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Abstract
Aust, J. Andrew (Ph.D., Electrical Engineering)

Maker-Fringe Analysis and Electric-Field Poling of Lithium Niobate

Thesis directed by Professor Adjunct Norman A. Sanford

This dissertation focuses on Maker-fringe analysis and electric-field
poling of z-cut lithium niobate (LiINbO3). The Maker-fringe analysis involved
examining second-harmonic generation (SHG) as a function of pump beam
angle of incidence, where four separate pump-SHG polarization orientations
were examined. The theoretical model developed here to describe the Maker
fringes includes the full birefringent of this uniaxial material. The theory also
considers Fabry-Perot resonances of both the pump and second-harmonic
waves in the sample. Simultaneously fitting all four pump-SHG orientations to
sample thickness, ordinary index of refraction at the pump and second-
harmonic wavelengths, and extraordinary index of refraction at the pump and
second-harmonic wavelengths has led to the most comprehensive Maker-
fringe analysis attempted to date. From this analysis, index of refraction
variations lead to a description of the compositional variation within a wafer

and between wafers. Other properties that may also be determined are the
nonlinear coefficients d,(jz) , electrooptic coefficients rj, surface charges,

internal fields, stresses, and strains. Any effect that perturbs the indices of

refraction by 1 x 10 or more can be examined.



The Maker-fringe analysis revealed that the extraordinary index of
refraction of LINbOg is smaller than that predicted by the commonly used
Sellmeier equation derived by Edwards and Lawrence [Edwards ‘84]. The
discrepancy is on the order of -9 x 10™ at a wavelength of 532 nm and
appears to be related to the compositional variation between the congruent
material used in the original index studies and that, which is currently

available. Maker-fringe analysis has also been used to measure the nonlinear

coefficients d{)=5.95 pm/V and d{? = 25.2 pm/V, electrooptic coefficients
rs=1.27 x 10° mm/kV and ry;= 3.44 x 10° mm/kV at a wavelength of 1.064

um, and r;5=1.39 x 10° mm/kV and ry;= 3.43 x 10° mm/kV at a wavelength

of 532 nm, and pyroelectrically induced electric fields up to -19.1 kV/mm after
a 200 °C temperature cycle.

The electric-field poling experiments involved examination of the poling
current with respect to the applied poling field and Maker-fringe analysis of
domain-reversed material. | observed a similar offset in the behavior of the
poling current (6.9 kvV/mm) as other researchers have seen in polarization
hysteresis loops (6.7 to 7.0 kvV/mm). | also correlated this offset with the
observation of fringe shifts in the Maker-fringe scans of domain reversed

material.
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Chapter 1
Introduction

1.0 Dissertation Overview

In this work, | use Maker-fringe analysis to examine several properties
of lithium niobate (LINbO3). Historically, Maker-fringe analysis has been used
for the measurement of nonlinear coefficients; in most cases this has involved
fitting the envelope function of the fringes only. In my analysis, this one
measurement technique is used to examine the indices of refraction and the
electrooptic coefficients of LINbO3; as well as the effects to the material due to
pyroelectricity and domain reversal [Aust ‘97a, ‘97b].

My theoretical contribution is the full Fabry-Perot resonance
development of the second-harmonic generation (SHG) for uniaxial media. |
also introduce a heuristic correction factor to compensate for the lack of
infinite plane waves. My treatment includes all four possible pump-to-SHG
polarization orientations obtained from rotation of a z-cut wafer about its y-
axis.

Finally, | examine the poling current, which is involved with domain
reversal, as a function of electric field. A correlation between the Maker-fringe

analysis of domain reversed LINbO3 and the poling current studies is made.



1.1 Background

Lithium niobate is used for a host of accoustooptic, electrooptic, and
nonlinear optical applications. As the sophistication of the devices employing
LiNbO; increases the need for better characterization of this material has
arisen. Wafer uniformity is a key issue for improving device performance and
yields. One method of analysis, suggested as a tool to examine the uniformity
of LINbO3 wafers and boules, is Maker-fringe analysis [Lunt ‘85]. Maker
fringes, or the oscillations of the SHG as a function of pump angle of
incidence, were first demonstrated by Maker et. alin 1962 while examining
guartz and potassium dihydrogen phosphate (KDP) [Maker ‘62]. Maker
fringes are produced by rotating a nonlinear material, typically around one of
its crystallographic axes, while illuminating it by a polarized pump beam. The
fringes are the result of interference between the bound and free harmonic
waves that propagate in a nonlinear material as a result of the pump wave.
The attributes of the fringes, their frequency and amplitude, depend upon
several criteria including the indices of refraction at the fundamental and
second-harmonic wavelengths, nonlinear coefficients, sample thickness,
pump and SHG polarizations, and location of rotation axis with respect to
crystal axes.

Bloembergen reported a theoretical description of nonlinear frequency
generation by a nonlinear material in 1962 [Bloembergen ‘62]. His treatment

considered the sum frequency produced from a plane-parallel plate of



isotropic material being pumped by two infinite plane waves at frequencies wy
and wy. The resulting expression for the electric field at w; = wy + w, was
obtained by considering Fresnel’s laws for all three frequencies involved.

In 1969 Jerphagnon stated that Bloembergen’s “formulas, besides the
fact that they hardly can be used by the experimentalist, do not describe the
multiple refection phenomenon as it usually occurs” [Jerphagnon ‘69].
Jerphagnon then modified the multiple reflection result in such a way as to
eliminate the coherent addition of the E,, and E;.; transmitted electric fields,
where m > 1. The reasoning given for his modification was that the crystal
faces were not flat and parallel enough to get a constant phase difference
between E,, and E;i. His result includes the incoherent addition of the
multiple pass fields but ignores the coherent addition. Another reason this
assumption worked for Jerphagnon is that the indices of refraction of the
materials he was examining, quartz, ADP, and KDP, are relatively low, ~1.5.
This reduces the reflectance of each pass and, therefore, reduces the
interference. Jerphagnon’s assumption may have been accurate for his
studies, but it is far from accurate for the work presented here, where the
nominal index of refraction of LiINbO3 is ~2.2 and the wafers are polished to a
scratch/dig of 10/5 and have a wavefront distortion at 633 nm of <A/4.

My recent interest in LINbOj3 involves its use as a nonlinear material, in
particular, its use in implementing quasi-phase-matched (QPM) nonlinear
optical interactions [Yamada ‘93]. QPM is an extremely versatile method of

achieving phase matching for optical frequency conversions.



Conventional birefringent phase-matching relies on the chance material
characteristics that the index of refraction at the fundamental frequency is the
same as it is for the harmonic frequency. This criterion is very limiting,
inasmuch as there are only a finite number of frequency conversions that can
be birefringently phase-matched with currently known materials. As
examples, LiNbOj3 birefringently phase-matches SHG at room temperature for
fundamental wavelengths of ~1.08 and ~3.74 pum, while another material
suitable for QPM, LiTaOg, is not birefringently phase matchable.

QPM uses a periodic modification of the nonlinear susceptibility to
compensate for the phase walkoff between the fundamental and harmonic
waves. In the simplest case this modification is a periodic sign reversal of the
nonlinear susceptibility. The period of this modulation is two times the
coherence length /; of the particular interaction. For SHG the phase mismatch
between the fundamental and harmonic waves reaches a value of Ttat a
distance of /. in the media, at which point the sign of the nonlinear coefficient
is reversed and the fundamental field continues to feed power into the
harmonic field. Instead of relying upon the birefringence and/or the dn/dT for
the nonlinear media, phase-matching is achieved by tailoring the period of the
QPM grating to the particular desired interaction. This allows for efficient
phase-matching of any frequency conversion within the transparency window
of the material. LINbOg is particularly suited for implementing QPM because it
is a ferroelectric material. From Lines and Glass [Lines ‘77]:

A material is defined as ferroelectric when it has two or more
orientational states in the absence of an electric field and can be



shifted from one to the another of these states by an electric

field. Any two of the orientation states are identical in crystal

structure and differ only in electric polarization vector at null

electric field.
Using the ferroelectric property of LiNbO3, the direction of the spontaneous
polarization, and therefore the sign of the nonlinear coefficients, can be
reversed by the application of a sufficiently strong poling field. A spontaneous
polarization domain grating can be formed in the material for implementing
QPM by patterning the poling electrodes into a grating structure with
individual segments the size of the coherence length of the desired
interaction.

Domain reversal, the process of changing the direction of the
spontaneous polarization, can briefly be explained as the movement of the
Li** and Nb* ions with respect to the oxygen planes in the material.

At temperatures below the Curie temperature, LiINbO3’s structure consists of
oxygen planes that are packed into octahedra. The interstices of these
orctahedra are one-third filled by lithium, one-third filled with niobium, and
one-third vacant. The order in which the cations occur in the +z direction is Li
Nb O Li Nb O Li Nb O, where O denotes a vacancy [Weis ‘85]. During
domain reversal, the Li*! ions must pass through an oxygen plane from one
oxygen octahedron to the next while the Nb*® ions merely shift their position
within an oxygen octahedron. Figure 1.1 schematically represents the

positions of the Li** and Nb** ions before and after domain reversal. The

motion of the cations in the crystal gives rise to a displacement current,
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referred to here as a poling current, that can be measured and is a direct
indication of the completeness of the domain reversal.

In the six years since the first demonstration of electrically induced
periodically poled LiNbO3; (PPLN), several groups around the world have
attempted to perfect the poling process [Webjorn ‘94, Goldberg 95, Pruneri
'95, Meyn '97, Rosenman '98] while others have concentrated on trying to
better understand the poling process itself [chao '95, Gopalan '97, '98, Wang
'97, Miller ‘98]. Today PPLN substrates are commercially available from
approximately two suppliers here in the United States and a number of other
companies have in-house capabilities to produce such material. However,
these substrates are still fairly expensive and available only in a limited
number of domain periods. One of the reasons for this is the difficulty involved
in producing the QPM gratings. Device yields are still too low due to the
frequent occurrence of electrical breakdown suffered by the material during

electric field poling at room temperature.



Chapter 2
Theoretical Development of Maker Fringe Analysis

2.0 Introduction

This treatment of Maker fringe analysis will deal with four specific
pump-to-SHG relationships: extraordinary or e-polarized pump producing e-
polarized SHG, e-polarized pump producing ordinary or o-polarized SHG, o-
polarized pump producing o-polarized SHG, and o-polarized pump producing
e-polarized SHG. Each of these nonlinear frequency conversions will be
treated in two distinctly different developments. The first is a single-pass ray
approach which will also include a second-pass correction. The second
method is a fully resonant approach where the Fabry-Perot resonance of the
pump and SHG will be considered. In presenting this formalism, the e-
polarized pump producing e-polarized SHG case will be given in detail,
because of its added complexity, while just the results will be stated for the
remaining cases.

The substrate being considered here is z-cut LiNbO3. For a z-cut wafer
the z-axis of the crystal is normal to the wafer’s polished surfaces. Figure 2.1
illustrates the orientation of the wafer in the experimental setup. For this
exercise, the wafer rotation is about the y-axis while the pump propagation is

in the xz-plane. The two different pump conditions are e- and o-polarized.
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When the pump polarization is parallel to the plane of incidence it is referred
to as p-, T, or e-polarized. When the pump polarization is perpendicular to

the plane of incidence it is referred to as s-, o-, or o-polarized.

2.1 Wave Equations

The wave equations describing the propagation of light through a
uniaxial crystal such as LINbO3z must first be developed. The result of this
development will be used to express the propagation of the pump and the
second-harmonic fields through the substrate. This is accomplished by

starting with Maxwell’s curl relations

. . . 9D - =0E 0P
— s—4 — la
O He Jr o= JFEgf ot (1a)
- oH
= _, 97 1b
k B= = o (1b)

The reference coordinate system is taken to coincide with the substrate’s
crystallographic axes. This results in the dielectric tensor £ being diagonal
with €11 = €2, = n2 and g33 = nZ, where n, and n, are the ordinary and

extraordinary indices of refraction. For the sample-pump orientation chosen

here all derivatives with respect to y are zero. Writing out the curl relations
with the current J assumed to be zero gives

~a,H

|, = —i0e,NSE, — iwP,, (2a)
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~0,H, +0,H, = ~iwe,n;E, — iwP,, (2b)
0 H, = —iwe,mE, — ioP,, (2¢c)

~0,E, = itop,H,, (2d)

—0,E, +0,E, = iwy,H,, (2e)
0,E, = iwy,H,. (2f)

Solving Equations (2d-f) for Hy, Hy, and H;, respectively, and then substituting

appropriately into Equations (2a-c) gives

af(zEz - aiEx - wzsop-ongEx = ('OZIJ'OPX’ (3&)
—0%E, -0°E, - e p,mE, = Wi P, (3b)
_6)2<Ez + a:)2<2Ex - (*stop-ongEz = (*)ZHOPZ' (3¢)

. . . . 2 2 . .
The mixed partial derivatives 05,E, and 9;,E, must be eliminated.

This is accomplished by using the fact that the media is charge-free, so that
OeD=0. Writing this equation out fully with D= aogE‘ +P and again taking
all derivatives with respect to y as zero gives

[eD=¢g,n%0,E, +0,P, +e,n20,E,+3,P,=0. (4)

Rewriting Equation (4) to solve for 0,E, and again to solve for d,E, gives

-1
0,E, = ——5(,M0E, +0,P, +0,P,), (5a)
o''e
_ -1 2
0,E, = ——(g,n0,E, +0,P, +0,F,). (5b)

o' ’'o
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Taking 0, of Equation (5a) and d, of Equation (5b) results in suitable

expressions for eliminating the mixed partial derivatives found in Equations

(3a,0):
-1
0%,E, = E—Z(songaiEX +02P, +0%,P,), (6a)
o''e
-1
a?(ZEX = —2(80n§a§Ez + af(sz + a?F)z) . (6b)
0" 'o

Substituting Equation (6a) into Equation (3a), Equation (6b) into Equation

(3c), and making the substitution k? = wzuoso results in the general wave

equations

2 _ A2 2 2
Mo 02E, +02E, + K*n%E, = axfx ~ aXZF;Z -—P, (7a)

ne Eone Eone s0

— k2
2 2 2,2 —
aXEy+azEy+k noEy—s— Vo (7b)
o

2 Y 2 k2
026, + e 02E, + k2nzE, = ~ %l _0F X p (70)
nO EOnO EOnO 80

These general wave equations will be used to describe both the pump and
the second-harmonic propagation within the LiNbO3. When used to describe
the pump propagation, the nonlinear driving terms or source polarizations P;

on the right side of Equations (7a-c) are set to zero; n, and n, are taken at the

pump wavelength A,; and the wave vector k becomes k,, = cof,uoso = ZTW\p .

For second-harmonic wave propagation the nonlinear driving terms are

retained, n, and n, are taken at the second harmonic wavelength A, and the
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wave vector k becomes k, = wi €, = 2T\, . Note that the homogeneous

portions of Equations (7a-c) are completely uncoupled. Also, the partial
derivatives of Py and P, will correspond to the “effective” nonlinear coefficients

described by many authors.

2.2 Single-Pass Analysis

This first approach to describing the second-harmonic signal uses
simple ray propagation. The input pump and generated second-harmonic
waves are treated in a stepwise fashion as they propagate through the media.
Figure 2.2 illustrates all the e-polarized pump and second-harmonic fields

associated with the single-pass approach.

2.2.1 Single-Pass Pump

In order to express the SHG output field in terms of the input field, a full
treatment of the pump propagation through the system must be undertaken.
Here, | calculate the Fresnel reflection and transmission coefficients for the
uniaxial media. Figure 2.3 depicts the pump waves incident, transmitted, and
reflected from the first surface of the sample as well as the wave vectors

associated with each of these fields. The pump wave incident on the sample
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Figure 2.2 e-polarized pump and SHG fields propagating through the

sample.
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Figure 2.3 Pump fields and wave vectors associated with the
first surface of the sample.
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for the e-polarized pump may be written as

e ~ a ~ 'KXp K pZ=wpt 2 'KXp K pZ=wpt
Epe=KXE,, +2E,, = xE;,"Xe'( XHKp20) 4 zE,‘;’Ze'( XHKapz=tl) (8)
where Ky = kpSinB;, Kz = kpc0sB;, wy, is the angular frequency of the pump,
and 6;is the incident angle of the pump. The waves reflected from the first

surface may be represented as

i(K -K,1,Z—W,t

E X — Eoyr Xe’( xrle rip P )’ (9a)
i(K -K,1,Z—W,t

E Yr — EO’r e’( xrle 2rip P ) , (9b)

where Kyr1p = kpsin®,1, Kz1p = kpc0s6,1, and 6,; is the angle of reflection for the
pump beam. The pump field transmitted through the first surface of the
sample must be a solution to the homogeneous portion of the wave
equations, that is, Equations (7a,c) with the right side set equal to zero. These
solutions may be written in the form

E I(K pex

K -, t
pilx = Eg,rlxe X+ peaZ ™0y ), (10a)

(K pex X+ K pe, Z=w,1)

Epnz = Epnse ™ , (10b)

where Kpex = KpNep(Bep)SinBep, Kpez = KpNep(Bep)COSBep, and Bg, is the angle of
propagation through the sample of the e-polarized pump field. An expression
for the extraordinary index of refraction as a function of angle ne p(8ep) is
obtained by applying the solution of Equation (10a) to the homogeneous
portion of Equation (7a). This leads to the well known expression [see for

example Hecht ‘87]
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n2 2

n
2 o,p ep
2 (8,,) = (11)
P\ Eep 2 1a2 2 2 !
Mg p SIN“ B, + 1, COS” B,

in terms of our definition of Bg¢p.

