Non-degenerate

two-photon absorption
in bulk ZnSe, GaAs and Si

Dissertation

submitted in partial fulfillment

of the requirements for the degree of

Dr. rer. nat.
to the Faculty of Physics
TU Dortmund University, Germany

by
Laura Krauf-Kodytek

Dortmund, April 2022

technische universitat
dortmund



Ist Reviewer: Prof. Dr. Markus Betz (TU Dortmund University)
2nd Reviewer: Prof. Dr. Carsten Westphal (TU Dortmund University)



Abstract

The two-photon absorption is a nonlinear optical process with various properties which
makes it an excellent basis for a wide range of different applications. In this thesis the
non-degenerate two-photon absorption coefficient 5(wq,ws) as a function of the frequency
ratio wy/we of the two driving fields is experimentally investigated whereby the sum en-
ergy hwi +hwo is kept constant. The studied materials are the prototypical semiconductors
ZnSe, GaAs and Si. Regardless of the direct or indirect character of the bandgap, the two-
photon absorption strength increases with increasing ratio wj/wy > 1. The experimental
data of ZnSe and GaAs agrees well with corresponding theoretical predictions for direct
semiconductors. Si shows overall smaller absorption strengths. These results also agree
with theoretical predictions for indirect semiconductors. In addition, different crystallo-
graphic orientations of the samples and polarization configurations of the two driving fields
are analyzed. These results make an important contribution to the so far rarely investigated

orientation and polarization anisotropy of the non-degenerate two-photon absorption.

Kurzfassung

Die Zwei-Photonen-Absorption ist ein nichtlinearer optischer Prozess mit diversen Eigen-
schaften, welche sie zu einer ausgezeichneten Grundlage fiir ein breites Spektrum ver-
schiedener Anwendungen macht. In dieser Arbeit wird der nicht-entartete Zwei-Photonen-
Absorptionskoeffizient ((wy,w2) als Funktion des Frequenzverhiltnisses wj/wy bei einer
konstanten Ubergangsenergie iw; +hwsy experimentell untersucht. Die verwendeten Materi-
alien sind die Halbleiter ZnSe, GaAs und Si. Unabhéngig von dem direkten oder indirekten
Charakter der Bandliicke steigt die Zwei-Photonen-Absorptionsstérke mit zunehmendem
Verhéltnis w; /we > 1. Die experimentellen Daten von ZnSe und GaAs stimmen sehr gut
mit den entsprechenden theoretischen Vorhersagen fiir direkte Halbleiter iiberein. Bei Si
zeigen sich im Vergleich insgesamt geringere Absorptionsstérken. Auch hier stimmen die
Ergebnisse mit den theoretischen Vorhersagen fiir indirekte Halbleiter iiberein. Dariiber
hinaus werden verschiedene kristallographische Orientierungen der Proben und unter-
schiedliche Polarisationseinstellungen der beiden anregenden optischen Felder analysiert.
Diese Ergebnisse leisten einen wichtigen Beitrag zu der bisher wenig untersuchten Orien-

tierungs- und Polarisationsanisotropie der nicht-entarteten Zwei-Photonen-Absorption.
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Introduction

Physics would be dull and life most unfulfilling if all physical phenomena around
us were linear. Fortunately, we are living in a nonlinear world. While linearization
beautifies physics, nonlinearity provides excitement in physics.

Y. R. Shen - The Principles of Nonlinear Optics [I]

These exciting nonlinear phenomena, which Y. R. Shen describes so vividly, occur in a
variety of effects when high intensity laser light interacts with matter. One of those ef-
fects is the two-photon absorption. In contrast to the linear one-photon absorption, here
two photons simultaneously trigger an optical transition from the ground to an excited
state whereby the energy of each photon alone is not sufficient to compensate for the en-
ergy difference in between those states. These two photons can either have the same or
different frequencies, which then will be referred to as degenerate or non-degenerate two-
photon absorption (see Figure . Considering a semiconductor this could be a transition
from the valence band to the conduction band, although the energy of each involved photon

is smaller than the bandgap energy and only their sum energy exceeds the bandgap energy.

The first theoretical description of the two-photon absorption was already proposed in 1931
by Maria Goppert-Mayer using second-order perturbation theory [2]. However, since the
probability for a two-photon absorption is too small to be triggered with any conventional
light source, the first experimental observation lasted until the demonstration of the first
running laser device by T. H. Maiman in 1960 — a 694.3 nm pulsed ruby-crystal laser [3] 4.
Shortly after, in the early 1960s, W. Kaiser and C. G. B. Garrett [5] reported a two-photon
induced frequency upconversion fluorescence in a CaFq:Eu?T crystal excited by the intense
radiation from the recently developed ruby-crystal laser. In fact, the population of the en-
ergy levels of the Eu?t impurities and the ensuing blue fluorescence could only be induced
by two red ruby-crystal laser photons. In 1964 R. Braunstein and N. Ockman were the first
ones observing two-photon absorption in a semiconductor [6]. They triggered a two-photon

excitation of an electron from the valence to the conduction band in a CdS crystal also
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using a ruby-crystal laser and investigated different aspects of the radiative recombination
emission. Until the 1980s the two-photon absorption was mainly used as a spectroscopic
tool as it enabled the access to eigenstates of matter that were not accessible with linear,
one-photon optical spectroscopy. But later on, various applications quickly developed that
took advantage of the benefits of the two-photon absorption. Today, there is a wide variety

of applications.

A well established example are two-photon absorption based autocorrelators for the tem-
poral characterization of ultra-short laser pulses [7]. They exhibit many advantages in con-
trast to the standard autocorrelation technique using a nonlinear crystal. A two-photon
absorption autocorrelator unites the autocorrelation signal generation and detection in a
single semiconductor device, since the optically correlated signal is directly transformed
into an electrical signal via the two-photon absorption. Expensive nonlinear crystals can
therefore be replaced by commercially available and robust photodiodes for the analysis of
pulses with wavelengths continuously ranging from the ultraviolet to the infrared region [§].
Since a two-photon absorption ends in a transition of a charge carrier at an excited state,
no photon momentum needs to be conserved, which further makes the autocorrelator easier
to use, more sensitive and allows the characterization of extremely short pulses down to a
few femtoseconds. [9]

Further two-photon absorption applications from the field of photonics are, for example,
infrared detection [10], optical switching [11] and coherent control of photocurrents [12, [13],

which all benefit from the various advantages of the two-photon absorption.

The development of new technologies is based on extensive theoretical and experimental
fundamental research. Therefore, various aspects of the two-photon absorption have been
intensively studied and have drawn a comprehensive picture of its properties and charac-
teristics. Even so, there are many unanswered questions which still makes the two-photon

absorption a desirable topic for today’s scientists.

This thesis contributes to the fundamental understanding of the two-photon absorption and
experimentally investigates the non-degenerate two-photon absorption coefficient 8(wy,ws)
as a function of the frequency ratio wy/we of the two driving fields. The investigated ma-
terials are the prototypical bulk semiconductors ZnSe, GaAs and Si, which are well char-
acterized and irreplaceable in up-to-date technologies. The therefore used experimental
setup is designed in a pump-probe scheme. In combination with a tunable laser source,

it is possible to systematically acquire the two-photon absorption strength from degener-
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degenerate non-degenerate
two-photon absorption two-photon absorption
hw, + hw, I hw, + hw,
# const. = const.
vb
hw, = hw, hw, # hw,

Figure 1: Schematic representation of a two-photon transition in a direct semiconductor
from the valence band (vb) to the conduction band (cb). The transition can be triggered by
a degenerate photon pair with the same frequencies or a non-degenerate photon pair with dif-
ferent frequencies. Comparing different non-degenerate two-photon absorption configurations,
either one photon frequency can be kept constant and the other photon frequency is varied or
the sum frequency is kept constant and both frequencies are varied.

ate configurations with w;/we = 1 up to non-degenerate configurations with wi/we > 1
while keeping the sum energy Aw; + hws of the two photons constant. The experimentally
measured scaling behaviour f(w;/ws) is analyzed and compared among the three samples
to stress the differences for direct and indirect bandgap semiconductors. The accordance
with corresponding theoretical predictions is evaluated.

Previous experimental studies were mainly related to degenerate configurations where the
two-photon absorption strength is often studied in a z-scan experiment [14] with only one
driving laser field. Less experimental studies focused on non-degenerate configurations. For
direct gap semiconductors various experiments employed driving fields close to degener-
acy [15], others configurations with frequency ratios w/2w [16]. Also widely non-degenerate
configurations were investigated, in which one driving field has a fixed and the other one a
variable frequency [17, 18, 19]. All these studies showed an increasing two-photon absorp-
tion strength for non-degenerate in contrast to degenerate configurations. Nevertheless, a
study measuring the two-photon absorption strength for increasing frequency ratios at a
constant sum energy of the two photons is lacking so far. Non-degenerate studies for indi-
rect semiconductors are even less performed. The few available studies mainly concentrate
on non-degenerate 2PA at discrete wavelength configurations, especially in Si waveguides
at the telecommunication wavelengths [20, 21],22]. Only the joint study of Sanaz Faryadras
and Cox et al. [23], 24] investigated the non-degenerate 2PA in bulk Si for different fre-



Introduction

quency ratios but with varying sum energy. The studies for indirect semiconductors also
show an enhancement of the 2PA strength with increasing difference in between the photon
frequencies but with overall smaller absorption strengths.

Another focus of this thesis is the orientation and polarization anisotropy of the two-photon
absorption coefficient (w1, wsz). For the investigation of the orientation anisotropy each
sample is measured in (100) and (110) crystallographic orientation and the results are
compared. For the polarization anisotropy, measurement configurations are used where
the two, both linearly polarized, driving fields are either parallel or perpendicular aligned
to each other. The results of the orientation and polarization anisotropy measurements
are further analyzed dependent on the frequency ratio wy /ws.

Only very few experimental studies have investigated the anisotropy of the two-photon ab-
sorption. Kspecially, studies for non-degenerate configurations at different frequency ratios
are missing so far, although degenerate studies for direct gap semiconductors yield high
anisotropy effects [25] 26], 27) 28] 29]. Research on indirect semiconductors is even scarcer.
The few experimental results for Si partially give rise to similar characteristics of the de-
generate two-photon absorption anisotropy [30} 31, 32, B3], but need to be continued for

conclusive results. Experimental data for non-degenerate configurations is missing entirely.

In a nutshell, the two-photon absorption shows a variety of interesting characteristics,
leading to diverse applications in fundamental scientific research but also industrial areas
as for example medicine and engineering. This wide-ranging interest is a great opportunity
for jointly developed new insights and holds a lot of promise for future research on two-

photon absorption.

The references in this thesis do not claim to be complete. Often, only a selection of the most recent
publications or a selection of publications, in which a technology, a theoretical approach or a specific
experiment is mentioned first, is given. If the name of an author is given in the continuous text and the

(lead) author is a woman, also the surname is added to enhance the visibility of women in science.



Chapter 1
Theoretical Background

This chapter introduces the theoretical concepts of nonlinear optical phenomena in general
and describes the process of nonlinear two-photon absorption more precisely. In particular
the two-photon absorption coefficient, describing the strength of a two-photon absorption,
is introduced and its scaling behavior in semiconductors under the influence of certain
parameters is further analyzed. Differences for direct and indirect semiconductors are

outlined. In addition, the anisotropy of the two-photon absorption coefficient is examined.

1.1 Nonlinear optics

The field of nonlinear optics comprises a variety of phenomena which occur when high
intensity laser light interacts with matter. Already a few decades after the advent of the
laser, much more nonlinear effects have been experimentally investigated as conventional
linear effects were explored in the past. The reason for the rapid growth of this new branch
stemmed from the unique characteristics of the laser. In comparison to conventional light
sources, laser light is monochromatic, directional and coherent and can reach high inten-
sities. These properties form the bagis for the observation of nonlinear optical phenomena
whose potential is still not exhausted to date, giving rise to undiscovered effects and their

applications. [34]

1.1.1 The electric nonlinear polarization

The Maxwell’s equations build the theoretical foundation for describing phenomena in

classical electrodynamics. The interaction of an electromagnetic light field Eﬂ with a

!Letters printed in bold will subsequently denote vectorial quantities.
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dielectric material is comprised in these equations by the electric displacement field

with the vacuum permittivity eg. The electric polarization P is defined as the dipole
moment per unit volume induced by the spatial displacement of the bound charges in the
solid structure due to the incident electric field. If the amplitude of the electric field is

small, the electric polarization will be linearly dependent on the electric field
PL = eox'VE (1.2)

with x(!) being the linear susceptibility. For small optical field strengths this linear approx-
imation is valid since the electrons can be assumed to be bound in a parabolic potential.
However, for high optical field strengths the anharmonic part of the potential must also
be considered as the spatial displacement between the atomic nuclei and their electrons
increases. Therefore, the definition of the electric polarization has to be generalized by

expressing it as a power series in the driving electrical field

P =P +PxL
= eoxXVE + eoxPE? + exOE? + ...

=¢ Y x"E" (1.3)
n=1

where x(") denotes the nth-order susceptibility. In order to obtain a sufficiently strong
displacement of the bound charges and thus to access the higher-order terms of the electric
polarization, high optical field amplitudes are required. An optical field with an intensity
comparable to a conventional light source would have an electric field amplitude too small
in comparison to the characteristic atomic Coulomb field to enable the access to the non-
linear regime. The intensity of the sun, for example, would result in a field amplitudeﬂ
of Egolar =~ 1013 V/m whereas the atomic field amplitudesfﬂ are in the order of 10'' V/m
considering a hydrogen atom. Therefore, intense laser sources with amplitudes of about

107 V/m are needed to introduce nonlinearities.

2The laser intensity I in terms of the peak field strength Eo is given by I = %echg with ¢ the speed
of light in vacuum. Followingly, the total solar intensity, given by the solar constant of 1361 W/m? [35],
would lead to a maximum field strength Fgo1ar &~ 1013 V/m. The solar constant is obtained for a surface

perpendicular to the sun rays in roughly the distance from sun to earth without atmospheric influence.
3The atomic field amplitude of the hydrogen atom can be calculated by Eatomic = €rya/aoce whereby

€Ryd is the Rydberg energy, ap the Bohr radius and e the elementary charge.
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If the nonlinear electric polarization is included in the electric displacement field, the wave
equation in nonlinear optical media, with consideration of the Maxwell’s equations, can be
obtained as

V2E — ”ja—QE = La—QPNL (1.4)

c? Ot? €oc? Ot?

whereby c is the speed of light in vacuum. The linear part of the polarization is included
by the quadratic refractive index n? = 1 + y). The wave equation illustrates that in
nonlinear optics the time-varying nonlinear polarization acts as a driving force for new
components of the electromagnetic field, leading to a variety of nonlinear optical phenom-

ena.

These nonlinear optical phenomena can have the most different forms. In the regime of the
second-order polarization, effects such as second-harmonic generation, sum- and difference-
frequency generation occur. They, for example, exhibit new frequencies next to the driving
field frequency after the interaction of the nonlinear medium with the optical light source.
The third-order polarization leads to two-photon absorption which will be described in
detail in Chapter [[.2] Another third-order effect among others is self-focusing where the
nonlinear material itself acts as a converging lens due to an optically induced change in
the refractive index. Also higher-order polarizations enable a variety of effects, but the

accessibility decreases as the required illumination strengths increase. [36], 37|

1.1.2 The nonlinear susceptibility tensor

In general, the material dependent nth-order susceptibility x™ is a tensor of (n + 1)th-
rank with 3"*! elements, describing the proportionality of the electric polarization and the
applied electric field as introduced in Equation (1.3)).

