C R P P
ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE - SUISSE

2 7 » 20

LRP 546/96

April 1996

THIRD HARMONIC GENERATION OF HIGH
POWER FAR INFRARED RADIATION IN
SEMICONDUCTORS
M. Urban

Contents
Abstract

3

Version Abrégée

7

Publications

11

1 Introduction

13

2 Experimental Aspects

17

2.1 The Far Infrared Laser

17

2.2 The Experimental Setup

23

2.3 Expérimentai Limitations

27

3 Experiments with Bulk Semiconductors

31

3.1 Basic Theory

31

3.2 Frequency Tripling in InSb

37

3.3 Frequency Tripling in Si

44

3.3.1

Time-Integrated Measurement at 496 [im Wavelength

45

3.3.2

Time-Integrated Measurement at 676/xm Wavelength

47

3.3.3

Time-Resolved Measurement

50

3.3.4

Additional Experiments

53

3.3.5

Gyrotron Experiment at 2.1mm Wavelength

55

3.3.6

Conclusions from the Si Experiments

56

1

2

CONTENTS

4 Simulation of the Frequency Tripling in Silicon

59

4.1 Monte Carlo Simulation of the Drift Velocity
4.2 Simulation of the Third Harmonic Generation

59
61

4.3 Frequency Tripling Experiments in the Far Infrared as Evaluation Tool for
Monte Carlo Transport Simulations

67

5 Enhancing the Third Harmonic Generation Efficiency by Using a Resonator
71
5.1 Theoretical Considerations
71
5.1.1 Third Harmonic Generation in a Fahry-Perot Resonator

71

5.1.2

79

Metallic Meshes on the Surfaces of a Resonator

5.2 Experiments to Prove the Resonator Concept
6 Conclusions and Outlook

85
95

Bibliography

102

Acknowledgments

103

Curriculum Vitae

105

Abstract
In this work we investigated the third harmonic generation of high power far infrared
radiation in doped semiconductors with emphasis on the conversion efficiency. The third
harmonic generation effect is based on the nonlinear response of the conduction band
electrons in the semiconductor with respect to the electric field of the incident electromagnetic wave.
Because this work is directed towards a proposed application in fusion plasma diagnostics, the experimental requirements for the radiation source at the fundamental
frequency are roughly given as follows: a wavelength of the radiation at the fundamental
frequency in the order of 1 mm and an incident power greater than 1MW.
The most important experiments of this work were performed using the high power
far infrared laser of the CRPP. With this laser a new laser line was discovered, which fits
exactly the source specifications given above: the wavelength is 676 fxm and the maximum
power is up to 2MW. Additional experiments were carried out using a 496 /im laser and
a 140 GHz (2.1mm) gyrotron.
The main experimental progress with respect to previous work in this field is, in
addition to the use of a very high power laser, the possibility of an absolute calibration of
the detectors for the far infrared radiation and the availability of a new type of detector
with a very fast response. This detector made it possible to measure the power at the
fundamental as well as at the third harmonic frequency with full temporal resolution
of the fluctuations during the laser pulse. Therefore the power dependence of the third
harmonic generation efficiency could be measured directly.
The materials investigated were InSb as an example of a narrow gap semiconductor
and Si as standard material. The main experimental results are: narrow gap semiconductors indeed have a highly nonlinear electronic response, caused by the high nonparabolicity of the conduction band, but the narrow band gap leads at the same time to a low
power threshold for internal breakdown, which is due to impact ionization. For silicon
the power limit is given by the threshold for surface breakdown, i.e. the formation of a
plasma spark in the air in front of the sample. It was discovered that, already below this
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threshold, the third harmonic generation efficiency shows some saturation, i.e. the power
of the third harmonic rises less than cubic with the power at the fundamental frequency.
This deviation from the cubic power law was not observed in previous work on Si and
cannot be explained by conventional theoretical models.
For this reason a numerical simulation of the third harmonic generation in silicon was
developed, which is based on a Monte Carlo simulation of the electron drift velocity in
this material with an applied AC-electric field. The simulation reproduced very well the
experimentally-observed behavior and is therefore a good tool for predictions of the third
harmonic generation efficiency in future experiments.
We discovered that third harmonic generation experiments in this frequency regime
can be used to better determine parameters which are necessary for Monte Carlo drift
velocity simulations. Because the simulation of the third harmonic generation efficiency
depends directly on the third harmonic Fourier coefficient of the drift velocity, which is
a nonlinear transport property, it is very sensitive to parameter changes in the Monte
Carlo simulation and thus the third harmonic generation experiments are very useful to
verify the predictions of the Monte Carlo simulation and to choose the correct parameter
sets. We found that different Monte Carlo simulations, which gave the same drift velocity
amplitude within a 20 percent range, deviated by a factor of three in the third harmonic
generation prediction.
In the last chapter the possibility of enhancing the third harmonic generation efficiency by using a more sophisticated experimental setup is investigated. One possibility
is the use of a suitable Fabry-Perot resonator for the fundamental frequency. The idea
behind this is to enhance the electric field inside the material while keeping it constant
or making it even lower at the sample surface, compared to the simple bulk setup used
in our first experiments. This would overcome the problem of surface breakdown, which
was the power limiting factor in these experiments. At the same time the sample surface
could be larger: a thin sample with a big surface would dissipate the heat more efficiently
than a bulk sample. Sample heating could become a serious problem if a long pulse
gyrotron was used as radiation source.
As a first step towards the realization of a frequency tripling resonator, the third
harmonic generation efficiency in a silicon slab was theoretically examined. It turned out
that, in order to have a good resonator quality, the reflection of the surfaces should be
enhanced. Theoretical considerations showed that properly chosen metallic meshes deposited on the surfaces of the slab could provide this without influencing the outcoupling
of the third harmonic radiation.
In a preliminary experiment, the optical properties of metallic meshes on a silicon

surface were examined and it was found that they agreed very well with the theoretical
predictions. Nevertheless, the first attempt to construct a resonator in this way failed.
Possible reasons for this are discussed and future ways to explore are proposed, since the
Fabry-Perot resonator remains a promising candidate for achieving a frequency tripler
with the desired specifications.
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Au cours de ce travail la génération de la troisième harmonique d'une onde électromagnétique à haute puissance dans l'infrarouge lointain avec un accent particulier sur
l'efficacité de la conversion de la fréquence a été examinée. Les matériaux nonlinéaires
utilisés dans ce but sont des semiconducteurs dopés.
L'effet de la génération de la troisième harmonique dans ces matériaux est basé sur le
mécanisme physique d'une réponse nonlinéaire des électrons dans la bande de conduction
face au champ électrique de l'onde électromagnétique incidente.
Ce travail étant dirigé en vue d'une application particulière dans le domaine des
diagnostics des plasmas de fusion, les exigences expérimentales sont données pour une
longeur d'onde de la source de radiation à la fréquence fondamentale de l'ordre de 1 mm
et une puissance incidente de plus de 1MW.
Les expériences les plus importantes de ce travail ont été réalisées à l'aide du laser du
CRPP émettant dans l'infrarouge lointain. Avec l'aide de celui-ci une nouvelle ligne laser
remplisant parfaitement les spécifications données a été découverte. Sa longueur d'onde
est de 676 /jm et sa puissance maximale de 2 MW. Des expériences supplémentaires ont
été effectuées en utilisant un laser à 496 fixa et un gyrotron à 140 GHz (2.1 mm).
Le principal progrès expérimental par comparaison avec les travaux précédents dans
ce domaine a été, en plus de l'usage d'un laser à puissance très élevée, la possibilité d'une
calibration absolue des détecteurs pour la radiation infrarouge lointain et la disponibilité
d'un nouveau type de détecteur ayant un temps de réponse très rapide. Celui-ci a rendu
possible la mesure de la puissance à la fréquence fondamentale et également à la troisième
harmonique avec une résolution complète des fluctuations au cours de l'impulsion du laser.
Par ce biais, la dépendance en puissance de l'efficacité de la génération de la troisième
harmonique a pu être mesurée directement.
Les matériaux examinés étaient du InSb en tant que semiconducteur à faible gap et
du Si comme matériel standard. Les résultats expérimentaux les plus importants sont: Les
semiconducteurs à faible gap présentent une réponse hautement nonlinéaire des électrons,
causée par la haute nonparabolicité de la bande de conduction, mais en même temps le gap
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fin est à l'origine d'un seuil de puissance assez bas du processus d'effondrement interne,
celui-ci étant dû à l'ionisation à l'impact. Pour le Si, la puissance maximale est fixée par
le seuil d'effondrement à la surface, c'est à dire par la formation d'un claquage dans l'air
devant l'échantillon. Il a été découvert que, dès en dessous de ce seuil, l'efficacité de la
génération de la troisième harmonique montre des effets de saturation, en cela que la
puissance à la troisième harmonique augmente selon une dépendance inférieure au cube
de la puissance à la fréquence fondamentale. Cette déviation de la dépendance au cube
n'avait pas été observée dans le travail précédent sur le Si et n'est pas expliquée par des
modèles théoriques conventionels.
Pour cette raison, une simulation numérique de la génération de la troisième harmonique dans le silicium, basée sur une simulation de type Monte Carlo de la vitesse de
dérive des électrons dans ce matériel sous l'influence d'un champ électrique AC, a été
dévelopée. Elle reproduit les résulats expérimentaux avec une assez bonne exactitude et
peut pour cette raison être utilisée pour prédire l'efficacité de la génération de la troisième
harmonique lors d'expériences futures.
D s'est avéré que les expériences de génération de la troisième harmonique dans notre
gamme de fréquences peuvent être utilisées pour déterminer avec une précision accrue des
paramètres nécessaires pour les simulations Monte Carlo de la vitesse de dérive. La simulation de la génération de la troisième harmonique dépendant directement du coefficient
de Fourier à la troisième harmonique de la vitesse de dérive, lui même présentant une
propriété nonlinéaire de transport, elle est très sensible aux changements de paramètres
dans la simulation Monte Carlo. Les expériences de génération de la troisième harmonique
s'avèrent ainsi très utiles pour vérifier les prévisions de la simulation Monte Carlo et choisir
de justes paramètres. Nous avons trouvé que différentes simulations, bien que donnant la
même amplitude de la vitesse de dérive dans une gamme de ± 10 %, pouvaient différer
d'un facteur trois dans la prévision de la génération de la troisième harmonique.
Dans le dernier chapitre la possibilité d'augmenter l'efficacité de la génération de
la troisième harmonique en utilisant un dispositif expérimental plus sophistiqué est examinée. Une possibilité consiste à utiliser un résonateur de type Fabry-Perot, convenablement choisi pour la fréquence fondamentale. L'idée est alors, par comparaison avec nos
expériences précédentes où un cristal de silicium plus massif était utilisé, d'augmenter le
champ électrique à l'intérieur du matériel tout en le gardant constant ou en le diminuant
à la surface de l'échantillon. Ceci permet alors d'éviter le problème d'effondrement à la
surface qui constituait le facteur limitatif en puissance dans les expériences précédents. De
plus la surface de l'échantillon pourrait être agrandie et un échantillon mince de grande
surface pourrait ainsi beaucoup mieux dissiper le chaleur. L'échauffement de l'échantillon

peut devenir un problème sérieux si un gyrotron avec des impulsions de longue durée est
utilisé comme source de radiation.
En tant que premier pas vers la réalisation d'un résonateur pour le triplage de
fréquence, la génération de la troisième harmonique dans une plaque de silicium a été
examinée théoriquement. Il a été constaté que la reflection des surfaces devrait être augmentée afin d'avoir une qualité de résonateur suffisamment bonne. Des calculs théoriques
ont montré que des grilles métalliques correctement choisies et déposées directement sur
les surfaces pourraient donner le taux de reflection désiré à la fréquence fondamentale
sans influencer la transmission de la troisième harmonique.
Dans une première expérience les propriétés optiques des grilles métalliques sur une
surface de silicium ont été examinées. Elles sont apparues en bon accord avec les prévisions
théoriques. Néanmoins le premier essai de construction d'un résonateur a échoué. Des
raisons possibles de cet échec sont discutées et des voies à suivre pour le futur sont
proposées, le résonateur de type Fabry-Perot restant un candidat prometteur pour obtenir
un tripleur de fréquence ayant les spécifications désirées.
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Chapter 1
Introduction
The frequency tripling of far infrared (FIR) radiation in semiconductors is certainly of
great interest for basic semiconductor research, because it provides an optical and therefore contactless method to examine nonlinear electronic transport. In addition to this
there is an interesting application for a highly efficient far infrared frequency tripler in
fusion plasma physics, which was the motivation for this work at the CRPP.
In 1989 collective Thomson-scattering1 of FIR radiation was demonstrated as a
method for ion temperature measurement in magnetically-confined fusion plasmas at
the TCA tokamak of the CRPP [1]. The radiation source for these experiments was
a high power D2O-laser operating at 385 /zm wavelength [2]. Since the scattering cross
section for the FIR-radiation is very small and hence the scattered signal is weak, a very
sensitive heterodyne detection system had to be used. The signal-to-noise ratio of such
a detection system can be improved by increasing the signal length [3], but the pulse
length of high power FIR-lasers cannot easily be increased above a fis level, thus being
the limiting factor for the expérimental accuracy of this method.
For the ion temperature measurement other methods with less experimental effort
are now available, but collective Thomson-scattering is still under discussion as a method
to diagnose the oparticles in future fusion plasma experiments like ITER. For these
a-particles no other diagnostic methods exist at the moment [4]. Therefore there is a
strong need for an improvement of the experimental accuracy of the collective Thomsonscattering method. As explained above, one crucial point for this is the radiation source.
Several possible radiation sources for these experiments, overcoming the pulse length
limitation, are under discussion. Despite free electron lasers, which present a big experimental and financial effort, gyrotrons can in principle deliver cw microwave radiation
1

photon scattering on free carriers
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with very high power, reaching the MW-regime [5], and the required pulse length. The
use of a gyrotron as radiation source for collective Thomson-scattering in a fusion plasma
experiment has been shown recently [6].
However the frequency of the radiation required for a collective Thomson-scattering
experiment depends on the plasma parameters. For given plasma parameters there is a
frequency-window. The upper frequency limit is given by the fact that collective effects
shall be observed. Therefore the wavelength of the radiation has to be longer than a
limit determined by the Debye wavelength in the plasma and the angle under which the
scattered signal shall be detected. This angle has to be sufficiently large in order to be
able to detect the scattered radiation, which is very weak compared to the unscattered
beam. This condition imposes a minimal wavelength as well. The lower frequency limit
is given by the beam propagation, which is distorted by density variations in the plasma,
if the radiation wavelength is too long.
A reasonable frequency for the ITER plasma parameters would be around 1200 GHz.
A gyrotron reaching this frequency is for the moment not feasible. So the proposition
is to use a gyrotron in combination with an efficient passive frequency tripler. Gyrotron
operation at a frequency of 300 GHz with a power of more than 500 kW has already been
shown [7]. A 400 GHz gyrotron with 500. kW power together with a frequency tripler with
10 % efficiency would indeed meet the specifications for the ITER application [4].
The technique of using nonlinear optical materials as frequency multipliers is well
known in visible as well as in near- and mid-infrared optics. As soon as powerful radiation
sources (lasers) became available, harmonic generation experiments were reported [8, 9,
10]. Frequency doublers and tripiers are now widely used in optics and are commercially
available with considerable efficiencies even at low powers.
In contrast, nonlinear optics is not very well developed in the FIR-regime. The first
experiments on frequency doubling and tripling of FIR-laser radiation in doped semiconductor materials were reported in the mid 80's [11, 12]. However these experiments
were limited in laser power and in the sensitivity of the detection system used, so that
quantitative statements on the conversion efficiencies and on possible saturation effects
were difficult and maximum power limits could not be found.