In order to solve for the field amplitudes in Equations (9a,b) and
(10a,b) the boundary conditions at the first surface of the lithium niobate
substrate, z = 0, must be examined. The boundary conditions require the

tangential field components be equal across a surface. This leads to

(Ep,x + Ep,rlx)z:O =Epnx 420’ (12a)
(Hp,y + Hp,rly) 720 =Hpny 720" (12b)
Substituting the appropriate fields into Equations (12a,b) yields
o N (13a)
.pr — ‘erlp
(_ prEg,z + szE/CJJ,X )el ¥ (erlpEg,r:Lz + KzrlpEg,r:Lx )e’ ) (13b)

_ 0] 10} iK ex X
- (_ erpr,tlz + erzEp,tlx )e .

To satisfy these equations, the amplitudes on the left must equal the
amplitudes on the right and the transverse phases must be equal everywhere

on the boundary. These requirements lead to

Epx ¥ Epnx = Epnx (14a)

= KapEpz * KapEpx = KirrpEpriz = KarapEprix = (14b)
a KPEXEE,TLZ + erzEs,rl)u

Ko = Kxr1p = Kpex - (14c)

Equation (14c) leads directly to the law of reflection



18

sin®; =sinb,; . (15a)
and Snell’'s law generalized to the air-uniaxial interface

Sin®; = n, (B,p) SINB,, - (15b)

The field amplitudes E;,, E,,,,, and E;,,, found in Equation (14b)

may be written in terms of E,,, E ., ,, and E,,, by using 3 = 0.This
leads to the expressions
o _ pr o _ 0
E,, —K— E,, =-tan 6, (Ep s (16a)
zp
0 _ pr 0 _ 0
Ep,rlz - K_ Ep,rlx = tan ei |Ip,I’l,X’ (16b)
zp
2 2
n,, K n
E;:,tl,z - g’p erx Eg,fl,X = _%tan eep D:_,g,th' (16C)
e,p '‘pez ep

The x-component of the transmitted pump field EE’ILX may be found by

combining Equations (14a,b), (16a-c), and making the substitutions Ky.1p = Kxp
and Kz1p = Kzp. The result is

go - 2cosB,, o
pitlx ~ px:

2
N p(Bep) COS G,E@sin2 6, +cos’ 6 in cos6,, (17)
ep

ol

In order to represent this relationship in terms of the total incident pump field
the following expression is used

o

|Epe|2 :|EPX|2 +|EPZ|2 i |pr|2. (18)
’ ’ ' cos“O,' ”

Equation (17) can now be written as
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Epux = 11,C088,,E ., (19)
where the transmission coefficient is

2C0s 6,

t1, =

2
N 5(8g,) COS B, Hr%sinz 6, +COS” 6 B+ cosf,, (20)

ep
ep H

Following a similar procedure as above, the reflected field amplitude is
Epx =11, [€0s6; [Ep,, (21)

where the reflection coefficient is

2
cos 6, = N, ,(6,,) COS G,E@sin2 6,, +Cc0s* 6
ep

ep E
rl, = E

e 2
N, p(6,) COS B H’% sin®@,, +cos” 0 i cos6,,

ep
e.p H

Examining these coefficients reveals the subtle differences between

(22)

the transmission and reflection coefficients for uniaxial and isotropic media. If
no,p and nep Were equal, Equations (20) and (22) would simplify to the
commonly published transmission and reflection coefficients for isotropic
materials; see for example [Mdller ‘88] or [Hecht ‘87]. The perturbation to
these coefficients due to factors of ngp/nep is very slight. This fact is illustrated
in Figure 2.4 (a), where the transmittance, the square of Equation (20), is
plotted for three separate cases. The first case is for LiINbO3, the second for
an isotropic medium with n = nyp,, and the last for an isotropic medium with n =
nep. Figure 2.4 (b) provides a similar comparison for the reflectance, obtained
by squaring Equation (22). Figures 2.4 (a) and (b) show that the uniaxial

curves for LINbO3 follow very closely the isotropic curves for n = ng,.
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0.5 —
. (a)
g 0.4 —
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$ 0.3 —
c
s _
E 02 - ——~—— Uniaxia_ll Case
B Isotropic: n = ngp
E 7 Isotropic: n= nep
— 0.1 —
0 | | |
Pump Angle of Incidence 6 (°)
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. (b)
o~ 0.8 —
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. _
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8 0.6 Isotropic: n = ng,
% N Isotropic: n = ngp
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® 0.2
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Pump Angle of Incidence 6 (°)

Figure 2.4 Transmittance (a) and reflectance (b) comparisons for uniaxial
and isotropic media. The red lines are for uniaxial LINbO,. The blue lines

are for an isotropic medium with index of refraction equal to the ordinary
index of LINbO,. The green lines are for an isotropic medium with an index

of refraction equal to the extraordinary index of LiINbO,.
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This is because at 6; = 0° the pump wave sees only the ordinary index of
refraction.

Propagating the transmitted pump field through the substrate to the
second surface results in a second set of reflected and transmitted waves and
a second set of boundary conditions, as illustrated in Figure 2.5. The reflected

and transmitted waves from the second surface may be represented as

Ep’rzyx = Eg’rzyxei(ererX_erer(Z_L)_wpt)’ (23a)
(K pexr2 _erzrz -L)- pt
Epraz = Epry € o o070, (23b)
and
Eptox = Eg,tz,xei(KpX[zﬂKpm(Z_L)_wpt)1 (24a)
Eptoz = Egtz,zei(KWXJerm(Z_L)_wpt) : (24b)
where
erxrz = kpnep(erz)smerz ’ (258.)
erzrz = kpnep (erz) Cos er2 ’ (25b)
prrz = kp Sinetz J (250)
Kpzto = K, €OSB,5, (25d)
and L is the sample thickness.
Examining the phases associated with the boundary conditions
(Epcax + Epra) = Ena,, (26a)
(Hp,tly + Hp.rZ.y) o Hpiyl,_, (26b)




Air
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Figure 2.5 Second surface electric fields and wave vectors.
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at the second surface, z= L, leads to the obvious redefinition of the phases in

Equations (25a-d) to

Kpexrz = Kpex (27a)
Kpezrz = Kpez (27b)
prt2 = pr’ (27c)
Kozt = K- (27d)
Writing the amplitude equations
Eg,axeiK"”L + Eg,rz,x = Eg,tz,x: (28a)
T o

0 )
- prEp,tZ,z + KZpEp,tZ,X’

associated with the boundary conditions in Equations (26a,b) shows the

accumulation of phase associated with the pump propagation through the

sample. Writing E,,,, and E,, , interms of E,,,, and E,, , by using

G >0 yields
2 2
n,, K n
EEJZ,Z = % erx Eg’rzrx = %tan eepEg,rZ,X ! (29a)
nevp pez evp
E° ——&E" = -tan®,E}
pt2,z — K pt2,x = i=pt2,x* (29b)

zp
Combining Equations (16c), (28a,b), and (29a,b) results in expressions for the
transmitted and reflected pump field amplitudes at the second surface of the

substrate:
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2
2n, ,(6,,) cos G,Hr%sin2 6, +COS% B,
e.p H EO
p,tlLx

L

e"=" (30a)

(o] —_
pt2,x 2
N, p(8p) COS B, Hr%sinz 6, +cos’ 6 i cos6,,

ep "

2
N p(8p) COS B H’% sin® @, +cos” 0 a8 cos 6,
ep L

ep H .
EO eleez . (30b)

(o]
E p,tLx
H+ cos B,

pr2x =

2
N 5(8p) COS B E@ sin® @, +cos” 0
ep

ep

Expressing Equations (30a,b) in terms of the incident pump field by using
Equation (18) results in

0 ax = tl, 12, [©0s6; [E0 """, (31a)

0 2x =ty 12, [€0SB,, [ES """, (31hb)

where the second-surface transmission and reflection coefficients are

2
21, 5(8,,) cOS O Hrﬁsinz 6,, +cos’ 6

ep 2 epH
t2, = —F : (32a)
N p(6p) COS B Hn‘;—'psinz 6, +COS” 6, i cos6,,
ep H
2
Ny p(8p) COS G,H@ sin® 8, +cos’ B, : cos6,,
r2, = = =-rl,. (32b)

B+ cosB,,

2
N p(6p) COS G,HH‘;—“’sin2 6, +COS” 6,
e

This concludes the single-pass, e-polarized pump discussion. This
same procedure may be applied to the case of an o-polarized pump field as

depicted in Figure 2.6. For the o-polarized pump
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— _ A _ I(KpX+K 5 Z=wpt)
Eg’o =yE,, = Ez'ye , (33)
the transmitted and reflected pump fields are
Epny =1, [Ep,, (33a)
Epny =1, (Epy, (33b)
0 2y = 1, (12, [ES 8", (33¢)
0 oy =t [F2, [ES e"~", (33d)
where the o-polarized transmission and reflection coefficients are
2c0s0; (34a)
tlo = b
Ny, €0SH,, +Cos B;
n = cos6; —n, ,cos6,, (34b)
N, ,C0s0,, +cos®;’
o = 2n, ,c0s8,, (34c)
° n,,cos6,,+cos6;’
r2, = Ny, COSB,, —COSB; _ r, (34d)

N, p COS Gop +C0S 6, B
Kpoz = Kph, , €OS6,,, and 8o, is the angle of propagation through the sample

of the o-polarized pump field.



LiNbO,
E,.
Ep, ny ’
Ep, ti1y

Figure 2.6 o-polarized pump fields propagating through the sample.
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2.2.2 Single-Pass Second-Harmonic Generation

The development of the second-harmonic field must now be
examined. The second-harmonic field is generated by the second-order
nonlinear source polarizations found on the right side of Equations (7a-c).
These polarizations arise from the interaction of the pump field with the
nonlinear material through the action of the second-order susceptibilities. As
described by [Shen ‘84] various definitions are found in the literature for
nonlinear susceptibilities. This has led to considerable confusion in
interpreting the value of the nonlinear susceptibilities within factors of 2 and
€. Shen represents the second-harmonic source polarization as P = X2 EE
where P and E are complex quantities. He also notes that several authors [for
example, Yariv ‘84] represent P and E as real quantities using the nonlinear
coefficient d® resulting in P = d®EE. Using d® to connect the complex
polarization and electric fields results in P = 2d@EE. In this representation d?
is in units of C/V2, Following [Kurtz ‘79], | have chosen to represent the
nonlinear polarization as P = Zsod(z)EE where d? is in units of m/V, as itisin
most reference books. Writing the nonlinear source polarization for LINbO3 in

matrix notation results in
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F0 00 0o 0 0 d? -d@07

0_ U
Bo=2emdd o o d o o
P H H déi) déi) d%) 0 0 0 5 ptLzEptLy

(35)

OOoOoboOonono

ng,t:LzEp,tlx B

ng,tlep,tl,VH

For an e-polarized pump, the pump field transmitted into the LINbO3; sample
is

Ep,tl = XEp,tlx

+Z2E, 1, = XEDy £° + 2E] , €%, (36)
where ¢ = k,n, ;(8ep) SIN(Bp) X + kg p(0,) €OS(8,)Z — wyt . For this pump and
sample arrangement, the nonlinear source polarization becomes

P =28 [X(dfS 2E 1 Epn,) ~ VO Ep ) + AdDED 1 + AR ER )] (37)
Examining the product of the electric fields in this expression shows that

EpiEonk = Epu,Ennk€™®, where jand k may be x or z. Recognizing that

ks=21VAs=2k, and ws=2wy, allows for the phase of the nonlinear source
polarization to be written in terms of the second-harmonic wavelength and
frequency:
20 = ¢ = kN, ,(8,,)SIN(B,) X + k1, ,(B) COS(B,)Z — Wit (38)
instead of the fundamental wavelength and frequency.
The nonlinear source polarizations that appear on the right side of

Equations (7a-c) are now defined. Solving Equations (7a-c) for the second-

harmonic fields may now be accomplished. The solution to these
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inhomogeneous wave equations can be found by adding a particular solution
to the homogeneous solution. The homogeneous and particular solutions
represent the “free” and “bound” second-harmonic waves mentioned in the
introduction. The particular solution is bound to the propagation of the pump
wave while the homogeneous solution is not. Figure 2.7(a) illustrates the e-

polarized second-harmonic fields associated with the first boundary while

Figure 2.7 (b) represents these fields’ wave vectors. The fields Egtl and Egtl

represent the two portions of the total second-harmonic field propagating
through the sample. The homogeneous equations, obtained by setting all
driving terms to zero, have plane wave solutions of the form

h -_— O i(KXESX+KZESZ_wSt) 39a
Ee,tlx - Ee,tlxe ' ( )
h — 0 i(KxesX+Kzesz_wst) Sgb
Ee,tlz - Ee,tlze ( )

for the e-polarized second-harmonic field, where K, s = ksn, s(85)SinB,,
Kes = Kshe s(05)COS B¢, and Bes is the angle of propagation of the e-
polarized second-harmonic field inside the sample. The extraordinary index of
refraction at the second-harmonic wavelength as a function of angle ne s(Bes)
may be solved as it was for the pump wavelength

2 22
no,sne,s

Mos(Bes) = (40)

n% ¢ Sin® B, + N% s cOS” B,
in terms of our definition of B.s. Figure 2.8 shows how ne s(6es) varies from the

ordinary index at B.s = 0° to the extraordinary index at 6.5 = 90°.
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Figure 2.7 First surface electric fields (a) and wave vectors (b).
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n, = 2.32318

Index of Refraction n_(6.,)
N
N
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|

2.26 —

2.24 — n, =2.23424

2.22 | | |
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Angle of Propagation in LiINbO, 6, (°)

Figure 2.8 The index of refraction for the second-harmonic wavelength as
a function of propagation angle in LiNbO,.
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The particular solutions to Equations (7a-c) may be written as

— i(KXe X+KZG Z_Q)St)
Eel?,tlx - Ae,tl,xe P D (41a)

Eonz= Ae,tlzei(Kxe”HK””Z_wst) : (41b)
where K., = ksl 5(8¢p)SinB,and Ko, = ksn, ,(6,,) COS 6, . Therefore, the

general solutions are

i(Kxer+KzepZ_wst)
)

— 0 [(Kyes Xt K posZ=W,1)
Ee,t:Lx - Ee,tlxe + Ae,tlxe (428.)

i(Kxer+KzepZ_wst)

— O i(KXeSX+KZSSz_wSt)
Ee,t:Lz - Ee,t:Lze + Ae,tlze (42b)

The x-oriented field amplitude of the particular solution for an e-polarized
pump A, , may be found by substituting Equation (41a) into Equation (7a)
and using Equation (37):

(2)( 2 2,2 ) 0 0

_ A4di5 \Kiep = KsNe s JEpaxEpsz

etlx — (,2 2 2 2 2 2 2
(ks Mo sNes — no,step - ne,usep )

+ 2KxepKzep(d:(£)( g,tlx)z + di(ig)( g.tlz )2)

2.2 2 2 2 2 2
(ks Mo sMes — no,step - ne,usep )

(43)

Similarly the z-oriented field amplitude of the particular solution for an e-

polarized pump A, , is

0 0
ep—p,tLx=p,tlz

(2)
Ae - 4'd15 KxepKz
Lz~ (2 2 2 2 2 2 42
(ks Ny sMes — no,step - ne,usep )

