relative to the cavity linewidth
(∆ω) decreases with increasing quality factor. The vertical bars in Fig. 5.2 show
the range of frequency shift obtained at each measurement. While we expect to
see a smaller frequency change for the cavity with Q = 750, we observe a larger
change compared to the cavity with Q = 540. At this moment we do not have
an explanation for this behaviour. For the cavity with Q = 750 we observe a
large uncertainty in the measured frequency change, which is attributed to the
small size of the sample compared to other samples, giving limited access area
for our experiments. The solid curve represents our model, see chapter 6.5 for
the dynamic model used in our calculations. We observe both in our measure-
ments and in our model that increasing the storage time of the cavity not only
decreases the switching speed but also decreases the induced frequency change
with the Kerr effect. The decreasing frequency shift with the increasing quality
factor is caused by the decreased temporal overlap of pump and probe as the
probe pulse becomes much longer than the pump pulse (τcav � τP ) [5]. The
magnitude of the observed frequency shift δω is given by the overlap integral of
the pump and probe as explained in Eq. 3.1. For high quality factor cavities
there is no pump light during a longer fraction of the probe pulse duration, as a
result, no Kerr switching occurs in this time window. In our model we observe a
greater resonance frequency shift compared to our experiments which is due to
the fact that during the measurements the spatial overlap of the pump and the
probe pulses may be imperfect, which decreases the induced frequency shift. If
the spatial alignment is performed by the help of the signal on the spectrometer
(see chapter 2) then we observe an excellent agreement with the theory and the
experiment as shown in chapter 4, Fig. 4.2. Moreover, our dynamic model in
Fig. 5.2 does not include the effect of the counteracting free carriers that is more
pronounced for high quality factor cavities, see section 5.3.2. For this reason,
the deviation between our model and our experiments is larger for high qual-
ity factor cavities. The relative shift of the resonance frequency is maximized
at 130 fs when the duration of the probe matches the pump duration. As a
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consequence, cavities with shorter storage time increase the temporal overlap of
the ultra-short pump pulse with the probe light in the cavity and enables Kerr
switching at sub-picosecond time scales [5].

Figure 5.2: Relative cavity resonance frequency change versus quality factor and cav-
ity storage time. The calculations and the experiments are performed at 65 pJ/µm2

pump fluence. Black circles show the measured results within the range indicated by
the vertical bars. The solid curve indicates the calculated relative frequency change for
different quality factor cavities.

5.3.2 The effect of the cavity enhancement

In chapter 3 we have shown in Eqs. 3.2 and 3.5 that the refractive index change
induced by the electronic Kerr effect is determined by both the pump and the
probe intensities. In particular, the effect of the cavity enhancement must be
included as it enhances the probe intensity. The cavity enhancement of the probe
field is given by Q/2π

√
R, where Q is the quality factor of the cavity and R the

reflectivity of the cavity mirrors [8]. One can see that the effect of the cavity field
enhancement becomes more prominent with high quality factor cavities and must
be included for accurate results. For this reason, we include the cavity enhanced
probe intensity in our calculations to explain the Kerr induced refractive index
change (Eq. 3.5). In order to include the effect of the probe intensity in the
free carrier part of Eq. 3.2 we derived the nondegenerate two-and three-photon
excitation cross sections. As opposed to the derivation of three photon excitation

coefficient (σ
(3)
lg ) that restricts itself to the simplified case of degenerate optical

fields [1, 9], we have derived the two- and three-photon excitation cross sections
for the general case of nondegenerate optical fields in chapter 3. Our approach
holds the additional advantage of calculating the free carrier density as a function
of both pump and probe intensities independently. This feature allows us to
extend refractive index changes for switched cavities with different quality factors.
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Figure 5.3: Refractive index change versus pump fluence calculated for three different
quality factors. The positive index change due to the electronic Kerr effect is more pro-
nounced with low quality factor cavities with fast dynamics. We assumed cavities with
a resonance at ωres = 7812 cm−1 pumped at ωpu = 4165 cm−1 as in our experiment.
The pump pulse duration is taken as τP = 140±10 fs, whereas the probe pulse duration
is set by τcav.

In our calculations we assumed a cavity with a resonance frequency ωres =
7812 cm−1 pumped at ωpu = 4165 cm−1 as in our experiment. The pump pulse
duration is taken as τP = 140± 10 fs, whereas the probe pulse duration is set by
τcav since only the probe pulse is in resonance with the cavity and τcav is inversely
proportional to the quality factor Q. Figure 5.3 shows that the observed refractive
index increase from the Kerr effect is revealed with a low quality factor (Q = 300)
cavity up to 200 pJ/µm2 pump fluence, similar to our experimental results shown
in chapter 3. At higher pump fluences the increased density of free carriers
counteracts the electronic Kerr effect, leading to a decrease of the refractive index.
For increasing quality factors there is only a small increase in the refractive index
due to the Kerr effect before the free carriers decrease the index (Q = 600) or
even only a decreasing refractive index with increasing pump fluence (Q = 1000).
Interestingly, however, Fig. 5.3 also reveals already Kerr-induced refractive index
increase for zero pump fluence. This effect is the result of the cavity enhanced
probe light that already induces a Kerr-shift. With increasing quality factor, the
shift increases because of the increased probe field enhancement in the cavity.
Due to the competing free carriers generated in GaAs at ωres = 7812 cm−1 via
degenerate two and three probe photon absorption, the Kerr induced positive
shift does not scale linearly with the quality factor. The role of the semiconductor
bandgap energy will be elucidated in section 5.5. We therefore conclude that
cavities with shorter storage times can reduce the free carrier excitation in GaAs
which enables instantaneous switching of semiconductor cavities at the telecom
range.
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5.4 The effect of the pump pulse duration
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Figure 5.4: Relative cavity resonance frequency change versus the pump pulse du-
ration. The calculations are performed at 65 pJ/µm2 pump fluence. Similar to our
experiments in our calculations we assumed a cavity with 7 pairs of GaAs/AlAs layers
on the top mirror and 19 pairs of GaAs/AlAs layers on the bottom mirror and has a
resonance at ωres = 7812 cm−1, see Fig. 6.7 for the model structure. The circle marks
the duration of the pump pulse in our experiments.

To investigate effect of the pump pulse duration in Kerr induced resonance fre-
quency change we performed calculations on a switched cavity at different pump
pulse durations. The dynamic model that we use gives an excellent agreement
with the measured results, see chapter 6 for the dynamic model. Similar to our
experiments the cavity structure in our calculations has 7 pairs of GaAs/AlAs
layers in the top mirror and 19 pairs of GaAs/AlAs layers in the bottom mirror
and is surrounded by air, see Fig. 6.7 for the model structure. For the structure
described we measure a quality factor of Q = 390 whereas in our calculations we
get a quality factor of Q = 450 due to absence of loss mechanisms. The calcu-
lations are performed at a pump fluence of 65 pJ/µm2 and the peak intensity
is kept constant for each pulse duration. Figure 5.4 shows the relative cavity
resonance frequency shift versus the pump pulse duration at pump probe delay
∆t = 0. We observe that the shift of the cavity resonance frequency (δω) relative
to cavity line-width (∆ω) increases with increasing pump pulse duration and de-
creases after a maximum at 740 fs. The maximum shift reaches to nearly 40%
when the pump pulse duration is set to 740 fs, for the particular cavity described
above. We observe the largest shift as the temporal overlap of the ultra-short
pump pulse and the probe pulse increases. The magnitude of the frequency shift
δω is given by the overlap integral of the pump and probe as explained in Eq.
3.1 [5]. We tomographically sample the probe as we scan the pump pulse dura-
tion. As a result, while scanning pump pulse duration, we obtain a shift that
follows the probe envelope which is schematically shown in Fig. 5.1. We perform
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our experiments with pump pulses that have a duration of τP = 140 ± 10 fs,
which is marked in Fig. 5.4. Our calculations show that using the same cavity
the relative resonance frequency shift can be increased from δω/∆ω = 15% to a
maximum of nearly δω/∆ω = 40% by increasing the pump pulse duration from
τpu = 140 fs to τpu = 740 fs. In our experiments we obtain δω = 7 cm−1 res-
onance frequency shift with a cavity Q = 390. Our calculations indicate that
if the pump pulse is stretched to τpu = 740 fs the resonance frequency can be
increased from δω = 7 cm−1 to δω = 19 cm−1 so that we can achieve to shift the
resonance frequency by nearly one linewidth within 300 fs.