In case of a linear light-matter interaction, one optical field with frequency w introduces an
electric polarization which can only induce a secondary optical field of the initial frequency

w. The spatial components of that polarization can generally be described by
1 1
B (w) = oo xj (s w) Ej(w) (L5)
J

with i and j denoting the spatial coordinates x, y and z. The linear susceptibility tensor
x1) is a 3 x 3-matrix and comprises nine elements. In the matrix formalism the linear

electric polarization can be expressed as

pY X5 xS By
PO = [ @ 0 g | (1.6)
pY ) K E,
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Going to nonlinear light-matter interactions, the number of susceptibility tensor elements
rapidly increases since more optical fields can interact. In case of a second-order nonlinear
process the applied optical field can comprise up to two frequency components wy, and wy

so that the ith component of the electric polarization can in general be written as

Pi(2) (Wm + wn) = GOZZXi(ﬁ{) (Wm + Wn; Wm, wn) Ej(wm) Bk (wn) (1.7)
Jjk (mn)

with the indices i,j,k € {z,y, 2} denoting the spatial coordinates. The summation over
(mn) takes account of all possible permutations of the frequencies wy, and wy. Since the
field amplitudes Fj(wm) and Ey(wy) are associated with the time dependencies exp(—iwmt)
and exp(—iwyt), respectively, their product yields exp(—i(wm +wy)t) so that the nonlinear
polarization oscillates at a frequency wy, +wy as denoted in the notation of Equation ([1.7]).
The second-order susceptibility tensor y(2) comprises 27 elements and is given in matrix

notation by

E, - FE,
p? X2 K2 X2 X Ey - Ey
PPl =e | x5 3, B B BB (1.8)
2 2 2 2 2
E. - FE,

The tensor element X,(Z?y, for example, gives the introduced electric polarization in z-

direction if the driving optical fields are polarized in z- and y-direction. In a third-order
nonlinear process the applied optical field can comprise up to three frequencies wy,, w, and

Wwo- The ith component of the third-order polarization can therefore be described by
Pi(3) (Wm +wn +wo) = eoz Z Xi(j‘i)l(wm—l—wn—i—wo; W, Wn, Wo ) Ej (Wm ) B (wn ) Ei(wo) (1.9)
jkl (mno)
with the indices i,j,k,1 € {z,y,2} and the summation over (mno) again representing all

possible frequency permutations. The third-order susceptibility tensor X(S) increases to 81

elements and is given in matrix notation by

E,-E, E,
Y Xdee Xy xS o X2\ | B Bo- By
PP =co | xihe Xty XSer oo Xi2s | | B Ex- Bl (1.10)
pY x(f;)m Xii)xy Xg:;):vz xi?élz

E,. - E.-E,

For higher-order processes the mathematical description is equally applicable but much

more extensive because of the rising number of tensor elements and interacting fields as
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already described here for only the first three polarization orders.

Fortunately, by taking into account various symmetry considerations, the number of tensor
elements can be strongly reduced. One example is the intrinsic permutation symmetry,
which states that the order of the fields Ej(wm)FEx(wn) in Equation (1.7) is physically

irrelevant and thus the according tensor elements

2 2

are equal. This consideration is similarly applicable for every nth-order susceptibility
tensor and reduces the number of independent elements. Another example is the spatial
symmetry of the nonlinear material which also has a strong influence on the number of
tensor elements. In particular, for materials with high crystal symmetries many tensor
elements are zero or have the same value. In media showing inversion symmetry all odd-
rank susceptibilities x(™ (n: even) vanish (as all tensor elements Xi(;{) are zero) and the
third-order susceptibility, as first nonzero term, dominates the nonlinear response. Further
specific reductions can be made with regard to the seven different crystal systemﬁ. The
cubic system is one of them to which many semiconductors belong. Due to the symmetry
properties of cubic materials the linear susceptibility tensor x(!) only exhibits diagonal
elements of which all are equal. The tensor elements of higher-order susceptibilities of cubic
crystals are also reduced. Considering a third-order nonlinear interaction, its susceptibility
tensor x(®) is reduced from 81 to 21 nonzero elements. The cubic system can further be
subdivided into five point groups. For the point groups 432, 43m and m3m only four of
the 21 tensor tensor elements are independent and for the point groups 23 and m3 only
seven elements are independent. The corresponding spatial coordinates of the independent

third-order susceptibility tensor elements are

TTXX = YYyy = 2222
YYZZ = 2ZYY = 22X = TXZZ = TTYY = YYIrx point groups (1.12)
Yyzyz = 2yzy = zwzr = 20z = ryry = yryr | 432, 43m and m3m .

YZZY = ZYYZ = ZTTZ = TZZT = TYYT = YTIY

*An overview of the tensor elements of the first-, second- and third-order susceptibility for all crystal

systems can be found in Reference [36].



Theoretical Background

and
TTTX = YYyy = 2222

YYzz = 22T = TTYY

ZZYY = TT2Z = YYIT
point groups

YZYz = 2TZT = TYTY _ (1.13)
23 and m3

ZYzy = TZTZ = Yryw

YZ2Y = Z2XTZ = TYYT

ZYYZ = TZZT = YTTY

respectively. [34], 36]

1.2 Two-photon absorption

The two-photon absorption (2PA) is a third-order nonlinear effect. It can be described in a
simplified way as a quantum transition to an energetically higher level by the simultaneous
absorption of two photons via an intermediate stateﬁ. As both, the initial and final state,
are real, the energy of the two photons is transferred to the material by the absorption. The
two photons, triggering the absorption, can either have the same or different frequencies,

which then will be referred to as degenerate (D) or non-degenerate (ND) 2PA.

1.2.1 The two-photon absorption coefficient

In a linear medium the absorption and refraction is described by the complex refractive
index

n=n+ikx . (1.14)

The real part of 7 is identical with the normal refractive index n. The imaginary part of n
is directly related to the linear absorption via the extinction coefficient x which is in turn
included in the linear absorption coefficient

2Kw 4k
o= = —

1.15
w2 (1.15)

with angular frequency w and wavelength A. The linear absorption coefficient « directly
quantifies the strength of a linear (one-photon) absorption. Due to the absorption, the
light intensity exponentially decreases with increasing penetration depth y as described by
the Lambert-Beer’s law

I(y) =Ipe™ (1.16)

SHigher-order polarizations also lead to three-photon, four-photon and even multi-photon absorptions

where more than two photons simultaneously trigger an electronic transition via several intermediate states.

10
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with the initial intensity Ip at y = 0 and « entering the law as the decay constant. [3§]

Analogously to the imaginary part of the complex refractive index leading to a linear
one-photon absorption, the imaginary part of the complex third-order susceptibility leads
to a nonlinear absorption with two-photons. The strength of this nonlinear two-photon
absorption can also be described by an absorption coefficient £, comparable to the linear

absorption coefficient a. To derive that two-photon absorption coefficient a plane wave

E(y,t) = %E(y)e_i(m_ky) +c. c (1.17)

propagating in y-direction with wave number k, electric field amplitude E(y) and its com-
plex conjugate (c. c.) is considered. Calculating the third-order electric polarization
PO (y,t) = eox® E(y, ) and inserting F(y,t) and P®)(y,t) in the nonlinear wave equa-
tion one can obtain an equation describing the evolution of the field amplitude as a
function of y given by
dE(y)

—— L emiwtky) _ o= 22
dy 8cn

3w Cilwt—
= S Z\ONE@W)PE(y)e @) — ¢ c.. (1.18)
Within that calculation it is assumed that terms containing the second-order derivative
with respect to y can be neglected (slowly-varying envelope approximation [39]) and only
terms oscillating at w are considered as higher harmonics are not part of a two-photon
absorption process. Also the relations c% = poep with po the vacuum permeability and
k = “¢ are used. Defining the electric field amplitude as E(y) = A(y) exp(i¢(y)), where
A(y) and ¢(y) are real quantities, and splitting the third-order susceptibility in real and

(3) 3)

imaginary part x®) = XRe T iX1, One obtains the evolution of the nonlinear phase and

field amplitude given by
de(y) _ 3w ) 42

il G/ 1.1
dy 3 CnXReA (v) (1.19)
dA(y) 3w (3) ,3
an dy 8 CTLXIm (y) ’ ( O)

respectively. In the following the phase amplitude is disregarded, as an absorption only
causes changes in the field amplitude during the propagation through a medium. By
multiplying both sides of the nonlinear field amplitude evolution (1.20) with 2A(y) and

using the precise proportionality between intensity I(y) and the electric field amplitude
E(y)

1
1(9) = geocnl B(y)P (1.21)
a differential equation
(3)
dI(y) 2 . 3mx;
—= = —fn.opal h } = m 1.22
dy Boopal(y) with Bpopa coen? (1.22)

11
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can be derived. It describes the intensity decrease of an electromagnetic wave during the
propagation in an otherwise transparent medium. Since the derivative of the intensity
is proportional to the square of the intensity, here two photons with same frequency are
simultaneously absorbed. The parameter Sp.ops describes the strength of that process
and is therefore called the degenerate two-photon absorption coefficient. The solution of

the differential equation (1.22)) gives the intensity depending on the penetration depth y

Iy

I =
) 1+ Bp-opaloy

(1.23)

with the intensity Iy at y = 0 comparable to the Lambert-Beer’s law (|1.16)) for a linear
one-photon absorption. [40)]

A two-photon absorption can also be triggered by two photons of different frequencies wq
and wo. In that case, a pair of differential equations, similar to Equation (1.22]),

dl;

= = By I? — 2By T 1.24
dy 511 1 512 142 ( )
dr

de = —Bopl? — 2By 1 ] (1.25)

can analogously be derived, which describe the decrease of the intensities I; and Iy of the
two electromagnetic waves, which are temporally and spatially overlapped in a nonlinear
material. 811 and (B9 are again the degenerate 2PA coefficients describing the absorption
of two-photons of the same beam. [12 and (1 are the non-degenerate 2PA coefficients
(BND-2pA ), giving the strength of an absorption with either one photon of each beam. The
factor of 2 ensures that the non-degenerate 2PA coefficient approaches the degenerate 2PA
coefficient in the case of Iy — I and w1 — wy [4I]. Also in the non-degenerate case,

Bnp-opa is directly related to the imaginary part of the third-order susceptibility. [42]

1.2.2 Two-photon absorption in semiconductors

A simultaneous absorption of two photons in a semiconductor usually triggers an electronic
transition across the direct or indirect bandgap via an intermediate state. The two involved
photons need to have at least a sum energy exceeding the bandgap energy. The process
can be referred to as “simultaneous” as the lifetime of the intermediate state is less than
a femtosecond according to the Heisenberg uncertainty principle At oc h/E; whereby h is
the reduced Planck constant and E, the bandgap energy which ranges between 1 — 3eV

for typical semiconductors.

12
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1.2.2.1 Scaling rules for direct semiconductors

Theoretical approaches

In semiconductors the behavior of the two-photon absorption coefficient under variation of
certain parameters is of special interest since, for example, the dispersion of the 2PA coeffi-
cient is an important parameter for the optimization of semiconductor devices. Therefore,
theoretical scaling rules for the degenerate and non-degenerate 2PA coefficient in direct
semiconductors are introduced. Traditionally, these scaling rules have been studied by
2PA transition rate approaches. On the one hand, this is the second-order perturbative
approach, which was firstly introduced by Maria Goppert-Mayer [2] in 1931; on the other
hand, this is the tunnelling approach of L. V. Keldysh [43] from 1965. The latter uses
first-order perturbation theory, taking into account the effects of an ac electric light field
on the electronic energies and wave functions. The approach is limited to very simple
semiconductor bandstructure models, even so leading to reasonable predictions of the 2PA
scaling rules in direct semiconductors. In contrast, in the second-order perturbative ap-
proach, more sophisticated semiconductor bandstructure models are applicableﬁ In that
formalism the two-photon absorption coefficient is related to the two-photon transition

rate Wy according to

2hwWP
12

for degenerate transitions with one driving optical field of angular frequency w and intensity

I and

Bp-2pa (w) = (1.26)

s WD
2015
for non-degenerate transitions with two driving optical fields of angular frequencies wy # wo

Bp-opa (Wi, w2) = (1.27)

and intensities I; and I». The two-photon transition rate Wa, known as Fermi’s golden
rule, is derived from second-order time-dependent perturbation theory and is in case of a
degenerate 2PA

2

Z<¢crﬁ0pt|¢i><wi\ﬁ0pt|wv> ’

D _
Wy = Eiy(k) — hw

§(Eep(k) — 2hw) (1.28)

(]

ve

and in case of a non-degenerate 2PA

N N . . 2
ND _ 2j <wC|H0pt71|¢i><¢i‘H0pt,1Wv> Wc’HOpt,?Wi><¢z‘|H0pt,2’¢v>
e C h4 Z[ Eiy(K) — huwy " Eiy(K) — hws ” :

- 6(Bey(K) — hwy — hws)
(1.29)

SFor an extensive comparison of both approaches in case of the degenerate 2PA scaling rules in direct

semiconductors see, for example, References [42} [44].
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Theoretical Background

The optical interaction Hamiltonian ﬁopt describes the perturbation by the coupling of the
respective driving field to the semiconductor crystal potential. v, and . denote the Bloch
wave functions for the valence (v) and conduction band (c). E, is the energy difference
between valence and conduction band and FE;, between valence band and intermediate
state (7). The Bloch wave functions and energies are dependent on the crystal momentum
k. The conservation of energy is given by the d-function. The summations are performed
over all possible intermediate states and over all possible transitions starting from a filled
state and ending at an empty state. In case of an intrinsic semiconductor this is usually
a transition from the valence to the conduction band. The second-order perturbative ap-
proach vividly shows that the resulting 2PA coefficient and its scaling do not solely depend
on the specific chosen approach, but in particular on the introduced bandstructure model,
meaning which intermediate states can be addressed and over what transition channels the
summations are performed. [15], 42} 45]

In addition to the transition rate approaches, further theoretical models exist for describing
the nonlinear optical response, especially in case of the non-degenerate 2PA. For example,
one model uses a susceptibility approach [46] while another is based on the semiconductor
Bloch equations [47] to derive the scaling of the non-degenerate 2PA coefficient. Also these

models are evaluated in the framework of a specific chosen bandstructure model.

Bandstructure modeld’]

For a direct semiconductor the simplest approximation for a bandstructure is a two-
band model with one parabolic valence and one parabolic conduction band (see Fig-
ure [44, 45, [46, 47, 49, 50]. These bands are separated by the bandgap energy
E; = E.(k = 0) since the maximum of the valence band and the minimum of the con-
duction band are both located at the I'-point. In this model the intermediate states for
a 2PA lie within the valence or conduction band. Hence, this model enables two possible
degenerate two-photon transitions, more precisely a combination of an interband transi-
tion across the fundamental bandgap and a preceding or succeeding intraband transition
within the valence or conduction band (self—transition)lﬂ. According to the conditions for
angular momentum conservation and the parity difference between the initial and final
state, the interband transition at the I'-point from the typically p-type valence band states
to the s-type conduction band states is referred to as “allowed” whereas the self-transition
is referred to as “forbidden”. [42] 51

"The references in this section which are directly given after the first mentioning of a specific band-

structure model refer to theoretical studies calculating the 2PA coefficient using this model.
8In case of a non-degenerate 2PA four different transitions are possible as the photons are distinguishable

by their energies.

14
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Figure 1.1: The simplest approximation for a bandstructure of a direct semiconductor is
a two-band model (dark grey) with one parabolic valence (vb) and one parabolic conduc-
tion band (cb) separated by the bandgap energy F, enabling allowed-forbidden two-photon
transitions with a combination of an interband and a self-transition. The Kane bandstructure
model [48] (dark + light grey) takes the threefold degeneracy of the valence band in heavy-hole
(hh), light-hole (lh) and split-off (so) band separated by the spin-orbit interaction energy Ao
into account and enables further transition channels (not shown here).

More realistic band models, as for example the Kane bandstructure model [48] (see also
Figure , take the threefold degeneracy of the valence band in heavy-hole, light-hole and
split-off band separated by the spin-orbit interaction energy Ag, at k = 0 into account [42].
Other models for example include higher conduction bands [6], 52]. The integration of fur-
ther bands enables additional transition channels, for example, from either the valence band
or conduction band to higher conduction bands. Next to the already described allowed-
forbidden transition type, allowed-allowed and forbidden-forbidden transitions then have
to be considered. Other refinements to the bandstructure include, for instance, the con-
sideration of non-parabolic bands [44, 53], 54] and exciton effects [44] 52]. Nevertheless,
also models without these refinements can still give reasonable predictions for the 2PA
coefficient. Exciton effects, for example, only need to be included if the excess energy
AFE = 2hw — Eg for degenerate transitions and AFE = hwy + lws — E, for non-degenerate

transitions is very small, otherwise the influence is negligible [49].

Scaling rules
Although there are numerous theoretical studies using different approaches and applying
diverse bandstructure models, the results are consistent in that the excitation energies

of the two photons and the semiconductor bandgap energy are the two most influencing
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Theoretical Background

parameters on the scaling of the degenerate and non-degenerate 2PA coefficient. For the
exact spectral dependence minor differences exist in literature while the bandgap scaling
is beyond dispute. The absolute values for the 2PA coefficient deviate stronger between
different studies. Here, an interpretation of the results under consideration of the specific
framework is particularly important. Also, the comparison with experimental data has to
be treated with care since the accordance of the experimental and theoretical constraints,

such as the excess energy, has to be taken into account.