2 -2 Yo (£, P+ B(E0,, ) 49
(ki ng,sng,s - ng,sK)%ep - ng,sngp )
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It is convenient to express these amplitudes in terms of the input pump field.
The pump field amplitude products found in Equations (43) and (44) may be

written in terms of the input pump field by using Equations (16c) and (19):

2K L
( Z,rz,x)z = 112 cos® Gep(EZ,e)ze' e (45a)
4
_n 2 2 2 12K e, L
( g,,Z,Z)Z = —2tan” 8,1 cos eep(Egye)ze e (45b)
ep
2
_n 2 2 12K pe, L
g,rZ,x g,rz,z _n_gptaneeptle Cos eep(Eg,e)ze g ' (450)
ep

Recognizing that Kz, = 2Kpez and substituting Equations (45a-c) into
Equations (43) and (44) results in the following expressions for the field

amplitudes of the particular solution in terms of the input pump field:

2

Ae,tlx =0 eh )

2.2 .2 2 2 2 2
(ks Mo sMes ~ no,step - ne,usep

2
O (2 2 2 /o,
- 402 (K2, - K2 ne,s)n"” tane,,

N

MmO

\ . (46a)

n
%ﬁ) +dP) %tan2 B, 11
2 2
) 1z cos” 8y, (Egve)z,

2K, opK

xep'\zep

2.2 2 2 2 2 2
(ks Mo sNes — no,step - ne,usep O
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0 2

0 2 n,

=N 40K vepK sep % tan®,,
A= 0775 3 2 2e'p 2 2

O] (ks NosMe s — no,step - ne,usep )

|

H

(46b)
n? H U
ol - i+ v,

33 ng’p ep H E

+ 12 cos”® @ (E" )2
2 ep \—p,e
(ks ng,sng.s - ng,sK)z(ep - ng,sngp ) O
O
8

Solving for the homogeneous field amplitudes is somewhat more
involved. Here the boundary conditions at z = 0 are once again invoked.
Representing the reflected second-harmonic field generated from an e-

polarized pump in its x- and z-components results in
Eerix = Eo ,lxe’(KXSX_KZSZ_“’St) and (47a)
[ Egrlzei(szX—Kst—wsf) (47b)
where K,, = k.sinB, and K, = k,cosB,. The boundary conditions at the first

surface for the second-harmonic fields may now be written as

Eerix],.y = Eenx|,_, @nd (48a)
Herty|,y = Heay|,.y- (48b)

Substituting into equations (48a,b) for the various fields leads to

E°,., l(KisX) = Eg,tlxei(KX“X) Ay ei(KXepx)’ (49a)
j KXS — ] Kxes
(szEg,r:Lz + Ksteo,r:Lx)el( X - (KxesEg,t:Lz - KzesEg,t:Lx)el( g (49b)

i(KyepX)
+ (KxepAe,tl,z - KzepAe,th)e o
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In order for these equations to be satisfied, the amplitudes on the right must

equal the amplitudes on the left and all the phases must be equal; that is,

Eg,rlx = Ee?,tlx + Ae,t],x! (50&)

o o —
szEe,rlz + Kste,rlx -

] . . (50b)
KxesEe,tlz - KzesEe,tlx +K

zep” e, tl, x

A K

xepetlz

Kis = Kyes =K

xep - (50c)
Equation (50c) represents the phase relationships of e-polarized reflected
and transmitted second-harmonic waves at the first boundary. These phases
can be related to the incident pump phase by combining Equations (50c) and
(15) resulting in a nonlinear Snell’s law:

Sin®, =n,5(0,5)SINB,s =N, ,(8,,)sING,, =5ING;. (51)
All the angles in Equation (51) can now be expressed in terms of the incident

pump angle as

O =6, (52a)
a . 0
0 N, s SING, 0
Oes =sin 0 > 0, (52b)
2 2 N2
E’\/(no,sne,s) - (no,s —ng s) sin ei E
i o -
N, SiNG;
eep = S|n_1|:i > 2D I L. (52C)
2 2 .92
E’\/(no.pne,p) —(no,p —ne,p)sm G,H

All that is left is to solve for the homogeneous field amplitudes of the e-

polarized second harmonic waves found in Equations (50a,b). Using the
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same technique that was employed for the pump waves, the z-oriented

components may be expressed in terms of the x-oriented components

K
g,r],z =2 Eg,rlx’ (53&)
Kzs
K
g,tlz =-[=2 g XES g,tlx- (53b)
es Kzes

Finally, combining Equations (50a,b) and (53a,b) leads to the solution

KyepA Lz (Kzep + bZ)Ae,tlx

Eo — _xep’’e , 4
P Btb (54)
where the factors
2 2

nos KXE'S +
=22 X + K and 55a
bl ng,s KZBS e ( )

KZ

b, =—>*+K,, (55b)

zs
are used for simplification.

Propagating the transmitted second-harmonic field through the
substrate to the second surface results in a second set of reflected and
transmitted waves and a second set of boundary conditions. Figure 2.9
depicts the second-harmonic fields associated with the second surface of the
sample. The e-polarized reflected and transmitted waves originating from the

second surface may be represented as

E,

o oKX Kes(2-0)=0.0) 4 p i (KuopX Ko (2-1)00). (56a)

— 0
- Ee 'e,r2,x

Jr2,X

E = 0 ei(Kxesx_Kzes(z_L)_wst) + /4e ei(KXer_KZep(Z_L)_COSt) (56b)

er2,z — =er2z r2,z



LiNbO,
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Figure 2.9 Second surface e-polarized second-harmonic fields.
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and
- sz Kzs -L)- st
Ee,tz X Egt2 x (KxrKazo0)-e0) ’ (57&)
-_— KXS KZS _L - St
Ee,tZz EthZ (Kadria (L)) . (57b)

The continuity of the transverse phases at the second surface has already
been accounted for by the use of the propagation constants K, K, and
K,s. As was done for the forward propagating fields, the amplitudes of the

particular solution for the backward-travelling fields are

4d(2) (K)2<ep _kz ; )E,grz XESI’ZZ

Ao 12— T iy = 1B )
( 2 2) (58a)
2KxepKzep d31 ( pr2 X ) + d3 ( p,r2,z )
(ks no,sngs - n K)%ep - n ngp )
A - 4d15 Kxep zep ngX ngZ
2,z
(ks no,snes - n K)%ep - n Kzzep ) (58b)

zep_k2 n; X(Z) EngX +d(2)(Egr22)2)
(ks Ny, s _n K)%ep_n K?ep)

Expressing these backward-travelling amplitudes in terms of the input pump
field by substituting Equations (19), (29a), and (30b) into Equations (58a,b)

results in
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0 2
i 4d{§)( K2, - k2n2,) ™22 tane,,
E n
AE‘ r2,x = 2 2P 2
(k - n Kxep - n Kzep )
D
H
(2) (2) g 2 HB (59a)
2KxepKzep%1 +dz3 —;7tan” 6,
B Mep H %
2
(ksns. - n K)%ep - n ngp ) 0
O
B
x t12 r2Z cos® 8, (Eg,e)ze'K”"L,
O 2
E - 4d§§)KxepKzep n2 P tan6,,
Ae,r2,z =0 2 =
O (ksng, n K)%ep n ngp )
0
8
(59b)
2(k? K2, — k2 )%@ +dP) jp tan eepBD
+ als
2
(ks ”3, - n K)2<ep - n Kzzep ) D

D

K L
x 12 r22 cos’ 6, (Egye)ze' 2

These field amplitudes can be greatly simplified by recognizing that their

relationships with the forward-travelling amplitudes are

IK 5o, L

Acrox = —Aon, 22" and (60a)

/KL

Ae,rz,z = Ae,tlz ng - (60b)
Applying the boundary conditions to the second surface of the sample
provides a means to solve for the remaining field amplitudes. The boundary

conditions at z = L are
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(Ee,tlx + Ee,rZ,x1z:L = Ee,t2,x|z:L and (61&)

(He,tly + He,rz,yL:L = He,tz,y|z:L . (61b)

Substituting into Equations (61a,b) for the various fields and setting their

amplitudes equal across the boundary leads to

0 K jes L IK jep L 0 )
Ee,tlxe + Ae,tlxe Tt Ee,rZ,x + Ae,rz,x - Ee,tz,x' (628.)
o 0 iKzesL —_ iKZE' L
(KzesEe,th - KxesEe,tJ,z)e + (KzepAe,tlx KxepAe,th)e g
0 o) —
- KzesEe,rZ,x - KxesEe,rZ,z - KzepAe,rZ,x - KxepAe,rZ,z - (62b)

0 0
Kste,tz,x szEe,tz,Z'

Expressing E;,, and Ej,, interms of E;, , and Ef, , results in

K
Eg,p, =H>= a Kxes Egrox: (63a)
es zes
-K
Egioz = K—“E;’,fz,x- (63b)

zs

Combining Equations (60a,b), (62a,b), and (63a,b) results in the expression

= .KzesL iKZE' L
eo,tz,x - BJ.eeel + (Bz,ee + Bs,ee)e b (64)
for the transmitted x-oriented second-harmonic field amplitude, where the

factors

2t).|. EO

Blee = b1 + b ellx
2

(65a)

Koy + - K, ., A
Bz,ee — ( zep bl)’zlet-l]:xb xep’ ‘e,tl,z ’ (65b)
2
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( zep bl)Aeth xepAe,tlz D,22
e )

Bs,ee = b1 + b2

(65c¢)

have been employed. Using a similar procedure, the backward-travelling

homogeneous field amplitude is found to be

KZEpL
er2x = clee Kl (C2.ee + CS,EE) : ' (66)
where
b
clee = 2 b2 Eg,x’ (67&)
2
-b, +K -K
2
Cyoe = ( zep)b1 :J:);) KxepPe 1.2 D2§. (67¢)
2

An interesting note about Equations (64) and (66) concerns the phase
associated with the coefficients B,, B3 and C,, C3. The phase for all these
coefficients is Kzepl, but this value comes about in two distinct ways. The
phase of the coefficients B, and C, comes from the source polarization terms
while the phase of the B3 and C3 terms comes from the pump wave
propagation.

Now that these amplitudes have been described, the optical power
leaving the sample from the second surface may be examined. The power
leaving the sample is proportional to the square of the amplitude of the

transmitted SHG field:

0 2 0 2 2 2
Po-sic U|Enx| *|Ewnz = sec” ;. (68)

0]
Etz,x
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The e-polarized, second-harmonic power leaving the sample is then

2
pezeme 082, + (B, + B,

69
+ 2Bj.ee (Bz,ee + Bs,ee)cos((Kzes - Kze,ty)L)]|:$eC2 ei- ( )

Figure 2.10 is a plot of P2 5.2 as a function of pump angle of incidence.

Following a similar procedure, as has been outlined in the previous
pages, the second-harmonic output for the remaining pump-SHG
configurations are given below. The o-polarized SHG produced from e-

polarized pumping is

Pe .glfllgp O [BLeo ( 2 eo + BS eo)Z + 2BJ.eo BZ eo B3,eo)COS((KZOS - KZEP)L)]’ (70)

where
Bieo = & Eory (71a)
B =1 Ay (710)
B; co if(z:s;l;zj Aoyl 22, (71c)
e 10
o i) T S T e
Kos = Ksl, s COS B 6 (711)

Figure 2.11 is a plot of P."5.2P as a function of pump angle of incidence.
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Figure 2.10 Single-pass e-polarized second-harmonic output resulting from
an e-polarized pump.
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Figure 2.11 Single-pass o-polarized second-harmonic output resulting from
an e-polarized pump.
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The o-polarized SHG resulting from an o-polarized pump is

P2 11 [B2,5 + (B0 + Buoo) +2B100(Broo + Broo)008(Kyos ~ Kup)L), (72

where
Bioo = & Eoty (73a)
B =1 Aoy (73b)
B; o0 = if(z:s;l;zj Aoyl 22, (73c)
Eony = _,(<KZ:S+—+Kljzp)Ao,tly ’ (73d)
fony = gysz_d,%f_ s des.f. (73¢)
Kos = Ksl, s COS B s (73f)

Figure 2.12 is a plot of P,"5.2" as a function of pump angle of incidence. The

e-polarized SHG resulting from an o-polarized pump is

- 2
Peo—glfllg'p O [Bloe + (Bz,oe + B\’:’;,oe)2

(74)
+2B, 00 (B, oo + Bs 0 )cOS((K o5 - Kzop)L)]E'l;ecz 0,
where
2
BLoe = blTblbz Eg,tlx ’ (75&)
Bz,oe - (Kzop + bl)Ao,tlx - KxopAo,tlz , (75b)

b, + b,
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(Kzo - bl)Ao,th - KxopAo,th D’Zﬁ,

= 7
Bs 0e b+ b, (75c¢)
KA 1, —\K,pp + D
Eg,t],x — _'Xop 0,t1,z b1(+z[03p Z)Ao,tlx ’ and (75d)
2
Zdéi)KxopKzop

Ao,t:Lx = (

2.2 2 2 2 2 2
ks Ny sMes — no,stop - ne,usop

)D‘li ez, f (75€)

2d@ (K2 - k2n?
Ao,[lz - ( 31 ( zop sno,s ) Dlg E(Ez,o)z (75f)

2.2 2 2 2 2 2
ks Ny sNes — no,stop - ne,usop )

Figure 2.13 is a plot of P55 as a function of pump angle of incidence.
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Figure 2.12 Single-pass o-polarized second-harmonic output resulting from
an o-polarized pump.
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Figure 2.13 Single-pass e-polarized second-harmonic output resulting from
an o-polarized pump.
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2.3 Second-Pass Correction

Comparing the single-pass approximation to actual data shows that the
single-pass approximation, while good, fails to reproduce the high frequency
components in the data. Figure 2.14 shows e-polarized second-harmonic
data for e-polarized pumping along with the single-pass e- to e-polarized
theory. In this example the high frequency components of the data are visible
but they are not very prominent. This is because the high frequency
component of the second harmonic output is strongest at normal incidence,
while the e-polarized second-harmonic signal approaches zero at normal
incidence. Better examples of the high frequency signal will be shown later in
this discussion.

A better approximation to the high frequency component of the Maker
fringe signal is obtained by including a second pass in the development of the

pump and second-harmonic generation.

2.3.1 Second-Pass Pump Field

Following the propagation of the pump field reflected from the rear
surface of the substrate back to the front surface results in yet another set of
boundary conditions. Figure 2.15 is a simple ray diagram illustrating the

pump and second-harmonic fields that contribute to the second-pass
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4th surface

3rd surface

Figure 2.15 Schematic representation of e-polarized electric fields involved
in the second-pass correction.
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correction. The pump fields at this “third surface” may be written as

Ep,rz,x _ E0r2x I(K pexX= erz(z—L)—wpt)’ (76a)
Epray = ESs e (Ko X=Kper (- 0)=0,8). (76b)
Eprax = E0r3x Koot K20y 01 (76c)
Ep,r3,z _ E0r3z I(erxX+erzZ-wpt), (76d)
Eptax = Eors x€ (K201 , (76e)
Episz = Ep € 0, (76)
The boundary conditions for this surface are
Ep,t3,x|z:0 = (Ep,rz,x + Ep,r3,x)|z:0 , (77a)
Hpcayl,e = orzy +Horay)|y- (77b)
Solving for Egl,&x following the procedures of the previous sections results in
0 ax =t (122 [€0SB,, (S e/ =" (78)

Continuing to propagate the pump (E,‘.?,rs,x) to the rear surface of the substrate

leads to the final boundary condition considered for the pump. The fields at

this fourth boundary are

- I(K exX+K ezz W t)

Ep,r3,x E; p.r3.x€ g g , (79a)
— ,(K EXX+K EZZ w, t)

Ep,r3,z EO p.r3, z g’ g (79b)

(K pex X=K pez (2= L) =00,,1)

Ep,r4,x = E0r4x - " (79c)



53

Epras = Egimyzei(erxx—erz(z—L)—wpo, (79d)
Eptax = Eg,m,xei(prXJerp(Z_L)_wpt), (79e)
Ep,t4,z _ Eg’M’zei(KXp)Hsz(z—L)—(.opt)’ (79f)
while the boundary conditions are
(Ep,rs,x + Ep,r4,x)|z=L = Ep,t4,x|z=L , (80a)
(Hpray + Horay)|_, = Hotayl,_, - (80b)
Solving this set of boundary conditions for £, , results in
EC,4y = tL, (123 [€0s8,, (ES e/ (81)

This concludes the discussion of the pump field. The results from Equations
(78) and (81) will be used later to reduce the second harmonic driving terms

into functions of the input pump amplitude.

