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Abstract

Changing the directionality of electromagnetic radiation has gained much at-
tention from both industry and the research community in the last century. In
the infrared and terahertz regime beam steering is conventionally achieved by
fabricating multiple sub-wavelength metallic antennas in a unit cell. In this
work a novel approach is used that photo-excites carriers locally in a thin-film
semiconductor using a spatial light modulator. In this way photo-excited blazed
refractive index gratings are achieved. This active technique allows to change
the directionality of the transmitted THz radiation by changing the illumination
pattern on the sample, without the need of physically structuring the sample. We
show a factor 2.0 increase in the amount 1 THz intensity in the first diffraction
order of the blazed grating by changing the photo-excited free carrier profile in
the semiconductor. This increases to a factor 2.4 when a broadband THz probe
beam is used. The experimental results show a good agreement with theoreti-
cally calculated values derived from diffraction theory.
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Introduction

Introduction

Changing the propagation direction of electromagnetic (EM) radiation has gained
much attention from both the research community and industry. In the 20th century
most of the research was focused on beam steering of radiowaves. This led to many
new applications such as radio-communications, radar and broadcasting [1–3]. In
radio devices the direction of the emitted radiation is usually steered by using several
electrically driven antennas in an array that emit waves with different relative phases.
These so called antenna phased arrays allow the emission direction of the dipole
emitters to be steered to an arbitrary angle.
More recently the focus has shifted to changing the directionality of EM radiation
with shorter wavelengths: in the terahertz (THz) and infrared (IR) regimes. These
wavelengths range between 30 µm – 3 mm and 800 nm – 30 µm respectively. Es-
pecially THz radiation has proven to be useful for noninvasive probing of physical
mechanisms, such as rotational and vibrational modes in molecular systems [4–6] as
well as investigating electronic transitions in the meV range [7]. An advantage of
using THz radiation is that the spectroscopy techniques have the unique ability to
measure the electric field directly [8–11]. The security industry uses THz radiation
for imaging and sensing of explosives, weapons and drugs [12, 13]. Actively and
accurately changing the propagation direction of THz radiation can lead to many
new applications, such as THz spectroscopy under changing illumination angle and
high-precision scanners for the security industry.
Several schemes have been proposed to achieve beam steering for wavelengths in both
the THz and IR regime using two dimensional metamaterials, commonly referred to
as metasurfaces. These schemes are based on the underlying principle of changing
the phase of the radiation along a surface while maintaining a large emission [14] or
transmission amplitude [15–17]. The main challenge for this research comes from a
fabrication point of view, since in general sub-wavelength structures are necessary to
change the phase of the radiation.
Recent work from Yu et al. using 8 plasmonic v-shaped nano-antennas in a repeti-
tive unit cell to achieve beam steering has gained much attention from the research
community [17]. Each antenna invokes a different phase shift on the transmitted ra-
diation, the total phase shift of the unit cell is 2π. The observed directional effect is
described by a modification to Snell’s Law to include the linear phase gradient caused
by the antennas in the unit cell. However, according to Larouche and Smith these
anomalous refraction effects can also be described by using the more general diffrac-
tion theory for blazed gratings [18]. In this thesis both theories will be discussed
and an optically induced planar blazed refractive index grating will be experimen-
tally shown to change the amount of light that is coupled into the first diffraction
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Introduction

order of the grating. This effect is shown by using a novel technique that bypasses
the fabrication difficulties of these metamaterials by using a spatial light modulator
(SLM) to project an image of the structure on a semiconductor [19, 20], after which
THz radiation probes the sample. The SLM photo-excites free carriers locally in
the semiconductor. The generated local free electrons change the refractive index of
the material and hence the transmission properties of the THz radiation, allowing to
change both the amplitude and phase of the transmitted waves. Due to recombina-
tion of the electrons the sample returns to its initial state after some time. In this
way the semiconductor can be used as a ‘projection screen‘ to project many different
structures that do not have to be physically fabricated (Section 3.3). This allows for
a very quick change between structures and hence active transmission control of the
THz radiation.
In the first chapter of this thesis a general introduction to beam steering is presented,
starting with antenna phased arrays. In the remaining two sections of the first chapter
Snell’s Law is derived and extended to the Generalized Law of Refraction used by
Yu et al. [17], after which this theory is compared to the diffraction theory used by
Larouche and Smith to explain similar phenomena in blazed gratings.
Chapter 2 discusses the characterization of the sample used for our experiments. In
Section 2.1 the spatial dimensions and other important parameters of the sample are
described. Sections 2.2 and 2.3 focus on two methods to extract the optical properties
of the sample. First a Drude model is used to derive the complex refractive index
for different carrier concentrations in the material [21–23]. Subsequently a transfer-
matrix model is presented to calculate the complex transmission through a 3-layer
stack of materials embedded in air that represents our sample [24, 25]. Combining
these models leads to a method to calculate the transmission and phase for the
THz radiation as a function of the carrier concentration in the sample. In the final
section of the chapter the phase shift caused by interface effects in a 3-layer system
is investigated.
Chapter 3 focusses on the experimental setup used for our experiments. The first
section describes the generation and detection of THz radiation through second order
non-linear processes in a zinc telluride (ZnTe) crystal in a THz time-domain spec-
trometer. This setup is extended to do pump-probe measurements as described in
Section 3.2 and can be used to study the carrier dynamics in the sample. Section 3.3
discusses the installation of a spatial light modulator in the pump-arm of the setup
that can be used to spatially modify the pump beam on the micrometer scale and
project structures onto our sample. In the last section of Chapter 3 the pyroelec-
tric detector that is used for relative THz power measurements at large angles is
introduced.
Chapter 4 contains the experimental results of this work. In the first section the
measured normalized transmission amplitude and phase shift of the THz radiation as
a function of the carrier concentration in the sample are shown. This is compared to
the values obtained from the Drude and transfer-matrix model from Chapter 2. These
calculated transmission properties are used to design two single slits with a blazed
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phase and transmission profile. The beam steering effect predicted by diffraction
theory for these two slits is experimentally demonstrated under small angles (θ <
7°) in the THz time-domain spectroscopy setup (Section 4.2). In Section 4.3 the
directionality of 1 THz radiation is changed at larger angles (θ = ±30°) , using
blazed grating images. These low signal-to-noise measurements are measured using
the pyroelectric detector. In the final section of the chapter these measurements
are repeated using a broadband THz signal, increasing the signal-to-noise ratio. To
understand these measurements from a theoretical point of view diffraction theory is
extended from a single frequency to a broadband source.
Chapter 5 sums up the main results of this work and Chapter 6 gives an outlook on
three possible ways to improve the observed results. In Section 6.1 another mecha-
nism to generate and detect THz is described. This setup will allow us to repeat the
experiments at higher frequencies. Evidence is presented that this could increase the
beaming effect in the first diffraction order by a factor 2 and could increase the detec-
tion efficiency by the pyroelectric detector by a factor 7.5. Another possible way to
increase the effects shown in this work is by using different semiconducting samples
than the one used currently for our measurements, possibly increasing the beaming
effect by 12% (Section 6.2). The last section describes the use of resonant structures
to obtain a larger phase shift and a higher transmission, similar to the work of Yu et
al.. Finite-difference time-domain (FDTD) simulations are presented that indicate
differences between the phase shift obtained from structures photo-generated on a
semiconductor as done in our setup and the gold nanostructures that are used by Yu
et al. [17].
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Introduction to beam steering

Chapter 1

Introduction to beam steering

In this chapter an introduction to beam steering is presented. Historically beam
steering was defined as changing the direction of the lobe of a radiation pattern
that contains the most intensity, referred to as the main lobe. In this work we will
use a broader definition of beam steering, namely changing the directionality of the
EM radiation in general, irrespective of the amount of intensity. Different schemes
have been used in literature to achieve and describe beam steering. Three of them
are discussed here: the antenna phased array, the Generalized Law of Refraction and
diffraction theory. The fundamental aspect for beam steering in the three approaches
is the same: changing the phase of EM radiation along a surface.

1.1 Antenna phased array

An antenna is a device that converts electric power into EM radiation and vice versa.
A typical antenna is a metallic structure that encompasses an oscillating electron
current with a resonant frequency determined by the dimensions of the device. From
Maxwells equations it readily follows that an oscillating charge emits EM radiation.
Lorentz reciprocity states that the opposite also hold true: EM radiation at the
resonance frequency of the antenna device will produce an oscillating current inside
the antenna [26].
Consider a thin metallic wire with length L, as shown in Figure 1.1(a). When an
oscillating current is present in the wire, for example by driving electrically with
an AC-voltage, the back and forth accelerating electrons in the wire will emit EM
radiation. The largest voltage difference, and hence the greatest current, is reached
within the wire if one end is at the maximum potential and the other end at the
minimum. This is shown in Figure 1.1(b). It corresponds to one side of the wire
being positively charged and the other negatively.
We assume the current distribution to be sinusoidal along the length of the wire,

I(x) = I0eiωt cos kx, (1.1)

where I0 denotes the maximum current, ω = 2πf the angular oscillation frequency,
t the time, k = 2π/λ and x the position along the wire, running from −L/2 to
L/2. When the wire is infinitesimally small (L → 0) this situation is referred to as
an elementary doublet. In that case it is possible to find an exact expression for
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Figure 1.1: (a) Schematic representation of a thin metallic antenna with length L. A positive
charge is present on the left side and a negative charge on the right side. (b) Corresponding voltage
distribution along the wire. The arrows indicate that the voltage distribution along the length of
the wire is half of a full wavelength.

it’s electric field. At distances far away from the elementary doublet (far-field) the
radiated electric field only has a θ component, which is given by [27]

Eθ =
−iI0

√
µ/ε

2πr

cos (π/2 cos θ)

sin θ
ei(wt−kr+φ). (1.2)

Here Eθ denotes the angular component of the electric field in the θ direction ex-
pressed in spherical coordinates,

√
µ/ε is the wave impedance of the surrounding

dielectric medium, r is the distance from the dipole and φ is a phase factor which
runs from 0 to 2π. The radiation pattern of an elementary doublet with an oscillating
current is shown in Figures 1.2(a) and 1.2(b) for φ = 0 and φ = π respectively. For
clarity the 1/r dependence of Eθ is not included, and hence the field does not decay
at large distances from the source. All variables other than φ are chosen at arbitrary
values. It can be seen that the radiation pattern of the antenna is exactly opposite
when the phase is shifted by π.
If more than one antenna is used, the far-field radiation pattern is a superposition
of the fields of all the radiating antennas. This is referred to as an antenna phased
array. By choosing the distance and phase difference between consecutive elements,
the radiation pattern can be tuned to have its main radiation lobe in an arbitrary
direction [1–3]. This is shown in Figure 1.3 for three different antenna configurations.
Antenna phased arrays have been extensively used in radio-communication. For
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(a) (b)

Figure 1.2: Eθ in the far-field radiated by an elementary doublet with an oscillating current with
phase φ = 0 (a) and φ = π (b). The values for all variables other than the phase are arbitrarily
chosen and the 1/r dependence of the field is omitted for clarity. A red color indicates a positive
field, blue negative and green indicates zero electric field strength. The position of the dipole is
indicated by a black dot.

these purposes the antennas are electrically driven with an oscillating current and
the phase between the consecutive antenna elements is tuned using a time-delay in
the feeding elements. However, the driving mechanism of the antennas is not relevant
for the theory. For example, it is also possible to drive them by EM radiation at the
resonance frequency of the antenna. This technique is commonly used at THz and
IR frequencies.

(a) (b) (c)

Figure 1.3: Eθ in the far-field radiated by an array of elementary doublets with oscillating currents.
The values for all variables other than the phase and distance between the antennas are arbitrarily
chosen and the 1/r dependence of the field is omitted for clarity. The positions of the dipoles are
indicated by black dots. (a) Far-field of two elementary doublets separated by a distance of one
wavelength and with a π phase difference between the two elements. (b) Far-field of two elementary
doublets separated by a distance of half a wavelength and with a no phase difference between the
two elements. (c) Far-field of seven elementary doublets separated by a distance of half a wavelength
and with a π phase difference between each consecutive element.

1.2 Generalized Law of Refraction

In this section Snell’s law of refraction will be derived from Fermat’s principle. Snell’s
law describes the angle under which light is refracted at the interface separating two
media with different refractive indices. This law is extended to the Generalized Law
of Refraction by including a phase gradient along the interface.
Fermat’s principle states that an optical ray will take the trajectory that minimizes
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Figure 1.4: A light beam travels from point A to B through two different media with refractive
indices n1 and n2 and an incoming angle θ1 with respect to the interface between the media. θ2
indicates the refracted angle. a, b, d and x are distances used for the derivation of Snell’s Law.

the optical pathlength. The optical pathlength is defined as lc =
∫
C n(~r)dr, where

n(~r) is the refractive index as a function of the spatial coordinates along a path C.
As shown in Figure 1.4 the time tAB it takes for a ray of light to travel from point
A to B through two different media is given by the traveled distance divided by the
speed of light in each medium

tAB =

√
x2 + a2

v1
+

√
(d− x)2 + b2

v2
. (1.3)

Here vj = c
nj

is the velocity of the light in the medium j, with c the speed of light. x,

a, d and b are distances as defined in Figure 1.4. The minimum optical pathlength
can be derived by setting the derivative dtAB

dx equal to zero,

dtAB

dx
=

x

v1

√
x2 + a2

− (d− x)

v2

√
(d− x)2 + b2

=
sin θ1

v1
− sin θ2

v2
= 0, (1.4)

where the angles θ1 and θ2 are as defined in Figure 1.4. From Equation 1.4 Snell’s
Law of refraction can be derived using nj = c

vj
,

n1 sin θ1 = n2 sin θ2. (1.5)

To derive the Generalized Law of Refraction as proposed by Yu et al., a phase gradient
at the interface between the two media is included [17]. This can be done by using
the principle of stationary phase. This is a more general form of Fermat’s principle
that states that the derivative of the phase

∫
C dφ(~r) accumulated along the path C

will be zero when an infinitesimal change to the path is made [28].
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Figure 1.5: Two light paths from point A to B through two different media with refractive indices
n1 and n2. The paths are indicated in blue and red and are infinitesimally close to the actual light
path. Along the interface a position dependent phase discontinuity is present Φ(x).