In this context the aim of the present work is:
• to determine quantitatively the nonlinear susceptibility of different semiconductors
in the FIR-regime with a reasonable accuracy.
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• to increase the power level at the fundamental frequency and determine saturation
or breakdown limits as well as the maximum frequency conversion efficiency.
• to look for new materials and experimental configurations with higher conversion
efficiencies.
• to be able to determine from the experimental results whether or not the required
parameters for the planned application can be reached.

As mentioned at the beginning, the study of nonlinear optical properties in the FIRregime, apart from this practical interest for fusion plasma research, gives interesting
new experimental insights into nonlinear effects of carrier transport in semiconductors.
This is on one hand an interesting field of fundamental research, because it leads to
new experimental data on material parameters such as conduction band nonparabolicity
and scattering probabilities. On the other hand, nonlinear transport is becoming more
and more important in semiconductor technology, where the miniaturization of devices
produces very high electric fields even for moderate voltages and thus nonlinear transport
effects occur. Much effort is invested in this field to get reliable simulations of nonlinear
transport of electrons in semiconductors and for these simulations experimental data on
the transport parameters are needed.
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Chapter 2
Experimental Aspects
2.1

The Far Infrared Laser

The ideal radiation source for the frequency tripling experiments discussed in the Introduction would be a gyrotron with a frequency of 400 GHz, a pulse length of several ten ms
and a power in the order of a MW. Because such a source was not available and the access
to gyrotrons with lower frequencies, which can be used for a proof of principle, was very
limited (although it was possible to do an experiment using the 140 GHz gyrotron at the
Kernforschungszentrum Karlsruhe), most of the frequency tripling experiments reported
in this work were performed using the high power FIR-laser at the CRPP. Therefore this
chapter starts with a description of the FIR-laser system at the CRPP. With this laser a
new FIR-laser line was discovered, which was perfectly suited in frequency and power to
the requirements given in the Introduction for the Thomson-scattering application. The
only difference to the gyrotron parameters for the planned application is the pulse length,
which is much shorter (only several hundred ns). Therefore possible longterm effects like
sample heating cannot be studied with the laser.
Most high power FIR-lasers are optically pumped gas lasers. The pump radiation
is usually provided by a high power CCVlaser which has a wavelength in the mid infrared regime (~10/xm). This radiation excites a vibrational transition of the laser gas
molecules in the FIR-resonator. The FIR-laser transition is a rotational transition in
the excited vibrational state. The vibrational excitation is necessary because in the vibrational ground state the occupation of the different rotational levels is nearly equal
in thermodynamic equilibrium and thus the population inversion, which is necessary for
laser action, cannot be reached. The CCVlaser is very well suited as a pump laser because
it has a large variety of powerful lines and thus offers many coincidences with excitation
energies in the possible laser gases. A comprehensive survey of FIR-laser lines with the
17
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power distribution over the 20 cm diameter of the laser beam in front of the PIR-resonator.
corresponding laser gases and CO2 pump lines can be found in [13]. The efficiency of the
optical pumping mechanism is very low. In the ideal case each pump photon would excite
one molecule of the laser gas, which can emit one laser photon. Since the quantum energy
of the FIR-laser photon is much lower'than the quantum energy of the pump photon (the
FIR-wavelength is about 70 times the CO2-wavelength!), only a fraction (<l/70) of the
pump laser power is converted into FIR-laser power. This means that a very powerful
CCVlaser is required in order to have strong FIR-laser lines.
The CO2-laser at the CRPP consists of a standard TEA (transversely excited atmospheric pressure) oscillator [14, 15] and a triple pass amplifier. The oscillator produces
single mode pulses with up to 80 m J pulse energy and 2/Us duration at strong CO2-laser
lines. These pulses are then amplified up to 500 J pulse energy by the amplifier, which
produces a 560 kV CCVdischarge at 2 bars pressure, with preionization by an electron
gun. The scheme of the amplifier can be seen in Figure 2.1 and a detailed description of
the whole system can be found in [2].
The temporal shape of a typical CO2-laser pulse is shown in Figure 2.2. The intensity
was measured at the entrance window of the FIR-resonator, which is located about 20 m
away from the amplifier. This distance is in fact necessary in order to decouple the two
systems. Because of the very high amplification factor, any feedback in this laser system
is very dangerous for the optical components.
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The resonator of the FIR-laser is L-shaped with 5 m resonator length. It was originally
optimized for the DaO-laser line at 385 fj,m. A schematic view of the FIR-laser can be
seen in Figure 2.6.
The incoupling of the CO2-radiation is done through a wire grid (tungsten, 10 /an
wires, 100 fjm grid constant), which is situated at the edge of the L. For the CC>2-radiation
it has a high transmission (about 90 %), which is nearly independent of the polarization.
For the FIR-radiation it acts as a mirror if the radiation is polarized parallel to the wires.
The reflection in this case is more than 98 %. For perpendicular polarized FIR-radiation
it is transparent (less than 10 % reflection). This makes the FIR-laser radiation produced
in the resonator parallel polarized with respect to the wires of the grid.
The resonator is formed by a concave spherical mirror with 5.15 m focal length and
20 cm diameter and the outcoupling mirror, which, for this work, was changed compared
to the original configuration of the laser. The original outcoupler was optimized for the
DaO-laser line. The optimum feedback of a laser resonator depends on the specific laser
process and is thus different for every laser line. A set of plane plates with outcoupling
holes of different diameters was prepared as outcoupling mirrors. So it was possible to
choose the optimum mirror, which gives the maximum laser output power, when changing
the laser line. For the experiments in this work the output power was the main criterion
rather than the mode structure of the laser radiation.
The laser gas for the new line is CH3F. With the 9P20 line of the CO2-laser one
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Figure 2.4: Pressure dependence of the emission at 676 /zm; circles: pump polarization
perpendicular to FIR, pump pulse energy 325 J; dots: pump polarization parallel to FIR,
pump pulse energy 260 J.
normally obtains laser emission at 496 /xm wavelength (20.2 cm""1) with this gas [16,13].
The laser process of this line is caused by a Raman transition and the emission is therefore
polarized perpendicular to the pump polarization. This well-known laser line was indeed
observed, but in addition radiation with a longer wavelength was found, which was even
stronger than the usual line. The wavelength of the new line was measured by means of
a monochromator to be 676±2/zm (14.8 cm"1). The new line appears independent of the
pump polarization. The observation of this line, which was not reported before, must be
caused by the very special pumping conditions (long pulse duration and high power) of
our laser system [17]. The new laser line is delayed in time relative to the pump pulse
and the 496 pan. line, which appears instantaneously with the pump pulse. The time delay
decreases with increasing pump power, see Figure 2.3.
The dependence of the pulse energy of the new line on the CB^F-pressure was measured for both pump pulse polarizations. The optimum pressure was determined to be
4.5 Torr, see Figure 2.4. The energy of the pump pulse in this experiment was 325 J for
pumping at perpendicular polarization with respect to the resonator polarization and
260 J for pumping parallel. Since the FIR-output was about the same for both polarizations, despite the difference in pump energy, it can be concluded that the pumping
efficiency of this FIR-laser line is higher for pumping with parallel polarization.
A line assignment and the excitation mechanism for the new line have been proposed
in [17]. In the proposed mechanism, Figure 2.5, the line is excited in two steps, which

22

CHAPTER 2. EXPERIMENTAL ASPECTS

(5949 (im)

Figure 2.5: Partial level diagram of the V3 excited vibrational states of CH3F with pump
and laser transitions.
explains the pump intensity dependent time delay and the fact that the Une was not
observed for shorter and weaker excitation. A sufficient number of molecules has to be
in the lower state for the second excitation, which is only possible, if a certain threshold
in pump intensity and duration is exceeded.
By pumping the FIR-laser with a polarization parallel to the resonator polarization,
only the new line is observed. After the optimization of the outcoupling mirror (plane
metal plate with 200mm diameter and an 80mm diameter central hole), a pulse energy
of 120 mJ was reached. This leads to a maximum power of 2 MW. This value together
with the wavelength, which corresponds to a frequency of 443 GHz, makes the new line
ideally suited for the studies of frequency tripling with respect to the later application.
Therefore this line was used for all frequency tripling experiments at the CRPP.
Some experiments were carried out at the Max-Planck-Institut (MPI) fur Festkôrperforschung in Stuttgart, where the original experiments of [11, 12] were done. The FIRlaser which was used there is described in [13]. It consists of a CCVoscillator without
a separate amplifier and an 8 m long glass tube with 4 cm diameter, which is filled with
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the FIR-laser gas. There is no resonator for the FIR-radiation. The output radiation is
produced by amplified spontaneous emission in one single pass. At the 496 (jjn line this
laser produced pulses with 3 mJ pulse energy and about 100 kW peak power.
As mentioned at the beginning, it was possible to do one experiment using a gyrotron
at the Kernforschungszentrum Karlsruhe. This gyrotron had a quasioptical setup and
emitted a beam propagating in free space with a power of 300 kW, a frequency of 140 GHz
and a pulse duration of 300 /^s.

2.2

The Experimental Setup

The experimental setup for the frequency tripling experiments at the GRPP is shown
schematically in Figure 2.6.
The FIR-laser beam is nearly parallel with a diameter of 80 mm when leaving the
resonator. It is directed towards the experiment by a slightly focusing mirror (/ = 1.25 m.)
and then focused by a teflon lens with / = 135 mm. The spot in the focus is shown in
Figure 2.7. It was measured by means of a pyroelectric array detector. Averaged over
time it has a slightly asymmetric gaussian-like shape (the steps in the Figure are due to
the single elements of the array detector) with a radius of about 2 mm.
The beamsplitter in front of the sample is used to direct a fraction of the pulse at the
fundamental frequency towards a monitor detector. It is a 50 ^m thick mylar foil which
reflects about 1 % of the incident power.
The third harmonic radiation generated in the sample passes a high-pass cutoff filter
in order to block the radiation at the fundamental frequency. This filter is based on the
cutoff effect of circular waveguides and consists of an array of mechanically-drilled holes
in a metal plate [18]. For the frequency tripling of the 676 jum radiation a waveguide
diameter of 150 ^m was chosen. This leads to a cutoff wavelength of 256 /im [19], which
is sufficiently short to block a weak parasitic laser line which was found at 293 fixa. The
transmission at the third harmonic wavelength of 225 /im is about 30 %; for wavelengths
longer than the cutoff wavelength it goes theoretically down to 10~10 [18]. Experimentally
it was proven to be less then 10~7.
The cutoff filter was directly mounted on the entrance of the respective detectors in
order to prevent radiation at the fundamental frequency from leaking into the detectors,
which was a serious problem since frequency conversion efficiencies down to 10~"r had
to be measured. The detectors were mounted on a turntable, which was adjusted to
account for the beam deviation caused by the wedge-shaped sample. The wedge shape
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Figure 2.6: Experimental setup: The elements of the FIR-laser axe VV: vacuum vessel,
PT: pyrex tube (20 cm diameter), Wl: KCl window, W2: TPX window, WG: free standing
wire gridj CM: concave aluminium coated glass mirror with RC = 10 m, OC: flat metal
output coupler with central hole of 8 cm diameter; the elements outside the laser are FM:
focusing metal mirror, L: teflon lens with / = 13.5 cm, BS: beam splitter (mylar), S:
wedged sample, F: waveguide cutoff filter, D1,D2: identical Ge hot electron detectors.
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Figure 2.7: Spot of the FIR-laser.
of the sample provides the possibility to perform thickness dependent measurements and
prevents standing wave effects.
Different detectors were used to detect the third harmonic radiation. An important
progress achieved in this work is the use of a very fast detector with high sensitivity, which
allowed for the first time to measure the third harmonic FIR-radiation with temporal
resolution during the laser pulse.
The fast detector used for the time-resolved measurements is the IPA300F2 from
the Ioffe Institut in St. Petersburg. Its principle of operation is based on the heating of
conduction band electrons in Ge by the absorbed FIR-radiation (intraband absorption).
This leads to a change in the electron mobility and thus to a change in conductivity,
which is then detected. Because this detector works at room temperature, the scattering
rate of the electrons is very high and the thermalization time very short. The detector
therefore becomes very fast with a response time of 1 ns. The sensitivity depends on the
wavelength and the range of detectable power is specified to be 2 - 1000 W at 90 nm
respectively 0.1 - 50 W at 385 ^m wavelength.
If a higher sensitivity was needed, cooled bolometers were used, an InSb-bolometer
from QMC-Instruments at the CRPP and a Si-bolometer from Infrared Laboratories for
the experiments at the MPI. The principle of operation for these bolometers is the same
as for the fast detector explained above. The cooling of the detector crystal to liquid
helium temperature leads to a higher sensitivity but slower response time (several fis).
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Figure 2.8: Linearity of the PM 104 detector from Thomas Keating Ltd.
Therefore only time integrated measurements were possible with the bolometers.
Another important point is the calibration of the detectors for the FIR, because the
responsivity of most of the available FIR-detectors depends on the wavelength. In this
work all detectors were calibrated relative to a PM 104 powermeter from Thomas-Keating
Ltd. This powermeter itself can be calibrated absolutely using an electrical pulse from
a pulse generator. Its responsivity is wavelength-independent. Only the transmission of
its TPX entrance window varies with the wavelength and was measured by means of a
Fourier-transform spectrometer.
The principle of operation of this detector is as follows: After passing through the
TPX window, 50 % of the remaining incident radiation is absorbed in a thin metal film,
deposited on a plastic foil. This corresponds to the maximum absorption which can be
achieved by a metal film. The absorption is wavelength-independent and the correct
thickness of the film in order to achieve the maximum absorption can be calculated
from the conductivity of the metal [20, 21]. The part of the radiation, which passes
through the metal film, leaves the detector by another TPX window on the backside.
The absorbed radiation heats the metal film. The heat is transferred to the gas volume
inside the detector and the corresponding pressure change is measured by a standard
acoustic microphone. The response time of this detector is several ms. It was originally
designed to be used as a power meter for cw-radiation in combination with a chopper,
but in our case it was used as a pulse energy meter. For the absolute calibration of this
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Figure 2.9: A typical pulse of the 676 fim laser.
detector an electrical pulse from a pulse generator can be applied to the metal foil, which
is then heated by the current. By measuring the applied voltage and the foil's electrical
resistance, the electrical pulse energy is determined and related to the detector signal.
The linearity of the detector response for the pulsed radiation was checked over a
range of 25 dB in pulse energy, see Figure 2.8, by attenuating the FIR-laser beam using a
diffractive FIR-attenuator from Lasnix [22]. This attenuator offers a flat broadband (one
decade of frequency) attenuation in 3,5 and 10 dB steps. It was also used, when necessary,
for the frequency tripling experiments, placed in the middle between the focusing mirror
and the teflon lens.