2.3.2 Second-Pass Second-Harmonic Generation

The second pass of the second-harmonic fields must are now derived.
Once again, Figure 2.15 illustrates the progression of the second-harmonic
field through the sample that makes up the second-pass correction. The

second-harmonic fields and boundary conditions at the third surface are

) (K yosX—K o5 (Z—L)=w,t) (K oo XK 5op (Z—L)—w,t)

Eerox = Eerax€ + Ao € ,  (82a)
— o (K yos X—K s (2= L)~ 1) i(KyepX—K 5o (Z2— L)~ t)

Eeraz = Eeraz€ + A0 T ., (82Db)



— o
Ee,r3,x E r3x er3x

/(K X+K ,gpZ=W5t)

— o I(K s X+ K o 2= 1) xep
Ee,r3,z_Ee,r3,ze e e ° +Ae,r3,z

E " :E0t3 ei(szX—Kst—wsf)
e l3,x er3,x )

— o I(K X~ K ,cZ—w,t)
Ee,ts,z_ e,t3,ze * i °

and
Ee,tS,x‘zzo = (Ee,rZX +E, er3 X)‘Z=O’
He,t3,y‘z=0 = (He,rz,y + He,r3,y)‘2=0'
Solving for E 5, results in
er3x G](,Se)e el + Ggggee o + Gége)‘e!
where

b
GJE:ge)e = le‘l‘bz EngX!

- ( zep ) I 2,X +KxepAe r2,z

G® = ’
2,ee b1 + bz
G® = — (Kzep +b, )Ae,rs x  KyepPers.z
3,ee bl + bz ,
— Ze L
Ae,r2,x - rZeAetlx "

_ 2 iK e, L
Ae,rz,z - rzeAe,tlze "

i2K,,,L

—-— 4 zej
Ae,r3,x - rZeAe,tJ,xe "

_ 4 i2K L
Ae,rS,z - rZeAe,the "

’(KxesX+Kzesz Y t) + A I(KXEDX+Kzepz , t)
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(82¢)

(82d)

(82e)

(82f)

(83a)

(83b)

(84)

(85a)

(85D)

(85¢)

(85d)

(85e)

(85f)

(859)
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and where Equation (78) has been used to express the third-pass driving
terms Ag 3 as functions of the first-pass driving terms A¢ 1. Rewriting Equation

(84) in terms of the first-pass driving terms leads to

— 3 K s L 3) 3 12K oL
g,r3,x - ](,e)e g,rz,xel + (Cz,ee + Cé,ge )e ! (86)
where
-b
c® - b=b ©7
1,ee ’ a)
b, + b,

B (Kzep — b, )Ae,tlx + KXepAe,t:Lz
b, + b,

A9k
© &
@

|

r2z, (87b)

3) — (Kzep + b2 )Ae,tlx + KxepAe,th 24
e

3.ee — bl + bz (87C)

Finally, propagating Eg,, to the rear surface of the substrate results in the

following fields and boundary conditions:

Ee,r3,x = g,r3,xei(Kxe$X+Kzesz_w5[) + Ae,r3,xei(Kxer+Kzepz_wso ’ (88&)
Eorar = Eg’rg’zei(KxesX+Kzesz_wst) + Aeyrsyzei(Kxer_'—Kzepz_ws[), (88b)
Eorax = Egyr4yxei(KxesX_Kzes(Z_L)_wst) +AeYMYXei(Kxer-Kzep(Z—L)—wsf), (88¢)
Eorar = Eg'r4’zei(KxesX—Kzes(Z—L)—wst) + Ae'r4'zei(Kxer_Kzep(z_l-)_wst)’ (88d)
Ee,t4,x = gt4,xei(KXSX+Kzs(Z_L)_wSt) ’ (886)
Ee,t4,z = Egt4,zei(KXSX+Kzs(Z_L)_wSt) ’ (88f)

and

(Ee,rs,x + Ee,r4,x)|z=L = Ee,t4,x 721" (89a)



(He,r3,y + He,r4.y)|z:L = He,t4,y z=L"
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(89b)

Solving these boundary conditions with the fields in Equations (88a-f) results

in the second-pass SHG field
_ (4) JiK,el 4y KL 4
Eg,m,x - FJ,(e()eel + Fz(,e)ee Tt F3(,e)e1
where

2
F]Eg)e = bl 'l'blbz Eg,l’3,X’

F2(4) — (Kzep + bl)Ae,r3,x B KxepAe,r3,z

,ee b1 + b2 y
F(4) — — (Kzep B bl)AE,r4,X - KxepAe,r4,z
3,ee bl T bz y

6 i3K,,,L
Ae,r4,x = _rZeAe,t],xe i

_ 6 I3K el
Ae,r4,z - rZeAe,tlze .

Rewriting Equation (90) in terms of the first-pass driving terms yields

0 - (4) 0o iKzesL (4) (4) i3Kze L
Ee,t4,x - B],eeEe,rS,xe + (Bz,ee + BS,ee )e ' ’

where

_ (Kzep + bl)Ae,th - KxepAe,tlz

4
r2;,
2,ee b1+ b2 e

(90)

(91a)

(91b)

(91¢)

(91d)

(91e)

(92)

(93a)

(93b)
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(4) — (Kzep - bl)Ae,tlx - KxepAe,tlz r26
o

ee b+ b, (93c¢)

By substituting Equations (86) and (66) into Equation (92), the second-pass

second-harmonic field becomes

E:[4X - (i) { i?e[cleee sl ( 2 ce + C3 ce ) zepL ] eIKzesL

(94)
3 3 2K e, L K yesL 4 i2K,, L
(O + CRL] %" et + (B, + B, )

By recognizing that several of these terms are quite small, Equation (94) can
be simplified by retaining terms that contain factors up to r22 and ignoring

terms containing higher powers of r2.. Using these criteria eliminates C§3ge,
B\, and B, from Equation (94) and results in the expression

o) — ’3KzesL ’(2K155+Kze )L i(Kzes+2Kze )L
Ee t4,x Dlee + D2 ee T+ DS,(-:*ee ’ ' (95)

for the second-pass second-harmonic field leaving the sample, where

Dice = BieeCl2eCiee (96a)
D2,ee (i)e ](.,36)6( 2,ee + c3,ee )’ (96b)
D e = BI2Cle - (96¢)

The second-harmonic power carried in the second-pass field is proportional to

Pe Splflermt)4 O {Dfee + D22,ee + D??,ee
+ 2D2,ee(DLee + D3,ee )COS[ (Kzes - Kzep )L ] (97)
+ ZDLeeDS,ee COS[ (Kzes - Kzep )2L ]}BGCZ ei'

Equation (97) is plotted in Figure 2.16. Comparing the magnitude of the
second-harmonic signal in Figures 2.10 and 2.16 shows that the perturbation

to the single-pass second-harmonic output due to the second-pass correction
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Figure 2.16 Second-pass contribution to theoretical e-polarized second-
harmonic output P, for e-polarized pump.
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is less than 1 %. However, as will be shown next, the coherent addition of the
first- and second-pass second-harmonic signals adds a noticeable high

frequency component to the total output signal. The total two-pass SHG
power TPPS LLZP is proportional to

TPR ghc” O Pe_shc * Pe_stiga * CIOSSee, (98)
where the cross terms between the first- and second-pass second-harmonic

fields are incorporated into the term

€rosS,. ={ 2B, geDs oo COS[ 2K 1o, |
+ Z(B.LeeDZ,ee + B, ceDs e )COS[ (Kzes + Koep )L]
+ 2(BLeeDlee +B; eeDs ee )COS[ZKzesL]
+2B) oD, e COS| (3K o5 = Kiep )L |} (BEC7 6

(99)

Figure 2.17 shows a plot of the full two-pass second-harmonic signal exiting
the sample as described by Equation (98). For comparison, the single-pass
SHG described by Equation (69) is also displayed.

While this solution is valid for infinite plane waves, it is far less
accurate when considering beams of finite diameter. With finite beams there
is the problem of walkoff between the first- and second-pass second-
harmonic beams for increasing angles of incidence. This is illustrated in
Figure 2.18. When these beams start to walk off, they go through a transition
from overlapping spatially to being spatially separated. As this transition
occurs, the addition of the beams goes from being coherent to being scalar.

To simulate this walk off, a walkoff compensation factor n is defined that is
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Figure 2.17 Coherenttwo-pass e-polarized second-harmonic output
for e-polarized pump shown with single-pass solution. Inset shows
blowup of high frequency fringes.



LiNbO,

p

Figure 2.18 Schematic of beam walk off.

beam overlap

/

A
v

1
—

61



62

based on the physical dimensions of the Gaussian beam and the sample

thickness:

v )0, (B ((x-x ) +y?)0
Ns ndzII expmidﬁxpg o gfxdy (100)

where X;, =2LtanB,, dg; = dp/\/E, and ds and d,, are the second-harmonic
and pump beam diameters. Solving this double integral results in

(- x2 U

Nse = eXDSWE (101)
Multiplying the cross term, crossee, of Equation (98) by ns provides a heuristic
means of simulating the beam walk off. Figure 2.19 illustrates the two-pass
second-harmonic with the walkoff factor included along with the data first
shown in Figure 2.14. A pump beam diameter of 70 um and a sample
thickness of 0.20255 mm have been used for this simulation. Figure 2.19,
shows that the amplitude of the high frequency fringes matches that of the

data fairly well. However, the frequency of this fringe component appears to

be too large by a factor of 2.
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Figure 2.19 Comparison of two-pass e-polarized second-harmonic output
with overlap factor for e-polarized pump (red) with data (blue).
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2.4 Full Resonance Analysis

In the interest of developing a more rigorous solution to the Maker
fringe signal, | now present a fully resonant approach. In this section the
second-harmonic output is calculated by treating the sample under test as a
Fabry-Perot resonator for both the pump and second-harmonic fields. The
boundary conditions at the front and back of the sample are considered
simultaneously. As depicted in Figure 2.20, the fields propagating through the
system are composed of forward- and backward-travelling waves, each wave
representing all the waves travelling in that particular direction at a particular

location within the system. As an example, E,, represents all of the SHG

waves travelling in the forward direction within the LiINbOs.

2.4.1 Full Resonance Pump

The e-polarized pump wave incident on the sample may once again be

written as
Ep,e — )?Ep,x + 2Ep,z — Eg’XeI(Kpr+szz—wpt) + Egyzei(Kpr+szz—copt)’ (102)
with Ky, = k,sinB; and K, = k,C0s6;.
The reflected waves from the first surface may be represented as
Eprix = E,‘,’,,lxei(K*"X_KZPZ_“’”[), (103a)
Epriy = Egp e @2t (103b)
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Figure 2.20 Schematic representation of the e-polarized forward and
backward traveling electric fields associated the full resonance solution.

65



66

Equations (103a,b) use the knowledge that 6, = 8,. The wave equations
developed earlier, Equations (7a-c), are still valid and describe the
propagation of the waves through the sample. For the e-polarized pump, a
solution to the homogeneous differential wave equations propagating in the

forward direction is

Epnx = E,‘,’,tlxei(K”e*X+K”ezz_w”t) : (104a)
E iy = EQy e e K060, (104b)
With Kpex = KplNep(Bep)SinBep and Kpez = Kphep(Bep)C0SBep. The backward-
propagating solution for the e-polarized pump field is represented by
Ep,rz,x = Es,rz,xei(erxx_erz(Z_L)_wpt) ’ (105&)
Ep,r2,z = Eg,rz,zei(erXX_erz(Z_L)_wpt) . (105b)

The final pump field associated with this treatment is that transmitted through

the entire system and is composed of

E oy = EQpp @00 Ko E 700 (106a)
Ep,tz,z = Eg,tz,zei(prx-'-sz(Z_L)_wpt) . (106b)

In order to solve for the field amplitudes in Equations (102), (103),
(104), (105), and (106), the boundary conditions at the first and second
surfaces of the lithium niobate substrate are invoked simultaneously. The

boundary conditions are

(Ep,x + Ep,rlx)|z:0 = (Ep,tlx + Ep,r2,x)|Z:01 (107a)



67

(Hp.y + Hp.rly)|Z:0 = (Hp.tly + Hp,rz.y)|z=0 , (107b)

for the first surface (z = 0) and

(Ep,tlx + Ep,r2,x)|z:L = (Ep,tZ,x)|Z:L (1070)

(Hp,tly + Hp,r2,y)|Z:L = (Hp,tz,y)|Z:L- (107d)
for the second surface (z = L). Substituting the appropriate fields into
Equations (107a-d) and equating the amplitudes from the left and right sides

of these equations gives

- Eg,rlx + Eg,tlx + Eg,rz,xeiKmL = Eg,x’ (1083-)
K ezL -—
bpz DE/g,rlx + bpl DEg,rlx - bpl g,rz,xe, g - bpz ng,X! (108b)
iK,.,L
Eg,tlxel U Eg,rZ,x - g,tZ,x =0 ’ (1080)
K, L
bpl DEg,til,xel - bpl DEg,rZ,x - bpz g,tZ,x =0 (108d)
where the factors
KZ
bp, = 2 H P+ K, and (109a)
ep pez
KZ
bp, = pr +K,, (109b)

zp
are used to simplify the expressions. The field amplitudes may be found
simultaneously using methods of linear algebra. Rewriting Equations (108a-d)

in matrix format results in



01

O
1 bp,
E° U
p,x DO
50

1 eiK ezl

O
m

\
P
x

OO0 Oo.

The solutions to Equation (110) are

(o]

prix —

0 —
Ep,tlx -

o

0
Ep,t2,x -

Ep,r2,x =

0

bp,  —bpe" =" 0 E@'

IK pe L _ 0

® ot oo

bp,e™ ~bp, bp,d EF»,
12K oy

_ —bp} +bp; +(bp] - bp5)e

5 5 B
x x X

2 i2K,.,L

(bp, + bp,)* — (bp, - bp,)*e

2bp,(bp, + bps)
(bp, + bp,)* - (bp, - bp,)*e

12K o L

iK o, L

2bp, (bp, - bp,)e"* .
(bp, + bpz)z —(bp, - bp2)2 2l

e pez

4bp,bp, "t

2 _i2K,,L

(bp, + bpy)* —(bp, - bp,)*e

o
p.x?

(o]
p.x?

0
p.x!