Let us consider two light-paths that are infinitesimally close to the actual light path,
as shown in Figure 1.5. Along the interface between the two media the light experi-
ences a position dependent phase shift Φ(x). The total phase accumulated along the

path C is given by φAB =
∫ B
A
~k · d~r + Φ(x), where ~k is the wavevector of the light.

From the principle of stationary phase, the phase difference between the two paths
is zero

∆φ = (k0n1 sin θ1dx+ (Φ + dΦ))− (k0n2 sin θ2dx+ Φ) = 0, (1.6)

where k0 = 2π
λ0

denotes the vacuum wavevector, n1 and n2 are the refractive indices
in the respective media, θ1 the angle of incidence, θ2 the angle of refraction, dx the
infinitesimal distance between the two light paths at the interface and Φ and Φ + dΦ
are the phase discontinuities at the positions where the light paths cross the interface.
To arrive at the Generalized Law of Refraction Equation 1.6 can be rewritten to

n2 sin θ2 − n1 sin θ1 =
λ0

2π

dΦ

dx
. (1.7)

If dΦ
dx is a constant this equation implies that the light can refracted under an arbitrary

angle θ2 by changing the slope of the phase gradient along the interface. Hence,
beam steering can be achieved by tuning the slope of the linear phase profile at the
interface. It is interesting to note that the two angles of incidence ±θ1 give rise
to different values of θ2. Using this method refraction angles can be obtained that
cannot be reached according to Snell’s law. These refraction angles are referred to
as anomalous refraction.
Although the above assumes that dΦ

dx needs to be a constant to obtain anomalous
refraction, the experimental work of Yu et al. does not realize a constant phase
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gradient, but a 2π phase gradient over 8 discrete steps in a unit cell in the order
of the wavelength of the incident light [17]. This is done by using 8 v-shaped gold
antennas in a unit cell with different armlengths and angles between the two arms.
Each v-shaped antenna invokes a different phase shift on the transmitted radiation,
each consecutive antenna adds 0.25π with respect to the previous one. Hence, the 8
antennas in the unit cell induce a total phase shift of 2π. By repetitively using this
unit cell it can be used that the phase of light is a 2π repetitive function, Φ = Φ+2π,
to obtain the phase gradient necessary for the Generalized Law of Refraction. How-
ever, when taking into account the derivation of the Generalized Law of Refraction,
it is in this case possible to think of two light paths infinitesimal close to each other
that experience the same phase discontinuity Φ. This is because the phase profile
is discrete instead of linear. Hence, these rays satisfy dΦ

dx = 0 and Equation 1.7 re-
duces to Equation 1.5. This thus leads to regularly refracted beams, decreasing the
efficiency of the beam steering effect.
The interface generated by Yu et al. [17] is referred to as a metasurface. These are
two dimensional artificial materials that have properties that are not found in nature.
Many beam steering metasurface designs that are based on the same principle of using
resonant structures to obtain a phase discontinuity at an interface are described in
literature [15, 16]. There are great similarities between these metasurfaces and the
antenna phased arrays discussed in Section 1.1. Both techniques use a sub-wavelength
unit cell of resonating structures that invoke phase shifts on the emitted radiation.
At radio frequencies these are usually straight electrically driven antennas, whereas
at THz and IR frequencies optically resonating structures of varying shape are used.
The structures absorb EM radiation at their resonance frequency and then emit
radiation with the same frequency. In this process the phase of the light is changed
and the desired directional effect can be achieved.

1.3 Diffraction theory

A different description of anomalous refraction was presented by Larouche and Smith
[18]. They noted that in every metasurface beam steering experiment a repetitive
unit cell with a size in the order of the wavelength of the incoming light is used.
Therefore diffraction effects in these samples is important. Diffraction effects can
be described by diffraction theory, which states that the far field radiation pattern
of light transmitted through the structure is the fourier transform of the complex
transmission function T̄ (x) of the structure that causes the diffraction [29]

I(θ) = F (T̄ (x)) = F
(
T (x)× eiφ

)
. (1.8)

This expression can be used to describe periodic structures, such as blazed trans-
mission gratings. These gratings have a physically embedded saw-tooth profile, as
shown in Figure 1.6. The saw-tooth profile causes a spatial dependent phase shift for
beams transmitted through the element. This is because the thickness d and hence
the optical pathlength nd changes depending on the position of the ray transmitting
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n1 n2

d

Γ

w

Figure 1.6: Grating with a physically structured blazed phase profile due to a changing thickness
d. This causes the light to be refracted under an angle θ2. The total width of the grating is w and
the grating period is indicated by Γ.

through the structure. By designing the grating carefully a 2π phase shift can be
achieved in each unit cell, causing the light to be diffracted into the m = 1 grating
order. Since the grating equation at normal incidence is given by

Γ sin θ2 = mλ, (1.9)

this corresponds to an angle θ2 = sin−1 λ
Γ , where Γ denotes the grating constant.

Figure 1.6 can be described by the complex transmission function shown in the solid
lines of Figure 1.7(a). This figure represents four grating periods. We assume full
transmission in the grating (T = 1) and no transmission outside (T = 0), indicated
by the blue line. The green line in Figure 1.7(a) indicates the phase profile in the
grating. This shows a linear increase in phase up to 2π over the length of the grating
period. The dashed red line represent a discrete 2π phase profile in 8 even steps,
similar to the phase profile achieved by Yu et al. [17].
Figure 1.7(b) shows the fourier transform of the transmission functions. The max-
imum intensity is normalized to the square of the width of the blazed transmission
grating, w2. Due to the introduced phase profile in the grating the main intensity
lobe is steered to the first diffraction order m = 1. It is important to note that the
theory is independent of the method used to achieve the complex transmission func-
tion. This can be achieved through physically changing the thickness of the grating
element, through the use of plasmonic nano-antennas or by any other phase changing
mechanism.
When we compare the calculated far-field intensities of the discrete and the linear

10



Introduction to beam steering

- 1 , 0 - 0 , 5 0 , 0 0 , 5 1 , 0
0 , 0 0

0 , 2 5

0 , 5 0

0 , 7 5

1 , 0 0
 

Tra
ns

mi
ssi

on
 T 

Ph
as

e �
�(�

)

x  ( m m )
0 , 0

0 , 5

1 , 0

1 , 5

2 , 0
 

 

(a)

- 1 0 1 2

0 , 0 0

0 , 2 5

0 , 5 0

0 , 7 5

1 , 0 0

No
rm

aliz
ed

 In
ten

sity
 I 

D i f f r a c t i o n  O r d e r  m  

 

 

(b)

Figure 1.7: (a) Transmission amplitude (blue line, plotted on left y-axis) and phase (green right
axis) of a blazed phase grating with four grating periods. The phase includes a linear 2π phase
shift (solid green line) and a discrete 2π phase shift in 8 equal phase steps (red dashed line). (b)
The diffraction pattern of the blazed grating with the linear phase gradient (solid blue line) and the
discrete phase profile (red dashed line). The intensity is normalized by the maximum intensity of
the fourier transform of a structure with T/T0 = 1 and no phase gradient in the structure.

phase profile, we find that the peak intensity in Figure 1.7(b) is ∼8% lower for the
discrete phase than for a linear one. This calculation shows the main advantage of
using diffraction theory, namely it can be used to study the efficiency of the beam
steering surface. Any arbitrary complex transmission function can be inputted to
obtain the far field radiation profile. For the reason that this theory is very general
we will use it extensively throughout this thesis, inputting different transmission and
phase profiles and studying their fourier transformed intensity distribution. As an
example we use diffraction theory to study what happens when not a full 2π phase
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Figure 1.8: (a) Transmission amplitude (blue line, plotted on left y-axis) and phase (green line,
plotted on right axis) of a blazed phase grating with four grating periods. A 1.25π phase shift
is present in each grating period. (b) Normalized diffraction pattern of the blazed grating with a
1.25π phase shift. The intensity is normalized by the maximum intensity of the fourier transform of
a structure with T/T0 = 1 and no phase gradient in the structure.
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shift is achieved by the grating in one period, as shown in Figure 1.8. In this case a
periodic 1.25π phase profile is used, as indicated by the green line in Figure 1.8(a).
Figure 1.8(b) shows that the main intensity lobe of diffraction is still the first order.
However, since there is no full-cycle phase shift, there is a significant amount of
intensity in other grating orders. Hence, the designed grating can still be used to
steer radiation, although the beam steering effect becomes less efficient. Also note
that peak intensity is not exactly at m = 1 anymore, but it slightly shifted towards
the 0th order.
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Chapter 2

Sample characterization

In this chapter we describe the sample used to conduct the experiments in this thesis.
In Section 2.1 the spatial dimensions and other important parameters of the sample
are described. Sections 2.2 and 2.3 discuss a Drude model for semiconductors and
a transfer-matrix model respectively. The first is used to calculate the complex
refractive index of the sample as a function of the free carrier concentration. The
transfer matrix uses this refractive index to calculate the complex transmission of
the THz through the sample. In this way amplitude and phase information of the
transmitted radiation is obtained. This methodology will be used in a large part of
this work to calculate the complex transmission as a function of the carrier density in
our sample. The final section of this chapter discusses the phase shift of a transmitted
wave in a three layered system when the central layer has a non-zero absorption
coefficient. This is important for understanding the experimental results presented
in Chapter 4.

2.1 Material properties

The semiconducting sample used in this thesis is a 1 µm thick layer of single crys-
talline undoped gallium arsenide (GaAs). This layer is bonded onto a 1 mm quartz
(SiO2) substrate through a mercapto-ester based polymer layer of approximately
40 µm thickness. A picture of the sample and a schematic representation of the
layers in the structure are shown in Figure 2.1.
At room temperature intrinsic GaAs has a refractive index of n = 3.56 at THz
frequencies. However, for carrier concentrations above ∼2×1016 cm−3 (at f = 1 THz)
the sample becomes conductive and hence behaves metallic. The values for which the
sample becomes conductive at a given frequency can be calculated from the Drude
model described in Section 2.2.
The bandgap of GaAs at room temperature is Eg = 1.42 eV. If photon energies
above Eg are absorbed by the material they can cause electrons to jump from the
valence band into the conduction band and hence cause an increase in the free carrier
concentration. The recombination time for free carriers in thin film GaAs can be in
the microsecond range if the layer is passivated [30, 31]. However, our sample does
not have a passivation layer and the carrier lifetime is experimentally determined to
be ∼450 ps (see Figure 3.3 and reference [20]). This is due to surface recombination
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(a)

1 mm

40 µm

1 µmGaAs

Polymer

SiO2 n = 2.0, κ = 0

n = 1.6, κ = 0

Drude Model

(b)

Figure 2.1: (a) Photograph of the GaAs sample on top of the quartz substrate. This picture is taken
from Reference [20]. (b) A schematic representation of our sample, not in scale. For each layer the
thickness d and the real and complex components of the refractive index n and κ are indicated. The
optical properties of the GaAs layer are determined by the Drude model and depend on the doping
concentration. Intrinsic GaAs has a refractive index of n = 3.56, κ = 0 at f = 1 THz.

effects. Because of the recombination of the carriers the semiconductor falls back to
its intrinsic state after the recombination time.
In this work we use λ = 800 nm photons (E800nm = 1.55 eV) to generate the free
charge carriers. For this wavelength the absorption length La in GaAs is 0.7 µm [20].
Since a homogeneous carrier distribution throughout the depth of the layer is con-
venient for the experiments, the maximum thickness of the sample is restricted to
values not much larger than La. As we will see in Chapter 4 we need as much phase
accumulation as possible to enhance the beam steering effect. A layer much thin-
ner than La will decrease the phase accumulation of the transmitted THz radiation
due to a decrease in the optical pathlength. This is the reason a 1 µm thick layer
of GaAs is used. The repetition rate of the 800 nm pump beam laser is 1 kHz (see
Section 3.1 for more laser specifications). Hence, every 1 ms the GaAs sample will be
photo-excited. This time is much larger than the carrier lifetime of 450 ps and thus
the GaAs layer is always in the intrinsic state when the 800 nm pump pulse arrives.
The diffusion length LD =

√
Dt of the photo-excited carriers in GaAs is 44 nm in one

picosecond [32]. Here D = 1936 denotes the diffusion coefficient in nm2/s and t is
the time in seconds. As will be shown in the next chapter, a typical THz pulse that
is used to probe the sample after it is pumped with the 800 nm beam has a duration
of 6 ps (see Sections 3.1 and 3.2). This causes a diffusion of ∼108 nm of the carriers
during one THz pulse. Since the smallest structures imaged in this thesis are 50 µm,
carrier diffusion is negligible in the directions along the surface of the sample. In
the depth direction of the sample this diffusion length can have an impact, since the
sample is 1 µm thick. When the time delay between the 800 nm pump beam and the
THz probe is set to a typical value of ∼10 ps, the carriers are able to diffuse 139 nm
in the depth direction of the sample. This will improve the homogeneity of carriers
throughout the depth of the layer.
By choosing a larger delay time between the optical pump and the THz probe the
diffusion length will increase and the carrier homogeneity in the depth of the layer
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will improve more. This is not done in the current work because the GaAs sample is
unpassivated and the carriers have a recombination time of 450 ps. Hence, increasing
the delay between the two beams will decrease the amount of free carriers probed
due to recombination. This can be improved by using a passivated sample, which
increases the recombination time of the carriers.
An advantage of using GaAs is the relatively high mobility of the conducting elec-
trons. This high mobility is convenient when for example resonant effects are studied
(Section 6.3). Only indium antimonide (InSb) has a higher mobility. The downside
to this semiconductor is that it is metallic at room temperature for THz frequencies
and must be cooled to below 200 K to achieve a dielectric behavior in the frequency
range of our interest. Nevertheless it might prove to be an interesting material for
future experiments, as described in Section 6.2.

