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Abstract

The Department of Defense and the commercial sector rely on coherent light
sources to emit light that transmits through the atmosphere. Nonlinear optical effects
in crystalline materials can be used to generate the laser waves, but certain nonlinear
effects negatively impact the performance of laser generating materials. This thesis
focuses on characterizing nonlinear optical properties for gallium arsenide phosphide
ternary compounds and for tin thiohypodiphosphate. The Maker Fringe experiment
is used to determine the d-coefficients of the materials, which describe the magnitude
of the nonlinear response of the material. The Z-Scan experiment is used to calculate
the nonlinear refractive index and the two photon absorption of the material. This
thesis summarizes the pertinent theory surrounding nonlinear optics and the charac-
terization experiments. The Maker Fringe experiment was constructed and verified
as a part of this thesis, allowing the setup to be used for future research. The gallium
arsenide phosphide ternary compounds were demonstrated to be able to frequency
convert from 2090 nm to 1045 nm. Tin thiohypodisphosphate was demonstrated to

not have appreciable two photon absorption at 1550 nm.
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DETERMINATION OF NONLINEAR OPTICAL PROPERTIES FOR GALLIUM
ARSENIDE PHOSPHIDE TERNARY COMPOUNDS AND FOR TIN
THIOHYPODIPHOSPHATE

I. Introduction

1.1 Problem Background

The Department of Defense (DoD) is reliant on long-distance laser transmission
through the atmosphere for communications, countermeasures, and other applica-
tions. To keep the combat edge, the military needs to constantly improve current
technologies. One way to improve current laser technology is to discover new gain
media for the laser light generation, which could allow for more efficient or higher
power lasers. This thesis will primarily focus on a group of materials intended to
improve upon gallium arsenide (GaAs) and gallium phosphide (GaP) as gain media
for infrared wavelengths shorter than 1800 nm. Additionally, this group of materials
is sought for frequency conversion in the 3 — 5 um and possibly 8 — 12 ym wavebands
where laser sources are not as common as in the shorter wavebands This thesis will
also reexamine another material for frequency conversion within the 3 — 5 ym and
8 — 12 pym wavebands.

One limiting factor for long-distance lasers is the atmospheric transmittance of
light of differing wavelengths, as presented in Figure 1 for wavelengths shorter than
15 pm [1]. The molecules present in the atmosphere absorb certain wavelengths of
light because those wavelengths match the molecule’s resonance modes [2]. Thus,

any laser needs to emit within one of the transmission wavebands to be viable as a
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Figure 1: Atmospheric transmittance of light. This graph illustrates the transmit-
tance of light based on wavelength below 15 pym. The highlighted regions are the
desired output wavelengths for new coherent light sources. Additionally, it presents
some of the molecules responsible for absorbing certain wavelengths of light. This
figure is modified from [1], adding the highlighted regions.

long-distance laser.

Currently, there are many useful sources of laser light for the visible and short-
wave IR (SWIR) wavebands (0.4 — 0.7 and 0.7 — 3 pm); however, there are fewer
usable sources for the mid-wave IR (MWIR) (3 — 5 pm) and long-wave IR (LWIR)
(8 — 12 pm) wavebands [3]. Consequently, it is important to discover new optical
emission sources for these wavebands as the atmospheric transmittance is high for
most of these bands [1]. Such discoveries could prove vital to maintaining the combat
edge or improving current communications technologies.

Nonlinear optical parametric generation is essential to producing the coherent
light sources for use in long-distance laser transmission. Some materials have x(?
nonlinearity, explained in Chapter 2.1.2. Under the right conditions, y® materials
will convert the input beam’s frequency to a different frequency, though sometimes

it requires two input beams [4]. The different processes of frequency conversion are

listed here [4]:



e Sum Frequency Generation (SFG), where the output has a higher frequency
than the inputs (SFG includes a special case called Second Harmonic Generation

(SHG), where the output has twice the input’s frequency);

e Difference Frequency Generation (DFG), where two higher frequency inputs
generate a lower frequency output (DFG includes a special case is called Opti-
cal Parametric Amplification (OPA), where an input is amplified by a pump,

producing a lower frequency idler);

e Optical Parametric Generation (OPG), where one higher frequency input gen-

erates two lower frequency outputs.

Of these processes, DFG is commonly used for frequency down conversion. The y®
response of a material is summarized in a 3 x 6 matrix of d-coefficients. These d-
coefficients completely characterize the dependence of the material’s y?) nonlinear
response on the polarizations of the input and output beams [4]. These coefficients
are the same for SFG as for DFG when the same wavelengths are used, since these
processes can be shown to be the inverse of each other [4]. One way to determine
some of these d-coefficients is with the Maker Fringe experiment, which is one of the
two characterization experiments used in this thesis. The Maker Fringe experiment
involves relating the intensity of a driving field to the SHG output intensity produced
by the material to determine d-coefficients. The specific method used to implement
the Maker Fringe experiment in this thesis is the Intensity-scan Method, which in-
volves varying the intensity of the driving field instead of altering the position of the
sample as done in the Rotation Method. These experiments will be explained in more
detail in Chapter 2.2.1.

Along with x® nonlinearity, materials can also have x(® nonlinear responses.

The two x® responses of focus in this research are nonlinear refractive index ny and



nonlinear absorption 5. Both of these responses increase in magnitude with increasing
intensity of the light waves [4]. A change in ny changes the total refractive index of
the material, which in turn alters the conditions for effective frequency conversion
[4]. A larger  means that more multi-photon absorption is occurring, decreasing the
amount of light transmitted at that frequency [4]. Both of these responses can be
determined using the Z-Scan experiment, which is the second of the two experiments
used in this thesis. The Z-Scan experiment involves moving the sample with the
propagation of the beam through the beam’s focus and comparing the intensity of
the transmitted beam with a reference intensity. This is explained in more detail in
Chapter 2.2.2.

Both the Maker Fringe and the Z-Scan experiments will be performed on a set
ternary compounds formed from GaAs and GaP, taking the form GaAs,P;_, where
0 < z < 1. GaAs has a larger Y® nonlinear response than GaP:; however, GaAs
has a larger § than GaP for wavelengths between 1000 and 1800 nm (see Figure 2)
[5, 6, 7, 8, 9]. The ternaries are examined for viability in the 1 — 1.8 um waveband
that GaAs is not viable due to its nonlinear absorption. The z value in GaAs,P;_,
is also examined to determine the relationship between the ratio of arsenic to phos-
phorus and the nonlinear optics (NLO) properties of the ternary compounds. The
additional material examined in this thesis for use in the MWIR and LWIR wave-
bands is tin thiohypodiphosphate (SnyP,Sg, called SPS). Due to its crystal structure,
characterizing the d-coefficients of SPS is more complicated than for GaAs and GaP.
SPS has had its d-coefficients characterized via the Maker Fringe Rotation Method
by Haertle et al. [11]. Being able to recreate Haertle’s results with the Maker Fringe
Intensity-scan Method would allow crystals of similar composition and structure to
have their d-coefficients accurate characterized to determine their viability as MWIR

or LWIR lasers.
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Figure 2: Nonlinear absorption in GaAs. A graph showing the theoretical (line)
and experimental (dots) two photon absorption for GaAs from 1000 nm to 1800 nm,
with polarization along the [1100] plane of GaAs. The (k) is data from elsewhere in

literature [10]. This figure from [5].
1.2 Problem Statement

Improving upon current long-range atmospheric sensors and communications re-
quires finding additional coherent light sources in the IR wavebands of 1 — 1.8 pm,

3 —5 pm, and 8 — 12 pm.

1.3 Research Goal

Characterize the d-coefficients, nonlinear refractive index, and two photon ab-
sorption of the GaAs,P;_, ternary compounds and SnyP5Sg, with characterizations

of ZnSe and GaAs as a verification step.



1.4 Research Questions

1. Does GaAs,P;_, allow access to higher d-coefficients similar to GaAs while

having a lower [ like GaP? If so, what stoichiometry best accomplishes this?

2. Can an effective method for measuring the d-coefficients of SnyP5Sg be devel-

oped for the Instensity-scan Method of the Maker Fringe experiment?

1.5 Scope

This research is part of a larger joint effort between the Air Force Institute
of Technology and multiple Air Force Research Laboratory (AFRL) directorates:
the Materials and Manufacturing Directorate (AFRL/RX), the Sensors Directorate
(AFRL/RY), and the Aecrospace Systems Directorate (AFRL/RQ). The purpose of
this collaboration is to discover new materials with useful NLO and electro-optical
(EO) properties. This thesis is focused on the nonlinear characterization of new ma-
terials synthesized by AFRL/RX and AFRL/RY. Before characterization, AFRL/RX
and AFRL/RY determined if any crystals grown have favorable unit cell structures
and can be grown large enough for the characterization techniques. These materi-
als are then characterized using the Maker Fringe and the Z-Scan experiments, and
the data analyzed to determine their d-coefficients, nonlinear refractive index, and
nonlinear absorption.

The objectives of this thesis are as follows:

1. Set up and calibrate a Maker Fringe experiment at AFRL/RY for this thesis
and for future materials characterization under the continuation of this collabo-
ration, with the ability to perform the Intensity-scan Method and the Rotation
Method;



2. Characterize the GaAs,P;_, ternary compounds and SnyP,S¢ using the Maker

Fringe and the Z-Scan experiments;

3. Document any trends between the stoichiometries of the GaAs,P;_, ternary

compounds and the properties characterized.

1.6 Assumptions

e The composition of each sample is congruent throughout, unless otherwise

stated.

e Poynting vector walk-off within the sample between the pump and harmonic
waves is not large enough to affect the data because of the small thicknesses of

the samples.

1.7 Document Overview
This thesis will discuss the following within their own sections:
1. An overview of relevant topics in nonlinear optics (Section 2.1);

2. A background on how the experimental techniques characterize the nonlinear

properties (Section 2.2);
3. Relevant known properties of the materials under study (Section 2.3);
4. The experimental setups (Sections 3.1 and 3.2);
5. The specific test samples used in the experiments (Section 3.3);
6. Experimental results and analysis of those results (Chapter 4); and

7. Conclusions and future work (Chapter 5).



II. Background and Literature Review

This chapter will highlight important material properties necessary for optical
parametric generation, why these properties matter, and how these NLO properties
are derived. Afterwards, the chapter will explain the theory behind the characteri-
zation techniques, explaining how nonlinear properties are measured and calculated.
The chapter will end by discussing the known relevant properties of the crystals that

were studied in this effort.

2.1 Theoretical Background

2.1.1 Properties of Light and Its Interactions with Materials

The refractive index (n) is the ratio of the speed of light in a vacuum to the speed

of light in a given medium, or

, (1)

with ¢ being the speed of light in a vacuum and v the speed of light in a medium
[12]. The refractive index also varies based on wavelength, which is a property called
dispersion [4]. In between absorption bands, n decreases monotonically for normal-
dispersion materials, but near the absorption band edges n behaves differently, as seen
in Figure 3 [4]. Dispersion becomes relevant in Section 2.1.2.1. The refractive index
of a material, if known, is modelled or approximated by Sellmeier equations [4]. A
material’s Sellmeier equation(s) captures the change in n with respect to wavelength,
temperature, and wave polarization.

The definition of n is given by

v () ()
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Figure 3: Example of dispersion in materials. The absorption bands of the material
are where the index of refraction increases sharply. Away from the absorption bands
near 0.2 pym and 10 pm, the refractive index is slightly decreasing with increasing
wavelength. Around the absorption bands, n decreases more rapidly until at the
absorption bands, where n suddenly increases by a large amount before decreasing
again. This figure is from [}].

where €j is the permittivity of free space, € is the permittivity of the material, pq is the
magnetic permeability of free space, p is the magnetic permeability of the material,
and €, and p, are the relative permittivity and magnetic permeability, respectively
[4]. For non-magnetic materials including the ones examined in this paper, pu = pyo,
SO n = /€.

When a light wave is incident on a material, some of it will be reflected, some
will be absorbed into the material, some will be scattered from the surface or within
the material, and the rest will be transmitted [13]. The sum of the energies of the
reflected, absorbed, scattered, and transmitted waves must equal that of the initial
wave. For nonlinear materials, a fraction of what is transmitted can be converted to
a different frequency, which can also be reflected, absorbed, or transmitted.

Reflection occurs when light travels from one medium to another with different

indices of refraction, as when entering the material and exiting the material (see

Figure 4) [12]. The quantity of wave reflection depends on the differences in n for the



Figure 4: Diagram illustrating Snell’s Law. Each k-vector represents the incident
(k;), reflected (k,), and transmitted (k;) waves.

incident material (n;) and the transmitted material (n;), the angle of incidence (6;),
and the polarizations of the light [12]. Illustrated in Figure 4, Snell’s Law is used
to determine the angles of transmission (6;) and reflection (6,) based on the angle of
incidence [12]:

n;sinf; = n;sin@, = n, sinf,. (3)

When the light is incident on an interface between two materials with different refrac-
tive indices, the interface’s normal vector and the light wave’s k-vector form a plane
of incidence (see Figure 5) [12]. The polarization of the light can then be decomposed
into perpendicular (L) and parallel (||) waves, where the perpendicular waves have
their polarization perpendicular to the plane of incidence and the parallel waves have
their polarization within the plane [12]. The L-waves and ||-waves are commonly
referred to as s-waves and p-waves, respectively, but this naming convention will not

be used since s and p are used to represent other terms [14]. The amount of light that
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Figure 5: Parallel-polarized and perpendicular-polarized waves incident on a material.
This figures illustrates the difference between a parallel-polarized wave (left) and a
perpendicular-polarized wave (right), where the polarizations are parallel (left) or
perpendicular (right) to the plane of incidence. The waves are represented by their
k-vectors, and the surface normal is shown next to each k-vector.

is reflected and transmitted at a surface can be determined by the Fresnel equations:

n; cos 0; — n, cos 0,

n; cos 0; + n; cos 0,
ny cos 8; — n; cos b,

= 5
"l ny cos 6; + n; cos 6, (5)
2n; cos 6;
t, = 6
+ n; cos 6; + n; cos 0, (6)
2n; cos 0;
b= (7)

n; cos 0, + ny cos 8;’

where r and t are the amplitude reflection coefficient and the amplitude transmission
coefficient, respectively, for either the L-wave or the ||-wave [12]. The next two
equations are used to determine the amount of the wave reflected or transmitted

when 6; is not zero,



where R and T are reflectance and transmittance, respectively, and x is either L or
|| for perpendicular waves or parallel waves, respectively [12]. R, and T, are the
fractions of the wave reflected and transmitted at the surface, respectively. This
means that by the conservation of energy, the intensities of the reflected wave and
the transmitted wave together must equal that of the incident wave, assuming no

scattering or absorption [12]. For §; = 0, Equations 8 and 9 become [12]

2
Ny — N,
R=R =R = (ni+n) (10)
dnyn;

It should be emphasized that this discussion relates only to scenarios involving a
single surface.

Absorption occurs when a photon excites an electron to a higher energy state of
an atom or a molecule [2, 12]. A photon’s frequency is representative of how much
energy it contains:

E =hv (12)

where FE is energy, h is Planck’s constant (6.626 x 1073* m?kg/s), and v = 27w is
the frequency of the photon with w being the angular frequency of the photon [12].
Thus, a higher frequency photon has a higher energy than a lower frequency photon
[12]. Elements have different electron energy states from one another and molecules
similarly have different vibrational-energy modes from one another. Thus, the photon
frequency that an atom or molecule can absorb is dependent on the materials atomic
and molecular structure. This is seen in Figure 1, where common molecules like O,

absorb some frequencies partially or completely. If there is absorption in a material
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for a given frequency, it can be determined by

I(z) = Ipe™ ™%, (13)

where « is the absorption coefficient (typically in ecm™!), Iy is the initial intensity of
the light wave transmitted into the material, and [ is the intensity at z, the distance
into the material [12, 13]. The transmittance through a parallel plate material at
f; = 0 can be determined by,

(1 _ R)2e—aL

T = 1 — R2¢2aL

(14)

where L is the sample thickness, « is the absorption coefficient, and R is given by
Equation 10 [15]. Equation 14 takes into account multiple internal reflections, allow-
ing more light to transmit through than if surfaces were not parallel [15]. Equation 14
is also used when scattering of light is present [15]. The « term represents all losses
present in the material, which includes absorption and scattering [15]. For an ideal

sample (no absorption or scattering), a = 0, and the Equation 14 reduces to [15]

7= ——. 15
1+R (15)

When it comes to the propagation of laser beams, the intensity of the beams should
ideally be Gaussian (see Figure 6), where most of the energy is near the center of the
beam [12]. These beams allow a high amount of energy over a small cross-sectional
area (spot size w(z)) and can be designed to have minimal divergence. There are

three methods commonly used to measure the spot size of a beam:

1. Full Width Half Max (FWHM), where w(z) is the beam diameter measured at

half the maximum intensity;

13
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Figure 6: Intensity plot of a Gaussian beam. This figure illustrates the intensity of a
Gaussian beam propagating down the z-axis. The three-dimensional Gaussian shape
is made by rotating a two-dimensional Gaussian profile about the z-axis. This figure

is taken from [12].

2. Half Width 1/e Max (or 1/e), where w(z) is the beam radius measured at 1/e

times the maximum intensity; and

3. Half Width 1/e? Max (or 1/e?), where w(z) is the beam radius measured at

1/€? times the maximum intensity;

where e is the Euler’s number 2.71828 [4, 12]. It is important to keep track of
which method of beam characterization was used, to ensure results can be compared
accurately. The default used in this thesis for w(z) is 1/e?; it will be noted when the

default is not used. The beam can be focused to a minimal spot size with a radius

14



called the beam waist (wp). On both sides of wyq is a range called the Rayleigh Range

(zr) where the radius changes by no more than v/2 (see Figure 7), where [4, 12]

ZR = —(— . (16)

Within this 2zr range, the intensity of the beam is often treated to be the same
within the range.

To this point, the type of material has not been considered as the discussion ap-
plies to any material. Materials can be classified as birefringent or nonbirefringent.
Nonbirefrigent (or isotropic) materials, like GaAs, are those that have the same re-
fractive index regardless of the light’s polarization. However, birefringent materials,
like SnyP3Sg, have different indices of refraction for each polarization [4]. A three-axis
orthogonal coordinate system (zyz) is used to track the changes in n with respect to
the polarization of the light traveling through the birefringent material. This xyz-
coordinate system depends on whether the material is “biaxial” (where each axis has
a different n) or “uniaxial” (where the z-axis has a different n than the x-y plane) [4].

Due to the complexity of biaxial crystals, this discussion will be limited to uniaxial

& Beam waist

I(r)

Figure 7: Rayleigh Range of a focused Gaussian beam. The Rayeigh Range 2y is the
distance from the focus (z=0) to where the radius of the beam is v/2 times the beam
waist wg. w(z) is the radius of the beam at position z, and © is the divergence angle.
The plots on either side show the cross-sectional intensity of the beam with respect
to the radius. This figure is from [12].
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materials; biaxial crystals can be analyzed as a uniaxial crystal when only taking into
account two of the three axes [4]. For uniaxial materials, the z-axis is what is called
the optic axis [4]. Relating this coordinate system to the light’s polarization, any light
wave can be broken into two waves with orthogonal polarizations: ordinary waves (o-
waves) which have their polarization within the x-y plane, and extraordinary waves
(e-waves) which have their polarizations orthogonal to the o-waves’ polarization and
their k-vectors [4]. Since the o-wave’s polarization is always within the x-y plane,
o-waves will always experience the same refractive index due to the x-y plane having
the same refractive index n,. As for e-waves, they will only have the same refractive
as o-waves when propagating along the optic axis, since their polarization is within
the x-y plane. When propagating within the x-y plane, the refractive index experi-
enced by the e-waves is the refractive index for the optic axis n,. When propagating
elsewhere in the crystal, the e-waves’ refractive index n, will vary based on the angle

0 between the optic axis and the k-vector [4]:

— + . (17)

The differences in n for e-waves and o-waves is illustrated in Figure 8 for positive
uniaxial crystals (n, > n,) and for negative uniaxial crystals (n, < n,) [4]. Due to
the difference in n within the x-y plane and along the optic axis, there are at least
two Sellmeier equations, one for the x-y plane (n,) and one for the optic axis (n,).
O-waves will always use the equation for n,, and e-waves will use both Sellmeier
equations in Equation 17 to determine n. [4].