In the degenerate case various theoretical studies (see for example References [44], 45]
49]), all using a non-parabolic two-band model, independently derive for the scaling of

degenerate 2PA coefficient

(22 — 1)3/2

Pp-2pA X LFz (hw) with Fy(x) = (22)5

1.
n2E§’ E, (1.30)

The dimensionless scaling function F5> models the spectral dependence for allowed-forbidden
transitions. The allowed-allowed and forbidden-forbidden transition type have a similar
dependence only with a differing exponent in the numerator [55], but in general have
very little influence on the degenerate two-photon absorption coefficient in direct semicon-
ductors. Only for sum energies 2w just above the bandgap energy the allowed-allowed
type and far away from the bandgap energy the forbidden-forbidden type gain slight in-
fluence [56]. Experimental studies validate the dominance over the other transition types
since the experimental data fits well the scaling function F; for the allowed-forbidden type
in various materials [57, B8, 59]. In Figure [I.2(a) F5 is shown for various photon energies.
The degenerate 2PA emerges at 2/w = E,y, when the sum energy of the two photons ex-
ceeds Eg. Going to higher photon energies, Sp.opa rapidly increases up to a maximum
value at hw = 5/7E,, followed by a smooth decrease. At hw = E, (dashed line) linear
absorption sets in and would superimpose the 2PA in experiments. In GaAs, for example,
Bp-2pa can be scaled up to maximum values of more than 10 cm/GW [58], fp_opa of ZnSe
is scalable up to approximately 7cm/GW [57, 59)].

As also seen in Equation , a scaling of the degenerate 2PA strength can also be
achieved by choosing materials with different bandgaps. The E, 3_scaling is widely vali-
dated in experiments (see for example Reference [60]). Hence, going to very narrow-gap
semiconductors like InSb with a bandgap energy of 0.18eV [51], Sp.opa can be increased
to a few cm/MW [61]. Nevertheless, the absolute values of Sp.gps for widely-used semi-

conductors, with bandgap energies ranging from 1 to 3eV, remain in the order of a few

cm/GW (see Figure [L.2|b)).
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Figure 1.2: (a) The dimensionless function Fy(fuw/Eg) models the spectral dependence of
Bp-2pa. (b) Bp-apa for various direct semiconductors. The solid line represents a fit according
to the Egg—scaling. The data to the left (right) of the vertical dotted lined is acquired in
degenerate experiments with photons of A = 1.06 pm (A = 0.53 um). Taken and adapted from
Reference [60].

Consequently, in the degenerate case, the scaling of the 2PA strength is very limited if pro-
totypical semiconductors like GaAs or ZnSe are used. Only comparably low nonlinearities
can be achieved. For these materials a further scaling probability can be realized by us-
ing non-degenerate configurations with photons of different excitation energieﬂ Going to
very non-degenerate configurations, theoretical scaling functions predict an enhancement
of Bnp-opa up to two to three magnitudes in contrast to the degenerate case. The explicit
spectral dependence is slightly varying for different approaches. Three recent studies for
direct semiconductors, which all use a simple two-band approximation, are the model of
Hannes et al. [47] based on the semiconductor Bloch equations with k-independent dipole

matrix elements which reveals

1 1)
BNp-2pa (W1, w2) o w1 (2 + 2) : (1.31)
wi Wy

the model of Sheik-Bahae et al. [49, 50] which calculates within a transition rate approach

with k-dependent dipole matrix elements

w1 + wg)?
Brp-2pa (w1, wa) o % (1.32)
wiwy

%Also for non-degenerate configurations Sxp.apa(wi,w2) o< Eg ° holds true (see, for example, Refer-

ence [42]), but this again excludes the use of prototypical semiconductors.
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Theoretical Background

and the model of Aversa et al. [46] using a susceptibility approach also with k-dependent

dipole matrix elements which results into

w1 + wa)?
BNp-2pa (W1, Wa) o % : (1.33)
WiWsy

In all three studies Onp.opa exponentially increases if either hw; or hws becomes small or
accordingly if the ratio of the photon energies increases. The difference between those three
approaches is especially seen for very non-degenerate configurations. Within the pertur-
bative framework using a two-band model this enhancement can be vividly explained by
the smaller energy photon becoming resonant to the forbidden intraband or self-transition
and the larger energy photon to the allowed interband transition across the bandgap. The
enhancement of the non-degenerate 2PA coefficient is limited by the linear one-photon

absorption, when the larger energy photon approaches the bandgap energy. [19]

Experimentally, these predictions have so far been verified only for photon pairs where one
photon is fixed and the other is varied in energy. For example, Fishman et al. [19] showed
that in ZnSe for a photon energy ratio of 12.5 a 270-fold enhancement of the 2PA strength
could be achieved when comparing to the corresponding degenerate coefficient at the av-
erage photon energy (hwi + fiwy)/2. For GaAs they obtained a 127-fold enhancement for a
photon energy ratio of ten. In their experiments the small energy photon had a fixed energy
at approximately 8 % and 10 % of the bandgap energy of ZnSe and GaAs, respectively. The
large energy photon was varied in energy within the visible and near-infrared wavelength
range. They compared the experimental data to the above introduced theoretical model
of Sheik-Bahae et al. (see Equation (1.32))) and found good agreement. The results of
Fishman et al. for ZnSe and GaAs are shown in Figure Further experimental studies
can be found in References [15, [17] among others. However, a systematic investigation of
the non-degenerate 2PA coefficient, where the ratio of the photon energies is tuned away
from unity while the sum energy hw; 4 fws is kept constant so that always the same states

in the conduction band are addressed, is still missing so far.

1.2.2.2 Scaling rules for indirect semiconductors

In an indirect semiconductor the maximum of the valence band and the minimum of the
conduction band occur at different values of the crystal momentum k separated by the
indirect energy gap Eg; (see Figure . Thus, a 2PA additionally needs to be accompa-
nied by a simultaneous absorption or emission of a phonon providing the required crystal

momentum to the electron. The energy to excite the electron from the valence to the
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Figure 1.3: Fishman et al. investigated the non-degenerate 2PA in ZnSe (left) and GaAs
(right) for the small energy photon (Awgate) fixed in energy and the large energy photon
(hwsigna1) varied in energy. They found a strong enhancement for very non-degenerate config-
urations comparing to the degenerate case. The experimentally obtained scaling behaviour fits
well the theoretical predictions (lines) of Sheik-Bahae et al. [49][50]. Taken from Reference [19].

conduction band across the indirect bandgap FEj; is again provided by the sum energy of
the two photons. The phonon energy Ep;, contributes only little since it is at best a few
tens of meV [51] and compared to the photon energies almost negligible. At k = 0 the
valence band states are again of p-type and the conduction band states of s-type whereas
the conduction band states at the indirect bandgap at k # 0 are a mixture of p- and
s-type [b1, 62]. In contrast to the 2PA in direct semiconductors, the 2PA in indirect
semiconductors exhibits a temperature dependence because of the temperature dependent
phonon occupation numbers [63].

Due to the additionally participating phonon, the strength of a 2PA in an indirect semi-
conductor is much lower than in a direct semiconductor. Nevertheless, a comprehensive
understanding of the phonon-assisted 2PA is of special interest as there are various 2PA
based applications using Si, the most prominent representative in the group of indirect
semiconductors. Aside from technologies benefiting from the 2PA, in Si at 1310nm and
1550 nm (the most common telecommunication wavelengths) the 2PA itself and the subse-
quently induced free-carrier absorption (see also Chapter act as an undesirable loss
mechanism at high optical intensities competing with actually desired nonlinearities [64].
Even so, less experimental and theoretical studies have been performed on phonon-assisted
2PA in contrast to studies on direct semiconductors, particularly the research on phonon-

assisted non-degenerate 2PA is scarce. [65]
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Figure 1.4: Bandstructure model of an indirect semiconductor with one parabolic valence

band and two parabolic conduction bands separated by the indirect bandgap E, at k # 0.
The direct bandgap E, at k = 0 is larger than Eg. One possible phonon-assisted 2PA out
of many possible transition schemes is shown. It consists of an interband transition from the
valence to the higher conduction band, followed by a phonon emission and finally an interband

transition to the minimum of the valence band.

Comparable to direct semiconductors theoretical studies try to calculate scaling rules for
the phonon-assisted 2PA coefficient. Also here, various approaches and bandstructure
models are developed, showing that the excitation energies of the two photons as well
are the most influencing parameters on the scaling of the phonon-assisted degenerate and
non-degenerate 2PA coefficient "]

The most recent theoretical study of Garcia et al. [55] applies a bandstructure model com-
prising one parabolic valence and two parabolic conduction bands. The degeneracy of
the valence band is neglected. In Figure the bandstructure model with one two-photon
transition, out of many possible transitions, is shown. It consists of an interband transition
from the valence to a higher conduction band, followed by a phonon emission and finally
an interband transition from the higher conduction to the lowest conduction band. The
approach of Garcia et al. yields a phonon-assisted degenerate 2PA coefficient in total con-
sisting of three different dispersion relations depending on the transition type. In contrast
to Op.gpa in direct semiconductors, the allowed-allowed and allowed-forbidden transition

type are here not negligible for the scaling behavior. Nevertheless, the forbidden-forbidden

10Also the indirect bandgap is an influencing parameter on the scaling of the phonon-assisted 2PA
coefficient. The exact dependence differs between theoretical studies and has not been experimentally
determined. M. Dinu [63] calculates Eg_i3 as in direct semiconductors whereas Garcia et al. [55] proposes

—3/2
B2,
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1.2. Two-photon absorption

transition type is much weaker and peaks at excitation energies of fuw ~ 5/2FEg; when linear
absorption already superimposes the 2PA. According to this, the overall phonon-assisted

degenerate 2PA coefficient is given by

2 2
n [ hw
Boopa = AW =" 2CF" <E > (1.34)
n=0 n=0 &l

with C' a material dependent constant (which can function as a fit parameter in comparison

with experimental data) and n = 0, 1,2 denoting the allowed-allowed, allowed-forbidden
and forbidden-forbidden transition type, respectively. The factor 2 accounts for phonon

absorption and emission. The spectral dependence F5 is given by

T — n—+2 1 11
F"(2) = (2(2;)2)/0 (1—2)" a3 da (1.35)

assuming Ep, < Eg. The integral in FQ(") (z) weights the influence of the specific tran-
sition type. It is g,z and 157”8 for n = 1,2, 3, respectively. In Figure the function

2
an)(hw/Egi) for each transition type and the summation »_ FQ(n) over all transition
n=0

types are shown. The maxima of FQ(n)(:c) for n = 0,1 lie close-by at hw =~ 5/6E, and
hw =~ 5/4Eg;, respectively. The summation models the experimentally observable scaling

behaviour of Sp.opa as all transition types contribute to the 2PA.
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Figure 1.5: Spectral dependence FQ(")(hw/Egi) of the phonon-assisted degenerate 2PA coef-
ficient for the three different transition types assuming E,n, < Eg. The forbidden-forbidden
type contributes only little as the scaling would be experimentally observed.

The theoretical predictions for the scaling of the phonon-assisted degenerate 2PA coeffi-

cient are well in line with experimental observations. The measured 2PA coefficients of
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Bristow et al. [66] in Si for excitation wavelengths 850nm < A < 2200nm are compared
with the theoretical results of Garcia et al. and show good agreement. Values for Sp_apa up
to ~ 2.5 Gy were observed. A comparable study of Lin et al. [67], also in Si and using the
same wavelength range, shows a similar trend for Sp_opa, although a definite comparison
with theory is missing there. The absolute 2PA coefficients of Lin et al. are overall smaller
(< 0,6 &)- The theory of Garcia et al. was further confirmed for indirect transitions in
Ge using the experimental data of Seo et al. [68][69]. Followingly, also the phonon-assisted
degenerate 2PA coefficients are scalable by changing the excitation energy, as in case of

direct semiconductors, but also do not exceed a few cm/GW.

These limits can also be extended by using non-degenerate configurations. The joint study
of Sanaz Faryadras and Cox et al. [23, 24], so far the only one, theoretically calculates
the scaling of the phonon-assisted non-degenerate 2PA coefficient. By comparing their
results with experimental data, they find the allowed-allowed transition type describing
the scaling behavior best. Assuming Fj;, < Egi, the phonon-assisted non-degenerate 2PA

coefficient is accordingly given by

2

D 1 1 1 1 2
) = —1)% (1.36
Bxpapa (21, 72) i i (x1+x2> (21422 1)2 (1.6)

E, E,
ning 1,5 Efsi — I Ef:i — T9

with z1 o = mglgl 2 and D a scaling parameter to be determined by comparison with exper-

imental data. Faryadras and Cox et al. further distinguish between specific pathways of
the allowed-allowed type. The dominating pathway, described by Equation , is an
interband transition across the direct bandgap at k = 0, followed by a downward tran-
sition back to the valence band maximum (both transitions induced by a photon) and
finally a phonon-assisted interband transition to the minimum of the conduction band.
The measurements for validation were performed with one photon at a fixed wavelength
(1700 nm, 1900 nm, 2400 nm) while the other one varied in wavelength between 1150 nm
and 1500 nm. Since the non-degenerate 2PA coefficient should also lead to the degenerate
2PA coefficient with w; = wo they also used the degenerate data of Bristow et al. [66] for
comparison. Nevertheless, the authors remark that due to the limited experimental data
further examinations could add some more transitions paths, leading to a final scaling that
describes the experimental data even better. Therefore, systematic studies with varying
w1 /we at a constant sum energy could be very useful. So far only phonon-assisted non-
degenerate 2PA data at discrete wavelength configurations, especially in Si waveguides at
the telecommunication wavelengths [20} 2], 22], is available. However, they do not pursue

to validate the scaling behavior but rather address other questions. Within the study
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1.2. Two-photon absorption

of Faryadras and Cox et al. for the most non-degenerate configuration at 1150 nm and
2400 nm a 2PA coefficient of about 1.2cm/GW was reached.

All in all, the frequency ratio of the two involved photons is the most influencing parameter
to enlarge the 2PA strength in direct and indirect semiconductors within one material.
Especially the scaling probability for non-degenerate configurations is very large. The
specific scaling functions deviate due to the different dominating transition type(s). In
direct semiconductors very high non-degenerate 2PA coefficients in the range of cm/MW
can be achieved. Because of the additionally participating phonon, the enhancement in
indirect semiconductors still remains in the order of cm/GW due to the overall smaller

2PA absorption strength.

1.2.2.3 Anisotropy

In cubic semiconductors, the linear one-photon absorption strength is equivalent along all
crystal axes. There are no differences for linear, circular or elliptical polarized light. In
contrast, the 2PA is dependent on the crystallographic orientation and the polarization of
the driving fields. It is anisotropic. This anisotropy stems from the third-order suscepti-
(3)

Im

to the (non-)degenerate 2PA coefficient (see Chapter |1.2.1]). x%fﬁ exhibits off-diagonal el-
ements which introduce the anisotropy, whereas the linear susceptibility tensor y(V) is a
scalar quantity and thus isotropic (see Chapter [1.1.2)).

Various theoretical and experimental studies have investigated the 2PA anisotropy, mainly

bility tensor, more precisely its specific tensor elements, since x;./ is directly proportional

for degenerate driving ﬁeldst]. The approaches are versatile and examine different aspects.

The main results for direct semiconductors are:

(1) Varying the (linear) polarization of the two driving fields with respect to a specific
crystal axis most often leads to a periodically modulated 2PA coefficient. |26, 27, 28]

29] (orientation anisotropy)

(ii) The specific polarization of the driving fields (linear, circular, elliptical) and their
relative orientation with respect to each other highly influences the degenerate 2PA

strength. [25, 26], 42, [70] [71] (polarization anisotropy)

(iii) The ratio of the 2PA coefficient in different states of polarization, for example

Blinear/ Beircular, 18 dependent on the specific excitation energies. [70, [71], [72]

1n the context of anisotropy the term “non-degenerate” sometimes refers to a configuration where the
two driving fields have the same wavelengths but different polarizations. Here, the term is used for different

wavelengths only.