2.2 Drude model

In 1900 Drude developed a theory to explain the transport properties of electrons in
materials [21, 22]. The model assumes materials consisting of positively charged ions
from which a cloud of freely moving electrons is detached. The classical electrons can
collide with other free electrons in the material. The model neglects any long-range
ion-electron interactions. An important conclusion of the Drude model is that the
conductivity σ̄, the ability of a material to conduct electric current, can be expressed
as [33]

σ̄ =
Ne2τ

m∗(1− iwτ)
. (2.1)

Here N is the doping concentration in m−3, e the electron charge, τ the average
electron-electron collision time and m∗ the effective mass of the electrons. τ is a
function of the mobility µm of the electrons, which is given by

τ =
m∗µm

e
. (2.2)

From previous work in our group it is known that for the thin film GaAs sample used
in this work, the mobility µm = 0.5 m2v−1s−1. This was determined by transmission
measurements that were fitted by using the Drude model with µm as a free parameter.
This mobility will be used in the rest of this work.
The complex permittivity ε̄ = ε′ + iε′′ is a measure for how well a medium can
transmit an electric field. If ε′ > 0 the material is dielectric and if ε′ < 0 metallic.
The permittivity of a semiconductor at any given angular frequency ω = 2πf can be
related to the doping concentration N [34],

ε̄ = ε∞ +
iσ̄(N)

ωε0
. (2.3)

In Equation 2.3 ε∞ = 12.85 denotes the GaAs permittivity at infinite frequency and
ε0 is the free space permittivity. Combining Equations 2.1 and 2.3 and rewriting them
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in terms of the plasma frequency wp =
√

Ne2

m∗ε0
, the permittivity can be expressed as

ε̄ = ε∞ −
w2

p

w2 + 1/τ2

(
1

iwτ
+ 1

)
. (2.4)

The permittivity is directly related to the refractive index by [35]

n =

√√
(ε′)2 + (ε′′)2 + ε′

2
, κ =

√√
(ε′)2 + (ε′′)2 − ε′

2
. (2.5)

Here n is the real part of the refractive index and κ the imaginary part. This allows
us to plot n and κ as a function of N for a given frequency. In Figure 2.2 this is
shown for f = 1 THz in the solid lines and f = 0.5 THz in the dashed lines.
For undoped GaAs n = 3.56 and κ ≈ 0. For a frequency of 1 THz n slightly decreases
initially with an increasing N to a value of n = 2.38. This is the dielectric regime
where ε′ > 0. However, if N > 2 × 1016 cm−3, n increases and the semiconductor
behaves metallic (ε′ < 0). The imaginary component does not show this initial
decrease but rapidly increases when carriers are present in the layer. A similar effect
is observed for the f = 0.5 THz case, but it is less pronounced. For this frequency n
has a minimum at n = 3.12 for a doping concentration of N = 5× 1015 cm−3.
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Figure 2.2: Real and imaginary component of the refractive index as a function of the carrier
concentration N , calculated with the Drude model. n is plotted to the left y-axis (blue lines) and κ
to the right (green lines). The solid lines are for f = 1 THz and the dashed lines for f = 0.5 THz.
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2.3 Transfer matrix

The transfer-matrix method can be used to analyze the propagation of EM radiation
through a multilayer stack of materials [24, 25]. This method uses the fact that the
interaction of each interface in the multilayer with propagating EM radiation can be
represented by a 2× 2 matrix. All these interface-matrices inside a multilayer stack
can be multiplied to obtain the transfer-matrix of the entire structure. Consider the
first two layers in Figure 2.3. The electric field Ej in each layer can be split into
a component moving to the left and right with respective amplitudes E+

j and E−j .
Here j is the number of the layer. For a wave traveling in the x-direction this gives

Ej = E+
j eikjx−iwt + E−j e−ikjx−iwt. (2.6)

At each interface the transmission t and reflection r coefficients of these waves are
given by the partial Fresnel coefficients at normal incidence,

tj,j+1 =
2nj

nj + nj+1
,

rj,j+1 =
nj+1 − nj

nj+1 + nj
.

(2.7)

Expressing the amplitude of the EM radiation moving away from the first interface
as a function of these coefficients we obtain

E+
2 = t12E

+
1 + r21E

−
2 ,

E−1 = t21E
−
2 + r12E

+
1 .

(2.8)

n5n3 n4n1 n2

+
E1

-E1

+
E2

-E2

+
E3

-E3

+
E4

-E4

+
E5

-E5

1-2 2-3 3-4 4-5

d3 d4d2

Figure 2.3: Schematic representation of a 5-layer stack with 4 interfaces. In each layer there is a
forward (E+

j ) and backward (E−
j ) moving wave, where E indicates the amplitude of the wave and

j is the number of the layer. Every layer has a refractive index nj. The three central layers have a
thickness dj, the two outer layers are semi-infinite.
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By rewriting the second equation of Equation 2.8 in terms of E+
1 and substituting

this in the first equation, Equation 2.8 can be rewritten to

E+
1 =

1

t12

(
E+

2 + r12E
−
2

)
,

E−1 =
1

t12

(
r12E

+
2 + E−2

)
.

(2.9)

Here it is used that r12 = −r21 and t212 + r2
12 = 1.

Equation 2.9 can be expressed in matrix form(
E+

1

E−1

)
=

1

t12

(
1 r12

r12 1

)(
E+

2

E−2

)
= I12I12I12

(
E+

2

E−2

)
, (2.10)

where I12I12I12 is the interaction matrix of the interface between medium 1 and 2.
A propagation factor for each layer is introduced for both the left and right traveling
waves that accounts for the amplitude attenuation due to absorption and also the
change in phase because of the extra optical pathlength that each layer adds. For a
three layer system with absorption in the second layer we obtain(

E+
1

E−1

)
= I12I12I12

(
e−ik2d2 0

0 eik2d2

)
I23I23I23

(
E+

3

E−3

)
= I12I12I12A2A2A2I23I23I23

(
E+

3

E−3

)
= T13T13T13

(
E+

3

E−3

)
. (2.11)

Here T13T13T13 denotes the transfer matrix for the three layered system.
By multiplying all interaction and propagation matrices, the transfer matrix can be
obtained for an arbitrary number of layers. In this work a 5 layer system is used
consisting of the three layers of our sample, a SiO2 substrate (n2 = 2.0, d2 = 1 mm),
a binding mercapto-ester based polymer (n3 = 1.61, d3 = 40 µm) and the layer of
GaAs (n4 is given by the Drude model, d4 = 1 µm), stacked between two semi-infinite
layers of air on both sides (n1 = n5 = 1).
We are mainly interested in the amplitude and phase of the transmitted wave E+

5 for
an arbitrary incoming wave E+

1 . The (1,1) element (upper left) of the transfer matrix
gives the relation between these two amplitudes and hence the complex transmission
T̄ of the layer stack is given by

T̄ =
E+

5

E+
1

=
1

T
(1,1)
15T
(1,1)
15T
(1,1)
15

. (2.12)

Since this value is complex it contains the information of both the transmission
amplitude and phase.

2.4 Transmission phase shift in a three-layered system

The Drude model in combination with the transfer-matrix method can be used to
calculate the transmission amplitude and phase through the sample as a function
of the carrier density. The transfer-matrix takes into account many effects such as
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internal reflections and absorption in the layers. In this section one of these effects
will be investigated more thoroughly, namely the phase shift due to interface effects.
In order to gain more insight in how the phase of a wave behaves upon transmission
through an interface, we consider a simple 3 layer configuration. This effect will be
important for understanding the experimental results in Chapter 4.

n1n1 n ,   22

1-2 2-3

+E1

+E2

+E3

Figure 2.4: Schematic representation of a 3-layer stack with 2 interfaces. The central layer has a
complex refractive index n̄2 = n2 + iκ2. The two semi-infinite layers on the outside have a refractive
index n1 and no imaginary part.

Figure 2.4 shows two semi-infinite layers with a refractive index n1 and no absorption,
hence κ1 = 0. The central layer has a complex refractive index n̄2 = n2 + iκ2, with
a non-zero κ2. Using Equation 2.7, the Fresnel transmission coefficient between
interface 1 and 2 is

t1,2 =
2n1

n1 + (n2 + iκ2)
. (2.13)

By multiplying the numerator and denominator by n1 + (n2 − iκ2) we obtain

t1,2 =
2n1(n1 + n2)

(n1 + n2)2 + κ2
2

− i 2n1κ2

(n1 + n2)2 + κ2
2

. (2.14)

When only waves in the forward direction are considered, the electric field in the
second layer is described by E2 = t1,2E1. This indicates that E2 will experience
a phase shift due to the imaginary component of the Fresnel coefficient. From the
complex Fresnel coefficient this phase can be calculated. This is done by dividing
the imaginary component of t1,2 by the real part and taking the inverse tangent. We
obtain

φ1,2 = − tan−1

(
κ2

n1 + n2

)
. (2.15)

The same analysis can be done for the transmission at the interface between layer 2
and 3. For this interface we find

φ2,3 = tan−1

(
n1κ2

n2
2 + n1n2 + κ2

2

)
. (2.16)
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If an EM wave is transmitted through the two interfaces consecutively, it is subject
to a total phase

φ1,3 = φ1,2 + φ2,3 = − tan−1

(
(n2 − n1 + κ2

2)κ2

(n1 + n2)(n2
2 + n1n2 + κ2

2) + n1κ2
2

)
. (2.17)

From Equation 2.17 it is found that the phase shift in transmission due to the two
interfaces is always negative when the central layer has absorption and n2−n1 > κ2

2.
Waves transmitted through an intrinsic GaAs layer do not experience this phase
because κ = 0. However, when there are free carriers present in the layer κ > 0
(see Figure 2.2), causing a non-zero negative phase accumulation due to the Fresnel
interface effects. Hence, when free carriers are present in the layer there is always a
negative phase shift with respect to intrinsic GaAs for transmitted THz radiation.
The phase shift disappears in the limit of n1, n2 >> κ2, but can have substantial
values when κ2 > n1, n2. Considering the Drude model for f = 1 THz in Figure 2.2
the latter is applicable in our sample and hence the negative phase shift due to
interface effects is expected to be non-negligible.
For more details on this subject, a similar derivation for a single air-GaAs interface
can be found in Reference [36].
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Chapter 3

Experimental setup

This chapter explains the experimental setup used for the experiments in this thesis.
First the generation and detection of THz radiation using second order non-linear
effects in a crystal will be described, together with how this is incorporated into a
time-domain spectroscopy setup. In Section 3.2 the inclusion of an optical pump line
into the setup is explained and how this can be used to study carrier dynamics in
the GaAs sample. The spatial profile of the optical pump beam can be modified by
a spatial light modulator as explained in Section 3.3, leading to an active method to
change the transmission properties of the THz radiation. Finally in the last section
the pyroelectric detector that is used in this work for angle dependent measurements
at angles larger than 7° is described.