5.5 The effect of the backbone

In our experiments we switch cavities using the electronic Kerr effect by tuning
the energy of the pump photons to less than half of the electronic bandgap of the
GaAs. We further suppress nondegenerate two-photon excitation of carriers by
tuning the energy of the pump photons (see chapter 3.2). However, at a probe
frequency ωpr = 7812 cm−1 (Epr = 0.97 eV) set by the cavity resonance, and
pump frequency at ωpu = 4165 cm−1 (Epu = 0.52 eV) we stay close to the elec-
tronic bandgap of GaAs (EGaAsgap = 1.43 eV) [10]. For this reason, free carriers
are excited via nondegenerate two-photon absorption as we cannot further de-
crease the energy of the pump photons. Since we fix the probe photon energy at
the telecom range and we cannot decrease the pump photon energy further, we
chose to work with a cavity that is made of a larger electronic bandgap mate-
rial. In this case we use a cavity that is made of Al30%Ga70%As with a bandgap
of EAlGaAsgap = 1.84 eV for the given composition ratio [11]. Figure 5.5 shows
the measured resonance frequency versus time delay for (a) GaAs (b) AlGaAs
cavities. For both cavities we observe that the resonance frequency shifts to a
lower value at ∆t = 0. For the GaAs cavity there is an apparent positive shift at
∆t < 0, which is a result of the asymmetric cavity design resulting in more leak-
age from the front mirror, see chapter 4.3 for explanation. The AlGaAs cavity, on
the other hand, has symmetric Bragg mirrors and we do not observe the positive
shift at ∆t < 0, see chapter 2 for sample details. The switched cavity resonance
for the GaAs cavity shifts by 4.72 cm−1 whereas the shift is only 1.8 cm−1 for Al-
GaAs cavity. Although, the nonlinear refractive index coefficient (n2) of AlGaAs
is larger than GaAs, 1.55 × 10−4 cm2/GW [12] versus 0.5 × 10−4 cm2/GW [6],
we observe less frequency shift with the AlGaAs cavity. To understand this lower
frequency shift with AlGaAs cavity we need to consider how the third order sus-
ceptibility depends on material parameters such as transition dipole moment and
atomic energy levels. Equation 5.1 shows the third order nonlinear susceptibil-
ity based on quantum-mechanical perturbation theory derived for a three level
system, which is depicted in Fig. 3.6(b) [1].

χ
(3)
kjih(ωσ, ω1, ω2, ω3) =

N

ε0~3
PF
∑
mnl

µklgµ
j
lnµ

i
nmµ

h
mg

(ωlg − ω1 − ω2 − ω3)(ωng − ω1 − ω2)(ωmg − ω1)
, (5.1)
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In this expression, the symbol PF denotes the full permutation operator, de-
fined such that the following expression is summed over all permutations of the
frequencies ω1, ω2, ω3 [1]. And µklg, µ

j
ln, µ

i
nm, µ

h
mg are the transition dipole

moments associated with the energy levels depicted in Fig. 3.6(b). The deriva-
tion of Eq. 5.1 is similar to the three photon excitation probability performed
in chapter 3.C. In Eq. 5.1 and in Eq. 3.50 the perturbation approach is used to
solve Schrödinger’s equation for a three level system. We can see that the third
order susceptibility in Eq. 5.1 is maximized if one of the terms in the denom-
inator satisfies the resonance condition. Indeed, the frequency dependency of
the third order susceptibility or the dispersion of the nonlinear refractive index
coefficient n2 has been observed experimentally [13–16]. Bahae et al. showed
that n2 is maximized near the two photon absorption edge [14, 15]. We conclude
that as we try to avoid the excitation of free carriers by operating away from
the two-photon absorption edge of AlGaAs we operate with a smaller third order
susceptibility. As a result, we observe smaller refractive index change and conse-
quently less resonance frequency shift. Conversely, with the GaAs cavity we stay
close to the electronic bandgap with the the sum of pump and the probe energies
and we maximize the nonlinear refractive index coefficient, see also Ref. [4] for
the figure of merit.
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Figure 5.5: Resonance frequency versus time delay (∆t) between pump and probe
for (a) GaAs and (b) AlGaAs cavity. The resonance frequency red-shifts due to the
instantaneous electronic Kerr effect only near temporal overlap (∆t = 0 ± 15 fs) of
pump-probe. Both cavities are switched at 65 pJ/µm2 pump fluence. The dashed lines
represent the unswitched cavity resonance frequency.

5.6 Conclusion

We study the ultrafast all-optical switching of GaAs and AlGaAs semiconduc-
tor microcavities at telecom wavelengths using the electronic Kerr effect. We
investigate the effect of the temporal overlap of the pump and the probe in Kerr
switching experiments as a function of pump pulse duration and quality factor.
We find that due to the larger field enhancements in high-Q cavities the Kerr
effect will be hindered by the free carriers. On the other hand, if the incident
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probe fluence is further reduced then this competition in high-Q cavities can
be directed in favour of the electronic Kerr effect. The refractive index change
induced by the electronic Kerr effect will result in a larger resonance frequency
shift in comparison to the cavity linewidth with high-Q cavities. High-Q cavities
invite Kerr switching with much longer pump pulses. We show that the refractive
index change induced by the electronic Kerr effect is increased at the maximum
temporal overlap of the pump and the probe pulses. We show that the judicious
tuning of the frequency of the driving fields relative to the band gap of the semi-
conductor decreases the number of free carriers and also increases the positive
shift of the resonance frequency resulting from the electronic Kerr effect. The
realization and the understanding of the time evolution and the dependency of
the Kerr effect to material parameters reveals the set of parameters using which
the instantaneous electronic Kerr effect can be utilized as the ultimate-fast way
of all-optical switching.
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CHAPTER 6

All-optically Changing the Color of Light in a

Microcavity

We have reproducibly and repeatedly changed the color of light
trapped in a cavity operating in the “original” telecom band. By
switching the cavity resonance via the nearly instantaneous electronic
Kerr effect we observe color conversion within the storage time of the
microcavity. We generate a blue- and red-shifted train of pulses from
the cavity that are separated by as little as one picosecond. The change
in optical frequency is determined by the trigger pulse duration and
by the cavity storage time not by material dependent parameters. Our
results offer novel opportunities for fundamental studies of frequency
conversion in cavity QED and in optical information processing.

6.1 Introduction

The propagation of light can be exquisitely controlled in space using structures
such as photonic crystals [1, 2], waveguides [3], and cavities [4–6]. The time-
dependent control of such photonic systems opens a new dimension for the control
of light. Manipulating such structures in time enables to trap or release [7], slow-
down [8, 9], phase and amplitude modulate light signals [10, 11]. In particular,
the phase modulation of light in time leads to a change of the frequency of
light [12, 13], which is the subject of interest in this chapter. Changing the color
of light on demand has been performed inside a microcavity where the light is
strongly confined for a certain duration in time by resonant recirculation within
a microscale volume [7, 14–16]. Frequency change of light has also been observed
inside waveguides [17, 18]. In order to obtain the same phase shift achieved in
a cavity, a waveguide must be modulated along a path length that corresponds
to the time that light spends in a cavity. For this reason, waveguides require
modulation over a larger area, which leads to an increased power consumption.
Conversely, since light recirculates inside a cavity it is easier to obtain a large
phase shift as the light repeatedly travels through the modulated area. A second
advantage of a microcavity is that it provides confinement of light in a small mode
volume and therefore enables exploration of cavity quantum electrodynamics
(cQED) [19–22].
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The frequency conversion of light in a microcavity is usually achieved via the
induced refractive index change [7, 14–16]. The rate of change of the refractive
index determines the range of frequencies that can be generated in a microcavity
and this range can be increased if the rate of change of the microcavity resonance
is increased [16]. The color change of light achieved via the excitation of free
carriers in a microcavity [7, 14–16] has a predetermined switching duration that
is set by the relaxation time of the free carriers [23–28]. For this reason, the
rate of change of the refractive index can only be controlled by the induced
refractive index change up to a point set by the damage threshold of the material.
In contrast, the electronic Kerr effect with its material independent response
time enables to control the duration of the switch and the induced refractive
index change independently and by purely optical means. Accordingly, light
can be converted to a preferred color by controlling the switching time or by
controlling the induced refractive index change. Moreover, the magnitude of
the color converted light can be regulated via the temporal overlap of the light
trapped in the cavity and the duration of the induced refractive index change.

In this chapter, we investigate how light trapped in a microcavity is frequency
converted during the switching of the cavity via the electronic Kerr effect on sub-
picosecond time scales. The light trapped in the cavity is frequency converted
to frequencies that are not resonant with the cavity; thus the frequency of the
trapped light does not adiabatically follow the cavity resonance, hence we call
this change as not-adiabatic frequency change, see chapter 1.4. We investigate re-
peated frequency conversion by shining closely-timed trigger pulses on the cavity
and we measure time resolved reflectivity with probe pulses. Each time a trigger
pulse hits the cavity while the probe light is ringing in the cavity, we observe a
reversible switching of the cavity resonance frequency due to increased refractive
index. Accordingly, we observe a color-change of the trapped probe light due
to the ultrafast index change leading to ultrafast phase modulation of the probe
light. Consequently, we can generate both blue- and red-shifted pulses at THz
repetition rates.

