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Chapter 1

Introduction

1.1 Terahertz radiation

In the electromagnetic spectrum, ‘terahertz light’ occupies the region between the
high-frequency edge of the microwave band, 300 GHz (0.3 × 1012 Hz), and the low
frequency edge of the infrared band, 10000 GHz (10 × 1012 Hz) as shown in Fig-
ure 1.1. In terms of wavelength, this range corresponds to 0.03 mm (or 30 µm) to
1.0 mm. The terahertz (THz) band encompasses the region where electronics and
optics meet. These days, in the scientific literature, the term ‘terahertz’ has almost
become synonymous with light waves with frequencies in the THz range, i.e., 1012

Hz. Such is the increase in popularity this band of electromagnetic radiation has
attained over the past two decades. Today, the applications of THz technology are
widespread in several areas such as the semiconductor industry, biological and med-
ical sciences, homeland security, quality control of food and agricultural products,
global environmental monitoring, ultrafast computing etc [1, 2]. A significant num-
ber of scientific reports from areas related to THz light appear regularly in every
major journal published in the field of optics.

There are specific advantages of using THz radiation which make it very suitable
for industrial applications. For example, THz waves can pass through many pack-
aging materials like cardboard, plastic or wood, revealing what is inside the package.
Compared to X-rays, which are generally used for such purposes, THz waves or T-
rays, as they are sometimes called, are non-ionizing and do not cause any detectable
damage to biological specimens or cause any health problems. This makes THz radi-
ation safe to use in security applications. The recent remarkable advances in the field
of THz time-domain spectroscopy (THz-TDS), have made it possible also to identify
materials inside packages using their THz spectral absorption signatures [3,4].

It is not very surprising that the advancements in both imaging and spectroscopic
capabilities lead to the concept of a THz microscope, or a THz nanoscope [5,6]. This
takes THz imaging technology to an unprecedented level where micro-spectroscopy

1
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Figure 1.1: Electromagnetic spectrum showing the THz region.

of biological cells, and the inspection of very large scale integrated circuit (VLSIC)
elements may become possible. For the realization of a THz microscope, one major
initial hurdle is to overcome the Rayleigh diffraction limit, as the THz waves have
much longer wavelengths than the sizes of the typical specimens under study [7].
Beating the diffraction limit has been demonstrated by several groups, using adapt-
ations of different techniques used to overcome the diffraction-limit in visible light
microscopy [7–9]. Both aperture and apertureless near-field imaging solutions were
demonstrated [10–13]. Making use of field enhancement by a copper tip, and se-
lective electro-optic (EO) detection of THz polarizations, in the early 2000’s, van der
Valk et al. demonstrated that a resolution of λ/110 can be achieved at THz frequen-
cies [13]. In this way, THz light can be used for a myriad of applications. Biological
molecules such as amino acids, proteins, and de-oxyribonucleic acid (DNA) have in-
termolecular and intramolecular modes oscillating at THz frequencies. Label-free
sensing of DNA by THz spectroscopy has been reported [14]. The THz spectra of bio-
logical specimens are sensitive to changes such as hydration, binding, conformational
change, and temperature [4].

1.2 Terahertz time-domain spectroscopy

The advent of ultrafast lasers facilitated the development of optical techniques to
generate and detect pulses of broadband electromagnetic radiation in the THz range.
As the electric field of these waves oscillate at a relatively low frequency (1012 Hz)
compared to visible light, it is possible to detect the electric field of the radiation as a
function of time instead of detecting the oscillation-period-averaged power. Both the
amplitude and the phase of the light can be obtained from which both the absorption
coefficient and the refractive-index of a sample at different frequencies can be calcu-
lated. The complex valued permittivity of the sample can thus be directly obtained
without using the Kramers-Kronig analysis [4,15].

In a typical THz-TDS setup, broadband THz pulses are generated by optical recti-
fication (OR) of ultrafast laser pulses with a duration typically between 10 and 100
fs. These THz pulses are then focused onto the sample under study. After transmis-
sion through (or reflection from) the sample, the amplitude of the electric field of
the radiation is directly detected as a function of time using EO detection (see sec-
tion 1.4). Fourier transforming the electric field pulse provides the amplitude and
phase spectra of the sample in the THz range.
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Figure 1.2: Schematic of the experimental setup for the generation and detection of THz light
using ultrafast laser pulses.

In semiconductors, THz-TDS can be very useful in understanding the dynamics of
the mobile charge carriers created by photo-excitation or doping. The scattering rates
of electrons and holes in semiconductors are often on the order of 1012 - 1014 s−1 [1].
This results in a characteristic response in the THz frequency range. In addition to
measuring the dynamics of electrons and holes, THz light is also sensitive to low
energy excitations and quasi-particles, including excitons, polarons, and phonons
[16–18].

THz emission spectroscopy (TES) is another branch of THz-TDS and can be car-
ried out in certain materials. [4,19] In this case, femtosecond laser pulses are focused
onto the samples of interest, and the emitted THz waveforms are detected and ana-
lyzed. Many different ultrafast photo-induced processes can lead to the generation
of THz dipoles in different materials. The emitted THz pulses carry information on
the nonlinear optical properties, local symmetry, ultrafast carrier dynamics, etc. of
the material under study. In Chapter 2, we show the results of femtosecond laser
excitation of graphite and the resulting THz emission from it. It is seen that graphite
can emit THz pulses when excited using femtosecond laser pulses. Analysis of the
emitted pulse reveals new and interesting information on the photogenerated cur-
rents [20]. TES can be effectively used to study semiconductor ICs, as most of the
semiconductor materials are capable of emitting THz pulses when they are excited
with femtosecond laser pulses. It is to be noted that in the case of TES, the spatial
resolution of the system depends not on the wavelength of the THz light, but on the
wavelength of the near-infrared pump light.

1.3 Experimental setup

A typical THz generation and detection setup is shown in Figure 1.2 [20]. This
is a reflection-type setup, where we collect the THz light in the specular reflection
direction of the pump beam. In all the experiments described in this thesis, the
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optical excitation is done using a Ti:Sapphire oscillator (Scientific XL, Femtolasers)
generating p-polarized light pulses of 50 fs duration, centered at a wavelength of 800
nm with a repetition rate of 11 MHz. The average output power from this oscillator
is 800 mW which is split into two arms by an 80/20 beam-splitter. The 80% part is
used as the pump beam, and the 20% part as the sampling beam. The pump beam is
focused onto the sample surface. The generated THz beam is collected using off-axis
paraboloidal mirrors and focused onto an EO detection setup as described below.

1.4 Electro-optic detection

The time-gated detection system is the most important part of any THz-TDS setup.
It is in this part of the setup where the electric-field of the THz radiation is directly
detected. A very common method of time-gated detection of the electric field is by
using a second-order optical nonlinear processes in EO crystals [21]. We used a (110)
oriented 500 µm thick zinc telluride (ZnTe) crystal and a (110) oriented 300 µm
thick gallium phosphide (GaP) crystal for the various experiments described in this
thesis. The THz beam and the polarized sampling laser beam are focused onto the
same spot on the detection crystal. The induced birefringence by the THz electric-
field incident on the EO crystal elliptically polarizes the probe beam to an extent
proportional to the instantaneous THz electric-field value [22]. The probe beam
then propagates towards a differential detection setup consisting of a quarter-wave
plate, a Wollaston prism and a differential optical detector as shown in Figure 1.3.
The quarter-wave plate is used to balance the two orthogonal components of the
polarization ellipse of the probe beam which are separated by the Wollaston prism.
In the absence of a THz electric field, the linearly polarized probe beam after the
EO crystal is circularly polarized by the quarter-wave plate. This is split into linearly
polarized orthogonal components of equal intensity by the Wollaston prism. These
are measured by the differential detector diodes D1 and D2 as shown in the figure.
When an electric field is present, the differential signal is nonzero and is directly
proportional to the instantaneous THz electric-field [23].

When the THz light and the probe light are polarized either in the same direction
or orthogonally, the measured THz electric field can be expressed as [22,24],

ET Hz ∝
c∆I

Iprobe

�

1

ωn3r41 L

�

, (1.1)

where ∆I = I1− I2 is the difference in the intensities falling on the two photodiodes,
Iprobe = I1 + I2 is the total intensity of the probe light, n is the refractive index, c is
the velocity of light in vacuum, ω is the angular frequency of the probe light, r41 is
the EO coefficient, and L is the thickness of the EO crystal.
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Figure 1.3: Schematic of the THz detection setup. The difference in the intensities of the two
beams after the Wollaston prism is measured with a differential detector which, apart from the
electronics, consists of two photodiodes D1 and D2.

1.5 Terahertz generation mechanisms

Until the early 1990s, the lack of suitable, easy-to-use sources led to the designation
of the THz frequency range as the THz gap [25]. ‘Bridging the THz gap’ can be done
in different ways, with sources ranging from incandescent lamps to quantum cascade
lasers (QCL). In this thesis, however, we restrict ourselves to the THz sources based
on the ultrafast laser excitation of semiconductors and nonlinear optical materials.
Ultrafast laser excitation of these materials leads to the generation of a picosecond
transient dipole, which can emit THz pulses into the far-field. The detected subpi-
cosecond THz pulse is suitable for broadband imaging and THz-TDS. This technique
grew from the work done in the 1980s at AT&T Bell Labs and IBM Thomas J. Wat-
son Research Center in the United States of America (USA). Soon afterwards, EO
detection was also demonstrated. As we discussed earlier in section 1.2, time-gated
detection makes the THz-TDS unique. For this reason, the method of generating THz
radiation using ultrafast lasers is widely in use.

A wide range of materials can emit THz pulses when excited with femtosecond
laser pulses. In a general sense, such THz emission from materials can be broadly
termed optical rectification, as the process rectifies the incident femtosecond optical
pulses to produce subpicosecond THz pulses. This process can happen in multiple
ways which can be classified roughly into two cases. In one case, the laser excitation
of the material is non-resonant, i.e., no real charge carriers are excited in the material
and only a displacement current is created. In the other case, the generation of
electron-hole pairs takes place by resonant photo-excitation [26].

1.6 Optical rectification

OR refers to the creation of a static polarization in a material which is illuminated
with an intense light beam. This is a second-order nonlinear optical process, similar
to second harmonic generation (SHG). OR can be described as difference-frequency
generation, and when the two frequencies involved are the same, this results in a
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static (DC) polarization. The first report on OR was by Bass et al. in 1962 [27].
They observed a DC polarization that developed in potassium dihydrogen phosphate
(KDP) and potassium dideuterium phosphate (KDdP) crystals, upon the passage of an
intense ruby laser beam through them. A qualitative description of the phenomenon
was given by them as follows. Consider a crystal lacking inversion symmetry so that
the polarization induced by an applied electric field need not reverse exactly when
the field is reversed. If the applied electric field varies sinusoidally with time, then
a net, time-averaged DC polarization will develop, in analogy with the DC currents
in ordinary electronic rectifiers. A few subsequent works also were reported after
the publication of this phenomenon [28–31]. However, OR gained more popularity
when it was shown that THz pulses can be generated by rectifying femstosecond laser
pulses. Femtosecond laser excitation of nonlinear crystals having a non-vanishing
second-order susceptibility, χ (2), creates an ultrashort, quasi-static time-dependent

polarization,
P(t)∝ Iopt(t), (1.2)

where Iopt(t) is the intensity of the pump light. This transient polarization P(t) emits
a THz pulse that, in the far-field, can be expressed as as,

ET Hz ∝ ∂ 2P(t)/∂ t2. (1.3)

In 1971 Yang et al. reported the generation of far-infrared pulses from LiNbO3 crys-
tals upon excitation with picosecond laser pulses [32, 33]. Later, the generation of
free-space THz-frequency radiation with a bandwidth of 1 THz by OR of femtosecond
dye laser pulses in LiNbO3 was reported by Hu et al. in 1990 [34]. Today, OR is
widely used as a source of THz radiation in different THz imaging and spectroscopy
applications.

The emitted THz pulse can also be used to probe the second-order nonlinear
optical properties of the material. OR can only occur in materials without a centre
of inversion symmetry. Note that this also includes the interfaces between different
materials, and materials in which the inversion symmetry is broken by an applied
electric or magnetic field. Crystals of gallium phosphide (GaP), zinc telluride (ZnTe),
lithium niobate LiNbO3, gallium arsenide (GaAs) etc. are widely used as sources of
THz radiation, these days. Certain organic materials also have a large second-order
nonlinear susceptibility, which results in strong THz emission. In 1992, Zhang et al.

reported OR and subsequent generation of THz radiation from a nonlinear organic
crystalline salt; 4-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST) [35].

1.6.1 THz generation from gallium phosphide

GaP is a compound semiconductor material with an indirect bandgap of 2.26 eV
[36]. It has a zincblende crystal structure similar to ZnTe. OR of femtosecond laser
pulses by zincblende crystals is commonly used for the generation of broadband THz
radiation [31]. GaP has a smaller EO coefficient (1 pm/V) compared to ZnTe (4
pm/V) [37]. However, the phonon resonance of GaP is at 11 THz which makes it
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a better choice compared to ZnTe, for broadband THz generation [38]. In the case
of ZnTe, the bandwidth is limited by a strong transverse-optical (TO)-phonon line at
5.3 THz. This, together with two weak lower-frequency phonon lines at 1.6 and 3.7
THz, absorbs frequencies mostly in the range of ∼ 3.5 - 6 THz [39]. Non-resonant
excitation of GaP crystals with femtosecond light pulses centered at a wavelength of
800 nm leads to the emission of THz pulses along the transmission direction of the
pump laser light. This process is dependent on the crystal orientation of GaP. It has
to be noted that for (100) oriented zincblende crystals, no THz emission is detected
when the pump beam is incident normal to the surface. The THz polarization is
developed along the <100> axis. For applications in which normal incidence of
the pump beam is required, a (110) or a (111) oriented crystal is used. Broadband
generation and detection of THz pulses of bandwidth up to 9 THz have been reported
using GaP (110) crystals [38,40].

1.7 Third-order optical rectification

The polarization giving rise to OR need not necessarily be second-order in the pump
light electric field. It can be shown that higher-order nonlinear polarizations can also
lead to rectification when suitable combinations of frequencies are used [41]. As
mentioned earlier, second-order OR is not possible from a material which possesses
a centre of inversion symmetry. However, a quasi-static polarization can still be cre-
ated in materials with a large third-order nonlinear susceptibility, χ (3), if a two-color
excitation is done such that

2ω1 −ω2 = 0 (1.4)

where ω1 and ω2 represent the fundamental and the second harmonic central fre-
quencies of the light pulses respectively [24]. In this case, the rectification process is
through a third-order nonlinear optical process,

ET Hz ∝ χ (3)E2(ω)E∗(2ω), (1.5)

where E(ω) and E(2ω) are the complex electric fields of fundamental and second
harmonic light respectively. In principle, a third-order process is possible from almost
all materials [42]. THz emission through a third-order process by a single central
wavelength femtosecond laser excitation is also possible. In this case, one of the
electric fields involved in the expression for the third-order polarization is a static
field. This is called field-induced THz generation. Such cases are shown to arise at
the surfaces and interfaces of semiconductors where a depletion field is present, or
when an external electric field is applied [43].

1.8 Auston switch

THz pulse generation by resonant OR, also called ultrafast photo-conductive (PC)
switching, was pioneered by Auston and Lee in the 1970s [44, 45]. In their exper-
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iments, optical pulses from a mode-locked Nd:glass laser were used to excite high
resistivity silicon (Si), or chromium (Cr)-doped semi-insulating gallium arsenide (SI-
GaAs). The resulting charge carriers accelerate in an applied static electric field, and
emit a coherent, quasi-single cycle THz pulse. This device has become known as
the Auston switch. The same principle is also applied to various photoconductive
materials other than Si and GaAs [2]. In general, femtosecond laser excitation of
a biased semi-insulating semiconductor can lead to the emission of relatively strong
THz pulses. The laser pulse generates electron-hole pairs in the semiconductor which
drift in the applied bias. The picosecond time variation in the photocurrent J(r, t)

will result in the emission of a THz pulse ET Hz , according to

ET Hz ∝ ∂ J(r, t)/∂ t. (1.6)

Here the variables r and t represent position and time respectively. THz emission by
PC antennas is also widely used in THz imaging and for spectroscopic applications.
It is also possible to generate a transient current at the surfaces and interfaces of
semiconductors where a built-in electric field is present, as we will discuss in the
next section [46]. There too, an ultrafast, transient photocurrent can lead to the
emission of a THz pulse. In the case of certain semiconductors, like indium arsenide
(InAs), gallium arsenide (GaAs) etc., the intrinsic χ (2) also contributes to the THz
emission [47,48].

1.9 THz generation from indium arsenide and gallium

arsenide surfaces

In many semiconductors, THz emission after the excitation with a femtosecond laser
pulse occurs from a thin layer close to the surface. There are different ultrafast
processes taking place near the semiconductor surface (or in the bulk) which can
give rise to the emission of THz pulses. In order to illustrate this, in this section,
a general overview of the THz emission from two commonly used semiconductors,
InAs and GaAs, is given.

Femtosecond laser excitation of semiconductors like InAs and GaAs leads to the
emission of relativly strong THz pulses. A comparison of the THz electric field emitted
from the surface of undoped InAs (100) and semi-insulating (SI) GaAs (100) is shown
in Figure 1.4. In terms of the electric field amplitude, InAs emits about 15 times
stronger THz pulses compared to GaAs in our experimental setup. The THz electric
field pulses consist of a nearly single-cycle subpicosecond oscillation, followed by a
rapidly oscillating tail. In the EO detection crystal, the phase velocity of the THz
pulse should match the group velocity of the probe pulse for correct phase-matching
[22, 38]. For a broadband pulse, phase-matching does not occur for all frequency
components simultaneously. This results in distortion of the measured field which
can manifest itself as oscillations in the trailing part of the THz pulse. The absorption
and the re-emission of the THz light by the water vapor molecules in the atmosphere,
also leads to quasi-periodic oscillations in the time trace of the pulse.
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Figure 1.4: Measured THz electric field as a function of time, emitted from an InAs (100)
surface and a GaAs (100) surface.

In the case of unbiased GaAs (100), the main THz generation mechanism is repor-
ted to be the creation of transient photocurrents in the surface depletion field [46].
In the case of unbiased InAs (100) the main contribution to the THz emission is from
the photo-Dember effect [49]. These two processes are discussed below.

1.9.1 Transient current surge in surface space-charge layer

We already saw that THz emission is possible from femtosecond laser excitation of
the surfaces of semiconductors. Surface states and bulk states of the electrons will be
different in a semiconductor, as a surface represents a discontinuity. Fermi level pin-
ning by the surface states leads to energy band bending for air-exposed or chemically
prepared semiconductor surfaces. In the region near the surface where this occurs,
the semiconductor becomes depleted of free carriers which are intentionally or non-
intentionally present due to impurities or doping, and this region is therefore known
as the surface depletion region [50–52]. Since there is a redistribution of charge
carriers near the surface of the semiconductor, a built-in electric field E(depl)(z) is
present which has the functional form (for an extrinsic semiconductor),

E(depl)(z) =
qNd

ε
(W − z) (1.7)

where z is along the surface normal, q is the absolute value of the electronic charge
(1.602× 10−19 C), Nd is the total donor atom concentration, W is the space-charge
layer width and ε is the permittivity [50,53]. z-axis is pointed as shown in Figure 1.5.

When charge carriers are generated in the depletion region by photoexcitation,
these charges will start to drift under the influence of the depletion field, constituting
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Figure 1.5: Cartoon representation of photocurrent generation in the surface depletion field.

a photocurrent. This is very similar to the photoexcitation of a p-n junction or a
Schottky junction diode, or a PCA emitter biased externally. When the excitation
is done using femtosecond laser pulses, the resultant transient current emits THz
pulses. A cartoon representation of the THz emission is shown in Figure 1.5.

The strength of the depletion field depends on the extent of the bending of the
valence and conduction bands of the semiconductor near the surface. Stronger de-
pletion fields result in stronger acceleration of the charge carriers, and thus stronger
THz emission. The build-up of the photocurrent and the subsequent decay depend
on the properties of the semiconductor, such as mobility, recombination time, etc.
For an ideal case, the repetition rate of the femtosecond laser should be such that the
optical pulse hits the sample only after the photo-excited charge carriers by the pre-
vious pulse have all recombined, and the semiconductor is thus back in its original
unperturbed state. For the generation of the photocurrent it should also be noted that
the photoexcitation should preferably be above the bandgap of the semiconductor in
terms of the photon energy, to excite a sufficient number of charge carriers. Laser
light with a wavelength of 800 nm (corresponding to a photon energy of 1.55 eV)
can resonantly excite electron-hole pairs in GaAs. GaAs has a bandgap of 1.55 eV.
Transient photocurrents are thus the dominant mechanism for the generation of THz
radiation from the surface of GaAs.