3.1 THz generation and detection

Coherent THz radiation can be generated in several ways. These techniques include
solid state quantum cascade lasers as well as femtosecond laser pulses. If we limit our
scope to compact broadband pulsed laser sources there are three common ways to
generate the radiation. The first method involves the optical excitation of a resonant
photoconductive antenna, while in the second method THz radiation is generated
through the acceleration of electrons in a laser induced two-color air plasma (see
Section 6.1). In the third method infrared photons are downconverted to THz photons
through second order non-linear processes [37].
In this work the THz radiation is generated using the latter method, by a second
order nonlinear process called difference frequency generation (DFG). This is done in
a 0.5 mm thick zinc telluride (ZnTe) crystal. A 100 fs pulse with a central wavelength
of 800 nm from a titanium-sapphire laser is used to generate the radiation.
From statistical arguments it is found that ∆t∆ω ≥ 0.5 for pulsed lasers [38], where
the equality sign holds for temporally Gaussian shaped pulses. Hence, the shorter the
pulse duration, the larger the spectral linewidth of the laser. Assuming a Gaussian
temporal shape, the 100 fs pulse with a wavelength of 800 nm gives rise to an upper
boundary of the pulse width ∆λ of ∼7 nm.
In each pulse there are photons with slightly varying wavelengths due to the spec-
tral linewidth. These photons can participate in the DFG in the ZnTe crystal. A
new photon is generated with an energy that equals the difference between the two
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participating photons [39]

~ω3 + 2~ω2 = ~ω1 − ~ω2. (3.1)

Here ω1 and ω2 are the angular frequencies of the optical photons and ω3 is the an-
gular frequency of the generated THz radiation. We assume ~ω1 > ~ω2 and hence
the 2 ω2 photons on the left hand side come from energy conservation. From Equa-
tion 3.1 it can be seen that EM radiation with a frequency of 1 THz is generated
when a 801 nm and a 799 nm photon undergo the DFG process. The generated THz
photons can again interact with the 800 nm pump photons through DFG and sum-
frequency generation (SFG). The photons generated by these two processes have a
frequency of ~ω3 + 2~ωTHz = ~ω800nm − ~ωTHz, generating two THz photons and
~ω1 = ~ω800nm + ~ωTHz, decreasing the amount of THz photons. The balance be-
tween these three processes and the spectral linewidth of the laser determine the
generated THz frequency spectrum. Nominal conversion efficiencies of the above
method ranges between 10−5 − 10−4.
All results in this thesis are obtained using this technique to generate THz. In
Section 6.1 another technique based on an AC-bias in a laser induced two-color air
plasma is described as a possible way to improve the effect of the results described
in this work.
The detection of THz radiation in this thesis is also based on a second order nonlinear
optical process, called the Electro-Optic (EO) effect [9, 37, 39]. In the EO effect the
THz electric field induces birefringence in a non-linear crystal. By co-propagating
a 800 nm femtosecond pulse with a THz pulse through a 1 mm thick ZnTe crystal,
the induced birefringence causes the polarization of the optical beam to change from
linearly polarized to elliptically polarized. Through a combination of a quarter wave
plate (λ/4) and a wollaston polarizer the elliptically polarized infrared pulse is de-
composed into the two orthogonal polarizations. These components are then send
into a balanced photodiode (BPD) that subtracts the two signals. The difference
between the two polarizations is directly proportional to the THz electric field. This
ellipsometric technique, unlike other spectroscopy methods, gives the advantage of
obtaining simultaneously the amplitude and the phase information from the mea-
surements [9]. The 800 nm beam that generates the THz is chopped at 500 Hz, half
the laser repetition rate, allowing a lock-in amplifier to lock to the THz signal.
Because the THz pulse is generally in the order of picoseconds, while the optical pulse
has a femtosecond duration, only a small fraction of the THz transient is probed with
each 800 nm pulse. To map the full THz field, the time delay between the two pulses
at the detection crystal τTHz-probe needs to be varied. In this way the optical pulse
can scan the THz field at different temporal positions and the full THz transient
can be obtained. In a typical THz Time Domain Spectroscopy (TDS) setup this is
achieved by scanning a delay stage in either the 800 nm path that goes through the
detection ZnTe crystal, or the optical beam path that generates the THz. The latter
is used in this work, indicated by delay stage A in Figure 3.2. Branch 1 and 2 shown
in Figure 3.2 make up a typical THz-TDS setup. The resolution for this technique
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Figure 3.1: (a) Time-domain signal measured on the balanced photodiodes as a function of the
time delay between the THz pulse and the 800 nm probe pulse on the detection ZnTe crystal. (b)
Frequency spectrum of the THz signal, calculated by fourier transforming the time-domain transient.
The maximum intensity is normalized to 1.

is limited only by the duration of the optical pulse and hence can lead to very high
resolution data collection of the THz transients.
Figure 3.1(a) shows the measured THz electric field as a function of τTHz-probe. The
pulse duration is ∼6 ps and the maximum voltage registered by the lock-in amplifier
is ∼600 µV. Using Fourier analysis the time domain signal can be decomposed into
its spectral components. Hence, by taking the Fourier transform of the transient,
the frequency spectrum that is shown in Figure 3.1(b) is obtained. From this we see
that we have a broadband THz signal with a maximum intensity around 0.45 THz.
From 2.5 THz onwards the signal is indistinguishable from the noise. Since water
vapor has absorption bands in this frequency range [40], the part of the setup that
encompasses the THz beam-path (blue lines in Figure 3.2) is enclosed in a box and
purged with dry nitrogen. This gives rise to the smooth spectrum of Figure 3.1(b).

3.2 Pump-probe experiments

As described in the section above, the detection of the THz field is achieved by
changing the time delay between two beams, one that generates the THz field and
one that detects this field in a ZnTe crystal. A third beam can be introduced that
can optically pump the sample, as shown in Figure 3.2. For our experiments we use
a wavelength of λ = 800 nm for this pump beam.
By adding a delay to this beam, carrier dynamics in the photo-excited sample can
be studied (delay stage B in Figure 3.2). If the THz pulse arrives before the pump
pulse (τpump-THz < 0), no free carriers are present in the sample, generally causing
high transmission of the THz field. When by increasing τpump-THz the pump pulse
arrives before the THz, free carriers are created in the sample that cause a change
in n and κ (see section 2.2) and hence a change in the transmission amplitude of the
THz radiation. By further increasing τpump-THz, the free carriers undergo diffusion
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Figure 3.2: Schematic representation of the experimental setup. The red beams indicate the IR
path and the blue color represent the THz beam. Beam 1 generates the THz in a ZnTe crystal
and beam 2 probes the THz on a second ZnTe crystal. These 2 branches make up the TDS setup,
where the time delay between the two pulses τTHz-probe can be changed by delay stage A. Beam 3
is used to pump carriers in the sample, which are then probed by the THz pulse. The time delay
between the pump and THz pulse τpump-THz is controlled using delay stage B. In beam 3 the SLM
is incorporated allowing spatial modulation the pump beam on the micrometer scale. The chopping-
wheels CH1 and CH2 are used to chop the 800 nm at half the repetition rate of the laser to obtain
the measurements using a lock-in amplifier. The pyroelectric detector and knife edge are optional
in the setup and can be used for angle dependent measurements. This figure is based on a figure in
Reference [39].

and recombination through various channels. As more carriers recombine, less free
carriers are present in the sample and THz transmission increases.
Figure 3.3 shows experimental data obtained with the GaAs sample. The delay
stage A, between the THz and the probe beam, is set to the position where we
measure the maximum THz field (E0), as shown in the inset of Figure 3.3. The
GaAs is pumped with the 800 nm optical pump beam with a fluence of 38.5 µJ cm−2,
generating ∼8.3×1017 cm−3 carriers. This causes a significant change in the refractive
index (see Figure 2.2). We measure the differential signal while varying the time delay
between the pump and THz pulse on the sample τpump-THz.
The differential signal differs from the measured signal described in the above section.
When measuring the differential signal we do not chop the THz generation branch
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of the IR pulse, but the pump arm that generates carriers in the sample. We chop
at half the laser repetition rate, allowing one THz pulse to pass through the pumped
sample and the next one to pass through the unpumped sample. The lock-in amplifier
can measure the difference between these to signals: −∆E = Eunpumped − Epumped,
referred to as the differential signal. When there is low transmission through the
pumped sample (Epumped is small) the magnitude of ∆E increases and hence gives a
higher signal-to-noise ratio than chopping the THz beam path.
In Figure 3.3 the differential signal is zero for negative τpump-THz; the pump pulse
arrives after the THz. At τpump-THz = 0 the two pulses arrive at exactly the same
time, causing a steep rise in the differential signal due to the THz absorption and
reflection by the photo-excited free carriers. When τpump-THz is further increased
carriers recombine and −∆E/E0 decreases. From Figure 3.3 we can estimate the
average carrier recombination time of the sample to be τr ∼ 450 ps this is done by
fitting an exponential decay e−τpump-THz/τr to the data.
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Figure 3.3: Differential signal of the photo-excited GaAs sample, as a function of the time delay
at the sample position between the 800 nm optical pump beam and the THz pulse τpump-THz.
τTHz-probe is chosen such that the signal is maximized, as shown in the inset by the vertical dashed
line. This maximum signal E0 in the inset is used as a normalization factor for the differential signal.
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Figure 3.4: Installation of the SLM in the pump branch of the setup. Horizontal polarized light is
transmitted through the PBS and enters the SLM. In each pixel the polarization state of the pump
beam can be altered and is then reflected. The pixels where the polarization has changed are now
(partly) reflected by the PBS onto the sample generating free carriers locally. Before the carriers
recombine the sample is probed by the THz pulse. This image is taken from Reference [20].

3.3 Spatial light modulator

As shown in Figure 3.2, in the path of the optical pump a polarized beam splitter
(PBS) and a spatial light modulator (SLM) are installed. A detailed schematic of
the SLM in the optical beam path is shown in Figure 3.4. The SLM is a pixelated
device with a pixel size of 8.1×8.1 µm. In each pixel the polarization of the incoming
800 nm light can be rotated up to 90◦ in 255 steps and is subsequently reflected.
The light reflected from the SLM is send back through the PBS. The areas of the
optical beam from which the polarization was changed by the SLM are reflected by
the PBS onto the sample. In this way the 800 nm pump beam can be shaped in
the micrometer scale to locally excite carriers in the GaAs sample. Since each pixel
allows for 255 polarization states up to 90◦, the intensity of the light reflected onto
the sample by the PBS can be accurately chosen. Hence, the 800 nm pump beam
fluence on the sample can be tuned in each pixel of the SLM by setting the grayscale
of the computer image fed into the SLM.
Figure 3.5(a) shows a CCD camera image of the 800 nm pump pulse at the sample
position. The spatial profile of the IR pump is modified by the SLM in the shape of
a grating with a grating constant Γ = 95 µm and a 50% duty cycle. Figure 3.5(b)
shows a cut through two grating periods, with on the y-axis the 800 nm pump beam
fluence on the sample and the resulting estimated carrier density. The fluence through
the illuminated parts of the GaAs layer is 35 µJ/cm2, giving rise to about N =
8.5 × 1017 cm−3 carriers. The contrast between the bright and dark regions is close
to two orders of magnitude.
Because the THz beam is refracted into the SiO2 layer of the sample (see Section 2.1),
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the cut-off frequency of the grating is expected to be at fcut = c
nSiO2

Γ = 1.58 THz.

This is the frequency for which the first refracted order is at 90◦, i.e. grazing the
surface of the sample [41]. The bonding polymer layer is not taken into account in
this calculation because it is much thinner than the wavelength of the THz radiation.
Figure 3.5(c) shows the normalized transmission amplitude T/T0, where T is the
transmission amplitude through the pumped sample with the grating and T0 is the
unpumped reference measurement. As can be seen in Figure 3.5(c), we indeed observe
a dip in transmission around fcut = 1.58 THz for the grating structure, if the incoming
polarization of the THz radiation is perpendicular to the grating axis. The broadening
of the dip in transmission is caused by the inhomogeneous carrier distribution in the
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Figure 3.5: (a) CCD camera image at the sample position. The IR pump beam is spatially modulated
by the SLM in the shape of a grating. The color bar indicates the fluence of the pump beam. (b)
Vertical cut through 2 grating periods. The right y-axis indicates the estimated carrier density in the
sample. (c) Measured THz normalized transmission amplitude in the TDS setup when the grating
is imaged on the sample and the THz probe polarization is perpendicular with respect to the grating
axis (blue solid line) and parallel to the grating axis (green dashed line). The reference T0 is the
transmission amplitude through the sample without photo-generated carriers.
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bright regions of the grating, e.g. the carrier distribution is not a step function as
it would be in a physically structured grating. When the incoming polarization is
rotated 90◦ to be parallel to the grating axis, the dip in transmission disappears, as
is to be expected for a one dimensional grating.
The structures the SLM can image are not only restricted to gratings. Every structure
with dimensions larger than the pixel size of the SLM can be imaged on the sample
and probed by the THz, for example waveguides and resonant antennas [20]. Since
no physical sample fabrication is necessary this is a versatile and active technique to
probe a great variety of structures.

3.4 Pyroelectric detector

In the previous sections we have described the THz-TDS setup with an optical pump
beam that can be spatially modulated on the micrometer scale using an SLM. The
use of an SLM to locally excite carriers in the GaAs layer gives rise to active control
of the THz transmission spectrum that is measured by the TDS. However, angle
dependent measurements can only be achieved by doing a knife-edge scan in the
collimated region of the THz beam after the sample (see Figure 3.2). This method is
very sensitive to misalignments and leads to a limited angular range (∼7◦) defined by
the effective focal length and diameter of the off-axis parabolic mirror that collects
the light from the sample. More details and experiments using this technique can be
found in Section 4.2.
To improve the angular range of detection a pyroelectric detector is used in our
measurements. Pyroelectric sensors produce a voltage when they experience a tem-
perature change [42]. The used detector has an aperture of 1.5 mm in diameter and
a frequency response from 0.1 –30 THz, as specified by the manufacturer. It can only
be used for relative THz power measurements since there is no calibration available
for the frequency range of interest. The detector is a portable device that can be
placed at any angle and distance from the sample position. It can be used with a
lock-in amplifier to increase the signal-to-noise ratio when the THz is chopped at
5 Hz. Due to space limitations in our experimental setup the detector is placed at
either 30° (filled block in Figure 3.2) of −30° (dashed lines in Figure 3.2) with respect
to the normal to sample surface.
The detector can optionally be mounted with a Winston cone to increase the collected
angles, resulting in a better signal-to-noise ratio. The Winston cone is a light collec-
tion device with a parabolic shape. Light of all frequencies is collected by an aperture
of � = 13 mm and is reflected and propagated inside the cone until it leaves the cone
through a smaller aperture of � = 1.5 mm. The length of the cone is 49 mm. The
output aperture is placed at 0.06 mm from the pyroelectric sensor, causing all light
that leaves the Winston cone to be collected by the sensor. Hence, the effective area
of the sensor becomes 13 mm in diameter, i.e. the collection aperture of the Winston
cone. This drastically increases the collected signal. Alignment is very crucial with
this accessory due to the parabolic reflective nature of the cone. A misalignment of
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4◦ causes a factor 2 decrease in signal.
A picture of the detector with the mounted Winston cone from the supplier website
(Gentec-EO) is shown in Figure 3.6(a) [43]. Figure 3.6(b) shows the absorption curve
of the pyroelectric detector as specified by the manufacturer [44], note that in our
wavelength range (λ > 200 µm) absorption is 10% or less. At larger wavelengths
than λ = 420 nm only an estimation of the absorption is specified. Measurements
performed by us at f = 0.5 and 1 THz demonstrates that at these wavelengths the
absorption of the detector is not represented well by the dashed line. The signal
measured with the pyroelectric detector at 0.5 THz is ∼50% of that at 1 THz, even
though the THz intensity is higher at 0.5 THz in our setup (see Figure 3.1(b)). There-
fore we assume that for longer wavelengths than 420 µm the response of the detector
decreases drastically.