(o]

p.x
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01 0O
0
D
%025 (110)
[l UJ
50 g
(111a)
(111b)
(111c)
(111d)

Equations (111a-d) can be rewritten by substituting the expressions for bp;

and bp,, using K, = 2K,,,, and by putting £/, in terms of E, .. The

resulting expressions are

EO

— 0
prix — rle,FR [cos ei DEp,e’

E;,"tlx = tl, rr [€0S 6 DE;,"Q,

0
Ep,rZ,x

o) —_ 0 iK ez
Eptax =12, pr [€OS 6, (Epc€ "

L

— 0 AKpe
=1l rrI 20 pr [0S 6; [Ej €77

(112a)

(112b)

(112c)

(112d)

where the resonant transmission and reflection coefficients in terms of the

single-pass coefficients are
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r 1- eIZerzL
rle,FR = ::Ilh-e_( rlzeeiKZEPL ) ’ (113a)
tl,
g =,
R r2et (113b)
12 rr=12,, (113c)
_ tt2,
2 rp = m . (113d)

Examination of the quantities rl, . and t2, - reveals that these factors are

the same as the Fabry-Perot coefficients found in optics texts such as [Hecht
‘87] with the added complexity that they describe uniaxial media as opposed
to isotropic media. Comparing the first-surface transmission and reflection
coefficients for the full resonance and single-pass developments shows that
the full resonance coefficients follow the same trend as the single-pass
coefficients, but that a high frequency modulation is superimposed. This
comparison is illustrated in Figure 2.21. As was discussed during Section
2.3.2, due to walkoff of the multiple reflections within the sample, the
resonance condition decreases as the pump incidence angle increases. To
first approximation at high angles the reflectance and transmittance of the
system are equal to the single-pass case. To simulate this condition a pump

beam walk off factor n, will be introduced later.
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single-pass and full resonance developments.
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2.4.2 Full Resonance Second-Harmonic Generation

With the pump fields accounted for, it is time to consider the SHG
fields for the full resonance case. In addition to the pump fields, Figure 2.20

depicts the SHG fields for this treatment. These fields may be written as

Erlx — ?lxei(Kpr—Ksz—wst) , (114&)
Erlz — flzei(Kpr—szz—wst) , (114b)
Ey, = EQ 6K Kz 0l) 4 pFR oKX #Kig2=00 (114c)
E,, = E5 @/ KeXKuzo)  pFR oKu¥tKeyz-0) (114d)
E,y= ;DZ‘Xef(KxesX-Kzes(Z-L)-wst) + Agfr?zvxei(Kxer-Kzep(Z-L)-wsf) , (114e)
E,,= rozyzef(KxesX-Kzes(Z-L)-wst) + Aglri’z‘zef(Kxer-Kzep(Z-L)-wst) ’ (114f)

— (Ko X+ K5 (2=L)=00t)
E[Z,X - toz,xe g b ' (1149)

— 0 i(prX+sz(Z_L)_wst)

Etz,z - tz,ze (114h)

The field amplitudes of the driving terms are derived just as they were in the
single-pass case. It is no surprise that the results here are identical to that of
the single-pass case except for the definition of the pump transmission

coefficient. For the full resonance case the driving terms are
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0 2
E - 4d2(k2, - k2r2,)™2 tane,,
Agﬁ_,x = 2,2 2 2 2 e‘pZ 2
O ks Mo sMes — no,step - ne,usep
s
(115a)
ne H -
2 2) "o, 2
2KxepKzep %1:(31) + d:(33) nTptan eep HE ( )2
+ ep 112 - cos? 0, \E° T,
kszng,sng,s - ng.sK)z(ep - ng,sKﬁep 0 ~ P
0
=
O 2
O ,
=i 40K opK op 22 tan,,
FR _ 0 ne,p
Wz —
[l kszng,sng,s - ng,sK)%ep - ng,sngp
O
B
4 0 (115b)
n
2 -t o o o e 0
+ &p N
kszng,sng,s - ng,sK)%ep - ng,sngp [l
O
B
X t12 £ COS® B (Eg)z,
'KzepL
F,,rQZ,X = _Aé:,"t?lx rzg,FR e ) (115c)
FR _ AFR 22 1K el 115d
2z = Penzl2err € : ( )
The boundary conditions for the full resonance SHG fields are
(Erlx)‘zzo = (Etlx + EFZ,X)‘Z:() and (116a)
(Hrly)‘zzo = (Htly + Hrz,y)‘zzo (116b)

for the first surface (z = 0) and
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(Etlx Er2x)| =L = (Et2,x)|z:L and (1160)

(Htly + Hr2.y)|z:l_ = (th,y)|z=l_ (116d)

for the second surface (z = L). Setting the amplitudes of the left and right

sides of Equations (116a-d) equal and writing them in matrix format yields

-1 1 gzt oG4 EEerD D‘(l r2e FRQIZKZQPL)AEr?zx

Epz by -be"=t 0 i a 1x O D —-(1+ "2e FReIZKZEPL)b H (117)
DO eiKzeSL 1 _1|:| 0] roz,xg D (1 I’2 FR)AerZX Hoat S

EO bleleezL _ bl _ bzE t  <H E _(1+ I’2 FR)b39/KzepL E

where the expressions

KZ
o= EnL et Kes (118a)
es Zes

KZ
b, sz +Kg, (118b)
zs
b3 e ™ xepA(,e:"t?J,z + KzepAe t1,x (1180)

are used to simplify the notation. Solving for the transmitted e-polarized SHG

field results in

o o iKZEPL iKzesL
Etz,e - B],ee,FRe + BZ ee, F,‘?e

I(ZKzep+Kzes)L I(Kzep+2Kzes)L
+B; e rrE + B, e FrRE

(119)

where

(b ) 12 YA 2 AR o0

(b, + by)* = (b, = b,)? &'

BLee FR —

B 2b1(b3 + bZAet:Lx)
(bl+b2) —(b, - bz)zeIZK -

BZ ee, FR

(120b)
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B 2b1r2 Fr(by — Aetlx)

Bseerr = (120c)
(bt by)? - (b - by) et
_ (b= by)(bs(1+ 122 FrR)— (- r2; FR)Ag_ﬁ,x
4,0e,FR — 2 7Kk : (120d)
(by+b,)* = (b, - by)* €™
The e-polarized SHG power leaving the sample for this full resonance
treatment is proportional to
2 2
e-pump _
FR'De—SHG (|Blee,FR| | 2eeFR| |B3eeFR| | 4eeFR| , (121)

+Cieerr * Coeerr * Caeerr )Bec 6;

where
Creerr = RE{2(Byee rrBs ek * B e rrBace rr) COSI(Kzep = Kres)LIY,  (1222)
Coeerr = RO{2(B e rrB3 ce ik + By e rrBace,rr) COSI(K ey + Koes)LTY,  (122b)

C3,ee,FR = Re{z[(B],ee,FRB;,ee,FR)COS(ZKzesL)

. . (122c)
+ (BZ,ee,FR%,ee,FR) COS(ZKzepL)]}'

The e-polarized SHG produced by an e-polarized pump, described by
Equation (121), is plotted in Figure 2.22. This is the solution assuming infinite
plane waves. Once again, the beam walkoff must be included for this
development to accurately represent the second-harmonic output for finite
beams since the resonance condition decreases as the incidence angle

increases. The second-harmonic beam walkoff factor nsis the same as was

developed in Equation (101). The pump beam walkoff factor n, is derived
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Figure 2.22 Comparison of full resonance FRPZ2¥ (red) and single-pass
second-harmonic output (blue).
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similarly and is

- Xse O
Npe = eXpB—D (123)
624,

where x,, =2Ltan6,, and dp is the pump beam diameter. With the overlap

factors included, the first surface pump transmission coefficient becomes

tl,
tl, ,
FR ™ 1-n,.r1, o ek (124)

and the factors from Equations (120a-d) become

(b1+b2)(b3(1+r2 FrR) O~ r2? e FR)A tlx)
et S b e b (b by et (2%

~ 2by(by + AT )
B2ee R = bt by)? — By~ by, €7 (125b)
_ —2bir2; rr(bs — AR )
Beer® = o by — (b~ by e > (125¢)
oo rr = _ (b= by)(bs(1+ 122 Fr)— b(1- r2 FR)Arftlx Nee. (125d)

(b, + b)Y = (b= By) N €

The resulting second harmonic signal is plotted in Figure 2.23 where d, = 70
um and L = 0.2 mm. If the pump diameter is taken to be large, ~1 mm, the full
resonance case becomes identical to the single-pass solution. An expanded
comparison of the two-pass second-harmonic solution and the full resonance
second-harmonic solution is presented in Figure 2.24. This comparison
shows that the amplitude of the high frequency component of the full
resonance second-harmonic output is larger than that of the two-pass

second-harmonic output. The full resonance solution clearly exhibits multiple
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solution (blue).
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frequency components, while the two-pass solution visually appears to have
only a single high frequency component. Figure 2.25 shows how the full
resonance solution fits the data first shown in Figure 2.14. Once again, the
pump-beam diameter is 70 um and the sample thickness is 0.20255 mm. The
full resonance solution depicted here is superior to that of the two-pass
solution shown in Figure 2.19. The improvement is most noticeable in the
agreement of the high frequency fringes.

The preceding pages have detailed the development of the e-polarized
second-harmonic power generated from an e-polarized pump. Using this
same procedure, | find that the o-polarized second-harmonic power

generated from an e-polarized pump is proportional to

_ 2 2
FRPoe—Sﬁ;-Lllgp O |BJ.eo,FR| | 2,€0, FR| |B3 eo FR| | 4,e0, FR| (126)
+Creorr T Coeorr + Cae0rrs
where
Bl _ (Kzos zs)(Kzos(1+ f2 FR) + Kzep(l I’2 FR))Aé:ﬁ.,y (127&)
FR — ’
% (Kzos + Kzs) - (Kzos - zs) Nso€ IZKZDSL
-2K + K, )ALE
Bz,eO,FR — zos( zep zs) etly ,2K -, (127b)
(Kzos + Kzs) - (Kzos - Kzs) Nso€
2K, (K r2
BS,eO,FR — zos( 2zep s) eFRAetl)I/ZK n nso1 (1270)
(Kzos + Kzs) - (Kzos - zs) Nso€
-(K K, (1+ r22 K,op(1—r22 ) ALR
B4,eo‘FR - ( z0s zs)( zos( FR) zep( ’2K FIL?)) etly ns,o1 (127d)

(Kzos + Kzs) - (Kzos - zs) Nso€

CLeo,FR = Re{Z(BLeo,FRB;,eo,FR + Bs,eo,FRle,eo,FR) COS[(Kzep - Kzos)L]} ’ (1278)
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Figure 2.25 Comparison of full resonance solution including overlap factors
(red) with data (blue).
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CZ,eo,FR = Re{Z(BLeo,FRB;,eO,FR + BZ,eo,FRBZ,eo,FR) COS[(Kzep + Kzos)L]} ’ (127f)

Cieorr = Re{z[(Bleo,FR B:Leo,FR) COS(2K ,4sL) + (Bz,eo,FRB;eo,FR)COS(ZKzep L)]} , (1279)

2d9k? ) 5 (o
AR, = 2K 12, cos?6,(E. f, (127h)
g kgnch,s - K)Z(ep - Kzzep e

Kzos = ksno,s Cos 9031 (127i)
0-x;, 0 .
Nso = EXPE——3-0 (127))

gZdS 8
Xso = 2Ltan0,. (127k)

The o-polarized second-harmonic signal generated from an e-polarized pump
is plotted in Figure 2.26.

The two remaining cases involve an o-polarized pump
Epo = JEpy = Epye 0. (128)

By going through the development of the fully resonant pump field, as was

done in Section 2.4.1 for the e-polarized pump, | find that

Epuny = thormEpy. (129a)
iK L
Epray = thomrl20mEp € " (129b)
where
_ 21,
o e = K L' (130a)

1-n,ri5e"™™

r2,rr =124, (130b)
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K 0z = kpno,p cos eop ’ (1300)

Kzop = Ksho , €0S 6, = 2K, (130d)
- XZO O

Npo = eXpG—”D, (130e)
52d, B

Xpo =2LtanB,,. (130f)

The o-polarized SHG output for an o-polarized pump is given by

- 2 2 2
FRPOO_SP:IGHP O ‘B],oo,FR‘ +‘BZ,00,FR‘ +‘B3,00,FR‘ +‘B4,00,FR‘ (131)
+Cioorr * Cooorr t Ca00,FR
where
B, _ (Kyos + Ky )(Kpos(1+ f20 Fr)  Kagp(1~ r2; FR))Aotly (132a)
FR =
oo (Kpos * Kzs) —(Kos = Kzs) Ns,0€ g?t
. _ 2K 105K sop + Ks) Abtsy (132b)
2,00,FR ~—
* (Kzos + Kzs)2 ~(Kyos = Kzs) Ns.0€ g/?mt
2K r2
B3 00,FR = ZOS( ZO,D ZS) OFRAOIL}I/ZK L r] (1320)
(Kzos + Kzs) ~(Kzos = zs) Nso€
—(K K 051+ 122 1-r2;
B4,00,FR = ( z0s ZS)( ZOS( FR) O,D( FR))AOtly rls,ol (132d)

(Kzos + Kzs) - (Kzos - Kzs) Ns,0€ ’ZKZDSL
c],oo,FR = Re{Z(BLoo,FRB;,oo,FR + BS,oo,FRBZ,oo,FR) COS[(Kzop - Kzos)L]} ’ (1328)
c2,00,FR = Re{Z(BLoo,FRB;,oo,FR + BZ,oo,FRle,oo,FR) COS[(Kzop + Kzos)L]} ’ (132f)

c3,00,FR = Re{z[(B],oo,FRle,oo,FR) COS(ZKZOSL)

X (1329)
+ (Bz,oo,FRBS,oo,FR) COS(ZKzopL)]}a
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- 2d2k? 2
Aotl = 1o rr (EO, )27 (132h)
g k52 gs - K)%op - Kgop i
Kxop = ksno,p sin eop ) (132i)
Kop = Ksy , COS B, - (132))

The o-polarized second-harmonic signal generated from an o-polarized pump
is plotted in Figure 2.27.

The fully resonant e-polarized SHG output is then given by

FRPY E.2P O (\Bloe,m\ \ 2,0e, FR‘ ‘Bs oe FR‘ ‘ 408 FR‘ (133)
+Croerr T Cooerr T Caoerr )Becz 0,
where
B (b +b2)(b3 o(1+r20FR)+b(l rZOFR)AOTlX) (134a)
Loe,FR —
* (b, + bz) - (b, - bz) Nse€ g2t
B _ = 2by(by o + b,ASEL) (134b)
O (bt by)? - (b= b)Y et
= 2by(bs, - b, ALR 22
B3,oe,FR = 22 s olgi L n (134C)
(b1+b2) _( 1_b2) Nse€
b, - b,)(b; ,(1+ r22 b,(1-r22 - )AR
B4,oe,FR ( 2 > ot FR) u IZKFRL) OIlX) Ns.e: (134d)

(b1+b2) —( 1_b2) Nse€
C:I,oe,FR = Re{Z(B;Loe,FRB;,oe,FR + B3,oe,FRB;1,oe,FR) COS[(Kzop - Kzes)L]} ’ (1348)
C2,oe,FR = Re{z(BLoe,FRBs*,oe,FR + Bz,oe,FRB;,oe,FR) COS[(Kzop + Kzes)L]} ’ (134f)

C3,oe,FR = Re{z[(B;Loe,FRBZ,oe,FR)COS(ZKZESL)

. (1349)
+ (BZ.oe,FRB3,oe,FR) COS(ZKzopL)]}l
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b3,o == xopAc,):,lt?:Lz + KzopAcl):,ﬁLx1 (134h)
FR Zdéi)KxopKzop 2 ( 0 )2 .
Ao,th = 2 tlo,FR Ep,y ! (134|)

2,2 2 2 2 _ 2
ks N shNe s — no,stop ne,usop

Zdéi)gl(Kzzop - kszng,s)

2 alE5, f (134)
kszng,sng,s - ns,sK)zmp - ng,uszop

FR _
Ao,th -

The e-polarized second-harmonic signal generated from an o-polarized pump

is plotted in Figure 2.28.
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Chapter 3
Experiments

3.0 Introduction

Due to the breadth of the research undertaken during this thesis there
are two significant experimental setups to discuss. The first was the Maker
fringe system used to generate and record second-harmonic signals from a
number of LINbO3; samples. The second was the electric-field poling system
used to perform spontaneous polarization domain reversal within LINbO3

wafers.

3.1 Maker Fringe System

The Maker fringe experiment consisted of a 4-axis positioning system,
Nd:YAG laser operated at 1.064 um, photomultiplier tubes (PMTs) with
associated electronics, various optics, and a control computer. This system is
schematically represented in Figure 3.1 (a). A picture of the system is shown
in Figure 3.1 (b). The positioning system provided motion in X, y, z, and 6. The
computer controlled the positioning system and the data acquisition. Wafers
were mounted to the positioning system with a sample holder that provided

reference flats so that repeatable registration of the samples was possible.
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(b) photograph. M mirror, P polarizer, PR polarization rotator, L lens, SUT
sample under test, PBS polarizing beam splitter, CBS chromatic beam
splitter, BB beam block, BPF band pass filter, PMT photomultiplier tube.
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The samples were oriented in the holder so that the crystallographic y-axis of
the LiNbO3; was oriented vertically and the x-axis was oriented horizontally.
Rotation was about the y-axis. The pump beam intersected the sample at the
rotation axis.

The pump laser polarization was set to either the o- or e-polarization
by means of a half-wave plate. The pump was focused using a 300 mm focal
length lens to 1/e diameter of approximately 60 um at the test sample. The
output SHG was collected and refocused with a 300 mm focal length lens.
The o- and e-polarized SHG signals were separated from one another using a
Glan type polarizing beam splitter which directed each signal to its own PMT.
In the most recent iteration of the system, the pump laser was operated
mode-locked and Q-switched. The PMT signals were run through box car
averagers and finally into an analog to digital (A/D) converter. Earlier versions
of the system used a continuous wave (CW) laser, optical chopper, and lock-
in detection of the SHG signals.

The SHG signals were recorded as a function of pump beam angle of
incidence. This was accomplished by rotating the sample as the data were
taken. The angular resolution of the data was 0.1°. The data acquisition was
synchronized to the encoder pulse signal (0.0008°pulse) from the rotation
stage.

The software written to control the Maker fringe system was designed
to allow flexibility in the data acquisition. The angular range of a scan was

selectable, as was the number of points to be scanned and the distance
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between points in the x- and y-directions. This allowed for doing single-point
scans as well as full wafer maps. Once stored, these SHG signals were

analyzed using the Maker fringe theory presented in Chapter 2.