A phenomenon occurs when both e- and o-waves are incident on a birefringent
material propagating the same direction (excluding the optic axis): the e-wave will
“walk-off” from the o-wave based on its Poynting vector, denoted ? (see Figure 9)

[4]. This means that while the e-wave’s k-vector remains unchanged, the energy of
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Figure 8: Refractive index differences based on polarization in uniaxial crystals. These
figures show the refractive indices for positive uniaxial (a) and negative uniaxial
(b) crystals. The axes shown are the ordinary axis (k,) which is within the x-y

%
plane and the optic axis (k). The vectors shown are the propagation vectors ( k)

and the Poynting vectors (?) for the ordinary waves (o-waves, subscript o) and the
extraordinary waves (e-waves, subscript e). For the e-waves, n either increases (a) or

%
decreases (b) as k. points away from k, towards k,. This figure is taken from [4].
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Figure 9: Poynting vector walkoff. A light wave composed of an e-wave and an o-wave
travels through a birefringent material. This figure is from [4].

the e-wave travels in the direction of the S-vector [4]. The direction of the S-vector
is always perpendicular to the refractive index experienced by either wave, as seen in
Figure 8 [4]. Thus, for o-waves, ?O is always parallel to z, but for e-waves, ?e is only
parallel to z on the optic axis (see Figure 10) [4]. The angle between 5_'Z and z is the
Poynting vector walkoff angle p, which is the same angle between ﬁ (electric field)
and D (electric displacement) [4]. As such, the electric field is always perpendicular
to the Poynting vector, not the k-vector. This phenomenon only occurs inside the

birefringent material; when the wave exits the material, the e-wave’s energy once

17



(b)

> T

hoit,

o
tryy

Figure 10: Directions of components of an electro-magnetic wave in a birefringent
material. The differences in directions of the wave’s components between e-waves (a)

and o-waves (b) are illustrated. The direction of the magnetic field vector ﬁ remains
unchanged and perpendicular to the other components. This figure is from [4].

again travels with its k-vector [4]. However, the birefringent materials examined in
this paper are too thin for this Poynting vector walk-off to affect any results, so this

will be ignored.

2.1.2 Y Nonlinearity

The polarization (?) of a material by the electric field (B) of an incident light

wave is expressed as

B(t) = oy E (1) (18)

where ? is the polarization at time ¢, ¢y is the permittivity of free space, E is the
complex amplitude of the electric field at time ¢, and x is the susceptibility of the

material [4]. x is related to n by

n=+/(1+x), (19)

thus from Equation (2), ¢, = 1+ x when u, = 1 [4]. This relationship means
that a change in refractive index results in a change in x [4]. As such, a change in
wavelength will result in a change in . This also means that there are multiple values

for x for birefringent materials due to the refractive index not being the same for all

18



polarizations.

A Taylor Series expansion can be performed on y in Equation 18 to obtain
B(t) = o (\VE(®) + XDE(t) + \PE#) + ..) (20)

where (! is the linear susceptibility, Y is the first order of nonlinear susceptibility,
and so on [4]. Individual orders of polarizations can be examined separately from the

other orders:

BOt) = eoxVE (1), (21)
BO(t) = o\ E2(t); (22)

and so on [4]. The relative strengths of increasing orders of nonlinearity are shown
below [4]:

XV >> YD E@)] >> |xPE(t)] >> ... (23)

In general, susceptibility is a tensor oroperty that increases in rank with the higher
orders of nonlinearity. x(? is a rank 3 tensor, so all x® nonlinear processes involve
three light waves. Since these processes involve frequency conversion without the
addition of outside energy, they must obey the law of conservation of energy, thus
w; = ws + w3, and by convention w; > wy > ws. These three waves each have
polarizations and propagate through a nonlinear material. The polarizations of the
three waves can interact in one of 27 ways within the material. As such, each of
these 27 susceptibilities are recorded as x;;x. The indices %, j, k each represent the
polarization of each of the three waves, respectively: x-, y-, or z-axis polarization,
written as x, y, z or as 1, 2, or 3 respectively. For these equations, i refers to the

polarization of the wave of interest, while j and k refer to the other two waves’
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polarizations in decreasing frequency. Thus, Equation 22 can be rewritten as
2 2
PO = cx(LE (O Exlt) (24)

where ijz; is the Y response of the material to the specific polarizations of the three

waves [4].

2.1.2.1 d-coefficients

A common way to encapsulate the material’s nonlinear susceptibilities is with a
matrix of d;;;, elements instead of x;jz, where x;jr = 2d;j,. The d-tensor originates
from the early work in NLO and has remained the standard convention for describing
(2

x® nonlinearity [4]. This results in Equation 24 becoming

PO() = 2e0disn E (1) E (1) (25)

with d;j, = %Xff,l in units of pm/V [4]. This leads to a 3 x 3 x 3 array containing the

27 different susceptibilities, or d-coefficients:

dlll d112 d113 d211 d212 d213 d311 d312 d313
d121 d122 d123 ) d221 d222 d223 ) d321 d322 d323 ' (26>
d131 d132 d133 d231 d232 d233 d331 d332 d333

This is a cumbersome way to track all the susceptibilities. A simplification is fre-
quently used to reduce the array to a 3 x 6 matrix. When determining the polar-
ization of the wave of interest, it does not matter how the polarizations of the other
two waves are oriented in relation to each other, only that they are either parallel
or perpendicular to each other. This leads to a simplification of indices, as shown in

Table 1 [4]. As an example, d,., is written as dy3, but can then be condensed to
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Table 1: Contracted Index for d-coeflicients
j.k ‘ new index ‘

XX 1

yy

Z7
Yz,2y
X7,7X
YX,Xy

O T = | W N

di4. Additionally, d,,. is di23, but is also condensed to dj4. This simplification re-
duces the number of d-coefficients to 18. Applying this simplification to the d-tensor,

Equation 26 becomes:

diy dia dig dia dis dig

<

d = day dog doz day dos dog | - (27)
ds; dsa dsz dsq dszs  dsg

At this point, the d-matrix can be simplified even more using Kleinman’s sym-
metry [16]. Kleinman’s symmetry is a permutation symmetry that allows the per-
mutation of any of the three susceptibilities without permuting the frequencies; for
example, dy93 is the same as dgy2, or di4 = dsg [4, 16]. This applies when all three fre-
quencies are outside the absorption bands of the material, resulting in the dispersion

of x® being negligible [4, 16]. This simplifies the d-matrix to

dyy dia dig dia dis dig

<

d = dig dog dog day digy dia | - (28)
dis dos dsz daz diz dia

This matrix can be further simplified depending on the structure of the material’s
unit cell. The unit cell is the fundamental geometric arrangement of atoms in a crys-

tal that, when repeated, forms the crystal (an example is shown in Figure 11) [13].
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Figure 11: Unit cell structure of triclinic crystal. For triclinic crystals, the side lengths
a, b, and ¢ do not equal each other, while the internal angles «, 3, and ~ also do not
equal each other. Other unit cells have some or all sides/angles being the same. This
figure is from [13].

Unit cells with similar structures are grouped together in groups called point groups,
or even smaller groups called space groups [17, 18]. As mentioned above, x® is a
Rank 3 tensor, and as such, it is self-similar under some specific coordinate transfor-
mations of rotation, reflection, and inversion (coordinate transformations that do not
stretch, skew, alter the coordinate axes) [4, 17, 19]. Unit cells within the same point
group will have the same transformations, and thus will have the same simplified

d-matrix [4, 17, 18]. These transformations are encapsulated in a 3 x 3 “R-matrix”.

For example, a rotation +90° about the z-axis would have a corresponding R-matrix

of
Cos g sin g 0
—sin§ cosy 0 |- (29)
0 0 -1

To determine the new d-coefficient in a transformed coordinate system, the following

equation is used
3 3
;jk = Z Z Z Rio Rjg Riydagy, (30)

where d;;;. is the new d-coefficient and each R, is an entry in the corresponding
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R-matrix [4, 19]. For an inversion transformation, the R-matrix is

If this inversion transformation applies to a specific d-coefficient, we have

3 3 3
k=D > RiaRisRidag,

a=1 =1 y=1 (32)
= R11R22R33dijk(_1)<_1)<_1)dijk = _dijk'

Since d;jk = —djjk, d;jr must equal 0 as a result of this transformation. Thus, any
d-coefficient that has an inversion transformation will be reduced to 0. For cen-
trosymmetric crystal structures, there is an inversion transformation that applies to
every d-coefficient, thus reducing the d-matrix to a 3 x 6 matrix of zeros. Thus,
centrosymmetric materials have no y® nonlinearity.

The d-coefficients for a particular crystal can be found using Equation 25 [4]. The
polarization of the wave of interest is on the left side, and the right side is expanded
to account for every possible d-coefficient and electric field combination of the other

two waves. In this case, the polarization of w3 is being examined in relationship to
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w; and wy:

B, (wi) B (w2)

Ey(wr1) Ey(wa)
din dip diz dis dis dis
3 E,(w1) B (w2)
(w3) = 269 dig do dog dos dis dio
E.(w1) By (w2) + Ey(w1) B} (wa2)
di5 dosy dsz dog diz dig
B (w1) By (w2) + Ep(w1) EZ (wa2)

Ey(w) By (we) + Ep(wr) By (w2)

(33)

As mentioned before, coefficients in the d-matrix may equal zero due to crystal sym-
metries. Terms in the other matrix my be reduced to zero due to the propagation
directions of the other two waves; for example, if w; propagates only on the x-axis,
then the E,(w;) and FE,(w;) terms are zero. After multiplying the matrices, the

equation will take the form similar to Equation 25:
Plwy) = 260d,s 1 ELEL, (34)

where d.ys is the effective d-coefficient based on the propagations and polarizations
of waves 1 and 2 [4]. The matrix multiplication results in d.sfE1E5 being a 3 x 1
vector, where each row represents P,, P,, and P, in order. As mentioned above,
d.s¢ may contain multiple weighted d-coefficients, depending on crystal structure and
propagations of the other two waves.

Since n and y are related to each other (Equation 19), the d-coefficients are also
affected by dispersion. This results in the same d-coefficient having different values

at different wavelengths. To avoid measuring the coefficients at numerous different

wavelengths, Miller’s Rule can be used to approximate a d-coefficient at another set
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of wavelengths [9, 20]. Miller’s Rule involves calculating Miller's A at one set of
wavelengths and using the calculated A for another set of wavelengths, both for the

same d-coefficient [9, 20]. To calculate Miller’s A, the following equation is used:
diji = XXX A = (03 = 1)(n3 — 1)(n3 — 1) Ay, (35)

where y = n? — 1 [4, 20]. Equation 35 is first used with a known d;;;, and its
corresponding x or n values to calculate A;j,.  Using this calculated Ay,
Equation 35 is then used to calculate the value for the same d-coefficient using the x
or n values corresponding to the new wavelengths:

=2 = 1)(n = 1)(n2 — 1Ay, (36)

ijk

where waves 4, 5, and 6 have the same polarizations as 1, 2, and 3 such that d;;;, and

d’

i;1 have the same subscripts. d-coefficients are commonly presented in literature as
being calculated via second harmonic generation, with the pump wavelength being
the wavelength associated with the d-coefficient. This convention will be used when
using Miller’s Rule in this thesis.

A limitation with Miller’s rule is the accuracy the calculated d;;;, value is to the
actual d value. This accuracy varies with samples and with wavelengths, which can
produce errors upwards of 35% in certain scenarios [8]. However, using Miller’s Rule

may be the only option to estimate d at a given wavelength if unable to directly

calculate the d-coeflicient.

2.1.2.2 Phase Matching and Quasi-Phase Matching

To achieve the most efficient frequency conversion for y(? materials, the three

interacting waves need to be phase matched. The three waves are considered phase
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matched when the propagation vectors, or k-vectors, of waves 2 and 3 add up to that
of wave 1 (see Figure 12) [4]. Figure 12 shows both noncollinear (k-vectors are not
propagating in the same direction) and collinear (all propagate in the same direction)
phase matching. This discussion will focus only on collinear phase matching, as this
will be the method used in the Maker Fringe experiment.

For the collinear case, the vector notation will be dropped since all three waves
travel the same direction. The k-vector can be written in terms of frequency and

refractive index: k = nw/c [4]. Thus, the phase matching equation is

0=y — hy — kg = AL T2t 7135 (37)
C C C

or

Ak = nNiwp — NoWwy — NgWws (38)

where Ak = ky — ko — k3 and Ak = 0 is phase matched [4]. Recall the convention
wy > Wy > ws, and recall from Section 2.1.1 that dispersion dictates that n; > ny > ngs
if all three waves are not separated by absorption bands. Because of dispersion, phase
matching cannot occur under this scenario if all three waves have the same polariza-
tion since Ak will never equal zero. Thus, those corresponding d-coefficients are
unobtainable with this method of phase matching. For example, congruent lithium

niobate (LiNbOj3) has a ds3 of -27.2 pm/V, but since accessing this component re-

/ S k k
2 > 3 :

Figure 12: Phase matched k-Vectors. The left figure is an example of noncollinear
phase matching. The right figure is an example of collinear phase matching. Each
vector k, corresponds to the ath wave.
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quires all three waves to be z-polarized, the largest accessible d-coefficient in terms
of magnitude is ds; at -4.35 pm/V [21].

When phase matching does not occur (Ak # 0), frequency conversion can still
happen but only for a specific distance within the material, called the coherence
length (L) [4]. This limitation arises from a phase mismatch between the pump and
the converted waves (A¢ = AkL, where ¢ = 2mn/)\), as seen in Figure 13 [4]. Energy
transfers from the pump wave to the converted waves until the the phase mismatch
reaches 7 radians, after which the converted waves “back-convert” to the pump wave
until the phase mismatch reaches 2m, or zero [4]. This forward and back conversion
follows a sinusoidal pattern, where the peaks happen at every odd integer multiple
of L., and the valleys at every even integer multiple (see Figure 14) [4]. This non-
phase matched frequency conversion can happen regardless of wave polarization. For

SHG processes where all three k-vectors propagate in the same direction, L. can be
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Figure 13: Phase misalignment between fundamental and generated waves when not
phasematched. The solid line shows the phase of the fundamental wave, and the
dotted line shows the phase of the generated wave. The distance in the crystal is in
arbitrary units (a.u.), with 50 a.u. being one L.. This figure is from [4].
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Figure 14: Intensity of a frequency converted wave when not phase matched. This

figure is from [4].

determined:

7= (ks —k, — k) Lo = (ks — 2k,) L, (39)
T = L. (nsws — 2n,w,) (40)

2mn 4mn
N L L 41
oo () )

n 2n
— 9oL S 42
reon (5 5 )
S TR, (43)
>\p
)\p

LC - 4 (ns _ np)? (44)

where k = nw, w = 27/, and the subscripts s and p refer to the SHG wave and
the pump wave, respectively [4, 22]. When the k-vectors are not all propagating
in the same direction, the angle between the pump and harmonic k-vectors should
be accounted for as that will affect L.. However, this effect will be ignored since
the birefringent samples examined in this thesis are considered too thin for this to

become an issue.
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Back conversion is resolved by inverting the crystal structure every coherence
length. Doing so allows the forward frequency conversion process to happen when
it would otherwise back convert, leading to the scenario in Figure 15. This method
is called quasi-phase matching (QPM), which allows access to the “unobtainable”
birefringent d-coefficients mentioned above and allows non-birefringent materials to
effectively frequency convert over lengths much longer than L. [12]. QPM alters the

phase matching equation (Equation 38) to

AR = Ak — ko = Ak — 2
A (45)
27
= N1WwWi1 — NoWy — NzWg — —/—MM

A

where A is typically two coherence lengths and m is the mth-order of QPM (usually
m = 1, as that is the most efficient for frequency conversion) [4]. Even though

the first-order QPM has a 2/7 scaling factor on the d.fy when compared to the

Intensity (AU)

0 1 2 3 4 5 6

Distance (coherence lengths)

Figure 15: Frequency conversion in a quasi-phasematched material. Light is frequency
converted during the first coherence length (L.). At one L. through the crystal, the
crystal orientation is inverted, causing the light to continue to frequency convert
instead of back converting. This process is repeated every L. for more frequency
conversion. Note that the intensity is in arbitrary units (AU). This image is from [4].
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birefringent phase matching, sometimes QPM is preferred as it can access much higher

d-coefficients as is the case with LiNbOj’s ds3, mentioned earlier [4].

2.1.3 x® Nonlinearity

3) is a Rank 4 tensor, meaning that it involves the interactions between four

waves instead of three, with its susceptibility coefficients taking the form Xg?l)cl [4].

X!

Due to x® being a Rank 4 tensor, its R-matrix will be 4 x 4, meaning that any
inversion symmetries within a material will not result in its coefficients being equal
to zero, there being four R coefficients instead of three as shown in Equation 32 [4].
As such, all materials (including centrosymmetric ones) can exhibit y®) nonlinearity.
As the order of nonlinearities increases, so does the number of possible interactions
between the material and the waves. The interaction of interest in this thesis involve
all four waves with the same frequency (or the same wave acting as both inputs and
both outputs). The material’s properties that are affected in this interaction are
nonlinear refractive index (ny) and nonlinear absorption () [4]. These properties

should be well understood to avoid deleterious effects.

2.1.3.1 Nonlinear Refractive Index

In terms of ¥, the nonlinear refractive index ny is

3 3)
— ) 46
N2 4€0ngC 2111 ( )

®3)

where ;. is real, and the subscript ¢4 means that all four waves have the same

polarization [4]. Relating nsy to the refractive index n,

n=mng+ 77/2[, (47)
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where n is the material’s total refractive index, ng is the linear refractive index as
discussed in Section 2.1.2, and ny is in units of m?/W (or cm?/GW) [4]. Another

common way of relating ny to n is
n
n:n0+§|E|2, (48)

where ny is in units of esu, with the conversion between esu and m?/W being
[esu]= cng/407[m?/W] [23]. The convention used in this thesis is Equation 47 with
ny in units of cm?/GW. So, a change in n, will change the material’s overall refractive
index, thus altering the phase matching conditions which can decrease or change the
output of the frequency conversion process. When irradiated by a Gaussian beam,
ng causes the material to act as a lens, focusing for positive n, and defocusing for

negative nq, a feature utilized in the Z-Scan experiment [4, 24].

2.1.3.2 Nonlinear Absorption

The nonlinear absorption (j3) corresponding to x® nonlinearity is two photon
absorption (2PA), where as the name suggests, two photons are absorbed simultane-
ously instead of one. If 3 is large enough for a set of wavelengths, the material can
become unusable for NLO devices due to the losses to 2PA. Therefore, materials with
low values of 3 are desired as frequency converting materials. In terms of the x©®

coefficient, [ is

I N )
f= 2eon?c? Xbm

(49)

where n is the total refractive index (Equation 47), w is the frequency of the wave,

3)

and X?’;}L is the imaginary part of Xgm- [4]. When both linear absorption « and § are

present, the total absorption caused o and [ is related to intensity I by the following
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equation [4]:

dl
e )
7 al — (50)

2.2 Nonlinear Optical Characterization Techniques

There are two characterization techniques used to determine the three nonlinear
properties used in this research. The first is the Maker Fringe technique, which is
used to determine the d-coefficients. The second is the Z-Scan technique, which is
used to calculate both the nonlinear absorption [ and the nonlinear refractive index

No.