23



Theoretical Background

(iv) The 2PA anisotropy effects are less significant in semiconductors with smaller bandgap
energies. 26, [70] [71]

Theoretical studies have further shown that calculations using a two-band model are not
able predict the 2PA anisotropy, although this model can successfully describe the scaling
of the 2PA coefficient as introduced in Chapters [1.2.2.1] and [1.2.2.2] Only the extension

to a model with at least the next higher conduction band can account for 2PA anisotropy

effects. The influence of this higher conduction band is threefold: “First, the mixing of the
upper conduction states with the lower conduction and valence bands perturbs the energies
leading to anisotropic bands and spin splitting. Second, the upper conduction-band wave
functions |...| mix with the lower states and so modify the optical coupling between the
lower states. Third, the upper conduction-band states appear as additional intermediate
levels in the two-photon absorption.” [71]. For very narrow gap semiconductors the in-
fluence of the additionally considered conduction band vanishes as the energy gap to the
lowest conduction band increases. In that case, the band structure approaches the isotropic
limit which underlines the less significant anisotropy for small bandgap semiconductors like
InSh. [70, [71], [72]

Few experimental studies, especially for Si, partially give rise to similar characteristics of
the 2PA anisotropy in indirect semiconductors [30, 31, B2, 33]. Anyhow, for a reliable vali-
dation further experimental data needs to be accumulated. Theoretical studies are entirely

lacking so far.

Due to the anisotropy effects it is absolutely essential in every 2PA study to precisely
describe the specimen orientation and the polarization of the driving fields. In many
studies this information is missing so that a comparison of absolute values of the 2PA
coefficient is hardly possible. For example, Dvorak et al. showed that the degenerate
2PA coefficient of GaAs at 950 nm varies between 19.5cm/GW and 27 cm/GW if the two
incident beams are either polarized along the [001] or the [110] crystallographic axi{lz]7
respectively. Comparing two configurations where the two incident beams were either
polarized parallel or perpendicular to each other gave values of 19.5cm/GW and 8 cm/GW,
respectively. [26]

2 The notation [uvw)], according to the Miller indices [73], refers to a specific direction vector uZ -+

v¥a + wZs with the basis vectors 7 of the real or reciprocal lattice, depending on which lattice is referred
to.
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Chapter 2

Experimental Setup and Sample

Characterization

This chapter gives a comprehensive overview on the experimental setup and the specifically
used main experimental methods in detail. The characteristics are described, advantages
and challenges are elucidated. The chapter completes with a thorough presentation of the

three investigated semiconductors ZnSe, GaAs and Si.

2.1 Experimental methods

The three main experimental concepts are the measurement of the non-degenerate two-
photon absorption strength, the knife-edge method which is used for measuring the spot
size of a laser beam and the 2PA based autocorrelation technique to determine the pulse
lengths. The spot sizes and pulse lengths are required for the analysis of the two-photon
absorption strength measurements, thus the determination of the 2PA coefficients. The
operating principle of the 2PA autocorrelator is of further interest since it is an application
based on 2PA.

2.1.1 Non-degenerate two-photon absorption measurement

The non-degenerate two-photon absorption strength is measured in a pump-probe scheme
where two pulsed laser beams with photon energies fiwprobe and lwpump are spatially and
temporally overlapped at the sample location under a variably adjustable time delay 74.
After the sample the transmittance of the probe beam is detected and the pump beam is
blocked. Within the sample the two beams can be assumed to be parallel, since refraction

further decreases the anyway small angle between the two beams in front of the sample.
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With this concept the 2PA strength can be directly measured from the attenuation of the

signal beam. Figure shows a schematic representation of the experimental setup.
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Figure 2.1: Schematic representation of a non-degenerate 2PA experimental setup in pump-

probe fashion with a weak probe pulse fuwprone and strong pump pulse Awpymp.

In order to induce the non-degenerate 2PA with one photon from each beam and to sup-
press the degenerate 2PA with two photons from the same beam, the photon energies are

preferably chosen to be

Eqi Eqi
50 < hwprobe < Egy  and  Awpump < —5

With this choice, the strong pump beam alone cannot trigger an interband transition with
two of its photons. Additionally, a low intensity is set for the probe beam that itself alone

does not induce significant degenerate 2PA.

Figure shows simulated 2PA pump-probe traces for a 70 um thick ZnSe specimen as a
function of the time delay 7q. The traces are given for frequency ratios wprobe/Wpump =
{1.00,1.14,1.33,1.6,2.0,2.67,4.00} with a constant sum energy of 3.10eV. The simula-
tions are based on an analytical model for the pump-probe traces of Raluca A. Negres
et al. [74], which will be further explained in Chapter The involved photons both
have pulse lengths of 100 fs (FWHM)F_:I and the pump intensity is 0.06 GW/cm?. Since
the 2PA coefficient scales with the frequency ratio wprobe/Wpump, the respective values are
Blem/GW] = {3.8,4.2,4.9,6.5,10.2,20.1,67.3)P] The linear absorption is assumed to be
zero. The refractive indices are taken from Reference [75]. These 2PA pump-probe traces

exemplify their characteristic appearance in general and can be adopted to other materials,

!Subsequently, the pulse lengths will be either given as full width at half maximum (FWHM) or half
width at 1/e maximum (HW1/eM). The more current term is the FWHM even so the HW!/eM is used for
the analysis of the pump-probe traces in Chapter The two lengths can be converted into each other
by FWHM = 2v/In2 - HW1/eM = 1.665 - HW1/cM.

2The 2PA coefficients are based on the measurement results of the (100)-oriented ZnSe sample described

in Chapter
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sample thicknesses or photon pair characteristics such as pulse lengths. In the following

the pump-probe traces are described in detail.
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Figure 2.2: Simulated 2PA pump-probe traces in ZnSe for frequency ratios wWprobe/Wpump =
{1.00,1.14,1.33,1.60, 2.00,2.67,4.00} with a constant sum energy of 3.10€V. The related val-
ues for the 2PA coefficient are 8 [cm/GW] = {3.8,4.2,4.9,6.5,10.2,20.1,67.3}. The red colored
graph represents the degenerate and the dark green colored graph the most non-degenerate

configuration.

Independent from the degree of non-degeneracy the rising and falling slope of the pump-
probe traces correspond to the convolution of the involved pulses. The exemplary pump-
probe traces in Figure exhibit Gaussian shapes because the involved pulses also have
Gaussian profiles. In the degenerate case at wprobe/Wpump = 1 the transmission is minimal
at 79 = 0. The probe and pump pulse spatially and temporally overlap over the whole
sample length. In the non-degenerate case the two pulses propagate through the sample
at different velocities since the group velocity of a pulse is strongly dependent on its wave-
length. Thus, at 794 = 0 the faster pump pulse outruns the slower probe pulse so that only
a very small 2PA signal can be detected. For this reason, the minimum of the transmission
curve is shifted to delay times 74 > 0 where the pump pulse overtakes the probe pulse
within the sample length and thus a maximal 2PA signal is observable. Additionally, the
group velocity mismatch shortens the overlap distance relatively to the sample thickness
so that the measured amplitude of the transmission curve decreases. Nevertheless, this
effect cannot be observed in the transmission curves, since the 2PA absorption strength

increases with increasing ratio of wprobe/Wpump. Summarizing both effects this still leads
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to an overall increase of the amplitude. Further on, several initial delay times occur where
probe and pump pulse walk through each other within the sample thickness, so that the
2PA signal broadens and a plateau at the maximum amplitude is formed. This emerging
effective overlap distance can also be observed if the frequency ratio wprobe/Wpump is kept
constant and the sample thickness is increased. In this case, an overlap of the two pulses
is even possible for larger delay times, which also results in the formation of a plateau.
The broadening of the individual pulses as they pass through the sample, due to the group
velocity dispersion (GVD), is particularly important for very short pulses with a broad

frequency spectrum or very thick samples. [18] [74] [76]

The 2PA measurements can be accompanied by free-carrier absorption (FCA). The free-
carrier absorption is a subsequent intraband absorption process of already two-photon
excited “free” carriers (electrons or holes) to another unoccupied state in the same band.
Especially early studies on degenerate 2PA, with relatively long pulses in the picosecond-
range, were influenced by a significant high FCA which had to be included in the calculation
of the 2PA coeflicients as otherwise misleading results occurred. Therefore, Bechtel et
al. [77] introduced a critical intensity when the attenuation due to free-carrier absorption

is comparable to the attenuation by degenerate 2PA given by

2hw

= —r
“ " opt(1 = R)

(2.1)
with 7 the pulse length (HW1/eM), oy, the free hole absorption cross sectionﬂ and R the
reflectivity. In more recent studies the contribution of FCA has diminished since the use
of shorter pulses in the femtosecond-range has increased the critical intensity I, to a level
which goes far beyond the actual intensities used in experiments.

In non-degenerate 2PA measurements the FCA of probe and pump photons can be intro-
duced by carriers preliminary excited due to non-degenerate or (if it is not energetically
excluded) degenerate 2PA. Significant FCA of probe photons introduced by carriers pre-
liminary excited due to degenerate 2PA of the pump pulse would result into a slower rising
slope after the temporal overlap and thus to unsymmetrical pump-probe traces. For this
reason, the appearance of the pump-probe traces allows to directly monitor if there is
degenerate 2PA of pump photons and subsequent FCA of probe photons. FCA of probe
photons introduced by non-degenerate two-photon excited carriers would result into a fur-

ther transmission decrease when probe and pump pulse temporally overlap but which is

3Usually the dominant secondary absorption is by free holes. oy, is in the order of 1077 cm? for typical

semiconductors like GaAs. [T7]
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unlikely since pulse lengths in the femtosecond-range are usedﬁ The FCA of pump photons
is not captured in the pump-probe traces but can equally be estimated as non-relevant due
to the idler pulse lengths also in the femtosecond-range. Of course, the critical intensity

I.; can also be used to estimate the significance of the FCA.

2.1.2 Knife-edge method

The knife-edge method is used to determine the diameter of a laser beam [78]. The main
advantages of this method are its simplicity and usability over a wide wavelength range,
which depends solely on the choice of a suitable detector. To acquire a knife-edge mea-
surement, an optically opaque material with a sharp edge, for example a razor blade, is
translated across the beam perpendicular to the propagation direction. After the blade,
the mean power dependent on the blade position is detected. The recorded characteristic
power profile provides the information about the beam diameter. A representation of the

experimental setup can be seen in Figure [2.3]

linear
movable

blade
detector

Gaussian beam

—_—
propagation
direction

Figure 2.3: Schematic representation of the experimental setup for the determination of the
laser beam diameter via knife-edge method.

The power profile is evaluated assuming a Gaussian intensity profile according to the

Gaussian beam optics 79|

(2.2)

4(95; y)Q]

I(z,y) = Ipexp [—

in the xy—plane perpendicular to the propagation direction (see Figure , where Ij

describes the maximum intensity and d the diameter of the beam at which the maximum

*Here, the same probe pulse on the one hand excites the carriers via non-degenerate 2PA and on the
other hand provides photons for the FCA. This is why this effect can only be observed at the temporal

overlap.
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intensity has decreased to Iy/e (FW1/eM). If the blade is translated into the beam in the
positive z’-direction, the power is calculated as a function of the blade position z in the

beam given by

P(x) = /Z /:OI(:U',y) da'dy
1

= 5 Pauax <1 — erf <2;>> : (2.3)

with the Gaussian error function erf(x) = % f0$e_72d7 [80]. In this case, the beam is not
covered by the blade at the beginning of the measurement (see Figure . Otherwise,
with the beam completely covered, the sign in front of the error function changes. The

maximum power Py, without the blade is

Proax = / / I(z',y) dz'dy = %IOCF . (2.4)
blockedI transmitted
1(x) P(x)
A A
IO ﬁ T Pmax
blade \
I,/e
(a) d (b) d

Figure 2.4: (a) Radial intensity profile I(x’) and (b) characteristic power profile P(z) de-
pendent on the blade position with d the diameter of the beam at which the intensity has

decreased to Ip/e.

2.1.3 Two-photon absorption based autocorrelator

The optical autocorrelation is a method to determine the temporal width of ultrashort
laser pulses as shortly described in the[ntroduction] In general, to measure a time interval
it needs to be scanned with an even shorter time interval. In case of laser pulses down to
a few femtoseconds there are no suitable standard electronics available, since the response
times of, for example, photodiodes and oscilloscopes are too slow. The optical autocor-

relation technique solves this problem by splitting the femtosecond pulses into two parts,
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so that the pulse can be scanned with a duplicate of itself to reach the required time scales.

The experimental setup of an interferometric autocorrelator is based on a Michelson inter-
ferometer (see Figure . The input beam is split into the two arms of the interferometer
by a centrally arranged beamsplitter. One part of the pulse train is temporally delayed,
in the simplest case, for example, via a movable mirror. Afterwards, the two parts pass
the beamsplitter again, are thus recombined and collinear superimposed. The recombined
pulse trains are multiplied via a nonlinear process and the autocorrelation signal generated
in this way is detected and analyzed as a function of the delay time between the two pulse

trains.

fixed mirror

beam-
splitter
laser source

’ E(t) E(t-1)

E(t)+E(t-D)

—

s movable
multiplication mirror

detection

Figure 2.5: Schematic representation of an interferometric autocorrelator

The interferometric autocorrelation intensity profile I1ac(7) for a pulse with the electric
field E(t) is given by

[e.e]
2
Iiac(T) :/ [E(t) + E(t—7)?|" dt. (2.5)
—0oQ
Expanding the term in the bracket yields to an intensity profile consisting of four contri-
butions
oo
Iac(T) = / I?(t)I*(t — 7)dt (constant background) (2.6)
—oo
+ 4/ I(t)I(t —T)dt (intensity autocorrelation) (2.7)
—00

+2 /OO (I(t)+I(t—7))Re[E(t)E*(t — 7)]dt (w-interference term)  (2.8)

— 00
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—|—/ Re[E2(t)E**(t — 7)]dt (2w-interference term) (2.9)

—00
with I(t) = |E(t)|? and * denoting the complex conjugate. The background term gives a
constant offset corresponding to the self-multiplication of each individual pulse indepen-
dent from the time delay. The convolution integral in the second term determines the
intensity autocorrelation Iac = [*° I(t)I(t — 7) d¢ from which the temporal pulse width
can be deduced. The two interference terms appear as the electric fields of the two pulse
trains can be superimposed constructively or destructively depending on the mutual phase
position, adding interference fringes oscillating at w and 2w to the interferometric auto-

correlation profile. [81] 82]

To determine the temporal width of the initial pulse, its specific pulse profile needs to be

known. Assuming, for example, an initial pulse with a Gaussian intensity profile
I(t)=e" (2.10)
the intensity autocorrelation signal also has a Gaussian profile given by

Ino(r) = \/Zef . (2.11)

Evaluating I(t) and Ipc(7) at half of their amplitudes gives the time value at half width
(HWHM) and accordingly by doubling the value at full width at half maximum (FWHM)

= tFrwHM = 2\/@ and (212)
=  TFWHM,AC = 2¢/21n(2) . (2.13)

I(tgwnm) =

1

Inc(tawnam, Ac) = 5

N[} | o~

Hence, the transformation factor between the FWHM of the initial pulse and its autocor-
relation signal is given by T;\;‘:{% =0.71.

The most commonly used method to nonlinearly multiply the two pulse trains is the
second-harmonic generation. Here, the two pulse trains are superimposed in a nonlinear
crystal and an autocorrelation signal at twice the initial frequency is generated which is
then passed on to a detector. To achieve sufficient signal strengths interaction distances,
longer than hundreds of the incident wavelength, are required which makes the nonlinear
crystal relatively bulky. To further enlarge the autocorrelation signal, phasematching con-
ditions, to conserve the photon momentum between the input waves and the output wave,
need to be fulfilled. An alternative to second-harmonic generation based autocorrelators

are autocorrelators based on 2PA. Here, the nonlinear crystal and the detector can be
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replaced by a single semiconductor detection unit, since the 2PA transforms an optical
signal directly into an electrical signal through the transition of charge carriers. As long
interaction distances and phasematching are not required, the 2PA detectors are compar-
atively thin so that also undesirable broadening of the pulses due to GVD is negligible.
Furthermore, inexpensive standard devices such as photodiodes can be utilized. The 2PA
based autocorrelators are additionally easier in handling and adjustment. Detector mate-
rials for a wide wavelength range of operation are available as the 2PA is not limited by

the narrow phasematching bandwidth. [8], 9]
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Figure 2.6: Interferometric autocorrelation signal I1ac(7) detected with a commercial inter-
ferometric autocorrelator based on 2PA. The red line represents a Gaussian fit to the low-pass
filtered signal representing the intensity autocorrelation term Iac with Tpwen, ac = 101.1fs.
Accordingly, the temporal width of the initial pulse is tpwpyv = 71.8fs. The detailed view
shows the interference fringes with a peak to peak distance of A7 = 3.1fs corresponding to a

wavelength of 940 nm as determined with a spectrometer.