(a) (b)

Figure 3.6: (a) Photograph of the pyroelectric detector mounted with the Winston Cone. (b)
Absorption spectrum of the detector as specified by the manufacturer. Both figures are taken from
the Gentec-EO website, see References [43, 44].
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Chapter 4

Results

This chapter discusses the experimental results and their comparison to theoretical
calculations using diffraction theory. First the phase shift of THz radiation prop-
agating through a GaAs slab as a function of the free carrier concentration in the
GaAs is measured and compared to the transfer-matrix model. In Section 4.2 angle
dependent measurements are described in the TDS setup using a knife edge technique
for a single blazed slit. The pyroelectric detector is used in the last two sections to
measure the intensity in the first diffraction order of blazed gratings. This is done at
a frequency of 1 THz (Section 4.3) and with a broadband THz signal (Section 4.4).

4.1 Phase shift versus carrier density

As discussed in Chapter 1, a position dependent phase shift along the surface of
the sample is necessary to change the spatial distribution of the THz radiation.
Measurements were conducted to experimentally determine the amount of phase
shift that can be achieved by photo-generating free carriers in the GaAs layer. The
sample was uniformly illuminated with an optical beam at 12 fluences ranging from
1 to 85 µJ cm−2. This was achieved by changing the grayscale of the SLM.
For each pump fluence through the sample a full THz transient was recorded and
the transmission and phase were calculated. The measurements were normalized by
a reference measurement without optical pump. This leads to a complex normalized
transmission amplitude T̄ /T̄0 of the form

T̄ /T̄0 = T/T0 ei∆φ, (4.1)

where T/T0 is the normalized transmission amplitude and ∆φ the phase shift with
respect to the unpumped sample.
The transmission properties of the THz probe beam change when the pump fluence
is increased due to an increase in the amount of free carriers in the layer. This causes
a change in n and κ in the GaAs layer and hence the THz transmission properties are
modified. To estimate the amount of free carriers in the GaAs layer, the transmission
and reflection of the optical pump beam through the sample were measured for each
pump fluence. From this the absorbed number of 800 nm photons was calculated,
from which the amount carrier concentration could be calculated by assuming each
absorbed photon generates one electron-hole pair. Dividing this by the volume of the
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illuminated part of the GaAs layer gives an estimate of the carrier concentration in
the semiconductor slab. The results for the experimentally determined normalized
transmission amplitude and phase shift as a function of the carrier concentration are
indicated with blue and green circles in Figure 4.1 for 0.5 and 1 THz respectively.
The solid lines in Figure 4.1 are calculated using the Drude model (Section 2.2) in
combination with the transfer matrix method (Section 2.3). For each doping concen-
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Figure 4.1: (a) Normalized transmission amplitude as a function of the carrier concentration for
f = 0.5 THz (green) and f = 1 THz (blue). The circles indicate experimental data, the solid lines
are calculated using a combination of a Drude model and the transfer-matrix method. The reference
is the same sample without photo-excited carriers. (b) Phase shift with respect to intrinsic GaAs
as a function of carrier concentration for f = 0.5 THz (green) and f = 1 THz (blue). The circles
indicate the experimental data and the solid lines are calculated from theory.
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tration the complex refractive index is calculated using the Drude model, as shown in
Figure 2.2. These n and κ are then used in the transfer-matrix method to obtain the
complex transmission T (Equation 2.12). From this, both the normalized transmis-
sion amplitude T/T0 (Figure 4.1(a)) and the phase shift ∆φ = φ−φ0 (Figure 4.1(b))
can be calculated for different carrier concentrations N , as indicated by the solid
lines. Here T0 and φ0 are the calculated transmission and phase for the layer stack
with undoped GaAs (n = 3.56 and κ = 0).
For increasing N , the THz transmission decreases due to enhanced absorbtion and
reflection caused by the free carriers in the layer. The theoretical curve follows the
general trend of the measurement. However the exact values seem to be shifted, espe-
cially for the lower doping concentrations. A good qualitative agreement between the
model and experimental data is also seen for the phase shift in Figure 4.1(b). How-
ever, also in this case the theoretical curve is shifted with respect to the experimental
data.
With increasing N the phase shift first decreases to a value of ∼0.25π for f = 1 THz
and N = 1.7 × 1018 cm−3. Beyond this critical carrier concentration ∆φ starts
increasing rapidly. Unfortunately our measurements are limited beyond this critical
N , due to the power threshold of the SLM.
The shape of the phase shift curve in Figure 4.1(b) is an interplay between two effects.
First a change in optical pathlength ∆lc = ∆nd, where d denotes the distance the
THz pulse travels through the GaAs layer, causes a phase shift ∆φ = ∆lcω

c . If κ
is not considered this would lead to ∆φ versus N curve of the same shape as n in
the Drude model (Figure 2.2). Depending on the value of n there can be multiple
internal reflections in the layer. This increases the average distance the THz travels
in the layer d and hence increases the phase shift.
The second effect comes from the imaginary component of the refractive index κ. As
shown in Section 2.4, if EM radiation is transmitted through a layer with absorption
(κ > 0) and the surrounding medium is non-absorbing (κ = 0) the radiation obtains
a negative phase shift. This is a direct consequence of the Fresnel coefficients and
hence is an interface effect. This indicates that there are two counter-acting effects
in our system: an increase in n causes an increasing phase shift and an increase in κ
causes a decreasing phase shift. These two effects combined determine the shape of
the phase shift curve shown in Figure 4.1(b).
There are a few possible reasons for the observed difference between the experimental
data and the model. The carrier concentration for the experimental datapoints is
calculated assuming perfect overlap between the THz and the 800 nm pump beam on
the sample. It also does not take into account the Gaussian shape of the optical pump
beam. Furthermore, it assumes that every 800 nm photon generates one electron-hole
pair. Although these assumptions are reasonable, they might cause the calculated
N to be at the upper limit. Especially at lower pump fluences N is more difficult
to estimate. In this case the reflection and transmission of the optical beam on the
sample have low values and hence the relative measurement error becomes larger.
This causes a larger error in the calculation of the number of absorbed 800 nm photons
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in the GaAs layer and hence a larger error in the estimated carrier concentration.
Another possible reason is that we assume a homogeneous carrier distribution through-
out the depth of the layer. In experiments the carrier distribution is not fully homoge-
nous, as discussed in Section 2.1. This can cause a shift in the calculated transmission
and phase profiles. A more thorough analysis needs to be performed to understand
the exact amount of carriers generated by the pump beam throughout the depth of
the layer and the diffusion of the carriers as a function of the pump-probe time delay.
That however, is beyond the scope of this work.

4.2 Blazed slit

As shown in Section 4.1 the maximum achievable phase shift of the transmitted
THz radiation due to the optical excitation of carriers in a 1 µm thick GaAs layer is
∼0.25π at 1 THz. This is 8 times less than the necessary 2π phase shift required for
the Generalized Law of Refraction. Furthermore, transmission drops to ∼10% of its
initial value for the maximum achievable N in our experiment. Nevertheless, a small
beaming effect could be observed using a single slit with a blazed carrier profile, as
is shown in Figure 4.2. The normalized transmission amplitude and phase shift with
respect to undoped GaAs are calculated using the Drude model and transfer-matrix
method. This is done at a frequency of 1 THz.
The normalized intensity profile for the complex transmission through the blazed slit
is calculated using diffraction theory and shown in Figure 4.2(b). The diffraction
intensity of a blazed slit with the mirrored transmission profile with respect to x = 0
of Figure 4.2(a) is also shown. In the latter case, both the transmission and phase
increase towards higher x, instead of the decreasing functions shown in Figure 4.2(a).

- 1 , 0 - 0 , 5 0 , 0 0 , 5 1 , 0
0 , 0 0

0 , 2 5

0 , 5 0

0 , 7 5

1 , 0 00
 

No
rm

aliz
ed

 Tr
an

sm
iss

ion
 T/

T 

Ph
as

e S
hif

t �
�
�(�

)

x  ( m m )
- 1 , 0

- 0 , 5

0 , 0

0 , 5

1 , 0
 

 

(a)

- 8 - 6 - 4 - 2 0 2 4 6 8
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5

No
rm

aliz
ed

 In
ten

sity
 I 

��		��������
����������

�

 

(b)

Figure 4.2: (a) Normalized transmission amplitude (blue, left y-axis) and phase shift (green, right
y-axis) with respect to an intrinsic GaAs layer for a blazed slit with 8 even phase steps at f = 1 THz.
(b) Diffraction pattern at 1 THz calculated from the complex transmission function shown in (a)
(blue line) and the diffraction pattern of the mirrored image of the transmission function (green
line). In the latter case the normalized transmission amplitude and phase shift increase to the right
instead of the left. The intensity is normalized by the maximum intensity of the fourier transform
of a structure with T/T0 = 1 and no phase gradient in the structure.
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The angular range in Figure 4.2(b) goes from -7◦ to 7◦. This is because the experiment
is conducted in the THz-TDS setup, which limits our detection angles to this range
(see Section 3.4). The limited detection angles also place restrictions on the grating
constant Γ that could be used in the experiments. In our setup the THz beam
is weakly focussed at the sample position and has a full width at half maximum
(FWHM) of 25 mm. From the grating equation (Equation 1.9) we find that in order
to have the first diffraction order of a grating at f = 1 THz in our angular detection
range, the grating constant Γ has to be larger than 24.6 mm. This value is in the same
order of the FWHM of the THz beam at the sample position and hence cannot be
used for experiments. For this reason a single blazed slit is modeled in Figure 4.2(a)
with a width of 1 mm.
From Figure 4.2(b) we can conclude that a small beaming effect of the 0th order is
expected for the blazed slit, steering the maximum intensity to ∼-1.5◦ for the blazed
slit and to ∼1.5◦ in case of the sample with the opposite blazed carrier profile. From
here on the two blazing profiles will be called left and right steering, where left is
used for negative angles and right for positive. In our experiment the left steering
grating has a decreasing amount of carriers towards the left (as can be seen from the
transmission amplitude and phase function in Figure 4.2(a)) and the right steering
image has a decreasing amount of carriers towards the right. This can also be seen
in the CCD camera image of Figure 4.3.
Figure 4.3(a) shows a camera image of the pump beam at the sample position. The
dashed lines represent the position of THz beam (FWHM). The sample image is
designed so that the THz beam crosses the center of the slit. Note that from the
color-plot it is difficult to distinguish the right side of the slit, since the fluence is
very close to the background pump fluence. The background is illuminated with the
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Figure 4.3: (a) CCD camera image of the IR pump beam spatially modulated by the SLM in the
shape of a left steering blazed slit. The dashed lines indicate the position of the THz beam on the
sample, the blue dashed line represents the FWHM of the THz. The color bar indicates the fluence
of the optical pump beam on the sample. (b) Horizontal cut through the camera image at the
center of the THz position of the sample, shown for both the left (blue line) and right (green line)
steering slit. The right y-axis indicates the estimated carrier density N in the sample.
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maximum pump fluence, while the slit has a blazed intensity profile.
In Figure 4.3(b) a cut along the horizontal dashed line is shown for both the left
and steering blazed slit. While there is some noise present in the camera image, the
blazed intensity profile of the slit can be clearly seen. The intensities are designed
in such a way that the slit has 8 equal phase steps, similar to the theoretical slit
of Figure 4.2. The noise present in the images are averaged out because of the
experimental method: each datapoint in the measured THz transient corresponds to
1250 averaged measurements.
Using these two blazed slits three measurements were conducted. First, both images
were measured using the THz-TDS setup equipped with a bandpass filter centered
at 1 THz and a transmission bandwidth of 100 GHz. In this case the same result was
expected for the left and right steering slit. This is because one slit is expected to
steer the beam to -1.5◦ and the other to 1.5◦. All THz intensity between -7◦ and
7◦ is collected by the parabolic mirror that focusses the THz on the detection ZnTe
crystal. Hence, the THz intensity between -7◦ and 7◦ is added in the THz-TDS setup.
Because of this both blazed slits should give the same measured value. This can be
seen in Figure 4.2(b): the surfaces under the two curves are the same in the −7° to
7° angular range.
The result of this measurement is shown in Figure 4.4(a). Indeed there is only a
small 2% difference in peak intensity between the both blazed slits, favoring the right
steering image. This can be attributed to small misalignments in the THz-TDS setup
and can be considered as a systematic error.
For the second measurement a metal plate is placed in the THz beam path after the
sample that cuts away all the signal on the left side, leaving the setup to add only
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Figure 4.4: Measured intensity as a function of the frequency measured for the left (blue lines) and
right (green lines) steering slit in the THz-TDS setup equipped with a 1 THz bandpass filter. In
(a) the full −7° to 7° signal is measured, in (b) the right side signal is measured from 0° to 7° and
in (c) the left side signal is measured from −7° to 0°. All figures indicate the ratio R = Ileft/Iright,
where I is the maximum intensity measured for the left and right steering slit.
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THz intensities from 0◦ to 7◦. This is referred to as the knife edge in Figure 3.2, in
analogy to the technique with this name that is used to characterize beam profiles
and diameters. As shown in Figure 4.4(b) there is a significant difference of 7% in
the peak intensity measured between the left and right steering slit. This indicates
that the right steering slit has more THz intensity in the 0◦ to 7◦ angular range than
the left steering slit. This is in agreement with what is expected the calculations, see
Figure 4.2(b).
Finally for the third measurement, the metal plate is placed at the right side so that
the TDS setup only detects the THz intensities from -7◦ to 0◦. In this case a 2%
higher peak intensity is measured for the left steering slit. If the systematic error
from Figure 4.4(a) is taken into account, we obtain 4% beaming to the left for the
left steering blazed slit and 5% beaming to the right for the right steering blazed slit.
These measurements demonstrate the possibility of active beam steering using photo-
generated blazed slits. In the next section we show how to increase the beaming
intensity and achieve larger diffraction angles.