1.9.2 Photo-Dember field

When the photogeneration of electron-hole pairs takes place near a semiconductor
surface, these charge carriers diffuse away into the bulk. If the mobilities of the two
are different, one type of charge carrier, most often the electrons, moves faster than
the other, resulting in a spatial separation of charges as shown in Figure 1.6. This
is knows as the photo-Dember effect, and the electric-field thus developed is known
as the photo-Dember field [54]. The effective current of each carrier type is the
sum of diffusive motion and drift motion under a local electric field. A simplified
model of the ultrafast photo-Dember effect is provided by Kono et al. [55]. A cartoon
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Incident light

THz light

Figure 1.6: Cartoon representation of the photo-Dember effect. The incident pump beam
generates electron (dark dots) and hole (white dots) pairs at the surface of the semiconductor.
When these charge carriers diffuse away, electrons move faster than holes (in general) to build
up a transient polarization near the surface.

representation of the THz emission by photo-Dember effect is shown in Figure 1.6.
The diffusive currents of electrons (Jn) and holes (Jp) can be expressed as,

Jn ∝ eDe

d∆n

d x
(1.8)

and

Jp ∝ eDh

d∆p

d x
, (1.9)

where e is the electron-charge, d∆n

d x
and d∆p

d x
are the density gradients of the photo-

generated electrons and holes respectively. The diffusion coefficient D of electrons
and holes D = De and D = Dh are defined as,

D = kB Tµ/e, (1.10)

where µ = µe and µ = µh are the mobilities of electrons and holes respectively,
kB is the Boltzmann constant and T is the temperature of the corresponding carrier
distribution. The photo Dember current, JD = Jn+ Jp, is thus seen to be proportional
to the carrier mobilities. Because the effective mass of electrons is typically much
smaller than that of holes, most of the excess energy of photo-excitation will be
transferred to the electrons. The large mobility and large kinetic energy of electrons
result in a large diffusive current. The contribution from holes can thus be neglected
[55]. The emitted THz field can be expressed as,

ET Hz ∝
∂ Jn

∂ t
∝ µ(T )d∆n

d x
. (1.11)

When the surface depletion field of the semiconductor is significantly strong, this
also contributes to the THz emission together with the photo-Dember effect. In semi-
conductors with smaller bandgap, the surface depletion field is usually weaker, and
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the photo-Dember effect can be the dominant THz generation mechanism. This
generation mechanism has been reported from semiconductors like InAs, indium
antimonide (InSb), germanium (Ge), silicon (Si) etc [55–57]. For n- and p- type
semiconductors, the direction of the surface depletion field will be different, but the
photo-Dember effect will be more or less the same for both types of semiconductors.
This makes it possible to separate the contributions to the THz emission by the photo-
Dember effect from the current surge in the surface depletion region. For example,
the THz electric fields emitted through the photo-Dember effect in n-type InSb, and
p-type InSb were shown to be of the same polarity. The photo-Dember field formed
by optical excitation only depends on the difference in the mobilities of electrons and
holes in this case, and is in the same direction, irrespective of the doping type [2].

1.10 Thin films

Ultrafast excitation of semiconductor materials is a commonly used technique to gen-
erate broadband THz pulses for imaging and spectroscopy applications. In general,
the semiconductors are used either in bulk or as thin films of about ∼ 1 µm thick-
ness [58–60]. Thin layers of thickness∼ 100 nm or less are typically not used. One of
the main reasons for this might be the fact that as the thickness of the film decreases
the interaction length of the pump light with the semiconductor decreases. However,
it has recently been demonstrated that the interaction of coherent laser light with
thin film semiconductors can lead to counter-intuitive strong absorption [61]. Thin
layers of materials are of profound importance in both optical and semiconductor
technologies. In optics, thin layers of materials of thicknesses on the order of the
wavelength of light are used as anti-reflection coatings, high precision wavelength
filters etc. Electronic devices made of thin films of semiconductors are widely used,
for example in solar cells. There are various methods which are used for preparing
thin films of a few nanometer thickness with high precision, namely thermal evap-
oration, plasma sputtering, chemical vapor deposition, electro-deposition etc. As
we will show in this thesis, femtosecond laser excitation of ultrathin semiconductor
layers deposited on metals can lead to surprisingly strong emission of THz pulses.

1.11 Thesis context and overview

In this thesis, we largely focus on the ultrafast optical generation of THz radiation
from thin films of semiconductors with thicknesses ranging from a few nanometers
to a few hundreds of nanometers. We show that the THz amplitude emitted from
thin layers can be much larger compared to that emitted from bulk samples of the
same material. Thin films of semiconductors or nonlinear materials also facilitate
plasmonic enhancement of the THz generation process. Surface-plasmon enhance-
ment of OR of nanosecond laser pulses in thin films of nonlinear materials has been
reported recently [62]. There have been a few reports on the role of surface plas-
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mons in enhancing the ultrafast optical generation of terahertz radiation. Most of
these works were concentrated on surface plasmon assisted multi-photon excitation
of metallic nanostructures. In contrast to these works, we show surface-plasmon
enhanced terahertz emission by second-order OR from different thin film systems.

In Chapter 2, we discuss the emission of THz pulses from graphite surfaces excited
with femtosecond laser pulses. The emission is found to be mainly the result of
the generation of an ultrafast photocurrent. Interesting results are obtained when
different faces of a highly-oriented graphite crystal are used in the experiments. THz
generation from thin films of cuprous oxide (Cu2O)is discussed in detail in Chapter 3.
Easy to prepare, and very versatile, Cu2O/metal interfaces can be very promising
THz sources for THz-TDS or THz imaging applications. In the same way, very thin
films of semiconductors like germanium (Ge) and silicon (Si) deposited on metal
substrates are also shown to be strong THz emitters compared to thick layers or
bulk materials. This is discussed in detail in Chapter 4. Light manipulation and
nanoscale concentration of light using plasmonics can be very promising also for THz
generation. In Chapter 5, the role of surface plasmons in enhancing THz emission is
dicussed. Surface plasmon excitation on metal surfaces enhances the THz emission
through enhanced OR from both bare Au surfaces as well as Au surfaces covered with
thin layers of nonlinear optical materials or semiconductors. Using this technique,
we show that even a 1.2 nm thick monomolecular layer of hemicyanine can emit
significant amount of THz radiation.





Chapter 2

Terahertz emission from

graphite

Emission of pulses of electromagnetic radiation in the terahertz range is ob-

served when graphite surfaces are illuminated with femtosecond laser pulses.

The nonlinear optical generation of terahertz pulses from graphite is unexpec-

ted since, in principle, the material possesses a center of inversion symmetry.

Experiments with highly-oriented pyrolytic graphite crystals suggest that the

terahertz radiation is generated by a transient photocurrent in a direction nor-

mal to the graphene planes, along the c-axis of the crystal. This is supported

by magnetic-field induced changes in the direction of the terahertz electric-field

polarization, and consequently, the direction of the photocurrent.

2.1 Introduction

Graphite is one of the different forms in which the element carbon can exist in nature.
It is an allotrope of carbon. The properties of graphite are such that it can be classified
as a semimetal. Another very popular allotrope of carbon is diamond. While diamond
is a hard material and an electrical insulator, graphite is soft and a relatively good
conductor. Allotropes of the same element can have such strikingly different physical
properties because of the difference in the arrangement of atoms in them. Graphite
has many applications in industries, for example in arc-lamp electrodes. It is soft
and flaky in nature, and also finds an application in everyday life as pencil-lead. In
pencil-lead, graphite is mixed with a binding clay. Marks can be made on a sheet
of paper or on other surfaces by pencils by physical abrasion which leaves behind
traces of graphite. There has been increased interest recently in graphite and certain
other allotropes of carbon, such as graphene and carbon nanotubes, because of their
potential application in carbon-based electronics [63]. Graphene and graphite are
known to be capable of sustaining high current densities.

15
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c-axis

Figure 2.1: A simple representation of the structure of graphite. The c-axis is defined in a
direction perpendicular to the graphene planes.

2.1.1 Structure of graphite

Structurally, graphite crystals consist of stacks of identical atomic planes of carbon,
as shown in Figure 2.1. Within each single plane, carbon atoms interact much more
strongly than with those from the adjacent planes, and form covalent bonds in a hon-
eycomb structure possessing hexagonal symmetry. Such a two dimensional single-
atom thick plane is known as graphene. Different graphene planes in graphite are
attached to each other by weak van der Waals forces. The direction perpendicular
to the graphene layers is the c-axis, as shown in Figure 2.1. The thermal, elec-
trical and optical properties of graphite in a direction parallel or perpendicular to
these graphene layers are known to be different [64, 65]. This peculiar structure
gives graphite unique qualities which are widely made use of in its different applica-
tions [66, 67]. Time and again, the structure of graphite has attracted the attention
of various physicists because of its unique electronic and lattice properties. To this
end, extensive studies have been carried out on the transport properties and ultrafast
carrier dynamics in graphite, in both theory and in experiments [68,69].

2.1.2 Highly-oriented pyrolytic graphite

The graphite in pencil-lead, or the graphite found in nature, does not necessarily
consist of uniformly aligned stacks of graphene planes. Such samples can therefore
not be used in the experiments where the structure of graphite plays an important
role. Highly-oriented pyrolytic graphite (HOPG) is a form of graphite where the
quality of the alignment of graphene layers is well defined. However, HOPG itself
does not consist of extended graphene layers neatly stacked on top of each other.
HOPG consists of a collection of micro-crystallites of graphite, with their c-axes all
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aligned more or less in a specific direction. The quality of HOPG crystals is usually
expressed in terms of the consistency in the alignment of the micro-crystallites in
them. The angular spread in the orientation of the c-axes of the micro-crystallites is
called the mosaic spread [70]. HOPG crystals usually have a mosaic spread of < 1◦.
For this reason, HOPG crystals are generally used for the study of various physical
properties of graphite.

2.2 Optical rectification by graphite

In 2004, Mikheev et al. reported the observation of second-order nonlinear optical
rectification of nanosecond laser pulses by nano-graphite films, proposing that mag-
netic dipoles or electric quadrupoles are responsible for the emission of a transient
pulse [71]. This suggests the possibility of using graphite surfaces and related mater-
ials as sources of electromagnetic radiation in the terahertz (THz) region, by the rec-
tification of femtosecond laser pulses. In principle, graphite is a system with a center
of inversion symmetry, which does not allow electric dipole second-order nonlinear
processes from the bulk of the crystal, as the χ (2) of such a system vanishes [42].
Another report by Newson et al. in 2008, showed the generation of photocurrents
in carbon nanotubes and graphite using a third-order nonlinear optical process. In
that experiment, laser pulses with a central wavelength of 1400 nm and its second-
harmonic are focused onto a graphite surface to create a picosecond transient pho-
tocurrent. The magnitude and sign of the photocurrent are determined by the phase
difference between the two optical beams. This transient photocurrent is detected
via the emitted THz radiation [72]. In principle, third-order nonlinear processes are
allowed in all media, whether they possess inversion symmetry or not.

Excitation of graphite with short light pulses, and the subsequent carrier dynam-
ics is a topic of detailed study in the literature [68]. The dynamics of elementary
excitations in graphite and graphene occur on ultrafast time scales, governed by the
interaction among carriers and their coupling to the lattice. As shown in the sub-
sequent part of this chapter, femtosecond laser excitation of graphite can also lead
to the emission of THz pulses. The study of the emitted THz electric field provides
information on the movement of photogenerated charge carriers in HOPG crystals.

2.3 Experimental

A schematic of the experimental setup is shown in Figure 2.2. For the laser source,
we used a Ti: Sapphire oscillator (Scientific XL, Femtolasers) generating p-polarized
light pulses of 50 fs duration, centered at a wavelength of 800 nm with a repetition
rate of 11 MHz. The average power output from this oscillator is 800 mW which is
split into two by an 80/20 beam splitter. The 80% part is used as the pump beam,
and the 20% part as the sampling beam. The pump beam is focused onto the sample
by an f = 150 mm lens. A tight focus was avoided to prevent any photo-induced
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Figure 2.2: Schematic of the experimental setup. The pump beam is focused onto the sample
surface at a 45◦ angle of incidence.

damage. The generated THz beam was collected using off-axis paraboloidal mirrors
and focused onto an electro-optic detection crystal (500 µm thick ZnTe (110)) [22].
The synchronized, co-propagating, sampling pulse is also focused onto the detec-
tion crystal. The THz electric-field elliptically polarizes the probe beam to an extent
proportional to the instantaneous THz electric-field value. The probe beam then
propagates toward a differential detection setup consisting of a quarter wave plate,
a Wollaston prism and a differential detector. This setup measures the ellipticity of
the beam and thus the instantaneous THz electric-field strength. [23]

HOPG crystals used in the experiment were purchased from Optigraph GmbH,
Berlin,1 and were used in the experiments with freshly cleaved surfaces, mostly
without any further processing. In our experiments we used crystals of mosaic spread
0.8◦ as well as 0.4◦. The face of the crystal which ideally ends with a graphene plane
with the c-axis normal to the surface, is called the basal plane surface and the crystal
faces perpendicular to it are called the edge plane surfaces. Both the basal plane
surfaces and the edge plane surfaces of the crystal were used in our experiments for
the generation of THz radiation.

2.4 Terahertz emission

2.4.1 Basal-plane surface illumination

Figure 2.3(a) shows the temporal waveform of the electric-field generated from
the basal plane surface of an HOPG crystal, electro-optically detected in a nitrogen
purged environment using a 500 µm thick ZnTe (110) crystal. The angle of incid-
ence of the pump beam was 45◦. The waveform consists of a nearly single-cycle
pulse followed by a rapidly oscillating decaying tail. The rapidly oscillating tail is
due to the phase-mismatching in the detection crystal. For proper phase matching,
the phase velocity of the THz radiation should match the group velocity of the probe

1http://www.optigraph.eu/index.html
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Figure 2.3: a) A typical THz electric field emitted from HOPG basal-plane, plotted vs. time,
b) Scheme of illuminating the basal-plane of HOPG.

pulse. A phase-mismatch causes additional oscillations to appear in the trailing part
of the THz pulse [73]. The polarization of the emitted THz pulse was checked with a
wire-grid polarizer and was found to be in the plane of incidence, irrespective of the
polarization of the pump beam. A schematic of the basal-plane excitation is depicted
in Figure 2.3(b). Little or no horizontally or vertically polarized THz electric-field is
detected in the back-reflection direction, when the angle of incidence of the pump
beam is 0◦. All of this indicates that the THz emission is mainly due to a possible
transient charge movement along the surface normal when the basal-plane is illu-
minated.

The emitted THz electric field from the basal-plane (at 45◦ illumination) does not
change when the HOPG crystal is rotated about the surface normal. In other words,
the THz emission does not depend on the azimuthal angle orientation of the crystal.
This suggests the absence of any preferential direction of charge movement within
the basal-plane. In principle, there are three equivalent directions in the basal plane
owing to the symmetry of arrangement of carbon atoms [66]. However, we do not
observe any effect of this in the azimuthal angle dependence.

Scotch tape was used to remove layers of graphite from the basal-plane and fresh
surfaces were tested for their ability to generate THz pulses during illumination with
femtosecond laser pulses. The THz pulses generated from different freshly cleaved
surfaces all look similar in shape, and amplitude. The polarity of the generated THz
electric-field is also the same for the two opposite faces of the crystal. Generation of
THz radiation at the basal-plane of the crystal is thus likely a surface phenomenon,
which is identical for all the HOPG basal-plane surfaces tested, even surfaces that
previously were connected (before cleaving).

The amplitude of the generated electric field is about 5% of that generated from
an unbiased semi-insulating GaAs (100) surface at pump intensities below about 3
W/cm2, and is opposite in polarity. This increases to about 11% at higher pump
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Figure 2.4: The THz amplitude from HOPG basal-plane is plotted as a function of the incident
laser power. The dashed line is a linear fit to the data at low pump power.

powers, presumably due to the difference in pump-power saturation between the
two materials. The generated THz electric field as a function of increasing pump
power, is shown in Figure 2.4. At low pump powers the dependence is linear, which
is indicative of a second-order nonlinear process. At higher powers, the THz genera-
tion increases sub-linearly, indicating the onset of saturation. Graphite, in principle,
is a material which possesses a centre of inversion symmetry, which prohibits χ (2)

processes from the bulk of the crystal [71]. Based on the fact that graphite is more
or less opaque to the pump beam, the generation of THz radiation near the surface
must be localized to a thin layer consisting of multiple graphene planes within the
penetration depth of the pump beam.

2.4.2 Magnetic-field enhancement

Application of a magnetic field of about 1 T across the HOPG basal-plane surface
was found to affect the generated THz electric field amplitude and polarity. At 0◦

pump beam incidence, little or no THz emission is observed in the back-reflection
direction. When the magnetic-field is applied, in the plane parallel to the optical
table and perpendicular to the c-axis of the crystal as shown in Figure 2.5(a), we
see a vertically polarized component of the emitted THz electric-field. Ideally, in this
configuration, the THz electric-field is detected only in the presence of the magnetic-
field. When the magnetic-field is reversed, the polarity of the THz pulse reverses
too (Figure 2.5(b)). This strongly suggests that the illumination of the surface with
femtosecond laser pulses initially causes a transient current along the c-axis, perpen-
dicular to the surface. The application of the magnetic-field ~B creates a Lorentz force
~FL as defined by Equation 2.1 acting on the charge q moving with a velocity ~v, which
adds a vertical component to the current, parallel to the basal-plane, and thus creates
a vertically polarized THz electric-field component similar to what has been observed
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Figure 2.5: (a) Schematic of the magnetic field enhancement setup. The basal-plane of graph-
ite is placed between two powerful magnets. The direction of the magnetic field is as shown,
(b) Comparison of the THz waveform for opposite directions of the applied magnetic field.

in semiconductors such as indium arsenide (InAs) [74–77].

~FL = q(~v × ~B) (2.1)

Reversal of the direction of the magnetic field thus reverses the direction of the force
on the photocurrent, flipping the sign of the THz pulse. This provides a strong indic-
ation that the photo-induced currents are, indeed, perpendicular to the basal plane.

2.4.3 Edge-plane surface illumination

The edge-plane surface contains the c-axis of the crystal. When the edge-plane sur-
face is illuminated, therefore, two configurations are possible; one with the c-axis in
the plane of incidence and the other with the c-axis perpendicular to the plane of
incidence. Emission of THz pulses is observed from the edge-plane surface for both
0◦ and 45◦ illuminations, and the THz electric fields emitted are fairly strong and
comparable in amplitude with the THz electric field generated from the basal-plane
surface at 45◦ illumination. A schematic of the edge-plane illumination is shown in
Figure 2.6(a).

When we rotate the crystal about the surface normal, the polarization of the emit-
ted THz radiation rotates with it, always remaining in a plane perpendicular to the
surface containing the c-axis. In order to further illustrate this, two THz pulses emit-
ted from the crystal oriented at azimuthal orientations; φ =90◦ and φ = 270◦ are
shown in Figure 2.6(b). The angle of illumination of the pump beam in this case is
0◦. The emitted THz amplitude from the edge-plane surface of the crystal illuminated
at 0◦ angle of incidence, is plotted against the azimuthal angle φ in Figure 2.6(c).
Note that the electro-optic detection system is polarization sensitive, and only one
polarization component of the generated THz is detected at a time [22]. The THz
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Figure 2.6: (a) Scheme for illuminating the edge-plane of HOPG. The emission from the
edge-plane could be observed at both 0◦ angle of pump beam illumination, as well as 45◦, (b)
Comparison of two THz electric field pulses emitted from the edge-plane surface of HOPG for
φ = 90◦ (blue) and φ = 270◦ (red). The illumination in this case was done at 0◦ angle of
incidence, (c) The amplitude of the THz electric field emitted from the edge-plane surface of
HOPG, as a function of the angle φ, with the angle of pump illumination 0◦.

amplitude shows a single-cycle sinusoidal behavior over a 360◦ azimuthal rotation
of the crystal, which is an indication of an in-plane THz dipole. Magnetic-field en-
hancement measurements could not be performed in this case. It was impossible to
prepare very thin edge-plane samples owing to the flaky nature of HOPG. However,
the azimuthal angle dependence shown in Figure 2.6(a) already strongly indicates
that the transient charge movement at the edge-plane takes place mainly parallel to
the sample surface and parallel to the c-axis, which conforms with our observations
with the basal-plane illumination discussed in section 2.4.1. This means that we ex-
pect an in-plane magnetic-field perpendicular to the transient currents, would lead
to a decrease in the emitted THz amplitude whereas no effect would be observed
when the two are parallel.
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Figure 2.7: THz amplitude emitted from two lines drawn on paper (inset) using a graphite
pencil, plotted as a function of position on the paper.