In Figure an interferometric autocorrelation signal I1ac(7) for a 940nm pulse with
Gaussian profile is shown. It was detected with the commercial interferometric autocorre-
lator APE MiINT TPA based on 2PA. The interferometric autocorrelation signal Ijac(7) is
low-pass filtered and fitted with a Gaussian profile, representing the intensity autocorrela-
tion term Iac(7) with a width of Tpwim, ac = 101.1fs. Accordingly, the initial pulse width
is tpwnam = 71.8fs. The detailed view shows the interference fringes with a peak to peak

distance of AT = 3.1fs corresponding to a wavelength of A = cA7 = 940nm, consistent
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with a spectrometer measurement. The constant offset corresponds to the self-induced

2PA of each pulse train in the two interferometer arms.

2.2 Experimental setup

The experimental setup for the two-photon absorption measurements is based on a laser
system consisting of a titanium:sapphire mode-locked oscillator (COHERENT MICRA), a ti-
tanium:sapphire regenerative amplifier (COHERENT REGA) and a pump laser (COHERENT
VERDI). The RegA system emits ultrashort laser pulses with a central wavelength of
ARegA = (790 — 800) nm, a pulse length of Trega ~ 60fs (FWHM) and a pulse energy of
ERrega = 8000nJ at a repetition rate of frega = 250 kHz.

The pulses provided by the RegA system are coupled into an optical parametric amplifier

OPA
pump

other hand to generate a white light continuum. The white light continuum is overlaid

(OPA) and used on the one hand as a pump pulse with the frequency w and on the
with the intense pump pulse in a nonlinear crystal. Depending on the phase matching
conditions, meaning practically the adjustment of the phase matching angle, a specific
frequency wgi, of the white light continuum is amplified through the pump pulse. Addi-
tionally, a further pulse at the difference frequency wiq = wgfrﬁp
the first pass of the pump and signal pulse through the nonlinear crystal, the pulses pass

— Wsig is generated. After

through the crystal a second time for further amplification. Then, the signal, idler and
residual pump pulse exit the OPA.

Consequently, the sum frequency wgym of the signal and idler photon is equal to the pump
frequency, i.e. constant for all adjustable frequency combinations of signal and idler pho-
ton. Thus, an OPA offers the possibility to systematically scan through different ratios
Wsig/wiql with a constant sum frequency and is therefore well suited for the investigation
of the 2PA coefficient depending on that ratio. [83]

Since for the stimulation of the 2PA the sum energy Fgum of the involved photons has to be
at least as large as the bandgap of the respective material, two OPAs with different sum en-
ergies and accordingly different output wavelengths of the signal pulse in the visible (VIS)
and in the infrared (IR) range are used. The VIS-OPA (COHERENT MODEL 9400/9450)
is pumped with photons at a wavelength of 400 nm (3.10 eV), making it tunable in a wave-
length rangeﬂ of Asig = (510 —800) nm and Aig = (1855 —800) nm. Here, the output pulses

5The degenerate photon pair at Asig = Aial = 800 nm is directly provided by the RegA system, but is

listed in the tuning range for clarity.
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Table 2.1: Tuning ranges of the VIS- and IR-OPA

VIS-OPA IR-OPA
Asum 400 nm 790 nm
Esum 3.10eV 1.57eV

Asig (510 — 800) nm | (1210 — 1550) nm
(2.43 — 1.55) 6V | (1.02 — 0.80) eV
Ml | (1855 — 800)nm | (2276 — 1611) nm
(0.67 — 1.55)eV | (0.54 — 0.77) 6V

of the RegA system are firstly frequency-doubled to achieve the desired pump wavelength.
The IR-OPA (COHERENT MODEL 9800/9850) is directly pumped with photons provided
by the RegA system at a wavelength of 790 nm (1.57 V), the corresponding tuning ranges
are Asig = (1210 — 1550) nm and Ajq1 = (2276 — 1611) nm. Hence, systematical investiga-
tions of frequency ratios wsig/wiqr from 1.0 to 3.6 with the VIS-OPA and from 1.1 to 1.9
with the IR-OPA are possible. An overview of the tuning ranges of the VIS- and IR-OPA
can be found in Table The lengths and energies of signal and idler pulses are strongly
dependent on their frequency ratio and the individual RegA system and OPA adjustment.
The pulse lengths range from (7gg, Tig1) = (50 — 500) fs (FWHM) with generally a decrease
in 7sig and an increase in 7iq; observed with increasing frequency ratio wsig/wiqi. The pulse
energies are Fgy, < 140nJ and Eiq < 40nJ. For both OPAs, the signal and idler beams
are linearly polarized at the output. The two beams are separated by different dichroic
beamsplitters in case of the VIS-OPA and by a broadband Wollaston prism in case of the
IR-OPA.

The complete experimental setup for the non-degenerate two-photon absorption measure-
ments, as described in Chapter is shown in Figure The idler beam initially

travels over a variable delay path x to achieve a time offset

g = Lair (2.14)
C

in between signal and idler pulse with n,i /= 1 the refractive index of air for measurements
under ambient conditions. For that purpose the motorized linear stage NEWPORT XMS50-
S ULTRA-PERFORMANCE is used which features minimal incremental steps of 1 nm length
corresponding to time intervals of a few attoseconds and hence satisfies the requirement
to resolve pulses with several femtoseconds length. After the delay, the signal and idler
beam are superimposed on the sample. A small angle ¢ between the two beams allows

to easily separate them after the sample but still ensures the spatial overlap of the two
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pulses in the sample since the angle is even smaller in the sample due to refraction. A
A/2-waveplate, placed in front of the sample in the idler beam, further allows the linear
polarization of the idler pulse to be rotated by 90°. In this way 2PA measurements can
be realized where the signal and idler pulses are either polarized parallel or perpendicular
to each other. In the following, these two configurations will be referred to as co-polarized
() and cross-polarized (L), respectively. Furthermore, the idler beam is modulated with

a mechanical chopper at a frequency fiod.
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Figure 2.7: Schematic representation of the 2PA experimental setup.

In the overlap plane of the two pulses a sample holder is mounted perpendicular to the
signal beam propagation direction which can be moved horizontally (z-direction) and ver-
tically (y-direction) via two further motorized linear stages so that switching between
different samples and recording knife-edge measurements is easily possible. For the knife-
edge measurements a power meter can additionally be installed behind the sample holder
in the signal or idler beam. The samples and the blades for the knife-edge measurements
are glued side by side on a glass carrier and can be picked up by the holder (see Figure.
The blades are non-transparent, titanium-vaporized glass plates with sharp edges compa-

rable to razorblades. These are mechanically ground to the respective sample thickness, so
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that the beam diameter is measured in the sample plane. Additionally, the lenses focusing
the beams on the sample are chosen so that the minimum signal and idler beam waist 2wy
does not diverge significantly over a few tens of millimeters corresponding to the Raleigh
length zp = ng /A [79]. Also, by the choice of these lenses, the idler spot size in plane of
the sample is adjusted to be bigger than the signal spot size for all frequency configurations
to ensure that the signal pulse is located in area of approximately uniform idler intensity.
The idler beam is blocked behind the sample and the transmission of the signal beam is
detected using a photodiode. Since the idler beam is modulated, a lock-in amplifier can
be used to compare the transmission signal with the reference signal from the chopper and
filter out any components that do not originate from the interaction of the signal and idler

beam to enhance the signal-to-noise-ratio of the measurement.

Si (100)  s;j (100)
454 pm 249 ym titanium-vaporized

M&l ‘4 glass glates
1 Aty 250 450 um

_'..,..\\

razorblades

Figure 2.8: Sample holder with glass carrier on which the different Si samples are glued. The
additional GaAs sample is used for adjusting the spatial and temporal overlap since Si has
overall smaller 2PA strengths. The titanium-vaporized glass plates have a similar thickness
as the samples and are used to perform knife-edge measurements in the sample plane. The
razorblades are used to validate the quality of the titanium-vaporized glass plates. The sample
holder can be electronically translated in z- and y-direction to switch between the samples

and blades. The sample holder can likewise pick up glass carriers with other samples.

For the quantitative analysis of the two-photon absorption coefficient a precise knowledge
of the idler pulse lengths and the signal and idler wavelengths is required. The idler pulse
lengths are measured with the commercial autocorrelator APE MINT TPA, which opera-

tion principle is described in Chapter[2.1.3] The autocorrelator can be equipped with differ-
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ent detector units depending on the actual wavelength of the pulse. The signal pulses could
also be characterized in that way. But as the signal pulse has overall shorter pulse lengths
with higher refractive indices compared to the idler pulse due to its shorter wavelengths,
the length of the signal is more reliably determined by the data analysis described in Chap-
ter With that the signal pulse length is “measured” in the sample plane independent
from dispersion effects of the experimental setup. For measuring the wavelengths of signal
and idler pulse different commercial spectrometers are used. The visible wavelength range
is covered by the AVANTES AVASPEC-2048-SPU spectrometer suitable for wavelengths
A = (327 — 1100) nm. The near-infrared wavelength range is covered by the STELLARNET
EPP-2000-NIR-INGAAS spectrometer suitable for wavelengths A = (900 — 1700) nm and
the APE WAVESCAN spectrometer suitable for wavelengths A = (800 — 2600) nm.

2.3 Sample characterization

The semiconductors studied in this thesis are ZnSe, GaAs and Si. ZnSe and GaAs be-
long to the group of II-VI- and ITI-V compound semiconductors, respectively, and exhibit
Zincblende structure (space group 216, point group 43m). Both crystals are direct semicon-
ductors with bandgaps of Eg znse = 2.7¢eV and Eg gaas = 1.42eV at room temperature.
Si, on the other hand, belongs to the group of element semiconductors and has diamond
structure (space group 227, point group m3m). It is an indirect semiconductor with the
smallest energy gap Eji si = 1.12¢eV close to the X-point in [100]-direction. At the I'-point,
the direct bandgap Ly si = 3.4eV is much larger. Also, both of these bandgaps refer to

room temperature. [51]

Since for the 2PA the sum energy of the involved photons needs to exceed the bandgap, the
VIS-OPA (Egum = 3.10€V) is used for the ZnSe sample and the IR-OPA (Egym = 1.57€V)
for the GaAs and Si samples. Consequently, the excess energies above the bandgaps are
AEznse ~ 400meV for ZnSe, AEGgaas ~ 150meV for GaAs and AFEg; (indirect) & 450 meV
for Si. Note that the sum energy of the VIS-OPA does not exceed the direct bandgap of
Si, hence there is no direct bandgap transition through a 2PA process possible.

Each sample is investigated in (100) and (110) crystallographic orientation’] In the ex-
periment, these planes are perpendicular to the signal beam propagation direction. The
angle ¢ between signal and idler beam is 20°, 27° and 30° for ZnSe, GaAs and Si, respec-

tively. Due to refraction the angle in the sample is with approximately 8°, for all three

5The notation (hkl) refers to a plane in the real lattice with the normal vector @ = hd + ks + 1d3 and

the basis vectors a; of the real lattice according to the Miller indices [73].
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Figure 2.9: Crystallographic orientations and cutting edges of the ZnSe, GaAs and Si samples
compared to the polarizations of the signal and idler beam, schematic representation of the

Zincblende and diamond structure.

materials and for each idler wavelength, even smaller. Thus, the spatial walk-off in the
sample is negligible and the signal and idler beams can be assumed to be parallel. The
crystallographic axes with respect to the signal and idler polarizations are individual for
each sample and are shown in Figure [2.9

The ZnSe and GaAs samples have a thickness of approximately 50 um, thick enough to
ensure a sufficient signal strength but even so keeping the group velocity mismatch small.
For Si the expected 2PA strengths are overall smaller than for ZnSe and GaAs, hence
thicker samples for Si are chosen. Furthermore, Si is measured in two different thicknesses,
approximately 250 um and 450 um, to exemplarily show that the sample thickness does
not affect the 2PA strength, i. e. the group velocity mismatch is well described by the
measurement analysis. The thicknesses are achieved by mechanical grinding of commercial
wafers. All samples are undoped. An overview of the bandgaps, orientations, and exact
thicknesses of all samples and the assigned laser system for each sample can be found in
Table
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Table 2.2: Bandgaps at room temperature and experimental parameters of the ZnSe, GaAs

and Si samples. Additionally, the laser system used for the respective sample is given.

bandgap

orientation and thickness

laser system

100): d = 42 um

(
ZnSe | E, ynse = 2.7eV RegA + VIS-OPA
B ZnSe (110): d = 37 um &
GaAs | E _ gy | 100 d=51um RegA + TR-OPA
B Gals = & (110): d = 52 pm 8
Eusi— 1126V | (100): d — 249 um, 454
Si gl S (100) ML 207 RegA + TR-OPA
Egsi=34eV | (110): d = 253 um, 455 pm
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Chapter 3
Experimental Results

In the following chapter the experimental results of the non-degenerate two-photon absorp-
tion measurements are presented. The scaling of the non-degenerate two-photon absorption
coefficient as well as its orientation and polarization anisotropy for ZnSe, GaAs and Si are
analyzed. The results of the specific samples are compared among each other and with

previous experimental results. The accordance with theoretical predictions is evaluated.

3.1 Procedure for experimental data analysis

The analysis of the non-degenerate 2PA pump-probe traces and the knife-edge measure-
ment data follows general procedures which can be independently applied to each individ-
ual measurement. These procedures and representative examples for all measurements are

illustrated in the following.

3.1.1 Analysis of the two-photon absorption measurements

For the determination of the 2PA coefficient the theoretical approach of Negres et al. [74]
is used. The authors provide an analytical model to fit the 2PA pump-probe traces (see
Chapter with the possibility to extract the 2PA coefficient 3 as a fitting parameter.
The approach considers an interaction of two optical pulses centered at wavelengths A,
and Ajg in a nonlinear medium whereby the signal and idler pulse refer to the weak
probe and the strong pump pulse as introduced in Chapter , respectivelym The idler
wavelength is chosen so that linear absorption or degenerate 2PA is suppressed and the

so called undeleted pump approximation is applicable. Due to its wavelength and weak

'For better readability the notation used in the study of Negres et al. is adapted to the notation

introduced in this thesis.

41



Experimental Results

intensity also the signal pulse does not exhibit linear absorption or degenerate 2PA. The
broadening of the signal pulse due to the GVD is assumed to be zero. This holds true for

many materials if the introduced GVD parameter

3 2
iy — /\sigd o0°n
sig = 2 2 2 )
4dme T o\ Msig

(3.1)

with the signal pulse length 74, given as HW1/eM, does not exceed the critical value of
ter = 0.45. In general, this is valid for measurements with signal pulse lengths in the
100 fs-range and in samples not thicker than a few millimeters. The broadening of the
idler pulse can also be neglected since its GVD 1is even smaller due to its longer wave-
lengthsﬂ Taking into account the idler parameters, Equation can of course also be

used for verification. Both pulses are assumed to have Gaussian temporal envelopes.