2.2.1 Maker Fringe

In 1962, Maker et al. documented an interesting phenomenon involving a piece of
quartz [25]. With the pump laser propagation normal to the front and back faces, the
quartz was rotated about the propagation direction, and varying amounts of second
harmonic light was gathered (see Figure 16) [25]. The initial theory behind this was
described by Bloembergen and Pershan in 1962; however, it would not be until 1970
that this interference pattern, or fringes, would be called “Maker Fringes” [26, 27].
Later in 1970, the initial theory behind the phenomenon was developed, which pro-
vided the origin of these fringes: bound harmonic waves and free harmonic waves (see
Figure 17) [26]. The bound harmonic waves are generated from the standard x? SHG
process, meaning that the bound waves travel with the fundamental waves [26]. The
free waves are generated at the input surface from the inter-atomic and dipole forces,
and they travel through the material seeing the harmonic refractive index instead
of the fundamental’s refractive index [26, 27]. Since the bound and the free waves
experience different refractive indices, the two sets of waves travel at different speeds

and are thus periodically in-phase and out-of-phase with each other. When they exit
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Figure 16: Second harmonic signal from rotating quartz. Relative second harmonic
signal is plotted against angular rotation for a slab of quartz, with the line being a fit
to the data. The incident wave was normal to the input surface and parallel to the
optic axis [25]. Note the rapid change between peaks and valleys; this pattern would
later be called “Maker Fringes” [27]. This figure is modified from [25].

Figure 17: Propagation of harmonic waves at the input surface. The pump wave
obeys Snell’s law, represented by the incident (k,, ;), reflected (k,,,), and transmitted
(ky+) waves. The bound harmonic wave (ko ;) travels with k,: according to the
transmitted angle from Snell’s Law (6,,), but the free harmonic wave (ko ;) travels
separately according to its own internal angle (6 ;). A harmonic wave (ko) is
generated at the surface and travels with &, ..
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the material, they travel at the same speed again, so whatever phase offset they have
as they exit will be their offset as they propagate outwards. Looking at Figure 16, the
peaks and valleys of the “blue light” signal correspond to the bound and free waves
being in-phase and out-of-phase, respectively [26, 27]. Since the article by Jerphagnon
et al. in 1970, improvements were made to the theory to account for different classes
of crystals, birefringence, more reflections within the crystal, and absorption at one
or both wavelengths [27, 28, 29, 30]. The relevant improvement for this thesis is the
“19-Beam Theory” by Murray et al., which is an extension of the “13-Beam Theory”
by Pavlides and Pugh [28, 30].

One of the improvements Pavlides and Pugh made was an expansion into crystals
with any symmetry, as opposed to the simple symmetries that arise from unit cells
like simple cubic that the earlier theories are restricted to [27, 28]. Another improve-
ment they made is the tracking of thirteen different beams from both sides of the
irradiated material, as shown in Figure 18 [28]. By tracking both the ordinary and

extraordinary components of the incident wave inside the crystal, the bound and free

y SHG-T

34 56 7 8 9
; z={7 =
w o, 2w
N
L= 0 7 1112
/5 k*;\ \‘\\
1 | 2 10 '~ SHG-R

Figure 18: Maker Fringe 13-Beam Theory. The red beams on the left have frequency
of w, while the blue beams on the right have frequency of 2w. Waves 3 and 4 are the
transmitted fundamental waves with one being an o-wave and the other an e-wave.
Waves 5 through 7 are bound waves travelling with waves 3 and 4. Waves 8 and 9
are free waves generated at the z = 0 surface, as is the reflected wave 10. Waves 11
and 12 are the reflected free waves at z = [. Wave 13 is the total harmonic wave
transmitted. This figure is modified from [30].
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waves generated by each component can be better tracked. Additionally, by track-
ing the reflected waves at each surface, there is a more comprehensive understanding
of how much energy entered the crystal and how much of the incident wave was fre-
quency converted (compared to what exited the material) [28]. Another improvement
originating from Pavlides and Pugh’s work is the ability to track the energy at each
crystalline surface, since the energy on both sides of each surface has to be the same.
The end result of the 13-Beam Theory is a more accurate account of how much SHG
was produced compared to what is transmitted for any unit cell structure. This accu-
rate calculation of the SHG waves allows for more precision when calculating a de¢
from the SHG output.

One issue not completely addressed in 13-Beam Theory is the internal beam re-
flections due to the material having a high n. Since most of the time the material
is surrounded by air which has a refractive index of about 1, a material with a high
refractive index (for example, GaAs has a refractive index 3.48 at 1045 nm) will cause
more light to be reflected on each surface than a material with a lower n due to Fresnel
reflection [12, 31]. To address this issue with high refractive index materials, Murray
et al. added six more beams to 13-Beam Theory to create 19-Beam Theory (see
Figure 19) [30]. One of these new beams is the fully transmitted fundamental wave,
while the other five are the internally reflected waves: two fundamental waves and
three bound waves [30]. A higher n material would cause more of the harmonic waves
to be reflected backwards (compared to a lower n material), which is not accounted
for in the 13-Beam Theory. Thus, the 13-Beam Theory determines that less of the
fundamental wave is converted to the SHG wave than the 19-Beam Theory, which in
turn leads to undervalued calculations of the d-coefficients. The discrepancies between
the two theories increase as n is increased.

Figure 20 shows a block diagram for the Maker Fringe experiment. The pump

35



P SHG-T

9 1011 12 13

AN T
14 151617 18

8s SHG-R

Figure 19: Maker Fringe 19-Beam Theory. The 19-Beam Theory adds five more in-
ternally reflected beams for both frequencies along with the transmitted fundamental
beam. This figure is modified from [30].
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Figure 20: Block diagram of Maker Fringe experiment.

laser is Q-switched, which produces a train of short pulses. Attenuator Al is used
for power control, and the polarizer P1 polarizes the beam. The beam is focused at
the sample by lens L1, which may be on a z-translation stage for minor adjustments.
The pump is filtered out of the output, and the SHG detector collects the generated
SHG waves produced by the sample. Polarizer P2 can be used to collect the different
polarizations of the harmonic output.

The 13-Beam Theory and the 19-Beam Theory focus on the propagations and
generations of waves, trying to provide the most accurate account for how much SHG

light was generated, transmitted, and reflected [28, 30]. The complete derivations
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of 13-Beam and 19-Beam Theories are located in [28] and [30]. Presented below are
two of the methods for analyzing the transmitted SHG wave which allows one to
determine d.yy.

Two common methods for conducting Maker Fringe experiment are the Rotation
Method and the Intensity-scan (I-scan) Method. In the Rotation Method, the sample
is rotated about the y-axis to a desired angle where it is fixed during data collection
and then rotated about the sample surface normal 360° while the output is collected
at set intervals [30]. Note that this rotation is only about the z-axis when the pump’s
angle of incidence is 0°. Each polarization of the SHG wave can be recorded separately,
and these outputs resemble the Maker Fringes shown in Figure 16, though the number
of fringes will vary depending on the sample. At different angles, d ;s is comprised
of different d-coefficients with varying weights attached to them [30]. As such, this
method allows multiple d-coefficients to be individually determined with just one scan
of each polarization. Additionally, ratios of d-coefficients can be plotted, showing the
relative strengths of the two coefficients for a given sample [30]. The Rotation Method
is not used in this thesis due to time constraints, so further information will not be
provided here.

The second method to measure d.yy is I-scan, whose name comes from varying the
pump intensity at set intervals while leaving the sample in the same position. The
sample is aligned about the vertical and sample surface normal either for maximum
frequency conversion from the pump wavelength to the SHG wavelength or for mea-
surement of specific d-coefficients. The pump intensity is varied, and the harmonic
output is recorded at each pump intensity. To calculate d.;y and the d-coefficients,
the following method is used.

The following equation is the general equation used to calculate d.¢s for both the
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Rotation Method and the I-scan Method:

2,uocu12)L2

51
NSHGNAC (51)

AkL
Isng = ) ,

dgfflzsch (T
where 1o is the magnetic permeability of free space, the subscript p refers to the
pump wave, the subscript SHG refers to the harmonic wave, and Ak is defined in
Equation 38 [4]. Equation 51 originates from the solution to the coupled amplitude
equations for all three waves (two pump, one SHG), derived in detail in [4]. Solving

for deys, Equation 51 becomes

ensuen2lsuc
dorr = P . 52
1 \/Z,uongQIgsinc? (%) (52)

To use Equation 52 with the I-scan data, a fitting parameter bs; is used to relate
the SHG output energy and the input intensity. As the pump intensity (/;,, in
GW /cm?) is increased linearly, the energy of the SHG signal (Esyg, in nJ) increases
in a quadratic fashion, where a fitting function can be plotted:

Esug = by}

m?

(53)

where by is the fitting parameter with units nJ/(GW /cm?)? [22]. This by;; parameter
does not account for how much of the pump is reflected at the front surface and how
much of the SHG wave is reflected at the back surface. These Fresnel losses are

accounted for with a similar equation to Equation 53:

Esuc

Ts = btrue ([mTp)2 5 (54)

where T}, is the single surface sample transmittance at the pump wavelength, 7 is

the single surface sample transmittance at the SHG wavelength, and by, has the
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same units as by [4, 22]. Multiplying both sides of Equation 54 by T}, Equations 53

and 54 can be equated to obtain the value for by... [22]:

btrue (I'mTp>2 Ts = bfztIrLQn (55>
byit

btrue - ) (56>
2T,

Equation 52 can then be rewritten to include this by.,. parameter:

birueAZN2N5CEQ
deff = ZINT 2, 2 Y (57)
(2v277/2) L2w3tosinc?(5)

where ), is the pump wavelength, n, and n, are the refractive indices at the pump and
SHG wavelengths, c is the speed of light, € is the permittivity of free space, L is the
length of the sample, wy is the beam waist, ¢y is the temporal pulse width (FWHM),
o =mnL/L., and L, is calculated via Equation 44 [22]. Once d.ss is obtained, then
individual d-coefficients are calculated based on crystal structure and orientation,
using the method described in Section 2.1.2.1.

Equating Equations 52 and 57 shows what b, represents:

3/2,,,2
T / thOISHG

b'rue = T =7 58

Ispc is the on-axis intensity for the SHG wave. To convert from intensity to energy
Esua, Isug is divided by the area of the beam waist mw? and the temporal pulse

width ¢y. Equation 58 then becomes

_ Esua (VT
btrue - [En (2\/5) ) (59)

where the /7/2v/2 is the conversion factor from a plane wave to a Gaussian wave

[22]. The equations presented in this section provide a basis for the analysis method
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used in this thesis for the Maker Fringe data.

2.2.2 Z-Scan
2.2.2.1 Z-Scan Overview

The Z-Scan experiment was introduced in 1989 as a simple yet accurate method of
determining the nonlinear refractive index (ns) of a material [24]. This determination
is done using a setup similar to the one shown in Figure 21. In the Z-Scan method,
a pulsed pump beam passes through a beam splitter (BS), where the reflected light
waves are immediately collected by a detector (D1). The transmitted light waves are
focused at a point, zg, and then defocused before being collected by another detector
(D2). The sample is placed on a translation stage with its center at z;. The sample
is then moved along the direction of propagation from —z to z, hence the name Z-
Scan. The position z is chosen such that the intensity at +z is too low to induce a
substantial effect from ny or S. The aperture in front of the second detector allows
this setup to determine two different properties of the sample: closed aperture (CA)
for ny and open aperture (OA) for 5. Both methods use the normalized transmittance
(D2/D1) plotted against sample position to determine the properties.

For the CA setup, the aperture allows a limited amount of the unobstructed beam

SAMPLE  APERTURE

Za
s !

D2

Z—— 42

D1

Figure 21: Block diagram of Z-Scan experiment. This figure is modified from [24].
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to be collected by the detector. Since my relies on high intensity, a Gaussian pump
beam will induce a different ny in the center of the sample than on the edges since
most of the energy is in the center. As the beam is focused, the intensity of the
beam increases. As the sample is moved through z, it will act like a lens, with
the center of the beam encountering a different refractive index due to the effects of
nonlinear refraction (see Figure 22) [4]. For a positive ny material, the center of the
beam travels slower through the material than the edges, causing the beam to be
focused [4, 24]. On the —z side of the experiment, the sample causes the beam to
focus before 2y, which means it defocuses further from the aperture, leading to less
of the beam passing through the aperture and being collected. On the +z side of the
experiment, the sample refocuses the beam after the beam starts diverging, allowing
more of the beam to pass through the aperture. For a material with a negative no,
the center experiences a lower refractive index than the edges, causing the beam to
defocus as it exits, resulting in the opposite effects of positive ny [4, 24]. An example
of the normalized transmittance for both positive and negative ny materials is shown
in Figure 23 [24].

With this CA setup, it is possible to calculate § [32]. However, a simpler and more

effective way to calculate § would be to completely open or to remove the aperture

(a) Positive n, (b) Negative n,
Pinhole Pinhole

+ Detector

-Z :r—-—r +Z

‘Sample
location (z) location (z)

Figure 22: Material lensing due to nonlinear refractive index. This figure illustrates
the material lensing caused by positive ny (a) and by negative ny (b) in the closed
aperture Z-Scan experiment. Beam divergence is exaggerated for illustration pur-
poses. This figure is modified from [4).
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Figure 23: Example of normalized transmittance for closed aperture Z-Scan. This
figure shows the general shape of the closed aperture Z-Scan normalized transmittance
for positive ny (solid line) and negative ny (dashed line) materials. The location of

« 2

highest intensity zq is located at z/zr = 0. “z;” in the figure is the Rayleigh range
zr. This figure is taken from [24].

entirely (the OA setup) [32]. Doing so allows the whole beam to be collected by the
detector regardless of crystal position, removing the effect of ny and reducing the
number of unknowns. The normalized transmittance is still plotted against sample
position, but the plot takes on a different shape as seen in Figure 24. As the crystal
approaches zy, the intensity of the beam increases due to the decreased spot size.
This increases the probability of multi-photon absorption and thereby decreases the
number of photons that are transferred through the sample [4, 32]. As expected
when the intensity decreases, the nonlinear absorption also decreases, leading to the

symmetric nature of the graph about z.
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Figure 24: Example of normalized transmittance for open aperture Z-Scan. This
figure shows the general shape of the normalized transmittance for an open aperture
Z-Scan run. The location of highest intensity zq is located at z/zgr = 0. This figure
is taken from []].

2.2.2.2 Z-Scan Theory

The full derivation of the theory behind the Z-Scan technique has been done by
Sheik-Bahae et al., so only portions will be repeated here [23].

Nonlinear refractive index will be presented first, and the calculations for ns as-
sume there is negligible nonlinear absorption. The electric field of a Gaussian beam
propagating through the air is dependent on position in space z, radial distance from
the center of the beam 7, and time ¢, denoted E(z,r,t). As the beam propagates

through the sample, there will be a nonlinear phase shift:

NL _ A, ex _2_7“2
AT (2,1 1) = 1+ (2/21)2 p( MQ(Z)) (60)

where AQdy is the on-axis phase shift at the focus and is
A(I)O = k‘?’LQI[)Leff, (61)
Legy is the effective interaction length given by L. = (1 — e *F)/(a), a is the
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absorption coefficient given by Equation 14, L is the length of the sample, I, is the
on-axis peak intensity at zg, zg is the Rayleigh range, r is the radial distance from
the center of the beam, and w(z) is the radius of the beam at z with z, at wy [4, 23].
Additionally, the sample may linearly absorb part of the beam. Thus, the electric

field exiting the sample F, can be written as

ez, 1) = z,r,t)e” e NL,
E E abeihd 62

—alL

where e is the effect of linear absorption, « is the linear absorption coefficient,

and ¢/2?™" is the nonlinear phase shift [4, 23]. The electric field at the aperture E, is
E.(r,t) = E(z,7 = 0,t)e “L2W(2,r, Ag) (63)

where W(z,r, A¢) is a function of beam radius, distance from sample to aperture,
and phase, provided in detail in [23]. By spatially integrating F,(r) to the aperture

radius 7, the power transmitted through the aperture is [23]
Pr(A®(t)) = ceonor / By (r, ) rdr. (64)
0

With P;(t) as the instantaneous input power within the sample and S as the aperture

linear transmittance, the normalized transmittance can then be calculated:

J72 Pr(Ad(t))dt
T(z) = S [ Pi(t)dt

(65)

where Pi(t) = mwily(t)/2 and S = 1 — exp(—2r?/w?), with w, as the beam radius
at the aperture [23]. When T'(z) has the shape shown in Figure 23, a simplification

can be made which relates |A®y| to the difference between the peak and valley of Ty
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(AT,_,) [23]. If |A®| < 7 [23],

AT, ., =~ 0.406(1 — S)"* |Ad| . (66)

To measure 3, the aperture in front of the detector is completely opened or re-
moved, allowing the beam to be completely collected by the detector. For a sample
that has both linear and nonlinear absorption, the intensity and phase shift exiting

the sample are

I —al
L(z,rt) = % (67)
and
Aj— % W[l + q(zr0)] (68)

where « is the linear absorption, q(z,7,t) = BI(z,7,t)Lesp, and Lesy = (1—e L) /()
[23]. For |g| < 1, Equations 67 and 68 can be combined to write the electric field

exiting the sample as an infinite sum of Gaussian beams [23]:

E, = E(z, r t)e*"? f: Wm;‘t)m H(“;’V 1/2-n+1)]. (69)

m=0 n=0

Integrating Equation 69 over r gives the transmitted power

_aLln [1 + QO(Z, t)]

Pr(z,t) = P(t)e w01

(70)

where qo(z,t) = BIo(t)Less/(1+2%/2%) and P;(t) is the same from the closed aperture
calculations [23]. Time integrating Equation 70 and expressing it as an infinite sum,

the transmittance equation used to determine /3 is [23, 33]

i qo 2, 0 Z [_Blo(t)[’@ff/(l + 22/212%)]7” (71>

~ 3/2 - — (m+ 1)3/2
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2.3 Properties of the Examined Materials

This section will cover the relevant properties of the materials characterized as part
of this thesis. Relevant wavelengths are 2090 nm and 1045 nm for the Maker Fringe
experiment, and 1550 nm for the Z-Scan experiment. The order of the materials is

as follows:
1. GaAs;
2. GabP;
3. The GaAs,P;_, ternary compounds;
4. SnyP5Sg; and

5. Zinc Selenide (ZnSe).

2.3.1 Gallium Arsenide (GaAs) and Gallium Phosphide (GaP)

Both GaAs and GaP are non-birefringent materials in the 43m crystal class, which

has a cubic unit cell structure (see Figure 25) [34]. As a result, their d-matrix is [4, 34]

Figure 25: Unit cell structure of cubic crystal. The side lengths a, b, and ¢ all equal
each other. All three internal angles a, 3, and v equal 90°. This figure is from [15].
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d=1000 0 dy 0]- (72)
000 0 0 du

Being non-birefringent, both of these are generally engineered to be QPM materi-
als, having their orientation flipped every coherence length. However, the samples

examined in this thesis are single crystal.

2.3.1.1 GaAs

The transmittance of GaAs as manufactured by a vendor is shown in Figure 26 [35].
From Figure 26, the differences between the thinner and thicker samples between the
wavelengths 900 nm and 1200 nm indicates that there is appreciable linear absorption

in that waveband. The Sellmeier equation for GaAs was formulated by Skauli et al.

100

Gallium Arsenide GaAs
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400 600 800 1000 1200 1400 1600 1800 2000

Figure 26: Transmission spectrum of GaAs. The red and blue lines show the difference
in transmission between a 0.5 mm and a 1.5 mm sample. This figure is from [35].
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in 2003:

27.83972
2 =5372514 4 —————
n(\) 5871+ 75— 75
0.031764 + 4.350 x 107 °AT + 4.664 x 10~ "AT?
+ 5 (73)
n .00143636
/3 —1/A

where A\; = 0.11313071 + 5.0564 x 107°AT, Ay = 0.08746453 + 1.913 x 107*AT —
4.882x107"AT?, \3 = 36.9166—0.011622AT, AT = T'—22 with T in degrees Celsius,
and A in pm [31]. Using this equation, the refractive indices for the wavelengths used

in both experiments at room temperature are listed in Table 2 [31].