2.3

Experimental Limitations

The main problem using high power FIR-lasers in nonlinear optics is that these are usually
not lasing in a single mode. Transversal and longitudinal mode beating leads to strong
temporal fluctuations of the output power. The pulse is a train of spikes with several ns
length. An example of a typical FIR-laser pulse at 676 /mi wavelength, measured by the
IPA300F2 detector and recorded by a Lecroy 9360 digital sampling oscilloscope, is shown
in Figure 2.9.
Usual fast detectors like photon drag detectors or very fast pyroelectric detectors are
not sensitive enough to detect the harmonic radiation produced by the sample. For this
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reason all harmonic generation experiments in the FIR reported up to now were done using sensitive pulse energy detectors which integrate the power over the whole laser pulse.
But this integration leads to an averaging of the nonlinear properties over the total power
range of the laser pulse, which becomes difficult to interpret when the nonlinear coefficients themselves depend on the power, for example when the third harmonic generation
efficiency begins to saturate at a certain power level.
The IPA300F2 detector together with the Lecroy 9360 sampling oscilloscope (5 Gs/s)
made it possible to measure the third harmonic power with temporal resolution of the
power fluctuations and thus compare it directly with the power at the fundamental wavelength, measured with a detector of the same type. The temporal resolution was entirely
sufficient, because shorter features are not expected in the pulse shape for theoretical
reasons (the linewidth of the rotational levels determines the fastest temporal features
of the laser pulse by the uncertainty relation to be in the order of several ns). The experimental limits in accuracy using these detectors were given by their limited sensitive
surface (2 mm in diameter) which was smaller than the focused laser spot. Therefore only
a spatial fraction of about one quarter of the spot could be measured if the detector was
placed at the focus of the teflon lens. Since it had to be moved away from the focus for
the third harmonic generation experiments, this fraction was even less. The transversal
mode beating however causes spatial fluctuations of the power as well, which then leads
to different detector signals if the two detectors for the fundamental and the third harmonic frequency do not see exactly the same spatial region of the spot. The suppression
of the transversal mode beating would in principle be possible by selective elements in
the resonator, but this would at the same time drastically decrease the output power.
Another problem which limits the detectable power range was that at high powers
an air breakdown was ignited in front of the cutoff filter. The plasma created in this way
absorbs nearly all the FIR-power. Therefore an air breakdown has to be avoided.
Since this phenomenon is not widely investigated in this frequency regime [23], some
experiments to determine the critical conditions for igniting an air breakdown were carried
out. The plasma formation was studied on different cutoff filters using laser radiation at
359 and 496 fjxn wavelength. It was detected by its luminescence, using a fast photodiode.
At the same time the laser power was monitored by the IPA300F2 detector using a beam
splitter in front of the sample. Both signals were recorded by a fast digitizing oscilloscope
from HP and thus the power limit for the plasma formation could be determined. The
size and shape of the laser spot was measured using a pyroelectric array detector. In this
way the peak intensity in the center of the spot could be determined from the monitored
power.
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hole dia. \fjxn\

wavel. [/xm]

Be* [kV/cm]

I** [MW/cm2]

90

359

62

5.1

220

359

43

2.5

300

359

77

220

496

66

7.8
5.8

Table 2.1: Critical field strength and intensity for air breakdown in front of the cutoff
filter dependent on the hole diameter of the cutoff waveguides and the wavelength of the
laser radiaton.
The critical field strengths and intensities for initiating plasma luminescence are
shown in Table 2.1 for the different samples and wavelengths. By the simultaneous
monitoring of the laser power and the plasma luminescence the experimental error is
kept low and can be estimated to be ten percent, by taking the statistical fluctuations.
There was no systematic dependence of the critical field strength on the hole diameter
at 359 fixa, wavelength. The critical field strength seems to depend on surface qualities
varying from sample to sample, like the sharpness of the hole edges for example. Nevertheless the measured values are in good agreement with [23] where a critical intensity of
4.6 MW/cm 2 was reported for an air breakdown in front of a flat metal plate with 152(j,m
radiation. Again in agreement with [23], no air breakdown was observed for the same
power when the sample was removed.
Since the maximum intensity used for the frequency tripling experiments was considerably higher than the critical values (more than 15MW/cm 2 ), the cutoff filter and
the third harmonic detector had to be moved a few cm away from the sample into the
expanded beam section. This diminished the problems of the spatial power fluctuations
in combination with the small sensitive surface of the detector as well, because the sharp
spatial mode structure in the focus is smeared out in the expanded beam, but the sensitivity of the third harmonic detection was of course reduced. In conclusion, a reasonable
signal-to-noise ratio for the time-resolved third harmonic detection was reached for a
third harmonic power greater than 10 W.
Using the InSb bolometer, pulse energies down to 50 pJ could be detected. The
limiting factor for the minimum detectable third harmonic generation efficiency in this
case was the suppression of the fundamental by the cutoff filter, which was better than

io- 7 .
In conclusion, the main experimental progress of this work compared to previous
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publications is the possibility of directly measuring the power at the third harmonic
frequency with full time resolution of the power fluctuations. This was possible due to
the discovery of a new and very powerful FIR-laser line and to a new kind of detector
with a very fast response and a reasonable sensitivity.

Chapter 3
Experiments with Bulk
Semiconductors
3.1

Basic Theory

The frequency tripling experiments of Mayer [12] showed that the free carriers are responsible for the nonlinear optical properties of doped semiconductors in the far infrared.
This is in contrast to the optical and near infrared regime, where the lattice is the main
source of nonlinearities. Lattice effects in the FIR where observed in [12] by frequency
doubling experiments in pure semiconductors, but they were much weaker than those
caused by free carriers in doped materials.
The simplest theoretical model for the response of the free carriers to FIR-radiation
is to consider the ballistic motion of a single electron, accelerated by the electric field
(Drude model):
m*v + m*~ = eE
(3.1)
r
m* is the effective mass of the carrier, v is the velocity1, e is the electronic charge
and E the electric field of the incident electromagnetic wave. The damping rate T" 1 can
be determined from a measurement of the DC-conductivity CTQ:

£

&*>

where ne is the density of carriers in the semiconductor.
If m* and r are regarded as constant, Eq. 3.1 allows to determine the linear optical properties in the following way. First the AC-conductivity is calculated by applying an AC-electric field E = Êexp(—iut). The resulting velocity then has the form
x

bold characters axe used to describe vectors in this text
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v = v exp (—iwt) and Eq. 3.1 can be written:
m*
—ium*v ^

v = eE
r
v = ——^

-E

(3.3)

Comparing this result with the definition of the conductivity from the current density
j = 0-E = neev one gets the AC-conductivity:

The AC-conductivity determines the electronic contribution to the dielectric function e(u) and therefore the linear optical properties at the frequency u. (See standard
textbooks on electrodynamics such as [24])2.
4?rcr

. _.

(3.5)
(3.6)

6L is the lattice contribution to the dielectric function. The complex refractive index
n{jjj) describes both refraction n and absorption a at the frequency u.
n(u) = n + iK
a = —K

(3.7)

Up to now we considered only the linear response of the electron to the electric
field. A nonlinearity is introduced into Eq. 3.1 in the following way: In a real crystal
the effective mass ra* and the scattering time r both depend on the velocity v. The
differential equation of motion then becomes nonlinear and higher harmonics appear in
the electron's velocity response to the electric field.
The effective mass m* follows from the second derivative of the conduction band
dispersion relation. For the simplest case of a scalar effective mass (spherical symmetry
of the band structure):

where W(k) is the energy of an electron with wavevector k. From Eq. 3.8 it can
be deduced that the effective mass is constant only if the band structure is parabolic.
2

According to most of the theory texts on electrodynamics CGS units are vised in this chapter
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Real semiconductors show band nonparabolicities which consequently lead to a velocitydependent effective mass.
The scattering time r is determined by many different scattering processes (electronphonon, electron-electron and impurity scattering). The scattering cross sections for these
different processes depend on the electron energy and therefore also the scattering time
r depends on the electron velocity.
Unfortunately there no longer exists a simple analytical solution of Eq. 3.1 under these
assumptions. But it is clear that the solution has to be periodic in time and only higher
harmonics of the field frequency can appear in the electronic response. A restriction of
the possible harmonics is caused by the spatial inversion symmetry of the free electron
system. This implies that the drift velocity during the second (negative) half of the
electric field period must be minus the drift velocity of the first half period, or in other
words, no zero or even order harmonics can appear.
Under the assumption that the drift velocity response of the electrons to the electric
field is known, the polarization density of the semiconductor can be calculated. The
nonlinear part of the polarization is the source for the harmonic generation in the crystal.
Prom the current density j = neev follows the polarization density P as:
P = /jdt

(3.9)

The usual method to calculate nonlinear optical effects is to develop the nonlinear
polarization into a power series of the electric field [25], which is here again given for the
simplest case of spherical symmetry. In the general case the susceptibility % is a tensor
and the polarization depends on the orientation of the electric field with respect to the
crystal axis. The definition of x ^ and higher orders can differ by factors, which are
powers of two, in different literature sources depending on whether the electric field in
the definition of the polarization is taken as complex (expiut) or real (coswi). In this
text the complex notation is always used.
p = xtt>E + (*(3)E2)E + . . .

(3.10)

Because of the spatial inversion symmetry, the third harmonic is the first nonlinear
term which appears. The nonlinear polarization at the third harmonic is then introduced
as a source term into Maxwell's equations, which for a conductive medium are:
_ _
l d D 4?r.
V x B = —57 + —J
c at
c

Vx E . - i f

(,H)
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Using
and
the wave equation at the frequency 3w, which describes the generation of the third
harmonic, is obtained.
V x

vxE + ^

= ^

^

(314)

The lefthand side of Eq. 3.14 is the usual wave equation for an electromagnetic wave
in a medium with dielectric constant e^. The righthand side is the nonlinear source
term which leads to the generation of the wave at the third harmonic frequency. This
nonlinear polarization source is considered to be caused only by the electric field at the
fundamental frequency and not influenced by the created electromagnetic wave at the
third harmonic frequency (parametric onset). This approximation is justified as long as
the electric field at the third harmonic frequency stays much smaller than the field at the
fundamental frequency. Eq. 3.14 is an inhomogeneous differential equation. Its general
solution consists of the general solution of the homogeneous equation (the ordinary wave
equation on the lefthand side) plus one particular solution of the inhomogeneous equation.
For perpendicular incidence of the radiation at the fundamental frequency, which was the
case for all experiments described later, the solution at the third harmonic can be written
as [25]:
ÊJV3*

^ 1 3

W*t)

( 3 15)

In this case of perpendicular incidence the electric fields are all parallel to each other
and lying in the surface plane, the wavevectors are all parallel to each other and oriented
perpendicular to the surface (rc-direction). The amplitude of the homogeneous solution,
ÊH, is a parameter which has to be determined from the boundary conditions (continuity
of the electric and magnetic fields E and H at the surface). This homogeneous wave is
an ordinary electromagnetic wave at the frequency 3u> with the wavevector k^:
£3 = ^30,—

(3-16)

c
where n ^ is the complex refractive index at the frequency 3w, the squareroot of e^.
The amplitude of the second term of the solution 3.15, the nonlinear source wave, is
given by the ampEtude of the electric field at the fundamental frequency Eu, its wavevector is three times the wavevector at the fundamental frequency, fci:
ki = nu(3.17)
c

3.1. BASIC THEORY

35

In order to strictly fulfill the boundary conditions of continuous electric and magnetic
fields at the surface, a reflected wave at the third harmonic frequency is required, which
is emitted from the front surface of the sample in the backward direction. If this wave
can be neglected (this is the case if the dispersion of n between the fundamental and the
third hannonic frequency is not too big and the material is sufficiently thick [25]), the
boundary conditions lead to the following expression for the electric field at the third
harmonic frequency at a distance d from the surface [25]:
=

4TTX(3)

ÊI C(d) e" i3wt

(3.18)

with the thickness dependent phase matching factor C(d):
pi3k1Cl _

C(d) =

piksd

-—

(3.19)

This expression is given incorrectly in Refs. [12, 11]. In the corresponding expression
given there a factor exp (zfad) is missing. The probable reason for this mistake is that
in [25] the phase matching factor was deduced for nonabsorbing media and the factor
exp (ifax) could be omitted because it has an absolute value of 1 if fa is real. In our
case fa is complex and contains the absorption at the frequency 3cv. Therefore the factor
exp (ifad) cannot be omitted. For small values of d the absolute value of C(d) grows
linearly with d. Then dispersion and absorption become more and more important. If
the absorption in the nonlinear medium is small, the function C(d) leads to a series of
maxima and minima in the nonlinear wave generation (Maker fringes), which are caused
by the dispersion, i.e. the generated third harmonic wave runs out of phase with respect to
the nonlinear polarization source wave. In our case of strongly absorbing media only the
first maximum appears, followed by an exponential damping of the harmonic generation.
In order to calculate the power of the third hannonic radiation leaving a nonlinear
crystal of thickness d, when irradiated with a given power at the fundamental frequency,
the transmission of the entrance surface for the fundamental frequency radiation and the
transmission of the exit surface for the third harmonic frequency radiation have to be
taken into account. For the transmission of an electromagnetic wave from a medium with
refractive index n\ into a medium with refractive index n.2, the transmission factor T for
the electric field is:
T

= J^L-

(3.20)

n\ + U2
In our case the complete factor, consisting of the cube of the transmission for the
incident fundamental radiation multiplied with the transmission for the leaving third
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harmonie radiation, therefore becomes (absolute value):
o

(3.21)

The corresponding expression is wrong in Refs. [12, 11, 26] (where it was claimed to
be ^(nau,+ l)/(n u; + l) 3 |). The intensity I (power per surface unit) for an electromagnetic
wave is in CGS units given by:
/ = —Ê2
(3.22)
Using this expression, the intensity at the third harmonic, depending on the intensity
at the fundamental frequency, can be written:
32TT 2

,«

2

,,

( 3 2 3 )

This equation can be used to determine x ^ from a third harmonic generation measurement. Since in an experiment the total power at both fundamental and third harmonic frequency is measured, this expression has to be integrated spatially over the intensity distribution in the spot, which is not always evident for multimode lasers. Because
of the third power dependence of the third harmonic from the fundamental intensity the
result of this integration depends on the specific shape of the intensity distribution. If it is
only possible to measure pulse energies at the third harmonic rather than power (this was
the case for all experiments reported up to now), the power has to be integrated over the
time as well. Again the result of this integration depends on the specific temporal shape
of the pulse, which is usually a train of spikes for powerful FIR-lasers (see Chapter 2).
The last two points are the main source of errors in the experimental determination of
X C3).