2.5 THz generation from pencil-lead

Interestingly, we find that other forms of graphite are also capable of emitting THz
pulses, when illuminated with femtosecond laser pulses. In fact, even the graphite
present in pencil-lead emits THz pulses when illuminated with femtosecond pulses.
In Figure 2.7 we show the THz electric-field amplitude measured as a function of
position along a line across a pencil drawing on paper, consisting of two stripes, as
shown in the inset. For this experiment, the laser beam was focused to a 1 mm spot-
size on the paper. From the figure it is clear that only the graphite emits THz radiation
and not the paper. Pencil-lead contains graphite as a major component along with
clay and other substances which define its hardness. We note here that, recently,
Abraham et al. reported the imaging of graphite pencil drawings on paper using THz
transmission imaging [78]. Using THz time-domain spectroscopy (THz-TDS), they
measured the transmission of THz pulses of bandwidth up to 2 THz through papers
containing pencil drawings, and assessed the gradual absorption dependence on the
graphite proportion for different pencils, from hard to soft graphite leads. Our work
shows that the pencil drawings on paper are also capable of emitting measurable THz
pulses when excited using femtosecond laser pulses.

2.6 Discussion

Combining the observations from both 0◦ and 45◦ angle of incidence illumination,
we see that the generated THz dipole at the HOPG surface is always oriented along
the c-axis of the crystal. As mentioned earlier, a possible underlying mechanism
for the generation of THz radiation is a transient charge movement along the c-
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axis of the crystal. The conductivity of graphite along the c-axis is known to be
at least three orders of magnitude smaller than the conductivity along the graphene
planes [64–67]. A preferred charge movement along the c-axis, following an ultrafast
excitation of graphite, has not been reported in the literature to our knowledge.

The THz electric-field generated from any basal-plane surface, always has the
same polarity. Even when new basal-plane surfaces are created by repeatedly cleav-
ing the sample, the surfaces from both new samples that are formed give rise to the
emission of THz radiation with the same polarity. There are at least two possible
generation mechanisms involving charge movement that can give rise to THz emis-
sion. Graphite basal-plane surfaces are reported to have a space charge layer of a
few nanometers thickness [79, 80]. The femtosecond laser-created charge carriers,
accelerated in this space charge layer, can emit pulses of THz radiation.

Another possible mechanism is the photo-Dember effect [54]. The strong op-
tical absorption of the laser pulses by graphite leads to the formation of a carrier
concentration gradient perpendicular to the surface. If the electron and hole mobil-
ities along the HOPG c-axis are different, this can give rise to the development of a
time-dependent dipole along the c-axis, which emits a THz electric-field pulse. These
mechanisms are similar to that reported earlier for semiconductor surfaces, such as
GaAs [81].

The azimuthal-angle dependence of the THz electric-field generated from the
edge-plane surface, resembles that of an in-plane biased semiconductor surface where
the photo-generated charge carriers move preferentially in one direction along the
surface and which therefore reverses direction when the sample is rotated by 180◦.
However, here, no external bias is applied to the HOPG sample. The above pro-
posed mechanisms for the emission of THz radiation when the basal-plane surface
is illuminated, namely, carrier acceleration in a space-charge layer and the photo-
Dember effect, cannot completely explain this. Although HOPG is the best available
well-oriented system of graphite, it does not constitute a perfect crystal. HOPG is
known to contain stacking faults [82]. Graphite mainly exists in hexagonal form, but
the rhombohedral form can also exist together with the hexagonal structure. Stack-
ing faults in the crystal can act as breaks in the conduction paths along the c-axis
direction, which can lead to accumulation of charges [83, 84]. These accumulated
charges can lead to built-in electric potentials in the crystal. Along the c-axis, graph-
ite is known to behave electrically like a semiconductor [66]. Perhaps these built-in
potentials in the crystal can give rise to charge acceleration in a preferred direction
leading to the emission of THz pulses when the edge plane surface is irradiated with
femtosecond laser pulses [85]. This implies that weaker THz electric-field would be
emitted from the edge-planes of a sample with fewer stacking faults.

2.6.1 Subsequent works

Recently, another theoretical explanation for the THz emission from graphite was
given by Carbonne. They suggested c-axis compression and expansion soon after the
femtosecond laser excitation of graphite, which can be responsible for the charge
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movement along the c-axis that was observed in our experiments. In their work, they
calculated the ab initio charge density of graphite, and studied its evolution during
the photo-induced structural distortions [86]. Nagel et al. in 2010 reported the
results of their near-field study of THz surface waves emitted from graphite flakes,
excited with femtosecond laser pulses. A radially symmetric transport of the photo-
excited charges at the pump location was held responsible for the THz emission in
their study [87], partially contradicting our results.

2.7 Conclusion

In conclusion, the emission of transient subpicosecond pulses of electromagnetic ra-
diation in the THz region, is observed when graphite surfaces are illuminated with
femtosecond laser pulses. The emitted THz radiation is mainly polarized along the
c-axis of the crystal [20]. The THz pulses emerging from the basal-plane surface are
most likely created by a transient charge movement along the c-axis, either because
of the charge acceleration in the thin surface-space-charge layer of graphite, or be-
cause of the photo-Dember effect. Involvement of the charge carrier movement is
confirmed by magnetic-field induced changes in the emitted THz electric-field. The
polarity changes in the emitted THz electric field showed that there is a charge move-
ment along the c-axis direction. The emission of the THz pulses from the edge plane
surfaces is tentatively ascribed to built-in potentials created by stacking faults in the
material.





Chapter 3

Terahertz emission from

cuprous oxide/metal interfaces

Cuprous oxide/metal interfaces are found to emit surprisingly strong terahertz

pulses when illuminated with femtosecond laser pulses. The emission is sur-

prising because the illumination is done at a wavelength of 800 nm, which cor-

responds to a photon-energy much smaller than the bandgap energy of cuprous

oxide. Our experimental results suggest that the terahertz emission mainly

originates from the creation of charge carriers in the Schottky field near the

cuprous oxide/metal interface.

3.1 Introduction

Optical rectification (OR) of femtosecond laser pulses is widely used as a mechanism
for generating broadband pulses in the terahertz (THz) frequency range [2]. The
emitted THz pulse is also often used to probe the ultrafast dynamics taking place
in the material following the photoexcitation process [88, 89]. It has already been
shown that THz pulses can be generated by exciting the surfaces and interfaces of
various semiconducting materials. Presently, gallium phosphide (GaP), zinc telluride
(ZnTe), indium arsenide (InAs), and gallium arsenide (GaAs) etc. are most often
used as sources of THz radiation [2,90]. As we discussed in Chapter 1, this helps to
bridge the THz gap to some extent. A suitable, low cost, easy to prepare THz source,
though, still remains desirable.

In this chapter, we discuss the generation of THz pulses from oxidized copper
(Cu) surfaces or, in general, from the interfaces of cuprous oxide and some metals,
when they are illuminated with femtosecond near-infrared laser pulses. We show that
the emission from this interface is comparable in strength to the conventionally used
THz emitting materials like GaP (110) crystals. Such a strong THz emission from
Cu2O is unexpected, because the bulk Cu2O possesses a centre of inversion symmetry

27
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and is supposed to absorb only weakly at the wavelength of 800 nm. Conventional
second-order nonlinear processes like OR are not possible in materials which possess
a centre of inversion symmetry [42].

3.2 Oxides of copper

Under atmospheric conditions, Cu can form two types of oxides. These are copper
(I) oxide, called cuprous oxide (Cu2O) and copper (II) oxide, called cupric oxide
(CuO) [91]. These two oxides of Cu are known to be semiconductors. Historically,
Cu2O was one of the first known semiconductors. A Schottky interface of Cu and
Cu2O constituted the first semiconductor diode [89]. The mechanism of oxidation of
Cu has been the subject of detailed studies in the literature [92,93]. Because of their
potential use in solar cells, photovoltaic research on the oxides of Cu remains very
active.

3.2.1 Cuprous oxide

Cu2O is readily formed when fresh Cu surfaces are exposed to ambient air at room
temperature. It gives unprotected Cu a reddish tint whereas an unoxidized clean Cu
surface has a pink appearance. Bare, unprotected Cu gets oxidized by interacting
with atmospheric oxygen (O2),

4 Cu+O2 −→ 2 Cu2O. (3.1)

Cu2O formed by oxidation of Cu in the atmosphere is known to be a p-type semicon-
ductor. Electrical and optical properties of different Cu2O/metal interfaces have been
studied in detail in the literature [94–96]. Cu2O forms a Schottky barrier when it is
in contact with metals such as Cu, but tends to form an Ohmic contact with metals
like gold (Au) although, recently, some reports have emerged showing that Au on
top of Cu2O nanowires can form a Schottky contact [97]. Cu2O/metal interfaces can
act as solar cells. However, the practical efficiency of such devices is reported to be
< 2% [98]. Nevertheless, the advantages of Cu2O for solar energy applications are
its low cost and the availability of the base material (Cu), the rather simple material
preparation, and a bandgap of 2.1 eV which suitably lies in the visible range.

3.2.2 Cupric oxide

CuO is formed when Cu2O further interacts with atmospheric oxygen at temperat-
ures above 250◦C [99, 100]. It also gets formed by the oxidation of Cu at elevated
temperatures. For that reason, the surface layer of Cu2O can contain traces of CuO if
the sample is heated at a temperature above 250◦C. CuO has a black appearance, and
finds an application in industries as a pigment. CuO also is a p-type semiconductor
with a bandgap of 1.35 to 1.5 eV which is lower than that of Cu2O [101].
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Figure 3.1: Thickness of the Cu2O film plotted against the thickness of the original Cu layer
before oxidation, measured using an α-step profiler. The solid line is a linear fit to the data.

3.3 Preparation of cuprous oxide thin films

3.3.1 Low temperature oxidation of thin films of copper

One easy method to prepare a thin film of Cu2O is by leaving a clean Cu surface in
the atmosphere for a while. Atmospheric oxygen (O2) reacts with Cu, producing a
thin layer of Cu2O at the surface. Unlike the rusting of iron (Fe), the oxidation of
Cu surface slows down further oxidation by forming a somewhat protective layer of
oxide on the outside. The oxidation rate of Cu underneath the oxide layer decreases
as the oxide layer grows thicker. Thus, an unattended, exposed-to-air Cu piece does
not eventually turn completely into a block of Cu2O or other oxides of Cu, but rather
remains as a Cu block covered with a layer of Cu2O. This method of formation of
Cu2O/Cu interface has one disadvantage from an experimental point of view: it is not
easy to limit the thickness of the oxide in a precise manner. The thickness of the oxide
layer is an important parameter when it comes to studying the physical mechanism
behind the THz emission from it. As we will show later, Cu2O deposited on the
surfaces of other metals like Au and silver (Ag) etc. also emits strong THz pulses,
similar to oxidized Cu surfaces (which form a Cu2O/Cu interface), when excited with
femtosecond laser pulses. As mentioned before, the interfaces formed between Cu2O
and Au or Ag are, however, reported to be Ohmic or low-barrier Schottky type in
many earlier reports [102–104]. In our experiments, Au is an appropriate choice as
it can remain chemically inert during the preparation of the sample. Thin Au films of
about 200 nm thickness are prepared by electron-beam (e-beam) evaporation under
high vacuum conditions (below a pressure level of 10-6 mBar) on suitable substrates
like a clean glass slide or a silicon (Si) wafer. For a good adhesion of Au onto the
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glass or Si surfaces, a very thin layer (about 10 nm thickness) of chromium (Cr) or
titanium (Ti) is deposited as an intermediate layer [105]. Thin films of Cu of suitable
thickness, are deposited on top of the Au film, again by e-beam evaporation. An in

situ quartz crystal thickness monitor is used to measure the thickness of the films.
The resonance frequency of vibration of the crystal varies as more and more metal
is deposited on it. The thickness of the deposited metal film is calculated from the
change in the resonance frequency using the physical parameters of the metal which
is being evaporated. Cu2O films were prepared by heating the Cu layers at 250◦C
for three hours in the lab atmosphere. During this time, the Cu film gets oxidized
completely to produce a thin film of Cu2O. The thickness of the Cu2O film is larger
than that of the deposited Cu film. The increase in the thickness is because of the
inclusion of oxygen in the chemical structure which takes up space. In Figure 3.1 we
plot the thickness dCu2O of the Cu2O layer measured using an α-step profiler against
the original Cu layer thickness dCu. Within the thickness range that we use in our
experiments, we can find an empirical linear relationship between the thickness of
the Cu layer and the Cu2O layer.

dCu2O = cdCu (3.2)

The multiplication factor c in Equation 3.2 is found to be ∼ 1.5. Confirmation of the
presence of Cu2O in these films is done by X-ray diffraction (XRD) measurements.
In Figure 3.2, we show the XRD pattern recorded from an oxidized Cu foil. This
foil was partially oxidized by heating in the atmosphere at 250◦C for three hours. By
comparing the diffraction lines with the ICDD (International Center Diffraction Data)
database, it is seen that these thin films of oxidized Cu consist of Cu2O, polycrystal-
line in form. No measurable amount of CuO is found in the Cu foils.

3.3.2 Chemical deposition of cuprous oxide

Thin films of Cu2O can also be prepared by different chemical techniques [106,107].
Ristov et al., in 1985, reported chemical deposition of thin films of Cu2O on different
substrates like glass, metals etc. We used this as an alternative technique to prepare
Cu2O, to check if the THz generation takes place from these Cu2O/metal interfaces
as well. The semiconducting properties of Cu2O are known to depend on the way
the oxide is prepared [108].

The deposition of Cu2O in the method of Ristov et al., is done by the success-
ive immersion of the substrate in a cold complex solution A, and a hot solution B.
Solution A consists of 100 cm3 of 1 M solution of copper sulphate (Cu2SO4) and
400 cm3 of 1 M solution of sodium thiosulphate (Na2S2O3). Na2S2O3 is poured
into a solution of Cu2SO4 until it becomes colorless. Thus, a complex solution of
3 Cu2S2O3 ·2 Na2S2O3 is formed. The complex solution is then diluted with deion-
ized water to 1000 cm3. Solution A decomposes very easily, so the film deposition
should start every time with a freshly prepared solution. Solution B is 2 M solution
of sodium hydroxide (NaOH) maintained at a temperature between 60◦C and 80◦C.
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Figure 3.2: Reflected X-ray intensity as a function of the detector angle 2θ , from a partially
oxidized Cu foil, oxidized in atmosphere at a temperature of 250◦C. The red lines mark the
diffraction angles of Cu, and the blue lines mark the diffraction angles of Cu2O.

A clean substrate is first immersed in solution B, held for about 1-2 seconds and then
immersed in the solution A. After three to five immersions, a visible yellow film can
be seen on both sides of the substrate. After successive immersions, the Cu2O film
thickens and looks orange and then brown. These colors are the result of the in-
terference and absorption of the white light in the thin films [106]. The chemically
prepared Cu2O films are then characterized using XRD, and are seen to contain only
Cu2O and no other oxide of Cu.

3.4 Experimental setup

The experiments were carried out in a standard THz generation setup as shown in
Figure 3.3(a) [20]. We use a Ti: Sapphire oscillator (Scientific XL, Femtolasers)
generating p-polarized light pulses of 50 fs duration, centered at a wavelength of
800 nm with a repetition rate of 11 MHz. The average output power from this
oscillator is 800 mW which is split into two by an 80/20 beam splitter. The 80%
part is used as the pump beam, and the 20% part as the sampling beam. The pump
beam is modulated using a mechanical chopper at a frequency of 3 kHz. It is sent
to an in-plane retro-reflector delay-stage oscillating at 5 Hz, and is then focused
onto the sample surface. The generated THz beam was collected in one of the two
different geometries using off-axis paraboloidal mirrors and focused onto an electro-
optic detection crystal (ZnTe (110) or GaP (110)) [22]. In one configuration, the
pump beam hits the sample at a 45◦ angle of incidence and the generated THz light is
collected in the direction of the specular reflection. In the second case, the generated
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Figure 3.3: (a) Schematic of the experimental setup, (b) Excitation of an oxidized copper
surface, (c) A eurocent coin which is capable of emitting strong THz pulses when excited
using 800 nm femtosecond laser pulses.

THz beam is collected in the direction of the transmitted pump beam [40]. This
requires a transparent (transparent to the pump and/or the THz light) sample. The
sample is kept at an oblique angle. The synchronized sampling pulse is also focused
onto the detection crystal. The THz electric-field elliptically polarizes the probe beam
to an extent proportional to the instantaneous THz electric-field value [22]. The
probe beam then propagates toward a differential detection setup consisting of a
quarter-wave-plate, a Wollaston prism and a differential detector. Lock-in detection
was employed to extract the signal at the chopping frequency of the pump beam. This
setup measures the ellipticity of the beam and thus the instantaneous THz electric-
field strength [23].

3.5 THz emission from partially oxidized Cu foils

The excitation with 800 nm pulses is done at 45◦ angle of incidence as shown in
Figure 3.3(a) and (b), and the collection of the THz light is done in the specular re-
flection direction of the pump light. The first set of experiments were performed on
partially oxidized copper foils, and even a 1 eurocent coin, as shown in Figure 3.3(c).
A typical THz electric field as a function of time, emitted by the sample is shown in
Figure 3.4(a). It consists of a nearly single-cycle pulse, followed by a rapidly oscil-
lating tail. The tail is the result of the absorption of THz light by water vapor in
the atmosphere and of phase-mismatching effects between the probe and the THz
pulses [22]. The emitted THz electric field is mainly p-polarized, irrespective of the
polarization of the pump beam. When the angle of incidence of the pump beam is
changed to 0◦, and the collection of THz light is done in the backward reflected dir-
ection, little or no emission could be detected. The THz polarization developed at the
sample must therefore be pointed along a direction perpendicular to the Cu2O/Cu
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Figure 3.4: (a) THz electric field emitted from an oxidized Cu surface, plotted vs. time, (b)
THz amplitude from a clean Cu surface kept in air at room temperature, plotted as a function
of time, (c) THz amplitude emitted from a clean Cu surface kept at elevated temperatures in
air, plotted as a function of time.

interface. An oscillating electric dipole oriented in this direction can not emit along
the same direction. No change in the emitted THz pulse is observed when the sample
is rotated about its surface normal (azimuthal angle orientation). An azimuthal angle
dependence of the emitted THz amplitude is typical for certain crystalline THz emit-
ters showing second-order nonlinear OR [2]. The excitation of Cu2O films prepared
on a glass substrate, does not produce any strong THz emission. On the other hand,
freshly cleaned Cu surfaces also produce little or no THz light, confirming that the
presence of Cu2O/Cu interface is necessary for the observation of THz emission.

It is possible to study the oxidation of Cu foils by measuring the THz emission
from them over time. A freshly cleaned Cu surface was used for studying the ox-
idation. Oxides of Cu can be removed from the surface using a weak acid. For
our experiments, we use a 1% solution of hydrochloric acid (HCl) which served the
purpose well. The foils are dipped inside the acid solution and slowly moved so
that the oxide layer is visibly removed and the shiny Cu surface appears. The foils
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Figure 3.5: THz electric field emitted from a 50 nm thick Cu layer oxidized into Cu2O (black)
and CuO (black) on the surface of an Ag foil, plotted vs. time.

are then taken out, cleaned thoroughly with water and dried using compressed dry
air. HCl dissolves Cu2O by forming cupric chloride (CuCl2). In Figure 3.4(b), we
show the THz peak amplitude emitted by Cu as a function of time after cleaning
the sample with the acid. The figure clearly shows that the THz peak amplitude in-
creases over time, most probably due to the formation of Cu2O at the surface, which
grows thicker as a function of time [109]. It is remarkable that a detectable THz
emission is observed just after ∼ 60 minutes of exposure to air. The growth of the
THz amplitude as a function of time for four different temperatures is shown in Fig-
ure 3.4(c). This figure shows that at elevated temperatures the oxidation proceeds
much faster. For all temperatures, the emitted THz amplitude increases quickly in
the first 10 minutes [110]. At the onset of the oxidation process, Cu2O is formed by
the interaction of the freshly cleaned Cu surface with readily available atmospheric
oxygen. As the thickness of the oxide increases, the oxygen has to diffuse through
the existing Cu2O layer in order to interact with the Cu atoms. This slows down the
oxidation process [111]. The continued oxidation of the Cu surface leads to changes
in the appearance of the sample as a result of the light interference in the film (etalon
oscillations). The decrease in the THz emission seen for the sample kept at a temper-
ature of 300◦C, after about 50 minutes of oxidation, coincides with visible darkening
of the sample surface. This is an indication of the formation of cupric oxide (CuO)
by the further oxidation of Cu2O by atmospheric oxygen at high temperatures. The
presence of CuO in this sample is confirmed by XRD analysis. Incidentally, CuO is
also a semiconductor material, but with a lower bandgap of ∼ 1.35 - 1.5 eV. When
CuO gets formed at the surface of the Cu2O layer, it can prevent the pump light from
reaching the Cu2O/Cu interface, where the actual THz generation takes place. This
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Figure 3.6: THz amplitude from a freshly deposited Cu film of 280 nm thickness on a 200 nm
thick Au layer, kept at an elevated temperature of 200◦C, plotted as function against time

can result in a decreased THz amplitude.1 Incidentally, in our experiments, we have
observed that CuO/metal interfaces are also capable of generating THz radiation.
In Figure 3.5 we plot the THz electric field amplitudes emitted from Cu2O/Ag and
CuO/Ag interfaces prepared from Cu layers of identical thicknesses. The CuO layer
was prepared by heating the Cu2O layer at 450◦C for three hours. It is seen that
the emitted THz amplitude from the CuO/Ag interface is weaker than that from the
Cu2O/Ag interface. A detailed study of the THz emission from CuO/metal interface
is outside the scope of this thesis.