Table 2: Refractive Indices for GaAs used in this Thesis
1045 nm | 1550 nm | 2090 nm

3.480402 | 3.369709 | 3.334201

The dy4 coefficient of GaAs used in this thesis was calculated by Skauli et al. in
2002 to be 94 pm/V at 4.1 pm [9]. Using Miller’s Rule (Equation 35) results in a
dy4 of 107.7 pm/V at 2.09 um [9, 20, 31]. Figure 27 shows ny for GaAs over a wide
range of wavelengths, with ny at 1550 nm being approximately 3 x 10™* cm?/GW
[5]. At shorter wavelengths GaAs has considerable nonlinear absorption, as seen in
Figure 2 [5]. At 1550 nm, S is approximately 13 cm/GW [5]. With such a high S
for these shorter wavelengths, GaAs is not desirable for use in optical devices below

1.7 pm.

2.3.1.2 GaP

The transmission spectra for GaP is shown in Figure 28 [36]. From Figure 28,

GaP transmits about 58 — 59% for the wavelengths of interest [36]. The Sellmeier
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Figure 27: Nonlinear refractive index of GaAs. The theoretical (line) and experimen-
tal (dots) nonlinear refractive index ny for GaAs is shown from 1000 nm to 11,000
nm, with polarization along the [1 1 0] plane of GaAs. The inset shows the variation
of ny as the material is rotated at 2000 nm, with the circles being experimental and
the dashed lines being the best fit of the experimental. This figure is from [5].
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Figure 28: Transmission spectra for selected crystals. The transmission for GaP for
0.5 — 12 pm is the black line. This figure is from [36].
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equation for GaP is as follows:

B D

20 = A
w N = A+ TG oer1014/3) T 1= (758.018)00)

(74)

where A = 10.926 + 7.0787 x 10747 + 1.8594 x 1077T?, B = 0.53718 + 5.8035 x
107°T +1.9819 x 107772, D = 1504 + 0.25935T — 0.0002332672, T is in Kelvin, and

A is in pm [37]. Thus, the refractive indices at room temperature for GaP used are

listed in Table 3 [37].

Table 3: Refractive Indices for GaP used in this Thesis
1045 nm | 1550 nm | 2090 nm

3.107926 | 3.054845 | 3.035313

The dy4-coefficient used in this thesis is 70.6 pm/V at 1064 nm [8]. Scaling this
using Equation 35, the dyy coefficient at 2090 nm is 53.1 pm/V [8, 20]. A couple
values for § measured near 1 ym are 1.02 cm/GW around 780 nm and 0.2 cm/GW at
1064 nm [6, 7]. Note that these 5 values are at least one order of magnitude lower than
GaAs’s. As such, the value of 5 used in the Z-Scan experiment will be 0 cm/GW [38].
Also around 1550 nm, GaP’s ny value has been calculated to be 1.2 x 1077 m? /W

[39].

2.3.2 GaAs,P,_, Ternaries

The two GaAs,P;_, ternary compounds examined in this thesis are GaAsg gg2Po 308
and GaAsg74Pg26, with the stoichiometries determined by the grower of the samples
prior to being lent for this thesis. GaAs,P;_, ternary compounds are commonly used
as semiconductors or in solar cells, which do not rely on the same properties required
for coherent light generation does. There does not appear to be any published NLO-
properties of GaAs,P;_, available in literature. Since their NLO properties have

not been well characterized in literature, Vegard’s Law is used to approximate the
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relevant properties required to analyze the experimental data. Vegard’s Law is an ap-
proximation theory for ternary compounds if the ternaries and the respective binary
compounds have the same crystal structure [40]. Vegard’s Law says that there is a
linear relationship between the properties of the binaries and those of the ternaries
(primarily applies to the dimensions of the unit cell structure) [40]. For example, if
compound AB has side a at 1 arbitrary unit (a.u.) and compound AC has side a at
2 a.u., then the ternary ABj4Co¢ will have side a be 1(0.4) 4+ 2(0.6) = 1.6 a.u. [40].
Vegard’s Law will be extended to the refractive index and the “ideal” transmit-
tance of the ternaries. Using the refractive indices from the previous section, the
values for n for GaAsg g02Po.30s that will be used are listed in Table 4 [31, 37, 40].

Table 4: Refractive Indices for GaAsggpaPg.398 and GaAsg74Pg .96 used in this Thesis
1045 nm | 1550 nm | 2090 nm

GaASo_602P0_398 3.332168 | 3.244393 | 3.215243
GaAsg74Po2s | 3.383558 | 3.287844 | 3.256490

2.3.3 SHQPQS6

In literature, it is noted that SPS has a high transparency range between 0.53 pym
and 8 pm, though no graph is provided [41, 42, 43]. SPS is a monoclinic crystal (see
Figure 29) in the Pc space group (m point group) [13, 18, 44]. The d-matrix for point

group m crystal is

dll d12 d13 O d15 0
<
d=10 0 0 du 0 dp]- (75)

dis doy dzz O dig O
Anema et al. measured the dy; coefficient for SPS, which implies that SPS is a
point group 2 [18, 41]. This is in contradiction to many other papers that state or

imply that SPS is in the m point group, so Anema’s d-coefficient findings will be
ignored [11, 44, 42, 45]. Haertle et al. used the Rotation Method of the Maker Fringe
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Figure 29: Unit cell structure of a monoclinic crystal. The side lengths a, b, and ¢ do
not equal each other. Internal angles o and v both equal 90°, while # does not equal
90°. This figure is from [13].

experiment and calculated SPS’s d-matrix at 1907 nm to be (in pm/V) [11]

12415 20403 645 0 —1+4 0

—

d = 0 0 0 18405 0 17+02]. (76
144 342 443 0 6+5 0

Note that Kleinman’s symmetry is not always applied here (compare Equations 75
and 76), only when they were unable to separate the coefficients [45].

Since the monoclinic crystal structure does not have three orthogonal axes,
Figure 30 is used to relate the crystal axes (a, b, and ¢) to a Cartesian coordinate
system (x, y, and z), where the y- and b-axes are both perpendicular to the x-z plane
shown [45]. Since SPS is a biaxial crystal, the axes x1, x5 (perpendicular to the x-z
plane), and x5 form another coordinate system for the refractive indices of SPS, with
ny along the xi-axis, ny along xq, and n3 along 3 [45]. The angle « (indicatrix) is
wavelength dependent, which means that the pump and the harmonic waves will have
slightly different coordinate systems [45]. With the coordinate system presented in

Figure 30, the relationship between the three axes’ indices is n3 > n; > ng, which is
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»

Figure 30: Coordinate systems of SnyP2Sg. The graph shows the x-z plane, while the
y-axis is perpendicular to the x-z plane. The crystal axes a and ¢ are shown in the
x-z plane, while the b-axis is perpendicular to the x-z plane and parallel to the y-axis.
The refractive index axes x; and w3 are shown, while z5 is perpendicular to the x-z
plane and parallel to the y- and b-axes. Ps is unimportant to this discussion. This

figure is from [45].
not the standard where ng > ny > n; [45]. The Sellmeier equation for SPS is

SN
1= (u/N)?

SHA2

nZ()\)—l 1= O/

(77)

where the parameters S; and \; for each n are listed in [45]. Thus, the refractive

indices used in this thesis are listed in Table 5.

Table 5: Refractive Indices for SnyP»Sg¢ used in this Thesis

Haertle et al.

[ 1045 nm | 1550 nm | 2090 nm
ng | 28317 | 27808 | 2.7636
ny | 27554 | 27085 | 2.6925
ng | 28677 | 2.8107 | 2.7916
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also measured two Y susceptibility coefficients at 1907 nm:




A =17 £ 6 x 1072 m2/V? and y§3,=9 + 3 x 1072 m?/V2 [11]. Since both of
these are for four waves with the same polarization, ny can be calculated using
Equation 46, but [ cannot since there is no imaginary part to these susceptibili-
ties [4]. Using Equation 46, the nonlinear refractive indices for the x;- and z5-axes at
1907 nm are 6.266+2.211x107° ¢cm?/GW and 3.495+1.165x107° cm?/GW, respec-

tively [11, 45].

2.3.4 Zinc Selenide (ZnSe)

ZnSe is another NLO material examined in this research, though it is well estab-
lished and is not related to the other groups. ZnSe was used to verify the setup of
the Maker Fringe experiment and was subsequently put in the Z-Scan experiment.
As such, its relevant properties will be listed below.

The transmission of ZnSe is shown in Figure 31, where the transmission for wave-
lengths between 1 — 2 pm is about 70% [46]. Linear absorption is seen in the

left-half of Figure 31, and has been measured (near the regions of interest) to be

(N IS R " = T |
o o o o o o

Percent transmission

—
<

0 4 8 12 16 © 200 400 600 800
Wavelength, um

Figure 31: Transmission spectra of ZnSe. A graph showing the transmission spectra
for ZnSe, for wavebands 0.5 — 22 pym and about 100 — 800 pum. This figure is modified

from [46].
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2x 107" em™ at 1.3 um and 7 x 107* em™" at 2.7 um [46]. The Sellmeier equation
for ZnSe was developed by Tropf in 1995 and will not be repeated here due to its
complexity [47]. Using Tropf’s Sellmeier equation, the relevant refractive indices at

room temperature are listed in Table 6 [47].

Table 6: Refractive Indices for ZnSe used in this Thesis
1045 nm | 1550 nm | 2090 nm

2.484092 | 2.455559 | 2.444954

Since ZnSe is in the same crystal class as GaAs, it too only has dy4 [8, 48]. The
value for the dy4 coefficient used in this thesis is 53.8 pm/V for the SHG process
converting 852 nm to 426 nm [8]. Using the Miller’'s A4 value found in [8], dy4 at
2090 nm is 35 pm/V [8, 20]. Figure 32 shows the ny values for wavelengths 0.8 pm
to 2.5 um [49]. From the figure, n, is approximately 1.00 x 107° cm?/GW.

Li et al. compiled published data on different /5 values for ZnSe in 2022 [50]. The
closest usable (8 value for this thesis is < 0.005 cm/GW at 1270 nm, calculated using

a poly-crystalline ZnSe sample [50]. Li et al. showed a single ZnSe sample would

3000 , : T : — 2 3.50E-014
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( g ) L L 3 00E-014
2500 - —n, (cm“/W) 4
i n | 25 + 2.50E-014
2000 ~ 1 2.00E-014
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1500 - 25 1
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Figure 32: Dispersion, refractive index, and nonlinear refractive index of ZnSe. The

black line is the dispersion (k'") of ZnSe, the blue line is the refractive index n, and
the red line is the nonlinear refractive index ny. This figure is from [49].
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be about 1.7 times a poly-crystalline sample, so the 3 value at 1270 nm would then
be < 0.085 cm/GW [50]. The other /3 values presented are for shorter wavelengths,
decreasing in value as the wavelengths increase [50]. Using this downwards trend, g

is negligible at 1550 nm for ZnSe.
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III. Methodology

This chapter will describe the methods and procedures used to characterize the
nonlinear properties using the two experimental methods: Maker Fringe and Z-Scan.

Afterwards, it will cover the specifics of the samples used during each experiment.

3.1 Maker Fringe Experiment

A diagram of the Maker Fringe experiment is shown in Figure 33 and a photo-
graph of the setup is in Figure 34. A Holmium:Yttrium-Aluminum-Garnet (Ho:YAG)
crystal creates the 2.09 pum laser, which is Q-switched to generate pulses of 26.3 ns
(measured FWHM) at a rate of 1000 Hz. A beam stability test was conducted over
the course of an hour, and based on the maximum and minimum during that hour
the power fluctuates by at most 3%. An M? measurement (how Gaussian the beam
is) was also performed on this laser. The x-axis has an M? of 1.06, and the y-axis has
an M? of 1.02, with a perfectly Gaussian beam having an M? of 1.

The pump passes through an attenuator (A1) and waveplate (P1) for power control

and for horizontal polarization. Afterwards, the beam is split in two directions by a

Two-part
Rotation Mount
! Short-Pass
— F It _
m m l er SHG
7 VY, ({ Detector
112 3 P2
| f=100cm f=50cm f=3.5em
Sample X
Ho:YAG Laser I P > LaserProbe ‘
with Q-Switch All P1 Reference Detector y z

Figure 33: Block diagram of Maker Fringe experimental setup.
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Figure 34: Picture of Maker Fringe experimental setup. The HeNe laser was used for
alignment, and was directed down the path using the flip mirror. Not seen behind
the rotation mount is the short-pass filter, L3, P2, and the SHG detector. The pump
laser is to the right of A1l and the flip mirror.

beam splitter. The straight path lets 58.9% of the beam be collected by the LaserProbe
Rm-6600 Universal Radiometer to monitor the power going into the sample. The
other path directs the other 41.1% of the beam towards the sample, where 35.5%
of the initial beam intensity is incident on the sample after the turning mirrors and
lenses L1 and L2. L1 is the collimating lens with a focus of 100 cm, and L2 is the
focusing lens with a focus of 50 cm. Together, these lenses produce an elliptical beam
waist of 145 x 131 pum (measured 1/e?). L2 is on a z-translation stage to move 2y
if needed without changing the size of the beam waist. The beam passes through
the sample mount, with the sample located at the beam waist. After transmitting
through the sample, the pump is deflected by a short-pass filter and dumped while
the SHG output is focused with a 3.5 cm ZnSe lens L3 (behind the rotation mount

in Figure 34) onto the DET36A Si-based Detector by ThorLabs, transmitting 66.9%
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of the harmonic wave [12, 47]. This detector is connected to the LeCroy LC584AL
oscilloscope, where it collects the peak-to-peak voltage of the SHG signal. When
separating the output by polarization, a polarizer (P2) is placed between L3 and the
detector, and data for each polarization is then recorded separately.

The samples are housed in easily removable housing units made with a 3D printer,
as seen in Figure 35. The samples are held in with clay, which does require the samples
to be cleaned when irradiating the part of the sample held with clay earlier. A
5.5 mm diameter opening in the center allows the sample to be irradiated by the
pump. These housing units are placed within a tip-tilt stage in the center of the
sample mount (see Figure 36). The tip-tilt stage accounts for small discrepancies
among the removable housing units, so that the front face of every sample is in

the same plane. The sample mount holding the tip-tilt stage is a full 360° rotation

Figure 35: Maker Fringe sample housing unit. The GaP sample is housed within this
unit.
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Figure 36: Rotation mount for the Maker Fringe experiment. The sample housing
and tip-tilt mount are highlighted for clarity.

mount, allowing for full rotations about the sample surface normal. The 360° rotation
mount allows the rotation method to be accomplished, and is convenient for the I-
scan method. This 360° mount is connected to a Newport Motion Controller/Driver
SMC-100 series to allow for computer control. Additionally, this mount is placed on
another rotation mount, allowing the sample to be rotated about the y-axis. Together,
these mounts allow the sample to be rotated without changing the location the beam
enters the sample to allow for accurate data collection amongst the samples.

A ZnSe sample was used to calibrate the SHG detector to the reference detector,
since the SHG detector signal is recorded as a peak-to-peak voltage. At varying pump
powers, the SHG detector recorded a peak-to-peak voltage and then was swapped
with the reference detector which recorded the average SHG power. The data for this

calibration is shown in Figure 37. Thus, 1 V peak-to-peak corresponds to 19.14 W
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Figure 37: Calibration data for the output detector. The data points (squares) and
the fit (line) of the output detector are plotted, with the output detector’s signal on
the x-axis and reference detector’s signal on the y-axis.
of average power.

L3 had its transmittance calculated instead of measured, which could be done since
it was uncoated and a single material. A power meter was placed at different points
along the beam path to measure the pump losses from the other lenses, mirrors, and
filters. The pump, however, is at 2090 nm, whereas the wavelength L3 experiences
is half that at 1045 nm. Unfortunately, a 1045 nm laser was unavailable, and the
spectrophotometer could not measure the transmittance due to the short focal length
of L3 interfering with the device. As a result, the transmittance of L3 for the SHG
signal had to be calculated. Using Equations 10 and 11 and calculating the refractive
index of the lens to be 2.485 at 1045 nm, the transmittance of the SHG signal through
L3 is 66.9% [12, 47]. Since the surfaces are not parallel or planar, multiple internal

reflections can be ignored. Since this lens was professionally made and polished and
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was stored properly, it is assumed that any losses due to scattering or absorption are
negligible. Additionally, any pump light that passes through the short-pass filter in
front on L3 is not intense enough to produce SHG within L3 for any pump intensity
used during testing.

The I-scan Method is used to determine the d-coefficients. To maximize the SHG
output, the sample is rotated about its normal and about the vertical, and if needed
the L2 is shifted forwards or backwards. Once the SHG is maximized, the sample’s
final position is recorded so that it can be related to its unit cell orientation and
its refractive index coordinate system during analysis. The input power is varied at
set intervals, and data points are taken at each interval. One data point consists
of the average peak-to-peak voltage of 5000 samples from the oscilloscope and the
corresponding power from the reference leg during the sample collection.

Once sufficient data points for a crystal are collected, the units of the data points
need to be converted before being fit to a parabolic function. The ZnSe calibration
mentioned earlier resulted in a peak-to-peak of 1 V on the oscilloscope corresponding
to 19.14 uW of average power. This power is divided by 1000 pulses per second to
obtain the output energy per pulse Eggyg.

To get the pump intensity into the sample (I;,,) from the average power off the ref-
erence detector, the average power is first multiplied by 380/630 to obtain the average
power going into the sample, where 630 mW on the reference detector corresponds to
380 mW of average power irradiating the sample. Then it is divided by 1000 pulses/s
to obtain the energy per pulse. The energy per pulse is then divided by the temporal
pulse width £, to get the peak pulse energy. Finally the peak pulse energy is divided

by the area of the beam waist 7w? to obtain I;,. The following equation summarizes
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the process from average reference power P,.; to I;,:

W@ O o

The ¢y value used is the measured pulse width of 26.3 ns (FWHM) multiplied by
v/ to account for a Gaussian pulse instead of a square pulse and by (1/1.66511) to
convert from FWHM to 1/e radius [22]. Since the beam waist was measured as 1/¢?
radius instead of 1/e, the value for w used is v/145 x 131/+/2 um, where 1//2 is the
conversion factor from 1/e? radius to 1/e radius, and 145 and 131 are the radii along
the long- and short-axes in pm, respectively [22].

Now, the converted data points are plotted to find bs; in Equation 53, which is
done using Matlab. After adjusting by to bye With Equation 56, d.ys is calculated
using Equation 57, via Microsoft Excel code detailed in Appendix B.2.1. The non-
birefringent materials all only have one d-coefficient (di4), so the same method of
extracting di4 from deys is used for all of them. The full method of calculating the
d-coefficients is explained in Appendix A.

For the monoclinic crystals, the method is altered slightly. Since they are biaxial
crystals, the orientation of the sample matters since the refractive index changes on
orientation. Since they are birefringent, the SHG wave will propagate in a different
direction than the pump wave, though this effect is ignored in this thesis. The differ-
ences in analysis up through calculating d.;; are detailed in Appendix B.2.2. Since
dc sy is likely dependent on multiple d-coefficients, individual d-coefficients may be de-
termined if enough runs at different orientations are collected. Extracting individual

coefficients requires using Equation 34.
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3.2 Z-Scan Experiment

A diagram of the Z-Scan experiment is shown in Figure 38, and a picture of the
setup is Figure 39. A Light Conversion Pharos PH1-10-1000-10-10-SP generates the
1064 nm beam, which enters the OPA device, a Light Conversion Orpheus-HP. This
OPA is pumped with the Pharos beam and outputs a varying range of wavelengths
and pulse widths, controlled via a computer. With the desired wavelength and a pulse
width of 120 fs (FWHM), the beam exits the OPA and encounters a beam splitter.
This splitter sends part of the beam to the reference detector and the rest towards
the sample. The attenuator (A1) before the reference detector is to prevent the
detector from being saturated. Both the reference detector and the sample detector
are ThorLabs PDA50B2 amplified detectors, rated for 800— 1800 nm. The A2 variable
attenuator controls the power incident on the sample. The beam passes through the
sample, the aperture, and the A3 attenuator before being collected by the sample
detector. The samples are placed in a housing unit shown in Figure 40. The housing

is placed on a three-axis translation stage, allowing the sample to travel along the
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Figure 38: Block diagram of Z-Scan experimental setup.
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Figure 39: Picture of Z-Scan experimental setup. The pump passes through the
chopper before reaching the beam splitter, which is obscured by Attenuator 1 (Al).
Part of the pump is directed into the Reference Detector, and the other part is directed
by two mirrors to A2. The chopper is off and open while running the experiment,
but is turned on only when measuring the power going into the sample.