Coming back to the problem of calculating the electron drift velocity dependence on
the electric field, it has to be noted that there exist more sophisticated models in the
literature. Wang and Ressler [27] give an analytical solution of the Boltzmann transport
equation. Here the electron distribution in the momentum space /(k,£) is considered to
be changed by collisions with a scattering probability 5(1^, k), depending on the electron's
momentum before and after scattering.
/

(3.24)

In [27] this equation is solved by expanding it into a power series in the electric field.
In order to do this, assumptions on the bandstructure and especially on the scattering
probabilities have to be made, which are not always evident for real semiconductors.
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There exist also theoretical models for the dependence of the effective mass m* on
the wavevector k. Kane [28] gives for the effective mass an expression, which is depending on the bandgap energy Wg of the semiconductor for small bandgap materials. The
nonparabolicity of the conduction band becomes bigger, as the bandgap becomes smaller.
This effect makes it interesting to investigate narrow gap semiconductors for their
nonlinear optical properties in the FIR. As an example for a narrow gap semiconductor
InSb was chosen in this work.
Additionally, experiments on standard semiconductor materials have to be performed.
The quantitative results of Mayer [12, 11] are not sufficiently precise and the range of
power investigated there is not wide enough to draw conclusions on the feasibility of the
frequency tripler described in the Introduction by using standard bulk semiconductors.
Si was chosen as a standard material because it is easily available in good quality.
The actual doping level of the semiconductor plays no important role for the maximum
attainable efficiency, because the nonlinear susceptibility x^ and the absorption a are
both proportional to the carrier density ne. Therefore only the optimum crystal thickness
changes with the doping level. Nevertheless the question of doping and absorption can
become relevant in future long pulse experiments, where sample heating can become
important.

3.2

Frequency Tripling in InSb

InSb is a group III-V semiconductor. The material constants in the following are taken
from [29]. It is a direct band gap semiconductor, which means the conduction band
minimum and the valence band maximum are at the same place in the momentum space
(fc-space) and direct electron transitions from the valence band maximum to the conduction band minimum are possible. In the case of InSb both extrema lie in the center of
the Brillouin zone3 at k = 0. The band structure W(k) is isotropic near the conduction
band minimum. Therefore the effective mass m* is scalar. The bandgap energy Wg is
only 180 meV at 300 K. The conduction band is strongly nonparabolic. The effective
conduction band mass is m* = 0.013 mo at 296 K. mo is the electron mass in vacuum
(9.1xlO~ 28 g).
Because of the small band gap energy the intrinsic carrier concentration at room
temperature is very high, n, = 2 x 1016cm~3 at 300 K, (intrinsic carriers are electrons,
which are thermally excited into the conduction band). Additionally the electron mobility
3

See standard textbooks on solid state physics such as [30] for further explanation
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Figure 3.1: Real part of the refractive index of pure InSb at 300 K.
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Figure 3.2: Absorption coefficient of pure InSb at 300 K.
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in InSb is very high. Both effects together lead to a high conductivity <r0 — 220 fi
Prom these values the scattering time r can be calculated according to Eq. 3.2. The
result r = 5 x 10~13 s is then introduced into Eq. 3.4 and leads with Eq. 3.6 and a value
of th = 15.68 for the lattice dielectricity to the linear optical properties of InSb at room
temperature, which are shown in Figures 3.1 and 3.2.
The absorption values are very high for frequencies below 100 cm" 1 . This shows that
the high intrinsic carrier concentration can cause severe problems for using narrow gap
materials in FIR-optiœ at room temperature. The absorption at 14.8 cm" 1 in this case
would be so high that the power at the fundamental frequency would be absorbed in a
very thin layer with a thickness of the order of a few micrometers. In addition to the
mechanical problems of handling micrometer-thick samples, the high absorption would
cause problems of sample overheating with high power sources, so that the intensity would
have to be kept very low, and even a high nonlinear susceptibility would not lead to a
high conversion efficiency.
A useful material parameter for determining the absorption edge in the frequency
spectrum is the electron plasma frequency OJP.
2 _

(3-25)

The absorption is high for frequencies below up. For InSb at room temperature the
plasma frequency is equivalent to a wavenumber of 91 cm" 1 .
The intrinsic carrier concentration can be reduced by cooling the crystal. Cooling
InSb down to 77 K (the temperature of liquid nitrogen) reduces the intrinsic carrier
density to ni = 1.4 x 109 cm" 3 . Now the electron concentration is determined by the
shallow donators (impurities) which are always present in a concentration of at least
1013 cm" 3 . They have an electron binding energy of only 0.7meV and thus these electrons
cannot be frozen out easily. The electron plasma frequency for an electron concentration
of ne = 1013cm~3 is only 2 cm" 1 . The electron mobility rises by a factor of ten when
cooling down to 77 K. The DC-conductivity is then GQ = l.in~ 1 cm~ 1 , the scattering
time r = 5 x 10" 12 s. The resulting linear optical properties of pure InSb cooled at 77 K
are shown in Figures 3.3 and 3.4.
It is clearly seen that cooling can reduce the carrier density to an acceptable level
for the FIR-optical use of InSb. Nevertheless this means an additional experimental
complexity, the use of a cryostat.
The frequency tripling experiments with InSb were carried out at the MPI in Stuttgart
using the 496/im laser (20.2 cm" 1 ). For geometrical reasons the cryostat makes it impossible to use wedged samples. Because of the refractive index, the deflection angle of
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Figure 3.5: Third harmonic pulse energy generated in pure InSb for different sample
thicknesses at 16 K temperature vs. pulse energy at the fundamental frequency.
the beam passing the wedge would be four times greater than the wedge angle. The
transmitted and the third harmonic beam would not pass through the exit window of the
cryostat, which is situated at the opposite side of the entrance window. Therefore the
samples were cut into five plates with planeparallel surfaces and thicknesses of 1, 2, 3, 4
and 5 mm in order to provide thickness dependent measurements.
The FIR-laser pulse energy at 496 /zm (20.2 cm"1) as well as the transmission through
the teflon lens and the entrance window of the cryostat were measured by the PM104
detector from Keating. To detect the third harmonic radiation, a Si-bolometer with a
cutoff filter consisting of 220/im waveguides was used. The sensitivity of this detection
system and the transmission of the cryostat exit window for the third harmonic radiation
were calibrated using the PM104 detector from Thomas-Keating Ltd. and tuning the
FIR-laser to 56.8 cm"1. This is possible with CH3F as laser gas and the 10R20 line of the
CO2-laser [13]. The pulse energies given in the following correspond to the incident beam
at the fundamental frequency directly in front of the crystal surface and to the emitted
third harmonic radiation directly behind the crystal.
Figures 3.5, 3.6 and 3.7 show the results of the third harmonic generation experiments
with pure InSb at different temperatures.
The third harmonic generation in this material is observed for relatively low fundamental pulse energies of less than 0.2 m J, corresponding to 4kW averaged power for a
pulse duration of 50 ns. The third harmonic generation efficiency for these low power
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values is 2 x 10~6. If the third harmonic power dependence on the fundamental power
was cubic, i.e. if x® was constant, as predicted by the simple theory, the frequency conversion efficiency would rise to 2% at 400 kW fundamental power! Unfortunately the
third harmonic generation shows saturation effects already for 0.4 mJ pulse energy at
the fundamental frequency and the third harmonic power generated does not rise at all
for higher fundamental power values (this effect is especially pronounced at 70 K, Figure
3.6).
The reason for this experimentally-observed behavior is a breakdown effect caused
by impact ionization of electrons from the valence band to the conduction band. This
effect is a principal problem of narrow gap materials. At a relatively low electric field the
electrons already reach a velocity which is high enough to ionize other electrons with their
kinetic energy. An electron avalanche develops. Nearly all of the incident radiation power
is absorbed in this ionization effect. This breakdown effect depends on the frequency of
the electric field.
If we take the saturation of the third harmonic generation at a fundamental pulse
energy of 0.4 mJ as an indication for the breakdown threshold and combine this energy
with the pulse length and the spot size, we get a critical field for breakdown of 5 kV/cm for
our frequency of 20,2 cm"1. In the literature there exist data on the breakdown field for
lower frequencies. Belyantsev et al. [31] describe frequency tripling experiments with InSb
at 0.9mm wavelength corresponding to 11cm"1. There a breakdown field of 1.7kV/cm
was found. Piskarev [32] gives a critical field value of 300 V/cm at 4 mm wavelength or
2.5 cm"1. The DC-breakdown limit for InSb is 200 V/cm. These values are summarized
in Figure 3.8.
Considering again the simple theoretical model of ballistic electrons, the breakdown
field should stay constant at the DC-value as long as the scattering time is shorter than
half of the electric field period, because the electrons are accelerated in one direction
until they undergo a scattering event. If the electric field frequency becomes higher than
half of the scattering frequency, the breakdown field should rise linearly with the field
frequency, because now the relevant acceleration time is just given by half of the field
period.
The half of the scattering frequency, 0.5 T" 1 , for InSb at 77 K corresponds to a
wavenumber of 3.3 cm"1.
As seen in Figure 3.8 the experimental values for the breakdown field show a more
smooth behavior than predicted by these simple theoretical considerations, but the principle feature, that the breakdown field rises with frequency, is well shown.
The frequency tripling experiments using InSb as an example for a narrow gap semi-
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Figure 3.8: Breakdown field in pure InSb vs. frequency
conductor showed that these materials indeed have a high electronic nonlinearity, which
leads to a comparatively high third harmonic generation efficiency for low power at the
fundamental frequency. The big problem in using narrow gap materials as frequency converters arises from the low threshold value for electronic breakdown (impact ionization),
caused by the small bandgap energy. Therefore these materials do not withstand high
intensities and the absolute frequency conversion efficiency which is attainable is very
low.

3.3

Frequency Tripling in Si

Frequency tripling experiments with silicon as nonlinear material represent the main
experimental part of this work. Si was chosen as a model semiconductor to examine
the principal problems in frequency conversion of high power FIR-radiation. The Si
technology is well developed and the material is easily available in good quality.
Si is an indirect semiconductor. The valence band maximum is in the center of the
Brillouin zone at k = 0, the so called F-point. The low energy edge of the conduction
band consists of six equivalent minima at the X-points of the Brillouin zone, i.e. at
k = 0.85 x 2TT/O in the (100) direction, with a being the unit cell length (a = 5.4 Â).
The electronic bandstructure near these minima is elliptical with a longitudinal effective
mass m* = 0.98 mo and a transversal effective mass ml = 0.19 moThe energy for impact ionization is 1.12 eV. This value together with the higher mass
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Figure 3.9: Real part of the refractive index of Si with n e = 2.7 x 1015 cm"3.
of the electrons leads to a considerable increase of the critical breakdown field compared
to InSb.
All the laser experiments described in the following were done vising a sample which
was already used in the work of Mayer [12]. It has a measured carrier density of ne = 2.7 x
1015cm~3. Together with the DC-conductivity of cr0 = 0.55fi~1cm~1 and an averaged
effective mass of m* = 0.26 TUQ (spherical approximation) this leads to a scattering time
of T = 1.9 x 10~13s. The resulting linear optical properties from the Drude model are
shown in Figures 3.9 and 3.10.
AU Si experiments were done at room temperature. The crystal is cut as a wedge
( 0 - 3 mm thickness) to provide thickness dependent measurements and to prevent standing waves.