6.2 Experimental details

In this chapter we perform experiments on the planar microcavity with a quality
factor of Q = 390 ± 60 (see chapter 2). The number of layers on the top Bragg
mirror is deliberately reduced to decrease the storage time of the probe photons
in the cavity and that enabled switching of the cavity at sub-picosecond time
scales. The reduced number of layers on the top layer at the same time leads to
increased leakage of the probe photons from the front mirror. As a result, during
the switching of the cavity the probe light that is frequency converted escapes
from the front mirror and interferes with the probe light that is directly reflected
from the top mirror [29]. This interference provides a phase sensitive heterodyne
detection and thereby we resolve the frequency converted light in reflection, see
Fig. 6.3. We take the resonance frequency of the cavity to be the minimum of
the cavity trough in reflectivity.
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A versatile setup, described in chapter 2, is used to Kerr-switch our micro-
cavity. We use low photon-energy trigger pulses in our experiment to prevent
free carrier excitation as explained in chapter 3. The incident trigger and probe
fluences are set to Itr = 22 ± 2 pJ/µm2, Ipr = 0.2 ± 0.02 pJ/µm2, respectively.
To study repeated frequency conversion, we first use a thin GaAs slab to di-
vide a trigger pulse into two closely separated pulses as schematically depicted
in Fig. 2.9(b). Secondly, we use Michelson interferometers in both trigger and
probe beam paths to split each pulse into two pulses as schematically shown
in Fig. 2.9(a). The time delay between the successive trigger (δttr) and probe
(δtpr) pulses is set to be in the range of 1 ps, which corresponds to THz repetition
rates. At every delay setting ∆t we measure the reflected signal from the cavity
using a spectrometer. Therefore, the collected singal is a transient reflectivity at
delay ∆t (see chapter 2), which should not be confused with the instantaneous
reflectivity at ∆t. The experiments are performed at room temperature.

6.3 Changing the color of light using the electronic
Kerr effect

We present in Fig. 6.1(a) a map of the spectral decomposition of the measured
transient reflectivity as a function of the trigger-probe delay ∆t, which reveals
the frequency conversion of light trapped in the cavity as we will explain in
this section. The symbols in Fig. 6.1(a) mark the resonance frequency of the
cavity that is switched via the electronic Kerr effect. Figure 6.1(b) shows cross-
sections of Fig. 6.1(a) at time delays ∆t = −0.8 ps, ∆t = 0, and ∆t = 2.8 ps.
In Fig. 6.1(a) the cavity resonance is initially at ωres = 7807.5 cm−1. During
the switching of the cavity the resonance quickly shifts by 5.7 cm−1 to a lower
frequency at trigger-probe overlap (∆t = 0) and returns to the starting frequency
immediately after the trigger pulse is gone. The resonance frequency is reversibly
changed within 300 fs by 0.3 linewidths. We conclude from the shift to a lower
frequency that the refractive index of GaAs has increased, in agreement with the
positive non-degenerate Kerr coefficient of GaAs (see chapter 3 and Ref. [30]).

A remarkable positive change of the transient reflectivity is observed during
the overlap of the trigger and the ringing probe light in the cavity while the
resonance frequency shifts. At ∆t = 0 the transient reflectivity is higher than
100% between 7817 cm−1 and 7865 cm−1 as clearly shown in Fig 6.1(b). The
excess transient reflectivity corresponds to frequency-converted probe photons
that enter the cavity at a delay ∆t = 0 when the dynamic cavity resonance is
still centered at ω′res = 7801.8 cm−1. Similarly, at time delays ∆t ' −500 fs,
transient reflectivity values higher than 100% are observed for a broad range of
frequencies between 7751 cm−1 and 7865 cm−1. The interference fringe patterns
at ∆t < 0 will be explained later. In Fig. 6.1(b) we observe that the transient
reflectivity at frequencies between 7750 cm−1 and 7800 cm−1 is decreased at the
trigger-probe overlap and increased between 7817 cm−1 and 7865 cm−1 which
indicate that the light at frequencies between 7750 cm−1 and 7800 cm−1 is fre-
quency converted to 7817 cm−1 and 7865 cm−1. For an unswitched cavity the



90 All-optically Changing the Color of Light in a Microcavity

Figure 6.1: (a) The measured and (c) calculated transient reflectivity and frequency
versus time delay ∆t. The white symbols in (a) and the solid curve in (c) show the
resonance frequency of the cavity for measured and calculated spectra, respectively.
The lower panels (b) and (d) show the cross-section of (a) and (c) at time delays
∆t = −0.8 ps, ∆t = 0, and ∆t = 2.8 ps, respectively. The spectra at ∆t = 2.8 ps
show the unswitched spectra since the trigger pulse arrives much earlier than the probe
pulse. The arrows indicate the trend of frequency converted light.

transient reflectivity is 100% outside the cavity resonance as can be seen at time
delays ∆t > 0. In Fig 6.1 we see that when the probe light enters the cavity be-
fore the trigger pulse (∆t < −300 fs) the probe light is red-shifted. Conversely,
if the probe is slightly later than the trigger pulse (−140 fs 6 ∆t 6 140 fs) then
the probe light is blue-shifted during the switching of the cavity. Therefore, the
time resolved spectra we present here show that the direction of the frequency
change is determined by the sign of the time delay between the trigger and the
probe pulse.

We will first give an intuitive explanation of the frequency conversion that
occurs in the cavity using the schematic graphs shown in Fig. 6.2. A Gaussian
probe pulse with a duration shorter than the cavity storage time and thus with
a broader spectrum than the cavity resonance, is sent into the cavity. The probe
pulse obtains an exponential tail in time due to its storage in the cavity as is
depicted in Fig. 6.2(a). Thus the spectrum matches the cavity resonance as is
shown in Fig. 6.2(b). During the ringing of the probe light we quickly switch



Changing the color of light using the electronic Kerr effect 91

Figure 6.2: Schematic representation of the probe pulse in the time and in the fre-
quency domain inside the cavity. (a) The probe pulse launched into the cavity acquires
and exponential tail and (b) its Fourier transform in the frequency domain matches the
cavity spectrum. The shaded region represents the trigger pulse. (c) The probe pulse
enters the cavity slightly before the trigger pulse (∆t < 0) part of light is red-shifted due
to increasing refractive index as depicted in (d). (e) The probe pulse enters the cavity
later than the trigger pulse ( ∆t < 0) and the probe light undergoes a blue-shift due
to decreasing index as depicted in (f). The arrows indicate the trend of the frequency
conversion.

the refractive index using the electronic Kerr effect. The change of the index
occurs by the presence of the trigger pulse as represented by the shaded region in
Fig. 6.2(c) and (e). The refractive index increases at the rising flank of the trigger
pulse and decreases back on the opposite flank. During the rising of the refractive
index, red-shifted light is generated and during the decrease blue-shifted light is
generated. The nature of the color conversion process −down-conversion versus
up-conversion− is controlled by the delay between the overlapping trigger and
probe pulses: At ∆t < 0, when the probe pulse enters the cavity slightly before
the trigger pulse (Fig. 6.2(c)), the stored light has the highest intensity while
the refractive index is increased by the trigger pulse. As a result, part of the
trapped probe light is red-shifted as shown in Fig. 6.2(d). When the probe
pulse enters the cavity later than the trigger pulse (Fig. 6.2(e)), the probe light
undergoes a blue-shift (Fig. 6.2(f)) since the refractive index quickly decreases.
The qualitative features in this schematic explanation match very well with the
calculated spectra in the center of the cavity.

The interference fringe patterns we observe at ∆t < 0 in Fig. 6.1(a) are a
result of the interference of the light that has directly reflected from the front
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Figure 6.3: Schematic representation of phase sensitive heterodyne detection provided
by the switched cavity and the origin of the fringes at negative trigger-probe time delay
(∆t). (a) A short Gaussian probe pulse is incident on the cavity at t1. (b) Since the
probe pulse is broader than the cavity resonance most of the probe light is reflected
at t2. (c) The cavity is switched with a short trigger pulse at time t3 as a result the
cavity resonates at a different frequency. (d) At time t4, there are now two consecutive
pulses in reflection: The directly reflected light and the released light from the cavity,
separated by ∆t. Together pulses yield fringes in the spectra at ∆t < 0.

Bragg mirror and the light that escapes from cavity while it is being switched,
see Ref. [29]. The origin of these fringes is explained using Fig. 6.3. In Fig. 6.3(a)
a short Gaussian probe pulse is incident on the cavity at t = t1. Since the probe
pulse is broader than the cavity resonance most of the probe light is reflected
at t = t2 as shown in Fig. 6.3(b). The cavity is switched with a short trigger
pulse at time t = t3 thus the cavity resonates at a different frequency, depicted
in Fig. 6.3(c). At time t = t4, there are two consecutive pulses travelling in
reflection geometry: The directly reflected probe light and the light escaping from
the cavity that are separated by ∆t. The two pulses interfere and that results in
fringes in the spectra at ∆t < 0 as illustrated in Fig. 6.3(d). The spacing between
the fringes is equal to the inverse of ∆t [29]. The fringes are only observed for a
switched cavity at ∆t < 0 if the incident probe light direction is aligned to match
the direction of light that escapes from the cavity. The directly reflected light
from the front mirror acts as a reference so that we effectively perform phase
sensitive heterodyne detection and resolve the frequency converted probe light in
reflection.