Within this framework the normalized nonlinear transmittance of the signal pulse can be

modeled by

o T+ Td/ma1 — 2 &
;;: W/mexp{—< i ICVI p) — F\pf(erf(T) —erf(r—p))}dT (3.2)

with the Gaussian error function erf(z) = % foxe*TQdT [80], the ratio W = msig/q of
signal and idler pulse length given as HW1/eM and the time delay 74 between the pulses.
The temporal walk-off between the two pulses when passing through the sample due to

the group velocity mismatch is captured by the walk-off parameter

p= Ang, (3.3)

with the group index difference Ang, = ng; sig — ngr,id1 of the two pulses. The linear and

nonlinear absorption of the signal pulse is covered by the linear absorption parameter

ad
= — 3.4
o=5 (34)
and the nonlinear absorption parameter
I =d-S€193 (3.5)
nidl

with the initial idler intensity Ii%ll before impinging on the sample. By excluding the non-
linearity via setting I' = 0, the model can be traced back to only linear absorption as
described by the Lambert-Beer’s law ((1.16]). The model also holds true for degenerate and

2This is true at least for wavelengths in the near-IR range due to the shape of n()\) in that wavelength

region.
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3.1. Procedure for experimental data analysis

non-degenerate 2PA, so that [ either gives Bp.opa for Asig = Aia1 or Snp-2pa for Asig # Aidl-

To obtain reliable fitting results an accurate determination of all contributing parameters
to the model is necessary. As described in the experimental setup (see Chapter
many of these values are experimentally determined. These are the wavelengths of both
pulses Agig and Aiqi, the idler pulse width 7iq), the incident idler power Py and the signal
and idler spot sizes Agjz and Ajq; in the sample planeﬂ Based on these parameters an
average initial idler intensity

Pai

1% =(1—- Rg)——
ian = ldl)fRegATidlAidl

(3.6)

can be derived, whereby the values for the idler reflectance Rjq are taken from Refer-
ence [84], which uses References [75, 85, [86] as primary sources for ZnSe, GaAs and Si.
Riq is dependent on the idler wavelength, on the polarization of the idler beam with re-
spect to the incident plane (p- or s-polarized reflectance) and on the angle of incidence
¢. The idler pulse length and spot size enter the calculation of I, as FW1/eM (see also
Chapter . The remaining parameters are calculated by using literature values. The

refractive index for each wavelength is given by fitting the Sellmeier equation [87]

AN? ON\? EN?
=4/1 . .
n(A) \/+)\2—B+)\2—D+)\2—F (3.7)

to literature values of the refractive index measured for a wide wavelength range. These
data sets are also taken from Reference [84] with the above mentioned primary sources for
the three samples. The calculated Sellmeier coefficients A — F for the specific sample can
be found in Table . Using the Selllmeier equation and the relation w = 275, the group

refractive index can further be calculated by

c Cdk(w) d dn(w)

ngr(w) = o (@) =c = a(n(w)w) =n(w) +w v (3.8)

Table 3.1: Sellmeier coefficients for ZnSe, GaAs and Si

A | B | c | p | B | F
ZnSe 4.713 | 0.03741 | 0.13085 | 0.20464 | 0.96186 | 1059.53848
GaAs | 9.41804 | 0.09315 | 0.44502 | 0.50385 | 1.93379 | 1350.49124
Si 9.64011 | 0.04846 | 4.24633 | 0.04903 | -3.23475 | -0.11019

3The signal spot size is monitored for comparison with the idler spot size and does not directly enter

the analysis of the pump-probe traces.
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Figure 3.1: Wavelength spectra for the representative measurement examples. The pulses
have central wavelengths of Ay, = 570nm and Ay = 1341nm for the ZnSe sample and
Asig = 1350nm and Ay = 1904nm for the GaAs and Si samples. The bandgap energies at
the corresponding wavelengths are also shown for each sample.

The evaluation of the 2PA data sets is performed with WOLFRAM MATHEMATICA devel-
oped by WOLFRAM RESEARCH. The source code with detailed comments can be found in
the In the following, for each sample one representative measurement example
and its analysis are illustrated. These are the co- and cross-polarized measurements at
wavelength combinations Agj; = 570nm and Agy = 1341 nm for the (100)-oriented ZnSe
sample and Agig = 1350nm and Agjg = 1904nm for the (100)-oriented GaAs and Si sam-
ples. The wavelength spectra of the individual pulses are shown in Figure with the
bandgap energies of ZnSe, GaAs and Si at the corresponding wavelengths. The following
assumptions are not only applicable to the given measurement examples but are also valid
for all measurements at each signal and idler wavelength combination. They are consis-
tent with the assumptions required for the evaluation of the data sets within the model of
Negres et al. as given above.

The linear absorption of signal and idler photons across the fundamental bandgap Ej ) is
assumed to be zero since Eg, < Eq) and Eiq < Egiy. T he linear absorption of signal and
idler photons due to FCA can also be excluded since the pump-probe traces are symmetric
and the critical intensities I.; (see Equation (2.1))), calculated for signal and idler pulse,

are in the order of a few hundreds of GW/cm? exceeding the actually used intensities
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3.1. Procedure for experimental data analysis

(<1 GW/cmz)ﬁ The degenerate 2PA of the signal pulse is suppressed due to its weak
intensity. Degenerate 2PA of the idler pulse would be energetically possible for some of
the shorter idler wavelengths in ZnSe and GaAs and all idler wavelengths in Si but can
also be neglected because the pump-probe traces do not show transient absorption beyond
the temporal overlap of signal and idler pulse. The temporal broadening of the signal
and idler pulses while propagating through the sample due to GVD is negligible as for all
samples the GVD parameter for signal and idler pulse does not exceed the critical
GVD parameter of pe, = 0.45. The spot sizes of signal and idler pulse are adjusted so
that the idler spot is at least 2.5-times for ZnSe, 4.4-times for GaAs, 2.5-times for Si with
d =249 um and 2.6-times for Si with d = 454 um larger than the signal spot. As a result,
the intensity of the idler across the signal spot is practically identical to its peak intensity.
Therefore the average idler intensity Ii%l in Equation is scaled with e/(e — 1) =~ 1.582

to convert the assumed flat-top to a Gaussian intensity profile with the peak intensity Iii’ﬁak

Table 3.2: Signal and idler pulse parameters

ZnSe | GaAs Si Si

249 um 454 pum
Asig [nm] 570 | 1350 | 1350 1350
Aial [nm] 1341 | 1904 | 1904 1904
Tiar [fs] 59.0 | 61.9 | 96.1 96.1
sig 0.004 | 0.003 | 0.057 0.104
Lidl 0.003 | 0.007 | 0.011 0.020
Pyg [mW] 0.2 0.1 0.1 0.1
Paq [mW 045 | 0.7 0.6 0.6
Agig [pm?] 2100 | 1000 | 1500 3200
Aiq [um?] 30100 | 17300 | 12000 13900
I [GW /em?] | 0.067 | 0.155 | 0.122 0.106
PR |GW /em?| | 0.064 | 0.138 | 0.105 0.092

Note: Tia1 is given as HW1/eM while Az and Ajqr are given as FW1/eM

A detailed overview of the signal and idler pulse parameters, the calculated non-degenerate

2PA coeflicients ) and 3, and the related signal pulse widths 7gg can be found in Ta-

“Strictly speaking, the estimation via I.. is only valid for FCA whereby the carriers are originally
excited by degenerate 2PA. The critical intensity for FCA arising from carriers excited by non-degenerate
2PA will however be in the same order, since signal and idler pulse have on that note comparable energies,

pulse lengths and reflectivities.
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Figure 3.2: Exemplary pump-probe traces for a co- and cross-polarized non-degenerate 2PA

measurement for the (a) ZnSe sample at Ay = 570nm and Aigy = 1341nm and (b) GaAs
sample, (c) Si sample with d = 249 pm, (d) Si sample with d = 454 um all at sz = 1350 nm
and Aigr = 1904nm. All samples exhibit (100) crystallographic orientation. The blue (red)

data corresponds to the co-(cross-)polarized configuration. Solid lines represent a fit according

to the model by Negres et al. [74].
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3.1. Procedure for experimental data analysis

Table 3.3: Fitting results

&l Tsig, | i Tig, L
[cm/GW]| [fs] [cm/GW]| [fs]
ZnSe 12.931139 1 120.7+£0.9 | 4771589 1 1201+ 1.7
GaAs 2225118 | 1225 £1.4 | 7197080 | 1235 £ 1.9
Si (249 pm) | 0.697008 | 96.74+0.8 | 0.347003 | 98.2+1.3
Si (454 um) | 0.98T007 | 153.2 4+ 1.7 | 0.46 003 | 156.6 + 1.8

Note: Ty, and Tsg, 1 are given as HW1/eM

bles and [3.3] Figure shows the measurement data and the corresponding fits. To
estimate the error £Af of the 2PA coefficient, the most error-prone parameters are var-
ied within the following inaccuracies. For the signal pulse length and the idler spot size
these are the wavelength dependent fitting errors A7, and AAjqi. The idler pulse length,
the sample thickness and the incident idler power exhibit systematic errors independently
applicable to all measurements and samples. These are Arg = £3fs, Ad = £1 um and
Pq = £0.03mW. By including the error-prone parameters in the analysis and running

once again the fitting procedure, +Af and —Af are individually determined.

For all samples the measurement data is in excellent agreement with the fits. All non-
degenerate pump-probe traces show the characteristic shift of the transmittance minimum
to delay times 7q > 0 due to the group velocity mismatch between signal and idler pulse.
This also leads to the broadening of the pump-probe traces of the thicker Si sample in
comparison with the thinner sample. The formation of a plateau at the minimum amplitude
cannot be observed here since the sample is not sufficiently thick in this respect. There is
no significant degenerate 2PA by the idler beam or free-carrier absorption of probe photons
because the pump-probe traces all exhibit a symmetrical shape so that the assumptions

made before can be confirmed.

3.1.2 Analysis of the knife-edge measurements

The knife-edge measurements were repeated for each sample at every individual wave-
length combination as the signal and idler spot sizes vary with the wavelength tuning of
the VIS- and IR-OPA. The idler spot size directly enters the 2PA coefficient calculation
(see Section [3.1.1)) as a parameter of the idler power intensity. The signal spot size is moni-
tored for comparison with the idler spot size. The individual measurement data sets are in

principle the same so that their analysis follows the same procedure analogously. For that
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reason only one data set is exemplarily described in the following. For the data analysis

the software program ORGIN, which is developed by the ORGINLAB CORPORATION, is

used.
(a) x-direction (b) y-direction n averaged data
3o " "L ' T |—fitting function f(x)
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Figure 3.3: Exemplary knife-edge measurement for the idler beam at 1736 nm in the mea-
surement series of the GaAs sample for the (a) z- and (b) y-direction. The data reveals beam
diameters of d, = 137.4um and dy = 121.6 pm.

From Equation 2.4 which describes the power profile of the knife-edge measurement, a
fitting function f(x) can be derived. f(z) is equipped with the offsets zg and yp in z- and
y-direction, respectively, since the power profile in the experiment could not be symmetric

around the origin. With |B| = Ppax the fitting function dependent on the travel range x

flx) =yo+ gerf (W) : (3.9)

where B can be positive or negative depending on whether the beam is covered by the

of the blade is given by

blade at the beginning of the measurement or not. The fitting parameter d gives the spot
diameter at which the maximum power has decreased to Ppax/e (FW1/eM). Figure
shows an example of a knife-edge measurement. The measurement was taken for the idler
beam at a wavelength of A\ = 1736 nm in the measurement series of the GaAs sample. The
blade was moved three times in total over the complete beam diameter in 4 pm steps. The

following results

B = (—2.766 +0.013) mW, z0 = (24.2012 = 0.0010) pm,
yo = (1.407 £0.008) mW and dy = (137.4 + 2.1) um

are obtained from fitting the averaged measurement points for the z-direction. The beam
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3.2. Evaluation of the two-photon absorption coefficients

was also measured in y-direction to calculate the spot size A = 7d.d, as an ellipse to
achieve a higher accuracy. For the given exemplarily measurement, the results for the

y-direction are

B = (—2.778 £0.007) mW, z0 = (13.1949 = 0.0004) pum,
yo = (1.398 £0.004) mW and d, = (121.6 = 1.3) um,

so that the beam has a spot size of Ajqy = (13100 +£ 200) um?. The error is calculated by
AA = %./(dyAd,)? + (dzAdy)? according to the Gaussian error propagation [88]. The

fits are in accurate accordance with the measurement data.

3.2 Evaluation of the two-photon absorption coefficients

In the following, the calculated 2PA coefficients are plotted as a function of the frequency
ratio weig /wiar for the co- and cross-polarized measurements as well as for the different sam-
ples to analyze the scaling behavior of the 2PA strength. Additionally, the orientation and

polarization anisotropy and its dependence on the frequency ratio weig/wia is evaluated.

In Figure the extracted 2PA coefficients 3 and 8, for both the (100)- and (110)-
oriented ZnSe samples are summarized. Some data points at certain frequency ratios
appear twice as part of the measurements are repeated at a later stage as test for con-
sistency. For both crystallographic orientations of the ZnSe samples the values for the
co- and cross-polarized 2PA coefficient 5 and (3, increase with increasing frequency ratio
Wsig/widl, whereby the values of 3| are overall smaller than the values for BII' In case of
the (100)-oriented sample B and B, show an approximately eightfold increase compar-
ing configurations with wsig/wiqt = 1 and wsjg/wia1 = 3.@ The 2PA coefficient in the
(110)-oriented sample increases slightly stronger with a factor of ~ 10 for the co-polarized
and =~ 13 for the cross-polarized configuration. Comparing the two crystallographic ori-
entations, similar magnitudes for g are found at the same frequency ratios. In contrast,
the values for 5, for the (110)-oriented sample are consistently higher than for the (100)-

oriented sample.

The scattering of the data occurs due to various reasons. The two most relevant ones are
(i) the unstable signal and idler intensities for different frequency ratios wsig/wia1 mainly

due to varying pulse lengths and spot sizes as a consequence of tuning the OPA to different

5The 2PA coefficient at wsig/wia1 = 3.6 is not used for the estimation of the increase as it shows higher

deviations than the other measurements points.
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wavelengths and (ii) the challenging adjustment of spatial and temporal overlap of signal
and idler pulse. Especially the increasing noise of the VIS- and IR-OPA for widely non-
degenerate configurations diminish the exact positioning of mirrors and delay stage at the
maximum 2PA signal strength so that the scatter of the experimental data also increases

with higher degrees of non-degeneracy.

B [cm/

S S

10 15 20 25 30 35 10 15 20 25 30 35
(Dsig/ Oig) (’)sig/ Oig)

Figure 3.4: ZnSe 2PA coefficients S for co- (blue) and cross-polarized (red) measurements
as a function of the frequency ratio wsg/wiai for (a) (100) and (b) (110) crystallographic
orientation. The solid lines represent the corresponding fits according to the model by Hannes
et al. [47].

In comparison with literature the average valueéﬂ for the degenerate 2PA coefficient at
Asig = Aiat = 800nm, B = 3.9cm/GW for the (100)-oriented sample and 3 = 4.9 cm/GW
for the (110)-oriented sample are in good accordance with previous studies. Mihaela Balu
et al. [59] and Fishman et al. [19] independently report a co-polarized 2PA coefficient of
~ 3.5cm/GW for excitation with 800 nm pulses. Balu et al. used a polycrystalline ZnSe
specimen and Fishman et al. do not give particular specifications of the crystal and polar-
ization orientation at all. The 2PA anisotropy may account for the slightly lower literature
values of the 2PA coefficients. Studies giving more detailed specifications are not available

for ZnSe. Diverging results for the 2PA coefficient despite same experimental conditions

5The given values for § are the average degenerate 2PA coefficients out of two independent measure-
ments at )\Sig = \ija1 = 800 nm.
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3.2. Evaluation of the two-photon absorption coefficients

may also stem from different quantity definitions used in the analysis. For example, it has
an influence on the overall magnitude of 5 whether the idler pulse length g is included in
the intensity I2 (see Equation (3.6)) as FWHM, FW1/eM or FW1/e2M, since the model to
fit the pump-probe traces directly comprises Ii%l (see Equation )ﬂ This also applies to
the signal spot size Ajq; since the spot size diameters can likewise be defined differently. In
addition, the choice of a specific data set among others used for the determination of, for
example, the (group) refractive indices and reflectivities may also account for differences
between experimental studies despite same experimental conditions. The comparison of
non-degenerate 2PA coefficients is even more difficult since studies need to be found that
examine the 2PA coefficient at the same frequency ratio and sum energy. In case of ZnSe

there is no comparable non-degenerate data available.

(a) (100) (b) (110)

1.01214161820101214 1618 2.0

Ogig/ Dy Ogg O

Figure 3.5: GaAs 2PA coefficients 3 for co- (blue) and cross-polarized (red) measurements
as a function of the frequency ratio wsig/wiai for (a) (100) and (b) (110) crystallographic
orientation. The solid lines represent the corresponding fits according to the model by Hannes
et al. [47].