3.3.1

Time-Integrated Measurement at 496 /mi Wavelength

Because an absolute calibration possibility was not available for the experiments described
in [12] and the theoretical formulae used there to calculate x^ contained mistakes, the
frequency tripling experiments of [12] were reproduced in this work. Therefore the same
experimental setup as in Ref. [12] was used, i.e. the same laser (at the Max Planck Institut
in Stuttgart), the same third harmonic radiation detector, a Golay cell, and the same
fundamental frequency monitor, a photon drag detector. The only difference is that now
both detectors were calibrated using the PM104 detector from Keating, which was also
used to measure the pulse energy of the FIR-laser at the fundamental frequency. Again
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Figure 3.10: Absorption coefficient of Si with ne = 2.7 x 1015 cm"3.
the FIR-laser line at 56.8 cm"1 was used to calibrate the detector at the third harmonic
frequency.
In this experiment the time-integrated pulse energy at the third harmonic frequency
was measured. Therefore, in order to determine x^ using Eq. 3.23, the integral over the
cube of the power at the fundamental frequency was determined numerically, using the
temporal shape of the fundamental pulse, measured by the photon drag detector and
recorded by a HP digitizing oscilloscope.
The pulse energy at the fundamental frequency was 3.1 mJ. The third harmonic
generation was measured for three values of the crystal thickness, namely 0.4, 0.7 and
1 mm. The pulse energies at the third harmonic frequency measured in this experiment
are shown in Figure 3.11.
It is seen that the pulse energy at the third harmonic frequency shows a strong
scattering of the values, although the pulse energy at the fundamental frequency was
reasonably constant (the fluctuation of the pulse energy at the fundamental frequency was
about ±10 %). The strong fluctuations of the third harmonic pulse energy are presumably
due to the effect that the variations of the spatial and temporal pulse shape lead to verydifferent values of the integral over the cube of the power from pulse to pulse, even if the
pulse energy does not vary much. This is probably due to the fact that the laser used for
this experiment has no resonator but works as an amplified spontaneous emission laser.
This leads to multimode emission with very strong fluctuations in the temporal pulse
shape.
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Figure 3.11: Frequency tripling of 496 pan radiation in silicon: pulse energy of the third
harmonic generated vs. crystal thickness. The energy of the fundamental pulse is 3.1 mJ.
Since the temporal pulse shape at the fundamental frequency was monitored for all
of the laser shots of Figure 3.11, it was possible to calculate x® for each single laser
shot from Eq. 3.23 by the numerical integration of the temporal pulse shape and by using
the measured absorption coefficients and the refractive indices calculated from the Drude
model. The result is shown in Figure 3.12. As expected, the x® values determined in
this way show less fluctuations than the pulse energies at the third harmonic frequency.
From the experimental results obtained in this experiment, it has to be stated that
the frequency tripling efficiency given by [12] is far too high, at least by one order of
magnitude.
The experiment presented here gives an averaged value of x^ = 3 x 10""7 esu. Again
this value is overestimated by one order of magnitude in Ref. [12].

3.3.2

Time-Integrated Measurement at 676/xm Wavelength

The next step is to increase the power at the fundamental frequency and to measure the
power dependence of the third harmonic generation efficiency. For the determination of
the maximum attainable frequency conversion efficiency it is necessary to know at which
intensity saturation or breakdown effects start.
Because of the bigger range of detectable power, the first experiment was done using
the InSb-bolometer as the third harmonic radiation detector and thus measuring the
time-integrated pulse energy. The rest of the setup is as shown in Figure 2.6. The high
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- crystal thickness.

power FIR-laser of the CRPP was used at the new 676/zm line for this experiment. A
step attenuator [22] was placed in the middle between the focusing mirror FM and the
lens TL. This made it possible to attenuate the pulse energy at the fundamental without
changing anything else at the laser system or setup.
For the highest fundamental pulse energies the radiation at the third harmonic frequency had to be attenuated in front of the bolometer. This was done by using glass
plates with a well known absorption at the relevant frequency [22].
The bolometer together with the cutoff filter was calibrated using the PM104 detector
from Keating and changing the wavelength of the FIR-laser to 231 fxm by pumping with
the 9R30 line of the CO24aser [13]. This FIR-laser Une at 231 /xm is the nearest to the
third harmonic of 676 /mi, which can be obtained with CH3F as laser gas. Since the
difference in wavelength for these two lines is very small and certainly not critical for the
calibration, the additional effort of changing the laser gas could be avoided.
Figure 3.13 shows the result of this time-integrated experiment. Each dot represents a
single laser shot. It has to be noted that the pulse energy at the third harmonic frequency
could be measured over a range of six orders of magnitude, corresponding to nearly two
orders of magnitude at the fundamental frequency.
For low pulse energies a cubic dependence of the third harmonic pulse energy from
the fundamental pulse energy is clearly seen, as it is predicted by the simple theory. A
less than cubic dependence seems to develop for the highest pulse energies. This indi-
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Figure 3.13: Frequency tripling of 676 /zm radiation in silicon: pulse energy of the third
harmonic radiation v&. pulse energy at the fundamental frequency. The crystal thickness
is kept constant at 0.5 mm. Each dot represents a single laser shot.
cates the onset of saturation at high power. The time-integrated measurement presented
here averages over the whole power range of the laser pulse, so that eventual saturation
effects are smeared out. The maximum frequency conversion efficiency reached in this
experiment was 2 x 10~4, integrated over the whole laser pulse.
To verify the theoretical model for the development of the harmonic wave in the crystal, given by C(d), Eq. 3.19, a thickness dependent experiment was performed. Therefore
the pulse energy at the fundamental frequency was kept constant and the wedge shaped
sample was displaced laterally in the laser spot. The result of this experiment is shown
in Figure 3.14.
For comparison |C2(d)| was calculated following Eq.3.19 and the resulting curve was
fitted in height by the multiplication of a fitting factor. The values for the refractive
indices n at both fundamental and third harmonic frequency were calculated using the
Drude model. For the absorption coefficients a the values obtained by the Drude model
were reduced by one third. This is justified by the data given in [12] which always found
experimental absorption coefficients in this frequency regime which were about one third
less than those calculated using the Drude model and the DC-scattering time.
The accuracy of the thickness dependent experiment was limited by the finite spot
size, which leads to an averaging over a thickness range. The results for small thickness
values are particularly influenced by this spot size effect and especially it is not possible
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to find a sharp zero thickness edge. But it is clearly seen from Figure 3.14 that the
theoretical model well describes the experiment.

3.3.3

Time-Resolved Measurement

A more precise statement on saturation effects and attainable frequency conversion efficiencies is possible if the power at the third harmonic frequency can be directly compared
to the power at the fundamental frequency, i.e. if the third harmonic radiation can be
detected with temporal resolution during the FIR-laser pulse. The high power of the
676 fim. laser made it possible to lise the fast IPA300F2 Ge hot electron detector to detect
the third harmonic radiation.
Since this detector is less sensitive than the bolometer, only the high power regime
of the time-integrated experiment is accessible. The system 'detector plus cutoff filter' is
able to detect a power of 10 W with a reasonable signal-to-noise ratio. Again it had to
be moved away from the laser focus because of arcing on the cutoff filter.
The lowest detectable third harmonic power corresponds to 100 kW at the fundamental frequency, which is the peak power for 5mJ pulses. For comparison: in the
time-integrated experiment the fundamental pulse energy could be reduced to 0.5 mJ.
Figure 3.15 shows an example of the detector signal at the fundamental and at the
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third harmonic frequency for the same laser shot. It is clearly seen that the peaks at
the fundamental and the third harmonic frequency correlate and that the peaks at the
third harmonic frequency are much more pronounced, which is due to the nonlinearity
of the third harmonic generation effect. Nevertheless the relative heights of the peaks
show some statistical fluctuations on comparing the fundamental and the third harmonic
power. This problem is again due to the spatial intensity fluctuations in the laser spot
in combination with the sensitive surface of the detectors which is smaller than the laser
spot.
The statistical power fluctuations between the fundamental and the third harmonic
signal become more important for the low power regime of the laser pulse, because there
the additional noise resulting from the amplification and digitalization of the signal becomes important. Therefore only the heights of correlated peaks exceeding a certain power
limit were taken into consideration for determining the frequency tripling efficiency. The
filtering of the correlated peaks which were taken was done by a computer program. To
expand the experimental power range, the pulse at the fundamental frequency was then
attenuated and again the highest peaks were compared.
Figure 3.16 shows the result of this procedure for several pulses. Because only the
high power regime is accessible with this method, the slope of the curve already starts
with a less than cubic dependence. The exponent is 2.5 at 100 kW fundamental power. A
further reduction of this exponent at higher power values is observed. It is reduced to 1.5
at 1MW power. The maximum frequency conversion efficiency reached is 10~3 for 2 MW
fundamental power. A further increase of fundamental power was not possible because at
2MW, corresponding to an average intensity of 15MW/cm 2 , an air breakdown (arcing)
began at the sample surface.
The saturation behavior of the third harmonic generation, observed here for high
fundamental power, is not explained by the theoretical models given in the theory section
of this chapter. Moreover it is no longer possible to use a constant value of x ^ if the
third harmonic power does not have a cubic dependence on the fundamental power.
All analytical theoretical methods to calculate the third harmonic generation are
based on developing the nonlinear polarization into a power series of the electric field,
which forces the third harmonic's dependence on the fundamental power to be cubic.
The experimentally-observed saturation is not caused by the backreaction of the
third harmonic electric field on the polarization at the fundamental frequency, nor by the
additional absorption of the fundamental radiation by the power conversion, because the
third harmonic power is still very small compared to the fundamental power (10~3) and
so both effects can be neglected according to the parametric theory.
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Figure 3.16: Third harmonic power vs. fundamental power. Heights of correlated peaks
from the time-resolved signals (several shots).
The saturation effect must be caused by the drift velocity response of the electrons
to the electric field. This means that the absorption coefficients of the material may be
changed as well, as observed in other semiconductors by Mayer [11]. H this is the case, it is
no longer possible to calculate the nonlinear suscebtibility x® from the third harmonic
generation experiment, using Eq. 3.23, since this equation is no longer the solution of
Eq. 3.14 if the coefficients in this differential equation are no longer constant.
The only way to get more theoretical understanding of this saturation process is to try
to simulate the electron motion driven by the electric field in a Monte Carlo simulation
and then to solve Eq.3.14 numerically. This will be done in Chapter 4.

3.3.4

Additional Experiments

In order to get more experimental data, which can then be compared with the Monte
Carlo simulation results, some additional experiments were carried out. The first point of
interest is the question whether the absorption coefficient at the fundamental frequency
also changes with laser power. The experimental answer to this question is not trivial.
If the absorption coefficient changes with power it changes also with depth in the crystal
(because of the absorbed power) and the experimental detection of this effect by simple
transmission measurements with pulse energy detection becomes difficult.
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Figure 3.17: Transmitted power/incident power ratio vs. crystal thickness for three different ranges of incident power.
Therefore the transmission of the crystal was measured with temporal resolution for
different sample thicknesses, using the same setup and detectors as for the time-resolved
frequency tripling experiment, but removing the cutoff filter. The absorption in the
sample can then be determined for different input power values by determining the slope
of the transmission vs. thickness curve which is an exponential decay for a constant
absorption coefficient. Figure 3.17 shows the result of this time-resolved transmission
measurement. The transmitted power/incident power ratio was calculated from the timeresolved pulse shapes for three power ranges.
Within the experimental errors no power dependence of the absorption coefficient is
observed. The absorption coefficient is determined to be a = 24 cm"1. This value is
considerably lower than predicted by the Drude theory (about one half), but this effect
has already been observed in [11]. It has to be stated that changes of less than 30 % of
the absorption coefficient would not have been detected by this experiment. Again the
spatial intensity fluctuations in the laser spot cause statistical errors.
A second point is to look at the polarization of the generated third harmonic radiation. A possible third harmonic component polarized perpendicular to the fundamental
radiation could give hints on possible scattering processes. The measurement was done
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4.8 cm"1

14.4 cm-1

0.38
3.4165

0.30
3.4167

Table 3.1: Linear optical constants for Si with p = 285ficm from the Drude model.
using two wire grids, one for completely polarizing the fundamental radiation, and the
other to detect the polarization of the third harmonic radiation. The polarization of the
third harmonic radiation is found to be parallel to the polarization of the fundamental
radiation within the experimental accuracy which was better than ±1 %.

3.3.5

Gyrotron Experiment at 2.1 mm Wavelength

To have more realistic conditions concerning the pulse length for the planned application, a frequency tripling experiment using a gyrotron as radiation source was also performed. As described in Chapter 2, a gyrotron having the desired frequency of 400 GHz
was not available. The experiment was performed using a quasioptical gyrotron at the
Kernforschungszentrum Karlsruhe. This gyrotron emits at a frequency of 140 GHz, corresponding to 2.1 mm wavelength or 4.8 cm"1. The maximum power is 300 kW, the pulse
length 300/xs.
A frequency tripling experiment using a similar radiation source is described in
Ref. [26], but in the experiment reported there no absolute calibration of the third harmonic radiation detector was available. In our experiment the PM104 detector from
Keating in combination with a cutoff filter with 0.5 mm waveguides was used to detect
the third harmonic radiation. Because of the longer pulse length of the gyrotron this
detector was sensitive enough to be used as a pulse energy detector for the third harmonic radiaton. Detecting the pulse energy causes no problems for the interpretation of
a gyrotron experiment, because the gyrotron pulses are smooth and therefore it is easy
to calculate the corresponding power.
The gyrotron beam was emitted via the output window of the gyrotron as a gaussian
beam having a beam waist radius of 5.8 mm. It was focused by a parabolic mirror with
/ = 540 mm onto the sample mounting, having there a beam waist radius of 4.5 mm.
The sample was identical with sample B of Ref. [26]. It was Si with a very low
electron concentration and a resistivity of p = 285 flcm. The linear optical constants for
the relevant frequencies calculated from the Drude model are shown in Table 3.1.
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Figure 3.18: Third harmonic power vs. crystal thickness for 180 kW fundamental power.
The theoretical curve is calculated using the linear optical constants from the Drude
model.
The sample was mounted in a sample holder with a 22 mm diameter entrance aperture.
Its surface was oriented at Brewster's angle with respect to the incident beam. The
gyrotron power was measured behind the sample mounting, without a sample in it, to be
180 kW. This power represented the experimental limit for this setup since it was very
difficult to adjust the sample mounting's position in a way such that there was no arcing
at the edges of the metal sample holder. Figure 3.18 shows the resulting power, measured
at the third harmonic frequency for different sample thicknesses, in comparison with the
|C(d)2| curve calculated from the linear optical constants and fitted in height.
As seen from the Figure, the maximum third harmonic generation efficiency in this
case is 10~4 and the maximum generated third harmonic power is in the order of 10 W.
The estimations made in [26] to calibrate the third harmonic radiation detection system
and the value of 100 W third harmonic obtained there under similar conditions seem to
be too optimistic.