4.3 Blazed grating with 1 THz filter

The pyroelectric detector described in Section 3.4 is used to further investigate the
beaming effect at larger angles. Hence, a blazed grating with smaller grating constant
Γ can be used instead of a single blazed slit (see Equation 1.9). A grating was
designed with the first diffraction order for f = 1 THz at 30◦. Using Equation 1.9,
this corresponds to a grating constant Γ of 600 µm.
In Figure 4.5(a) four grating periods are shown, with a total width of 4Γ = 2.4 mm.
This is approximately equal to the FWHM of the THz beam at the sample posi-
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Figure 4.5: (a) Normalized transmission amplitude (blue, left y-axis) and phase shift (green, right
y-axis) with respect to an intrinsic GaAs layer for a left steering blazed grating with 8 even phase
steps at f = 1 THz in four grating periods. (b) Diffraction pattern at 1 THz calculated for the
left steering grating (blue line) and the right steering grating (green line). The vertical red dashed
lines indicate the angular range in which the area under the curves is calculated. The intensity is
normalized by the maximum intensity of the fourier transform of a structure with T/T0 = 1 and no
phase gradient in the structure.
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tion. The normalized transmission amplitude and phase shift values are obtained
from the transfer-matrix analysis of Section 4.1. Fourier transforming the complex
transmission function leads to the far-field intensity profile at f = 1 THz, shown
in Figure 4.5(b). The first diffraction order in this intensity profile is broad and
not exactly at 30◦ because only four grating periods are used and the transmission
amplitude is not constant throughout the grating. The 0th order is still the main
diffraction lobe due to the low phase shift induced by photo-excitation of carriers.
However, a clear difference between the left and right steering grating is observed
around the first diffraction order.
To quantify the expected beaming effect at −30° we can integrate the intensities in
Figure 4.5(b) from -38◦ to -22◦ for both gratings. This angular range is indicated
by the red dashed vertical lines. The angular range of −30° ± 8° is chosen because
the Winston cone accessory is used in the experiment. As explained in Section 3.4
the Winston Cone is very sensitive to the input angle. This leads to a factor ∼4
decrease for measured signal that enters at an angle that deviates 8° from the axis of
the accessory. Therefore beyond this angular range the contribution to the measured
signal is considered negligible. To calculate the theoretical values the actual response
of the detector is simplified to include all intensities equally in the 8° angular range. In
this range a factor of 1.97 difference is found between the intensity of the theoretical
left and right steering grating in Figure 4.5(b), favoring the left steering grating
around −30° and the right steering grating around 30°.
To experimentally measure this effect two blazed gratings with 8 even phase steps at
f = 1 THz and a grating period of Γ = 600 µm were designed. A CCD camera image
at the position where the THz is transmitted through the sample is shown for the
left steering blazed grating in Figure 4.6(a). The THz beam FWHM is indicated by
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Figure 4.6: (a) Zoomed CCD camera image of the IR pump beam spatially modulated by the SLM
in the shape of a left steering blazed grating. The dashed lines indicate the THz position on the
sample, the blue dashed line represents the FWHM of the THz beam spot. The color bar indicates
the fluence of the optical pump beam on the sample. (b) Horizontal cut through the camera image
at the center of the THz position of the sample, shown for both the left (blue line) and right (green
line) steering grating. On the right y-axis the estimated carrier density N in the sample is shown.
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the blue circle. Figure 4.6(b) shows cuts trough the images of both the left and right
steering gratings at the center of the THz beam. Most of the noise in the images is
expected to cancel out due to the high repetition rate of the laser with respect to the
response time of the pyroelectric detector.
The pyroelectric detector was placed behind the sample at an angle of 30◦ with respect
to the normal to the sample surface. This is schematically shown in Figure 3.2. The
opening of the Winston cone was at a distance of 22 mm from the sample. It was
insured that no THz radiation of the 0th order transmission was collected by the
detector.
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Figure 4.7: Measured photo-voltage of the pyroelectric detector for a period of 17.5 minutes for
the left steering blazed grating (blue lines) and right steering blazed grating (green lines). These
measurements are conducted at a detection angle of (a) −30° (left side) and (b) 30° (right side).
The experimental setup was equipped with a 1 THz filter.

Figure 4.7(a) shows the measured signal for a total of 17.5 minutes for the left (blue
curve) and right (green curve) steering gratings at an angle of −30°. For the measure-
ments a 1 THz bandpass filter was used. Figure 4.7(b) shows the measured signals for
the same gratings at an angle of 30°. The time window of 17.5 minutes was chosen
because the detector is stable within this time-interval and multiple noise oscillations
are included in the measurement. This is necessary for a good determination of the
mean value of the signal, indicated by the dashed lines in Figures 4.7(a) and 4.7(b).
The presence of the filter and the low absorption of the pyroelectric detector at
f = 1 THz (8%, see Figure 3.6), cause a low signal-to-noise ratio in the measurements.
To suppress the noise fluctuations, the lock-in amplifier was set to a long integration
time. This leads to very low frequency noise. Because of the integration time it is
important to note that not all data-points shown in Figures 4.7(a) and Figure 4.7(b)
are fully uncorrelated. Datapoints ∼2 minutes apart can be thought of as fully
independent. This leads to a total of 9 fully uncorrelated datapoints in the datasets
shown in Figure 4.7 (a) and (b).
Although there is a clear difference in the mean values of the left and right steering
gratings in Figure 4.7, the noise fluctuations of the detector cause the signals to
partly overlap. As expected, depending on if we measure at −30° or at 30° the signal
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with the highest mean value is the left or right steering grating respectively.
A fourier analysis of the data is conducted to better understand the frequency com-
ponents of the fluctuations in the measurements. Figure 4.8(a) shows the fourier
transform of the time-signal of the left steering blazed grating at a detector position
of −30° (blue line). The fourier transformed time-signal corresponds to the blue curve
in Figure 4.7(a). Also included in Figure 4.8(a) is the fourier transform of a noise
measurement (green line). In this case the same measurement was conducted while
the THz beam was blocked and hence only noise is present in the spectrum. The
values at zero frequency, referred to as the DC-component, indicate the mean value
of the measurement.
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Figure 4.8: (a) Fourier transform (FT) of the time-signal measured by the pyroelectric detector of
a left steering blazed grating at a detector position of −30° (blue line) and a noise measurement
with the THz beam blocked (green line). The FT is symmetric in with respect to f = 0 Hz. The
vertical red dashed line indicates the frequency after which the signal and noise measurement reach
the same value. (b) Time-signal of left steering blazed grating at a detector position of −30° with
the noise suppressed using a digital low-pass filter in the frequency domain (blue line). The original
signal is shown in the green dotted line. The blue horizontal dashed line indicated the mean value
of the signal and the two black horizontal dashed lines indicate the minimum and maximum signal.

The fourier spectra show a sharp peak at the DC-component. The rest of the spec-
trum shows a decreasing power for increasing frequency. The frequencies in the spec-
trum are in general very low. The contribution to the time-signal already decreased
more than two orders of magnitude with respect to the DC value at a frequency of
0.03 Hz. The nature of these low frequency oscillations is unknown. The pyroelectric
detector is very sensitive to temperature changes and the noise could be caused by
temperature changes in the laboratory itself.
It is important to note that for the noise measurement a DC-component of 20.93 µV
is measured. When there is no signal present the noise fluctuations will always lead
to a positive measured mean signal and hence a non-zero DC-component. The DC-
component for the noise is very close to the mean values measured for the right
steering blazed grating at a detector position of −30° and the left steering blazed
grating at a detector position of 30°. Therefore, in these two measurements it can
not be concluded that a signal above the noise is measured.
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Since we are mainly interested in the DC-component of the signal, it is possible
to suppress higher frequencies from the spectrum. From Figure 4.8(a) it can be
concluded that from f = 3 mHz onwards, the signal spectrum and the noise spectrum
are in the same order of magnitude. This frequency is indicated in Figure 4.8(a) with
a red dashed vertical line. Because of this, it is reasonable to assume that beyond
3 mHz all frequency components in the spectrum are due to noise fluctuations. If we
only consider the frequency components in the 0 - 3 mHz range and do an inverse
fourier transform, we obtain a time-signal where the noise fluctuations are suppressed.
This is shown in Figure 4.8(b).
It is important to note that the signal and the noise measurement are not performed
simultaneously. Because of this the signal and noise spectrum are in the same order
of magnitude at f > 3 mHz, but not exactly the same. If two pyroelectric detectors
are used simultaneously, one measuring the signal and the other performing a noise
measurement, it should be possible to obtain the exact same spectrum at frequencies
higher than the DC value. In that case the above analysis would be more justified.
However, at the time of writing this technique is not possible due to the lack of a
second pyroelectric detector.
To obtain the error on the measured DC-value we use the variance of the noise-
suppressed signal. This is indicated by the horizontal dashed lines in Figure 4.8(b).
There is no reason to assume asymmetric errors on the top and bottom. Therefore we
take the variance to the side where we see the largest deviation from the mean as the
error σ on a single measurement. Now we use that there are nine fully uncorrelated
measurements in the dataset, each subject to the same error. Therefore we can obtain
the standard error on the DC-value by using σE = σ√

9
. In case of the left steering

blazed grating at a detector position of −30° shown in Figure 4.8, this leads to an
error σE = 5.73 µV. We can repeat the digital frequency domain filtering and error
analysis procedure for all the measurements of Figure 4.7. This leads to the values
shown in Table 4.1.

Detector at −30° Detector at 30°

Left Steering Grating (Ileft) 42.96± 5.73 µV -
Right Steering Grating (Iright) - 45.05± 3.40 µV

Table 4.1: Measured pyroelectric detector output values at a frequency of 1 THz for the left and right
steering blazed gratings at two detector positions. The value for the right steering grating at −30° and
for the left steering grating at 30° are not indicated because the signals are not distinguishable from the
noise.

Because of the low signal-to-noise ratio in the measurements it is impossible to calcu-
late the ratio R = Ileft/Iright at a given detector position. However, the measurements
give a clear indication that for the left steering grating at −30° and the right steer-
ing grating at 30° the THz intensity that is coupled into the first diffraction order
is enhanced. In these two cases the measured signal is just above the noise level,
whereas in the other two cases a value for the signal cannot be calculated due to
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the low signal-to-noise. To obtain a quantitative result that can be compared to the
theoretical values, a higher signal-to-noise ratio is necessary in the measurements.