Using the positive non-degenerate Kerr coefficient of GaAs we perform dynamic
calculations to model the reflectivity spectrum at different trigger-probe time
delays. Figure 6.1(c) and (d) show the calculated spectra and the only free
parameter in our model is the trigger fluence. The resonance frequency of the
calculated spectrum is marked with a solid curve on Fig. 6.1(c). Figure 6.1(d)
shows cross-sections of Fig. 6.1(c) at time delays ∆t = −0.8 ps, ∆t = 0 and ∆t =
2.8 ps. Similar to our measurements we observe the blue- and red-shifted probe
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Figure 6.4: The measured transient reflectivity, relative intensity of the frequency con-
verted light versus frequency at different incident probe fluences. The horizontal solid
curve represents the unswitched reflectivity of 100%. The filled regions indicate the
frequency converted light. The arrow indicates the trend of frequency converted light.

light at the same frequencies in our calculations. The change in frequency [δω(t)]
is a result of the phase shift [δφ(t)] that is induced by the ultrafast refractive index
change in time and is given by δω(t) = −∂δφ(t)/∂t. Increased phase causes a
red-shift whereas a decreased phase results in a blue-shift of the trapped light
inside the cavity, see section 6.5. We observe an excellent quantitative agreement
between the measured and calculated magnitude and dynamics of color converted
light in the cavity.

Increasing the temporal and the spatial overlap of the trigger and the probe
pulse increases the induced frequency shift, see chapter 5. For this reason, switch-
ing the cavity with the probe itself is an efficient way to demonstrate that the
increased overlap will increase the frequency shift. In Fig. 6.4 we show that
the relative intensity of the frequency converted light can be increased to 154%
by increasing the probe beam power to the point that the probe pulses are not
weak anymore and become pump pulse. Figure 6.4 shows the measured tran-
sient reflectivity as a function of the incident probe fluence. At a probe fluence
Ipr = 0.2 pJ/µm2, the probe pulse has no self switching effect on the cavity
spectrum since the stopband is flat and the spectrum is same as the linear re-
flectivity spectra shown in Fig. 2.2. If the incident probe fluence is increased to
Ipr = 21.6 ± 2 pJ/µm2, which is same as the trigger fluence, we observe 254%
transient reflectivity that corresponds to 154% relative intensity change. In-
creasing the probe fluence increases the frequency shift since the refractive index
change also increases with the probe fluence (see section 6.5). The increased
magnitude of the frequency converted light by the self switching of the probe
pulse is a consequence of the excellent overlap of the probe with itself in time
and in space. We conclude that if the trigger pulse matches the probe pulse well
in time then we can increase the amount of the frequency converted light that is
induced by the trigger pulse (see chapter 5 and section 6.5 for details).
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6.4 Repeated frequency conversion at THz rates
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Figure 6.5: (a) Measured and (b) calculated transient reflectivity and frequency versus
time delay ∆t. The cavity is switched repeatedly with two trigger pulses separated by
8 ps. The white symbols in (a) and the solid curve in (b) show the resonance frequency
of the cavity for measured and calculated spectra, respectively.

In the previous section we have seen that we can very quickly generate frequency-
shifted pulses of light, within a picosecond. This invites the question whether
it is possible to repeatedly generate blue- or red-shifted light inside a cavity by
switching the cavity with two closely separated trigger pulses that are generated
in a GaAs slab (see chapter 2 for details). In this experiment, we have used
two trigger pulses separated by δtpr = 8 ps to switch the cavity repeatedly and
reproducibly. Two ultrafast switching events are observed as a function of the
trigger-probe delay. Figure 6.5(a) shows the repeated frequency change of light
trapped in our cavity at time scales as short as 8 ps. At each time a trigger pulse
hit the cavity the resonance frequency is shifted by 5.7 cm−1. We align the probe
pulse such that we obtain the same resonance frequency shift for both switch
events. The transient reflectivity in excess of 100% reveals the new frequencies
generated during the switching of the cavity. The light trapped in the cavity is
blue-shifted at time delay ∆t = 0 and red-shifted at ∆t < 0 due to the instan-
taneous refractive index change. We observe the interference fringes after both
switch events at negative time delays due to the interference of light that escapes
from the switched cavity and light that is reflected from the top Bragg mirror.
As can be seen in Fig. 6.5(a) the switching of the cavity resonance and the fre-
quency conversion happens within the cavity storage time. Between the switch
events there is no change of the resonance frequency and color of the trapped
light. The widely used scheme of frequency conversion performed by exciting free
carriers would not allow for repeated frequency conversion at these time scales
due to slow relaxation time of free carriers [7, 14–16]. Figure 6.5(b) shows the
calculated spectra. The calculations are performed for two equal trigger pulses
separated by 8 ps. We observe an excellent agreement between our measurements
and our calculations.
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Figure 6.6: (a) Measured transient reflectivity and frequency versus time delay ∆t.
The white symbols show the resonance frequency of the cavity. The cavity is repeatedly
switched by two trigger pulses, and studied using two probe pulses. The time delay
between the two trigger pulses is set to δttr = 1.0 ps and the time delay between the two
probe pulses is set to δtpr = 2.0 ps. (b) The cross-section of (a) at ω = 7837 cm−1, and
(c) at ω = 7780 cm−1 showing relative intensity of the blue- and red-shifted light versus
time delay ∆t. The solid curves show the reflectivity obtained from our dynamic model.
The horizontal dashed lines represent the unswitched transient reflectivity around 100%.
The filled regions indicate the frequency converted light pulses.

The results that we present in Fig. 6.5 show that the switching of the cavity
and the frequency conversion can be repeated without being effected by the prior
event 8 ps earlier. We also investigate the frequency conversion not only with
two trigger pulses but also with two probe pulses. In this way, we investigate
whether the frequency conversion can be probed repeatedly while it is switched
with repeated trigger pulses separated by δttr = 1 ps. In Fig. 6.6 we have used two
probe pulses separated by δtpr = 2 ps to monitor two switching events separated
by δttr = 1 ps. As expected, four ultrafast switching events are observed as a
function of the trigger-probe delay. Each pair of trigger pulses interacts with
each probe pulse to generate two pairs of frequency converted pulses namely one
blue- and one red-shifted. Figure 6.6(b) and (c) show the relative intensity of
the blue- and red-shifted light versus time delay (∆t), as cross-sections of (a)
at ω = 7837 cm−1 (λ = 1276.0 nm) and ω = 7780 cm−1 (λ = 1285.4 nm),
respectively. The nature of the frequency conversion process −down- versus
up-conversion− is simply caused by the sign of the small delay between the
overlapping trigger and probe pulses. The sequence of red pulses is delayed
compared to the blue pulses on account of the delay between the upswing versus
the downswing of the refractive index. Figure 6.6(b) and (c) show that all four
frequency conversion events are similar and not affected by the prior switching
events as little as 1 ps earlier.
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6.5 Modelling of frequency conversion in a switched
microcavity

Figure 6.7: The one-dimensional structure used in our calculations. The Bragg mirrors
are made of GaAs and AlAs and the λ-layer consists of GaAs. The thickness of the
air, GaAs, and AlAs layers are indicated on the schematic. The first two interfaces are
marked with the indices i and i+1. The probe field is launched at z0.

The quantitative results of the frequency conversion that are shown in Figs.
6.1(c), 6.5(b), 6.6(b), and 6.6(c) are evaluated in the time domain for a switched
microcavity. Similar to our experiments we perform calculations for a one di-
mensional structure. We start with a Gaussian probe pulse at z = z0:

Epr(z0, t) = E0(z0)e−iωte−(t/τpr)
2

, (6.1)

where E0 is the amplitude and ω is the angular frequency of the probe. We choose
a short duration for the probe pulse (τpr = 8.3 fs) to obtain a wide spectral width
and thus a flat response within the spectral region of the cavity resonance. The
field, starts from position z = z0 and travels into an homogeneous medium with
a time dependent refractive index n(t). The time that takes for the field to travel
from position z0 to z in a medium with refractive index n(t) is t = n(t)·(z−z0)/c.
As a result, the Gaussian pulse at position z is:

Epr(z, t) = Epr(z0, n(t) · (z − z0)/c)

= E0(z0)eiω(n(t)·(z−z0)/c−t)e−(n(t)·(z−z0)/c−t/τpr)
2

. (6.2)

Using Eq. 6.2 we can write the electric field at any position within one layer and
it does not include interference. Similar to our experiments the structure that we
use in our model consists of air, top Bragg mirror, λ-layer, bottom Bragg mirror,
and air after the cavity structure as shown in Fig. 6.7. The Bragg mirrors consist
of AlAs and GaAs with unswitched refractive indices nAlAs and n0

GaAs, respec-
tively. During the switching of our microcavity we assume that the refractive
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index of AlAs and air are constant in time and the refractive index of GaAs is
time dependent. The refractive index of GaAs changes with the time delay ∆t
between the trigger and the probe pulses due to the electronic Kerr effect [30].
For this reason, we define a position and time dependent refractive index for the
structure as follows:

n(z, t) =


nair , z in air

nAlAs , z in AlAs

n0GaAs + 12π2χ(3)

(n0
GaAs)