In Figure the extracted 2PA coefficients 3 and 3, for the (100)- and (110)-oriented
GaAs samples are summarized. Also for GaAs some data points at certain frequency ratios

appear twice as part of the measurements are repeated. Similar to ZnSe, for both crystallo-

"This is also valid for the analysis of z-scan measurements where the model to fit the z-scan traces also
comprises Io [14} [30].
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graphic orientations of the GaAs samples the values for the co- and cross-polarized 2PA co-
efficients 6” and | increase with increasing frequency ratio weig /wiar. Also, the values of 3|
are overall smaller than the values for ). For GaAs an approximately twofold increase over
the whole measurement range from wsjg/wiqi = 1.04 to weig/wig1 = 1.88 can be observed for
both polarization configurations and crystallographic orientations. When comparing the
two crystallographic orientations the values of 3| are generally higher for the (100)-oriented
than for the (110)-oriented sample, for 5, it is reversed. In comparison with ZnSe, GaAs
reveals overall higher 2PA coefficients 8 and 5, for the same frequency ratios. This is con-
sistent with the general £ 3_scaling of the degenerate and non-degenerate 2PA coefficient
in direct semiconductors by which smaller bandgap semiconductors (Eg, Gaas < Eg, 7nSe)
generally exhibit higher 2PA strengths (see Chapter .

Also for GaAs a comparison with previous experimental data is only possible for co-
polarized degenerate 2PA coefficients as no data is available for non-degenerate config-
urations at similar frequency ratios and sum energies. Since the TR-OPA cannot pro-
vide degenerate photon pairs, the data points closest to degeneracy at wsjg/wiat = 1.04
(Asig = 1550nm, Ajgr = 1611nm = A = 1580nm) are used for comparison. The corre-
sponding average 2PA coeflicients are BH = 18.1cm/GW for the (100)-oriented sample and
BH = 12.9cm/GW for the (110)-oriented sample. Fishman et al. [L9] report a degenerate co-
polarized 2PA coefficient of ~ 2.5 cm/GW and Cirloganu et al. [18] of ~ 12.0 cm/GW both
at Asig = Aigt = 1580 nm whereby no further crystal or polarization specifications are given.
In case of GaAs, few studies have been published which further specify the crystallographic
orientation and beam polarization. Dvorak et al. [26] performed a study using a (001)-
oriented GaAs sample with signal and idler beam polarization parallel to the [100]-direction
and extracted a 2PA coefficient of ~ 20.0cm/GW at Asz = Aiat = 950nm. DeSalvo et
al. [27] report differences in the degenerate 2PA coefficients at Asig = Aigt = 1064 nm for
(100)-, (110)- and (111)-oriented GaAs specimens with the beam polarization parallel to
the [001]-direction, varying between 18 cm/GW and 25 cm/GW. Taking into account the
deviating experimental conditions and possible differences in the analysis, as explained

above for ZnSe, the measurement results agree well with the reported literature values.

Further on, the experimental results of ZnSe and GaAs are in good accordance with the
theoretically predicted scaling functions fSxp-2pa(wi,ws2) for direct semiconductors intro-
duced in Chapter [[.2.2.1] In Figures[3.4and [3.5] the solid lines represent fits to the co- and
cross-polarized measurement data according to the scaling function of Hannes et al. [47]

(see Equation ([1.31)). A prefactor A has been chosen for best fit with the experimental
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Figure 3.6: Comparison of the theoretical scaling functions of Hannes et al. [47] (red), Sheik-
Bahae et al. [I6] (blue) and Aversa et al. [46] (green). The solid lines represent the fits to the
co-polarized 2PA coefficients f| in the (100)-oriented GaAs sample. In each case, a prefactor
has been chosen for best fit with the experimental data. The difference in between those
models is particularly seen for very high degrees of non-degeneracy beyond the accessible

measurement range.
data so that the fitting function is given by

1
+

2
1
. 3.10
ESQig (Esum - Esig)2> ( )

BnD-2pA (Esig) = A - Esig <

Regardless of the specific polarization configuration and sample orientation, the measure-
ment data for ZnSe and GaAs agrees very well with the theoretical scaling. The scaling
functions of Sheik-Bahae et al. [16] (see Equation ([1.32))) and Aversa et al. [46] (see Equa-
tion (|1.33))) are also consistent with the experimental results. These fits deviate only little
from the fit according to Hannes et al. in the measurement range. To further distinguish
between those models, measurement points at higher degrees of non-degeneracy would
be required which are inaccessible with the VIS- and TR-OPA described in Chapter
An exemplary comparison of the fits according to the three different theoretical scalings
is shown in Figure for the experimental data of the (100)-oriented GaAs sample and
co-polarized configuration, representative for all measurements in ZnSe and GaAs. Also
for the scaling functions of Sheik-Bahae et al. and Aversa et al., a prefactor A has been

chosen for best fit with the experimental data. The fitting functions are given by

Ea
6 - A E H = A ° s 311
ND-2PA (Esig) Eg’ig(Esum — Egig)? .
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whereby the exponent of the numerator is a = 2, 3 for the scaling function of Sheik-Bahae

et al. and Aversa et al., respectively.

(100)-sample By (110)-sample
L L L L L ° data
50 — theory

B
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Figure 3.7: ZnSe 2PA coefficients 8 for co- (red) and cross-polarized (blue) measurements
as a function of the frequency ratio wsig /wiar for (100) (left) and (110) (right) crystallographic
orientation as in Figure The solid lines represent tailored numerical calculations done by
W.-R. Hannes (Paderborn University) within the multiband model of Hannes et al. [89]. The
dashed lines correspond to the two-band model of Hannes et al. [47] but with k-dependent
dipole matrix elements (for further details see Reference [89]). Taken from Reference [89].

The two-band models of Hannes et al., Sheik-Bahae et al. and Aversa et al. do not capture
the anisotropy of the 2PA coefficient and are restricted to evaluate the scaling behavior
(and the magnitude in case of ) so that only by using a prefactor in the fitting functions
the scaling can be adjusted to the different polarization configurations and sample orienta-
tions. For a theoretical description of the 2PA coefficient taking anisotropy into account,
calculations which incorporate higher conduction bands are required since these mainly
influence the 2PA anisotropy as described in Chapter Therefore, Hannes et al.
have proposed a more comprehensive model including higher conduction bands based on
multiband semiconductor Bloch equations [89]. To the experimental data of ZnSe tailored
numerical calculations done by W.-R. Hannes (Paderborn University) within this model
show surprisingly good agreement without using any fitting parameter (see Figure .
The theory well reproduces the magnitude and scaling behavior of 3(wsig/wiq1) as well as

the orientation and polarization anisotropy of the 2PA coefficient. In comparison with the
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3.2. Evaluation of the two-photon absorption coefficients

two-band model fit in Figure the 2PA strength shows a slightly weaker increase with
increasing frequency ratio wsig/wiqr so that the slope of the fit more closely approaches
the slopes of the fits according to the models of Sheik-Bahae et al. and Aversa et al. as
depicted in Figure 3.6

Figure [3.8] summarizes the experimental results for the ~ 250 um and ~ 450 um thick Si
samples for both f and 3, again comparing the (100) and (110) crystallographic orien-
tations. The 2PA coefficients increase with higher degrees of non-degeneracy as in case of
ZnSe and GaAs. The values of 8, are also overall smaller than the values for 3. As ex-
pected, the overall absorption strength in comparison with ZnSe and GaAs is smaller due
to the additionally participating phonon in indirect semiconductors. In the measurement
range of wsig /wia1 = 1.04—1.86 the 2PA coefficients show an approximately twofold increase
independent of the sample thickness, polarization configuration and crystallographic ori-
entation. Comparing the 2PA coefficients of one crystallographic orientation at the same
frequency ratio between the thin and thick Si sample, the values are, as expected, rather
similar since the sample thickness should not affect the 2PA coefficient. Only the measure-
ment points at wsig/wiqi = 1.1 and wsig/wigt = 1.2 of the (110)-oriented thinner Si sample
show higher deviations. These are most likely due to exceptional measurement inaccu-
racies since such high deviations only occur for these two points and are mostly absent
in the other samples. In general, the 3 values of the (100)-oriented sample are smaller
than for the (110) crystallographic orientation, for 5, the values are largely independent
of the orientation. The generally larger scatter of the Si data, in contrast to the ZnSe and
GaAs data, is due to the overall smaller 2PA signal strengths. Here, the scatter of the
experimental data also increases with higher degrees of non-degeneracy, again, because the

noise of the VIS-OPA increases for widely non-degenerate configurations.

The experimentally obtained 2PA coefficients, 5 = 0.9cm/GW for the (100)-oriented
sample and BH = 1.1cm/GW for the (110)-oriented samplﬂ closest to degeneracy (Asig =
1550 nm, Ajq = 1611nm = A = 1580nm) are in good agreement with previous experi-
mental studies. Bristow et al. [66] report a degenerate 2PA coefficient of ~ 0.75cm/GW
at Asig = Aiat = 1600nm for a (001)-oriented sample and Mihaela Dinu et al. [30] ~
0.79cm/GW at Agjy = At & 1540nm for a (110)-oriented sample. In both cases, the
relative orientation of the crystallographic axes with respect to the beam polarization
is not specified. Lin et al. [67] report a degenerate 2PA coefficient of ~ 0.5c¢cm/GW

®In the following comparison with literature / is given as the average 2PA coefficient obtained from the

thin and thick Si sample.
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Figure 3.8: Si 2PA coefficients S for co- (blue) and cross-polarized (red) measurements as a
function of the frequency ratio wsig/wia1 for (a), (b) (100) and (c), (d) (110) crystallographic

orientation. Note the different sample thicknesses as indicated. The solid lines represent the
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3.2. Evaluation of the two-photon absorption coefficients

at Asig = Aigi & 1600nm for a (100)-oriented Si sample with signal and idler polariza-
tion parallel to the [010]-direction. All these studies focus on co-polarized configurations.
For Si also a comparison with non-degenerate data is possible. Faryadras et al. [23] re-
port non-degenerate 2PA coefficients of ~ 0.7cm/GW and ~ 1.0cm/GW for wavelength
configurations of g, = 1450nm, A\jq = 1700nm and Age = 1350nm, Ajgr = 1900 nm,
respectively. Taking into account the measurement inaccuracies a good agreement can
be found with BH = 1.1cm/GW at weig/wiat = 1.20 (Asig = 1450 nm, Aigy = 1736 nm) and
BH = 0.8cm/GW at wig/wigt = 1.41 (Asig = 1350 nm, Aigi = 1904 nm) of the (100)-oriented
sample. Faryadras et al. also used pulses in the femtosecond-range and investigated a
(100)-oriented sample in a co-polarized configuration whereby the relative orientation of

the beam polarization with respect to the crystallographic directions is no further given.

The experimental results of Si are in good accordance with the theoretically predicted
scaling function Sxp.opa(wi,ws) of Faryadras et al. [23] for indirect semiconductors (see
Equation ({1.36))) as introduced in Chapter The solid lines in Figure represent
those fits for each sample and each polarization configuration. Again, a prefactor A has
been chosen for best fit with the experimental data so that the fitting function is given by

B, < Bg By >2  312)
Esig(Esum — Esig)? \ By — Esig  Ey — Esum + FEig

Comparing the fits of the two different sample thicknesses reveals similar prefactors which

Bnp-2pA (Esig) = A -

also indicate the independence of the 2PA coefficient from the sample thickness. In case
of the (100) crystallographic orientation the thin sample deviates from the thick sample
by approximately +6.5% for the co- and —6.3% for the cross-polarized configuration. In
case of the (110)-oriented sample the deviation is approximately —11.1% for the co- and
—6.7% for the cross-polarized configuration. The slightly higher deviation of —11.1% is

due to the inaccurate measurement points at wsig/widl =1.1 and wsig/widl =1.2.

As already described, the 2PA coefficient for ZnSe, GaAs and Si is dependent on the
crystallographic orientation and the polarization configuration of signal and idler pulse.
To further elaborate on the anisotropy more in detail, the ratio 8, /8 as a function of

Wsig Jwiql is analyzed. The results for all three samples are summarized in Figure The

2
BL ABLN? [ BLAB)
AL — —L .

By ( By ) +< ﬁﬁ ) (3.13)

according to the Gaussian error propagation [88]. Most likely the error for 3 /3) is over-

error is calculated by

estimated as part of the inaccuracies cancel out, when computing the ratio. This can be
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Figure 3.9: Ratio 8, /8 for (a) ZnSe, (b) GaAs, (c) Si with d ~ 250 um and (d) Si with
~ 450 um as a function of the frequency ratio wsig/wiai- The color indicates the (100) (blue)

and (110) (red) crystallographic orientation. The corresponding lines are guides to the eye.
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3.2. Evaluation of the two-photon absorption coefficients

seen in the fairly low scatter of 5,/ By, especially for GaAs and Si whose measurements
were both acquired with the IR-OPA. The slightly higher scatter of the ZnSe data could
depend on using the VIS-OPA.

For ZnSe and GaAs the (100)-oriented crystal shows a more pronounced anisotropy than
the (110)-oriented crystal since the values of 3, /3| for the (100)-oriented sample are over-
all smaller than for the (110) crystallographic orientation. In case of Si it is reversed. This
contrary behavior is at first surprising since ZnSe and GaAs (point group: 43m) and Si
(point group: m3m) belong to point groups resulting into the same nonzero third-order
susceptibility tensor elements which in turn substantially influence the anisotropy (see
Chapter . However, there must be other decisive factors, for example the character
of the bandgap or the space group, which also influence the anisotropy. These factors can
only be specified by more precisely comparing the experimental results with theoretical

studies which are not yet available.

In contrast to this, 3,/ By shows a slight increase with increasing wsig Jwiai independent
of the specific material and crystallographic orientation so that not only the 2PA coef-
ficient is scalable by the degree of non-degeneracy but also the anisotropy. The specific
slope is rather comparable for the two crystallographic orientations in one sample with
slightly higher values for the (100)-oriented samples. GaAs shows the less pronounced and
Si the most pronounced increase. Comparing the (100)-oriented Si samples with differ-
ent thicknesses reveals similar values of 8, /8 at same frequency ratios. In case of the
(110)-oriented Si sample there are small deviations in the magnitude of 3, /3 for the two
different thicknesses again due to the 2PA values at wgig/wig = 1.1 and wgig/wigt = 1.2 in
the thinner sample. The value at degeneracy is dependent on the material and its orien-

tation and ranges for all samples between 0.3 and 0.6.

Only for the (100)-oriented GaAs sample the average value 3, /3 ~ 0.31 (& ) — B =
12.5cm/GW) closest to degeneracy at wsig/wiat = 1.04 can be compared to other ex-
perimental results. Dvorak et al. [26] report a degenerate value of 8, /8 ~ 0.41 at
Asig = Aial = 950nm for a (001)-oriented crystal whereby in the co-polarized configu-
ration the signal and idler polarization are parallel to the [100]-direction and in the cross-
polarized configuration the idler polarization is rotated by 90°. Schroeder et al. [25] also
use a (001)-oriented GaAs specimen at Asig = Aid1 = 950 nm with the same co- and cross-
polarized configuration as Dvorak et al. but a different measurement scheme which reveals

B —BL = (124+3)cm/GW. The results agree very well taking into account the differences
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between those measurements as for example the excitation energies (References [25] 26]
use 2w ~ 2.6 eV compared to hwsig + fuwiar = 1.57 eV of the IR-OPA).

The decreasing anisotropy of the 2PA coefficient with higher degrees of non-degeneracy
has not been described by other experimental studies before. However, the results can
again be compared with the theoretical model of Hannes et al. [89] based on multiband
semiconductor Bloch equations as already shown in Figure [3.7] The tailored simulations
well capture the increasing trend of 5, / By within the experimental uncertainties (see Fig-
ure . The slight increase in the vicinity of degeneracy might be an artifact of the
simulations since this cannot be observed in any experimental data (also not in GaAs and

Si).