Figure 40: Picture of Z-Scan sample housing unit. The sample being house is the
ZnSe sample.
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beam through z, while starting and ending far enough away from z, that the effects
of ny and 3 are negligible. The translation stage is controlled by a Newport Motion
Controller Model XPS-D. The translation stage moves along the z-axis from 0 to 40
mm, where 0 mm is not the location of the focus zy; z9 was not directly measured
at any point during testing but can be inferred from the data plots. The aperture
is either set to open or closed for 5 or ns, respectively. A3 is utilized to match the
intensity of the signal from the sample detector to that of the reference detector. The
two detectors are connected to an HF2LI Lock-in Amplifier by Zurich Instruments
AG, which is used to receive and average the signals before further analysis and to
isolate the desired frequency for collection. Via LabView, the sample signal is then
divided by the reference signal to produce the normalized transmittance plots. These
plots are then taken elsewhere for fitting using Matlab and the fitting functions below.

The wavelength 1550 nm was chosen to compare the 2PA between GaAs and the
ternaries. This was the only wavelength examined due to the limited access to the
Z-Scan experiment. Before each run, the sample was placed at either end of the
translation stage. If needed, the power going into the sample was changed using
A2, but the power going into the reference detector was never changed. Then, A3
was used to match the live signal from the sample detector to that of the reference
detector, as best as possible.

One of the factors to consider when analyzing the data is the pump/OPA sta-
bility. Two GaAs runs were completed while the pump was stable; however, in the
week prior to performing the rest of the Z-Scan experiments, the room in which the
experiment was located heated above 90°F. The excessive heat affected the OPA sys-
tem, altering the alignment of some component within the Orpheus-HP container.
This misalignment within the OPA system led to the pump intensity fluctuating for

the remainder of the Z-Scan runs. When starting to test with the unstable pump, it
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would frequently drop in average power by 20% from the maximum level which lasted
at most one second. By the end of testing, the pump instability increased to the point
where it would drop by at most 60% of maximum average power. The frequent power
drops are an issue since the reference detector does not have the sample in front of it
like the other detector. Since both y®) properties are intensity dependent, these fluc-
tuations in intensity result in the sample detector fluctuating more than the reference
detector, leading to more noise in the data. The purpose of the reference detector is
to compensate for changes in intensity from the pump. However, when the pump is
frequently fluctuating in intensity, the noise created by the frequent dips and spikes
in Ty can negatively impact the analysis, leading to incorrect results. Due to time
constraints, the OPA could not be realigned before running the experiment, since the
day after the last runs were completed the setup was moved to another location and
was not set up in time for follow-up runs.

Before determining ny with the CA setup, § was first determined with the OA
setup, in case the sample has nonlinear absorption at 1550 nm. To calculate (3, the
normalized transmittance plots should have the shape shown in Figure 24 and should
be symmetric about zy. The recommended values for the minimum of Ty are between
0.95 and 0.77. The minimum being higher than 0.95 T might be indistinguishable
from the noise. The minimum being lower than 0.77 Ty leads to scenarios similar to
Figure 41. The fit curve starts increasing around zy, and the lower the Ty value is
at zp, the higher the fit curve will spike. As such, any fits that result in the center
spiking upwards will not used. For the runs that resulted in T dropping too low for
Equation 71, additional runs were performed at a lower power. As mentioned earlier
in this section, the position of zy was not measured. While this does make z; a fit
parameter, runs conducted on the same day need to have the same location since the

location was not altered between runs, with one exception explained in Section 4.2.
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GaAs Open Aperture Z-Scan at 1000W, Run #2
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Figure 41: Example of incorrect open aperture fit due to the normalized transmittance
being too low. Note how the fit function (blue line) increases near z=0 instead of
following the data to 0.71 Tl.

Equation 71 is used to fit the normalized transmittance plots and find (3, repeated

here:

o [BIo(8) Legp /(1 + 22/ 23)]™
TN(Z> - (m + 1)3/2 )

m=0
where L.sr = (1 —eF)/(a) and 2z = mwy/\. While the sum goes to m = oo, it was

deemed sufficient (and efficient) to have the sum go to m = 10. [ is calculated by

) (D)0 o

where F,,, is the average power per second incident on the sample and t, is the
temporal pulse width (1/e?). Since wy was not measured, it too is a fit parameter.
However, like with the 2y, wy should not change in between runs when the pump is
stable.

Matlab was used to fit Equation 71 to determine 3, wgy, and z. The specific
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function in Matlab used is the lsqcurvefit function, where 8 and wq are the parameters
the function fits. This function uses the least squares method to determine the best
fit for the specified variables, in this case § and wy. Since zy is tied to the data
which had to be read into Matlab, a for loop is used to shift the position of zy by
set amounts while the Isqgcurvefit function fits the data at each step. One of the
outputs of the Isqgcurvefit function is a parameter called “resnorm”, which outputs
the squared norm of the error between the fit and the data. The lowest resnorm was
used to determine the best fit for the parameters. Since the pump configuration was
not altered in between runs, wy and 2y should be consistent in between runs, though
the pump instability may slightly alter them. The wy and z; parameters are then
used for all runs for that day, and the Isqcurvefit function is then used to find 3.

With g calculated, now ny can be determined. Should the sample have negligible
f and a T'(z) with a similar shape as either curve in Figure 23, Equation 66 will be
used to find |A®y| before using Equation 61 to find ny. To use these equations, the
2o location should be where T (z) is the same as the Ty (z) value at zy in the OA
plot, since the sample cannot focus or defocus the beam when the beam is already at
its focus.

For the samples that have an appreciable 3, this method will not work as the
Tn(z) plots will resemble more the OA plots. However, instead of using Equation 64,

the following equation will be used:

oy 8™ maloLers(2/2r) _ BloLess[(2/2r)" + 3]
NG =1 S T 4 O e £ 1 (len) + e+ 1 )

where A is the wavelength of the pump and L.¢s, 2r, and Iy are the same as in the
OA experiment [33]. The derivation behind Equation 80 from Equation 64 is done
using articles by Rhee et al. and by Yin et al. and will not be repeated here [51, 52].

Again, Matlab is used to fit the data to Equation 80, using the same [sqcurvefit
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function. Inputting the 5, wg, and zy values from the OA runs, the Isqgcurvefit function
only needs to fit ny. However, when discrepancies arise from the OA fits of wy and

2o, Equation 80 is used to help determine wy and z.

3.3 Specifics of the Materials Examined

This section will cover the specifics of the samples used in both experiments,
starting with the common materials (ZnSe, GaAs, and GaP). Two different stoichio-
metric GaAs,P;_, ternary sets were obtained for this thesis. There was only one
SPS sample was obtained for this thesis. All samples were measured with a Starrett
F27301Q profilometer, which measures the thickness to within one micrometer. The
transmittance of all the samples was measured using the Varian Cary 5000 Spec-
trophotometer. Equation 14 was used to determine the absorption coefficients at
1550 nm for use in the Z-Scan experiment (Equations 71 and 80). However, if the
transmittance measured is larger than the Fresnel-limited transmittance calculated
via Equation 15, an « of 0.01 cm ™! will be used instead since o should not be negative

for these materials.

3.3.1 Common Materials: GaAs, GaP, ZnSe

The first of the common samples is GaAs, with a picture of the two GaAs samples
used in Figure 42. The 12.5 x 10 mm piece (left) was from a polished GaAs wafer
left over from other experiments, and looks as though it was not damaged if used
(except possibly around the edges). The 10.5 x 5.5 mm sample (right) was also a
left-over piece of GaAs from a different wafer but has some surface damage in the
middle, though none is visible on the reverse side. Both samples came from vendors
and are z-cut, meaning that the z-axis is the same as the normal vector for the flat

surface. The larger sample is 347 + 1 um thick, while the smaller sample is 377 + 1
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Figure 42: Picture of the GaAs samples. The left sample was used for the Maker
Fringe experiment, and the right sample for the Z-Scan experiment. Note the surface
damage on the right sample. Also note that both samples are reflecting the wall and
ceiling.

pum. The transmittances measured for the larger and the smaller samples are 54.6%
and 55.63%, respectively (see Figures 43 and 44). Since these are higher than the
Fresnel-limited transmittance of 54.55% for GaAs at 1550 nm, both samples will use
a = 0.01 cm™! for Z-Scan. By accident, the larger piece was used in the Maker Fringe
experiment and in the first day of Z-Scan, while the smaller piece was used in the

other two days of Z-Scan; the same sample was intended to be used for both. The

smaller piece used to be 60% larger, but the rest of it broke off and shattered on
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Figure 43: Measured transmittance of larger GaAs sample. The jump at 2000 nm
was caused by the spectrophotometer.
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Transmittance of Smaller GaAs Sample
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Figure 44: Measured transmittance of smaller GaAs sample. The jump at 2000 nm
was caused by the spectrophotometer.
the ground when placing it on the translation stage for the Z-Scan experiment. This
occurred before any Z-Scan data, but after taking the Maker Fringe data.

A picture of the second common sample, GaP, is shown in Figure 35 in
Section 3.1, and by itself in Figure 45. This piece came from a vendor z-cut GaP
wafer left over from prior experiments and appeared to have not been significantly

damaged before this research. The 15 x 10 mm piece was measured to be 499 +1 ym

Figure 45: Picture of GaP sample. Note the white streak in the middle is a reflection.
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thick. The small damage spots seen on the surface came from the Maker Fringe ex-
periment. The Fresnel-limited transmittance for GaP at 1550 nm is 59.13%, and this
sample has a measured transmittance of 57.56% (see Figure 46). Thus, a = 0.4750
cm~! for the Z-Scan data analysis.

As the last common sample, ZnSe was used primarily to verify the setup of the
Maker Fringe experiment due to its high y(® nonlinearity, and was subsequently put
in the Z-Scan experiment. A picture of the ZnSe piece used is shown in Figure 47.
This sample is an extra ZnSe piece found in the lab and has been used in experiments
prior to this, where many of the damage spots came from, though not all. This piece
is likely part of a 6.5 mm radius z-cut wafer based on the SHG output seen from the
Maker Fringe experiment, whether vendor-grown or locally-grown is unknown at this
point. This piece was measured to be 712 + 1 um around the center, where most of
the experiments occurred. With the measured transmittance of 68.98% being lower
than the Fresnel-limitted transmittance of 69.86% (see Figure 48), the a value used

in the Z-Scan experiments is 0.1676 cm ™.
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Figure 46: Measured transmittance of GaP sample. The jump at 2000 nm was caused
by the spectrophotometer.
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Figure 47: Picture of ZnSe sample.
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Figure 48: Measured transmittance of ZnSe sample. The jumps at 1200 nm and 2000
nm were caused by the spectrophotometer.

3.3.2 GaAsO.602P0.398

One of the two ternary samples examined in this research is GaAsg ggoPo.398, shown
in Figure 49. The sample’s composition is assumed to be uniform with 39.8% phos-
phorus, and like GaAs and GaP, is a 43m crystal [53]. Thus, it has dy, as its only
d-coefficient. This particular sample was grown at AFRL/RY and polished down to

269 + 1 pm. The measured transmittance of the sample is shown in Figure 50. At
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Figure 49: Picture of GaAsggp2Po.398 sample. Note the surface defects. This sample

was broken when put in the Z-Scan housing unit. The sample appears more black
due to lighting; the sample is similar in color to GaAs.

Transmittance of GaAs (0.602)P_(0.398) Sample
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Figure 50: Measured transmittance of GaAsg go2Po.30s sample. The jumps at 1200 nm
and 2000 nm were caused by the spectrophotometer.

1550 nm, the Fresnel-limited transmittance is 56.30%, and the measured transmit-

1

tance is 30.45%, which corresponds to an « coefficient of 20.78 ecm™*. By looking

5



at the surface of the sample Figure 49, it is clear that the a coefficient is primarily
comprised of loss due to scattering scattering, not linear absorption [15]. This sample
does not look polished with all the surface defects, but this was as thin as the polisher
could make it without it crumbling [53]. Unfortunately, this means that these defects
impacted the data collected from both experiments (see Chapter 4). It used to be
16 x 6 mm, but is currently 10.5 x 6 mm after partially breaking while securing it in
the Z-Scan sample housing unit. This occurred before any experiments were ran on
it, but ultimately did not affect the outcomes of either since the broken pieces also

contained a high amount of surface defects.

3.3.3 GaAsO_74P0,26

The other ternary sample examined in this research is GaAsg74Pg.26, with both
GaAsg74Pg.26 samples shown in Figure 51. The samples’ composition is assumed to

be uniform with 26% phosphorus, and like the other ternary, is a 43m crystal [53].

Figure 51: Picture of GaAsg74P.2¢ samples. Note the ridges on the surfaces, which
do not appear on the other side. The black spots only appear black in this picture
due to lighting; they are actually similar in color to GaAs.
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Thus, it also only has di4 as its only d-coefficient. These particular samples were also
grown in AFRL/RY and polished down to 462+1 pum for the 16 x 6 mm sample and to
391+£1 pm for the 16 x 3 mm sample. Both samples were cleaved from the same wafer,
even though their thicknesses are not similar [53]. The measured transmittances of
these samples are shown in Figures 52 and 53 . The Fresnel-limited transmittance for

these samples at 1550 nm is 55.68%. With the measured transmittances of 41.03%
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Figure 52: Measured transmittance of larger GaAsy74Pg2s sample. The jumps at
1200 nm and 2000 nm were caused by the spectrophotometer.
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Figure 53: Measured transmittance of smaller GaAsy74Pg2¢ sample. The jumps at
1200 nm and 2000 nm were caused by the spectrophotometer.
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and 31.64% for the larger and the smaller samples respectively, the o coefficients are
5.828 ecm~! and 13.05 cm ™! respectively. As with the other ternary, these o values are
primarily losses due to scattering. The transmittances presented here show how much
T can vary with a surface similar to these samples. Looking at Figure 51, the top
surface resembles the peel of an orange, but the bottom surfaces are much smoother.
Unfortunately, this means that these surfaces impacted the data collected from both

experiments (see Chapter 4).

3.3.4 SIIQPQSG

The SPS crystal used in this thesis is shown in Figure 54. It was measured to
be 1593 £ 1 pum thick, while its other dimensions were 6 x 3 mm before being dam-
aged. The large flat surface is the (202) plane. The lattice parameters are a = 0.652
nm, b = 0.748 nm, ¢ = 1.13 nm, and the angle § = 124.08° [3]. The transmission
spectra for this sample is shown in Figures 55 and 56, where the differences in where
they overlap come from the differences in the measurement devices. These two fig-

ures show the transmittance of SPS to be in agreement with literature [41, 42, 43].

Figure 54: Pictures of SnyPsSg sample. The left picture is the sample before experi-
mentation, and the right picture was taken after it was damaged while securing it in
the Z-Scan housing unit.
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Figure 55: Measured transmittance of SnyPsSg between 450 nm and 3000 nm. This
measurement was taken with a Varian Cary 5000 Spectrophotometer. The wave-
length is in nm, and the transmittance is in percentage.

SPS Transmittance (FTIR)
70

&

w
(=]

Transmittance %

20

10

0 1000 2000 3000 4000 5000 6000 7000 2000 9000 10000
Wavelength

Figure 56: Measured transmittance of SnyPsSg between 2500 nm and 9250 nm. This
measurement was taken with a Fourier Transform infrared (FTIR) spectrophotometer.
The wavelength is in nm, and the transmittance is in percentage.
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This sample was grown a few years ago at AFRL/RX, and since then has accumu-
lated surface damage to one of is surfaces, possibly affecting any data obtained (see
Figure 57). This SPS is also likely not the same crystal orientation throughout, as
suggested by the discoloration spot on the one side [3]. Prior to running any exper-
iments on the sample, pieces of it broke off when securing it to the Z-Scan housing
unit, happening on the same side as the discoloration spot. As such, no runs were

performed near this discoloration spot.

w4 | -
Figure 57: SnyP2Sg sample surface damage and interior defects. Using an optical
microscope, many surface defects are seen, some more prominent than others. The

blue region on the right is an interior defect and the discoloration spot seen in the
left picture in Figure 54.
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IV. Results and Analysis

This chapter will cover the data and analysis of the different materials for each

experiment.

4.1 Maker Fringe Results

As mentioned in Section 3.1, each sample was placed at the beam waist and was
oriented for maximum SHG output, based visually on the peak-to-peak signal on the
oscilloscope. Data points were recorded as the average power increased, stopping
when either sufficient data points were collected or when the sample was damaged.
The data points for the cubic materials were then used to calculate a bs;; to be used
in the Excel code, presented in detail in Appendix B.2.1. SPS required the Excel
code to be modified, elaborated in Appendix B.2.2.

Three sources of uncertainty for these experiments are the sample thickness, the
angle of incidence, and the pump power fluctuation. As mentioned in Section 3.3,
the profilometer used could accurately measure the thickness to 1 pm. Due to the
housing units not being identical to each other, an error of +1° is used to account for
any slight deviations or particles being stuck between the housing unit and the sample.
Mentioned in 3.1, the pump power fluctuated during the experiments, with minimum
being 3% lower than the maximum. Thus, the pump power can be assumed to
fluctuate £1.5% from its mean output. However, with the output data being averaged
over 5000 samples, the overall effect of the pump power fluctuation is assumed to be
negligible. Thus, the results and discussion will only address the thickness and the
angle of incidence uncertainties.

The rest of this section covers the results obtained for the Maker Fringe exper-

iment, starting with ZnSe as that was used to verify the setup. The ternaries and
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SPS are presented next. GaAs presented last, to help highlight a shortcoming with

this method of analysis. The GaP Maker Fringe run is presented in Appendix D.4.1.

4.1.1 ZnSe — Experimental Setup Verification

Figure 58 shows the fitting curve for determining b;;, which produces a by of
6956.1 nJ/(GW/cm?)%. With a thickness of 712 pym and an L. of 13.35 pm, this
sample is 53.45 coherence lengths thick, meaning that the thickness should not in-
terfere with d sy calculations, which will be verified below. Entering this by value
and an incident angle of 9.25° into the code detailed in Appendix B.2.1, the resulting
dery value is 148.06 pm/V. Since the sample was rotated about its surface normal,
the SHG output was maximized at this given incident angle. From the method pro-
vided in Appendix A, dy4 is calculated by dividing desr by V/3, which results in
dy4 = 85.48 pm/V. This is approximately 2.44 times as high as the expected dy4 value

of 35 pm/V based on using Miller’s Rule, mentioned in Section 2.3.4.
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Figure 58: Plot of by curve for ZnSe. The red circles are the data points collected,
and the blue line is the fitting curve from Equation 53.
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Not knowing where a factor of 2.44 could have originated, the d.ss calculation
code was reexamined. The lab setup was reexamined for potential information missed.
Last to be examined was the conversion equations used to obtain Esgqg and I;,. After
checking all of these areas, the factor of 2.44 is still present, which is puzzling since
the code produces more accurate results when used by the ones who wrote it. This is
an unusual scaling factor to be off by, considering the values used in all the equations.
Since the Miller’s Rule was used to calculate the expected dy4 value of 35 pm/V, it is
possible that the expected value of dy4 is incorrect due to the approximation involved
when using Miller’s Rule [8]. If the expected dy4 was 15% larger (40 pm/V), then d. sy
would be larger by a factor of 2.14; if 15% smaller (30 pm/V), d.;; would be larger
by a factor of 2v/2. Since different powers of 2 are used in many equations, the latter
scenario is more likely. As such, the calculated d.ss values obtained will be divided
by 2v/2 for all the samples before calculating the individual d-coefficients.