2c
· [Ipre

−( t
τpr

)2
+ Itre

−( t−∆t
τtr

)2 ] , z in GaAs

(6.3)

where χ(3) is the third order susceptibility of GaAs, Ipr the peak intensity of the
probe, τpr the duration of the probe pulse, Itr the peak intensity of the trigger
pulse, and τtr the duration of the trigger pulse. In our calculations we can safely
neglect the refractive index change induced by the probe light since the intensity
of the probe is nine orders of magnitude lower than the trigger intensity. The
probe field propagates through the multilayer structure with different refractive
index materials and thus the field encounters many interfaces. A part of the field
propagating through an interface is reflected and is transmitted as given by the
Fresnel coefficients. The reflected (r) and transmitted (t) amplitude coefficients
at normal incidence from any interface are given by:

r =
n1(z, t)− n2(z, t)

n1(z, t) + n2(z, t)
,

t =
2n1(z, t)

n1(z, t) + n2(z, t)
, (6.4)

where n1(z, t) and n2(z, t) are the time dependent refractive indices of the first
and the second medium, respectively. Due to the transmission and reflection from
the interface there will be fields travelling in opposite directions. For convenience
we attribute the direction of the transmission as the positive direction. A mul-
tilayer structure consists of N interfaces. For simplicity, in Eq. 6.5 we write the
field after the two interfaces indicated with i and i+ 1 in Fig. 6.7. Equation 6.5
can be generalized to eventuate for N interfaces. A part of the transmitted field
from interface i is reflected from the next interface i + 1 and will interfere with
the incident beam. As a result, at a given position z the field can be written as:

Epr(z, t) = E+
pr(z0, n(z, t) · (z − z0)/c) · ti + E−pr(z0, n(z, t) · (z − z0)/c) · ri+1(6.5)

We calculate the field at any position z in the multilayer structure by inserting
the time-dependent refractive index of GaAs and the time-independent refractive
indices of AlAs and air in n(z, t) from Eq. 6.3 into Eq. 6.5. To calculate the
transient reflectivity spectrum we include all interfaces and then we perform a
discrete Fourier transform of the field in reflection using:

|Epr(z, ω)|2 =

∣∣∣∣ t∑
0

Epr(z, t) · e−(i2πωδt)
∣∣∣∣2. (6.6)
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Using the procedure described above we calculate the field at a given position
z and calculate the corresponding spectrum E(z, ω). The frequency change that
occurs during the switching of cavity is a result of the time dependent refractive
index of GaAs in Eq. 6.5. The ultrafast index change induces a phase shift φ(t)
and that results in frequency change of the trapped light in the cavity. The
change in frequency is a result of the phase shift that is induced by the ultrafast
refractive index change. The change in frequency as a function of the phase shift
is equal to:

δω(t) = − ∂

∂t
δφ(t) = −ω

c
· (z − z0)

∂

∂t
δn(t), (6.7)

Equation 6.7 shows that an increased phase causes a red-shift whereas a decreased
phase results in a blue-shift of the trapped light inside the cavity. Since the
refractive index is first increasing and right after decreasing during the cavity
storage time we observe both blue- and red-shifted probe light. Equation 6.3
shows that the refractive index is modified by both probe and trigger intensities.
Increasing the intensity of the trigger pulse will result in a greater index change
and thus an increased frequency shift. Similarly, increasing the intensity of the
probe pulse will also result in more index change and we can achieve frequency
conversion of the probe light stored light in the cavity as shown in Fig. 6.4. Using
our dynamic model we also show that increased temporal overlap of the probe
light ringing in the cavity with the trigger pulse will also increase the frequency
shift, see chapter 5. Our dynamic model explains the frequency shift during the
instantaneous switching of the cavity and agrees precisely with our experimental
results.

6.6 Conclusions

Using the switching of semiconductor microcavities via the electronic Kerr effect
both up and down frequency conversion of light can be achieved. The frequency
conversion that we achieve here is a result of the instantaneous refractive index
change. The induced refractive index change is performed at an ultimate-fast
speed that paves the way for non-adiabatic color changes of light, as discussed
in chapter 1.4. We can perform repeated frequency conversion at THz rates and
generate blue- and red-shifted light pulses at this rate. Our analytical model pre-
dicts the dynamics in quantitative agreement with our experiments. Using the
electronic Kerr effect, light can be color converted to a preferred color by con-
trolling the switching time or by controlling the induced refractive index change
without being limited to material geometry and slow carrier relaxation times.
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CHAPTER 7

All-Optical Switching of Micropillar Cavities by

Free Carrier Excitation

We have performed ultrafast all-optical switching experiments on mi-
cropillar cavities with different diameters. We managed to change the
resonance frequency of distinct transverse cavity resonances indepen-
dently via the excitation of free carriers. We observe color conversion
of light during the switching of the micropillar cavities.

7.1 Introduction

Micropillar microcavities with their distinct spatial resonances provide the means
for the control of emitters placed inside [1–5]. An emitter that overlaps with the
modal field of a microcavity experiences an increased density of optical states with
respect to the vacuum so that the spontaneous emission rate of the emitter will
be strongly modified [6–11]. The distribution of photon emission times from the
emitter inside the cavity is determined by the radiative decay rate and remains
a stochastic process. The dynamic manipulation of an interacting cavity-emitter
system opens the road to control the decay rate and therefore enable deterministic
emission within the decay time of emitters [11].

An important feature pursued with micropillars is cavity quantum electrody-
namics (cQED) in the strong coupling regime, i.e, the hybridization of a sin-
gle emitter (usually a quantum dot) with a single photon. Recently, exciting
progress has been made towards fast tuning of the strong coupling on photonic
crystals [12]. In view of the demonstrated strong coupling in micropillars [2, 13] it
is very worthwhile to investigate ultrafast switching of micropillars for exploring
cQED.

In this chapter, we switch the resonance of micropillar cavities via all-optical
excitation of free carriers. We achieve dynamic control on the distinct spatial
cavity resonances by shining pump pulses on the cavity and we measure the in-
duced frequency shift of the cavity resonances using the probe light. We switch
cavities with different diameters and demonstrate independent switching of dis-
tinct transversal cavity resonances. Moreover, during the switching of the cavity
we observe frequency conversion of the light trapped in the cavity.
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7.2 Experimental details

In this chapter we perform our experiments on the uncoated micropillar cavities
with diameters 3 µm, 6 µm, and 20 µm, as described in chapter 2. The micropillar
cavities reveal spectrally distinct transverse-optical cavity resonances as shown
in the linear reflectivity spectrum in Fig. 2.6. We take the resonance frequency
of each resonance to be the minimum of the individual trough.

A versatile setup, as described in chapter 2, is used to switch our micropil-
lar cavities via the excitation of the free carriers. The pump photon energy
is set to ωpu = 5814 cm−1 (λpu = 1720 nm) to excite free carriers via two
photon absorption. The two-photon process was used to homogeneously ex-
cite carriers in the micropillar cavity [14]. The incident pump fluence is set to
Ipu ≈ 88 pJ/µm2 to switch the 3 µm diameter pillar and to Ipu ≈ 33 pJ/µm2 to
switch the 6 µm diameter micropillar, respectively. The incident probe fluence
is set to Ipr ≈ 10.5 ± 0.1 pJ/µm2. The coarse spatial alignment of the pump
and probe beams on the micropillar cavity is done by using an InGaAs camera
(Photonic Science, SWIR VGA standard). The fine alignment is performed using
the reflected signal on the spectrometer at time delay ∆t = 0 between the pump
and probe pulse. At the maximum shift of the cavity resonance the spatial align-
ment of the pump and the probe beams are considered to be maximal. After
normalizing the spectra to a gold reference spectrum we noted a slope in the
reflectivity of the stopband, possibly caused by slight misalignment. Therefore,
we have corrected the stopband reflectivity to a constant 100% reflectivity for
all the spectra simultaneously for 20 µm and 3 µm diameter pillars. For 6 µm
diameter pillar the spectra are normalized to a gold reference measurement and
for the unswitched spectra we obtain a similar reflectivity as the linear reflectiv-
ity measurements that are shown in Fig. 2.6. The experiments are performed at
room temperature.

7.3 Switching of micropillar cavities

We present in Fig. 7.1(a) a map of the spectral decomposition of the measured
transient reflectivity as a function of the pump-probe delay for a 20 µm diameter
micropillar cavity. We switch the micropillar cavity via the excitation of free
carriers. The increased density of free carriers results in a decrease in the refrac-
tive index (see Eq. 3.2), which results in a positive shift of the cavity resonance
frequency. Figure 7.1(b) shows the resonance frequency of the micropillar cavity
versus the time delay between pump and the probe pulses. The cavity is switched
at ∆t = 0 ps and after ≈ 7 ps the free carriers have thermalized and at this time
delay the shift of the cavity resonance is maximal [15]. Subsequently, the cavity
resonance returns to the unswitched value as the excited carriers relax as shown
in Fig. 7.1(b). The right panel in Fig. 7.1 shows the transient reflectivity of the
cavity obtained at different time delays ∆t and is a cross-section of Fig. 7.1(a).
Fig. 7.1(c) shows the unswitched spectrum taken at ∆t = −9 ps, when the probe
pulse enters the cavity before the pump. The unswitched cavity resonance fre-
quency is at ωres = 10189.3 cm−1 (λ = 981.4 nm). At ∆t = 1 ps the cavity
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resonance shifts to ωres = 10202.5 cm−1 as shown in Fig. 7.1(e). At ∆t = 7 ps
the cavity resonance shift reaches its maximum value and shifts by 29.2 cm−1

as shown in Fig. 7.1(f). After that the excited free carriers start to recombine
and the cavity resonance returns to its initial value after τ = 100 ps. The spec-
trum at ∆t = 96 ps shown in Fig. 7.1(g) illustrates the spectrum shortly before
the complete recovery of the refractive index. The spectrum closely matches the
unswitched spectrum in Fig. 7.1(c).