3.3.6

Conclusions from the Si Experiments

The frequency tripling of FIR-radiation in Si was investigated with the new high power
676 fim laser line. No internal breakdown effects, which determined the power limit for
narrow gap materials, were found. The experimental power limit for this setup, using
bulk material, was given by an air breakdown at the sample surface.
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Unfortunately the improved calibration possibilities available for these experiments
showed that the third harmonic generation efficiency in Si was overestimated in previous
work. Additionally, a saturation of the nonlinear effect was observed at high power values.
This saturation is not explained by the standard theoretical models.
The maximum third harmonic generation efficiency, which was experimentally
reached, was 10~3. A further enhancement of this value only seems possible with a
more sophisticated experimental setup in order to enhance the electrical field inside the
material while keeping below the breakdown threshold at the surface. An experiment
with 180 kW gyrotron radiation at 140 GHz showed no heating damage or degradation
effects for 300 fis pulses.
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Chapter 4
Simulation of the Frequency
Tripling in Silicon
4.1

Monte Carlo Simulation of the Drift Velocity

In order to calculate the nonlinear polarization of the material according to Eq. 3.9, the
drift velocity response of the electron to the electric field of the incident radiation has to
be known. Since the analytical theoretical models for the drift velocity response are based
on a power expansion in terms of the electric field, they predict a cubic dependence of
the Fourier coefficient at the third harmonic frequency from the amplitude of the wave's
electric field and cannot explain the experimentally-observed saturation for high incident
power. Therefore the drift velocity response of the free electrons to a strong AC-electric
field will now be simulated using the Monte Carlo technique.
Monte Carlo simulations use random numbers to calculate statistical quantities.
The algorithm for the simulation of the drift velocity follows a standard procedure
[33, 34, 35, 36]. The start energy and wavevector of a probe electron are chosen from the
Maxwell distribution by a random number. After that the electron starts its free flight
period. During the free flight it is accelerated by the electric field. A second random
number is used to calculate the free flight time, after which it undergoes a scattering
event. The total scattering probability used for this calculation is continuously updated
to the corresponding value for the actual electron velocity. The specific scattering mechanism and the direction of the electrons wavevector after the scattering event are then
determined by additional random numbers. After being scattered, the electron starts its
next free flight period with the new wave vector as initial condition.
Monte Carlo simulations of the electron drift velocity in silicon for very high electric
59
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fields have gained increasing interest in recent years. The reason for this interest is
that the further miniaturization of electronic circuits leads to high electric fields even for
moderate voltages. The simulation of nonlinear transport properties is therefore of great
interest to predict the device characteristics.
A large number of Monte Carlo simulations with different degrees of sophistication
for the electron drift velocity have been published [37]. The differences between the individual simulation models are in the modeling of the electronic band structure and in
the assumptions made in order to describe the scattering. Even though the different
simulations all predict the correct current-voltage characteristics, which is usually used
to check the predictions of a drift velocity simulation, they can differ considerably in
the prediction of other physical quantities like the electron energy distribution [37]. The
numerical effort for the simulations extends from very simple models, which use a spherical bandstructure approximation with an averaged value for the effective mass, to very
complex models, which treat numerically the full electronic band structure and the full
phonon dispersion and consume a considerable amount of computer resources [35].
The Monte Carlo simulation code for the drift velocity used in this work was developed
in the framework of a collaboration by a group at the Semiconductor Physics Institute
in Vilnius, Lithuania, and installed on a SUN-machine at the CRPP.
The conduction band of Si is represented by the six equivalent X-minima, which are
assumed to be elliptical and nonparabolic. The effective electron masses at the band
minima are taken as usual to be mz, = 0.98 mo and mr = 0.19 TOQ. The nonparabolicity
parameter or is kept variable and treated as an additional parameter. It defines the
relation between the wavevector k and the band energy W(k) according to:

4r

W(l+aW)

(4.1)

Higher band minima are not considered because the electrons do not gain sufficient
kinetic energy to be scattered into those minima with the values of the electric field
regarded here. The elastic intravalley scattering by acoustic phonons is calculated using
the deformation potential method following [33]. The intervalley scattering rates are
calculated using the deformation potential method as well [34]. A large variety of different
parameter sets for the respective phonon temperatures and electron-phonon coupling
constants, which are needed in order to calculate the scattering probabilities using this
method, can be found in the literature.
Figure 4.1 shows the result of Monte Carlo drift velocity simulations as a function
of time for different AC-electric field amplitudes using the phonon parameter set given
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Figure 4.1: Electron drift velocity in silicon for applied AC-electric fields with different
amplitudes.
by Brunetti et al. [38] (see Table 4.1) and a value of 0.5 eV"1 for the nonparabolicity
parameter a.
It is clearly seen that the drift velocity response of the electrons for high electric field
amplitudes deviates from the sinusoidal shape of the AC-field. This is the reason for the
higher harmonic coefficients in the Fourier analysis of this drift velocity response.
At the same time it is already seen from Figure 4.1 that the amplitude of the drift velocity does not grow linearly with the electric field amplitude. This saturation behavior of
the AC-conductivity which is also observed in DC-conductivity will be clearly expressed
in the Fourier analysis of these drift velocity curves. A change of the conductivity at high
electric fields changes the linear optical properties. Therefore this change in the conductivity at the fundamental frequency has an influence on the third harmonic generation as
well and thus has to be taken into account for the third harmonic generation simulation.

4.2

Simulation of the Third Harmonic Generation

The time dependent drift velocity curves of Figure 4.1 for the different electric field
amplitudes are now numerically Fourier-transformed. The Fourier coefficients of interest
are the complex coefficient v\ (w) at the fundamental frequency and the complex coefficient
v3(3o;) at the third harmonic frequency, both depending on the amplitude of the electric
field. Figure 4.2 shows the absolute value of v\ and ^3, Figure 4.3 shows the phase with
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respect to the electric field. Again the results of the Monte Carlo simulations using the
phonon parameters following [38] and a nonparabolicity parameter a = 0.5 eV"1 are
shown.
The saturation of the drift velocity at the fundamental frequency is clearly seen. This
effect is equivalent to the saturation of the current in DC-current-voltage experiments.
The conductivity of silicon decreases for high electric fields.
The velocity component at the third harmonic frequency should, according to theoretical models, exhibit a cubic dependence on the electric field amplitude. As can be
seen from Figure 4.4, which is a double logarithmic plot of the absolute value of vz vs.
the electric field amplitude, a strong deviation of this behavior occurs in the simulation.
This effect is mainly responsible for the saturation of the third harmonic generation. The
phase of both Fourier coefficients shows a strong variation with the field amplitude as
well.
As expected from the spatial symmetry considerations, the even Fourier coefficients
were all zero within the numerical noise level.
To simulate the real third harmonic generation process in the crystal, the linear as
well as the nonlinear optical properties now have to be calculated depending on the
electric field amplitude, using the Fourier coefficients. The complex coefficient V\ is used
to calculate the electronic part of the susceptibility x^lHu), using the formalism described
in the basic theory part of Chapter 31:
t-i\
x (i)

. cr
l

, envi
% %

1

,.

rtN

(4,2)

ujeQE

Using Eq. 3.6 the complex dielectric function is obtained:
ew = eL + x(1)

(4.3)

The nonlinear susceptibility x^ *s calculated in an analog way from v^:
(44)

These coefficients are now used to calculate the third harmonic generation given by
the nonlinear wave equation 3.14, but with ew, €3^ and x^ all depending on the electric
field amplitude at the fundamental frequency.
A certain difficulty exists for the calculation of the linear optical properties at the third
harmonic frequency, described by e3a;. The produced third harmonic electric field is clearly
1

Attention: SI units are used in the actual chapter
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harmonic frequency vs. electric field amplitude.
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too weak to change the optical properties at this frequency, but the heating of the electron
system by the radiation at the fundamental frequency will influence the conductivity
at the third harmonic frequency as well. This effect is included in the following way.
From the simulated conductivity at the fundamental frequency, the scattering time r
is calculated using Eq.3.4. This scattering time is then used for the third harmonic
frequency as well and the respective conductivity is calculated following again Eq. 3.4.
Now tzu can be calculated in the usual way from the conductivity at the third harmonic
frequency.
In order to calculate the produced third harmonic Eq. 3.14 has to be solved dependent
on the thickness x of the crystal, while the coefficients of this differential equation now
change with the power at the fundamental frequency and therefore with x. Since the coefficients vary slowly with x compared to the electric and polarization fields, the solution
can be numerically approximated by dividing the crystal into thin layers, in which e and
X^ are regarded as constant. The values of these coefficients are calculated by interpolating the v\ and V3 data from the Monte Carlo simulations for the actual electric field
amplitude. Eq. 3.15 then represents the general solution of the nonlinear wave equation
3.14 in the particular layer. At the same time the attenuation of the fundamental field
in this layer is calculated using the actual absorption coefficient and used to determine
the e and x^ f° r the nex ^ layer. The amplitude of the homogeneous wave EH in each
layer is determined by the boundary conditions. It is clear that the total electric field at
the third harmonic frequency has to be constant at the boundaries between the artificial
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Figure 4.5: Frequency tripling in n-silicon: Comparison of the simulation (dots) with the
experiment (circles).
layers.
To calculate the third harmonic power produced, the lateral field distribution in the
spot has to be known. For the simplest case it is assumed to be uniform with a spot
radius of 1.5 mm. It is not possible to make more realistic assumptions because of the
problem of lateral fluctuations mentioned in Chapter 2.
Now the produced third harmonic power dependent on the crystal thickness can be
calculated for different fundamental power values and averaged over the thickness range
given by the spot size and the wedge angle.
Figure 4.5 shows the result of a third harmonic generation simulation using the Monte
Carlo drift velocity simulation of Figure 4.1, in comparison with the experimental data
of the time-resolved experiment.
The simulated third harmonic power reproduces the experiment very well in the power
regime below 500 kW. )b should be noted that no arbitrary scaling factor is used. The
simulation predicts the third harmonic generation in terms of absolute power values. A
saturation of the third harmonic generation efficiency is clearly shown by the simulation.
This saturation is even slightly stronger in the simulation than observed in the experiment.
In conclusion, the Monte Carlo simulation of the electron drift velocity is very well
suited for the calculation of the third harmonic generation in the FIR-regime and predicts
the achievable harmonic power as well as the saturation of the third harmonic generation
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Reference

phonon type

phonon
[K]
140
215

coupling
constant
[108eV/cm]
0.5
0.8

220

0.3

550
685
720
140
540
720

2

temperature
Brunetti
et ai.

g
g
f
f
f
g

Gintilas
Raguotis

g

f
g
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2
11
0.9
3.7
6

Table 4.1: Phonon parameters used for the Monte Carlo simulations, g-type phonons
correspond to intervalley transitions on the same crystal axis, f-type phonons on perpendicular axis.
efficiency which is not explained by conventional analytical theories. This also makes
the Monte Carlo simulation technique a powerful tool to predict the nonlinear optical
properties of silicon for more sophisticated experimental geometries, which could lead to
a higher third harmonic generation efficiency.

4.3

Frequency Tripling Experiments in the Far Infrared as Evaluation Tool for Monte Carlo Transport Simulations

Different parameter sets for the Monte Carlo drift velocity simulation were checked by
means of their third harmonic generation simulation result. It was discovered that even
small changes in the parameters for the Monte Carlo simulation produce considerable
differences in the predicted third harmonic power. Figure 4.6 shows the third harmonic
generation result for four different parameter sets. The phonon parameters used for this
comparison are from Brunetti et al. [38] and from Gintilas and Raguotis [39]. They are
listed in Table 4.1. Both phonon parameter sets were combined with values of 0.1 and
0.5 eV"1 for the nonparabolicity parameter a.
Prom Figure 4.6 it is seen that the results of the four simulations are very close for the
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Figure 4.7: Average drift velocity amplitude vs. electric field amplitude for four different
parameter sets for the Monte Carlo simulation. Parameters and symbols as in the previous
Figure.
low power regime, but the saturation behavior and hence the result for the high power
regime is very different. The maximum difference for the third harmonic power prediction
for 2MW fundamental power for these four simulations is a factor of three. The best fit
to the experiment was obtained with the phonon parameter set from Brunetti et al. and
a band nonparabolicity of a = 0.5 eV"1, see Figure 4.5.
The usual method to compare Monte Carlo transport simulations to experiments is
the comparison with the current-voltage curve and hence with the drift velocity amplitude. Figure 4.7 shows the resulting drift velocity at the fundamental frequency for the
same four simulations.
The differences in the simulation of this linear property are much smaller. The
maximum difference here is about 25 %. Note that Figure 4.7 is a linear plot. It is clearly
seen that Monte Carlo transport simulations which show a very similar behavior in the
linear transport properties can differ considerably in the predictions of the nonlinear
properties. The measurement of the power dependent frequency tripling efficiency in
the far infrared thus represents an excellent method to evaluate Monte Carlo transport
simulations.
Another quantity which can be extracted from the Monte Carlo transport simulation
is the electron mean kinetic energy. Figure 4.8 shows the time-averaged electron mean
energy for the four simulations.
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Here again big differences are noted between the four simulations. These differences
are nevertheless smaller than those for the third harmonic generation. In addition there
exists no direct experimental method to measure the electron mean kinetic energy.
In conclusion the time-resolved and therefore power dependent measurement of the
frequency conversion efficiency for far infrared radiation in silicon represents in this way a
new and interesting experimental method to evaluate Monte Carlo transport simulations,
especially with respect to the nonlinear transport properties.

Chapter 5
Enhancing the Third Harmonic
Generation Efficiency by Using a
Resonator
5.1

Theoretical Considerations

The frequency tripling experiments using bulk samples of silicon revealed limitations for
the maximum frequency tripling efficiency attainable with this simple experimental setup.
It turned out that the maximum intensity at the fundamental frequency which can be
coupled into the material is limited by surface breakdown effects to a value which is lower
than the breakdown value inside the material. Another point is that for this experimental
setup the maximum electric field amplitude is only present in a fraction of the nonlinear
material, i.e. in the surface layer. Deeper inside the crystal the electric field is attenuated
by absorption. It was seen that for n-silicon as nonlinear material the absorption was
the determining effect for the C(d)-factor rather than the phase matching. The question
which should therefore be answered in this chapter is whether it is possible to enhance the
third harmonic generation efficiency by using a more sophisticated experimental setup
like a resonator.