3.6 THz emission from Cu2O/Au interface

The disadvantage of using oxidized Cu foils is that they have an unknown composi-
tion and, generally, an optically rough surface which gives rise to optical scattering.
In addition, little or no control over the thickness of the oxide layer is attainable. For
this reason, we also performed experiments on thin films of Cu deposited on top of
200 nm thick Au on Si substrates. The THz amplitude emitted as a function of time
from a 280 nm thick freshly deposited Cu layer on a 200 nm thick Au layer on a Si
substrate kept at 200◦C, is shown in Figure 3.6. The main difference between this
experiment and the previous experiment is that, this time, the layers are prepared
on an optically flat substrate. Cu2O has a refractive index n ∼ 2.7, and even thin
films of it can contribute to interference of the pump light at a wavelength of 800

1The decrease in the THz emission can also be because of the diminished absorption of the pump light
in the film due to constructive interference of the reflected light. This depends on the thickness of the film.
The changes in THz emission due to pump light interference in thin films of semiconductors is the main
topic of discussion in Chapter 4.
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nm. As a smooth film of oxide is formed on the surface of the Cu layer, the pump
light incident on the sample is multiply reflected, and etalon oscillations take place.
This results in an oscillating absorption of the pump light as the Cu2O thickness in-
creases as a function of time. As shown in Figure 3.6, this results also in oscillation
of the emitted THz amplitude as a function of time. Absorption of coherent light by
thin films depends heavily on the interference of light in them. The first maximum
in the THz amplitude is observed after about 5 minutes and the second maximum
after about 25 minutes of oxidation. The growth of the oxide layer slows down as
the oxidation proceeds. The initially formed oxide layer acts as a barrier for oxygen
molecules to pass through to reach the Cu atoms underneath [93]. This process is
dominated by diffusion of ions and the oxidation thus eventually slows down. Since
the interfaces Cu2O/Au and Cu2O/Cu may not be identical in terms of the strength of
the Schottky field, the experimental result shown in Figure 3.6 can have two parts.
The initial increase in the THz amplitude is from a Cu2O/Cu interface getting de-
veloped at the surface of the Cu film. As the oxide layer grows thicker over time,
the Cu layer becomes thinner, and eventually disappears as the Au layer is reached
resulting in a Cu2O/CuAu interface, which possibly gets formed at the interface2. It
has to be noted that prolonged annealing of Cu2O could have an effect on its electric
and/or optical properties. This is because of possible structural changes [101]. This
is not considered in the present work.

In a separate experiment, we have observed that the emitted THz amplitude from
Cu2O on Au shows little variation in the range of temperatures (below 250◦C) used
in the above experiment (results are not shown here). Thus the contribution of the
temperature-induced changes such as thermal excitation of additional free carriers
can be ignored for the present case.

It is interesting to note that, although the interfaces of Cu2O with Au are reported
to be mostly Ohmic in nature [112], the depletion field is sufficient to allow THz
generation from them. One of the possible reasons for this is the formation of a
CuAu alloy at the interface. It has been reported that Cu atoms can diffuse into Au
to form a CuAu alloy at the interface when a Cu layer is initially deposited on the Au
films [113, 114]. Since the work function of Cu is lower than that of Au, it is very
well possible that CuAu has a work function lower than that of pure Au, so that a
Schottky contact can be formed between Cu2O and CuAu.

THz emission from Cu2O formed on a Cu surface is a sensitive way of detecting
very thin films of the oxide. In Figure 3.4(a) we have already seen that a detectable
THz emission can be observed after ∼ 60 minutes of exposing a clean foil to the
atmosphere.

Chemically prepared Cu2O layers on Au substrates (as described in section 3.3.2)
also emit THz pulses when excited using femtosecond laser pulses, similar to the
layers produced by the oxidation of Cu layers deposited on Au substrates. The ad-
vantage of the chemical method is that a uniform layer can be produced on different
substrates, no matter whether they have curved/patterned surfaces or not. In the

2CuAu stands for an alloy of Cu and Au.
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Figure 3.7: a) Band diagram of a Cu2O/Cu interface, showing the band bending, b) Absorp-
tion spectrum of a 500 µm thick Cu2O crystal, near the bandgap energy.

case of vacuum evaporation of Cu, shadow effects in the deposition can lead to Cu2O
layers of non-uniform thicknesses.

3.7 THz generation mechanism

The topic of THz generation from Cu2O/metal interfaces becomes interesting consid-
ering that Cu2O alone does not produce any significant amount of THz light when
illuminated with the 800 nm laser light. Ideally, Cu2O does not absorb light at the
wavelength of 800 nm. When a semiconductor and a metal are brought together,
their Fermi levels match with each other. This results in the bending of valence and
conduction bands close to the metal interface. Cu2O formed by oxidation in the
ambient air is reported to be p-type. For p-type Schottky interfaces, the conduction
band and the valence band of the semiconductor bend downward when the metal
is brought in close contact with the semiconductor [51]. The Fermi level pinning
of a typical Cu2O/Cu interface is schematically shown in Figure 3.7(a). A shrinkage
of the bandgap of the semiconductor as a consequence of what is called ‘the image
potential’ at the metal surface has also been suggested [115]. In Figure 3.7(b), the
measured absorption spectrum of a 500 µm thick Cu2O crystal is shown. The in-
crease in absorption below a wavelength of ∼ 650 nm is because of the excitation of
electron-hole pairs across the bandgap. It is seen that in this crystal, there is little or
no absorption at 800 nm. However, for oxidized thin Cu layers, some absorption is
possible due to impurities and defect states [116]. The DC offset is the result of the
reflection loss of the light at the surface of the crystal, which is not corrected for in
the measurement.

In Figure 3.8, we plot the THz amplitude as a function of the incident laser power,
emitted from a Cu2O/Au interface. The THz amplitude increases linearly with the
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Figure 3.8: The THz amplitude emitted from a 275 nm thick layer of Cu2O on 10 nm Au on a
glass substrate, as a function of the incident laser power. The solid line is a guide to the eye.

laser power, suggesting that a second-order nonlinear optical process is responsible
for the THz emission. However, there are different THz emission processes which
can show a second-order dependence on the pump electric field. Based on the exper-
imental results, three possible mechanisms can be responsible for the THz emission
from Cu2O/metal interfaces, as described below.

3.7.1 Photocurrent surge in the Schottky field

In an ideal case, Cu2O crystals do not absorb light at the wavelength of 800 nm, since
the bandgap of Cu2O is 2.1 eV which corresponds to a wavelength of 590 nm. In the
samples that are prepared in our laboratory by oxidation of thin films of Cu, we have
observed a certain amount of absorption of the laser light at a wavelength of 800 nm.
Sub-band excitations by impurities could be responsible for this. As we have already
seen in section 1.8, it is possible to generate THz radiation by ultrafast resonant
laser excitation of a semiconductor kept under a voltage bias. Cu2O/metal interfaces
can form Schottky barriers. Excitation of electron-hole pairs in the depletion field
of a Cu2O/metal interface by the pump light can lead to the formation of transient
currents emitting THz pulses. The emitted THz amplitude from a Cu2O/Au interface
is plotted as a function of the pump beam incident angle in Figure 3.9(a). The
Cu2O/Au interface was prepared by first depositing a 10 nm thick Au layer on a glass
slide followed by the complete oxidation of a 150 nm thick Cu layer deposited on
top of it. In this experiment, excitation was done in the transmission mode with the
pump beam hitting the interface from the glass side. When the pump beam is incident
on the sample at normal incidence, no THz emission is detected in the transmission
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Figure 3.9: a) THz amplitude as a function of the angle of incidence of the pump beam, from
a partially transparent Au/Cu2O sample, b) The reversal of the THz polarity for +45◦ and -45◦

angles of incidence of the pump beam, c) A schematic representation of the two alignments

direction. This indicates that the generated THz dipole is in a direction perpendicular
to the Cu2O/Au interface. As the angle of incidence of the pump beam increases, the
emitted THz amplitude increases and reaches a maximum for an angle of ± 75◦. In
Figure 3.9(b) we plot the THz electric field as a function of time, emitted from the
sample oriented at angles of +45◦ and -45◦ with respect to the incident laser beam
(Figure 3.9(c)). The two pulses are opposite in sign, suggesting that the generated
THz dipole is along the normal direction to the interface.

As we will see in Chapter 4, the absorption by the Cu2O films can be surpris-
ingly large when they are interfaced with a metal substrate. This phenomenon is
called ‘cavity resonance’ or ‘coherent optical absorption’ and is discussed in detail
in Chapter 4. Under such conditions, ultrafast photoexcitation of Cu2O/metal inter-
faces can lead to the emission of strong THz pulses through a transient current surge
in the Schottky field.

3.7.2 Internal photoemission

Another possible mechanism of THz emission from a Cu2O/metal interface under
sub-bandgap excitation is internal photoemission [117]. Internal photoemission
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refers to the photoexcitation of electrons from a metal to a semiconductor at an in-
terface. In the case of Cu2O/metal interfaces this corresponds to excitation of holes
from the metal into the p-type Cu2O. Since the excitation wavelength corresponds to
a photon energy which is above the barrier height of Cu2O/Cu interface (0.75 eV),
internal photoemission can in principle take place at the interface [118]. In the pres-
ence of the Schottky field, the charge carriers drift along the field direction giving rise
to a transient photocurrent. It has been shown in earlier works that internal photoe-
mission takes place at Cu2O/Cu interfaces with the excitation around the wavelength
of 800 nm. When excited using femtosecond laser pulses, this will constitute a pico-
second current in the material which results in the emission of pulses of THz radiation
into the far-field. The case of ultrafast internal photoemission leading to THz emis-
sion has not been reported anywhere in the literature, to our knowledge. However,
it was mentioned in a discussion on different carrier dynamics in Au/GaAs interfaces
followed by femtosecond laser excitation by Shi et al. in 2006 [119].

Internal photoemission is a process which involves real movement of charge car-
riers. Since the number of holes injected into the Cu2O is directly proportional to the
intensity of the pump light incident on the sample, this process will also be second-
order.

3.7.3 Depletion field-induced optical rectification

Second-order nonlinear processes are ideally not possible in materials with a centre
of inversion symmetry. Application of an electric field can break the symmetry of the
material. When Cu2O is deposited on metal substrates, certain metals form Schottky
type interfaces with it. The depletion field at the interface can be responsible for
breaking the symmetry so that a second-order process is possible from Cu2O. It has
been reported that Cu2O has a large third-order nonlinear susceptibility, χ (3) [120].
In the presence of the depletion field at the interface with the metal, it is possible
to have an electric-field-induced OR from Cu2O. As already discussed in Chapter 1,
electric-field induced OR is in fact a χ (3) process where one of the electric fields is
provided by the static depletion field E(depl) at the interface. The emitted THz electric
field ET Hz in the far field can be expressed as [43],

ET Hz ∝ χ (2)e f f
I800 (3.3)

where I800 is the pump light intensity, and

χ
(2)
e f f
∝ χ (3)E(depl) (3.4)

is the effective second-order susceptibility. The emitted THz amplitude in this case
varies linearly with the intensity of the pump beam, suggesting a second-order non-
linear optical process. In this, as in the previous explanations, a Schottky field is
essential to explain the emission.
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Figure 3.10: (a) Schematic of the experimental setup used for 400 nm light excitation of the
sample, (b) The emitted THz electric fields from only-Cu2O excited with 400 nm light, and
Cu2O/Au (8 nm thick Au layer) excited with 800 nm light, as a function of time, (c) Emitted
THz amplitude (ET Hz) as a function of the incident total 800 nm light power (P). The red curve
is a parabolic fit to the data points at low pump powers.

3.8 Above bandgap excitation of Cu2O with 400 nm

light

It is also possible to generate THz pulses by above-bandgap femtosecond laser ex-
citation of Cu2O. An interface with a metal is not required in this case. Resonant
excitation leads to the generation of electron-hole pairs in the material. Cu2O has
a direct bandgap of 2.1 eV. In terms of the light wavelength, this corresponds to
590 nm. When we excite Cu2O using 800 nm light, the photon energy corresponds
to 1.55 eV which is too low to excite electrons from the valence band to the con-
duction band. In order to see the effect of above-bandgap excitation of Cu2O, we
frequency-doubled the laser light to generate 400 nm light, which corresponds to a
photon energy of 3.1 eV. We used a 100 µm thick β -barium borate (BBO) crystal to
convert the 800 nm light into 400 nm light [121]. In Figure 3.10(a) we show the
setup used for exciting the sample with the 400 nm light. The BBO crystal is inserted
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between the pump focusing lens ( f = 150 mm) and the sample. The orientation
of the BBO crystal is adjusted to maximize the second harmonic yield. It has to be
noted that the polarization of the 400 nm beam is different from that of the 800 nm
beam. By changing the polarization of the incident 800 nm light using a λ/2 plate,
it was made sure that the 400 nm light illuminating the sample is p-polarized. A
typical emitted THz electric field as a function of time, from a 150 nm thick film of
Cu2O prepared on a glass slide excited with 400 nm light is shown in Figure 3.10(b).
This THz pulse is compared with the THz pulse emitted from Cu2O on an 8 nm thick
Au layer on glass excited with 800 nm light. The THz electric field emitted from
only-Cu2O (excited with 400 nm light) is opposite in sign compared to the THz elec-
tric field emitted from Cu2O/Au (excited with 800 nm light). Cu2O absorbs 400 nm
light considerably. Cu2O is reported to show the photo-Dember effect [122]. When
a concentration gradient of charge carriers is created in a material by ultrafast laser
pulses, and if the mobilities of electrons and holes are different, an ultrafast transient
dipole gets formed near the surface when the charge carriers diffuse away, electrons
moving faster than the holes [2]. Another possible mechanism of THz generation is
the transient current surge in the surface depletion field of Cu2O. Note that the THz
generation can occur both at the air/Cu2O interface and at the Cu2O/glass interface.
Figure 3.10(c) shows the emitted THz amplitude from a Cu2O thin film, as a function
of the total 800 nm light power (measured before the BBO crystal). The quadratic
growth of the THz amplitude with the incident 800 nm power suggests that a linear
process (linear in the 400 nm light intensity) is responsible for the THz generation.

3.9 THz generation from nonplanar surfaces

Cu2O and Au layers can be prepared on nonplanar surfaces also. This allows us
to fabricate optical components that have a double function, such as a mirror that
generates and simultaneously focuses the THz radiation. We prepared a Cu2O/Au
interface on an off-axis paraboloidal mirror surface by first depositing a 200 nm thick
Au layer and then a 150 nm thick Cu layer using e-beam evaporation. The Cu layer
was then fully oxidized to Cu2O by heating it in the atmosphere at 250◦C. Now, this
paraboloidal mirror surface can act as an extended THz source when illuminated
with a pump laser beam covering the mirror surface. In Figure 3.11, we show the
schematic of the setup used to generate THz radiation from this paraboloidal mirror.
A diverging pump beam from the focus of a smaller focal length plano-convex lens
is incident on the paraboloidal mirror surface as shown in the figure. The focus
of the pump beam is exactly at the focal point of the paraboloidal mirror. At each
point at the surface of the paraboloidal mirror, THz light is generated. The phase
relationship of all these THz wavelets is such that the emitted THz beam is plane-
parallel [123,124]. This THz beam is focused by another off-axis paraboloidal mirror
onto the detection crystal. A typically detected THz electric field is shown in the inset
of Figure 3.11. This proof-of-principle experiment suggests that nonplanar optical
elements in a THz setup can be suitably converted into THz emitters, where the
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Figure 3.11: Schematic of the setup used for the excitation of a Cu2O coated paraboloidal
mirror. Please note that the single optical element is used as the source of THz light and also
the focusing optical element. Inset: A typical THz electric field vs. time, detected in the setup.

emitted THz beam automatically follows the functionality of the optical element.
Generating THz radiation from paraboloidal mirrors themselves can help in re-

ducing the number of optical components used in the optical setup to steer and focus
the THz light. Paraboloidal mirrors are notoriously difficult to align in an optical
setup, also the THz light is not visible. The THz beam path can be considerably
reduced by this technique.

3.10 Conclusion

Strong THz emission is observed from Cu2O/metal interfaces, when they are excited
with femtosecond laser pulses. The emission is comparable to that from convention-
ally used THz generation crystals like GaP (110) or SI-GaAs (100). In Figure 3.12,
we show a comparison between the THz electric fields emitted from a 420 nm thick
Cu2O film on Au and that from a 300 µm thick GaP (110) crystal, under the same
experimental conditions. The mechanism of THz emission from GaP crystal is non-
resonant, second-order OR [38]. It can be seen that the THz amplitude emitted from
Cu2O/Au is about 40% of the THz amplitude emitted from the GaP crystal. Such a
large signal strength deserves a careful study because of the possible applications.
We have listed some of the mechanisms that could play a role in the THz emission
from Cu2O/metal interfaces, in this chapter. The possible reason for the surprisingly
strong emission from thin films of Cu2O interfaced with Au will be discussed in detail
in the next chapter in the context of enhanced THz emission from thin semiconduct-
ing films.
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Figure 3.12: THz electric fields emitted from a 420 nm thick Cu2O layer on a 200 nm thick
Au layer (red) and a 300 µm thick GaP(110) crystal (blue), plotted vs. time.

Cu2O/metal interfaces are very easy to fabricate and can be incorporated into
various useful designs commonly used in various THz setups, like nonplanar optical
elements (paraboloidal, or ellipsoidal mirrors), waveguides etc. Surface plasmon-
enhancement of nonlinear optical processes has been discussed in detail in the cur-
rent literature. Such plasmonic techniques can also be applied to enhance the THz
emission from Cu2O/Au interfaces. This will be discussed in Chapter 5.



Chapter 4

Terahertz emission from

semiconductor thin-films

Generation of terahertz radiation in semiconductors is usually done using bulk

materials, or in thin layers which are, however, thicker than the absorption

depth of the pump light. It therefore seems counter-intuitive to use ultrathin

layers of semiconductors with a thickness much less than the absorption depth.

In this chapter, we show how ultrathin layers of semiconductors like silicon,

germanium, and cuprous oxide on a gold substrate, not only strongly absorb

the pump light at a wavelength of 800 nm, but also emit surprisingly strong

terahertz pulses when illuminated with femtosecond laser pulses.

4.1 Terahertz emission from semiconductors

4.1.1 Transient photocurrent

One of the most common techniques for generating THz pulses, is the creation of
a transient current in a semiconductor by ultrafast laser excitation as reported by
Auston and Glass in 1972 [2, 33]. Resonant photo-excitation of the semiconductor
leads to the generation of electron-hole pairs. For the generation of THz pulses, these
photo-generated charges should move in a defined direction constituting an ultrafast
transient current. This is achieved by applying an external bias voltage across the
semiconductor. When the excitation is done using a femtosecond laser pulse, the
transient photocurrent has a subpicosecond build-up time [123]. This rapid rise in
the current results in the emission of a THz electric pulse, ET Hz , into the far field,
according to

ET Hz ∝
∂ J(r, t)

∂ t
, (4.1)

45



46 Terahertz emission from semiconductor thin-films 4.1

EV

EF

EC

qVbiqφbn

EV

EF

EC

qVbi

qφbp

(a) (b)

Figure 4.1: Energy band diagram of a metal-semiconductor interface at thermal equilibrium
for (a) n-type semiconductor, (b) p-type semiconductor. Shaded part on the left side indicates
the metal, and the semiconductor is on the right side. EF is the Fermi level, EC and EV are
the bottom of the conduction band and top of the valence band respectively. q is the elec-
tronic charge absolute value, φbn and φbp are the barrier potentials for the n-type and p-type
respectively, and Vbi is the built-in potential.

where J(r, t) is the photocurrent density. The variables r and t represent position
and time respectively. When the electrodes which provide the external bias voltage,
are antenna-like structures, these emitters are called photoconductive antenna (PCA)
emitters, popularly known as Auston switches, named after their inventor. They
are widely used in different forms as broadband THz sources for both imaging and
spectroscopic applications. Interestingly, it is also possible to generate strong pulses
of THz radiation from semiconductors without actually applying an external bias
voltage. Transient photocurrents can also be generated by exciting charge carries in
the depletion field present at the surfaces and interfaces of semiconductors as de-
scribed in section 1.9.1. One example of such an interface is a metal-semiconductor
Schottky interface which is explained below.