3.2 Electric-Field Poling System

The major component of the electric-field poling system was a high-
voltage, variable-width pulse generator capable of delivering pulses from 0.5
to 15.5 kV for up to 5 ms. The rest of the system consisted of a data
acquisition computer, a digital storage oscilloscope, an electronic filter, and
an acrylic poling cell. Figure 3.2 (a) shows a schematic of the system while
Figure 3.2 (b) shows a picture of the actual setup.

The HV pulse generator provided two built-in monitoring ports. One
port provided a 1000:1 reduction of the high voltage supplied to the sample.
The other port provided a voltage signal proportional to the current flowing
through the system. The response of this signal was 2.0 V/A. The voltage-
monitoring signal was connected directly to the oscilloscope. The current-
monitoring signal ran through a conditioning filter and then to the
oscilloscope. The conditioning filter was used to remove DC and 60 Hz noise
from the current signal. The computer was used to arm the oscilloscope for
recording single pulse events. Both the voltage and current traces were
downloaded to the computer where they were stored and approximate

delivered charge measurements were made.
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Figure 3.2 Electric-field poling setup (a) schematic, (b) photograph.
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The poling cell was modeled after that used by Myers [Myers ‘95]. The
cell was constructed from two acrylic blocks approximately 25 x 50 x 50
mm. Each block had a reservoir with a feed through leading to the sample’s
position. A silicone o-ring was used to seal the acrylic block to the
sample. The entire cell was held together using 4 bolts around the perimeter
of the blocks. During later stages of the poling experiments, springs were
used in series with the bolts to equalize the pressure generated by each bolt.
Figures 3.3 (a) and (b) show a cross-sectional view of the poling cell and a
picture of the actual cell used.

Electrical contact was made to the sample by filling the reservoirs with
an electrolyte, that consisted of LiCl dissolved in de-ionized water in a ratio of
2:1 by mass. The circuit from the HV pulse generator to the poling cell and
back was completed in the following manner. An RG 11A coaxial cable
connected the high-voltage output to the poling circuit. The poling circuit,
pictured in Figure 3.4, was constructed on an acrylic base plate and consisted
of a 10 kQ resistor, a high-voltage diode, and the poling cell, all connected in
series using 16 AWG copper wire. The series resistor provided protection for
the pulse generator in the event of a short in the poling circuit. The diode was
needed to prevent domain “flip-back” after the voltage pulse had finished.
Figure 3.5 shows the difference between current traces taken with and
without the high-voltage diode in the circuit. Without the diode a current flows

in the opposite direction to the poling current after the voltage pulse has
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Figure 3.3 Details of the poling cell (a) cross sectional view, (b) photograph.



Figure 3.4 Photograph of the poling cell in the electric-field poling system.
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ended. This current is due to the reversed domain flipping back to its original
direction. With the diode in the poling circuit, the only current seen after the
voltage pulse has ended is the capacitance discharge of the sample.

The poling experiments proceeded one pulse at a time. With each
pulse the voltage and the current traces were recorded. The charge delivered
to the sample was calculated by integrating the current trace. Complete
domain reversal is accomplished when the total charge Q delivered to the

sample is
Q= [idt=2PA, (135)

where iis the displacement current flowing in the circuit, Ps is the
spontaneous polarization, and A is the area being poled.

The electric-field poling system was used for several different poling
applications. It was used to pole test patches for analysis with the Maker
fringe system (see Section 4.4). It was used to examine the poling current
characteristics for different poling fields (see Section 4.5). And, finally, it was
used to fabricate periodically poled LiNbO3 (PPLN) chips for performing
various nonlinear frequency conversions. The details pertaining to the PPLN

can be found in Jeff Mitchell’s Master of Science thesis [Mitchell ‘99].
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Chapter 4
Data Analysis

4.0 Introduction

The data analysis is broken down into several subsections. While the
order of these subsections makes for a smooth progression of the analysis, it
is not the order in which they were encountered. Insight obtained from the
final stages of this research has shed light onto some of the observations
made early on and has led to a better understanding of the limitations of
Maker fringe analysis.

| will start by examining the Maker-fringe signals from as-received
samples of LiINbO3. This will involve fitting to several parameter combinations
involving thickness, index of refraction, electric field, nonlinear susceptibilities,
and electrooptic coefficients. The results from this section suggest that the
extraordinary index of refraction n. deviates from that predicted by the
Sellmeier equations [Edwards ‘83]. A close examination of the literature has
led to a possible explanation for this observation.

Next | will examine the possibility of determining some of the nonlinear

di? and electrooptic r; coefficients using Maker fringe analysis. The ratio of

d? /d will be investigated by observing how the amplitude of the Maker

fringe theory changes with this ratio. The electrooptic coefficients rs3 and r3
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will be examined by observing the change in the Maker fringe signal during
the application of an electric field to the sample.

| will then examine the effect of electric-field-induced domain reversal
in LINbO3 using Maker fringe analysis.

Last, | will explore one aspect of electric field poling, the maximum
current density as a function of applied field, and attempt to correlate these

results with those obtained during the Maker fringe analysis.

4.1 Maker-Fringe Analysis of As-Received LINDO 3

The data analysis in this section involves several different fitting
parameter combinations for fitting the Maker fringe theory, derived in Chapter
2, to the data. | have written several Fortran programs using Equations (121),
(126), (131), and (133). These programs, later referred to as solvers, are
used to solve each pump-SHG case separately or simultaneously. The first
series of fits used just the thickness of the sample as the fitting parameter.
This was done separately for each of the 4 pump-SHG cases. Next, the 4
pump-SHG cases were fitted simultaneously to sample thickness, and finally
all 4 cases were fitted simultaneously to combinations of sample thickness
and index deviations from the Sellmeier equations.

The Maker-fringe scans were typically taken over pump angles of
incidence between -65° and +65°. The scans were analyzed by fitting over

this entire angular range. However, in order to facilitate the visibility of the
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fringe features, the Maker-fringe scans are displayed for positive angles only.
A least squared error (LSE) approach was used to determine which
parameters led to the best fits. In order to improve the fidelity of the least
square error, both the data and the theoretical Maker-fringe signals were
normalized to the areas under their curves before the LSE was calculated.
The refractive indices used in the theoretical calculations were generated
from Sellmeier equations derived by Edwards and Lawrence [Edwards ‘84].
Using these Sellmeier equations at a temperature of 25 °C, the four indices of
refraction are: ngp = 2.23218, nes = 2.32318, nep = 2.15603, and nes = 2.23424.
The first set of data for this section were taken from a portion of a 75
mm diameter, 0.2 mm thick LiNbO3 wafer. The sub-wafer consisted of one
quarter of the original wafer, produced by cutting the wafer in half once
vertically and once horizontally. This sample will be referred to as Sample A.
The initial observation of these data was that the overlap factors used
to predict the tapering-off of the high frequency fringe amplitude were
inadequate, at least from an aesthetic point of view. Therefore, overlap
factors were constructed by fitting the high frequency fringe amplitude of the
theory to that of the data. This led to two different overlap factors, one for the
o-polarized SHG n, and one for the e-polarized SHG ne. o was found by
fitting the high frequency fringe amplitude as a function of pump incidence
angle for the o0-o case, while ne was found by using the o-e case. The two

factors were
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n,(6;) = 0.8611exp(-0.0596 [B,), (136a)

Ne(8;) = 0.00004 B —0.0035[B; +0.2015. (136b)

Implementing these heuristic overlap factors into the Maker fringe code led to
much better fits of the high frequency fringes. However, they ultimately
resulted in the same fitting parameter solutions as the original overlap factors,
thus demonstrating the overall robustness of the solution procedure.

Solving for the sample thickness over a range of 0.18 to 0.22 mm with
0.01 um steps for each of the 4 cases individually resulted in the data found in
Table 4.1.

Table 4.1 Thickness solutions for Sample
A. Each pump-SHG case fit individually.

Pump-SHG case L (mm)
0-0 0.19960
o-e 0.19951
e-o 0.19960
e-e 0.19395

Figure 4.1 shows the comparisons between the data and the theoretical fits
for each of the pump-SHG cases using the sample thickness as the only fitting
parameter. The theoretical traces match both the high and low frequency
fringes of the data very well. The most obvious exception is the slight walkoff
of the low frequency fringes at high angles of incidence for the 0-e and e-o
cases. However, one problem with these results is that all of these data were
taken at the same location on the sample and therefore must have the same
sample thickness. | will discuss the resolution of this problem next.

The relatively large discrepancy between the thickness found for the e-

e case and that found for the other 3 cases is an example of what | call a
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SHG Data ———— Theoretical Fits

0.6 —

SHG Signal (arb. units)

Pump Angle of Incidence, 6 (°)

Figure 4.1 Comparison of Maker-fringe theory with data. All four pump-SHG
cases solved individually (a) o-o case, (b) o-e case, (c) e-o case, (d) e-e
case. Thickness values as given in Table 4.1.



103

“branch artifact.” Branches occur when the arguments of the cosine terms in
Equations (122), (127), (132), and (134) change by 21. The main contributor
to the distance between branches is the term containing the difference of the
effective pump and SHG wave vectors. For the e-e case, branches in
thickness will occur approximately every Lpranch = 2TU(Kzep-Kzes). Calculated at
0, = 0 the value of Lpanch is ~5.8 um and is the same for the other 3 cases for
6;=0.

Examining the least squared error as a function of sample thickness,
Figure 4.2, reveals the oscillatory nature of the fitting parameter where local
minima are separated by a branch step. When only one pump-SHG case is
considered, it can be ambiguous as to which branch is the correct one. For
any given data set, up to three different branch thicknesses may provide
fitting parameters leading to acceptable theoretical fits to the data.

Measuring the distance between local minima from the least squared
error data for each pump-SHG case results in the average branch step
lengths found in Table 4.2.

Table 4.2 Measured average branch length

for each pump-SHG case, Sample A.
Pump-SHG case Measured Lpranch (UM)

0-0 5.75
o-e 6.14
e-o 5.66
e-e 5.58

While these values are approximated by the value of Lyanch, Calculated above,
each case has a different branch step size. This is due to the angular

dependence of Lyanch @s well as the other cosine terms in Equations



104

0.2 —

0.16 —
)
% 1
2
3 012 —
5
I |
@)
D
S 0.08 —
o
N
7 _
]
job]
|

0.04 —

0
| | | |
0.18 0.19 0.2 0.21 0.22

Sample Thickness, L (mm)

Figure 4.2 Least squared error obtained during thickness fit of the 0-o theory
to data.
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(122), (127), (132), and (134) and can be used to eliminate the ambiguity in
choosing the proper branch. When examining the LSE for all 4 cases
simultaneously, it can be seen that there is only one thickness value where all
cases have coincidental minima. In Figure 4.3 we see that this thickness
occurs at ~0.1995 mm. Within this thickness branch, the e-e case has a LSE
at a thickness of 0.19951 mm.

The next step in the analysis is to reconcile the small thickness
deviations within the correct thickness branch. The first approximation is to
run all four solvers simultaneously to obtain a consensus thickness. For the
example data set given here, the consensus thickness is 0.19959 mm. Figure
4.4 shows the overlays of the theoretical fits for L = 0.19959 mm and the
Maker fringe data. Again, the fits are quite reasonable, except for the
matchup of the low frequency nulls at high angles of incidence for the o0-e and
e-o cases. Since the change in thickness between the fits in Figures 4.1 and
4.4 for the 0-0 and e-o cases is only 0.01 um, the fits are very similar to one
another. The only place where there is a distinguishable difference is in the 0°
to 5° range.

To improve the fit, the parameter search range was expanded to
include deviations from the indices predicted by the Sellmeier equations. The
resolution of the index perturbations was 10™. Solving all 4 pump-SHG cases
simultaneously for the five parameters L, Angp, Anes, Anep, and Anes leads to a
series of degenerate solutions, 8 of which are presented in Table 4.3. Within

the range of degenerate solutions examined, there was no local
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0-0 Case
o0-e Case
e-o Case

0.3 —
e-e Case

Least oquarea error (aro. units)

0.192 0.196 0.2 0.204 0.208
Sample Thickness, L (mm)

Figure 4.3 Comparison of the least squared error obtained during fits to
thickness for each pump-SHG case. Each fit was performed separately.
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Figure 4.4 Comparison of data to theoretical fits. Fits to thickness were
performed simultaneously for all four pump-SHG cases, (a) 0-o case,
(b) o-e case, (c) e-o case, (d) e-e case.
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minimum encountered in the LSE. This is problematic and reveals the
limitation of this experiment. An independent measurement of one of the five
fitting parameters must be performed in order to define the proper parameter
branch. The most logical candidate for independent measurement is the
thickness, which would have to be measure to an accuracy of 5 x 10™ to
allow determination of the indices to within a few parts in 10™.

Table 4.3 Degenerate solutions obtained from simultaneous 4-case fit to L,
Anyp, Anys, Angp, and Anes for Sample A.

L(MM)  Ang, (x10™) Angs (x10™) Aney (x10™%) Anes (x10™) LSE (x107)

0.19957 2.6 3.0 -3.1 -1.2 1.390
0.19958 1.5 1.8 -4.3 -8.0 1.373
0.19959 0.4 0.7 -5.1 -9.3 1.367
0.19960 -0.7 -0.5 -6.2 -10.0 1.360
0.19961 -1.8 -1.6 -7.1 -11.4 1.354
0.19962 -2.9 -2.8 -8.2 -12.1 1.348
0.19965 -6.3 -6.3 -11.2 -15.6 1.329
0.19970 -11.8 -12.0 -16.0 -21.1 1.296

In the absence of such a measurement, | will report a solution based
on accepted index variations. The data in Table 4.3 show that as the
thickness increases the various An’'s become increasingly negative and the
least squared error improves. However, as the LSE improves the range of the
An's becomes unacceptably large. | base this observation on the index-
versus-composition data reported by Bergman et al. [Bergman ‘68] and the
uncertainty associated with the Sellmeier equations. Bergman’s work shows
that the ordinary index of refraction has no detectable variation as a function
of LiINbO3; composition. Therefore, Any, and Anes should be within the

uncertainty of the Sellmeier equation, + 2 x 10™ [Edwards ‘84].



109

Reconciling these degeneracies by taking all the degenerate solutions
that fall into the criteria of An, being + 2 x 10 and averaging leads to a
solution of L = 0.199595 + 0.00002 mm, Angp = -0.15 x 10 £ 1.6 x 10™, An,s
=0.1x10%+1.7 x 10, Ang, = -5.7 x 10* £ 1.4 x 10, and Anes =-9.7 x 10™
+1.7 x 10™. The theoretical traces generated by each of these degenerate
solutions are nearly indistinguishable from one another. For display, Figure
4.5 shows the overlays for the L = 0.19960 mm, An, = -0.7 x 10, Anys = -0.5
x 10, Ane, = -6.2 x 10, and Anes = -10.0 x 10™ degenerate solution with the
data. These fits are the best that | have obtained for this data set. Both the
high and low frequency fringes match for all 4 pump-SHG cases.

The most striking observation made from the solutions above is the
offset of n. needed to obtain the quality of fit seen in Figure 4.5. Similar shifts
in ne have been discussed by Shoji et al. [Shoji ‘97] and by Sanford and Aust
[Sanford ‘98]. Shoji uses a Maker-fringe technique to measure the nonlinear
coefficients of LINbO3. In doing so, he measures n.s by assuming that the
ordinary index of Edwards and Lawrence [Edwards ‘84] is correct and fits his
data by solving for nes. For rotation about the z-axis, he reports a Anes =-10.7
x 10™ and for rotation about the x-axis he reports Anes = -10.2 x 10, Shoji
gives no explanation for this deviation. Sanford and | have seen similar shifts
of nes in sequenced x-cut wafers of LINbO3 [Sanford TBP]. Our preliminary
analysis shows that the top of the boule, the portion grown first, has a Anes on

the order of -5 x 10, while the value of Anes at the bottom of the boule is on
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Figure 4.5 Comparison of theoretical fits with data. These fits were

obtained by doing a simultaneous 4-case fitto L, &, , An,, A, An. The
values used for this display are L =0.19960, An,,=-0.7 x 104, An,, =
-0.5x10%, &M, =-6.2 x 104, A, =-10.0 x 10*. (a) 0-o case, (b) 0-e case,

(c) e-o case, and (d) e-e case.
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the order of -7 x 10™. The clear trend of decreasing nes is indicative of
increasing Li>O content with boule length.