Dividing ZnSe’s previously calculated dy4 by 2v/2 results in a dyy of 30.22 pm/V,
about 15% lower than the 35 pm/V from Miller’s Rule. Now to examine the un-
certainty values, starting with thickness. With an uncertainty of +1 pum, Figure 59
shows the dy, values for thicknesses of 711 um to 713 pm. This plot was made
by plotting the output of Equation 57 divided by v/3 x 2v/2 while the thickness
was varied at set intervals between 711 pm to 713 pm. The minimum value is
27.65 pm/V while the maximum value is 33.84 pm/V, corresponding to errors of
8.5% and 12%, respectively. Figure 60 plots the dy4 values obtained by changing the
angle of incidence by £1°. The minimum value is 29.33 pm/V while the maximum is
31.33 pm/V, corresponding to errors of 3% and 3.8%, respectively.

Applying the maximum errors from the thickness and the angle of incidence to
the calculated dy4 of 30.38 pm/V, the maximum and minimum values for di4 would

be 34.99 pm/V and 26.74 pm/V, being errors of 16.2% and 11.3%, respectively. The
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Figure 59: Plot of dy4 values for ZnSe based on thickness. The thickness is varied
between +1 pm, substituted into Equation 57, divided by v/3 x 2v/2, and plotted.

ZnSe d_14 Values when Varying

s Angle of Incidence

31

(pPm/V)

d 14

295

]
B BS5 9.5 10 105

9
Angle of Incidence (degrees)
Figure 60: Plot of dy4 values for ZnSe based on the angle of incidence uncertainty.

The angle of incidence is varied between +1°, substituted into Equation 57, divided
by V3 x 2\/5, and plotted.
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original expected dy4 value of 35 pm/V is at the edge of this error for new dy4 value
of 30.22 pm/V. Therefore, when accounting for the 2v/2 scaling factor, the Maker

Fringe setup is verified to provide accurate values.

4.1.2 GaASO.(;OQPO.ggg

Unfortunately, there are no Maker Fringe data for GaAsggo2Po.30s- The sample
was placed in the housing unit in multiple different orientations, but every orientation
attempted resulted in the sample being damaged by the pump before any data points
were able to be taken. While the SPS crystal and the other ternary damaged with
a fluence of about 5000 J/m? per pulse, GaAsgg2Po.30s damaged with as little as
2500 J/m? of fluence per pulse. This was evident by the SHG signal appearing upon
a new orientation then decreasing to zero while nothing changed, and by the rings

seen in Figure 61. The damage likely occurred due to the poor surface quality on

. | -‘—“

Figure 61: Picture of damaged GaAsggp2Po.39s sample. Note the two circular damage
patterns, which occurred while irradiated with 300 mW (outer) and 150 mW (inner)
of average power. These rings appear on both sides of the sample, even though the
pump was only incident on one side of the sample.
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both sides of the sample. With no data points recorded, no conclusions can be made

about its dyi4 coefficient, other than it is not zero.

4.1.3 GaAS0.74PQ.26

Two data sets were obtained for the larger sample. The data were collected on
separate days. The same setup was used for both data collections, but the beam was
incident either on a more sensitive location for the second day or on the damage spot
caused by the first day, which ended in the surface being damaged at a lower average
power. As a result, the by; value for the second day is 16% smaller than from the
first day.

Figure 62 shows the plot of the by fitting function. Only six data points were
obtained before the sample was damaged, but since the other data set produced a
lower by, the fit calculated here will be used. The by; value obtained from the first

data set is 23.0867 nJ/(GW /cm?)?. Using Vegard’s Law for the refractive indices and
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Figure 62: Plot of by curve for the first data set for GaAs) 74P 2. The red circles
are the data points collected, and the blue line is the fitting curve from Equation 53.
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the incident angle of 14°, dividing d.s¢ by V3 x 24/2 results in a dyy of 8.371 pm/V,
which is 15.8% of GaP’s expected dy4. With a thickness of 462 um and an estimated
L. of 4.1 pm, this sample is 113.1 coherence lengths thick, so changing its thickness by
+1 pm will not significantly affect dy4. This extremely low dy4 value is likely caused
by the rough surface scattering much of the pump, allowing only a small fraction to
transmit without changing propagation direction. Another possibility would be that
its refractive indices are different than calculated with Vegard’s Law, changing L.
such that the thickness would be closer to an even number of L.’s thick. Therefore,

a di4 value cannot be obtained for this ternary sample.

4.1.4 SHQPQS6

Figure 63 shows the by;; curve, calculating by to be 49.2399 nJ/(GW/cm?)2. A
second run was accomplished with the same orientation as the first, resulting in a

brir of 49.3914 nJ/(GW /em?)2. For the following calculations, the average of the two
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Figure 63: Plot of by curve for SPS. The red circles are the data points collected,
and the blue line is the fitting curve from Equation 53.
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bsi values will be used. Since SPS is birefringent and can phasematch, modifications
to the code are made and documented in Appendix B.2.2. With these modifica-
tions, d.rs is calculated to be 0.06488 pm/V, which is then scaled by 2v/2 to be
0.02294 pm/V. When using in the predetermined d-coefficients from Equation 76 to
determine d sy from Equation 34, this d.¢s is about two orders of magnitude higher
than what was obtained, even when using the smallest possible values for the d-
coefficients. Two factors are likely the cause of the discrepancy between the lab
results and theoretical calculations. The SPS sample has been damaged over the
years since its fabrication (see Figure 57) and has not been polished before testing,
causing the pump to be scattered by the damaged area. The sample also may not
have been aligned properly for phasematching, meaning Ak # 0 which in turn leads
to less frequency conversion. Without a realistic d.ss, the individual d-coefficients for

SPS were not calculated.

4.1.5 GaAs

Figure 64 shows the fitting curve for determining by;;, which produces a by of
314.4253 nJ/(GW /cm?)?. Using n, = 3.334201 and n, = 3.480402 in Equation 44,
the coherence length for this SHG process is 3.36 pm. With a thickness of 347 pum, this
sample is 97.6 coherence lengths thick. With such a small L., the thickness interferes
with d.¢; calculations, as shown below. Entering this bs;; value and an incident angle
of 9° into the d.s; calculation code, the resulting d. s value is 314.92 pm/V. Dividing
313.32 pm/V by V3 X 2¢/2 results in a corrected dyi4 value of 63.96 pm/V. With the
expected value for dj4 being 107.7 pm/V, this value is about 40.6% too low.

This discrepancy can be rectified by looking at the errors. The errors based on
the angle of incidence are 4.6% and 5.9%, which is not enough to correct the dyy

value. However, Figure 65 shows the dy4 values when the thickness is changed by
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Figure 64: Plot of by curve for GaAs. The red circles are the data points collected,
and the blue line is the fitting curve from Equation 53.
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Figure 65: Plot of dy4 values for GaAs based on thickness. The thickness is varied
between 41 pm, substituted into Equation 57, divided by v/3 x 2v/2, and plotted.
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+1 pum. A dyy of 107.7 pm/V corresponds to an L of about 347.6 pm, well within
the margin of error from the profilometer. By observation, the error is substantial
based on thickness, since d;4 starts to rapidly increase by as the thickness increases to
348 pm. This graph highlights one of the limiting factors of this method: the sample
being close to an even number of coherence lengths thick. With a more accurate

measurement of L, this error could be reduced significantly.

4.1.6 Maker Fringe Summary

Table 7 summarizes the results obtained from the Maker Fringe experiment.

Table 7: d.s¢ and dy4 Values Obtained from the Maker Fringe Experiment
-H ZnSe ‘ GaAs ‘ Gan ‘ GaASO.602P0_398 ‘ GaASO.74P0.26 ‘ SHQPQSG ‘
desy 53.35 | 110.8 | 133.9 X4 14.50 0.02294¢
pm/V
dig
pm/V
Miller’s
dis 359 | 107.79 | 53.19 N/AR N/A" N/AS
pm/V

: Pump wavelength at 2090 nm.

Presented in Appendix D.4.1.

24/2 scaling factor applied.

: Sample damaged before data collected.

Value unreliable; much lower than it should be.

: Does not have dy4. Other d-coefficients not calculated.

Within uncertainty errors from calculated d4.

Does not have one, due to not being characterized at other wavelengths.

30.22 | 63.96 | 77.30 X4 8.371¢ N/AS

TR =0 K20 T8

4.2 7Z-Scan Results

The pump for Z-Scan experiment was set to 1550 nm, allowing the compari-
son of the 3 values between GaAs and the GaAs,P;_, ternaries. As mentioned in

Chapter 3.2, the laser system used in the Z-Scan experiment was not stable for most
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of the runs, initially seeing frequent power drops upwards of 20% and eventually up
to 60% by the end of testing. Except for two GaAs runs completed prior to the pump
instability issue, every run was conducted with this issue. Due to time constraints,
the OPA system could not be realigned to make the laser stable, affecting all the data
runs. Since the properties determined here are intensity based, the pump instability
greatly affects the ability to determine them accurately.

With the setup moved the day after the last run was completed, some runs were
never attempted, namely the CA runs on the ternary samples and SPS. Another Z-
Scan setup was not available in time for any follow-up runs, so the few runs collected
are all that can be analyzed. Also due to time constraints, the focus point zy and the
size of the beam waist wy were not measured, making them fit parameters along with
£ and mno. In general, the translation stage was not moved in between runs, but it
will be noted whenever the stage was moved. The intent was to use the GaAs sample
to determine zy and wy and use the determined values for the other samples. This is
attempted, but not usable, as will be explained in Section 4.2.1. For the runs that
were determined to be unable to have a proper fit, a default zq is chosen and the data
are shown without a fit.

Towards the end of testing, it was observed that the z-translation stage was not
perfectly aligned with the propagation of the beam. This misalignment negatively
impacted the samples with poor surface qualities (the ternaries and SPS). For well-
polished samples, the misalignment is not an issue, but for poorer quality samples like
the ternaries, the misalignment significantly affects the data. Since the sample is also
moving in the x- or y-direction (or both) as it is moving down the z-axis, the place
the beam enters the sample moves. As the sample moves, the beam encounters new
defects or damaged regions, or it no longer irradiates the same defects or damaged

regions it previously did. When this scenario happens, the T graph will deviate from
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the expected shape for the OA and the CA runs, an example being the asymmetric
nature of the OA GaAsgggaPo.39s runs shown in Section 4.2.3.

The rest of this section covers the results obtained for the Z-Scan experiment.
The GaAs runs completed before the pump instability are presented first, as they
validate the performance of the Z-Scan setup when laser is stable. The OA ZnSe
and GaP runs are presented next, as these runs will be used in the analysis of the
OA SPS runs, presented afterwards. The last part of this section will cover the OA
GaAs,P;_, runs and explain why the data collected is unusable. Additional runs are

located in Appendix D.

4.2.1 Z-Scan Setup Verification

Before any pump instability issues occurred, two OA GaAs runs were conducted on
the larger GaAs sample, shown in Figures 66 and 67. Both of these fits use the same

wq value of 38.90 pum, but use zy values of 19.07 mm and 19.61 mm, respectively, due

GaAs Open Aperture Z-Scan at 1000.W, Run #1, with Fitting Curve
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Figure 66: GaAs open aperture Z-Scan Run #1 at 1000 uW. The red circles are the
collected data, and the blue line is the fit Equation 71.
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GaAs Open Aperture Z-Scan at 1000.W, Run #2, with Fitting Curve
1.1 T T T T T T T T

1.06 [

08510
0.9

0.85r

Normalized Transmittance (TN)

08r

0.75 i i i i i i i i
20 15 10 -5 0 5 10 15 20 25
MNormalized Position, in mm (z)

Figure 67: GaAs open aperture Z-Scan Run #2 at 1000 uW. The red circles are the
collected data, and the blue line is the fit Equation 71.

to the translation stage being moved in between the runs. The pump itself was not
altered between the runs, hence the same beam waist value. The 3 values obtained
from the fits are 12.28 cm/GW and 11.73 ecm/GW, respectively. These values are
close to the theoretical § values for GaAs at 1550 nm, shown in Figure 68, which
is Figure 2 modified to showcase the theoretical § value at 1550 nm [5]. Thus, this

Z-Scan setup is valid, when the pump is stable.

4.2.2 Open Aperture ZnSe, GaP, and SPS

This subsection covers ZnSe and GaP which have been recorded in literature to
not have an appreciable g value at 1550 nm, and SPS whose data plots are similar
to the plots for ZnSe and GaP.

4.2.2.1 Open Aperture ZnSe and GaP

Figures 69 and 70 show the plots for the two OA runs done for ZnSe, accomplished
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Two photon absorption
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Figure 68: Nonlinear absorption in GaAs at 1550 nm. The theoretical two photon
absorption value /3 at 1550 nm is between 12 and 13 ecm/GW. This figure is modified
from [5].
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Figure 69: ZnSe open aperture Z-Scan Run #1.
collected data.

The blue line is the normalized
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ZnSe Open Aperture Z-Scan at 1000 W, Run #2

117 |

1081 r|| ,'|
¥

1.06 ] ‘ H
1.04 W ” | I|I
i

102 "

Normalized Transmittance (TN)

" w\ | W
) "*'l Wi |‘|| iy h"||
‘||'ﬂh Jl ” Il
0.98} : |J
0.96 ; ; : ; : g ; " :
-25 =20 -156 -10 -b ] 5 10 15 20 25

Position in mm (z)

Figure 70: ZnSe open aperture Z-Scan Run #2. The blue line is the normalized
collected data.

after the OA GaAs runs, which showed that the pump instability affected the curve
of the graph. The OA ZnSe runs will be examined as is because there is a hill where
the dip should be. A flat graph would indicate that 3 is negligible, whereas the hill
indicates a negative 8 value (negative 2PA). Since negative two photon absorption
does not make sense, these graphs were not fitted. The hills are possibly due to some
surface defect on the ZnSe sample or due to the pump instability since the hills occur
near the focus. Even though they are noisy, these graphs then indicate that [ is
likely negligible or within the noise for ZnSe at 1550 nm, in agreement with what was
presented in Chapter 2.3.4 [50].

As the last sample tested, only two OA runs of GaP were conducted, one at
200 uW (Figure 71) and one at 1000 pW (Fiugre 72). During these runs, the
pump continued to increase in instability, frequently dropping in power by upwards
of 60%. The 200 pW run is relatively flat, with the +8% fluctuations in T be-

ing caused by the unstable pump. The 1000 uW run resembles the ZnSe OA runs
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Figure 71: GaP open aperture Z-Scan Run at 200 4 W. The blue line is the normalized

collected data.
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Figure 72: GaP open aperture Z-Scan run at 1000 4W. The blue line is the normalized

collected data.
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(Figures 69 and 70), with the higher Ty maximum for GaP possibly being attributed
to the greater pump instability . Like with ZnSe, Figures 71 and 72 show that GaP

likely has a negligible 5 value at 1550 nm, in agreement with [38].

4.2.2.2 Open Aperture Sny,P,Sg

Seven OA SPS runs were recorded, four at 1 mW and three at 5 mW.
Figure 73 is Run #4 completed at 1 mW, while Figure 74 is Run #3 of the 5 mW
runs. The other runs produced similar graphs at the same intensities, and are pre-
sented in Appendix D4.2. The 1 mW runs are noisy and asymmetrical, but are
relatively flat with hills around z rather than valleys. These are a result of the pump
instability, the defects on the sample, and the translation stage not being perfectly
aligned. The 5 mW runs are very similar to the 1 mW runs, except they all have
one or two data points substantially lower than the rest, all occurring at the same

z value. While this may indicate that SPS has an appreciable 5 value, Ty at that

SnzPQSE Open Aperture Z-Scan at 1000 W, Run #4
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Figure 73: SnyPySg open aperture Z-Scan Run #4 at 1000 pW. The blue line is the
normalized collected data.
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Snszsli Open Aperture Z-Scan at 5000:W, Run #3
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Figure 74: SnyPsSg open aperture Z-Scan Run #3 at 5000 pW. The blue line is
the normalized collected data. The minimum point resulted from interference on the
sample surface.

point decreases across the three runs and 7 does not slowly approach the low point
for the z values around it as it should if S were appreciable. Both of these observa-
tions indicated that something else was affecting the data, so the sample was slightly
moved for a follow-up run, for which this low point did not occur (this particular
run was accidentally not saved). Thus, that low point was likely the result of some
interference on or in the SPS crystal. Since the SPS OA runs have features similar to
the ZnSe and GaP OA runs, SPS does not appear to have an appreciable § value at

1550 nm, and if it does, the noise may be preventing its detection.

4.2.3 GaAs,P;_, Ternaries

This final section encompasses OA runs performed on the ternaries. Unlike the
runs in the first two sections, these runs were heavily affected by the pump instability

and by the sample quality. The runs conducted in the Section 4.2.2 utilized the same
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unstable pump, but since their g values were negligible or obscured by the noise,
conclusions can be made from their data. The ternaries are expected to have (8 values
at 1550 nm observable with an OA run. However, as will be discussed below, the
data obtained could not be analyzed to determine [ for either ternary.

Figures 75 and 76 show the only two runs saved for the GaAsggo2Po.30s sample.
These were not the only two runs performed, but the only two saved since every other
run performed on this sample resulted in similar or more asymmetric graphs. The
sample was moved between runs to try to find an area on both sides of it where there
would not be any defect interference, which never occurred. Given the nature of the
OA runs, the graphs should be symmetrical since the beam is passing through the
same area on the sample, but these graph are not close to being symmetrical. The
asymmetrical plots indicate that the translation stage was not perfectly aligned with
the propagation of the beam, as mentioned in Section 4.2. It was during these runs

that the misalignment was first noticed. Since these graphs do not resemble an OA
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Figure 75: GaAsgg02P0.308 open aperture Z-Scan Run #1 at 1000 uW. The blue line
is the normalized collected data.
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GaAsﬂ.ﬁnan.m Open Aperture Z-Scan at 1000 W, Run #2
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Figure 76: GaAsgg02Po.30s open aperture Z-Scan Run #1 at 1000 uW. The blue line
is the normalized collected data.

run, nothing conclusive can be determined about 5. Because there are many defects
on both sides of the sample affecting the transmittance of the sample as it moved,
the existence of an appreciable § cannot be confidently determined either.

The left part of Figure 76 looks like half of an OA run. However, the Ty low
point is at least 3 mm to the right of the focus and is already at the minimum for
Equation 71 to fit without creating an upwards spike in the middle. This dip could
have been caused by the high number of surface defects instead of 5. Attempting to fit
this would require ignoring the quality of the sample and too much data manipulation
to have any confident results.

Several runs were performed on the larger GaAsg74Po.26 sample, with multiple
runs performed when the pump power was 1000 pW (Figure 77), 400 uW
(Figure 78), and 200 uW (Figure 79). The runs not presented in figures resulted
in similar or more asymmetric graphs and are shown in Appendix D4.3. The sample

was moved in between each run to try to locate an area on its surface that could
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Figure 77: GaAsy74Pg.26 open aperture Z-Scan Run #1 at 1000 xW. The blue line is
the normalized collected data.
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Figure 78: GaAsg74Po26 open aperture Z-Scan run at 400 uW. The blue line is the
normalized collected data.
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GaAsﬂ ?4P{u Open Aperture Z-Scan at 200 W, Run #1
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Figure 79: GaAsgy74Pg2s open aperture Z-Scan Run #1 at 200 puW. The blue line is
the normalized collected data.

produce a favorable run, which never happened. For the 1000 4W and the 400 pW
runs, they have the general OA shape to them; however, the minimum for each
of these is around 50% T, which is substantially lower than the GaAs sample at
1000 pW (80%). Additionally, the 400 4W run drops as far as the 1000 gW runs,
which obviously should not happen since 2PA is intensity dependent. The 200 W
runs hardly resemble the OA shape. Due to the inconsistencies in the data, none
of these runs were even attempted to be fit to determine a § value. As with the
GaAsgg02P0.30s samples, these inconsistencies arise from the pump irradiating differ-
ent areas of the uneven surface as the sample is translated, and from the ever growing
pump instability, which was reaching 55% during the later runs. Therefore, nothing

conclusive can be determined about [ at this wavelength for this ternary compound.
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4.2.4 Z-Scan Summary

Table 8 summarizes the results obtained from the Z-Scan experiment.