4.1.2 Schottky interface

When a metal is brought into contact with a semiconductor to form an interface,
at thermal equilibrium the Fermi levels on both sides of the interface should match.
This brings the conduction and valence bands of the semiconductor into a definite
energy relation with the Fermi level of the metal [125,126]. In other words, a barrier
potential is formed at the interface. Electrons in the n-type semiconductor can lower
their energy by traversing the interface. As the electrons leave the semiconductor, a
positive charge, due to the ionized donor atoms, stays behind. This charge creates an
opposing field and lowers the band edges of the semiconductor. Electrons flow into
the metal until an equilibrium is reached between the diffusion of electrons from the
semiconductor into the metal and the drift of electrons caused by the field created
by the ionized impurity atoms. This equilibrium is characterized by a constant Fermi
energy throughout the structure. In thermal equilibrium, i.e. in the absence of a
voltage bias, there is a region in the semiconductor close to the interface, which is
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depleted of mobile charge carriers.
In Figure 4.1, energy band diagrams of n-type and p-type semiconductor/metal

interfaces are shown. For n-type semiconductors, the width W of the depletion region
can be expressed as [51],

W =

r

2εs

qND

�

Vbi − V − kT

q

�

, (4.2)

considering that the charge density ρ ≃ qND for z < W and ρ ≃ 0, and dV/dz ≃ 0
for z > W , where εs is the semiconductor permittivity, q is the electronic charge ab-
solute value (1.6 × 1019 C), ND is the donor atom concentration, Vbi is the built-in
potential, V is the potential across the depletion region, k is the Boltzmann con-
stant (1.38066 × 10−23 J/K), and T is the absolute temperature. The z-axis points
across the interface from metal to the semiconductor. The potential V (z) across the
depletion region can be expressed as,

V (z) =
qND

2εs

�

Wz − 1

2
z2
�

−φBn, (4.3)

where φBn is the Schottky barrier height. This position dependent potential gives
rise to the Schottky depletion field. It has already been shown that THz pulses can be
generated by exciting Schottky interfaces with femtosecond laser pulses [127]. Such
studies were usually done by depositing partially transparent thin films of metals
such as chromium (Cr)on the surface of the semiconductors [127]. The emission
from them, was generally weak, because the thin metal layer blocks both the pump
light going into the sample and the THz light emitted from the sample. It is to be
noted that a metal/semiconductor interface with the semiconductor layer on top was
not much popular in any of these earlier reports. Recently, Bakunov et al reported
a method to enhance the THz emission from thin film InAs by having a metal layer
below it [128]. In this experiment, the THz transient dipole formed in the layer emits
in both forward direction and backward specular reflection direction. The forward
part is reflected by the metal layer and is thus also emitted in the specular reflection
direction increasing the total yield. This was also reported earlier in 1995 by Li et

al [129]. Bakunov et al in their report, also went on to further modify the design
by incorporating a dielectric lens on top of the semiconductor layer to couple the
generated THz light better into the far field, further increasing the yield. In this
chapter, we discuss the THz emission from thin films of three different semiconduct-
ors deposited on smooth gold (Au) surface. These semiconductors, cuprous oxide
(Cu2O), germanium (Ge) and silicon (Si) are normally poor THz emitters when they
are excited with femtosecond laser pulses. In the subsequent sections we see how en-
hanced pump light absorption, and thereby enhanced THz emission can be achieved
in very thin films of these semiconductors when they are interfaced with the metal.
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4.1.3 Germanium and silicon

Indirect-bandgap semiconductors like Si and Ge are considered to be bad choices
for the optical generation of THz pulses. The main reasons being their relatively
long carrier lifetimes, and the fact that the crystals are inversion symmetric which
normally forbids second-order nonlinear optical rectification [2]. For crystalline Si,
the relatively low absorption leads to absorption depths which are fairly large, larger
than the surface depletion depth. This means that most of the light gets absorbed in a
region of the material where there is no depletion field present and which therefore
does not contribute to the emission of THz pulses, in essence wasting the optical
pump photons. Methods to circumvent this problem have been suggested in the
literature. In 2008, Hoyer et al reported THz emission from black-Si [57]. Black-Si
is prepared by surface modification of Si, making the reflectivity low, thus enhancing
the light absorption near the surface. The black-Si surface consists of needle shaped
structures which are made of single-crystal Si. In this case, the large penetration
depth of the near-infrared pump light is reduced significantly. Multiple reflections of
the pump light between the nanoscopic needles grown at the surface resulted in the
excitation of charge carriers in these wires, leading to the emission of THz pulses.
These nanoscopic needles were about 2 µm in height and 300 nm in diameter.

THz generation from nano-crystalline Si in a photo-conductive switch was repor-
ted recently in 2011 [130]. In this work, Daghestani et al constructed and studied
a photoconductive switch based on nano-crystalline Si. THz pulse generation by in-
jection of photocurrents in Si and Ge using a χ (3) process was reported recently by
Spasenovic et al [131]. This requires excitation with both fundamental near-infrared
light and its second-harmonic. A third-order process can happen irrespective of the
symmetry of the material.

Emission of THz pulses from Ge crystal surfaces when excited with femtosecond
laser pulses was reported by Urbanowicz et al in 2005 [56]. The Photo-Dember
effect was suggested as the main THz generation mechanism. The photo-Dember
effect occurs when laser light is strongly absorbed in a semiconductor, creating a
concentration gradient [122]. Due to the differences in the diffusion coefficients of
electrons and holes, a transient dipole field is formed which gives rise to the emission
of a THz pulse. The surface depletion field near the surface is relatively weak in
these narrow-band semiconductors and the contribution to the drift current can be
positive or negative depending on the relative direction. The emitted THz electric
field from the transient photo-Dember field shows the same polarity for both n- and
p-doped semiconductor surfaces, and can thus be separated from the contribution
by the surface depletion field which changes polarity going from n-type to p-type
materials [2].
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Figure 4.2: Schematic of the experimental setup.

4.2 Experimental

The experiments were carried out in a standard THz generation setup as shown in
Figure 4.2 [20]. We use a Ti: Sapphire oscillator (Scientific XL, Femtolasers) gener-
ating p-polarized light pulses of 50 fs duration, centered at a wavelength of 800 nm
with a repetition rate of 11 MHz. The average output power from this oscillator is
800 mW which is split into two by an 80/20 beam splitter. The 80% part is used as
the pump beam, and the 20% part as the sampling beam. The pump part is chopped
using a mechanical chopper at a frequency of 3 kHz. It is sent to an in-plane retro-
reflector delay-stage oscillating at 5 Hz, and is then focused onto the sample surface.
The pump beam is incident on the sample at a 45◦ angle of incidence and the gen-
erated THz light is collected in the direction of the specular reflection using off-axis
paraboloidal mirrors and focused onto a (110) oriented zinc telluride (ZnTe) electro-
optic detection crystal [22]. The synchronized, co-propagating, sampling pulse is
also focused onto the detection crystal. The THz electric field elliptically polarizes the
probe beam to an extent proportional to the instantaneous THz electric field value.
The probe beam then propagates toward a differential detection setup consisting of
a quarter wave plate, a Wollaston prism and a differential detector. Lock-in detec-
tion was employed to extract the signal at the chopping frequency of the pump beam.
This setup measures the ellipticity of the probe beam and thus the instantaneous THz
electric field strength [23].

4.2.1 Sample preparation

Thin films of Au of thickness > 100 nm were prepared on the surfaces of clean
glass slides or Si substrates by e-beam evaporation under high vacuum conditions
(below a pressure level of 10−6 mBar). An inter-layer of chromium (Cr) or titanium
(Ti) of thickness 10 - 30 nm was deposited to achieve better adhesion of Au on the
substrates. The thickness of the film was monitored in situ by a piezo-electric crystal
inside the vacuum chamber.

Layers of Cu2O were prepared by first depositing thin films of Cu using e-beam
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evaporation, followed by complete oxidation of them into Cu2O films by heating at
a temperature of 250◦C in the ambient atmosphere for three hours. The complete
oxidation of Cu into Cu2O was confirmed by X-ray diffraction (XRD) measurements.
We have seen in section 3.3.1 that the resultant oxide layer has a thickness ∼ 1.5
times larger than the original Cu layer thickness (Figure 3.1). Ge and Si layers were
prepared by radio frequency (RF) sputtering. XRD analysis shows that the sputtered
Ge and Si thin films are amorphous in nature.

4.3 Terahertz emission from Cu2O

In Chapter 3, we discussed the generation of THz pulses by exciting Cu2O/metal in-
terfaces with femtosecond near-infrared laser pulses. It was seen that the emitted
THz amplitude increased as the thickness of the Cu2O film increased. A systematic
analysis of this can be carried out by preparing Cu2O thin films of different thick-
nesses on an Au substrate. This was achieved by completely oxidizing thin films of
Cu of different thicknesses deposited on Au. In Figure 4.3 we plot the emitted THz
amplitude from the sample as a function of the Cu2O layer thickness. The THz amp-
litude shows an overall increase with the thickness of the film, and has an oscillatory
behavior. In the same figure the absorption of the pump light at each thickness is
also plotted. The absorption of the pump beam is obtained from the measurements
of the incident and the reflected power from the sample. Normally, Cu2O is a material
which has little absorption at the wavelength of the pump beam, 800 nm. The Cu2O
films that are prepared by the oxidation of Cu layers deposited on glass show a slight
amount of absorption, probably because of the impurities introduced during the pre-
paration. For a Cu2O layer thickness of 60 nm on Au on the other hand, the optical
absorption is already ∼ 55%, which increases to 75% as the thickness increases to
420 nm. The oscillations in the absorbed power vs. layer thickness are due to etalon
effects. The absorption is remarkably high considering that the excitation photon
energy is 1.5 eV, which is below the 2.1 eV-bandgap of Cu2O. The surprisingly strong
absorption of thin films of semiconductors on top of Au, is a recurring feature in our
measurements and will be discussed shortly. In Figure 4.4 we show the measured
and calculated absorption at 800 nm wavelength as a function of the Cu2O layer
thickness deposited on Au. The oscillatory peaks seen in the absorbed pump power
as a function of the Cu2O layer thickness are the result of the Fabry-Perot oscillations
taking place in the thin film, as we could reproduce them reasonably well based on
the calculation of the interference maxima and minima in the reflected light. Con-
sidering a three layer system as shown in Figure 4.5, the total reflection coefficient
rp can be calculated using the Fresnel equations as,

rp =
r12 + r23e2ik2

z d

1+ r12r23ei2k2
z d

, (4.4)

where r12 and r23 are the reflection coefficients corresponding to the interface between
the media 1 and 2, and 2 and 3 respectively, d is the thickness of the semiconductor
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Figure 4.3: Measured emitted THz amplitude (red) and the pump light absorption (blue)
plotted against the thickness of Cu2O thin films prepared on Au.
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Figure 4.4: Measured (black dots) and calculated (blue) absorption of the pump light, as a
function of the Cu2O layer thickness.
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Figure 4.5: Reflection of light from a three layer system of media 1, 2 and 3. d is the thickness
of the middle layer.

layer (medium 2), and k(2)
z

is the propagation vector in medium 2 along the z axis.
The absorbed power in percentage, A, is given by,

A= (1− |rp|2)× 100. (4.5)

The refractive index of Cu2O was adjusted in the calculations to match the peak
positions in the calculated curve with those in the experimentally measured curve.
This corresponds to a complex refractive index of ñ = n + iκ = 2.32 + i0.06. For
a single pass, the attenuation of the incident intensity (Io) of the pump beam as a
function of position by bulk Cu2O is given by the Lambert-Beer law1,

I(z) = Ioe−αz . (4.6)

The absorption coefficient α is given by,

α=
4πκ

λ
, (4.7)

where κ is the imaginary part of the refractive index, and λ is the wavelength of the
light wave. For Cu2O, the resulting absorption coefficient is 9.42 × 105 m−1. Using
Equation 4.6 we can calculate that for 75% of the light to be absorbed in a single
pass, a Cu2O layer of 1.35 µm thick layer is required, which contrasts with the 420
nm seen in the measurements.

In fact, for thicknesses of 60, 240 and 420 nm, the Cu2O layers act as their own
antireflection coating. This happens when the numerator on the right hand side of
Equation 4.4, r12+r23e2ik2

z d , becomes minimum. At these thicknesses, multiple reflec-
tions inside the Cu2O layer, increase the optical path-length inside the Cu2O which
leads to enhanced absorption. Note that this is a subtle effect that depends on the
thickness of the layer, and the exact value of the absorption coefficient. For example,
if the absorption coefficient is very large, no light reaches the Au layer and the Cu2O
layer acts like a bulk material with the corresponding values for the reflection and

1Reflection losses are ignored here.
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absorption. If the absorption coefficient is too small, interference between the reflec-
tion from the air/Cu2O interface and from the Cu2O/Au interface can occur, but most
of the light will be reflected anyway. It requires the right absorption coefficient such
that, a sufficient number of bounces between the Cu2O/Au and Cu2O/air interfaces
can occur to allow a sufficient destructive interference in the reflected direction and
simultaneously, a significant absorption in the Cu2O layer. This explains why thin
layers of Cu2O on Au absorb so much light. A more dramatic effect of this will be
shown in the next section for the case of thin layers of Ge on Au.

If a perfect metal reflector is in the place of Au, the pump light will experience a
phase change of π after the reflection from the Cu2O/Au interface. For that case, the
first maximum in the absorption curve is expected at a Cu2O thickness of ∼ 100 nm.
However, Au is not a perfect metal at the pump wavelength, and this therefore intro-
duces a different phase shift, and thus the first maximum in the optical absorption
for a thickness of ∼ 80 nm. This is taken into account in the calculations.

The increase in the emitted THz amplitude with the thickness of the film can
only be expected as long as the film thickness is in the range of the Schottky de-
pletion layer width. Beyond the depletion layer width, the increased absorption by
multiple reflections inside Cu2O may not contribute much to enhanced THz emis-
sion, although the pump light absorption still increases. After the 75% absorption
achieved at 420 nm thickness, we can assume that more absorption can be achieved
at the next peak. However this may not necessarily contribute to higher THz emis-
sion from the sample. The exact width of the depletion layer, however, is unknown
in this case.

4.4 Terahertz emission from sputtered Ge

In Figure 4.6, we plot the THz electric field as a function of time, emitted from a 25
nm thick Ge layer deposited on glass, and from the same thickness of Ge deposited
on Au. The THz amplitude from the Ge/Au sample is about 7 times larger (about
49 times in intensity) than that from the same thickness of Ge deposited on a glass
substrate. Interfacing Ge layer with Au increases the THz yield from it.

The emitted THz pulse shown in Figure 4.6 is mainly p-polarized. It consists of a
nearly single-cycle pulse with an oscillatory trailing part that is caused mainly by the
absorption and re-emission of the THz light by water vapor in the atmosphere.

In Figure 4.7, we plot the emitted THz amplitude as a function of the Ge layer
thickness. Also plotted in the same figure is the pump light absorption vs. Ge layer
thickness. The absorption of the pump light is calculated from the measured re-
flected and transmitted pump light from the sample. The overall absorption of the
pump light increases as the thickness increases, which is expected as the interaction
length of the pump light with Ge increases (Lambert-Beer law). It also shows an
oscillatory behavior as a function of layer thickness. This arises from the interfer-
ence of the pump light reflected/transmitted at Ge/air and Ge/glass interfaces, i.e.

from the Fabry-Perot oscillations inside the thin Ge layer (similar to the case of Cu2O
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Figure 4.6: Measured THz electric field vs. time emitted from a Ge layer of thickness 25 nm
deposited on glass (black), and on Au (red).

discussed in the previous section). We see that, as the pump light absorption by
Ge layer increases with the thickness, the emitted THz amplitude does not increase
accordingly. Two possible THz generation mechanisms in this case are the photo-
Dember effect and the transient photocurrent surge in the surface depletion field,
which are ‘surface-related’ phenomena2. The portion of the pump light which gets
absorbed far away from the surface may thus not contribute to the THz emission,
as the charge carriers generated away from the surface do not drift in the surface
depletion field, nor they lead to a photo-Dember field. In Figure 4.8, we plot both
the measured and the calculated pump light absorption as a function of the layer
thickness. The complex refractive index is adjusted in the calculation to obtain the
best match with the experimental results, as explained earlier in the case of Cu2O/Au
interfaces. In Figure 4.6 we already saw that the THz emission from Ge thin films
is significantly enhanced by interfacing it with Au. In Figure 4.9, the emitted THz
amplitude and the percentage absorption of the pump light are plotted as a function
of the thickness of the Ge layer on Au. The absorption of the pump power is obtained
by measuring the pump power reflected off the samples. In this case, there is no
transmitted pump beam from the sample, as the Au layer acts as a good reflector.
The pump light gets absorbed by Ge (as well as Au), gets reflected at the Ge/Au
interface, and also undergoes multiple reflections inside the Ge layer. This results in
Fabry-Perot oscillations in the absorption vs. Ge layer thickness as seen in Figure 4.9.
For example, at a Ge layer thickness of 25 nm, the reflected pump beams from the
top surface of the Ge layer and from the Ge/Au interface, interfere destructively res-
ulting in the smallest reflection and a remarkable absorption of 96%! The emitted

2with ‘surface’, we mean a thin layer of semiconductor close to the interface.
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Figure 4.7: Measured, emitted THz amplitude (red) and pump light absorption (blue) as
functions of the thickness of Ge thin films sputtered on a glass substrate. THz amplitude is
shown in red and the pump beam absorption by the sample is shown in blue.
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Figure 4.8: Measured (black dots) and calculated (blue) pump light absorption as a function
of the Ge layer thickness, prepared on glass.
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Figure 4.9: Measured emitted THz amplitude (red) and pump light absorption (blue) as a
function of the thickness of Ge thin films sputtered on Au substrate.
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Figure 4.10: Measured (black dots) and calculated (blue) pump light absorption as a function
of the Ge layer thickness, prepared on Au.



4.4 Terahertz emission from sputtered Ge 57

κ

Figure 4.11: Calculated absorption of 800 nm light by 25 nm Ge film on Au, as a function of
the absorption index, i.e, the imaginary part of the refractive index, κ.

THz amplitude follows a similar behavior as the pump beam absorption in terms of
the peak positions; however the maximum emission occurs at a Ge layer thickness of
25 nm where the first pump beam absorption maximum occurs.

In Figure 4.10, we plot the measured and calculated pump power absorption
by Ge layers as a function of the layer thickness. Unlike the behavior seen in the
case of Cu2O/Au, the absorption by Ge/Au does not show an overall increase as the
thickness of the Ge layer increases. Instead the maximum absorption occurs at a
thickness of 25 nm, and the next etalon peak appearing at 140 nm shows a slightly
lower absorption. This behavior is also observed in the calculated pump absorption
vs. Ge layer thickness. For thicker layers the maximum absorption decreases. As
in the case of Cu2O/Au, the explanation of this is to be found in a combination of
optical absorption and etalon oscillations. In Figure 4.11 we show the calculated
absorption of 800 nm light incident at 45◦ on a 25 nm thick Ge layer on Au, as a
function of the absorption index, which is the imaginary part of the complex refract-
ive index, κ. If κ is very large, the reflection and the absorption by the Ge layer
obtain bulk values as no pump light can come out of the Ge layer to interfere with
the first reflection from the Ge surface. If κ is very small, most of the light will be
reflected. For the complex refractive index used in the calculations shown in Fig-
ure 4.10, ñ = 4.5+ i0.6, the absorption is at a maximum for a Ge layer thickness
of 25 nm. For this thickness, enough pump light is back-reflected from the Au to
give sufficient destructive interference in the reflected direction. At the same time,
multiply reflected light inside the Ge layer leads to an increased effective interaction
length and thus to more absorption. The absorption coefficient for Ge can be calcu-
lated from the imaginary part of the refractive index using Equation 4.7 as 9.42 ×
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Figure 4.12: Measured THz electric field vs. time, emitted from Ge/Au (red) and Ge/SiO2/Au
(blue). The thickness of the SiO2 layer is ∼ 2nm.