Figure 7.1: (a) The measured transient reflectivity and frequency versus time delay
∆t for the pillar with 20 µm diameter. The regions shown by the dashed lines indicate
the frequency converted light. (b) The resonance frequency of the cavity trough versus
the time delay. The symbols show the measured result and the solid curve represents a
single exponential fit with a decay time of τ = 100 ps. The cross-sectional view of (a)
is shown at different time delays ∆t in panels (c) −9 ps, [unswitched] (d) 0 ps, (e) 1 ps,
(f) 7 ps, and (g) 96 ps. The arrows point to the frequency shifted light. The dotted
horizontal lines represent the unswitched reflectivity of the stop-band.

Remarkably, we also observe color conversion of light during the switching
of the micropillar cavity. The frequency shifted light manifests as a transient
reflectivity beyond 100%, see chapter 6. In Fig. 7.1(a) we mark the frequency
shifted light. At ∆t = 0 in Fig. 7.1(d) we observe the interference fringes which
are caused by the interference between light trapped in the cavity and the directly
reflected light from the top mirror, see chapter 6. At ∆t = 1 ps the refractive
index of the cavity decreases and as a result the light trapped in the cavity is
blue-shifted, see chapter 6.5. The peak at 10214.73 cm−1 in Fig. 7.1(e) shows
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the light that is converted to a higher frequency due to the decreasing refractive
index. At ∆t = 7 ps in Fig. 7.1(f) the refractive index has started to increase
and this results in a red-shift of the trapped light in the cavity. The peak at
10195.88 cm−1 in Fig. 7.1(f) shows the light that is red-shifted.

Figure 7.2: (a) The measured transient reflectivity and frequency versus time delay
∆t for the pillar with 6 µm diameter. (b) The resonance frequency of each cavity
resonance versus the time delay. The symbols show the measured result and the solid
curves represent a single exponential fits. The cross-sectional view of (a) is shown at
different time delays ∆t in panels (c) −5 ps, [unswitched] (d) 0 ps, (e) 1 ps, (f) 11 ps,
and (g) 95 ps. The dotted horizontal lines represent the unswitched reflectivity of the
stop-band.

We present in Fig. 7.2(a) the measured transient reflectivity, and frequency
versus time delay from a 6 µm diameter micropillar cavity. Similar to Fig. 7.1
we switch the micropillar cavity via the excitation of free carriers. In Fig. 7.2
we observe three distinct cavity resonances for 6 µm diameter micropillar cavity.
These distinct cavity resonances have been identified previously in a detailed
study [16]. However, we do not observe the same frequency spacing between
the resonances for 6 µm diameter micropillar and this is possibly caused by
the higher probe intensity used in our experiment. Figure 7.2(b) shows the
frequency of the three resonances versus the time delay between pump and the
probe pulses. The unswitched cavity frequencies of the first, second and the third
resonance reside at ω1 = 10680.1 cm−1, ω2 = 10691.6 cm−1, ω3 = 10699.0 cm−1,
respectively. Interestingly, these three resonances shift by a different amount.
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Furthermore, the decay times (τ) of the excited free carriers are different for these
three resonances as shown in Fig. 7.2(b). The first resonance shifts by 14.7 cm−1

and recovers in τ1 = 273 ps, the second resonance shifts by 21.58 cm−1 and
recovers in τ2 = 140 ps, and the third resonance shifts by 21.6 cm−1 and recovers
in τ3 = 202 ps. The right panel in Fig. 7.2 shows the transient reflectivity of the
cavity obtained at different time delays ∆t and is a cross-section of Fig. 7.2(a).
Fig. 7.2(c) shows the unswitched spectrum at ∆t = −5 ps, when the probe pulse
enters the cavity before the pump. At ∆t = 11 ps the cavity resonance shift
reaches its maximum value for all resonances as shown Fig. 7.2(f). After that
the excited free carriers start to recombine the cavity resonances return to their
initial values. The spectrum at ∆t = 95 ps shown in Fig. 7.2(g), illustrates the
spectrum shortly before the recovery of the refractive index change.

Figure 7.3: (a) The measured transient reflectivity and frequency versus time delay
∆t for the pillar with 3 µm diameter. (b) The resonance frequency of each cavity
trough versus the time delay. The symbols show the measured result and the solid
curves represent a single exponential fits. The cross-sectional view of (a) is shown at
different time delays ∆t in panels (c) −4 ps, [unswitched] (d) 0 ps, (e) 1 ps, (f) 10 ps,
and (g) 95 ps. The dotted horizontal lines represent the unswitched reflectivity of the
stop-band.

We present in Fig. 7.3(a) the measured transient reflectivity, and frequency
versus time delay from 3 µm diameter micropillar cavity. Similar to previous
results we switch the micropillar cavity via the excitation of free carriers. In
Fig. 7.3 we observe two distinct cavity resonances. The unswitched cavity reso-
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nance frequency of the first, and the second trough are at ω1 = 10626.0 cm−1,
and ω2 = 10701.1 cm−1, respectively. We identify the first resonance as the
HE11 mode and the second as the TE01 mode by comparing our reflectivity mea-
surements to earlier experiments [16], see Fig. 2.7. Figure 7.3(b) shows the
resonance frequencies of the two distinct resonances versus time delay between
pump and the probe pulses. Unlike the 6 µm diameter micropillar the two res-
onances in 3 µm diameter micropillar cavity show similar decay times as shown
in Fig. 7.3(b). However, the shift of the individual resonance differs. The HE11

resonance shifts by 6.8 cm−1 and recovers in τ1 = 70 ps, and the TE01 resonance
shifts by 37.0 cm−1 and recovers in τ2 = 65 ps. The right panel in Fig. 7.3 shows
the transient reflectivity of the cavity obtained at different time delays ∆t and is
a cross-section of Fig. 7.3(a). Fig. 7.3(c) shows the unswitched spectrum, which
is at ∆t = −4 ps, when the probe pulse hits the cavity before the pump. In
Fig. 7.3(c) we observe a peak at ω = 10707.4 cm−1, which is due to the self
phase modulation of the intense probe light resulting in frequency conversion
(see chapter 6 for details). At ∆t = 10 ps the cavity resonance shift reaches its
maximum value for all the resonances as shown in Fig. 7.3(f). After that the
excited free carriers start to recombine and the cavity resonance goes back to the
its initial value. The spectrum at ∆t = 95 ps, shown in Fig. 7.3(g), illustrates
the spectrum shortly before the recovery of the refractive index change. The
spectrum closely matches the unswitched spectrum in Fig. 7.3(c).

The different magnitude of the resonance frequency shift and the variance of the
recovery times in each resonance indicate that the resonances are switched with
a different amount. This difference is likely to be caused by the spatial variance
of the density of free carriers in each micropillar resonance. We observe that the
relaxation time of free carriers in 3 µm diameter pillar is shorter than the 6 µm
diameter pillar. The different relaxation time in different diameter micropillars
can be caused by the fact that free carriers relax on the surface due to increased
number of defects and small pillars have larger surface per unit volume. In fact,
for the same reason we expect that the free carriers that are close to the surface
to relax faster and thereby the resonance close to the surface to recover faster.
In future, additional interpretation is called for calculating the carrier densities
that depend on position and time for each micropillar resonance. Previously, the
control of individual resonances has been demonstrated in a microring resonator
by optically controlling the intracavity loss via inverse Raman scattering [17].
Here, we demonstrate independent switching of distinct transversal cavity reso-
nances by all-optically changing the refractive index in each cavity resonance by
a different amount.

7.4 Conclusions

We demonstrate all-optical switching of semiconductor micropillar cavities with
different diameters via the excitation of free carriers. We observe that the dis-
tinct transverse cavity modes are switched independently. We show that the
magnitude of the frequency shift differs for all the individual micropillars reso-
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nances. Moreover, the recovery time of the excited free carriers also differs for
each cavity resonance. We manage to change the frequency of light trapped in a
micropillar cavity and observe both blue- and red-shifted light during the switch
process. The micropillar resonances that provides strong confinement in a small
mode volume [1] is controlled independently. Our results offer novel opportunities
for deterministic single photon generation from the micropillar cavities providing
exclusive guiding for photons.
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CHAPTER 8

Summary & Recommendations

In this thesis we have studied the ultrafast all-optical switching of microcavities.
We have employed the electronic Kerr effect to switch a planar semiconductor mi-
crocavity resonance in the fastest possible way at telecom wavelengths. We have
used the free-carrier dispersion effect to switch distinct transversal resonances of
3D micropillar cavities. To do so, we have first studied the unswitched linear
response of our planar cavities with a range of quality factors and micropillar
cavities with different dimensions. We have built and described our ultrafast
switch microscope which is used to study our cavities.

First of all we have investigated how fast a cavity resonance can be switched
reversibly. We have observed the fastest possible switching of a microcavity
resonance within 300 fs at telecom wavelengths using the electronic Kerr effect.
The rate of the switching is only determined by the cavity storage time; as
popularly said it is only limited by the speed of light [1] and not by material
related relaxation properties. We identify the cavity resonance shift from the
measured transient reflectivity. Since the measured transient reflectivity includes
the slow response time of the photodiodes, we are not able to measure the real-
time dynamic cavity resonance frequency shift. It would be a great improvement
to use a streak camera that can resolve the fast dynamics of the cavity resonance
in real-time.