Table 8: Two Photon Absorption § and Nonlinear Refractive Index ny Values Ob-
tained from the Z-Scan Experiment

;‘ ZnSe ‘ GaAs ‘ GaP ‘ G&ASO,GOQPO.ggg ‘ G&ASO,74P0,26 ‘ SHQPQS(; ‘

fm aw |0 | 1zoote ] o X/ X/ 0°
-5
~ /1(2W 1.1969 | 44.8990 | Xi X X X

a: Values at 1550 nm.

b: Pump unstable for measurements.

c: 3 value indistinguishable from noise.

d: Pump stable for these runs only.

e: Average of two values obtained: 12.28 and 11.73 cm/GW.

f: Poor sample quality prevented accurate measurement.

g: Presented in Appendix D.

h: Only positive ny obtained; more than double theoretical value.
1: No runs attempted.
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V. Conclusions

This chapter will answer the research questions posed in Section 1.4, list the
contributions made from this thesis, and discuss the areas of future research before

concluding with an overall summary of the thesis.

5.1 Revisiting the Research Questions

1. Does GaAs,Pi_, allow access to higher d-coefficients similar to GaAs while
having a lower 8 like GaP? If so, what stoichiometry best accomplishes this? These
questions could not be answered in this thesis. Only two different stoichiometric
samples were examined, but due to their poor surface qualities, neither were able to
be accurately characterized for comparison with GaAs or GaP.

This answer does not mean that nothing was learned about the ternary samples.
Both stoichiometries did produce SHG output in the Maker Fringe experiment. This
shows that creating ternaries could result frequency conversion devices as good as
and possibly better than those based on the binary compounds.

2. Can an effective method for measuring the d-coefficients of Sny P2 Sg be developed
for the Instensity-scan Method of the Maker Fringe experiment? While the data for
SnyPySe did not yield any usable results, the method used to obtain d.ss is viable.

The method for measuring the d-coefficients starts with determining the transmit-
ted pump angle and refractive indices for the pump and harmonic waves. Since this
part can be cumbersome, a Microsoft Excel code was created to quickly determine
the refractive indices. The next step is to input the angle and refractive indices into
the same code used for the cubic crystals (Appendix B). Should the refractive indices
be the same meaning it is phasematched, the sinc? term is set to 1. The code will

then produce a d.¢s, which must then be scaled by 24/2 if this scaling factor has not
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been resolved. To determine the individual d-coefficients, the experiment must be
redone at multiple different orientations until enough data is collected. Redoing the
experiment multiple times makes the I-scan Method less efficient than the Rotation
Method, which could require as little as one data set to extract all the d-coefficients

11].

5.2 Contributions

e A working Maker Fringe experiment is now set up at AFRL/RY. Having this
experimental setup at AFRL/RY will allow the continuation of this thesis
and other research projects involving characterizing d-coefficient, especially the
GaAs,P;_, ternary compounds which are grown at AFRL/RY. The main tasks

performed in setting up the experiment are listed below.

— Modified the existing pump laser system to produce a pulsed beam.

— Calculated the average power of the output from the collected output peak-

to-peak Voltage.

— Created LabView code for data collection and rotation mount control.
Designed alternative methods for performing both should the code produce

eIrors.

— Adjusted pump train to reduce the fluence of the pump on the sample,

allowing more samples like GaAs to be characterized with this setup.

e A coding error was identified in the d.ss calculation Excel worksheet. The
specific error was using the wrong polarization for the SHG wave exiting the
sample, which resulted in the incorrect percentage of the wave exiting the sam-
ple. Correcting this coding mistake will result in future analyses being more

accurate.
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e Sn,P,S¢ was demonstrated to not have appreciable 2PA at 1550 nm.
e Demonstrated x(? frequency conversion in GaAs,P;_, ternaries.

e Highlighted the limitations and sensitivities of both experiments (Maker Fringe
and Z-Scan) for characterizing the GaAs,P;_, ternaries and birefringent mate-

rials.

e A Microsoft Excel code was created to aide in calculating the refractive index

of SnyPySg when transmitting a light wave at arbitrary angles of incidence.

5.3 Future Work and Recommendations

This section will discuss future work and recommendations related to this thesis,

starting with the experimental setups and ending with the materials.

5.3.1 Maker Fringe Experiment

The experiment constructed during this thesis is not automated. With a newer
oscilloscope, the SHG data collection can be accomplished using a computer via
LabView. The LabView code could then automate the rotation mount, allowing for
the Rotation Method to be efficiently performed. This automation would allow for
more rotation runs to be performed on birefringent materials in less time, increasing
the speed of d-coefficient measurements.

Another recommendation is to address the 21/2 scaling factor that appeared in the
calculations. Ideally, the source of this scaling factor would be found and corrected.
But, if that cannot be done, then verify that the scaling factor is 24/2. With only the
7ZnSe sample to confidently use, the scaling factor could be 2 instead of 2v/2.

Expand upon the SnyP5Sg refractive index code. Since future research will be

examining similar crystals to SngPsSg, having a code that calculates the refractive

106



index of these crystals is beneficial.

5.3.2 Z-Scan Experiment

For the Z-Scan experiment, the main recommendation is to not use housing units
similar to the ones in Figure 40. The screws used to hold the sample in place is the
main reason why many samples were damaged in this thesis. It is hard to determine
if the sample is secured versus being slightly loose, often leading to the screw being
tightened too much for the sample. This housing unit is secured to the translation
stage via magnets. The problem with the magnets is that they can bring the housing
unit down with a large enough force to cause a thin sample to break. Replacing
the screws with something compressible and the magnets with screws should prevent
accidentally damaging the samples while mounting them.

For smaller samples or samples with defects or surface damage, ensure the z-
translation stage travels exactly parallel to the z-axis. Small deviations from this
could result in the pump irradiating different imperfections or clipping the edge of
the sample, leading to asymmetric plots like Figure 75. Also, if the pump starts
acting unstable at any point, stop experimentation and correct the instability. This

will ensure the data collect is much more reliable than if the pump is left unstable.

5.3.3 GaAs,P;_, Ternaries

The GaAs,P;_, ternaries are desired for use in the SWIR, MWIR, and possibly
LWIR wavebands. However, experiments on the samples used in this thesis could
not provide much information on their properties in the SWIR waveband. So, the
first and most important action to take regarding the ternaries is to produce sam-
ples with polished, parallel surfaces and no interior defects. The poor surface quality

prevented accurate characterization of the dy4-coefficients, nonlinear refractive index,
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and two photon absorption for the ternary samples. The poor surface quality scat-
tered the pump waves in both experiments, reducing the intensity of harmonic waves
detected for the Maker Fringe experiment and creating too much noise for the Z-Scan
experiment. Another issue with the poor surface quality is that two of the three sam-
ples were damaged in the Maker Fringe experiment before any significant data could
be collected. With better quality samples, their NLO properties can be accurately
determined and compared with GaAs and GaP.

With better quality samples, Z-Scan experiments can be performed effectively.
However, for the Maker Fringe experiment, the thickness of the samples will still be
a limiting factor due to the short coherence lengths of the ternaries. As the sample
thickness approaches an even number of coherence lengths, the margin of error for de ¢
increases significantly since the d ;¢ will reach unrealistically high values. Samples
with short coherence lengths are more likely to be close to an even number of coherence
lengths thick than samples with larger coherence lengths. To reduce the margin of
error, a more accurate profilometer should be used to measure the thickness within
0.5 pum or less. If a more accurate profilometer cannot be acquired, then use multiple
samples with similar but different thicknesses to ensure that at least one sample is
not close to an even number of coherence lengths thick. Another way to reduce error
due to thickness would be to polish the samples until their thickness is approximately
an odd number of coherence lengths. However, polishing may not be an option if the
samples are already thin. A third way to reduce the error would be to use a longer-
wavelength pump. With a longer wavelength, the coherence lengths of the ternaries
would be longer, reducing the possibility of the sample length being close to an even
number of coherence lengths. Although, using a longer wavelength pump would
require using Miller’s Rule to approximate d4 for higher frequency interactions. The

current Maker Fringe setup could still be used for birefringent materials and isotropic
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materials with longer coherence lengths.

After the production of the ternary samples is improved, the next action is to
produce different stoichiometric samples and characterize them. Since the goal of
these ternaries is to reduce the § values for GaAs for wavelengths below 1800 nm, the
characterizations would be performed at different wavelengths. Trends regarding d4,
ng, and [ values can then be observed to assist in determining which stoichiometry

would produce the best di4 while reducing f.

5.3.4 Sn,P,Ss and Related Crystals

SPS has had its d-coefficients, nonlinear refractive index, and 2PA coefficients
characterized in the SWIR in literature. The next step would be to redo the n, and
B characterizations in the MWIR and LWIR wavebands. Doing so will determine if
there exists any part of those wavebands that are unsuitable for SPS lasers due to
the presence of ny or 5.

An effort at AFRL/RX is currently underway to dope SPS and crystals with simi-
lar composition (SnyPoSeq, PboPoSg, and PboPoSeq) with calcium, cadmium, or other
elements. The goal of doping SPS is to improve upon the d-coeffiecients SPS already
has. The goal of doping the other three similar crystals mentioned is to break their
centrosymmetry to allow for y® nonlinearity. The initial dopants for all of these is
calcium and cadmium, but others dopants will be explored should these prove unsuc-
cessful in achieving the goals. Once grown, the next step would be to characterize
the doped crystals. The crystals that are non-centrosymmetric should have their
d-coefficients characterized by the Maker Fringe experiment and should determine
where appreciable nonlinear refractive index or two photon absorption exists in the
MWIR and LWIR wavebands with the Z-Scan experiment. Once characterized, these

crystals could then be used to create MWIR or LWIR lasers, should their properties
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be favorable for such. The centrosymmetric crystals should have their Curie Tem-
peratures determined to assess if further doping could raise the Curie Temperature

above room temperature.

5.4 Summary

This thesis examined two groups of materials for viability as coherent light sources
in the SWIR, MWIR, and LWIR wavebands: GaAs,P;_, ternary compounds and
SnyPsSg. To help determine if these materials are viable, their nonlinear optical
properties need to be characterized, namely d-coefficients, nonlinear refractive index,
and two photon absorption. A Maker Fringe experiment was constructed to determine
the d-coefficients via the Intensity-scan Method. The Maker Fringe setup and analy-
sis method were verified using ZnSe, albeit with a scaling factor of 24/2. While each
experimental sample demonstrated second harmonic generation, the sample qualities
were too poor to deduce any d-coefficients. For the other two properties, an existing
Z-Scan method was used. However, issues with the pump stability and time of acces-
sibility occurred. The pump instability combined with the sample quality prevented
the determination of ny and [ for the ternary compounds. Although, SnyPsSg was
demonstrated to not have appreciable two photon absorption at 1550 nm. This thesis
laid the foundation for future characterization of GaAs,P;_, ternary compounds and

crystals with similar composition and structure to SnyPsSg.
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Appendix A. d-Coefficient Calculations from d.s

This Appendix will describe the different calculations used to determine the d-
coefficients from d.¢; for the cubic crystals.

The polarization equation (Equation 33) for cubic crystals is presented here:

Ex(WQ)Ex(W3)
Ey(w2) Ey(ws)
0 00 dy O O
EZ(WQ)EZ(W?,)
E.(w2)Ey(ws) + Ey(w2) E.(ws)
B (w2) By (w3) + By (w2) B (ws3)

Ey(w2) Ep(ws) + Ep(w2) By (ws3)

?(Wl)ZQEO 000 0 dy O
000 0 0 dy

where ws = wj is the pump frequency and wy is the harmonic frequency [4, 34]. Figure
80 is used to determine where the orientations of the x-, y-, and z-axes [34]. Every

cubic sample is z-cut. So, the angle ¢ is the transmitted pump angle, calculated

Pump polarization
vector

(direction of propagation)

Figure 80: Orientation of cubic cells. This coordinate system is used for calculating
dy4 for the cubic materials. This figure is modified from [34].
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from the incident pump angle using Snell’s Law. The x-axis is picked to not have
a dependence on ¢, where the angle 6 correctly orients the x-axis in relation to the
pump polarization vector. Using Figure 80, the x-, y-, and z-components of the

electric fields are [34]

Ey(w) = cos(0)|E| (82)
() = sin(9) cos(¢) B} (53)
E.(w) = cos(0) sin(90° 4 ¢)|E|, (84)

Substituting Equations 82 through 84 into Equation 81 results in

P, (wy) 2sin(6) cos(0) cos?(¢)
P,(ws) | = 2€0d1a | 2cos(0) sin(6) cos(e) B[, (85)
P, (wy) 2 cos(0) sin(6) cos(¢)

where wy is for the SHG wave and E, is the electric field of the pump [4, 34]. Since
most of the incident angles are small and the refractive indices are large, ¢ is less
than 8° for all cubic samples. Since cos(8°) is 0.99, cos(¢) will be approximated as 1.

Using the identity 2sin(6) cos(f) = sin(26), Equation 85 can be reduced to:

P @)l = \/P2w,) + P2(w,) + P2(w,) (36)
P (ws)| = 2e0diar/3sin(20) | E, | (87)
P (wy)| = 2e0d14v/35in(20)|E, (88)

Comparing Equation 88 to Equation 34, d.ss is found below:

oy = d14V/35in(26). (89)
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Since the sample was oriented for maximum SHG output, the sin(26) term equals 1,

leaving

ey = disV/'3. (90)

Therefore, once d.s is calculated for the cubic crystals, it is divided by V/3 to obtain
d14.
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Appendix B. Detailed Maker Fringe Calculations

The data analysis for the Maker Fringe experiment uses Microsoft Excel code de-
veloped by Shekhar Guha and Joel Murray from AFRL/RX, which will be explained
in this Appendix. The code had been designed for analysis on 43m crystals (specifi-
cally GaAs, GaP, and others), but not for SPS, requiring modifications to the code.
The first section will cover the part of the code that calculates d.s¢ line by line. The

second section describes how the code was altered for the SPS calculations.

2.1 The d.s; Calculation Code

The figures shown in this section are screenshots of the Excel sheet used. The
values seen in the figures are for the ZnSe sample.

The first two sections of the code are shown in Figure 81. The purple section is
for user inputs, which is sample dependent. by,cqsurea 18 bpir, which is calculated via
Matlab. n, and n, are the refractive indices for the pump and the SHG wavelengths,
calculated via Sellmeier equations or via Vegard’s Law for the ternaries and listed

in Section 3.3. The thickness was measured with the profilometer, and the angle of

Quantities Values Units sl

b_measured 6956.1 nJ/{GW/cm2)n2 6.956E-32
n_p 2.444954] An: 2.444954
n_s 2.4840092 0.039138 2.434092
thickness 712 pm 7.12E-04
angle inc 0.25 degrees 0.161442956 rad
T_p (0if uncoated) 0 at pump AQI; 0<T<1

T s (0if uncoated) 0 at SHG A-O-exit; 0<T<1

lambda_p 2.09 pum 2.090E-06
rQ 07.45511787 pm 9.7455E-05
0 15794.7523 ps 1.58E-08
pump parallel to plane of inc TRUE

Figure 81: Sections 1 and 2 of the d.ss calculation code. Note that the fourth column
converts the values in the second column to SI units (or degrees to radians).
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incidence is the one recorded for each run. Every sample was not coated, so the T_P
and T'_S parameters are zero; if the sample were coated, the values entered into these
cell will prioritize the calculations made later. The blue section is the experiment
setup parameters, which do not change for any of the runs. lambda_p is the pump
wavelength. The 70 cell is for the beam waist measured 1/e. t0 is the temporal
pulse width, also measured 1/e. The last entry in this section is for the polarization
of the pump, which for this code can either be parallel or perpendicular. Since the
pump is polarized along the x-axis and the sample is rotated about the y-axis (see
Figure 33), the pump will always be polarized parallel to the plane of incidence; thus,
for all these runs, this cell is set to “TRUE”.

The next section of the code (Figure 82) contains some preliminary calculations
to be used later. The pump angle in sample is calculated from the incident angle
and n, using Equation 3 [12]. The SHG angle in sample is the same as the pump’s
due to the materials being isotropic [4]. The SHG exiting angle is also calculated
with Equation 3 [12]. The path length (L,) takes into account the pump angle in the
material, it being equal to L/ cos(pump_angle). The coherence length is calculated
using Equation 44 and the user inputted pump wavelength and refractive indices.
The next two entries set up for the sinc? calculation, where sigma is just (L,/L.) X .

Note that if L,/L. approaches an even integer, the sinc? goes to 0, which results in

angle in sample (pump) 3.76960804 degrees 0.065792072 rad
angle in sample (SHG) 3.76960804 degrees 0.085792072 rad
angle exit (SHG) 9.399402763 degrees 0.164050526 rad
path length 713.5437646 pm 7.1354376E-04
coherence length 13.3502 pm 1.3350197E-05
L path /L c 53.4482 53.4482
sigma 167.9124205 1.6791242E+02
sinch2 (sigma//2) 8.2432E-05 8.2432E-05

Figure 82: Section 3 of the d.s; calculation code. Note that the fourth column
converts the values in the second column to SI units (or radians from degrees).
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the code outputting unrealistically high values of d.y.

The next four sections of the code are dedicated to calculating 7" and R for the
pump and the SHG beams using the Fresnel equations. Figure 83 shows the cal-
culations for T" and R for the pump respectively, and Figure 84 shows the same
calculations but for the SHG wave. The first two cells for each section calculates ¢ or
r for either the parallel or the perpendicular waves using Equations 4 through 7 [12].

The next cell in each section chooses which wave to use; since the the pump parallel

Pump entering sample

t_p_par 0.578714264
t_p_perp 0.576068927
tp 0.578714264
T _p (one surface) 0.827833298
T p 0.827833298

Pump in sample

r_p_par -0.414929755
r_p_perp 0.423931073
rp -0.414929755
R_p (one surface) 0.172166702
E_p 0.172166702

Figure 83: Sections 4 and 5 of the d.ss calculation code.

SHG exiting sample

t_s_par 1.437530796
t s perp 1.430596896
ts 1.430596896
T_s(one surface) 0.814586313
Ts 0.814586313

SHG in sample

r s par 0.421305332
r_s_perp -0.430596896
rs -0.430596896
R_s(one surface) 0.185413687
R_s 0.185413687

Figure 84: Sections 6 and 7 of the d.ss calculation code.
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to plane of inc cell is “TRUE” for all samples, the pump will always use the parallel
wave calculations, and the SHG will always use the perpendicular wave calculations.
The (one surface) cell measures T or R based on the cell directly above it, using
Equations 8 and 9 [12]. The last cell in each of these four sections uses the value from
the cell directly above it since no sample is coated.

The next section shown in Figure 85 is used to calculate multiple reflection correc-
tions that may be applied at the end, with these multiple reflections being coherent
(overlapping waves) or incoherent (not overlapping waves) [8]. F_p is the finesse
parameter, used in calculating Re., [8]. Rine is the correction factor for multiple in-
coherent wave reflections, where the expression was rederived by Guha, Murray, et

al. to not ignore the differences between the pump and the SHG waves:

1+ (R@RS)

Rinc =
(1-R)(1-Rp)

(91)

where R, and R, are the Fresnel reflection coefficients (Equation 8) for the pump and
the SHG waves respectively [8, 22]. R, is the overestimation correction factor due

to multiple coherent reflections, with the differences between n, and ny neglected:

6(,6 4 2 s
Recon = S Q—i(_)4185:n6+ ot 8 /0 1+ F, sin2(2xa)l]x[1 + F, sin® z]? (92)

F p 1.036271421
sqrt{R_inc) 1.020886602
sqrt{R_coh) 1.102797768
L*tan(theta int) /w_x 3.4112E-01

completely incoherent? FALSE

completely coherent FALSE

Figure 85: Section 8 of the d.s calculation code.
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where F), is the finesse parameter from before and n = n, = n, [8]. The next entry is

used to determine if a correction factor should be included, with

Ltan(th) o Lp tan(ep—int)

Wy \/§U)0

(93)

with 6,_;n: being the interior pump angle [48]. If either side of Equation 93 is greater
than one, then the completely incoherent correction should be applied; if Equation
93 much less than one, then the completely coherent correction should be applied
[48]. However, both the “completely incoherent?” and the “completely coherent”
cells were FALSE for every cubic crystal examined in this thesis, so these corrections
were not applied to them.