5.1.1

Third Harmonic Generation in a Fabry-Perot Resonator

In order to investigate whether a resonator could lead to an improvement, the theory of
the third harmonic generation in a Fabry-Perot resonator consisting of a silicon slab is
described in this section. A schematical view of the setup is shown in Figure 5.1.
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Figure 5.1: Schematical view of the resonator setup.
First of all, the electric field at the fundamental frequency inside the resonator has to
be calculated. It is assumed that .the electromagnetic wave at the fundamental frequency
is incident perpendicular to the slab surface with a field amplitude Eo and a wavevector
ko in the air outside the resonator.
Eo = Êa é

(5.1)

The transmission coefficient T and the reflection coefficient R' for the electric field at
the slab surface, which are both needed for the resonator calculation, are kept as variables
for the moment. The prime indicates the wave is incident from the material side, whereas
without a prime it would be incident from the air side of the surface. These coefficients
are both given by the complex refractive index of the dielectric for a uncoated surface.
How they can be experimentally influenced will be examined later.
The electric field of the incident wave inside the material can now be expressed as:
E = TÊQ

(5.2)

with fci being the wavevector at the fundamental frequency inside the material, see
Eq. 3.17 and x the distance from the surface. The first reflection at the backside of the
resonator leads to a backward propagating wave with the electric field given by:
E = TR'ÊQ e

i2M

e^-*1*-

(5.3)
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where d is the thickness of the slab.
This wave is again reflected at the frontside surface and so on. By summing up all
reflected waves, the electric fields of the resulting forward and backward propagating
waves are obtained. The field E\ for the forward propagating wave is:
(5.4)
For the backward propagating wave it is:
E2 = aTRrÊ0 ei2fcld é^x~wt)

(5.5)

with the field enhancement factor a being the sum:
^

(5.6)

This formula differs from the usual description of the Fabry-Perot resonator by the
fact that the absorption caused by the material of the resonator is included by the complex
wavevector ki. Therefore the factor exp(z2fcid) is not only a phase factor but has an
exponentially-decaying amplitude. The absorption depends on the doping level of the
material as explained in the basic theory part of Chapter 3. In order to get a good field
enhancement in the resonator, the doping level of the material should not be too high
and the resonator thickness should be thin (only a few standing waves).
As an example, in Figure 5.2 the field enhancement factor a dependent on the resonator thickness is shown for reasonable values of n = 1.7 x 1013cm~3 , \T\ = 0.1 and
\R'\ = 0.98.
Once the electric field at the fundamental frequency is known, the third harmonic
generation can be calculated using the same inhomogeneous wave equation as for the
bulk case, i.e. Eq. 3.14. This calculation is in principle shown in [25], but it has to be
adapted to the case considered here.
Again the solution of Eq. 3.14 is composed of the general solution of the homogeneous
differential equation and a particular solution of the inhomogeneous equation.
4irPNLS
(5.7)
A first difference to the case without resonator is the fact that the homogeneous wave
consists now of a forward and a backward propagating component with amplitudes EM
and EM>= EM e^" 3 "*) + Èu> &-*>*-**)
(5.8)
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for the resonator parameters given in the text.
The nonlinear polarization at the third harmonic frequency now consists of four components.
PNLS

=

(5.9)

The complete solution analog to Eq. 3.15 for the electric field at the third harmonic
frequency inside the resonator is therefore:
E», =

+ ÈM, eH

From Eq. 5.10 it is seen that now there are two homogeneous waves with wavevectors
&3 and — &3 and four inhomogeneous polarization waves with wavevectors Zk\, k\, —hi and
—3fci inside the resonator. Outside of the resonator there is a backward propagating wave
at the third harmonic frequency emitted at the front surface of the resonator:
Eft = Eue

(5.11)

This wave cannot be neglected in the resonator case with respect to its amplitude!
At the back surface of the resonator a forward propagating wave at the third harmonic
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frequency is emitted:
ET = ET e*<3fco<a!-4>-8wt>

(5.12)

At both surfaces of the slab the tangential components of the electric field E and the
magnetic field H have to be continuous. This leads to four equations for the boundary
conditions which allow to determine the coefficients ÊM, ÊM'IÊR and E?. The magnetic
field H is calculated from the respective electric field using:

VxE~*£

(5.13)

For the calculation of the rotation of E the propagation direction (sign of k) has to
be taken into account. For the respective components of the magnetic field H J_ k _L E
the following expressions are obtained (fj. ftf 1).
Outside the resonator:
(5.14)
8

HT = E^e** *»**-*-**)

(5.15)

Inside the resonator:
H»

= N^ÊM

e't* 3 *- 3 ^ - Èw (ft-*--»*») + j v . 4 7 r x ( 3 ) ( T Q £ ; o ) 3

Now the four equations for the boundary conditions can be established.
Ê3u(x = 0) =
Ê^(x = d) =
#3o,(z = 0) =
H3»(x = <L) =
using the abbreviations:

c =
g

-

ÊR

= ÊM +
ik3d

ET = ÊMe
-ÊR

ÊM'+fb
+ ÊM'e-ik3d

= N3u,(ÊM-ÊM>)

ET =

+ fc

+ f9

N3u(Êueikii-ÊM.e-tk*l)

+ fh

(5.16)
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14.8 cm- 1

a [cm"1]
n

44.4 cm

0.30

0.11

3.4167

3.4173

x

Table 5.1: Linear optical constants for Si with ne = 1.7 x 10 13 cm- 3 , corresponding to
p = 285 flcm, from the Drude model.
The system of equations 5.17 is solved and leads to the following expressions for the
four quantities:

(h -

(9
(1 EM>

=

ÈR

=

- (1 +

(g

(5.19)

/c

Now all wave amplitudes are known and it is possible to calculate the third harmonic
frequency output in both directions as well as the distribution of the fields inside the
resonator.
As an example a silicon slab consisting of material with a doping concentration of
ne = 1.7 x 1013cm~3 is calculated, since material with this doping concentration was
available (it was in fact the same material as used for the gyrotron experiment) and is
well suited for the resonator application because of its low absorption coefficient. First
the linear optical constants for this material at the relevant frequencies are calculated
using Eq. 3.6 and shown in Table 5.1.
The coefficients T and R' for the silicon air boundary can be determined from the
complex refractive index at the fundamental frequency nW) which is calculated from the
linear optical constants in the usual way (see Chapter 3).

(5.20)
(5.21)
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Figure 5.3: Amplitude of the electric field of the third harmonic wave emitted in the
backward direction, normalized in units of 4-KX^EQ, vs. thickness of the silicon slab.
Using these coefficients and the linear optical constants, the electric field amplitude
of the forward and backward emitted wave at the third harmonic frequency can be calculated. For comparison with the third harmonic generation efficiency of the bulk setup
the electric field amplitudes at the third harmonic frequency are normalized in units of
Atty^EQ. In Figure 5.3 the normalized third harmonic field, dependent on the resonator
thickness, in the reflection direction is shown, in Figure 5.4 in the forward direction. The
resonance maxima have in both cases a value of above 40 in units of
The electric field amplitude at the fundamental frequency inside the resonator is
another important quantity for the comparison of the resonator setup with the bulk
setup. It is shown in Figure 5.5 for a resonator of 105 /zm thickness, normalized in units
of the field amplitude outside the resonator.
It is seen that, corresponding to the phase of the reflection, the standing wave in the
resonator has antinodes on the surfaces, where the amplitude is about 0.9EQ. This is
again a critical point with respect to the surface breakdown threshold observed in the
bulk experiments. The field amplitude at the fundamental frequency at the surface for
the bulk setup has a value of |T|JÊ 0 , with \T\ = 0.45. For silicon with the given material
parameters the optimum thickness for the bulk setup in order to achieve the maximum
conversion efficiency is 50 mm, and the maximum normalized field at the third harmonic
frequency outside the crystal is then 9.5 in units of 4TTX(3)JÊOIn conclusion this means that the simple resonator consisting of a silicon slab enhances
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the electric field at the third hannonic frequency five times with twice the fundamental
field at the surface. Or in other words: To have the same surface field as for the bulk
setup, the incident intensity has to be four times smaller. The third harmonic intensity is
then (5/8) 2 = 0.4 times the intensity of the bulk setup, but for the same incident power
we have a four times bigger surface. Therefore we gain a factor 1.6 without enhancing the
surface field, which means under experimental conditions which were already examined
in the bulk case. This calculation supports the idea that a resonator setup allows an
enhancement of the third harmonic output while leaving the power at the fundamental
below the surface breakdown value.

5.1.2

Metallic Meshes on the Surfaces of a Resonator

The calculation in the last section showed that a resonator setup could be interesting
in order to enhance the efficiency of the frequency tripler. Two things, however, are
not satisfying for the moment: First, the standing wave in the resonator has antinodes
(places of maximum field) at the surfaces of the silicon slab. This will again lead to
surface breakdown problems when the intensity is raised. Second, the transmission and
reflection coefficients of the surface are given by the material parameters and cannot be
optimized for the resonator.
A higher reflection of the surface would lead to a better resonator quality and thus to a
greater enhancement of the electric field at the fundamental frequency. Interference filters
(dielectrics with proper refractive index and thickness) could in principle be employed
in order to enhance the reflection. The problem is that high reflection coatings built in
this way for the fundamental frequency would also be high reflection coatings for the
third hannonic frequency. But for the third hannonic generated in the resonator a high
transmission is desired in order to get a good outcoupling of the radiation.
The solution can be metallic meshes, which are proven to be efficient filters in this
wavelength regime [40]. So called inductive meshes (metallic grids, see Figure 5.6) are
completely transparent for radiation at a resonance frequency, given by the grid parameter
g. For wavelengths longer than this resonance wavelength they become more and more
reflecting. Capacitive meshes, the complementary structure, show exactly the contrary
behavior [40].
The resonance for a mesh in free space lies at Ao = 1.0... 1.1 g. Therefore in the
following all frequencies are given as normalized dimensionless wavenumbers u = g/X.
The resonance irequency ÙJQ is then approximately 1.
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Figure 5.6: Inductive and capacitive mesh.
For a metallic mesh on the boundary between two dielectrics with refractive indices
n\ and n^ it is changed to [41]:

FH3

(5 22)

"

The decisive quantity for the transmission properties of the mesh is the relation of
its reactance Xi to the impedance of free space Zs. For an inductive mesh this quantity
is given by [41]:
—- = - w o lncsc—
-j
(5.23)
Zs
I
9 J Wo
to j
is the width of the lines of the mesh. Now all the transmission properties can be
calculated. If the losses caused by the ohmic resistance can be neglected, which is often
the case, the relevant expressions for the transmission T and reflection TZ are [41]:
_

4711712

(X}/ZS)2

1 + (na - ru)2 {Xj/Zsf

(5.24)
(5.25)

These coefficients are valid for the power of the radiation and for incidence from the
medium with the refractive index n\.
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The transmission and reflection are both combined with a phase shift. The phase
shifts are given by [42]:

(5 26)

'

= - cos" 1 -

*"' v '" 2

,
2

•'i'^»'"»
2

' +(n 2-nî)(Xr/Zs) )

(5.27)
2

+4n l(XI

The coefficients needed for the resonator calculation, T and R' for the electric field,
are calculated with ni = 1 and n2 = fi:

(5.28)
(5.29)
The division by fi in the expression for T comes from the fact, that the relation
between the electric field and the intensity of an electromagnetic wave in a medium
depends on the dielectric constant (Poynting vector!).
In conclusion a mesh will be chosen which has its transmission resonance at the third
harmonic, i.e. the grid constant g will be:
9 = 225 x 0.9

» 80pm

(5.30)

Then the factor w/g is varied and the coefficients T and R' are introduced into
the equations for the third harmonic generation in a Fabry-Perot resonator as functions
of w/g. The result is the produced third harmonic Er and ER dependent on the two
variables w/g and resonator thickness d. In Figures 5.7 and 5.8 the result of this procedure
is shown.
It is seen from these two-dimensional plots that for the material parameters considered, the maximum third harmonic emission is reached for a value of w/g « 0.1.
Therefore the third harmonic generation in the resonator is now investigated quantitatively for w/g = 0.125. This value means 20 pan. width of the lines for a grid with 80fj,m
grid constant. The result for ET is shown in Figure 5.9, for ÊR in Figure 5.10, again
normalized for comparison in units of AKX^EQ.
The field distribution inside the resonator under these conditions was also examined.
The result is shown in Figure 5.11, normalized in units of EQ, the electric field outside
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Figure 5.7: Absolute value of ET for w/g varied between 0.05 and 0.15 (x-axis) and d
varied between 0 and 0.3mm (y-axis).
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Figure 5.9: Electric field at the third harmonic frequency emitted in the forward direction,
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metallic mesh with w/g = 0.125.
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Figure 5.11: Electric field at the fundamental frequency inside the resonator for a silicon
slab of 70 fj. thickness, coated with a metallic mesh with w/g = 0.125. The field is
normalized in units of ÊQ.
of the resonator. It is seen that now the phase shift in reflection, caused by the metallic
mesh, leads to a standing wave with a node on the surface, as desired. The electric field
at the fundamental frequency at the surface is about the same as for the silicon slab
without a mesh, but the emitted third harmonic field is about seven times higher. For
the third harmonic power this means that under the same surface conditions as for the
silicon slab, a factor 50 is gained, equivalent to a factor 80 compared to the bulk case. It
is clear that this calculation is overestimating the result, because the saturation of x^
is neglected. It shows, nevertheless, that the resonator setup has an interesting potential
for the enhancement of the third harmonic generation efficiency.