The original index data are stated to have an accuracy of +2 x 10
[Nelson ‘74]. This seems to hold true for the values of n, but not for the values
for ne. | believe the reason for this is the composition dependence of the
extraordinary index of refraction. While Bergman'’s results show that n, has no
detectable variation with composition his n. data vary considerably as a
function of composition [Bergman ‘68]. However, because Bergman’s data
are presented as a function of melt composition instead of crystal
composition, a conversion must be performed before a usable value for the
change in ne as a function of crystal composition can be obtained. | have
accomplished this using the melt-to-crystal composition data reported by
Carruthers et al [Carruthers ‘71]. Figure 4.6 shows Bergman'’s n. data as a
function of crystal composition in terms of its Li,O mole percentage. A value
for And/Amol% of -0.0112 mol%™ is obtained by fitting a line to this data.

If the composition of the LiINbO3 used for the index study that led to the
Sellmeier equations was Li depleted by 0.09 mol% Li,O, compared to the
material used here, then the large An. can be explained by this composition
difference. In an attempt to confirm or refute such a possibility, | investigated
the primary source of the index data used in the determination of the
Sellmeier equations [Nelson ‘74]. Nelson and Mikulyak state that the material
used in their index-of-refraction study is of congruent composition, which at

the time was considered to be 48.6 mol% Li,O. Their phase-matching
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temperature T,y at 1.1523 um was reported to be 174 °C. They further stated
that this agreed favorably with the data of Byer et al. [Byer ‘70], who reported
Tpm for 1.15 pm at 172 °C. Byer et al. also report the phase matching
temperature at 1.064 um and 1.084 um but do not mention their material’s
composition, other than its being congruent. A crosscorrelation between
Byer’s data and that reported by Bordui et al. [Bordui '92] for T, at 1.064 um
can be used to infer the composition of Nelson’s material. Bordui reports Tpm
as a function of crystal composition. His data show a linear relationship over
the composition range studied, 47 to 49.5 mol% LiO.. | believe the
composition studies performed by Bordui et al are the most comprehensive to
date and reflect the most accurate compositional data. Correlating Byer's Tpn
data to Bordui's Tpm Vs composition data suggests that Byer's and therefore
Nelson’s composition is closer to 48.3 mol% Li,O, not the 48.6 mol% LiO,
reported.

If this is in fact the case then my -9.7 x 10 + 1.7 x 10 variation from
the predicted Sellmeier index for nes suggests that the composition of the
material used here differed from that used in Nelson’s study by 0.09 + 0.02
mol% Li,O or had a composition of 48.39 £+ 0.02 mol% Li,O. This coincides
well with the value currently regarded as congruent, 48.38 = 0.015 mol% Li,O
[Bordui '91].

Additional sources for the deviation of the extraordinary index are due
to static surface charge on the sample and the location from within the boule

from which the material was cut. The effect of charge on the surface will be
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examined later. The LiINbO3 data sheet from Crystal Technology, Inc. [Crystal
‘93] shows that the composition may vary up to + 0.01 mol% Li,O from the top
to the bottom of the boule depending on the starting composition and other
growth conditions. Also Bordui’'s paper [Bordui ‘91] states that the start
composition can only be determined to £ 0.01 mol% Li,O. These uncertainties
in composition add a further uncertainty of + 2.2 x 10™ in the value of ne.

Additional samples, from a second supplier, have also been studied.
Sample B was nominally 0.25 mm thick and Sample C was nominally 1.0 mm
thick. The Maker fringe data for both of these samples are displayed in Figure
4.7. Note the increased number of low frequency fringes as the sample
thickness increases. This is due to the fact that the path length change as a
function of pump incidence angle is faster for thicker samples. The Maker
fringe fitting parameters for Sample B were found using the same procedure
as described above. These parameters are shown in Table 4.4.

Table 4.4 Degenerated solutions obtained from simultaneous 4-case fit to L,
Anyp, Anys, Angp, and Anes for Sample B.
Lo(Mm)  Ang (x10%) Angs (x10™%) Angp (x10™%) Anes (x10%) LSE (x107%)

0.23913 2.0 2.7 -4.7 -5.9 2.427
0.23914 11 1.7 -5.6 -6.5 2.436
0.23915 0.2 0.8 -6.3 -7.5 2.441
0.23916 -0.8 -0.2 -7.1 -8.6 2.448
0.23917 -1.7 -1.2 -8.0 -9.2 2.455
0.23918 -2.6 2.1 -8.7 -10.2 2.460

Averaging all the solutions that fall into the criteria of An, = + 2 x 10 results
in L, = 0.239155 + 0.00002 mm, Angp =-0.3 x 10* + 1.4 x 10", Angs = 0.3 x
10" £1.4 x 10, Anep = -6.8 x 10* 1.2 x 10, and Angs = -8.0 x 10 £ 1.4 x

10,
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Figure 4.7 Maker-fringe data for Sample B, ~0.25 mm thick, and Sample C
~1.0 mm thick. (a) o-o case, (b) 0-e case, (c) e-o case, (d) e-e case.
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Sample C proved to be very difficult to fit. The Maker fringes occur
much faster with respect to pump angle of incidence for thicker samples. As a
result, the high frequency fringes are, for the most part, unresolved in the
data. For this reason the single-pass Maker fringe code was used to solve for
the fit parameters for these data. The data also suffer from an apparent
acquisition anomaly. The nulls of the low frequency fringes ride up off the
baseline on what looks like a lower envelope. This phenomenon is most
noticeable for the e-o case but is present to some degree for all the cases.
Attempts to eliminate this behavior by slowing the sample rotation speed and
increasing the angular resolution of the data acquisition to 0.02° failed to
eliminate this behavior. Attempts to solve for the fitting parameters for this
data set, using the procedure described above, have failed. While performing
5 parameter fits (L and all 4 An's) or 4 parameter fits (holding L constant and
solving for all An’s) the fitting parameters walkoff and never converge to a
solution that is fully contained in the search range. That is, at least one of the
fitting parameters would converge to a limit in its search range. This biases
the other parameters’ solutions and leads to unacceptable results.

Comparing the results for samples A and B shows agreement to within
the uncertainty stated. This suggests that the two suppliers are growing

material of similar composition.
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4.2 Nonlinear Coefficient Fit

Maker fringe analysis can be used as a tool to determine other
properties of LINbO3 as well. In particular the nonlinear coefficients and the
electrooptic coefficients can be determined given suitable experimental
procedures. For determining the absolute nonlinear coefficients, the power of
all SHG outputs must be known. One way to achieve this is to take all the
data, as well as the signal from a reference material such as crystalline
guartz, on the same PMT with the same gain settings and the same pump
power. In this way the relative powers of the different SHG signals allow for
determining the ratios of the nonlinear coefficients, while comparing to the
reference material's SHG signal fixes the test sample’s absolute nonlinear
coefficient values.

The data considered here were taken on two different PMT-box car
averager setups and for two different pump powers. Direct comparison of the
signal from one PMT to the other will not result in accurate values for the

nonlinear coefficients. From the data that were taken, however, | can

determine the ratio of d /d{? by examining the e-e Maker fringe signal.
Equations (115a) and (115b) show that the e-e case is a function of d{2,
d? , and d{? . From Kleinman’s dispersion arguments we know that d{2 =

d{? [Kleinman ‘62]. Changing the ratio d$2 /d{2 changes the shape of the
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envelope of the e-e Maker fringe signal. Therefore, the ratio of d2/d{? can
found by fitting the envelope of the e-e Maker fringe theory to data.

Published values for d$? range from 4.6 x 10" t0 5.95 x 10™! pm/V
and for d from 25.2 x 10™ to 34.4 x 10™* pm/V [Dmitriev '91, Kurtz '79,
Shoji '97]. These values translate into a d$3 /d{? range from 4.2 to 7.5.
Figure 4.8 shows fits for 4 different d?/d$?) ratios in this range along with
data. The value of d{?/d® of 4.2 fits the amplitude of the data best. This
suggests that d$2 is on the low side of its range and d$? is on the high side
of its range. Thus the suggested values based on this work are dé? =25.2

pm/V and d$? = 5.95 pm/V.

4.3 Electric Field Perturbations to Maker Fringe Signals

As mentioned above, the presence of an electric field on the surface of
the sample will cause a perturbation in the Maker fringe signals. This is due to
two separate phenomena: the electrooptic effect and the converse
piezoelectric effect. The electrooptic effect will affect the indices of refraction
of the material while the converse piezoelectric effect will cause a thickness

change in the sample. Since | am considering only DC electric fields, the

unclamped or constant stress electrooptic coefficient r,-/-T must be used. r,-]-T is
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related to the clamped or constant strain electrooptic coefficient r,-f by
rf = ri/S + P, (136)
where p, is the photoelastic coefficient and dj is the piezoelectric coefficient

(not to be confused with the nonlinear susceptibility dj-,f) ). If the field is in the

z-direction only, the indices of refraction will be changed according to

3 (137a)
An, = N rsE;,
2
3 (137b)

The sample’s thickness change is given by
AL =Ldy E;, (138)
where L is the sample thickness.

To demonstrate the magnitude of these changes, an electric field of 1
kV/mm present on the z-surface of the sample will give rise to the following
changes Ang, = -0.4 x 107, Angs = -0.6 x 107, Ang, = -1.6 x 10, Anes = -1.8 x
10, and AL = 0.001 pm. The dispersion of the electrooptic coefficients was
considered when calculating these values. Interpreting the electrooptic

coefficient-versus-wavelength data presented by Mendez et al resulted in the

following coefficients r} , = 0.8 x 10° mm/kV, rj = 1.0 x 10° mm/kV, rj , =

3.1 x 10° mm/kV, r, = 3.2 x 10° mm/kV, where the subscript p designates

the pump wavelength and the subscript s designates the second-harmonic

wavelength [Mendez ‘99]. For the length change calculation | used ds; = 0.6 x
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10"* C/N and L = 0.2 mm. These calculations show that the electrooptic
effect should be clearly resolved by our Maker fringe analysis while the
converse piezoelectric effect should be negligible for electric fields up to 10
kV/mm.

LiNbOs; is a pyroelectric material and generates a surface charge
whenever the material experiences a change in temperature. As the
temperature of the sample changes, the spontaneous polarization changes
according to

AP, = AT (139)
where Z = -4 x 10”° C/(K*m?). Associated with this change in polarization is it a
change in the depolarizing field AEqep. The depolarizing field is eventually
compensated for by the migration of free charge, from either the environment
or the material itself, to the surface of the sample. Pyroelectric detectors work
by measuring the charge flow to the sample’s surface to compensate for the
temperature-induced change in the spontaneous polarization. When the
depolarization field is fully compensated for, the sample experiences no net
electric field. Figure 4.9 (a) represents a LINbO3 sample that is fully
compensated for the depolarizing field generated by the sample’s
spontaneous polarization. Before the compensation is complete, the sample
experiences a net electric field Ene equal to the uncompensated depolarizing
field. Figures 4.9 (b)-(d) show a sequence of pictures representing the
polarization and electric field changes associated with a temperature change

and accompanying charge compensation. The first of these pictures
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Figure 4.9 Schematic of depolarizing fields and associated
compensating surface charges.
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shows a sample in the hypothetical situation of having experienced a
decrease in temperature and no charge compensation. The second
represents partial depolarizing field compensation and the last full
compensation. The effect of this AT-induced net electric field on the material
can be simulated by the effect of an applied electric field that produces the
same net electric field. From classic dielectric theory (see for example
[Serway ‘83]) we know that E,e: = E, + E1 Where E, is the applied electric field,
E; is the field associated with the material’'s response to the E, and is the
electric-field-induced depolarizing field, and E,; is the net field experienced
by the material. Expressing the net electric field in terms of only the applied
field results in Ene: = Eol€33 Where €33 IS the dielectric constant and has a value
of 29.1 [Crystal Technology, Inc. ‘1993]. Therefore, a AT-induced net electric
field will result in the same electrooptic index changes to the material as an
applied electric field of E, = €33Eer.

The AT-induced depolarizing field relates to opposing the change in
the spontaneous polarization and not necessarily opposing the spontaneous
polarization itself. Positive temperature changes create a reduction in Ps but
the associated depolarizing field is directed to increase Ps. Negative
temperature changes increase Ps, but result in a depolarizing field that
opposes Ps. For large negative AT's, the depolarizing field can become large
enough to overcome the coercive field of the material, ~21 kV/mm, and cause

self domain reversal. For temperature changes in either direction of ~100 °C
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over a time of a few minutes, electrical discharge from the sample has
routinely been observed.

An example of what can occur when a z-cut wafer of LINbOg is
temperature-cycled is illustrated in Figures 4.10 and 4.11. Figure 4.10 (a)
represents the typical appearance of an as-received wafer viewed through a
microscope with a 5x objective and through crossed polarizers. The sample
was then temperature-cycled on a hot plate from 25 °C to 120 °C in roughly
30 min and allowed to dwell at 120 °C for 5 min. The sample was then
removed from the hot plate and allowed to cool back to room temperature
over a period of ~20 min. During the cooling, electrical discharges were
observed. Figure 4.10 (b) depicts the typical appearance of the sample after
this temperature cycle. Two types of features are visible, defects with 3-fold
symmetry, commensurate with the Cs, point group symmetry of LiINbO3, and
“wispy clouds.” The sample was placed in a low vacuum in an attempt to
charge compensate it. This technique was suggested by Dieter Jundt of
Crystal Technology, Inc. Almost immediately after the mechanical pump was
turned on, more electrical discharges were observed. By the time the
pressure reached 0.5 Torr the discharging had stopped. No further
discharging was seen on the vent cycle or on a subsequent vacuum cycle.
The picture in Figure 4.10 (c) shows that the defects of 3-fold symmetry
remain but that the “wispy clouds” have been eliminated. | believe that the
“wispy cloud” observation was due to a non-uniform uncompensated

depolarization field in the sample after the temperature cycle. The nonuniform
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(@)

(b)

Figure 4.10 Photographs of a LINbO, wafer taken using a 5x objective.
(a) as-recieved sample, (b) after a 200 °C anneal, (c) after charge
compensation.
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uniform field caused a spatially varying index change, localized birefringence
between n,x and ny,y, that caused a variable polarization rotation and allowed
light to leak through the crossed polarizers. After the sample was fully
discharged, the effect was eliminated.

Examining the 3-fold symmetry defects more closely revealed that they
were in fact small domain reversed regions. Figures 4.11 (a) and (b) show
50x views of the same region of the sample for before and after etching. Once
again the pictures were taken through crossed polarizers. It is well know that
the positive and negative z-faces of LiNbO; differentially etch in a solution of
HNO3; and HF with the negative z-face etching faster. | used a 2:1 ratio of
HNO3 to HF and etched the sample for 35 min at room temperature. The
result of the etch was a one-to-one correlation of etch features to 3-fold
symmetry defects. Etch features consist of hillocks on the negative z-face and
etch pits on the positive z-face. This confirms that these defects are domain-
reversed regions but does not explain their visibility when viewed between
crossed polarizers. | believe the distortion of the microscope illumination in
the vicinity of these defects is due to space charge separation in the region of
the domain walls. This would again create localized index changes, which
give rise to a birefringence between n,x and n,y at the domain walls, thereby
allowing the light to leak through the crossed polarizers.

The effect of pyroelectrically induced surface potentials on the 0-0

Maker fringe signal is displayed in Figure 4.12. The different scans in the
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(b)

Figure 4.11 Photographs of 3-fold defects taken through crossed polarizers
with a 50x objective. (a) before etching and (b) after etching.
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Figure 4.12 Progession of the 0-o Maker-finge signal as a result of
pyroelectricity.
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figure correspond to (a) data taken before any processing, (b) immediately
after returning to room temperature following a 10 min anneal at 200 °C, (c)
17 h after the anneal, and (d) after being rinsed in tap water. These data were
taken on the earlier Maker-fringe setup that used a cw pump laser and lock-in
detection. Vissual inspection of these traces shows that the fringe shift
immediately following the anneal is significant, ~4°; some recovery is seen
after 17 h, and full recovery has occurred after the sample was rinsed in tap
water.

Using the data from trace (a) as a baseline for the Maker-fringe
analysis results in a sample thickness of 0.19808 mm and index variations
from the Sellmeier values of Any, = -0.3 x 10™ and Angs = 0.0. Using these
parameters as inputs and solving for an apparent applied electric field E,pp for
the data in trace (b) results in Egpp = -19.1 kV/mm, for trace (c) Eapp = -11.7
kV/mm, and for trace (d) Eapp = 1.0 kV/mm. The overlays of all four of these
fits are shown in Figure 4.13. These values suggest that the non-neutralized
depolarization field due to the original temperature cycle for traces (b) and (c)
are -0.66 and -0.40 kv/mm respectively. The 1.0 kV/mm apparent applied
field (0.03 kV/mm uncompensated depolarization field) found for trace (d) is
most likely due to a positive AT as the sample warmed from the temperature
of the tap water back up to room temperature.