106 m−1. Assuming the same refractive index for bulk Ge, we can calculate, using
Equation 4.6, that for 96% absorption of the pump light to occur in a single pass, a
342 nm thick layer is required. It is remarkable that the same absorption is achieved
by a 25 nm thick layer when it is interfaced with an Au layer. This is ∼ 14 times
thinner. Note that, although firmly based on simple linear optics, Figure 4.11 shows
something counter-intuitive: when the absorption index decreases from 2 to 0.75,
the absorption actually increases. Within the context of photodetectors this enhanced
coherent absorption is also known as ‘cavity enhanced absorption’ and is also related
to the recently reported anti-laser [61].

4.4.1 Photocurrent in the Schottky field

So far, we have not discussed the origin of the emitted THz pulses. However, in view
of the results it seems likely that a Schottky interface, with a corresponding depletion
layer and a static electric field is present near the Ge/Au interface. The near infrared
pump light centered at the wavelength of 800 nm is absorbed by the Ge layer. This
creates electron-hole pairs. The Schottky field at the interface between Au and Ge
can act on these charge carriers, resulting in a transient photocurrent. This can emit
a THz pulse into the far field as defined by Equation 4.1 [2].

THz emission, although much weaker, is also seen from Ge on glass where no
Schottky interface is formed. For crystalline Ge, the photo-Dember effect was re-
ported as the mechanism for the generation of THz pulses. When a concentration
gradient is achieved near the surface of a semiconductor by photo-exciting electron-
hole pairs, they start diffusing away. If the mobility of the electrons and holes is



4.5 Terahertz generation from sputtered Si 59

different, electrons (in general) move faster than holes and leave the holes behind.
This leads to the build-up of a dipole layer near the surface. This is known as the
photo-Dember field [54]. When the excitation of the semiconductor is done with a
femtosecond laser pulse, this leads to the generation of a time varying dipole which
can emit a THz pulse.

Such a gradient can also form, in principle, when a standing wave is formed
by the pump light incident on the sample and the light reflected from the Au layer.
In order to identify the role of the photo-Dember effect, we included a thin dielec-
tric layer of silicon dioxide (SiO2) in between Ge and Au to form a metal-insulator-
semiconductor (MIS) interface. The purpose of this layer is to strongly reduce the
possibility of carrier transport between the Au and the Ge so as to hinder the forma-
tion of a depletion field. In Figure 4.12 we plot the THz electric field as a function of
time, emitted from the Ge/Au interface and the Ge/SiO2/Au interface. The thickness
of the Ge layer is 25 nm, and that of the SiO2 layer is ∼ 2 nm. The inclusion of a
dielectric layer of such a small thickness does not result in any pronounced difference
in the standing wave pattern of the pump light inside Ge layer or in the absorption
of the pump light. However, the Schottky field is perturbed as the charge carriers
now have to tunnel through the dielectric layer. Figure 4.12 shows that the inclu-
sion of the SiO2 layer reduces the emitted THz amplitude by a factor of about 10.
Thus the photo-Dember effect cannot be the main mechanism responsible for the
THz emission, since it would largely remain unaffected by the thin SiO2 layer.

4.5 Terahertz generation from sputtered Si

Sputtered Si layers also show a similar enhancement in THz emission when inter-
faced with Au, as in the case of Ge. In Figure 4.13, the emitted THz amplitude from
thin films of Si on a 200 nm thick Au layer, is plotted as a function of Si layer thick-
ness. Maximum THz emission was observed from a 40 nm thick layer of Si deposited
on Au. The absorbed pump power is also plotted as a function of the Si layer thick-
ness in the same figure. The maximum in the THz amplitude at 40 nm thickness
corresponds to the first reflection minimum from the thin film on the metal. Unlike
in the case of Ge, the emitted THz amplitude from Si layers increases as the thickness
of the film increases. In Figure 4.14, we show a comparison of the absorbed pump
power measured experimentally with the calculated results. It can be seen that as
the thickness of the Si layer increases, the absorbed pump power also increases. We
can also see the Fabry-Perot oscillations. The refractive index of Si in this case is ex-
tracted to be ñ= 3.9+ i0.11. The absorption coefficient of Si can be calculated from
Equation 4.7 and is 1.7× 106 m−1. Assuming the same values for bulk amorphous Si,
using Equation 4.6, we can calculate that a layer of thickness 962 nm is required to
achieve 81% of the pump light absorption in a single pass; a value reached here with
a layer of 140 nm thickness deposited on Au. Again, the coherent optical absorption,
or the cavity resonance effect, increases the effective optical path length, inside the
thin Si layer, in this case by a factor of 960/140= 6.9.



60 Terahertz emission from semiconductor thin-films 4.5

TH
z 

am
p

lit
u

d
e 

(A
rb

. u
n

it
s)

Thickness of Si layer (nm)

A
b

sro
b

ed
 p

u
m

p
 p

o
w

er (%
)
THz amplitude
Absorbed pump power

Figure 4.13: Measured emitted THz amplitude (red) and pump light absorption (blue) as a
function of the thickness of Si thin films sputtered on Au substrate.
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Figure 4.14: Measured (black dots) and calculated (blue) pump light absorption as a function
of the Si layer thickness.
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metal
semiconductor
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Figure 4.15: Schematic representation of the Fabry-Perot cavity resonance of the pump light
inside the semiconductor layer (not to scale), when the semiconductor layer acts as an anti-
reflection coating on Au.

Freshly prepared thin films of Si shows a photo-stabilization of the THz emission
and the emission reaches a steady level in about 3 minutes [132].

The THz emission from indirect bandgap semiconductors like Si and Ge, is usually
small (for Ge) or negligible (for Si). This limits the incorporation of Si and Ge in THz
photonic devices. The THz emission from Cu2O is also very small. However, very thin
films of these semiconductors show significant enhancement in THz emission when
they are interfaced with Au layers. Various factors can play a role in this process.
Based on our experiments, we suggest that the enhancement can happen because
of three main factors (a) The Schottky field at the semiconductor/Au interface acts
as an accelerating field for the photo-generated charge carriers. This can lead to
THz emission [2], (b) The Au layer underneath acts as a reflector for the forward
propagating THz light. The generated THz dipole can radiate in both forward and
backward directions, but in the end all THz light emerges in the specular reflection
direction, (c) As we discussed in detail in this chapter, by choosing the thickness
of the semiconductor layer appropriately, the pump light can be confined inside a
very thin layer close to Au surface by the Fabry-Perot cavity resonance, leading to
increased optical absorption by the film. This is possible because the absorption of
coherent light is influenced by the interference pattern it creates in a medium [133].
This leads to enhanced THz emission, because this forces most of the light to be
absorbed in a region of the semiconductor, i.e. in the Schottky depletion region,
where this counts for the THz emission.

4.6 Conclusion

Absorption of light by a thin film is limited by its thickness. If the absorption coeffi-
cient of the material is low, light has to travel a large distance inside the material to
get absorbed. In most of the cases, the absorption thus does not occur in the region
where the absorption should take place to maximize the THz emission. In the case
of a semiconductor/metal Schottky interface, the depletion layer is of a finite width
of micron or submicron dimension depending on the choice of semiconductor and
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the metal. The pump light needs to be absorbed inside the depletion region for an
efficient THz emission. By varying the thickness and/or the refractive index of the
thin film material, destructive and constructive interference can be achieved inside
the thin film. When a very thin semiconductor layer is deposited on a metal sur-
face to form a thin film Schottky interface, the film can itself act as an anti-reflection
coating on the metal layer. This can confine the optical energy in the semiconductor
layer by multiple-reflections, thus enhancing the absorption considerably. This is
schematically illustrated in Figure 4.15. When the semiconductor thin film acts as an
anti-reflection coating on the metal, the pump light gets trapped inside the semicon-
ductor layer by multiple reflections as shown in the figure.

The idea of Fabry-Perot cavity-enhancement in thin films has been reported in
the case of photodetectors or solar cells, as a method to enhance the absorption
[133,134]. Since femtosecond laser pulses are used for the generation of THz pulses,
this technique can be very useful in enhancing the yield from thin film THz emitters.

In this chapter, we have demonstrated that using this method of coherent op-
tical absorption, the THz emission from three semiconductors Cu2O, Ge and Si can
be significantly enhanced. Our experimental results indicate that the main mechan-
ism responsible for the THz emission in all the three cases is the transient drift of
photo-generated charge carriers in the Schottky field. Based on the experiments and
calculations we show a remarkable counter-intuitive strong absorption for such thin
layers. For Cu2O, Ge and Si thin films, the effective optical thickness (in terms of
the optical absorption) increases by a factor of 3, 14 and 7 respectively, when thin
layers of these materials are deposited on Au. Thus, significant THz emission from
extremely thin layers becomes possible. Combined with plasmonic enhancements,
which will be discussed in detail in Chapter 5, thin film semiconductor/metal inter-
faces can be of great value in integrated THz photonic devices.



Chapter 5

Plasmonics for enhanced

terahertz emission

In this chapter, we discuss the role of surface plasmons in the terahertz emission

by optical rectification of femtosecond laser pulses on a metal surface. Unlike

other nonlinear optical phenomena, like second harmonic generation, Raman

scattering etc., the effect of surface plasmon excitation in the context of optical

rectification has not been studied well. Two techniques are used for the present

study. A randomly nanostructured ultrathin Au film is studied in the first case.

In the second case, surface plasmons are excited on a continuous, plain Au film

by using the well-known Kretschmann geometry.

5.1 Terahertz emission from metal surfaces

Ultrafast optical excitation of nonlinear optical materials and semiconductors is widely
used as a source for electromagnetic radiation in the terahertz (THz) range [2]. In
simple terms, the nonlinear optical process, optical rectification (OR), allows the
partial conversion of a femtosecond light pulse into a THz light pulse. Nonlinear ma-
terials like zinc telluride (ZnTe), gallium phosphide (GaP), gallium arsenide (GaAs),
lithium niobate (LiNbO3) etc. are various media used for the generation of THz radi-
ation in this way [1]. Certain recent works also demonstrated that surfaces of metals
like gold (Au) and silver (Ag) can show OR of femtosecond laser pulses. The genera-
tion of THz pulses from ‘thick’ metal films illuminated with femtosecond laser pulses,
was reported by Hilton et al. [135] on iron (Fe) films, and by Kadlec et al. [136] on
Au and Ag films, in 2004. Second-order nonlinear optical processes (except for Ag)
were suggested as the mechanism responsible for the generation of THz light. Later,
Kadlec et al. reported further studies of the THz emission from metal films using
THz time-domain spectroscopy (THz-TDS), and showed that the THz emission had
a non-local characteristic and that no emission was found from Au films of thickness
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less than 100 nm. Based on this, they hypothesized that for Au films of thickness less
than 100 nm, an ultrafast accumulation of charges at the bottom interface of the Au
film cancels out the generated THz dipole [137]. In 2007, Welsh et al. were able
to generate THz radiation by illuminating metal coated glass gratings with femto-
second laser pulses. A 30 nm thick layer of Au was used in their experiments [138].
They argued that multiphoton excitation can take place at the nanostructured metal
surface under the strong evanescent field of surface plasmons. Ponderomotive ac-
celeration of electrons in this strong field close to the metal surface was considered
as the major mechanism for the generation of THz radiation [26, 138]. It has to be
noted that they observed a third- to fourth- order pump power dependence in their
work, and ruled out the possibility of second-order nonlinear OR taking place [138].
Very recently, in 2011, Polyushkin et al. reported the generation of THz pulses from
metal nanostructures excited using amplified femtosecond laser pulses. Their results
were in accordance with the model suggested by Welsh et al. [139]. Another recent
report by Garwe et al. briefly discussed a new THz generation mechanism based
purely on the propagation of surface plasmons on metal coated glass gratings. Ac-
cording to their model, the surface plasmon polaritons propagating perpendicular to
the grooves of the gold grating surface constitute a transient current with a lifetime
of a few picoseconds. This may emit THz pulses [140].

5.1.1 Percolating gold films

When thin films of metals like Au or Ag are prepared on a substrate like glass, us-
ing physical vapor deposition techniques like thermal evaporation or sputtering, ini-
tially, randomly placed isolated metal nano-islands are formed. As the deposition
progresses, these islands start to coalesce, forming irregularly shaped fractal struc-
tures [141–143]. As the average-thickness of the metal layer increases further to
about 7 nm, finally an extended metal cluster is formed which spans the whole sur-
face. The thickness where this occurs is known as the percolation threshold. Below
the percolation threshold, the discontinuous metal film acts as an electrical insulator,
as the different randomly placed nano-islands do not form a complete network. For
Au deposited on glass substrates, the percolation threshold is expected at an aver-
age thickness of ∼ 7 nm [142]. This was also experimentally confirmed by the THz
transmission studies reported by Walther et al. who found that the average thick-
ness of Au on silicon (Si) where the percolation occurs, is 6.5 nm [143]. Properties
of ultrathin Au films near the percolation threshold are known to be very different
from that of bulk Au. Various nonlinear optical phenomena have been shown to
get enhanced on metal films near the percolation threshold due to disorder-induced
localization of plasmons leading to ‘hot spots’ of locally enhanced fields. Enhanced
second-harmonic generation (SHG), higher-harmonic generation, surface-enhanced
Raman scattering (SERS), and spectral continuum generation have been reported
from such semicontinuous metal films [141,144,145].
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5.2 Excitation of surface plasmons

Surface plasmons are charge-density oscillations that may exist at the interface between
two media, whose real parts of the dielectric constants are of opposite sign [146].
This can be fulfilled at a metal-dielectric interface [147, 148]. The charge density
wave is associated with a bound transverse-magnetic (TM) polarized electromag-
netic wave at the interface. The electric field of this wave has its maximum at the
interface and decays evanescently into both media. The local light intensity near the
metal surface will be strongly enhanced when surface plasmons are excited, which
leads to the enhancement of nonlinear optical processes at the metal surface as well
as that from a material kept very close to it [147].

Surface plasmons are characterized by the dispersion relation,

ksp =
ω

c

�

εr1(ω)εr2(ω)

εr1(ω) + εr2(ω)

�1/2

, (5.1)

where ksp is the wave-number of surface plasmons, ω is the angular frequency of the
oscillation, c is the speed of light in vacuum, εr1(ω) and εr2(ω) are the real parts of
the dielectric constants of the dielectric and metal respectively. As εr1(ω) and εr2(ω)
are of opposite sign, from Eqn. 5.1, it directly follows that for real values of ksp,

εr1(ω)εr2(ω)< 0 (5.2)

and
εr1(ω) + εr2(ω)< 0. (5.3)

Assuming that εr1 > 0, his is equivalent to

εr2(ω)< 0 (5.4)

and
|εr2(ω)|> εr1(ω), (5.5)

It turns out that it is impossible to excite a surface plasmon at a flat metal-air in-
terface by excitation from the air-side. The wave-number of surface plasmons, ksp as
defined in Eqn. 5.1 is always larger than the wave-number of the corresponding light
waves in air. For that reason, the excitation of surface plasmons requires a special
geometry. One of the mandatory conditions for the excitation of surface plasmons
using light is that the projection of the wave-vector ~kx of the light along the interface
matches the wave-vector ~ksp of the plasmon. This is the so called surface plasmon
resonance (SPR) condition.

There are different ways to meet this condition. One method is by using the
so-called Kretschmann geometry [147] as shown in Figure 5.1. In this case, the
excitation of surface plasmons at the Au-air interface is achieved by attenuated total
internal reflection (ATR) of the light beam inside the glass prism. A matching is
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Figure 5.1: Kretschmann geometry for exciting surface plasmons using attenuated total re-
flection from a glass prism. Surface plasmons are excited at the Au-air interface. ε1, ε2 and ε3

are the dielectric constants of air, Au, and glass respectively.

possible between the horizontal component of the wave-vector of light incident at
the glass-Au interface, and the ~ksp of the surface plasmon at the Au-air interface.

ksp =
p
ε3

w

c
sinθ0, (5.6)

where ε3 is the dielectric constant of glass. Surface plasmons can also be excited
at a metal surface by nanostructuring it. Since surface plasmons have a shorter
wavelength compared to free propagating light, the extra factor in the propagation
constant can be provided by a one-dimensional grating with grating constant a,

ksp =
w

c
sinθ0 ± ν g (5.7)

where g = 2π/a, and ν is an integer > 0 [147].
It seems particularly interesting to study the role of surface plasmons in the gen-

eration of THz light in view of the recent work by Uzawa et al. [62]. They reported
OR of nanosecond laser pulses by a self-assembled monolayer (SAM) of hemicyanine
terminated alkanethiol molecules on a gold coated glass prism, using surface plas-
mon excitation in the ATR geometry. The authors suggested that the same geometry
could, in principle, be used to generate THz radiation from such a layer if femto-
second laser pulses are used.

In the following sections, the generation of THz light from coated and uncoated
percolated and continuous Au films, and the role of surface plasmons therein are
discussed.
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Figure 5.2: Schematic of the experimental setup used for exciting the percolating Au samples
at 45◦angle of incidence

5.3 Experimental

5.3.1 Setup for exciting the percolating Au film

The experiments were performed using a standard THz generation setup as shown
in Figure 5.2 [149]. The laser source used is a Ti:Sapphire oscillator (Scientific XL,
Femtolasers) generating pulses of 50 fs duration, centered at a wavelength of 800
nm with a repetition rate of 11 MHz. The average power output from the laser is
800 mW. The 80% part of this is used as the pump beam, and the 20% part as the
sampling beam. The pump beam is weakly focused onto the sample surface to a
spot-size of about 2 mm, at a 45◦ angle of incidence, as shown in Figure 5.2. Care is
taken to avoid a tighter focus as this was seen to lead to damage and/or restructuring
of the metal film. The THz radiation generated from the sample is collected in the
specular reflection direction of the pump beam using off-axis paraboloidal mirrors
and focused onto a 500 µm thick zinc telluride (ZnTe (110)) detection crystal [22].
The synchronized, co-propagating, sampling pulse is also focused onto the detection
crystal. The THz electric-field elliptically polarizes the probe beam to an extent pro-
portional to the instantaneous THz electric-field value. This ellipticity of the beam
is measured by a differential detection setup consisting of a quarter wave plate, a
Wollaston prism and a differential detector [23].

5.3.2 Excitation using Kretschmann geometry

The experimental setup used for exciting the sample under the ATR geometry (also
known as Kretschmann geometry) is shown in Figure 5.3 [150]. The pump beam is
focused onto the hypotenuse side of the prism through one of the sides, as shown in
the figure. The THz radiation generated from the sample is collected in the direction
of the ‘pseudo-transmission’ of the pump beam from the prism, using off-axis para-
bolic mirrors and focused onto an electro-optic (EO) detection crystal. We note here
that at the prism, the pump beam gets reflected at about 90◦and no remaining pump
light travels along the THz beam after the prism. This configuration thus serves as
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Figure 5.3: Schematic of the experimental setup used for exciting the samples in ATR geo-
metry

an effective method to avoid the pump beam going into the detection crystal along
with the THz beam.

5.4 Sample preparation

5.4.1 Ultrathin Au films

The percolating Au layer samples were prepared by e-beam evaporation of Au under
high vacuum conditions (below a pressure of 10−6 mBar). The glass slides were first
treated with 100% fuming nitric acid (HNO3) in an ultrasonic bath for 5 minutes,
followed by cleaning with de-ionized water. After drying with dry nitrogen flux, they
were cleaned with acetone and isopropanol and dried again. All Au films were pre-
pared under similar conditions and with a deposition rate of 1 Å/s. A quartz crystal
thickness monitor was used to estimate the thickness. Only an average thickness can
be defined for Au thin films below the percolation threshold. Figure 5.4 shows a
scanning electron microscope (SEM) image of an Au film of 8 nm average thickness
deposited on the surface of a glass slide. The random morphology of the percolated
film is fractal-like [141]. One of the interesting properties of fractal structures is their
scale-invariance. For that reason, percolated Au films are reported to show a broad
surface plasmon resonance near the percolation threshold, as a wide range of inter-
action lengths is available because of all available sizes of the resonating clusters.

5.4.2 Thin films of Au on prisms

Thin films of Au were prepared on the hypotenuse side of clean fused silica right-
angled prisms (side a = 10 mm) by e-beam evaporation. A 44 nm thick layer was
deposited with a 2 nm chromium (Cr) interlayer for better adhesion of the Au to the
prism.
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200 nm

Figure 5.4: SEM image of an Au layer of 8 nm average thickness deposited on a clean glass
surface

hemicyanine

Figure 5.5: Chemical structure of hemicyanine disulfide. φ is the angle between the molecular
axis ξ and the z-axis which is normal to the sample surface.

5.4.3 Cu
2
O thin films

Thin films of Cu2O were prepared by first depositing thin films of Cu using e-beam
evaporation, followed by complete oxidation of the films by heating at 250◦C in the
laboratory atmosphere for 3 hours. Such a prolonged heating was chosen to make
sure that no unoxidized Cu is left in the film. After oxidation, a Cu2O layer thus
remains. It has to be noted that when ultrathin (thickness < 10 nm) Au layers are
used as a substrate, their morphology may change as a result of heating at an elevated
temperature [151].