5.2

Experiments to Prove the Resonator Concept

The main problem for the design of the resonator sample is the same as for every FabryPerot resonator: with increasing resonator quality, i.e. with increasing reflection of the
meshes in our case, the tolerance for the resonator thickness becomes smaller, since the
wici'.h of the resonances becomes narrower. As can be seen in Figures 5.9 and 5.10, the
thickness tolerance for the optimum resonator parameters is only a few micrometers. In
addition, the reliability of the theoretical calculation of the phase shift for the reflection
at the mesh is not known and difficult to estimate. Therefore it does not seem to be
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Figure 5.12: Schematical view of the experimental Fabry-Perot resonator, composed of
two silicon wedges
likely to obtain a good resonator quality by cutting a sample exactly at the theoretically
calculated thickness without having the possibility to tune the resonator. (At least not
at this stage where the idea still has to be proven.)
In order to overcome this problem we chose a resonator which is composed of two
wedges with a very small wedge angle at opposite sides. If they are now shifted laterally
against each other, the thickness of the resonator varies (see Figure 5.12).
If the smoothness and the flatness of the surfaces are sufficiently good, the air gap
between the two pieces will be much smaller than the wavelength of the radiation. A
small airgap between two parallel silicon surfaces under nearly perpendicular incidence
acts as a Fabry-Perot resonator as well. If the thickness of this airgap is assumed to
be one percent of the wavelength, which would be 7fim, a quite safe estimation, the
transmission of this resonator would still be 99.8 %. Therefore this gap should not lead
to appreciable reflection losses.
The wedges "were made from the silicon material with ne — 1.7 x 1013 cm" 3 . They
have a size of 3 x 3 cm2 and a thickness from 300 to 600 /im. With these values the total
resonator thickness is about 900 JJXD. and a 1 mm lateral shift leads to a 10 fim thickness
change. The two wedges are inserted into a mounting where they are pressed together
by springs, but one piece can be moved laterally by a micrometer screw.
The metallic meshes on the outer surfaces of the resonator were produced by a photolithographic technique. A mask was ordered which contains three different areas of

5.2. EXPERIMENTS TO PROVE THE RESONATOR CONCEPT

87

3 x 3 cm2 size with meshes of 80 fjxa grid constant and 20, 30 and 40 /an width of the
lines. The samples are called 20-60, 30-50 and 40-40 respectively.
The metallic meshes on the sample were produced using the so called lift-off technique, which is described in the following. First the surface is cleaned and a photo resist
is brought onto it using a centrifuge in order to get a thin layer. After drying, the mask
is pressed onto the surface and the sample illuminated with ultraviolet light through
the mask. If the resist were now developed, the illuminated squares would be dissolved
and removed. Instead of doing this the resist is inverted by heating the sample up to a
temperature of 115° C. By this procedure the photo resist becomes insolvable and unchangeable on the places where it was illuminated before but keeps its original properties
on the dark places. Now the whole sample is illuminated without mask and the lines of
the grid become solvable. The sample is then developed and the photo resist is removed
at the lines of the grid. After this the metal is deposited on the whole surface using vapor
deposition. First a thin chrome layer (several nm) and then the final gold layer (1-2 fxm)
are deposited. The chrome leads to a better adhesion of the gold on silicon. Finally the
squares of the remaining photoresist with the gold layer on it are removed using acetone
and an ultrasonic bath (lift-off). The desired gold mesh remains on the surface. The
whole procedure was carried out by H. Pier in the clean room of the Institute de Microet Optoélectronique at the EPFL.
As a first ercperiment the meshes were checked with respect to their transmission properties. This was done using a Fourier-Transform spectrometer at the MPI in Stuttgart.
The transmission of the single wedge samples was measured dependent on the radiation
wavenumber. In Figures 5.13, 5.14 and 5.15 the result of these measurements compared
with the corresponding theoretical curves is shown.
To calculate the transmission of the mesh coated surface from the experiment, the
transmission T = 0.7 from the sample backsurface has to be taken into account.
If the mesh is in its transmission resonance the maximum achievable transmission
through the mesh coated surface should have the same value as an uncoated surface.
Two things have to be noted. First there are strong Fabry-Perot resonances in the
transmission spectra although the samples are wedge shaped. The small wedge angle
together with the small thickness leads to quite good resonator properties even for a
single wedge sample.
The second point is that in the region of the theoretical transmission maximum the
experimental curves deviate strongly from the theoretical calculation. This is due to the
fact that the theoretical calculation is an adaptation of the calculation for a free standing
mesh (air on both sides) to our case of a mesh on a silicon ir interface. But in our case
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Figure 5.15: Transmission through a silicon surface, coated with a gold mesh of 80//m
grid constant and 40 /nm line width vs. wavenumber (solid line: experiment, dots: theory).
the wavelength of the radiation inside the material is smaller than in air. If it becomes
smaller than the grid constant of the mesh, the mesh acts as a diffraction grid. This means
that the transmission in the direction of incidence (Oth diffraction order) is reduced. The
diffraction effect was not considered in the theoretical calculation of the mesh properties.
The wavelength inside the material is Xo/n, if Ao is the wavelength outside. The mesh
grid constant for a resonance at the wavelength AQ outside is given by:
(5.31)
For \n\ > 1 this value is always greater than the wavelength inside the material, which
means that the theoretical transmission resonance cannot be reached in the case of an
air-mesh-dielectric surface!
For the meshes with 80 /xm grid constant the maximum wavenumber without diffraction inside the material is 37 cm"1. This is exactly the value where the experimental
curves for the transmission begin to deviate from the theory. The consequence for the
frequency tripling experiment with 676 fxm radiation is that the grid constant of the mesh
must be smaller than 225/3.4 = 66 [Am. This implies that the transmission of the third
harmonic radiation will also be influenced by the mesh which means that an optimum
solution of the resonator problem cannot be found using a metallic mesh on the resonator
surface as reflection coating for the fundamental radiation.
Since the produced meshes nevertheless show a good agreement with the expected
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transmission at the fundamental frequency they can be used to check the resonator concept at this frequency, i.e. the field enhancement in the resonator.
The simplest way to do this experimentally is to measure the transmission through
the whole resonator, which should be very high in the resonance regions. Figure 5.16
shows the result of a transmission experiment on a resonator composed of two 20-60 /xm
samples, 5.17 the theoretically calculated transmission curve for the same meshes.
It is seen that the resonant behavior of the experimental resonator is by far lower than
predicted by the theory. Several reasons can be considered to explain this discrepancy.
First of all the air gap between the two wedges could have a greater influence than
assumed and could destroy the resonator by reflection losses. To check this an experiment
with uncoated wedges was carried out, where the air gap is the only deviation from a
perfect silicon slab. As it is seen in Figures 5.18 and 5.19 the experiment shows a good
agreement with the calculation in this case, which means that the air gap in fact has
no high reflectivity and it is unlikely that it is responsible for the misfunction of the
resonator.
A second experiment to prove this fact was to fill the gap between the wedges with
a thin oil film. Because of the higher refractive index of the oil this should change the
transmission properties of the gap. Nevertheless the transmission through the whole
resonator remained unchanged, which is again a hint that the transmission of the gap
does not play an important role for the resonator properties.
The laser beam quality could also have an influence on the resonator properties. If the
the beam is not parallel, i.e. the surfaces of equal phase are not plane over the distance of
the multiple reflections in the resonator, the resonance will be disturbed. This influence
was verified by putting the sample in the unfocused beam at the exit of the laser, which
should be nearly parallel. An iris was put in front of the sample to limit the beam size to
2 mm diameter. No improvement in the resonances compared to the case with the sample
in the focus of the teflon lens was observed. In a second experiment a low power cw laser
with a well defined mode was used as radiation source. Again no improvement was seen.
To get more understanding of the physical processes in the resonator, the transmission
spectrum of the whole resonator was measured using the Fourier Spectrometer. The
resulting transmission dependent on the wavenumber for a fixed resonator thickness is
shown in Figure 5.20.
The transmission peaks show a double structure. Additionally the distance in wavenumbers between correlated peaks has a value which corresponds to half of the resonator
length. This leads to the conclusion that each wedge with one uncoated surface and one
mesh acts as a resonator of its own, but the resonator composed of two wedges seems not
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Figure 5.16: Experimental transmission through a resonator composed of two silicon
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thickness vs. wavenumber.
to work. In the experiments where one wedge was moved laterally, only the transmission
changes of this wedge were observed. This is an astonishing effect, since it was proven
that the gap is nearly completely transmitting.
In a further step a second mesh was deposited on the backside of one of the wedges.
Since the wedge with one mesh and one uncoated surface already showed resonances, this
effect should be improved by the second highly reflecting mesh. The thickness variation
was now done by laterally displacing the wedge behind an iris of 2 mm diameter. However
as seen in Figure 5.21 this sample does not show the expected resonance behavior.
The only plausible explanation for all of these observations is, for the moment, that
the reflected wave of a mesh is not a plane wave at a small distance from the mesh. The
single mesh lines act as emitting antennas. If the meshes are then not exactly parallel,
or laterally shifted against each other, the resonance by superposition of the phases will
be disturbed by near-field effects.
In conclusion the first attempt to build a Fabry-Perot resonator consisting of a silicon
slab coated with metallic meshes as high reflecting mirrors did not work as desired, but
gave interesting results which can be used to further develop the experimental realization
of the still interesting concept of enhancing the frequency tripling efficiency by using a
resonator setup rather than bulk material. In particular the near-field effects of metallic
meshes on silicon surfaces have to be further examined in order to see whether a resonator
can be built in this way. Additionally, other surface coatings like thin dielectric films have
to considered. In this case the problem is to find a material with a sufficient dispersion
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Figure 5.21: Transmission through a silicon wedge coated on both sides with a 20-60 yxa.
metallic mesh vs. thickness.
to have a reflecting coating for the fundamental but not for the third harmonic radiation.

Chapter 6
Conclusions and Outlook
In the Introduction we listed the aims of this work by the following four main points:
• to determine quantitatively the nonlinear susceptibility of different semiconductors
in the FIR regime with a reasonable accuracy.
• to increase the power level at the fundamental frequency and determine saturation
or breakdown limits as well as the maximum conversion efficiency.
• to look for new materials and experimental configurations with higher conversion
efficiencies.
• to be able to determine from the experimental results whether or not the required
parameters for the planned application can be reached.
Considerable progress was achieved by this work concerning all of these four points.
The third harmonic generation experiments using bulk silicon in connection with
an absolute calibration allowed to determine x® of this material quantitatively with
good accuracy. At the same time the breakdown limit for the power at the fundamental
frequency on the surface was found as well as a saturation effect of the third harmonic
generation efficiency in the high power regime, manifested by a third harmonic power rise
of less than cubic with the fundamental power. The maximum third harmonic generation
efficiency reached in these experiments was 10~3 for 2 MW incident power at a wavelength
of 676 fjxn, thus leading to the conclusion that the required parameters for a frequency
tripler for the Thomson-scattering application cannot be achieved in this simple way.
Experiments with the narrow-gap material InSb showed that the nonlinearity of the
electron response is indeed higher for this class of semiconductors, due to the high nonparabolicity of the conduction band which is a result of the narrow gap. But in these
95
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materials the power threshold for internal breakdown is very low, which again is a result
of the narrow gap, because the internal breakdown is caused by impact ionization, i.e. the
electrons in the conduction band gain sufficient kinetic energy to excite other electrons
from the valence band. This effect makes narrow-gap semiconductors unsuitable for high
power applications and in fact the maximum third harmonic generation efficiency reached
with InSb was far lower than for Si.
Since the saturation of the third harmonic generation efficiency observed in Si at
high power cannot be explained by conventional, analytical theoretical models, a Monte
Carlo simulation of the electron drift velocity in this material was developed for a strong
AC-electric field. The expected third harmonic power generated from this electron drift
current was then calculated. It agreed very well with the experimental findings, in quantitative power predictions as well as in the prediction of the saturation. Additionally
the Monte Carlo simulation showed that the amplitude of the Fourier coefficient of the
drift velocity at the third harmonic can reach a considerable fraction of the coefficient
at the fundamental frequency. For a field of 70 kV/cm, a value which is experimentally
accessible, this ratio reached 16 %. Therefore it should be possible to enhance the third
harmonic generation efficiency drastically by using a more sophisticated experimental
setup. Two points are important for the choice of such a setup: First the electric field at
the fundamental frequency should be at its maximum value all over the nonlinear material (in the bulk setup the electric field is attenuated with increasing material thickness
by absorption), and second, the outcoupling of the third harmonic radiation has to be
optimal.
A possible setup which fulfills these conditions would be a Fabry-Perot resonator,
consisting of a silicon slab. The idea behind this is to generate a standing wave inside a
resonator which is thin compared to the optimum thickness of bulk material. The electric
field inside the resonator would be enhanced and could be raised to a value just below
the internal breakdown limit over the whole thickness of the resonator. As was seen in
the bulk experiments, the third harmonic generation efficiency was, despite saturation
effects, still rising at the highest fields accessible there. If the field is enhanced inside a
thin resonator, the intensity of the incident radiation could be diminished and the surface
of the frequency tripler could be enlarged for the same incident fundamental power. This
would avoid the surface breakdown observed at high power in the bulk experiments and
at the same time lead to a better heat dissipation, which will become a critical point in
future long pulse experiments.
In order to get a better understanding of the experimental requirements, first the
third harmonic generation in a slab was theoretically calculated. The calculation showed
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that an experimental configuration has to be found such that the standing wave in the
resonator has nodes on the surface. An uncoated silicon slab in air can only produce a
standing wave with antinodes on the surface because of its refractive index. At the same
time it would be an advantage to be able to choose the optimum reflection of the resonator
surfaces. Both requirements can theoretically be achieved by coating the surfaces of the
resonator with metallic meshes. Samples consisting of silicon wedges with one surface
coated with a metallic mesh were prepared. The idea was to put two wedges together
in opposite directions thereby having the possibility to tune the resonator thickness by
shifting one of the wedges laterally. The single wedge samples indeed showed a good
agreement with the calculated transmission behavior at the fundamental frequency, but
it was not possible to construct an operating resonator from two of the wedges. The
reasons for this are still not fully clear. The most plausible assumption is that the two
meshes were too close to each other and thus the second mesh was still in the near field
of the first, where the wave front is not yet plane.
Further work in this field therefore has to examine experimentally the properties and
limits of Fabry-Perot resonators built of a dielectric slab in this wavelength regime. One
could think of replacing the meshes by properly-chosen dielectric coatings as mirrors, but
then one has to find a material with a sufficiently high dispersion between the fundamental
and the third harmonic frequency. Otherwise a reflection coating for the fundamental
will always reflect the third harmonic frequency as well. Additionally the theoretical
calculation of the third harmonic generation efficiency in a silicon slab should be combined
with the results of these experiments and the Monte Carlo transport simulation in order
to get a reasonable estimation of the third harmonic power obtainable with this technique.
As explained above in connection with the Monte Carlo results, this is still an interesting
path to follow which could lead to the desired efficiency.
Another important result of this work is the discovery that frequency tripling in
the far infrared is an appropriate tool to evaluate Monte Carlo transport simulations
for electrons in semiconductors, especially regarding their nonlinear properties. Up to
now the parameters which are necessary for the modeling of the electron transport by
Monte Carlo simulations were mostly determined by comparing the simulation results
with linear transport experiments (current-voltage curves). The simulations, however,
were then used to predict nonlinear transport in electronic devices. In this work it was
shown that the prediction of the nonlinear optical properties is much more sensitive
to changes in the parameters for the Monte Carlo simulation than the linear transport
prediction. The simulation of the third harmonic generation uses directly the Fourier
coefficient of the drift velocity at the third harmonic frequency. This coefficient varies
much more strongly than the coefficient at the fundamental with parameter changes in
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the Monte Carlo simulation. Thus the frequency tripling experiments in the far infrared
can be used to better determine parameters for the Monte Carlo transport simulation. In
order to improve this method it would be necessary to have a better quantitative precision
for the dependence of the third harmonic generated on the electric field amplitude at the
fundamental frequency. For the present experiment using a far infrared laser, the intensity
distribution in the spot caused by the multimode emission remains the main source of
errors in the determination of the electric field at the fundamental frequency. Therefore
a future experiment using a gyrotron with corresponding frequency and power could lead
to a much better experimental accuracy in this respect.
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