4.4 Blazed grating without filter

An effective method to increase the signal-to-noise ratio is to remove the 1 THz
filter from the setup to allow a broadband THz signal to be steered by the photo-
generated blazed gratings. This will drastically improve the measured signal, at the
expense of complicating the analysis. The complication arises from the fact that
every frequency has its first diffraction order at a different angle for a given grating
constant (Equation 1.9).
To estimate the beam steering effect we can again use diffraction theory, however now
we include all frequencies between 0.4 THz and 1.1 THz. This range is chosen because
of a trade-off between the response of the pyroelectric detector and the intensity of the
THz radiation in our setup. Below 0.4 THz the response of the pyroelectric detector
is estimated to be negligible, as discussed in Section 3.4. Above 1.1 THz the amount
of radiation generated by our setup reduces to an order of magnitude lower intensity
than at the peak intensity (see Figure 3.1) and the contribution to the measured
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Figure 4.9: Normalized transmission amplitude (blue, left y-axis) and phase shift (green, right
y-axis) with respect to an intrinsic GaAs layer for a blazed grating with three grating periods,
designed to have 8 even phase steps at f = 1 THz in each period. The carrier concentrations at
this frequency are used to calculate the normalized transmission amplitude and phase shift at three
other frequencies: (a) 0.4 THz, (b) 0.75 THz, (c) 1.1 THz. (d), (e) and (f) show the corresponding
diffraction pattern for both the left and right steering gratings at these three frequencies. The
vertical dashed red lines indicate the angular range in which the area under the curves is calculated.
The intensities are normalized by the maximum intensity of the fourier transform of a structure with
T/T0 = 1 and no phase gradient in the structure.
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signal also becomes negligible. Because the detector response in the frequency range
of interest is not known exactly, all frequencies between 0.4 and 1.1 THz are included
in the analysis with equal weights.
Figure 4.9 shows the complex transmission function of the blazed gratings in the GaAs
layer and the calculated intensity profiles at 0.4, 0.75 and 1.1 THz using diffraction
theory. In Figures 4.9 (a), (b) and (c) the transmission and phase profile calculated
from the transfer-matrix method are shown for these 3 frequencies. The 8 carrier
concentration steps in each grating period are the same as in Section 4.3 and hence
are optimized for f = 1 THz. It is important to mention that for frequencies lower
than 1 THz the phase shift is less and at higher frequencies the phase shift is more
than at 1 THz. Since the carrier concentrations are optimized for f = 1 THz it can
also result in non-even phase steps at other frequencies. Note that in Figures 4.9 (a),
(b) and (c) only 3 grating periods are used. This is done to make the comparison to
grating constants other than Γ = 600 µm easier, as will be discussed at the end of
this section.
Figures 4.9 (b), (d) and (f) show the calculated intensity pattern at 0.4, 0.75 and
1.1 THz. At 0.4 THz there is hardly any beam steering effect (Figure 4.9(b)), whereas
at 1.1 THz (Figure 4.9(f)) the beaming is similar to the effect observed at f = 1 THz,
as discussed in the Section 4.3. We also observe that for higher frequencies the first
diffraction order is at lower angles, as expected from the grating equation (Equa-
tion 1.9).
In order to quantify the beaming effect we integrate the area under the intensity
curves between −38° and −22°, for both the left and the right steering blazed gratings.
This region is indicated by the red dashed vertical lines in Figures 4.9 (b), (d) and (f).
The integration is performed for all frequencies between 0.4 and 1.1 THz with steps
of 0.01 THz. After the integration all values corresponding to the left steering blazed
grating are summed and all values corresponding to the right steering blazed grating
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Figure 4.10: Measured photo-voltage of the pyroelectric detector for a period of 17.5 minutes for
the left steering blazed grating (blue lines) and right steering blazed grating (green lines). These
measurements are conducted at a detection angle of (a) θ = −30° (left side) and (b) θ = 30° (right
side). A broadband THz signal is used for the measurements.
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are summed. The beam steering effect is quantified by taking the ratio between
summed integration values of the left and right steering blazed gratings. From this
we find an expected ratio R−30°

= Ileft/Iright = 2.41 at a detection angle of θ = −30°.
This indicates that for a broadband THz signal there is 2.41 times as much THz
radiation expected in the grating order at −30° for the left steering blazed grating
than for the right steering blazed grating. The analysis is repeated at a θ = 30°,
resulting in R30°

= Ileft/Iright = 0.41.
We have repeated the measurements from Section 4.3 without the 1 THz bandpass
filter. The THz intensity is measured using the pyroelectric detector at angles of
−30° and 30° for both the left steering and the right steering blazed grating. The
measured signals are shown in Figure 4.10.
In comparison to the measurements of Section 4.3 where the 1 THz filter was used,
we now observe a much better signal-to-noise ratio. The measured signals have
increased by a factor ∼3 while the noise levels have remained the same. There is a
clear distinction between the left and right steering blazed gratings at −30°, favoring
the left steering grating. This effect is inverted when the detector is placed on the
other side (θ = 30°), as expected. Repeating the fourier filtering and error calculation
procedure described in Section 4.3 leads to the measured values shown in Table 4.2.

Detector at −30° Detector at 30°

Left Steering Grating (Ileft) 138.40± 3.97 µV 57.30± 5.37 µV
Right Steering Grating (Iright) 64.82± 6.07 µV 141.90± 6.53 µV
R = Ileft/Iright 2.14 ± 0.21 0.40 ± 0.28

Table 4.2: Measured pyroelectric detector output values for the left and right steering grating at two
detector positions, using a broadband THz signal. The bottom row shows the ratio between the two
detector signals at a given angle.

The left-to-right ratios shown in Table 4.2 are close to the values predicted by theory.
At a detector position of 30° the theoretical value R30 = 0.40 is within the error of
the measured ratio. At a detector position of −30° the theoretical value of R30 = 2.41
is slightly higher than the measured ratio. It is likely that this deviation is caused by
a misalignment when moving the pyroelectric detector to θ = −30°. If the detector
is not perfectly aligned this will cause a systematic error in the measurement that
underestimates the beaming effect.
To further investigate the beam steering properties of the blazed gratings, a final set
of measurements was conducted where the detector was kept fixed on the left side at
−30°. We have measured the pyroelectric signal when left and right steering gratings
with 19 different grating constants Γ are photo-generated with the SLM. The grating
constants vary from 391 to 1174 µm. These measurements demonstrate the advantage
of our experimental setup with the SLM to actively change the grating profiles under
investigation using the same sample. Each grating period consists of the same 8
fluence steps as in the above experiment. For each grating the photo-voltage of the
detector was monitored for 17.5 minutes and the DC-value was calculated as shown
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by the datapoints in Figure 4.11(a). The datapoints in Figure 4.11(b) are the ratios
between the measured DC-values of the left and right steering grating.
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Figure 4.11: (a) Measured pyroelectric detector photo-voltage with a broadband THz signal for
19 left (blue left-pointing triangles) and right (blue right-pointing triangles) steering gratings with
different grating constants. The detector position is at θ = −30° (left side). The normalized curves
for the left (green dashed line) and right (green dotted line) steering gratings calculated by diffraction
theory are plotted to the right y-axis. (b) Ratios between the DC-values of the left and the right
steering grating for 19 different grating constants obtained from measurement (blue squares) and
diffraction theory (green line).

Note that Figure 4.11(a) has two y-axis, the one on the left ranges from 0 to 150 µV
and is the axis that indicates the experimentally determined DC-values of the pyro-
electric detector photo-voltage. The right y-axis ranges from 0 to 1 and is unitless;
the theoretical curves obtained from broadband diffraction theory are plotted rela-
tive to this axis. The theoretical curves are normalized to one. It is important to
note that in Figure 4.11(a) the curves and datapoints are plotted to qualitatively
compare the data with theory. A quantitative comparison cannot be made since the
experimental data and theory are plotted on different scales and have different units.
Nevertheless, the theory explains the data well qualitatively.
In order to obtain a continuous theoretical curve it is necessary that for all grating
constants the same number of grating periods is used. Since the grating constants
Γ range from ∼400 to 1200 µm, the central Γ is 800 µm. For a grating constant of
800 µm 3 grating periods can be fitted into the FWHM of the THz beam at the
sample position. Hence, all calculations were performed using 3 grating periods.
Figure 4.11(b) shows the ratios of the measured DC-values of the left and right steer-
ing grating and the ratio of the two theoretical curves. A quantitative comparison
can now be made since both the experimental data and the theory are unitless ratios.
It can be seen that the theoretical curve follows the same shape as the experimental
data. However, the theory seems to overestimate the measured ratios. This can again
be attributed to misalignments when placing the detector at θ = −30°. This causes
a systematic error resulting in lower measured ratios and has been observed in all
measurements at −30°.
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Chapter 5

Conclusion

In this thesis we have demonstrated that the amount of light that is coupled into the
first diffraction order of a grating can be changed by applying a saw-tooth carrier
profile in a semiconducting GaAs sample. The carrier profile functions as a blazed
refractive index grating. This was achieved using a thin film semiconducting GaAs
sample in which carriers were photo-excited using a 800 nm femtosecond pump beam.
The pump beam was spatially modulated on the micrometer scale with a spatial
light modulator that allowed to accurately tune the amount of photo-excited carriers
locally in the sample.
Using this technique experiments were conducted with non-structured homogeneous
illumination of the GaAs sample by the 800 nm pump beam, after which THz radi-
ation probed the sample. By using different grayscales of the SLM the amount of
carriers generated by the optical pump beam was changed from N = 2 × 1016 cm−3

to N = 2 × 1018 cm−3. The photo-generated carriers cause a change in the refrac-
tive index of the sample, hence changing both the amplitude and the phase of the
transmitted THz radiation.
The change in transmission and phase was measured in a THz-TDS setup and ex-
plained using a Drude model for GaAs and the transfer-matrix method. A good
qualitatively agreement has been found between theoretical values and the exper-
iment. Quantitatively there is a small offset between the experiment and theory
that is likely caused by a free carrier overestimation or an inhomogeneous carrier
distribution in the depth of the GaAs layer in the experiment.
The phase and transmission measurements were used to design gratings with a blazed
carrier profile. Because of this carrier profile the THz field is subject to a saw-
tooth phase shift along the surface of the sample. This causes a modification to the
diffraction properties of the transmitted THz radiation. When the amount of carriers
in each grating period decreases to the right side, the amount of THz radiation in the
right diffraction order is enhanced, whereas if the amount of carriers in the grating
decrease to the left the THz is steered preferentially towards the left diffraction
order. This is due to the fact that an increase in the amount of carriers within the
experimental reachable range of the SLM invokes a negative phase shift.
This beam steering effect was first shown in the THz-TDS setup by using a knife-
edge technique and more convincingly by using a pyroelectric detector. The measured
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values using the pyroelectric detector at angles of ±30° for the left and right steering
blazed gratings were compared by taking the ratio R = Ileft/Iright. This measurement
was conducted using both a 1 THz and a broadband THz source. For the 1 THz case
we were able to change the amount of THz coupled in the first diffraction order when
changing between the left and right steering grating. However, due to a low signal-
to-noise ratio in these measurement we were unable to quantify the beaming effect.
The signal-to-noise was improved by using a broadband THz source and we were able
change the amount of light in the first diffraction order on the right by a factor 2.5
(R30°

= 0.4) when changing between the left and right steering grating.
The observed directional effect was explained with diffraction theory. Using this
theory a good quantitative agreement was found between the measured intensity
ratios of the left and right steering gratings and theory at the 30° side. At −30° the
measured values were lower than predicted by theory, probably due to misalignments
at this angle.
The use of a SLM gives us a unique freedom to do multiple measurements on a single
sample. Taking full advantage of this, we performed measurements on 19 left and
right steering gratings with different grating constants. The pyroelectric detector
was kept fixed at a position of −30° with respect to the THz axis. A broadband
THz signal was send through the samples and the THz intensity for each grating was
measured for 17.5 minutes using the pyroelectric detector. The measured beaming
effect, expressed by the ratio R, reaches a maximum around a grating constant of
Γ = 550 µm. This ratio rapidly decreases with smaller and larger grating constants.
Using diffraction theory a good qualitative agreement is found between the measured
intensities of the left and right steering gratings. Also, there is a good qualitative
agreement for the ratios of these intensities. Quantitatively the measured ratios are
slightly lower than predicted by the theoretical model. This is again attributed to a
small misalignment in the detector position at −30°, causing a systematic error that
underestimates the measured ratio values at this detector angle.
In this thesis we have shown an effective, easy and active technique to change the
fraction of THz radiation coupled into the first diffraction order of a grating. The
imaging technique using the SLM is not limited to gratings and can be used for
arbitrary structures such as waveguides and resonant antennas. The achieved direc-
tional effect using photo-excited blazed gratings is a proof of principle, the currently
achieved efficiency is low. However, by making some adjustments to the experiments
the efficiency of the beam steering can be significantly increased. Three possible
methods to increase the efficiency are discussed in Chapter 6.
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Chapter 6

Outlook

There are three main difficulties for increasing the beaming effects shown in this
thesis. First, at this moment we are not able to change the transmission and phase
shift for the radiation transmitted through our sample independently. Second, the
achieved phase shift by photo-excitation of carriers is only 0.25π and needs to be
improved in order to increase the beaming efficiency. Finally, the signal-to-noise ratio
in the conducted experiments is not high and should be increased. In this chapter
three methods are proposed to address these difficulties. Section 6.1 discusses the
generation of THz in a two color plasma. This will generate THz radiation with
a higher frequency, causing an increased effect on both the signal-to-noise and the
achieved phase shift. In the second section the use of other semiconductors such
as silicon and indium antimonide is discussed. The last section investigates the
possibility of using resonant structures to tune the transmission and phase of the
THz independently.