5.4.4 Hemicyanine self-assembled monolayer

The hemicyanine is a kind of cyanine dye, which shows a large second-order molecu-
lar polarizability along the molecular axis ξ. In order to anchor the hemicyanine on
gold, the hemicyanine is designed with an organosulfur group, and the entire mo-
lecule hemicyanine disulphide has the chemical structure shown in Figure 5.5. The
synthesis, electro-optic, SHG, and OR properties are separately described in detail in
the literature [62,152–154].

Hemicyanine disulfide was dissolved in ethanol and used as a 0.01 mM ethanol
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Figure 5.6: A typical THz electric field pulse emitted from a Au layer of 8 nm average thick-
ness, plotted vs. time.

solution. The hemicyanine SAM was formed on the Au film by immersion of the
substrate in the solution for one hour1. The thickness of the SAM layer thus formed
is estimated to be 1.2 nm. Excitation in the ATR geometry at the surface plasmon
resonance enables the detection of nonlinear optical phenomena such as SHG, the
Pockel’s effect and also OR from such thin layers.

5.5 Percolation-enhanced THz emission

Let us first consider the case of the excitation of localized surface plasmons on a
percolated Au film. Emission of THz radiation is observed when ultrathin Au films
are irradiated with femtosecond laser pulses. A typical example of an emitted THz
electric field from an 8 nm thick Au film on glass, is shown in Figure 5.6. It consists of
a nearly single-cycle pulse followed by an oscillating tail. These weak oscillations are
caused by the absorption and the re-emission of the THz light by the water (vapor)
molecules in the atmosphere. The THz electric field emitted from the samples is
mainly p-polarized, and does not show any dependence on the azimuthal orientation
of the sample (rotation of the sample about its surface normal). No THz emission
was detected when the angle of incidence of the pump beam was 0◦. This suggests
that the generated THz dipole is oriented normal to the sample surface. We note that
the emitted THz amplitude from 8 nm Au on glass is relatively weak and is only 0.2%
of that emitted from an unbiased semi-insulating gallium arsenide (SI-GaAs (100))
surface emitter.

The emitted THz amplitude is very sensitive to the average thickness of the ul-
trathin Au layer. The amplitude of the emitted THz electric field as a function of
the average Au film thickness, is shown in Figure 5.7. In the same figure, we also

1The hemicyanine coated prisms (with Au layer), were provided by Prof. Kotaro Kajikawa of Tokyo
Institute of Technology, Japan. The hemicyanine dye was provided by Prof. Haruki Okawa of Kogakuin
University, Japan.
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Figure 5.7: Measured emitted THz amplitude (red) and pump light absorption (blue) are
shown as a function of the Au layer average thickness

Figure 5.8: Measured reflected (green), transmitted (red) and absorbed (blue) pump light as
a function of the Au layer average thickness
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plot the 800 nm pump light absorption as a function of the average thickness of the
Au film. The figure shows that the THz emission is detected only in the range of
thicknesses where the metal layers show enhanced absorption of the pump light. No
THz emission from bare glass surfaces could be detected in our experimental setup,
thus ruling out the possibility of THz generation from the glass surface. Figure 5.8
shows the transmission, reflection and absorption of the pump light as a function of
average Au layer thickness. The broad peak in the absorption near the percolation
threshold already shown in Figure 5.7, is attributed to the excitation of ‘hot spots’
of strong localized surface plasmons [155,156]. This indicates that the excitation of
these ‘hot spots’ may play a role in the THz emission. For average thicknesses above
14 nm, no THz emission could be detected. We note that our results from the 800
nm reflection and transmission measurements on the samples are nearly identical to
those done using 632.8 nm light of He-Ne laser by Gadenne in 1977 [157].

In Figure 5.9, we plot the measured THz amplitude as a function of incident laser
power. For an average power density of up to 3.5 W/cm2, the THz amplitude clearly
increases linearly, suggesting that a second-order nonlinear process is responsible for
the THz emission. This contradicts the earlier observations by Welsh et al. where
a higher-order nonlinear process resulted in the THz emission from an Au surface
[26, 138]. On the other hand Kadlec et al. had reported a second-order process
from continuous Au films, but only above a thickness of 100 nm [137]. We add
that in our experimental setup we were unable to reproduce the results by Kadlec
et al. from evaporated thick (200 nm) Au films, perhaps because of the much lower
laser power density in our case. A direct comparison of their work with our work
is difficult, however, as percolated metal films are known to behave differently from
bulk metals [143]. For their work, Kadlec et al. used an amplified laser source,
whereas we use a Ti:Sapphire oscillator generating pulses with a much lower energy.
We note that tighter focusing of the pump beam led to the appearance of a white
glow from the percolated sample, accompanied by photo-damage and even removal
of the Au layer.

5.5.1 Surface plasmon-enhanced optical rectification

Enhancement of second-order nonlinear processes like SHG has been reported from
percolated Au films on glass [141,145,158]. Lack of inversion symmetry is essential
for a second-order nonlinear optical process [42]. For an ultrathin Au film, the inver-
sion symmetry is broken at the surface in the direction perpendicular to the sample
surface. Femtosecond laser excitation can thus lead to the formation of a THz dipole
oriented normal to the sample surface. The increased absorption of the pump beam
by the Au layers of thickness near the percolation threshold is evidence of the excit-
ation of localized surface plasmon modes. Excitation of ‘hot spots’ of localized field,
leads to the enhancement of second-order OR process resulting in an increased emis-
sion of THz light. This increased emission is detectable in our setup. The maximum
THz amplitude is observed from an Au film of 10 nm average thickness. We note that
this average thickness is slightly higher than the thickness for which the maximum in
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Figure 5.9: THz amplitude emitted from an Au layer with an average thickness of 10 nm on
glass, plotted as a function of the incident laser power. The solid line is a guide to the eye

the pump light absorption is observed. This suggests that the degree of percolation
plays a role in the THz emission process.

5.6 THz emission from Cu2O/Au interfaces

In the previous section, we discussed the THz emission from percolating, ultrathin
Au films on glass when they were excited using femtosecond laser pulses. A distinct
enhancement of the emitted THz amplitude was seen near the percolation threshold
of Au on glass. The enhancement was attributed to a high local pump light intensity
made possible by the excitation of localized surface plasmon modes. This suggests
that if a nonlinear material is deposited on top of the Au layer, an increased nonlin-
ear response can be expected from it. This is similar to the case of surface-enhanced
Raman scattering (SERS), where the molecules under study are deposited on a nano-
structured metal surface [159]. However, there is one thing that must be taken into
account. The surface plasmon resonance on a metal surface is known to be very
sensitive to the modifications of the surface [147]. The plasmon resonance on the
Au film can in fact be disturbed/destroyed by the deposition of a medium on top of
it.

We have already seen that the structure of a percolating Au film on glass is known
to be fractal-like. A fractal structure is scale-invariant. In practical cases, we can
expect that the scale-invariance of the percolating-Au structure is true over only a
finite length range. Still, semi-continuous Au films show a broad surface plasmon
resonance ranging from ultra-violet (UV) to near-infrared (IR) wavelengths [141].
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Coating the Au layer with a dielectric is similar to scaling the randomly shaped nano-
structures, as the refractive index of the dielectric effectively scales the wavelength
of the incident pump light. For this reason, it is possible that a Cu2O layer of suit-
able thickness on top of the percolating Au structure does not prevent the creation of
localized plasmon resonances at a given wavelength.

In Figure 5.10 we plot the emitted THz amplitude and the percentage absorption
of the pump power by ultrathin Au films coated with Cu2O, as a function of the Au
layer thickness. The Cu2O layer is 225 nm thick. This thickness of Cu2O on Au is the
same as the thickness where the second absorption maximum occurs for Cu2O layers
on a continuous Au surface, as discussed in Chapter 3 . A distinct peak in the emitted
THz amplitude is observed when the average thickness of the Au layer is 8 nm. This
is very close to the percolation threshold of Au on glass. We have already seen in
the previous section that the THz emission from an Au film is significantly enhanced
when the film is percolating [149]. In the same way, surface plasmon excitation and
large local enhancements of the pump electric field can be possible at the Cu2O/Au
interface when the Au film is percolating.

The absorption of the pump light by the samples seems to increase monoton-
ously as the average thickness of the Au films increases. From Figure 5.10, we can
thus infer that the pump light absorption and the THz emission are not strongly
correlated in the case of THz emission from Cu2O/percolated-Au interfaces, at least
for this thickness of the Cu2O layer. The presence of a thin film of Cu2O on the
nanostructured Au substrate makes the problem non-trivial, as etalon oscillations of
the pump light inside the thin film, obscure the plasmonic enhancement occurring
around the percolation threshold. In order to understand this better, we prepared
a Cu2O film of 150 nm thickness on top of the ultrathin Au layers. The measured
emitted THz amplitude and the percentage absorption of the pump light are plotted
as a function of the Au layer average thickness in Figure 5.11. This thickness of Cu2O
on Au corresponds to a minimum in the pump light absorption for Cu2O on a con-

tinuous Au layer2. We see that the emitted THz amplitude and the absorbed pump
power of Cu2O on percolating Au are more strongly correlated. The increased pump
beam absorption seen near the percolation threshold can be attributed to excitation
of localized surface plasmon modes in the percolated Au. The THz emission in this
case, although it shows enhancement near the Au percolation threshold, is weaker
compared to the case of Figure 5.10.

An advantage of the percolated Au layer is that the sample can be excited in both
reflection and transmission geometries for THz generation. We also observe that
Cu2O layers deposited on ultrathin Ag films also show enhanced THz emission when
the thickness of the Ag layer is about 10 nm (results not shown here). A detailed
study of Ag was not, however, carried out. Unlike Au, Ag can more easily oxidize
or react with hydrogen sulfide (H2S) in the atmosphere contaminating the surface.

2The optical properties of ultrathin Au films near the percolation threshold are reported to be different
from that of continuous Au [141]. For that reason, the thickness of Cu2O layer on continuous Au, cor-
responding to a minimum absorption of the pump light, may not be the same for the case of percolated

Au
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Figure 5.10: Measured emitted THz amplitude (red) and pump light absorption (blue) by
Cu2O/Au samples plotted as a function of the Au layer average thickness. The thickness of
Cu2O in this case corresponds to maximum absorption for a Cu2O/Au (continuous) interface.

Figure 5.11: Measured emitted THz amplitude (red) and pump light absorption (blue) by
Cu2O/Au samples plotted as a function of the Au layer average thickness. The thickness of
Cu2O in this case corresponds to minimum absorption for a Cu2O/Au (continuous) interface.
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Figure 5.12: Measured THz amplitude emitted from Cu2O on 8 nm thick Au (red) and 200
nm thick Au (blue), plotted as a function of the thickness of the Cu2O layer.

Figure 5.13: Measured Percentage pump light absorption by Cu2O layers on 8 nm thick Au
(blue), and 200 nm thick Au (red), plotted as a function of the thickness of the Cu2O layer.
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Since we prepare Cu2O films by oxidation of Cu layers on the metal layer, Au layers
were more suitable for the above mentioned experiments because of their better
stability. However, we can anticipate a similar result from ultrathin bare Ag films as
well as from Cu2O thin films deposited on them.

In Figure 5.12, we plot the measured THz amplitude as a function of the thickness
of the Cu2O layers for two cases: one in which the Au layer has an average thickness
of 8 nm, and the other when the Au layer is 200 nm thick. Over the range of Cu2O
thicknesses shown, Cu2O on percolated Au emits stronger THz pulses. The increase
in the emitted THz amplitude as the thickness of Cu2O increases on the 200 nm thick
Au, is superimposed on the Fabry-Perot etalon oscillations of the pump light inside
the Cu2O layer. Such oscillations are weak for Cu2O on percolated Au. When the
pump reflection is minimal, the pump absorption shows a maximum. This coherent
optical absorption is discussed in detail in Chapter 4. In the case of percolated Au,
there is a sharp increase of THz emission as the Cu2O layer increases in thickness up
to 60 nm. After this, the emitted amplitude stays at an elevated level with a slight
oscillatory behavior as the thickness of Cu2O further increases. This suggests that in
the case of Cu2O on percolated Au, the THz generation takes place in a ∼ 40 nm
thick Cu2O layer on top of the Au. On the other hand, in the case of Cu2O on 200
nm thick Au layer, the THz amplitude increases until the thickness of Cu2O reaches
420 nm (4.3).

In Figure 5.13, we plot the pump beam absorption for Cu2O/Au interfaces with
an 8 nm thick Au layer, and with a 200 nm thick Au layer. It is interesting to see that
for Cu2O layer thicknesses between 40 nm and 90 nm, the pump beam absorption
is higher for Cu2O on a 200 nm Au layer. However the THz emission from Cu2O
on 8 nm Au is much stronger. This means that the optical absorption is not a good
predictor for the strength of the emitted THz electric field. In the case of Cu2O on
percolating Au, because of the surface plasmon excitation at the interface between
Au and Cu2O, the local pump light intensity at the interface becomes enhanced. This
can result in enhanced THz emission. In the next section we show that the surface
plasmon excitation at the interface between Au and a nonlinear material can lead
to enhanced THz emission, also when the Kretschmann geometry is used to excite
surface plasmons.

5.7 Excitation using ATR geometry

Excitation of surface plasmons at a metal surface can be achieved using different
methods [147]. We have discussed the use of randomly nanostructured, ultrathin
semi-continuous Au films near the percolation threshold in the previous section. Sur-
face plasmon excitation can also be achieved by using a metallic grating with the
correct periodicity or nanostructured metal surfaces. Another method to excite sur-
face plasmons at a metal surface is by using the Kretschmann geometry [147]. In this
case, a thin metal layer is deposited on the hypotenuse side of a right-angled prism
and the excitation is done in the ATR geometry as shown in Figure 5.6. This method
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Figure 5.14: The terahertz electric field vs. time emitted by bare Au layer at the surface
plasmon resonance (black) and by the hemicyanine SAM layer coated on the Au layer (red).

is sometimes used for photo-exciting very thin layers of nonlinear media, as the field
enhancement due to surface plasmons is localized very close to the metal surface.

5.8 Results and discussion

5.8.1 THz emission from a thin continuous Au layer

In Figure 5.14, we plot the measured THz electric field as a function of time, emitted
by exciting a 44 nm thick Au film using the Kretschmann geometry (Figure 5.3). The
signal, although somewhat noisy, consists of a quasi-single cycle oscillation of the
electric field, and is only observed when the Au film is illuminated from the glass-side
(in the ATR geometry) under the right angle of incidence as discussed below [62]. No
measureable THz emission is observed when this film or any other continuous smooth
Au surface was illuminated from the air-side. At the surface plasmon resonance
condition, the reflected pump power from the prism goes to a minimum and a bright
patch of scattered 800 nm light is observed on the Au coated hypotenuse side of the
prism. When the incident pump beam is at any other angle, such a patch does not
appear. This provides a visual confirmation that surface plasmons are excited around
this angle of incidence. In Figure 5.15 we plot the measured THz amplitude from the
Au layer at the SPR condition, as a function of the incident laser power. The response
is linear, suggesting that a second-order nonlinear optical process is responsible for
the THz emission [150].

These experimental results thus point to the fact that the THz emission by second-
order OR is possible at thin film Au surfaces when surface plasmons are excited.
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Figure 5.15: THz amplitude emitted by the bare Au surface as a function of the incident laser
power. The solid line is a guide to the eye.

When direct excitation of the sample is done from the air-side, the intensity at the
sample surface is presumably not strong enough to result in the generation of any de-
tectable THz light. THz emission is facilitated by the excitation of surface plasmons,
since they have stronger fields exactly at the surface, where the nonlinear process
of converting pump light into THz light takes place [147, 148]. Propagating surface
plasmons can also lead to an increased interaction distance at the Au surface, thus
enhancing the emission further.

5.8.2 THz emission from a self-assembled monolayer of hemicy-

anine

In Figure 5.14, we plot the THz electric field emitted from the hemicyanine-SAM
coated Au layer when excited in the ATR geometry. The emission is observed only
when the angle of incidence of the pump beam fulfills the SPR condition. Remark-
ably, the emitted THz electric field from the monolayer covered Au surface is a factor
of three larger than from the bare surface even though the layer is only 1.2 nm thick.
Since a hemicyanine SAM is known to have a large χ (2), this THz emission can be
considered as the sum of the contribution from OR at both the Au surface and the
hemicyanine SAM [153]. Due to the presence of this thin monolayer, the resonance
angle where plasmons can be excited, is expected to shift a little with respect to that
for a bare Au film [152, 153, 160]. The THz signal consists of a quasi-single cycle
oscillation followed by rapid oscillations. These oscillations are mainly due to the ab-
sorption and re-emission of THz radiation by water vapor in the atmosphere. No de-
tectable THz emission is observed when the SAM layer was directly illuminated by a
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Figure 5.16: Measured THz amplitude (red) and the reflected pump power (blue) as a func-
tion of the angle of incidence θ of the pump beam, from a hemicyanine-SAM-coated glass
prism excited in the Kretschmann geometry.

focused pump beam from the air-side. Figure 5.16 shows the emitted THz amplitude
and the reflected pump power from the prism as a function of the angle of incid-
ence θ . The dip in the reflected pump power observed around θ = 42◦corresponds
to the angle where surface plasmons are excited at the Au surface. We note that
compared to the results reported in the literature [62, 160], a broader resonance is
seen in Figure 5.16. In our case, the pump beam is focused onto the sample using
a plano-convex lens with f = 150 mm. Thus the curve shown in Figure 5.16. is a
summation over a small range of incidence angles. Because we use laser pulses, the
pump beam has a bandwidth of about 30 nm. This also contributes to a smearing-out
of the resonance. The three times larger THz amplitude emitted from the SAM layer
compared to the bare Au layer, is consistent with the earlier observation of SHG from
similar samples by Naraoka et al. [153].

In Figure 5.17, we plot the emitted THz amplitude as a function of the incident
laser power. The dependence is, to a good approximation, linear, suggesting that
a second-order nonlinear optical process is responsible for the THz emission. At the
SPR condition, the electric field of the pump light is enhanced close to the metal
surface [147, 153]. This provides a localized high intensity at the SAM layer. As
a result of this, the THz polarization developed in the SAM layer can be signific-
antly enhanced. This enhancement is very similar to the surface-plasmon mediated
enhancement of other nonlinear processes like SHG and Raman scattering reported
from metal surfaces [147]. The ATR geometry is very suitable for the excitation of
very thin (of a few nanometers thickness) layers of nonlinear materials, because of
the strong field localization near the metal surface. In the ATR geometry, the pump
beam is focused on the hypotenuse side of the prism to a spot size of diameter ∼ 1
mm. As the thickness of the SAM layer is known to be ∼ 1.2 nm, we can calculate
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Figure 5.17: THz amplitude as a function of the incident laser power, emitted from an Au
layer coated with hemicyanine SAM, excited under the surface plasmon resonance condition.
The solid line is a guide to the eye

that the THz light is emitted from a tiny volume of only ∼ 10−15 m3.

5.8.3 Cu
2
O/Au interface

In Figure 5.18 we show the comparison of the emitted THz amplitude and the reflec-
ted pump power from a ∼ 15 nm thick layer of Cu2O excited in the ATR geometry, as
a function of the angle θ . The Cu2O layer is prepared by the complete oxidation of
a 10 nm thick Cu layer deposited on a 44 nm thick Au layer. Compared to the result
shown in Figure 5.16, we see a significant shift in the plasmon resonance angle to ∼
50◦, as seen in the dip in the reflected pump power from the sample. The dip has
also smeared out considerably as a consequence of the Cu2O layer on top of the Au
layer [147]. The surface plasmon resonance is not, however, destroyed by the thin
Cu2O film. At the surface plasmon resonance, the THz emission is enhanced. There
seems to be a slight shift in the peak position between the dip in the reflected power,
and the maximum in the emitted THz amplitude. A similar observation was recently
reported in the case of SHG from Ag nanofilms excited under ATR geometry, and was
attributed to the different modes of surface plasmons excited in the film [161].

It has to be noted that Cu2O/Au on the prism emits THz light in the ATR geometry,
also for angles far away from the plasmon resonance angle. This is because the
evanescent pump light on the hypotenuse side of the prism can excite the Au/Cu2O
interface, even when its wave-vector does not match with the plasmon wave-vector.
However, it is clear that the maximum THz emission occurs at the surface plasmon
resonance angle.
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Figure 5.18: Enhanced THz emission from Cu2O/Au interface at surface plasmon resonance
condition. THz amplitude is shown in red and the reflected pump power is shown in blue as a
function of the angle θ .