The effect of the temporal overlap of the pump and the probe pulses in Kerr
switching experiments has been investigated. To do so, we have studied cavities
with different quality factors that controls the duration of the probe pulse. We
also have investigated the effect of the pump pulse duration in switching of cavity
resonance with the electronic Kerr effect. Our experiments and our calculations
showed that the refractive index change induced by the electronic Kerr effect is
increased at the maximum temporal overlap of the pump and the probe pulses.
For this reasons, fast cavities that provide an increased temporal overlap with
ultra-short pump pulses are used in this work for sub-picosecond switching of
cavities. Moreover, we discovered that due to the larger field enhancements in
high-Q cavities the electronic Kerr effect will be hindered by the excited free
carriers.

We have achieved repeated switching of microcavities within 700 fs, corre-
sponding to THz rates. Therefore to best of our knowledge, we have broken
the THz clock rate barrier experimentally using semiconductor cavities for the
first time. The THz clock rate that we achieve can be a solution for information
technology that is exploring ways to meet the growth rate of the computational
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demand. For practical applications our method requires lasers with higher repe-
tition rates. The recent developments in compound ultrafast laser systems [2–4]
promise high repetition rates that are beneficial for repeated switching on pi-
cosecond time scales.

We derived and measured the non-degenerate three-photon absorption coeffi-
cient of GaAs. Our results revealed that the refractive index change induced by
the electronic Kerr effect can be increased to an extent that is limited by the
increasing density of excited free carriers. Our experiments on cavities enabled
us to derive the nondegenerate third-order susceptibility (χ(3)) of GaAs. We suc-
cessfully developed a model that quantitatively describes the frequency and the
intensity dependence of nondegenerate switching with pump-probe experiment.
We have found the set of parameters using which the instantaneous electronic
Kerr effect can be utilized as the ultimate-fast way of all-optical switching by
understanding the competition between the electronic Kerr effect and the free
carriers in a switched microcavity.

Using the measured nondegenerate two- and three-photon absorption coeffi-
cients we estimate that the trigger pulse only lose 22 aJ/µm2 at each switch
event, which is a record level of minimum energy loss per switch event. Unlike
the free carrier excitation schemes, we manage to avoid absorption and demon-
strated recycling of trigger photons to switch the cavity again and again. Since
the energy loss during the switching of the cavity is low, a recycling scheme with
minimized loss during the recycling process can be developed to demonstrate
that switching with the electronic Kerr effect is an efficient way to save energy.

To switch a cavity resonance at sub-picosecond time scales we first chose the
electronic Kerr effect as the switching mechanism due to its instantaneous re-
sponse nature. Second, we chose a fast cavity with short storage time since that
sets the fundamental speed limit. The cavity we chose has a storage time of
τcav = 300 fs, a linewidth of ∆ω = 20 cm−1, and resonates at ωres = 7812 cm−1.
After that we have determined the material of the cavity so that it will provide
a large third order susceptibility , transparent in the telecom wavelengths, and
extensively used in nanofabrication facilities. This narrows down the material
choice to Si and GaAs. Since excited free carriers in a switched microcavity
counteract the electronic Kerr effect, the energy of the probe and pump photons
together should stay below the bandgap of the semiconductor so that free carrier
excitation is suppressed. Silicon has a bandgap energy of Egap = 1.1 eV. In order
to achieve switching of a Si cavity, operating at the original telecom wavelength,
with the electronic Kerr effect the pump energy must be Epu 6 0.14 eV. The re-
quired pump frequency for Si is outside the range of our equipment. On the other
hand, the required pump frequency to stay below the bandgap energy of GaAs
together with the pump and the probe is accessible with our equipment. For this
reason, we have explored switching of a GaAs cavity with the electronic Kerr
effect. The probe frequency is set by the cavity resonance in the telecom range
while the pump frequency is centered at ωpu = 4165 cm−1 (λpu = 2400nm). We
achieved to shift the cavity resonance by δω = 7 cm−1. Our calculations indicate
that if the pump pulse is stretched to τpu = 740 fs the resonance frequency can
be increased from δω = 7 cm−1 to δω = 19 cm−1 so that we can achieve to shift
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the resonance frequency by nearly one linewidth within 300 fs. At this point we
propose to use a cavity designed to resonate with both pump and probe pulses so
that the temporal and spatial overlap of the pump and probe pulses can be in-
creased. Accordingly, the refractive index change induced by the electronic Kerr
effect can be increased and switching at lower pump fluences can be performed
since the pump light will be also resonantly enhanced.

Remarkably, we showed that during the switching of cavities we achieved both
up and down frequency conversion of light. The frequency conversion that we
have observed is a result of the instantaneous refractive index change achieved us-
ing the electronic Kerr effect. We achieved repeated frequency conversion at THz
rates and generate blue- and red-shifted light pulses at this rate. Our analytical
model predicted the dynamics in quantitative agreement with our experiments.
Using the electronic Kerr effect we achieved the largest rate of change of the
refractive index. In order to enter the non-adiabatic frequency conversion regime
with the electronic Kerr effect, a larger resonance frequency shift of the cavity
resonance is required. The shift of the cavity resonance frequency achieved via
the electronic Kerr effect can be increased with double resonant cavities, and by
increasing the temporal overlap of pump and the probe pulses.

All-optical switching of semiconductor micropillar cavities with different diam-
eters via the excitation of free carriers has been performed during this thesis. For
the first time we have shown that the distinct transverse cavity resonances of a
micropillar can be switched independently. We observe that the magnitude of the
frequency shift differs for all the individual micropillars resonances. Moreover,
the recovery time of the excited free carriers also differs for each cavity resonance.
We have managed to change the frequency of light trapped in a micropillar cavity
and observed both blue- and red-shifted light during the switch process.

The micropillar cavities that we use in our experiments, host embedded quan-
tum dots in the λ−layer. The micropillars cavities provide an exclusive confine-
ment and guiding for emitted light from the light sources placed inside. For this
reason, they offer an excellent opportunity to study “Zap”, that is, switching
of local density of states and the emission rate at time scales shorter than the
excited state lifetime [5]. A spectacular practice would be to study Zap with a
single quantum dot placed inside a micropillar. In that case, stochastic emission
of single photons can be burst into a shorter time window, therefore, deterministic
control on photon emission time can be achieved.

The distortion of light pulses after passing through a medium can be eliminated
at a later time by time reversing the light pulses. For this reason, time reversing
light pulses is an elusive wave phenomena. It has been predicted by Sivan et
al. that time reversal of light pulses can be realized by the dynamic control of
photonic crystals. In order to achieve time reversal, it is suggested by Sivan
et al. that the dynamic control should be much faster than the pulse duration
or equivalent and the spectral content of the modulation should be much wider
than that of the pulse [6]. The ultrafast switching times within the pump pulse
duration offered by the electronic Kerr effect can therefore be a starting point to
observe time reversal of light pulses.
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The zero-point energy stored in the modes of an electromagnetic cavity gives
rise to an attractive interaction between the opposite walls, the so-called static
Casimir effect. A dynamic version of the Casimir effect is shown to occur when
the index of refraction of the cavity is changed. As a result, vacuum fluctuations
are converted to real photons at frequencies symmetrical with respect to half of
the modulation frequency [7]. The fast switching rates that we achieve here are
a favourable starting point for exploring dynamic Casimir effects at frequencies
that have not been accessible before.
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APPENDIX A

Bragg Diffraction

In 1913 W. H. and W. L. Bragg found that the reflected radiation reflected from
crystalline materials gives information about the structure of a material for cer-
tain directions and for wavelengths comparable to the lattice spacing. Figure A.1
shows a schematic picture of Bragg diffraction on an atomic lattice. Light beams
travelling in a periodically varied refractive index medium are subjected to Bragg
diffraction for certain directions and frequencies. The diffracted waves will con-
structively interfere if the path difference between the reflections from successive
planes equals an integer times the wavelength λ of the incoming light:

mλ = 2dcosθ. (A.1)

To describe the Bragg diffraction usually two rays are considered to be reflected
from two adjacent planes. The path difference between these two rays in reflection
is given by ∆L = 2dcosθ [1]. Here, we chose to derive the Bragg diffraction using
only one ray to be incident on two adjacent lattice planes which is different
from usual derivation of Bragg condition in textbooks. From one ray incident
on a periodic structure we calculate the optical path difference between two rays
reflected from two adjacent lattice planes.