° data (100)-sample

08 ' data (110)-sample|™ T~ T 7 T |
— theory (100)-sample

| theory (110)-sample i
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Figure 3.10: Ratio 3, /3) for ZnSe as as function of the frequency ratio wsig/wiai. The solid
lines represent tailored numerical calculations done by W.-R. Hannes (Paderborn University)
within the multiband model of Hannes et al. [89]. Experimental and theoretical data is
comparable to Figure Taken from Reference [89].
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Chapter 4
Summary

The non-degenerate 2PA coefficient 8 as a function of the frequency ratio wy/wy was suc-
cessfully measured for the semiconductors ZnSe, GaAs and Si while keeping the sum energy
hwi + hwo of the two involved photons constant. All three materials show an enhancement
of the 2PA strength with increasing frequency ratio wj/we > 1 regardless of the direct or
indirect character of the bandgap. The overall 2PA strength is higher for ZnSe and GaAs
than for Si since an interband two-photon transition from the valence to the conduction
band can only occur phonon-assisted in an indirect semiconductor. Comparing the 2PA
strengths of ZnSe and GaAs at same frequency ratios wi/wa, the latter reveals overall
higher 2PA coefficients due to its smaller bandgap. The experimentally observed scaling of
the 2PA coefficient in each material is in good accordance with corresponding theoretical
predictions for direct and indirect semiconductors. For ZnSe, not only the scaling but also

the absolute magnitudes of the 2PA coefficients agree with tailored numerical calculations.

Future experiments on the scaling of the non-degenerate 2PA coefficient would preferably
involve an expansion of the measurement range to even higher degrees of non-degeneracy
to better distinguish between different theoretical models since these show significant devi-
ations only very far from degeneracy. In the experimental realization, however, the limits
are already reached when using only one OPA for generating both the signal and idler pulse
since phase matching conditions for very non-degenerate pulse pairs cannot sufficiently be
fulfilled which in turn leads to a destabilization of the OPA. Instead, it would be conceiv-
able to split the signal and idler generation to two OPAs to avoid the phase matching issues
as then each OPA only needs to be working at signal or idler wavelength. However, the
wavelength tuning is still limited since the nonlinear crystals used in conventional OPAs
have strongly reduced transparencies for wavelengths beyond ~ 2.5 um [90]. Non-collinear

optical parametric amplifiers (NOPAs) could be a promising alternative. These use a
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Summary

two-stage amplification with non-collinear propagating signal and pump pulses as well as

nonlinear crystals with enlarged transparency regions to the mid-IR [91].

In addition to the scaling of the 2PA coefficient, the polarization and orientation anisotropy
was investigated. Therefore, co- and cross-polarized configurations are used where the
two, both linearly polarized, driving fields are either aligned parallel or perpendicular to
each other. Additionally, the ZnSe, GaAs and Si samples are each studied in (100) and
(110) crystallographic orientation. For all three materials the magnitude of 3, is gener-
ally smaller than for | at same frequency ratios. When characterizing the polarization
anisotropy in terms of the ratio 3, /3|, the (100)-oriented ZnSe and GaAs samples show
a more pronounced anisotropy than the (110)-oriented samples. For Si it is reversed. This
contrary behavior leaves open questions for future research since the classification of all
three materials to point groups resulting in the same nonzero third-order susceptibility
tensor elements would, according to expectations, lead to similar anisotropy. Independent
of the specific material and its orientation, 8, /8 is also slightly increasing with increasing
frequency ratio wy /we so that not only the 2PA coefficient is scalable by the degree of non-
degeneracy but also its anisotropy. For each material the scaling of the 2PA anisotropy
is rather comparable for the two crystallographic orientations. Since the 2PA anisotropy
is mainly influenced by the higher conduction bands, the use of an OPA is particularly
advantageous as it provides photon pairs of constant sum energy. Thus, always the same

conduction bands are involved in the transition which allows the independent investigation

of B1/B)(w1/w2).

In summary, the non-degenerate 2PA strength can in particular be influenced by the de-
gree of non-degeneracy but also by its polarization and orientation anisotropy. The scaling
of the 2PA coefficient is interesting in two respects. As already addressed in the
[duction] an enhancement of the 2PA absorption coefficient can optimize the performance
of 2PA based applications as autocorrelators or infrared detectors. On the contrary, the
2PA can also act as a loss mechanism. Especially in applications that are based on other
nonlinear phenomena such as the Kerr or Raman effect, the 2PA leads to undesired energy
dissipation [64]. Here, a minimization of the 2PA strength is desirable. Considering the
2PA as an essential element of current and future applications and its great potential for
properties yet to be explored emphasizes the importance of ongoing fundamental research

on two-photon absorption.
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Appendix

A.1 MATHEMATICA source code

The following WOLFRAM MATHEMATICA source code is used for the analysis of the two-
photon absorption measurement data. The mathematical basic concept is based on the
theoretical model of Negres et al. [74]. It is generally applicable to different samples
and to co- and cross-polarized configurations. Here, it is exemplarily executed for the
(100)-oriented ZnSe sample in co-polarized configuration at a wavelength combination of
Asig = 570nm and Ajgler = 1341 nm (see also Chapter for detailed information about
this specific measurement). Note that the signal and idler pulses are referred to as probe

and pump pulse.
ClearAl1["Global‘x"]

(* import experimental data *)
expdata01100pab70 = Import["C:/.../(100)_570nm_parallel.txt", "Table"];

(* print experimental data, converting format: x-axis from ps to fs, y-axis shift + 1,
define x-axis shift from zero *)
expdata01100pab70conv = Partition[Riffle[expdata01100pab70[[1 ;; Lengthl[expdata01100pa570], 111
*1000 + 42, expdata01100pab70[[1 ;; Length[expdata01100pa570], 2]] + 1], 2];
expdata01100pab70plot = ListPlot[expdata01100pa570conv, PlotRange -> All]
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(* select data set *)
expdataconv = expdata01100pa570conv;
expdataplot = expdata01100pab70plot;

(* constants *)
c0 = 3%10°-56; (* velocity of light [cm/fs] *)

(* experimental parameters *)

L = 42x10~(-4); (* sample length [cm] *)

lpr = 570; (* probe wavelength [nm] *)

lpu = 1341; (* pump wavelength [nm] *)

tpu = 98.2; (x pump pulse length [fs] (FWHM) *)

wpr = 2. Pi c0/(lpr 10~-7); (* probe frequency [1/fs] with wavelength in cm *)
wpu = 2. Pi c0/(1lpu 10°-7); (* pump frequency [1/fs] with wavelength in cm *)

R = 0.15948; (* pump reflectivity @ 1341nm, p-polarized, angle of incidence: 20degree *)
freplaser = 250000; (* laser repetition frequency [Hz] *)

Ppu = 0.45; (* pump power [mW] *)

Apu = 0.000301271; (* idler cross section [cm~2] (FWil/eM) *)

Apuerror = 4.83517%10~(-6); (* idler cross section error [cm~2] (FWi/eM) *)

(* calculation of pump peak intensity *)

scalel = 1./Sqrt[Logl[2]]; (* tpu: FWHM -> FWi/eM *)

scale2 = E/(E - 1.); (* average intensity -> peak intensity *)

Ipuaverage = (1 - R)*(Ppu*10~(-12))/(freplaser*tpuxscalel*10~(-15)*Apu); (* pump average
intensity [GW/cm~2] *)

Ipu = Ipuaverage*scale2; (* pump peak intensity [GW/cm~2] *)

(* calculation of refractive and group refractive index *)

(* Sellmeier equation with wavelength in cm *)

ngeneric[1_, B1_, Ci_, B2_, C2_, B3_, C3_] := Sqrt[1 + (B1*(1%10°4)~2/((1%10"4)~2 - C1)) +
(B2%(1%10°4)~2/((1%10"4)"2 - C2)) + (B3*(1%x10°4)~2/((1%10"4)"~2 - C3))]

(* Sellmeier coefficients for ZnSe calculated with wavelength in [10~(-6)m] *)

Bil = 4.713; C11 = 0.03741;

B21 = 0.13085; C21 = 0.20464;

B31 = 0.96186; C31 = 1059.53848;

n[1_] := ngeneric[l, B11, Cii, B21, C21, B31, C31] (* refractive index x)

klw_] n[2. Pi c0/w] (w)/cO; (* wave vector [1/cm] *)

inversevgr[w_] = D[k[w], w]l; (* group velocity [cm/fs] *)

GVD[w_] = D[k[wl, {w, 2}]; (* group velocity dispersion [fs~2/mm] *)

ngrlw_] = cOxinversevgr[w]; (* group refractive index *)

npr = n[lpr*10~(-7)]; (* probe refractive index *)
ngrpr = ngrlwpr]l; (% probe group refractive index *)
npu = n[lpux10~(-7)]; (* pump refractive index *)
ngrpu = ngrlwpul; (* pump group refractive index *)

deltangr = ngrpr - ngrpu; (* group velocity mismatch *)
(* conversion of pulse lenghts *)

convpar = 1/(2 Sqrt[Logl[2]1)*1.; (x pulse length: FWHM -> HWl/eM x)
tpuconv = convpar*tpu; (* pump pulse length [fs] (HW1/eM), notation in Negres et al.: omegap *)
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(* parameters for fit *)
sigmafit = 0; (* linear absorption parameter set as zero: sigma=1/2*alpha*L *)
gammafit = L*npr/npu*Ipuxbeta; (* nonlinear absorption parameter with beta [GW/cm] *)

rhofit = L/(tpuconv*cO)*deltangr; (* walk-off parameter *)

(* nonlinear transmittance (see Equation (14) in Negres et al.) *)
Q[sigma_, tau_, W_, rho_, gamma_] := Exp[-2*sigma]/(W+Sqrt[Pi])*NIntegrate[Exp[(-1)*((t
+ tau/tpuconv - rho)/(W))~2 - (gammaxSqrt[Pi])/(rho)*(Erf[t] - Erflt - rhol)], {t, -Infinity,

Infinity}]; (% tau is the variable real delay time *)

(* test calculation fot fit to estimate start values for beta and trprconv *)

beta = 12.5;

tprconvtest = 120;

Wtest = tprconvtest/tpuconv;

testtable = Table[{taurange, Q[sigmafit, taurange, Wtest, rhofit, gammafit]}, {taurange,
-600, 600, 25}];

plottesttable = ListLinePlot[testtable, PlotRange -> {All, {0.98, 1.00009}}, PlotStyle ->
Directive[Green, Thick]];

Show[{plottesttable, expdataplot}, PlotRange -> {{-600, 600}, {1.001, 0.996}}]

098 - 4

0997k &

0.996 -

(x fit of dataset *)

fitfunctionQnon[tprconvfitnon_?NumericQ, betafitnon_7?NumericQ, taufitnon_7?NumericQ] :=
Exp[-2xsigmafit]/(tprconvfitnon/tpuconvkSqrt[Pi])*NIntegrate [Exp[(-1)*((tnon +
taufitnon/tpuconv - rhofit)/(tprconvfitnon/tpuconv))~2 - (L*npr/npux Ipuxbetafitnon*
Sqrt[Pi])/(rhofit)*(Erf[tnon] - Erfltnon - rhofit])], {tnon, -Infinity, Infinity}];

fitQnon = NonlinearModelFit[expdataconv, fitfunctionQnon[tprconvfitnon, betafitnon, taufitnon],
{{tprconvfitnon, 120.0}, { betafitnon, 10.0}}, taufitnon] (* insert start values *)

Qnonfit = Plot[fitQnon[taufitnon], {taufitnon, -500, 500}, PlotRange -> { {-500, 500}, All} ,
PlotStyle -> Directive[Green, Thick]];

tableQnonfit = Table[{taufitnon, fitQnon[taufitnon]}, {taufitnon, -500, 500, 10}1;

Export[NotebookDirectory[] <> "TPA-fits_(100)_pa_570nm_fit.dat", tableQnonfit];

Export[NotebookDirectory[] <> "TPA-fits_(100)_pa_570nm_data.dat", fitQnon["ParameterTable"]];

Export[NotebookDirectory[] <> "TPA-fits_(100)_pa_570nm_plot.pdf", Qnonfit];

Show[Qnonfit, expdataplot]

fitQnon["ParameterTable"]
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FittedModel { fitfunctionQnon[120.743, 12.9326, taufitnon]
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Estimate Standard Error t-Statistic P-Value
tprconvfitnon | 120.743  0.94858 127.288  1.71939x 107"
betafitnon 12.9326 0.0668175 193.552  6.63669x107"7®

(* calculate error of beta *)

(* errors dependent on wavelength: tprconv [fs], Apu [cm~2] *)
mytprconvfitnon = tprconvfitnon /. fitQnon["BestFitParameters"];
mytprconfitnonerror = fitQnon["ParameterErrors"][[1]];
tprconverrorplus = mytprconvfitnon + mytprconfitnonerror;
tprconverrorminus = mytprconvfitnon - mytprconfitnonerror;
Apuerrorplus = (Apu + Apuerror);

Apuerrorminus = (Apu - Apuerror);

(* fixed errors independendent on wavelength: tpuconv [fs] (tpu [fs]l), L [cm], Ppu [GW] *)
tpuerrorplus = tpu + b;

tpuerrorminus = tpu - 5;

tpuconverrorplus = tpuerrorplus*convpar;

tpuconverrorminus = tpuerrorminuskconvpar;

Lerrorplus = L + 1%107(-4);

Lerrorminus = L - 1*%10°(-4);

Ppuerrorplus = (Ppu + 0.03) *10~(-12);

Ppuerrorminus = (Ppu - 0.03) *10~(-12);

(* calculation of betaplus *)

Ipuerrorplus = (1 - R)*Ppuerrorminus/(tpuerrorplus*scalel*250000%10~(-15)*Apuerrorplus)*(scale2);

mybetafitnon = betafitnon /. fitQnon["BestFitParameters"];

fitfunctionQerrorplus[betaerrorplus_?NumericQ, tauerrorplus_?NumericQ] :=
1/(tprconverrorplus/tpuconverrorplus*Sqrt[Pi])*NIntegrate [Exp[(-1)*({terrorplus
+ tauerrorplus/tpuconverrorplus - Lerrorminus/(tpuconverrorplus*c0)*deltangr )/
(tprconverrorplus/tpuconverrorplus))~2 - (Lerrorminus#*npr/npu* Ipuerrorplus* betaerrorplus
*Sqrt [Pi])/(Lerrorminus/(tpuconverrorplus*c0)*deltangr )*(Erf[terrorplus] - Erf[terrorplus -
Lerrorminus/(tpuconverrorplus*cO)*deltangr 1)1, {terrorplus, -Infinity, Infinityl}];

fitQerrorplus = NonlinearModelFit[expdataconv, fitfunctionQerrorplus[betaerrorplus, tauerrorplus],
{{ betaerrorplus, mybetafitnon}}, tauerrorplus];

Deltabetaplus = Abs[mybetafitnon - betaerrorplus /. fitQerrorplus["BestFitParameters"]];

(* calculation of betaminus *)

Ipuerrorminus = (1 - R)*Ppuerrorplus/(tpuerrorminus*scale1*250000%10~(-15)*Apuerrorminus)*(scale2);

mybetafitnon = betafitnon /. fitQnon["BestFitParameters"];
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fitfunctionQerrorminus[betaerrorminus_7NumericQ}, tauerrorminus_7NumericQ] :=
1/(tprconverrorminus/tpuconverrorminus*Sqrt [Pi])*NIntegrate [Exp[(-1)*((terrorminus
+ tauerrorminus/tpuconverrorminus - Lerrorplus/(tpuconverrorminus#*c0)*deltangr )/
(tprconverrorminus/tpuconverrorminus))~2 - (Lerrorplus*npr/npu* Ipuerrorminus*betaerrorminus
*Sqrt [Pi])/(Lerrorplus/(tpuconverrorminus*cO)+*deltangr )*(Erf[terrorminus] - Erf[terrorminus -
Lerrorplus/(tpuconverrorminus*cO)*deltangr ]1)], {terrorminus, -Infinity, Infinity}];

fitQerrorminus = NonlinearModelFit[expdataconv, fitfunctionQerrorminus[betaerrorminus, tauerrorminus],
{{ betaerrorminus, mybetafitnon - 20}}, tauerrorminus];

Deltabetaminus = mybetafitnon - betaerrorminus /. fitQerrorminus["BestFitParameters"];

(* summary of results *)

Print["fitting results:"]

Grid[{
{"“beta [cm/GW]", mybetafitnon},
{"+ deltabeta [cm/GW]", Deltabetaplus},
{"- deltabeta [cm/GW]", Deltabetaminus},
{"taupr [fs] (HW1/eM)", mytprconvfitnon},
{"deltataupr [fs]", mytprconfitnonerror }
}, Alignment -> {{Left, Left}}]

fitting results:

beta [cm/GW] 12.9326
+ deltabeta [cm/GW] 1.58708
- deltabeta [cm/GW] 1.35929
taupr [fs] (HWi/eM) | 120.743
deltataupr [fs] 0.94858
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