5.9 Second-order and higher-order optical rectifica-

tion

The current literature on THz generation from metal surfaces can be mainly classi-
fied in to two parts. In section 5.1 we saw that both second-order and higher order
processes were held responsible for THz emission from metal surfaces. Most of these
experiments used amplified laser pulses. In contrast with these works, we reported a
second-order dependence of the emitted THz amplitude on the incident laser power,
when a randomly nanostructured gold surface, with an effective thickness of 8 nm,
was illuminated with light pulses from a Ti:sapphire laser oscillator, and observed
no THz radiation from a plain, flat gold surface under the same conditions [149].
We also show that THz emission through second-order OR is possible from a 44 nm
thick planar Au film when surface plasmons are excited on it [150]. Interestingly,
either a second-order or a higher-order pump-power dependence of the emitted THz
electric field and, consequently, different physical explanations for the emission are
reported in all these above mentioned different experiments performed elsewhere
and in our laboratory. However, these results do not necessarily contradict each
other. The relatively low peak-power of laser pulses emitted by Ti:sapphire laser os-
cillators makes it less likely that very high nonlinearities can be observed with these
lasers. Ti:sapphire laser oscillators have a high repetition rate which facilitates high
frequency signal modulation and sensitive lock-in detection and are therefore much
better in detecting relatively weak signals from second-order nonlinear optical pro-
cesses, if present. At the same time, the high peak power of the amplified Ti:sapphire
lasers selectively favors higher-order nonlinear generation of THz pulses, but their
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low repetition rate makes the detection of weak THz pulse from a second-order non-
linear process, one that might become dominant at low excitation powers, less likely.
An interesting question is, whether the excitation of surface plasmons that appears to
play an important role in the high-power experiments, also plays a role in low-power
experiments in which a second-order nonlinearity seems to be responsible for the
THz emission.

5.10 Conclusion

In conclusion, we have shown that the excitation of surface plasmons on a thin film
of Au using femtosecond laser pulses, can lead to the emission of THz pulses from it.
The excitation of surface plasmons is done in two ways. In the first case, localized
surface plasmon modes are excited on a percolating ultrathin Au film deposited on
glass [150]. In the second case, surface plasmons are excited on a planar thin film of
Au, by using the Kretschmann geometry [149]. In both these cases, THz emission is
observed. We attribute the emission to second-order nonlinear OR shown by Au films
owing to the asymmetry at the surface. Excitation of intensity ‘hot spots’ leads to an
enhanced nonlinear response in the case of percolating Au film. In the second case,
the evanescent wave of the propagating surface plasmons provides a high intensity at
the surface, enhancing the nonlinear response. In both cases, the interaction of light
with the Au surface is enhanced due to an increased interaction time when surface
plasmons are excited.

When surface plasmons are excited on an Au surface, we have shown that it can
also act as a substrate for enhancing THz emission from a second material deposited
on top of it. This is demonstrated with thin films of Cu2O prepared on percolated Au
films, as well as on planar Au films (in Kretschmann geometry). Cu2O interfaced with
Au emits THz radiation when excited with femtosecond laser pulses. Remarkably, the
excitation of surface plasmons can also lead to considerable THz emission from a 1.2
nm thick self-assembled mono-molecular layer of hemicyanine deposited on the Au
surface. Hemicyanine is known to have a large second-order susceptibility. Surface
plasmon-enhanced THz emission may provide an effective way to probe the local
χ (2) from such thin films. This technique can be very useful for local generation of
THz pulses in future compact THz photonic devices.





Chapter 6

Conclusion

6.1 Discussion

Ultrafast laser excitation of semiconductors and nonlinear materials is not only a
useful technique to generate broadband electromagnetic radiation in the terahertz
(THz) range, but also a tool to understand the properties of the material [2, 4]. In
this thesis, we focused on THz emission from certain materials, especially semicon-
ductors, and on the possibility of enhancing the emission using different techniques.

THz emission from graphite was discussed in Chapter 2. Ultrafast laser excitation
of graphite surfaces results in the coherent emission of THz pulses. From the ana-
lysis of the emitted THz pulses, we could see that photo-excitation and subsequent
movement of charge carriers are the possible mechanism behind the emission. The
polarization of the emitted THz light with respect to the orientation of the graph-
ite crystal is such that the resultant photocurrent is along the c-axis of graphite. A
photocurrent along the c-axis was unexpected, as the electrical conductivity along
the c-axis is about three orders of magnitude smaller compared to that along the
constituent graphene planes. Such ultrafast charge movements can be effectively
detected and studied using the emitted THz pulses.

Relatively strong THz emission was observed from cuprous oxide (Cu2O). In-
terfaces of Cu2O with metals are capable of converting a near-infrared femtosecond
laser pulse partly into a THz pulse. In Chapter 3 we discussed in detail the vari-
ous processes that can result in THz emission in the case of Cu2O/Au interfaces. We
found that the transient photocurrent surge in the Schottky interface formed between
Cu2O and the metal is the most probable THz emission mechanism. This emission
is on par in strength with the emission of conventionally used nonlinear crystals like
gallium phosphide (GaP), although much lower when compared to photo-conductive
antenna (PCA) emitters. However, unlike PCAs, the THz emission from semicon-
ductor interfaces using the in-built potential, does not require any external bias.
Cu2O/metal interfaces are very easy to prepare and can be incorporated into exist-
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ing components in a THz optical setup, like in the case of a paraboloidal mirror we
discussed in section 3.9.

The work on Cu2O/Au interfaces opens up a new possibility of using very thin
layers of semiconductor/metal interfaces for the THz generation. In the past, ex-
periments on THz emission from semiconductors were done in bulk crystals or in
thin films which were much thicker than the absorption depth of the pump light. In
contrast with this, we show in Chapter 4 how the coherent optical absorption of the
pump light in thin films of semiconductors deposited on Au surfaces can enhance the
THz emission from them. Semiconductors like Cu2O, germanium (Ge) and silicon
(Si), which are generally poor THz emitters, turn into good THz emitters by this
technique.

The different methods of optical generation of THz radiation can benefit from
the different developments in the field of Optics. Plasmonics can be effectively used
to enhance THz emission from different nonlinear samples. In Chapter 5, we saw
the enhancement of THz emission from a Au surface when surface plasmons were
excited. It is also possible to enhance the THz emission from a thin film of a nonlin-
ear material, or from semiconductors deposited on Au, when surface plasmons are
excited. One very interesting aspect we observed was that even thin films of Au of
thickness ∼ 8 nm can result in significant enhancement of THz emission from sys-
tems like Cu2O/Au. Confinement of the pump optical energy into nanometer thick
semiconductor layers can lead to enhancement in the emitted THz amplitude as we
saw in Chapters 4 and 5. Such techniques have the capability to turn even ‘bad’ THz
emitters into ‘strong’ THz emitters.

6.2 Future work

The advancement of THz technology in recent years has extended the use of this
range of electromagnetic radiation into numerous applications. Both THz-TDS and
THz imaging have proven to be very useful in industrial and scientific applications
[1]. This thesis presents certain promising results in confining the THz emission
process into tiny volumes without losing the emission strength and even increasing
the emission.

The techniques for enhancing the THz emission discussed in Chapters 4 and 5
can be of great value in photovoltaic or solar cell applications. Surface-plasmon
enhanced THz emission, or surface-enhanced terahertz emission by second-order op-
tical rectification was demonstrated experimentally in both gold (Au) surfaces and in
nonlinear materials deposited on Au substrates [149, 150]. This is a powerful tech-
nique which can be very useful in future integrated THz photonic devices. Merging
of visible light plasmonics and THz plasmonics can be the next step. Local generation
of THz surface plasmons and further manipulations using THz plasmonics may lead
to miniaturization of THz photonic devices for spectroscopy and imaging.
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Summary

Terahertz light is electromagnetic radiation, similar to visible light. The photons that
the terahertz light is comprised of carry a much smaller amount of energy compared
to the visible light photons. Unlike visible light, terahertz light can pass through
materials like plastic, cardboards, wood etc.; a very useful property which enables it
to replace harmful X-rays in many security applications. However, it is not possible
to see the terahertz photons with our naked eyes, and it requires special detectors to
observe them.

A lot of attention has been drawn to terahertz radiation recently because of its
potential use in various applications in national security (as mentioned before), and
in the biomedical and the semiconductor industries. Essential to any terahertz device
is a suitable terahertz source. There are different methods to generate this type of
radiation. After the advent of ultrafast lasers, an optical technique was developed
which became very popular afterwards. In very simple terms, this technique can be
considered as producing an extremely quick disturbance in a suitable material using
an extremely quick flash of laser light. Here the phrase ‘extremely quick’ refers to
femtosecond time scales where one femtosecond is one millionth of one billionth of
a second. The quick electromagnetic disturbance can lead to the emission of a pulse
of electromagnetic radiation of a different frequency: terahertz light. Certainly, this
process depends on the material in which the disturbance is created, which we will
see in a bit more detail below. It is this method of terahertz generation we focus on
in this thesis.

Let us now have a closer look at this. Only certain materials have this property of
converting a flash of laser light efficiently into a flash of terahertz light, for example,
some semiconductors. What type of a disturbance can a flash of laser light, (a laser
pulse), create in such a material? In the case of semiconductors, the incident light
pulse can lead to the excitation of mobile conduction electrons by providing them
with the required energy. The semiconductor becomes momentarily a conductor. If it
was initially kept under an external voltage bias, a momentary current is thus induced
by the light pulse. A time-varying current can act as a source of electromagnetic
waves. The emitted flash of light in this case is a terahertz pulse. Similar momentary
disturbances can also be produced in certain nonlinear crystals without really exciting
electrons from their bound states, but by causing an ultrafast displacement of the
bound charges. In both these cases, the emitted light pulse carries information about
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the material’s response to the femtosecond flash of light, which in fact is information
about the material per se. For example, we see that the illumination of graphite
with femtosecond laser pulses results in the emission of terahertz light pulses. The
properties of the emitted terahertz pulse are suggestive of a transient photocurrent
produced in the material. Graphite consists of stacks of atomic planes of carbon
which are loosely attached to each other. Electric conductivity along a direction
perpendicular to these planes is known to be very low as in this case electrons have to
jump from one plane to the other. However, in our experiments the emitted terahertz
pulses indicate a resultant photocurrent flowing in that direction.

Oxidized copper surfaces are known to act as a semiconductor-diode. A semi-
conductor diode is a device which restricts the electric current to flow through it in
only one direction. In the case of oxidized copper surfaces, this is possible by a po-
tential barrier formed at the interface between copper and cuprous oxide. When a
femtosecond light pulse excites electrons at such an interface, and frees electrons in
it, a quick pulse of current flows across the interface. This transient current emits a
terahertz pulse.

The same idea can also be applied to different other semiconductor-metal inter-
faces. We have shown that terahertz pulses can be produced by exciting thin films
of germanium and silicon deposited on a gold substrate. If the thin films of these
semiconductors prepared on a glass substrate are illuminated with femtosecond light
pulses, the emitted terahertz pulses are very feeble. When the thin films of the
semiconductors are on a gold substrate, a surprising enhancement of the generated
terahertz light from such thin films is observed. The later part of the thesis concen-
trates on the different possible ways in which the gold substrate can contribute to the
enhancement of terahertz radiation from thin films.

When coherent laser light is incident on an extremely thin film of a semiconductor
material deposited on a metal surface, light reflected from the top and the bottom
of the film can result in a complete or partial reduction of the reflected light. It is
equivalent to trapping the light inside the film, which leads to enhanced absorption
in the thin film. This is sometimes called ‘coherent optical absorption’. Very strong
absorption of the pump light can be achieved in thin films as compared to bulk ma-
terials, as a result of this. When light is strongly absorbed by the semiconductor,
more electrons will be freed and a stronger transient current can be produced which
can result in a stronger terahertz emission. This leads to the counter-intuitive result
that less material emits more terahertz light.

The concentration of laser light inside the terahertz generation material can also
be done by making use of surface plasmon excitation. Surface plasmons are light
waves bound to the interface between a metal and a dielectric. In our case, since
the terahertz generation takes place at the interface between a metal and a semi-
conductor, surface plasmons can play a role in the process. As surface plasmons
are bound to the interface, they can enhance the local intensity of the pump light
at the interface where the generation of terahertz radiation takes place. Using this
method, we demonstrate the enhancement of terahertz emission from a layer as thin
as a single molecular layer of a nonlinear optical material called hemicyanine. We
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also go on to show that enhanced terahertz emission can be achieved from semicon-
ductors deposited on a nanostructured metal surface, where again surface plasmons
are excited. Concentration of the laser light intensity using plasmonics also leads to
terahertz emission from the metal surfaces itself, i.e., without any semiconductor on
top.

In short, this thesis discusses the possibilities of terahertz generation from ul-
trathin semiconductor layers, metals and their interfaces, and on different optical
techniques to enhance the terahertz emission. These techniques not only help in the
study of the properties of ultrathin layers of materials, but can also help in miniatur-
izing terahertz sources for various applications.

Gopakumar Ramakrishnan, 2012.





Samenvatting

Terahertz licht is een vorm van elektromagnetische straling, vergelijkbaar met zicht-
baar licht. De fotonen van terahertz licht dragen veel minder energie dan in het geval
van zichtbaar licht. In tegenstelling tot zichtbaar licht, kan terahertz licht door ma-
terialen als plastic, karton, hout etc. heen schijnen. Een nuttige eigenschap, omdat
hiermee schadelijke röntgenstraling, gebruikt voor veiligheidstoepassingen, vervan-
gen zou kunnen worden. Het is echter niet mogelijk om terahertz fotonen te zien met
ons blote oog. We hebben speciale detectoren nodig om ze te kunnen waarnemen.
Recentelijk is er veel aandacht voor terahertz straling omdat het potentieel toe te
passen is in verschillende gebieden, zoals nationale veiligheid en in de biomedische-
en de halfgeleiderindustrie. Essentieel voor elk apparaat is een geschikte bron van
terahertz licht. Er zijn verschillende methoden om dit type licht te genereren.

Na de ontwikkeling van de femtoseconde laser was er een optische techniek ont-
wikkeld om dit te doen, die daarna erg populair werd. In simpele termen kan deze
techniek beschreven worden als een extreem snelle verstoring in een geschikt materi-
aal door het gebruik van een extreem korte lichtflits. De term ‘extreem kort’ refereert
aan femtoseconde tijdschalen waarin een femtoseconde gelijk staat aan een miljard-
ste van een miljoenste seconde. De snelle, elektromagnetische verstoring leidt tot de
emissie van een puls van elektromagnetische straling in een ander frequentiegebied:
het terahertz frequentiegebied. Dit proces is materiaalafhankelijk en we zullen dat
hieronder iets gedetailleerder bespreken. Het is deze methode van het genereren van
terahertz licht waarop we focusseren in dit proefschrift.

Alleen bepaalde materialen hebben de eigenschap om een flits van zichtbaar licht
efficiënt om te zetten in terahertz licht zoals, bijvoorbeeld, halfgeleiders. Wat voor
type verstoring kan een flits van licht (een laser puls) in zo’n materiaal creëren? De
inkomende laser puls kan, in het geval van halfgeleiders, leiden tot de excitatie van
mobiele elektronen, als de fotonen voldoende energie hebben. De halfgeleider wordt
tijdelijk geleidend. Als er initieel een spanning aanwezig was over de halfgeleider,
induceert de lichtpuls een tijdelijke stroom. Een in de tijd variërende stroom kan als
een bron van electromagnetische straling functioneren. De geëmitteerde lichtflits is
in dit geval een terahertz puls. Vergelijkbare kortstondige verstoringen kunnen ook
optreden in niet-lineare kristallen, zonder elektronen uit hun gebonden toestanden
te exciteren maar door een ultrasnelle verplaatsing van de gebonden ladingen. In
beide gevallen draagt de geëmitteerde licht puls informatie over het materiaalgedrag
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in aanwezigheid van een femtoseconde licht puls, wat in feite informatie over het
materiaal per se is. We zien, bijvoorbeeld, dat de belichting van grafiet met femtose-
conde laser pulsen resulteert in de emissie van terahertz lichtpulsen. De eigenschap-
pen van de geëmitteerde terahertz puls suggereren een kortstondige fotostroom in
het materiaal. Grafiet bestaat uit stapels van atomaire vlakken van koolstof die losjes
aan elkaar vast zitten. Het is bekend dat de elektrische geleidbaarheid loodrecht op
het vlak erg laag is omdat electronen van het ene naar het andere vlak moeten over-
springen. Echter, in onze experimenten geeft de emissie van een terahertz puls aan
dat er een resultante fotostroom in die richting ontstaat.

Het is bekend dat geoxideerde koperoppervlakken als een halfgeleiderdiode wer-
ken. Een halfgeleiderdiode is een elektronische component die de elektrische stroom
alleen in één bepaalde richting doorlaat. In het geval van geoxideerde koperopper-
vlakken is dat het gevolg van het ontstaan van een potentiaalbarrière op de overgang
tussen het koper en koperoxide. Wanneer een femtoseconde lichtpuls elektronen ex-
citeert op zo’n overgang en ze dus vrij (mobiel) maakt, versnellen de elektronen en
ontstaat er een snelle stroompuls tussen de twee materialen. Deze tijdelijke stroom
genereert terahertz licht.

Hetzelfde idee kan ook toegepast worden op verschillende andere halfgeleider-
metaal grensvlakken. We hebben laten zien dat terahertz pulsen ook geproduceerd
kunnen worden bij excitatie van extreem dunne lagen van Germanium en Silicium
gedeponeerd op een goud substraat. Als deze dunne lagen halfgeleidermateriaal
belicht worden met femtoseconde laserpulsen zijn de geëmitteerde terahertz pulsen
duidelijk detecteerbaar. Hoewel de lagen extreem dun zijn nemen we verrassende
sterke terahertz pulsen waar. Verderop in dit proefschrift behandelen we de mo-
gelijke manieren waarop goudsubstraten bijdragen aan de versterkte hoeveelheid
terahertz licht van de dunne lagen.

Wanneer coherent laserlicht op een extreem dunne laag van halfgeleider mate-
riaal, gedeponeerd op een metaaloppervlak, schijnt, kan gereflecteerd licht van de
boven -en onderkant voor een gedeeltelijke of, bijna volledige, reductie van gere-
flecteerd licht zorgen. Het is equivalent met het concentreren van licht in de film,
wat leidt tot versterkte absorptie van licht. Dit proces wordt ook wel coherente op-
tische absorptie genoemd. Door dit effect kan heel sterke absorptie van pomplicht
al worden bereikt in extreem dunne lagen, in vergelijking tot de absorptie in het
bulk materiaal. Wanneer veel licht geabsorbeerd wordt in de halfgeleider komen er
meer elektronen vrij en onstaat er een grotere tijdelijke stroom welke leidt tot meer
terahertz emissie. Dit leidt tot het contra-intuïtieve resultaat dat minder materiaal
resulteert in meer emissie van terahertz licht. De concentratie van laserlicht in het
terahertz generende materiaal kan ook gedaan worden door excitatie van oppervlak-
teplasmonen. Oppervlakteplasmonen zijn lichtgolven gebonden aan het grensvlak
tussen een metaal en diëelektricum. In ons geval kunnen oppervlakteplasmonen een
rol spelen op het grensvlak tussen het metaal en de halfgeleider, omdat juist daar
terahertz licht gegenereerd wordt. Omdat oppervlakteplasmonengebonden zijn aan
het oppervlak kunnen ze de lokale intensiteit van de laserbundel vergroten, daar
waar de creatie van terahertz straling plaatsvindt. We demonstreren, bij gebruik
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van deze methode, de versterking van terahertz emissie van een laag zó dun dat
het slechts uit een enkele laag van moleculen van een niet-lineair optisch materi-
aal, hemicyanine genaamd, bestaat. We vervolgen met het aantonen dat versterkte
terahertz emissie bereikt kan worden door halfgeleiders te deponeren op een metaal-
oppervlak met structuren van nanometer dimensies, waarop oppervlakteplasmonen
geëxciteerd worden. Concentratie van laserlicht door het gebruik van plasmonen
leidt ook tot terahertz emissie van het metaaloppervlak zelf, zonder dat er een half-
geleidermateriaal aanwezig is.

Samenvattend, bediscussieerd dit proefschrift de mogelijkheden van terahertz ge-
neratie van ultradunne halfgeleiderlaagjes, metalen en hun grensvlakken en het ge-
bruik van verschillende optische technieken om terahertz emissie te versterken. Deze
technieken helpen niet alleen bij het bestuderen van de eigenschappen van ultra-
dunne lagen, maar helpen mogelijk ook bij de miniaturisatie van terahertz bronnen
voor verschillende toepassingen.

Gopakumar Ramakrishnan, 2012.
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