I II

III

A

B

C

θ θ

θ θ

αθ

α α

αα

α
θ

D

E

F

Figure A.1: The schematic of Bragg diffraction. θ is the angle between the incident
ray and the normal of the lattice plane. I is the incident path, II the reflection path
from the first lattice plane and III the reflection path from the second lattice plane.
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In Fig. A.1 we denote the distance between the lattice planes as d = D̄B and
the lengths ĀB = B̄C = r. In order to find the optical path difference between
path II and III ( ∆L = ĀB+B̄F ), we start with the following relation:

D̄E = d sin θ and B̄E = d cos θ. (A.2)

Since the triangle D̂BE is congruent to the triangle ĈDE, we can write the
following relations for these two triangles:

D̄B

D̄C
=
B̄E

D̄E
(A.3)

Using the relations given in Eq. A.2 we can rewrite Eq. A.3 as:

D̄C = d
sin θ

cos θ
. (A.4)

Next we write the relation:

ĀF = ĀC cos θ. (A.5)

Since ĀC = 2ĀD = 2D̄C, we can insert Eq. A.4 into Eq. A.5 to get:

ĀF = 2d sin θ. (A.6)

We write a simple equation for F̄C

F̄C = r − B̄F = ĀC sin θ. (A.7)

Again we use the relation ĀC = 2ĀD = 2D̄C and insert Eq. A.4 in Eq. A.7 to
get:

r − B̄F = 2d
sin2 θ

cos θ
. (A.8)

We write the Pythagoras theorem for the triangle ÂFB:

r2 = ĀF
2

+ B̄F
2
. (A.9)

We then insert Eq. A.6 into Eq. A.9 to get:

r2 − B̄F 2
= (r − B̄F )(r + B̄F ) = 4d2 sin2 θ. (A.10)

Finally, we insert Eq. A.8 in Eq. A.10 and we arrive to:

(r + B̄F ) = ĀB + B̄F = ∆L = 2d cos θ. (A.11)

We show that the optical path difference (∆L) in reflection for two incident
rays reflected from two consecutive lattice planes and one ray reflected from two
consecutive lattice planes are equal. The result we obtain here is equivalent to
the usual picture drawn in solid state textbooks [1].
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APPENDIX B

Detailed Scheme and Picture of the Experimental

Setup

In this chapter we present the picture and detailed schematics of our experimen-
tal setup. Figure B.1 shows a detailed schematic of our switch setup used for
all-optical switching of planar microcavities and wafers. The output from the
Hurricane is divided into two and sent to the two optical parametric amplifiers
(OPAs). One of the OPAs is used as the pump and the other one as the probe
source. The probe beam goes through a Michelson interferometer that serves as
a pulse divider in our experiments. The beam is split and part of it is used to
monitor the probe laser source during the measurements. The probe beam is
expanded and sent to the sample. The pump beam first goes through a delay
stage and then through a pulse divider. Both pulse dividers in the pump and the
probe paths can be bypassed on demand. After the pulse divider the pump beam
is split to monitor the pump laser source. A greater portion of the pump beam
is sent to the sample. The reflected probe signal from the planar structures is
detected with a photodiode and with a spectrometer located at a separate setup.
The reflected light is sent to the spectrometer using a single mode fiber.

Figure B.2 shows a picture of our switch setup. The Hurricane and the OPAs
are located on the top right corner of the picture. The sample stages are indicated
with arrows in the picture. The sample stage at the lower left corner of the setup
is used for switching the planar structures. The sample stage at the right corner
is used for switching the micropillar cavities. The new pump and probe paths
and the new equipment used for switching micropillar cavities are shown in the
detailed drawing of the setup in Fig. B.3. The micropillar setup is built as an
extension of the planar cavity setup so that we can operate both setups using the
same main equipment. We bypass the planar cavity sample stage and reach the
micropillar sample stage. The probe beam makes a zigzag before the micropillar
sample stage to match the time delay between the pump and the probe pulses.
In order to focus the pump beam at the same depth as the probe beam the
pump beam passes through a telescope that consists of two identical lenses. The
reflected light from the micropillars can be detected with a photodiode or with
the spectrometer. We image the structures using a InGaAs CCD camera.
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Vooruitgang wordt door de mensheid geboekt door eerst waarnemingen te doen.
Licht vormt het begin van onze observaties en is daarmee het startpunt van onze
kennis. De centrale vraag is: “Kunnen wij meer informatie verkrijgen door het
beheersen van licht?” Onze verre voorouders bëınvloedden licht al om waar-
nemingen te doen. Intrigerende voorbeelden van 8000 jaar oude spiegels zijn
gevonden in Çatalhöyük, Turkije. In de 21ste eeuw verkennen we nieuwe manie-
ren om licht te beheersen. We zijn nu in staat om optische nanostructuren te
fabriceren op de golflengteschaal die een sterke wisselwerking hebben met licht.
We verkeren nu in de uiterst interessante situatie waarin we niet alleen informatie
kunnen winnen uit licht, maar ook informatie kunnen toevoegen aan licht.

Moderne nanotechnologie biedt ons de mogelijkheid om optische nanostructu-
ren te fabriceren die de voortplanting en de emissie van licht radicaal modificeren.
Het belangrijkste kenmerk van deze materialen is dat de brekingsindex varieert
over afstanden vergelijkbaar met of zelfs kleiner dan de golflengte van licht. Zo
worden fotonische kristallen en microtrilholtes gebruikt om licht te beheersen.
Fotonische kristallen onderdrukken de toestandsdichtheid wat leidt tot de intri-
gerende eigenschap dat een lichtbron geplaatst in een fotonisch kristal in zijn
aangeslagen toestand blijft doordat de emissie is verboden. Als een lichtbron
daarentegen in een microtrilholte is geplaatst, wordt emissie gestimuleerd. Ul-
trasnelle controle over de brekingsindex in optische nanostructuren maakt het
mogelijk om unieke tijdsopgeloste studies te verrichten aan licht-materie interac-
ties, waarmee zelfs materie kan worden beheerst.

De kleur van het licht is een van de belangrijkste eigenschappen die met onze
ogen waargenomen kunnen worden. De frequentie is een eenvoudige objectieve
maatstaaf voor de kleur omdat de frequentie onafhankelijk is van het medium
waar het licht zich in bevindt. Dit geldt ook voor complexe optische nanostruc-
turen zoals fotonische kristallen en microtrilholtes. De vraag die wij hebben
onderzocht is: is het mogelijk om de kleur van het licht dat is opgesloten in een
microtrilholte naar wens te veranderen?

In dit proefschrift bestuderen we het optisch ultrasnel schakelen van microtril-
holtes en van het licht dat daarin is opgesloten. Allereerst hebben wij onderzocht
hoe snel een trilholteresonantie omgeschakeld kan worden. Wij zijn er in ge-
slaagd om de condities te vinden waarbij het elektronische Kerr effect wordt
gebruikt, wat het snelste optische schakelmechanisme blijkt te zijn. We hebben
de snelst mogelijke schakeling van een trilholteresonantie waargenomen binnen
300 fs. De snelheid van het schakelen wordt alleen bepaald door de eigenschap-
pen van licht, te weten de karakteristieke opslagtijd inde trilholte en niet door
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de materiaal gerelateerde relaxatie eigenschappen. Aangezien het lukte om heel
snel reversibel te schakelen, rees de natuurlijke vraag of het dan ook mogelijk is
om meerdere keren snel achter elkaar te schakelen. Inderdaad is ons dit gelukt:
We hebben microtrilholtes herhaaldelijk geschakeld met 700 fs tijdsverschil, wat
overeen komt met THz-kloksnelheden. Daarmee hebben we de THz-grens aan-
toonbaar doorbroken. Onze oplossing om THz-kloksnelheden te bereiken biedt
een antwoord op de groeiende vraag naar processorsnelheid. In tegenstelling tot
de veelgebruikte optische schakelmechanismen gebaseerd op vrije ladingsdragers,
zijn wij er in geslaagd om absorptie te voorkomen en hergebruiken wij de scha-
kelfotonen opnieuw en opnieuw. Met behulp van de gemeten twee- en drie-foton
absorptiecoëfficiënten schatten we dat een schakelpuls slechts 22 aJ/µm2 verliest
bij elke schakelstap. Dit is een record in minimaal energieverlies per schakeling
in het algemeen. Onze schakelmethode biedt een antwoord op de vraag naar
besparing op energieverbruik van computer berekeningen. Daarmee zijn wij dus
niet alleen snel, maar ook “groen”.

De kleur van het licht kan worden gewijzigd door middel van niet-lineaire
processen, of door absorptie en re-emissie van licht. Met behulp van optische na-
nostructuren, zoals microtrilholtes en golfgeleiders, kan men licht concentreren in
zeer kleine ruimtes. Door vervolgens de brekingsindex van de optische nanostruc-
tuur ultrasnel te veranderen, ondergaat het licht een niet-lineaire wisselwerking
met de nanostructuur. Hierdoor wordt het mogelijk om de frequentie van licht,
en dus de kleur, op een gewenst tijdstip vrijwel instantaan te veranderen. Wij
hebben de mogelijkheden verkend om de frequentie van licht te beheersen ter-
wijl het opgesloten zit in een microtrilholte. We tonen aan dat de kleur van het
licht verandert als gevolg van de ultrasnelle verandering van de brekingsindex
van de trilholte door gebruik te maken van optisch schakelen gebaseerd op het
elektronische Kerr-effect. Wij hebben de eerste realisatie aangetoond van licht-
frequentieconversies met THz-kloksnelheden en wij genereren blauw- en roodver-
schoven lichtpulsen in dit tempo. Onze resultaten bieden nieuwe mogelijkheden
voor fundamentele studies van trilholte-QED, frequentie conversie en optische
informatieverwerking in sub-picoseconde tijdschaal.
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