The last section calculates desr and dy4 (see Figure 86). The b_true value is from
Equation 56 [22]. d.yy is calculated the same as Equation 57, using the corresponding
cells from the earlier sections [22]. dy4 calculations are included in this code, but with
the orientations of the samples being different from the ones required in the code, the
method provided in Appendix A will be used instead. The last three lines implement
the coherent and incoherent corrections to dess and di4, regardless of which one is

relevant.

b_true (AR or UNC) 12592.1765 1.25922E-31
d_eff 148.8406145 pm/v 1.48841E-10 m/V
15 (100)? TRUE
d14 [if (100]] 3.16839E-10
d14 [if (110)] 1.289E-10
di4g 316.8386806 pm/v 3.16839E-10
Multiple Reflection correction

no correction incoherent coherent
d_eff 148.8400145 145.7954431 134.9663727
dia 316.8380806 310.3563901 287.3044269

Figure 86: Section 9 of the d.s; calculation code. The code does not account for
significant digits.
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2.2 SPS Modifications

Since SPS is a birefringent material, the most efficient frequency conversion will
happen when it is phasematched. For SPS to be phasematched, Ak = 0, so using

Equation 38

0 = nyws — Ny, — Npwp (94)

0 = ns(2w,) — 2nyw, (95)
2npwy, = 2nw, (96)
ny = N, (97)

The refractive indices for both waves are 2.7716, determined using the method in
Appendix C.

Inputting the same value for n, and n, causes the L, calculation to divide by 0
(see Figure 87), affecting the rest of the calculations. Since the coherence length is
not a factor when phasematched and is only used when calculating the sinc? term,
only the sinc? cell is modified in Section 3 of the code. The sinc? cell is set to 1 since

sinc?(0)=1. The “angle in sample (SHG)” cell was left unchanged since the the pump

angle in sample (pump) 6.401445947 degrees 0.111726378 rad
angle in sample (SHG) 6.401449947 degrees 0.111726378 rad
angle exit (SHG) 18 degrees 0.314159265 rad
path length 1602.994514 pm 1.6029945E-03
coherence length ’ #DIV/0! pm r #DIv/o!

L path /L c " sDiv/o! " woiv/or

sigma " spoiv/o! " spIv/or

sinc™2 (sigma//2) 1 1

Figure 87: Section 3 of the d.s; calculation code, modified for SnyP2S¢ calculations.
The refractive indices for the pump and harmonic waves being the same results in
the dividing by 0 errors seen, which normally also applies to the sinc?(sigma/2) cell.
The sinc?(sigma/2) cell was manually changed to 1.
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and SHG divergence was ignored.
The rest of the code remains the same. Since Poynting vector walkoff is ignored,
the SHG angle in the sample is not altered from the pump’s angle. The calculated

desy is then used to determine the multiple d-coefficients.
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Appendix C. Refractive Index Calculations for the SPS
Crystal

This appendix will address the method used to calculate the refractive indices for
the SPS crystal, since it is biaxial. A Microsoft Excel code has been created to assist

in the calculations. This method can also be applied to other biaxial crystals.

3.1 Coordinate System Transformation Method

The method used to determine the refractive index for the SPS crystal was pub-
lished by Yin et al. in 2007 [54]. This method uses coordinate system transformations
to realign the k-vector parallel to a z-axis, allowing the refractive index ellipse to be
within an x-y plane for ease of calculations. The method will be rederived here, since
the article contains some math errors likely due to translation and publishing errors.

Before any calculations, Figure 30 is used to relate the cut of the SPS sample
(abc-coordinate system) to the refractive index coordinate system (zyzox3) [45]. The
r1-, To-, and x3-axes do not have to be ordered such that ny < ny < ngz, where ny
is the refractive index for the zi-axis, ny for xo, and n3 for x3. Once related, the
propagation angles 6 and ¢ are determined (see Figure 88). Figure 88 shows the
k-vector of a wave in relation to the crystal’s refractive index coordinate system;
for SPS, the xyz-coordinate system shown here is the zjx,x3-coordinate system in
Figure 30 [54]. Figure 89 is the same as Figure 88 except the refractive index ellipse
is drawn perpendicular to the k-vector and effects from Poynting vector walkoff are
included [54]. The relationships between S and k and between E and D are illustrated
in Figure 10. From Figure 89, the refractive indices for the “slow” and the “fast”
waves correspond to the intersection of the £y and E, with the ellipse, respectively.
The fast-wave experiences a lower refractive index, and the slow-wave a higher n.

The following calculations are to move the ellipse shown in Figure 89 from existing
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Figure 88: Light wave’s k-vector in relation to the refractive index coordinate system
of a biaxial crystal. The light wave is traveling at some arbitrary propagation direction
with respect to the refractive index coordinate system, with 6 being the angle between
the z-axis and the k-vector and ¢ being the angle between the x-axis and the k-vector

within the x-y plane. This figure is from [54].

N7

LET T L LA

Figure 89: Refractive index ellipse for arbitrary k-vector in a biaxial crystal. The
angle ¢ is the Poynting vector walkoff angle, which deviates the electric fields of the
slow-wave (F;) and the fast-wave (F3) from the major and minor axis of the ellipse.
This figure is modified from [54].
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in a three-dimensional space to a two-dimensional plane.
To calculate the refractive index of wave travelling within a biaxial crystal, the

equation for an ellispoid is used:

+5 =1, (98)

where nq, ny, and ns3 are the refractive indices along the x-axis, y-axis, and z-axis,
respectively [4, 54]. The relationship between ny, ns, and ns does not matter for this
method, allowing it to be used with the SPS coordinate system in Figure 30. The
first coordinate system transformation involves rotating the k-vector about the z-axis

by ¢ [54]. The relationship between the two coordinate systems is

x cosp —sing 0 x
y| = |sing cosp O y |- (99)
z 0 0 1 Z'

Equation 99 results in = 2/ cos o — /' sinp and y = 2’ sin ¢ + 1 cos . Substituting
these into Equation 98 gives
cosp  sin?g sin®¢p  cos? ¢
(2')? ( R — ) + ()’ ( 7 T3 )
ni Ny ny Ny

1 1 (2')?
" sin(29) [ = — — ~ 1.
+ 'y sin(2¢) (n% n%) +—

(100)

The next coordinate system transformation involves rotating about the y’-axis

by 0, which moves the refractive index ellipse entirely into the x”y”-plane [54]. The
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relationship corresponding to this transformation is

T cos 0 sind z
y | = 0 1 0 y' |- (101)
2 —sinf 0 cos6 2"

Substituting the x’ and z’ values from Equation 101 into Equation 100 gives

cos? sin? sin? 6
(z')? [( 280+ 1n2g0> cos? 6 + n }

2

ny Ny 3
e 2
o [(Sin® @ cos?p
-0 (M)
() {(cosigp N sinigp) <in?0 4 cosz 6}
1 1
+ 2"y sin(2¢) cos 6 (— — —>
nj  nj
+ y"2" sin(2¢) sin 0 o1
nj  nj
2 .
1
+ 2’2" sin(26) [(COS;’D - sm;p) — —2] =1.
ni 1y 3

With this coordinate system complete, the refractive index ellipse is now within the

x"y"-plane. As such, there is no z’ component of the ellipse. Thus, z”/ = 0, simplifying

Equation 102 to

(272 [(COS2 . sin? gp) cos? 0+ sin? 0}
2 2

ny L n%
22 2
S1n COS
+(y")? ( A 2(’0> (103)
n n
1 2

1 1
+ 2"y sin(2¢) cos 0 (—2 — —2) =1
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To simplify the equations going forward, the following substitutions are used:

2 i 02 : 29
A= <COSQ@ + stgp) cos® 0 + st , (104)
ny ny n3
.2 2
sin“ ¢ cos” @
B = 105
C' = sin(2¢) cos (— — 2 (106)
= sin cosl | - —— ).
’ "
With these substitutions, Equation 103 becomes
A" + B(y")* + Ca"y" = 1. (107)

One final coordinate system transformation accounts for Poynting vector walkoff
[54]. Looking at Figure 89, the electric fields F; and Es are misaligned from the long-
and short-axes of the ellipse by the Poynting vector walkoff angle §, where F; and F,
are the electric fields for the slow-wave and the fast-wave, respectively. By rotating

about the 7z by the walkoff angle 4, the following relationship is used:

x cosd —sind 0 x'"
y' | = |sind cosd O Yyl (108)
2" 0 0 1 2"

Substituting the x””" and y””’ values from Equation 108 into Equation 107 gives

(2"")? {A cos? § + Bsin? 4 + %C’ sin(26)]
+ (y")? [A sin?d + B cos®§ — %C’ sin(26)] (109)

+ 2""y" [— Asin(28) + Bsin(20) + C cos(20)] = 1.

Since the equation for this ellipse is (z")%/(n,"")? + (y'"")?/(ny"")* = 1, the X" y"”’
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term must equal zero [54]. Doing so allows the calculation of o:

tan(Qd)::j§;j:1 (110)
—sin(2¢p) cos <ni§ - %)

<sin22g0 + cosZgo) . [(coszgo + 5117112290) cos2 @ + sizzg}.

ny 3 ny 2 3

tan(20) =

(111)

Should there be no walkoff or walkoff is ignored, 6 = 0. The refractive index values

for this new ellipse (n,”’ and ny'"") are [54]

1 2 102 102 0
— = [<COSZ@ + sm2g0) cos? 0 + sm2 ] cos® &
n n n n
1 . 12 22 . 3 . . (112)
sin“¢  cosPe) . o , ,
5+ = sin(2 fsin(20) [ = — — ) -
+ ( o + 2 ) sin” § + 5 sin(2¢) cos 6 sin(20) (n% n%)
1”/ _ [(COSZ v sinicp) cos? ) + sinz 9} Gin?
n n n n
i - g . Loy ()
sin“¢  cos®p 5 _ .
d — —sin(2 0sin(20) | - — = | -
+ ( p + p ) cos 5 sin(2¢p) cos 6 sin(24) (n% n%)

The refractive indices written in Equations 112 and 113 are the same as in [54], but

the walkoff angle presented in Equation 111 is different from [54].

3.2 Accounting for the Indicatrix «

As mentioned in Section 2.3.3, the indicatrix « of SPS (see Figure 30) is wavelength
dependent, altering the locations of the axes for the x-z plane between the pump and
harmonic waves [45]. This change in « between the pump and harmonic waves is
accounted for in Ao = a;, — a5, where «, is the indicatrix for the pump and «; is
the indicatrix for the harmonic wave. The indicatrix for the pump is larger due to
dispersion, so A« is a positive value [45]. When accounting for «, the pump wave
uses Equations 111 through 113 without any changes, but for the harmonic wave,

substitute 6 with § — A« for Equations 111 through 113.
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Figure 90 shows the coordinate system of the harmonic wave in relation to the
pump wave. The solid axes are the x- and z-axes for the harmonic wave, and the
dashed axes are the x- and z-axes for the pump wave. The difference between the
two coordinate systems is a rotation about the y-axis by Aa. The angles 6 and ¢ are
still in relation to the pump axes, not to the harmonic axes. Instead of re-deriving
the equations, an explanation of what occurs will be presented. This method can
be applied if the indicatrix is within the x-z, x-y, or y-z plane of crystal’s refractive
index coordinate system. If o is not within the x-z plane, reorient the axes to place
« within the new x-z plane and adjust # and ¢ accordingly.

For the first transformation from xyz to x'y’z’ for the harmonic wave, the rotation
occurs about the (z+Aa«)-axis by ¢ (see Figure 91). This rotation places the k-vector
within the x'z'-plane. The angle between the k-vector and the (z'+Ac«)-axis is still

0, and the angle between the k-vector and the z'-axis is & — A«a. For the second

+ho

Figure 90: Refractive index coordinate systems for SnyPsSg for pump and har-
monic wavelengths. The xyz-axes correspond to the harmonic wave and the
(x+Aa)y(z+Aa)-axes correspond to the pump wave, where A« is the difference
in indicatrix angles between the pump and harminic waves. k is the k-vector for the
harmonic wave.
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Figure 91: New refractive index coordinate systems for SnsPsSg for pump and
harmonic wavelengths. The x'y’z’-axes correspond to the harmonic wave and the
(x'+Aa)y’ (7' +Aa)-axes correspond to the pump wave, where Aq is the difference in
indicatrix angles between the pump and harmonic waves. k, is the k-vector for the
harmonic wave.

transformation, the rotation occurs about the y’-axis by # — Aa. This aligns the
k-vector with the z”-axis. The (x”"+Aa«)- and (z’'+Aa«)-axes are now removed from
consideration, as the k-vector will no longer be rotated about the pump’s axes. The

rest of the calculations are the same from here on.
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Appendix D. Additional Experimental Results

This Appendix compiles the Maker Fringe and Z-Scan experimental runs that

were not addressed in the thesis proper due to either redundancy or irrelevance.

4.1 GaP Maker Fringe Run

Unfortunately for the GaP sample, its L, /L. parameter is 70.05, meaning that its
length is very close to an even integer number of coherence lengths. This leads to the

sinc? term to approach zero in the denominator of Equation 57, repeated here:

bA2n2nce
deff: \/5 7/2pL2p 2 2 (2)
0 g
(2v277/2) L2wgtosinc? ()

This results in an unrealistically large d.ss. Before altering the thickness, the cor-
rected dyy value is 77.30 pm/V, but by looking at Figure 92, it grows to the absurd
value of 3151 pm/V as the sinc? term approaches 0. The expected dy, value is
53.1 pm/V, which can be obtained on both sides of the spike. The analysis method
used currently does not have a workaround for this scenario, so no conclusions can
be made on the di4 coefficient. Due to time constraints, another GaP sample could

not be obtained for another run.

129



GaP d_14 Values when Varying
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Figure 92: Plot of dy4 values for GaAs based on thickness. The thickness is varied

between 41 pm, substituted into Equation 57, divided by v/3 x 2v/2, and plotted.
Note that the vertical axis is in log scale.

4.2 Additional Sn,P,Ss; Open Aperture Z-Scan Runs

This section shows the plots for the other three 1mW and the other two 5mW
OA runs mentioned in Section 4.2.2.2. With the general shapes of these graphs being

similar to Figures 73 and 74, these were not presented in Chapter 4.
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Snszss Open Aperture Z-Scan at 1000 W, Run #1
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Figure 93: SnyPySg open aperture Z-Scan Run #1 at 1000 pW. The blue line is the
normalized collected data.

ansts Open Aperture Z-Scan at 1000:W, Run #2
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Figure 94: SnyPySg open aperture Z-Scan Run #2 at 1000 pW. The blue line is the
normalized collected data.
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Snszss Open Aperture Z-Scan at 1000:W, Run #3
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Figure 95: SnyPySg open aperture Z-Scan Run #3 at 1000 pW. The blue line is the
normalized collected data.

ansts Open Aperture Z-Scan at 5000 W, Run #1
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Figure 96: SnyPsSg open aperture Z-Scan Run #1 at 5000 pW. The blue line is
the normalized collected data. The minimum point resulted from interference on the
sample surface.
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5n2P25li Open Aperture Z-Scan at 5000:W, Run #2
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Figure 97: SnyPsSg open aperture Z-Scan Run #2 at 5000 pW. The blue line is

the normalized collected data. The minimum point resulted from interference on the
sample surface.

4.3 Additional GaAsy 74Py Open Aperture Z-Scan Runs

This section shows the plots of the two GaAsg74Pp.26 OA runs not presented in
Chapter 4, one at 1000 uW (Figure 98) and one at 200 yW (Figure 99). These two

runs added no additional information to the discussion, hence their placement here.
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Figure 98: GaAs74Pg.26 open aperture Z-Scan Run #2 at 1000 xW. The blue line is
the normalized collected data.

s GaAsﬂ .MPME Open Aperture Z-Scan at 200 W, Run #2
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Figure 99: GaAsg74Pg.26 open aperture Z-Scan Run #2 at 200 uW. The blue line is
the normalized collected data.
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4.4 GaAs Z-Scan Runs with Unstable Pump

Other than the runs analyzed in Section 4.2.1, all GaAs runs were conducted while
the pump was unstable. Multiple OA runs were conducted with the unstable pump,
but Figure 100 shows the only analyzable OA run done at 200 W, since the higher
power runs reduced T too low. The best fit for this data used a beam waist of
36.59 pm instead of 38.90 um. With the pump instability, a 6% drop in beam waist
size is reasonable. However, the 8 value obtained from this fit is 29.05 ¢cm/GW,
almost three times the theoretical value. As such, this run is unreliable, and its /3
value should not be used.

In addition to the OA runs, three 200 uW CA GaAs runs were performed
(Figures 101, 102, and 103). For these runs, the only parameter that was calculated
from the fit equation is my. These runs used the wy value of 36.59 um determined
from the 200 W run and a realistic § value of 12 ecm/GW, which is the average of

the two 3 values obtained in Section 4.2.1. By observation, these fits are poor since
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Figure 100: GaAs open aperture Z-Scan run at 200 pW. The red circles are the
collected data, and the blue line is the fit Equation 71.
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GaAs Closed Aperture Z-Scan at 200 pW, Run #1, With Accurate 3
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Figure 101: GaAs closed aperture Z-Scan Run #1 at 200 uW with realistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.
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Figure 102: GaAs closed aperture Z-Scan Run #2 at 200 W with realistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.
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GaAs Closed Aperture Z-Scan at 200 W, Run #3, With Accurate 3
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Figure 103: GaAs closed aperture Z-Scan Run #3 at 200 uW with realistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.

they do not follow the data. Runs 2 and 3 have an additional problem in that the n,
value it produces is negative (-1.891 x 107 cm?/GW and -6.004x10~* ¢cm?/GW),
contrary to the positive values shown in Figure 27. The ny value for Run 1 is
4.488 x 107" ¢m?/GW, more than double of what it should be, but with such a
poor fit, this result is unreliable.

These CA runs have better-looking fits when using the g value from the 200 W
OA run (29.05 cm/GW), as shown in Figures 104, 105, and 106 for Runs 1, 2, and 3,
respectively. Run 1 has a better fit, but its fitted ny value is 4.490 x 10~% cm/GW,
which is about the same as from the lower S fit. Runs 2 and 3 still have negative no
values at —1.889 x 10™* cm/GW and -5.981x10™* cm/GW, which are also about the

same as with the lower f fits.
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GaAs Closed Aperture Z-Scan at 200 W, Run #1, With Erroneous 3
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Figure 104: GaAs closed aperture Z-Scan Run #1 at 200 W with unrealistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.
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Figure 105: GaAs closed aperture Z-Scan Run #2 at 200 ¢W with unrealistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.
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GaAs Closed Aperture Z-Scan at 200 W, Run #3, With Erroneous 3
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Figure 106: GaAs closed aperture Z-Scan Run #2 at 200 W with unrealistic two
photon absorption coefficient. The red circles are the collected data, and the blue
line is the fit Equation 80.

4.5 ZnSe Closed Aperture Z-Scan Runs

There were two ZnSe CA runs accomplished: one at 1 mW and one at 4 mW.
Figure 107 shows the run completed at 1 mW. The graph is relatively flat but very
noisy, with no side being noticeably higher than the other as expected in a CA run.
Thus, this graph suggests that ZnSe has at 1550 nm an n, value within the noise.
However, Figure 108 shows that ZnSe does have a significant ny value at 1550 nm,
but it requires a higher intensity to detect it.

The second CA run increased the pump average power to 4 mW. The fit shown
in Figure 108 uses a 3 of 0 cm/GW, an « of 0.1676 cm™!, and the same wq value of
36.59 pum as the GaAs CA runs performed prior to the ZnSe CA runs. Interestingly,
this fit results in an ny value of 1.196x107° cm?/GW, close to the theoretical value

of 1075 cm?/GW, [49].
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ZnSe Closed Aperture Z-Scan at 1000 W
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Figure 107: ZnSe closed aperture Z-Scan run at 1000 pW.

ZnSe Closed Aperture Z-Scan at 4 mW, With Fitting Curve
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Figure 108: ZnSe closed aperture Z-Scan run at 4000 uW. The red circles are the
collected data, and the blue line is the fit Equation 80.
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