6.1 THz generation in a two color air plasma

Increasing the absorbed THz power by the pyroelectric detector would readily in-
crease the signal-to-noise ratio of the measurements. As can be seen in Figure 3.6(b)
the absorption at a frequency of 1 THz is only 8% and from measurements we know
that at 0.5 THz this is even lower. However, when a frequency of 3 THz is used, the
absorption increases to 60%. This is a factor 7.5 increase with respect to a frequency
of 1 THz and hence would also increase the signal-to-noise by a factor 7.5. These fre-
quencies cannot be reached efficiently using DFG in a ZnTe crystal to generate the
THz radiation, as currently done in our THz-TDS setup. A different THz generation
technique based on a laser induced two color plasma (λ = 400 and 800 nm) in air can
reach these frequencies.
The threshold intensity for reaching ionization of gas molecules is in the order of
1014 W/ cm2 [45]. This can easily be reached by focussing our 800 nm femtosecond
pump laser in air, leading to plasma formation. Hamster et al. were the first to show
that these air plasmas can emit THz radiation due to the ponderomotive forces on
the free electrons in the plasma. This is caused by the radial intensity gradient of
the pulsed optical beam [46, 47]. Since there is no damage threshold in air, very
high intensities can be used to generate these air-plasmas, resulting in very high THz
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intensities. In the case of this type of air plasma the THz emission is conical and
under an angle with respect to the long axis of the plasma.
In order to further increase the efficiency of the THz generation process in a gas
plasma several schemes have been developed. A current popular method that yields
very high peak intensities of the THz is the so called two-color or AC-bias method.
This method was first introduced by Cook et al. and uses an air plasma of both the
fundamental frequency ω and its second harmonic 2ω [48]. Cook et al. describe the
intense THz generation as a perturbation four wave mixing (FWM) process where
the third order non-linear polarization induced by the two color field is responsible
for generating the THz. Since then there has been quite some debate about this
description of the THz generation process [45, 49], attributing the THz emission to
other schemes such as an electron current formation in the plasma. More recently
Karpowicz and Zhang introduced a more successful quantum mechanical model that
is based on the tunneling currents from the electrons in the plasma [50]. This seems
to describe the generation process quite accurately.
This description is based on a two-step model. In the first step the high intensity
ω − 2ω laser pulse interacts with the atoms in the gas, causing tunneling ionization
of the electrons. Some of the generated electron wave packets are accelerated away
from the atom in quantized velocities, generating THz radiation. In the second
step these wavepackets are slowed down by their surrounding, causing emission of
bremsstrahlung. This radiation is also in the THz range and adds coherently.
While the debate about the exact THz generation mechanism has not yet settled
down, very high THz field intensities have been reached experimentally through this
method with frequencies up to 8 THz [51]. Minami et al. use a BBO crystal to gener-
ate the second harmonic of an 800 nm pulse. This causes the generated 400 nm light
to be cross-polarized with respect to the fundamental frequency. A dual-wavelength
waveplate (DWP) is used to rotate the polarization of the 800 nm light so that both
the IR and blue light have the same polarization. When these two wavelengths
are focussed into a plasma they generate very intense THz radiation with the same
polarization as the incoming light.
A very similar technique can be used for detection of the THz radiation. This process
is best described by a FWM model. If the THz and 800 nm probe beam are focussed
in air, a third order non-linear process can occur in which two 800 nm photons interact
with a THz photon generating a 400 nm photon [52]

E2ω ∝ χ(3)EωEωETHz. (6.1)

While this technique leads to a sensitive and broadband THz detection method, it
cannot distinguish between THz fields moving in the forward or backward direction.
By focussing the THz and IR between two electrodes with a slowly varying elec-
tric field more sensitive and direction dependent detection of the THz field can be
achieved. This is called air-biased coherent detection (ABCD). When using lock-in
techniques the 2ω intensity can be written in this case as [53]

I2ω ∝ (χ(3))2I2
ωETHzEel, (6.2)
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Figure 6.1: (a) Normalized transmission amplitude (blue, left y-axis) and phase shift (green, right
y-axis) with respect to an intrinsic GaAs layer as a function of the carrier concentration. This is
calculated at f = 3 THz for a GaAs layer of 1 µm thickness using the Drude model and transfer-
matrix method. The green dots indicate the carrier concentrations for which there are 8 even phase
steps. (b) Normalized transmission amplitude (blue, left y-axis) and phase shift (green, right y-axis)
with respect to an intrinsic GaAs layer for a blazed grating with 8 phase steps at f = 3 THz in 16
grating periods. (c) Diffraction pattern at 3 THz calculated for both the left (blue line) and right
(green line) steering blazed grating. The vertical dashed red lines indicate the angular range in which
the curves are integrated to determine the beaming efficiency. The intensity is normalized by the
maximum intensity of the fourier transform of a structure with T/T0 = 1 and no phase gradient in
the structure.

where Eel is the electric field provided by the electrodes. The generated blue photons
can be guided to a photo-multiplier tube (PMT), giving rise to a very sensitive
detection method.
A significant amount of effort has been put into building a setup that generates THz
in a two color air plasma during this thesis, with a similar scheme as used by Minami
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et al.. The detection is based on the above described ABCD method. Unfortunately
at the time of writing this thesis, the setup was not yet complete.
Another advantage of using higher frequency radiation comes from the fact that
a larger phase shift can be achieved at higher frequencies because of the shorter
wavelength. To illustrate this we calculated the normalized transmission amplitude
and phase shift through the GaAs sample at f = 3 THz using the transfer-matrix
method. The result of this calculation is shown in Figure 6.1(a). It can be seen that
the normalized transmission amplitude (blue line) behaves very similar to the 0.5
and 1 THz case (see Figure 4.1). However, the phase profile (green line) has a dip
that is shifted to higher carrier concentrations and has a minimum around 0.42π,
a significant increase from the 0.25π in the 1 THz case. The dots in Figure 6.1(a)
represent 8 points with equal phase steps within experimentally achievable carrier
concentrations. The beaming effect using the normalized transmission amplitude
and phase shift values at these carrier densities can be determined using diffraction
theory. This is shown in Figures 6.1 (b) and (c).
The grating is designed with a grating period of Γ = 200 µm in order to have the first
diffraction order at 30° (see Equation 1.9). In the air-plasma setup that is currently
under construction the THz beam FWHM at the sample position is ∼3 mm. In
this case 16 grating periods fit in the FWHM of the beam spot. This is shown in
Figure 6.1(a).
Figure 6.1(b) shows the diffraction pattern after fourier transforming. Because more
grating periods are used in the calculation the intensity spectrum has much sharper
grating orders. An enhanced beaming effect with respect to the f = 1 THz case is
observed for the first diffraction orders. By integrating the intensities between −22°
and −38° we obtain R−30°

= Ileft
Iright

= 3.92. This is almost a factor 2 increase with

respect to the results shown at 1 THz.

6.2 Different semiconductors

Our experimental work has been based on GaAs as the semiconducting sample. How-
ever, other semiconductors are more suitable to achieve a high beaming effect. This
is because it is possible to induce a larger phase shift or have less absorption of
the transmitted THz radiation than in GaAs. To investigate other semiconductors
theoretically, Figure 6.2(a) shows the phase shift in a colorscale versus n and κ on
the x- and y-axis respectively. The phase shift is calculated with the transfer-matrix
method for a 1 µm thick layer at f = 1 THz as described in Section 2.3. Because this
figure is used to compare different semiconductors, the phase shift is with respect to
a layer of air (n = 1, κ = 0), instead of undoped GaAs.
The colorscale in Figure 6.2(a) covers a π phase shift between n = 0.1, κ = 120 and
n = 85, κ = 0. Preferably, a material should cover this n and κ range for changing
doping concentration. Using the GaAs Drude-model (see Section 2.2) a (n,κ)-curve
for increasing doping concentration of GaAs can be drawn onto the colorplot, param-
eterizing how the phase shift of GaAs behaves as a function of doping concentration.
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Figure 6.2: (a) Phase shift with respect to air (colorscale) through a 1 µm layer as a function of
n and κ at f = 1 THz. The n and κ curves for GaAs, InSb and Si are calculated using the Drude
model and plotted with the solid curves. Different carrier carrier concentration ranges are indicated
with different colors as shown in the legend. (b) Normalized transmission amplitude as a function
of the carrier concentration through a 1 µm layer for GaAs (blue), InSb (green) and Si (red), with
respect to a layer of air. (c) Phase shift with respect to a layer of air as a function of the carrier
concentration through a 1 µm layer for GaAs (blue), InSb (green) and Si (red).

Figure 6.2(a) shows this in four doping regimes as shown by the curve labeled as
GaAs and in the legend.
(n,κ)-curves for other semiconductors calculated using the Drude model are also
drawn in Figure 6.2(a) in a similar way. This is done for silicon (Si) and indium
antimonide (InSb). For these calculations we have used the mobilities given in ref-
erences [54] and [55]. This provides an easy way to compare the phase shift induced
by different semiconductors with increasing doping concentration.
Figure 6.2(b) shows the normalized transmission amplitude with respect to air for
the three semiconductors as a function of the carrier concentration. The normalized
transmission amplitude for all semiconductors behaves similarly, although the curves
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are shifted to different N . Figure 6.2(c) shows the phase shift with respect to air
for the three semiconductors. This figure is a cut through the lines in Figure 6.2(a).
As can be seen both Si and InSb are expected to induce a larger phase shift in
the THz radiation than GaAs. Especially InSb seems to be a good substitute for
GaAs since the doping concentrations to reach the minimum in the phase shift can
easily be reached using the SLM. For this material even larger phase shifts can be
achieved using higher doping concentrations, however in this region the normalized
transmission amplitude reduces drastically.
Using diffraction theory we can calculate the expected beaming effect using InSb,
finding that the ratio R−30°

can be increased to 2.20 for 1 THz radiation. This is a
12% increase with respect to GaAs (see Section 4.3).

6.3 Resonant structures

In this thesis the transmission properties of the THz radiation were changed using
photo-generated blazed refractive index gratings. The change in refractive index
along the surface of the sample changes the transmission and the phase of the THz
simultaneously. However, the maximum beam steering effect would be achieved when
only the phase is changed along the surface, while the transmission amplitude remains
as high as possible. This is shown in Figure 1.7 of Section 1.3, all light is coupled
into the first diffraction order when a linear 2π phase shift is induced by the grating
and the transmission amplitude T is equal to 1. Resonant structures can be used to
change these two parameters independently.
If resonant structures are placed in a unit cell and each consecutive resonator intro-
duces a slightly higher phase shift to the scattered radiation than the previous one, a
phase gradient can be achieved along the surface. By choosing resonators of different
shapes and sizes it is possible to generate this phase profile while maintaining a high
transmission amplitude. This is similar to the approach of Yu et al. [17] where they
use 8 resonating v-shaped gold antennas in a unit cell. To change the transmission
properties of each resonator, the angle between the two arms and the arm-length is
varied. An advantage of using this v-shape configuration is that the phase shift that
can be achieved is doubled with respect to the phase shift of a single antenna.
In order to investigate if this approach would be feasible in our setup, FDTD simula-
tions were performed. A doped GaAs rod of 80×40 µm embedded in a 1 µm thick layer
of GaAs with a doping concentration of N = 3×1015 cm−3 was simulated. The carrier
concentration of the rod was changed from N = 5×1015 cm−3 to N = 5×1019 cm−3 in
19 steps. The bonding polymer and the quartz substrate as described in Section 2.1
were included in the simulations. The structure was illuminated using a plane wave
THz source and the amplitude and phase of the transmitted THz radiation were mon-
itored. The transmission and phase were referenced by the same structure without
the doped GaAs rod. The simulation volume was 800×800×220 µm. The results of
the simulations are shown in Figure 6.3.
Figure 6.3(a) shows the normalized transmission amplitude T/T0. A dip in trans-

52



Outlook

Carrier Concentration (cm−3)

F
re

qu
en

cy
 (

T
H

z)

 

 

10
16

10
17

10
18

10
19

0.4

0.8

1.2

1.6

2

N
or

m
. T

ra
ns

m
is

si
on

 T
/T

0

0.92

0.96

1

(a)

Carrier Concentration (cm−3)

F
re

qu
en

cy
 (

T
H

z)

 

 

10
16

10
17

10
18

10
19

0.4

0.8

1.2

1.6

2

P
ha

se
 S

hi
ft 

∆φ
 (

π)

0

1/8

1/4

(b)

Figure 6.3: Simulated normalized transmission amplitude (a) and phase shift (b) for a single
80×40 µm rod of different carrier concentrations of GaAs (x-axis). On the y-axis the frequency
is plotted. The rod is embedded in a 1 µm thick layer of GaAs with a doping concentration of
N = 3 × 1015 cm−3. The bonding polymer layer and quartz substrate of the sample are included
in the simulations (see Section 2.1). The reference for both the transmission amplitude and phase
shift is the simulated multilayer without the doped GaAs rod.

mission is visible around 0.85 THz at high N . For lower doping concentration the
resonance shifts to lower frequencies. The magnitude of the dip is only 8% with
respect to T0, this is due to the fact that a single particle is used in a large simula-
tion volume. Because of the dimensions of the rod, the dip in transmission can be
attributed to the λ/2 resonance of the antenna. At higher frequencies and doping
concentrations the 3λ/2 resonance is also visible around 1.6 THz.
Figure 6.3(b) shows the simulated phase shift of the resonant structure. At a fixed
doping concentration, the phase shift increases at the resonance frequencies. Also,
the phase shift increases for increasing carrier concentration. The maximum phase
shift is 0.25π for doping concentration higher than 1× 1019 cm−3. This is much less
than the calculated 0.85π phase shift by Yu et al. for a gold rod antenna in air at IR
frequencies [17].
When such an antenna would be used in a v-shaped configuration, the phase shift
is doubled to 0.5π. Also, because of the v-shapes the transmission amplitude can
remain above 0.8. Using diffraction theory we can calculate the ratio R for a 8 even
phase steps up to 0.5π and a normalized transmission amplitude T/T0 = 0.8. A ratio
R−30 = Ileft/Iright = 3.05 is found at f = 1 THz when four unit cells of 600 µm are
used. This is a significant increase (>50%) over the R−30 = 1.97 calculated for the
blazed gratings used in this work (see Section 4.3).
In practice the amount of beam steering using resonant structures in our setup is
likely to be less than predicted by theory. This is due to imaging difficulties using
the SLM. The resonating v-shape structures are smaller and more complicated to
image than the blazed gratings. Hence, because the SLM is a pixelated device it will
be challenging to obtain a high-quality image of v-shaped structures on the sample
position. Especially diagonal structures that are only a few pixels long and wide
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are difficult to image. Nevertheless, if these difficulties are addressed, using resonant
structures is an interesting option to increase the efficiency of the beam steering
effects shown in this thesis.
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