In an attempt to eliminate the effect of depolarization fields on the
Maker fringe signals and to measure the values of r,; and rJ;, a series of

experiments were devised using transparent electrodes on the z-surfaces of
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0-0 SHG DATA — 0-0 Theoretical Fits
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Pump Angle of Incidence, 6 (°)

Figure 4.13 Theoretical fits to the 0-o0 Maker-fringe signals shown in
Figure 4.12. (a) baseline data, E,,, = 0.0 kV/mm, (b) post-anneal data,

E,,=-19.1 kV/mm, (c) 17 h post-anneal data, E,,=-11.7 kV/mm,

(d) post-charge compensation by rising in water, E_,, = +1.0 kV/mm.
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the sample. The electrodes were constructed in the following manner. A pad
of Al 100 nm thick and approximately 4 mm x 8 mm was deposited onto each
z-face of the sample. An electrical lead was bonded to a portion of each pad
using electrically conducting epoxy. Next a drop of LiCl in water solution was
sandwiched between the sample and a quartz cover slip. The cover slips
were positioned to overlap a portion of the Al pads. A schematic of these
electrodes is shown in Figure 4.14. The leads were then used to apply a
known electric field to the region of the sample covered by the quartz cover
slips while taking Maker fringe data.

Data was taken for Sample A with an open circuit condition and on
Sample D for a short circuit condition (0 kvV/mm) and for 5 kV/mm applied
fields. The open circuit condition was examined to see what type of
perturbation the electrodes themselves caused to the Maker fringe signals.
Figure 4.15 compares the 0-o Maker fringe signal with and without the
surface electrodes. The result was somewhat disappointing. Because the
electrodes reduced the index contrast at the sample’s surfaces, the high
frequency fringes where greatly affected. Most notable was the reduction in
the high frequency fringe amplitude. This effect on the Maker fringe signals
can be accounted for in the theory by changing the boundary conditions at the
sample’s surfaces to include the index of refraction of the liquid electrodes. |
have not yet done so, so the analysis of these data uses the current full

resonance code using the overlap factors described in Equation (136).
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Figure 4.14 Schematic of liquid electrodes.
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Figure 4.15 Comparison of Maker-fringe signals for with and without liquid
electrodes. (a) 0-0 case, (b) o-e case, (c) e-0 case, and (d) e-e case.
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Analyzing the Make-fringe data taken at the same location as that
found in Table 4.3 but with the liquid electrodes in place shows how the
degenerate parameter sets have shifted. These results are presented in
Table 4.5.

Table 4.5 Degenerate solutions obtained from simultaneous 4-case fit to L,
Anyp, Anys, Angp, and Anes for Sample A with liquid electrodes.
L(Mmm)  Ang (107 Angs (x10™) Angp (x107) Anes (x107%) LSE (x107)

0.19958 1.7 2.3 1.2 -5.0 1.255
0.19959 0.6 1.2 0.3 -6.4 1.253
0.19960 -0.5 0.0 -0.8 -7.1 1.251
0.19961 -1.6 -1.1 -1.6 -8.4 1.248
0.19962 -2.7 -2.3 -2.7 -9.1 1.246

The average of the degenerate solutions that have An's in the range of +2 x
10*is L = 0.19960 + 0.00001, Angp =-0.5x 10* 1.1 x 10, Anes =0.0 £ 1.1
x 10, ANy =-0.7 x 10* £1.0 x 10, Anes =-7.3 x 10* £ 1.0 x 10™. The
thickness, Angp, and Anes fall within the range determined from the data
without the electrodes; however, Angp, and Anes have shifted significantly from
the nonelectrode results. Looking at the individual degenerate solutions
shows even greater discrepancy of the An's between the data taken with and
without the electrodes. These discrepancies are most likely due to some
combination of the electrodes’ perturbation of the Maker fringe signals and a
redistribution of the surface charge due to the electrodes establishing a
constant potential on each surface.

Nontheless, | have used the liquid electrode technique to explore the

values of the linear electrooptic coefficients. Identical electrodes to those
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described above were fabricated on a similar sub-wafer of LINbO3, Sample D.
Figure 4.16 shows the progression of the Maker fringe signal as a function of
applied electric field. The data taken with shorted electrodes (E, = 0 kV/mm)
were used to determine the baseline parameters L, Angp, Angs, ANep, and Anegs
for this sample. The degenerate solutions for this baseline data set were
solved for as described above and are presented in Table 4.6.

Table 4.6 Degenerate solutions obtained from simultaneous 4-case fitto L,
Angp, Angs, Angp, and Anes for Sample D with Eo = 0 kV/mm.

Ref. # L(Mmm)  Ang (x10™) Angs (x10™) Ane, (x10™) Anes (107
1 0.20223 1.4 1.8 -3.9 -5.0
2 0.20224 0.3 0.7 -4.8 -6.3
3 0.20225 0.7 -0.4 5.8 -6.9
4 0.20226 -1.9 -1.6 -6.8 -8.4

These values were then used as inputs for solving the data sets taken for +5
kV/mm applied fields.

The Maker-fringe scans taken for the +5 kV/mm applied fields were
analyzed in two different ways. First, as a self-consistency check, they were
analyzed by solving for the applied field using the previously stated published
values for the electrooptic coefficients. Then the actual applied field was used
as an input and the four electrooptic coefficients were found. In the self-
consistency check the -5.0 kvV/mm data yielded an electric field of -5.2, -5.1, -
5.1, and -5.1 kV/mm for the four degenerate solutions in Table 4.6. The +5.0
kV/mm data solved to 5.0, 5.1, 5.0, and 5.0 kV/mm. The 5.0 kV/mm data were

very self-consistent while the -5.0 kV/mm were less self-consistent.
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The coefficients found from the second part of this experiment appear
in Table 4.7.

Table 4.7 Electrooptic coefficients found
Eo (kvimm) Degenerate r x10° ), x10° rj, x10° rj, x10°

ReT#  mmikv)  (mmkv)  (mmikv)  (mmikv)

-5.0 1 1.28 1.41 3.47 3.37
-5.0 2 1.28 1.39 3.42 3.49
-5.0 3 1.25 1.38 3.43 3.34
-5.0 4 1.28 1.39 3.43 3.51
5.0 1 1.03 1.12 3.11 3.46
5.0 2 1.04 1.14 3.14 3.40
5.0 3 1.08 1.16 3.11 3.52
5.0 4 1.04 1.14 3.13 3.38

These values are mostly higher than those normally seen in the literature and
stated earlier in this section. There is a clear clustering of the results

dependent upon the applied field. For E, = -5.0 kV/mm the average

electrooptic coefficients were r , = 1.27 x 10° mm/kV, r¢ = 1.39 x 10°
mm/kV, r3;, = 3.44 x 10° mm/kV, and rf;; =3.43 x 10° mm/kV. For E, =
5.0 kvV/Imm the average electrooptic coefficients were rlgyp =1.05x 10”

mm/kV, rje =1.14 x 10° mm/kV, r3;, = 3.12 x 10° mm/kV, and ry; = 3.44

x 10™ mm/kV.

The reasons for this clustering and the elevated values for these
electrooptic coefficients are unknown. Implementation of solving codes using
the proper boundary conditions for the liquid electrodes and having an
independent measurement of the sample’s thickness may help resolve these

issues.
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4.4 Maker-Fringe Analysis of Domain Reversed Lithium Niobate

Using Maker-fringe analysis as a tool to examine domain-reversed
LINbO3 was a natural extension for this technique. However, no difference
between the Maker-fringe signals from originally domained material and
domain-reversed material should be expected unless a domain wall is
encountered. The domain reversal process involves realigning the direction of
the spontaneous polarization only and is not thought to affect the indices,
thickness, nonlinear coefficients, or depolarizing field response with respect to
the direction of the Py of the sample.

Preliminary tests of this hypothesis proved it to be incorrect; there was
a clear shift between the Maker fringe signals taken before and after poling.
Determining the possible cause of the shift in the Maker fringe signals, the
conditions required to eliminate the shift, if any, and the magnitude of the shift
are the goals of this section.

Maker-fringe scans were taken at four different stages throughout the
process history of Sample Q. The four stages were before processing, after
electric field poling, after annealing, and after discharging the sample. At each
of these stages Maker fringe scans were taken over the same 5.0 mm by 5.0
mm region of the sample. The spacing between scans was 0.25 mm in both
the x- and y-directions. The 0.2 mm thick sample was 15 x 15 mm. For this
series of experiments only o-polarized pump data were taken. This was

because the data were taken very early in the research and at that time | was
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not considering e-polarized pumping. Having only o-polarized pump data cuts
the number of pump-SHG cases to be solved in half but only reduces the
number of fitting parameters to be found by one, because Ang, is no longer
included.

The first set of Maker-fringe scans, those taken before any processing,
were used to establish a baseline set of fitting parameters that will be used
and compared to those for subsequent scans. Because of the nature of the
pyroelectric effect, the initial state of the sample is very difficult to judge.
Without knowing exactly the sample’s thickness and uncompensated
depolarization field, | cannot precisely determine the indices of refraction of
the material in the initial state. Using the 0-0 and o-e data taken for grid point
1, linitially assumed that the sample was fully charge compensated and
solved for thickness, Anep, Anes, and Anes Simultaneously. The degenerate
solution | chose for these data was L = 0.20504 mm, Ang, = -0.1 x 107, Anps =
0.2 x 10, Anes = -7.6 x 10™. Next | assume that there is no variation in the
indices of refraction as a function of position and use these indices as inputs
while calculating the thickness and apparent electric field for the remaining
grid points. By making this assumption, any variation in the indices will be
incorporated into the variation in L and Eapp. The contour map in Figure 4.17
(a) represents the thickness values for a 1.5 mm x 5.0 mm region of this data
set and shows a clear trend of increasing thickness from the lower left corner
to the upper right corner. The maximum thickness excursion over this area is

0.35 um. A map of corresponding electric field is shown in Figure 4.17
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(b) and shows no correlation with the thickness trend. The average electric
field is 0.15 kV/mm with values ranging from —0.3 to 0.7 kV/mm. These data
represent our baseline information for the sample. We will compare the
electric field data with those obtained after each of the processing steps.

The next set of scans was taken after a portion of the sample had been
poled to the opposite domain direction. The poled feature was delineated by
photoresist and consisted of a square 0.76 mm on a side. The domain
reversal was accomplished by applying a single 5.2 kV, 1 ms pulse to the
sample. See Section 3.2 for a description of the poling setup. The effect of the
poling process on the Maker-fringe scans is detailed in Figure 4.18. Here
Maker-fringe scans were taken from locations inside and outside the poled
region for before and after the domain reversal. The scans in Figure 4.18 (a)
show how the signals changed inside the poled region while Figure 4.18 (b) is
shown as a control to see how the signals outside the poled region changed.
Figure 4.18 (a) shows that the low frequency fringes are shifted toward
normal incidence and there is an offset in amplitude for the high frequency
fringes near normal incidence. Figure 4.18 (b) shows that the low and high
frequency fringes outside the poled region occur nearly on top of one another
with a slight shift of the low frequency fringes toward high angles of incidence.
Qualitatively these data suggest that the material and/or the electric field
conditions outside the poled region have changed very little, whereas inside
the poled region the change was larger and in the opposite direction. A

guantitative measure of these changes was made by fitting the apparent
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Figure 4.18 Comparison of 0-o Maker-fringe signals inside and outside the
domain reversed region.
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applied electric field to the data. In so doing, the thicknesses and indices
found from the baseline data set are used as inputs to the solver. The results
of this fit are displayed in Figure 4.19 (a). The location of the poled region is
clearly visible in the center of this contour map. In the poled region the
average electric field has shifted to -5.1 kV/mm while the average electric field
outside the poled region is 0.3 kV/mm. The slight increase in the electric field
in the nonpoled region of the sample is most likely due to a new
uncompensated depolarization field due to temperature changes during
processing. However, the large decrease in the apparent electric field in the
poled region must be due to some change in the material as a result of the
poling process. It is not thought to be a surface charge effect because the
sample has been rinsed in water as part of the photoresist removal process.
This rinsing would have presumably neutralized such a high surface charge.
The sample was annealed in a box furnace in an attempt to eliminate
the perturbation to the Maker-fringe signals caused by electric field poling.
The anneal consisted of heating the sample at a rate of 2 °C/min from room
temperature to 200 °C and held at this temperature for 12 min. The furnace
was then turned off and the whole setup was allowed to cool back to room
temperature. The third set of Maker fringe scans was then taken immediately
after the sample reached room temperature. Analysis of this data set will be
presented later. The sample was then discharged by placing it in a low
vacuum as described earlier in Section 4.3. After being discharged, the fourth

set of Maker-fringe scans was taken. This data set is analyzed by again
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Figure 4.19 Contour maps of E,,, for Sample Q taken (a) post poling and( b) post

anneal and charge compensation. The red circle indicates the location of the Maker-
fringe signals displaye in Figure 4.20.
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solving for the apparent applied electric field using the thicknesses and
indices found from the baseline data as input parameters to the solver. The
result of this analysis is presented in the contour map of Figure 4.19 (b). The
average electric field outside the domain-reversed region has increased to 3.0
kV/mm. The variation of the apparent applied electric field from data set to
data set suggests that the sample is very susceptible to environmental
conditions, such as temperature fluctuations, and that great care must be
taken to fully neutralize the depolarization field. The average electric field in
the domain reversed region was 1.0 kvV/mm. Comparing Ej; — Eout
immediately after poling (-5.4 kV/mm) and after annealing (-2.0 kV/mm)
shows that the contrast of the domain reversed region has been reduced. |
believed that more thorough annealing and charge compensation will
completely eliminate this difference. Further discussion on the possible nature
of the apparent field associated with the domain-reversal process as well as a
correlation between this field and the poling dynamics will be presented in
section 4.5.

An example of the effect of rotating the sample through a domain wall
during a Maker-fringe scan is shown in Figure 4.20. These scans were taken
at the location of the red circle in Figure 4.19 (b). The fringe anomaly
centered at 47° can clearly be seen in the post-processed scan. The pre-
processed scan, taken at the same location, is included for comparison. The
fringe perturbation is due to an additional interference between the portion of

the beam in one domain region and that in the other domain region.
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Figure 4.20 (a) 0-o and (b) o-e Maker-fringe signals taken at the location
designated by a red circle in Figure 4.19. A domain wall is encountered
during the rotation.
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The analysis of the data immediately following annealing but before
discharging the sample shows a peculiar behavior in the resulting electric
field. Again, this data set was solved for the apparent applied electric field
while using the thicknesses and indices found from the baseline data set.
Figure 4.21 shows the contour map of the resulting electric field. The average
electric field for the originally domained material was -9.4 kV/mm, while that
for the domain-reversed material was +8.8 kV/mm. These results suggest that
there is a nearly equal electric field across the sample’s entire surface
regardless of the domain region. The reason for the sign change in the poled
region is that the direction of the spontaneous polarization is in the opposite
direction and therefore the sign for the electric field is reversed. The
consequence of this is that the electrooptic index change in the poled region
will be in the opposite direction to that in the original domain region. This
situation is presented graphically in Figure 4.22 a).

This result is perplexing. Assuming that annealing has to a large extent
relaxed the effect of the domain reversal, intuition suggests that the direction
of the uncompensated depolarization field would be identical with respect to
the direction of each region’s spontaneous polarization. The directions of
these fields will be opposite to one another from the laboratory reference
frame but identical from the material’s frame of reference. This scenario is
depicted in Figure 4.22 (b). This in turn would give rise to like changes in the
An’s and therefore like changes in the Maker fringe signals. This hypothesis

results in a contour map of apparent electric field that shows no contrast
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Figure 4.21 Contour map of E,,, post domain reversal and anneal, no charge
compensation has been done.
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Figure 4.22 Schematic depicting the fields associated with the results seen in
Figure 4.21. (a) what was observed and (b) what was predicted.



150

between the original and reversed domain regions. Once again the results
show that such naive assumptions are apparently incorrect. It is plausible that
a surface charge migration has occurred during annealing that has distributed
the charge from the largest domain area, the original domain, over the entire

surface.

4.5 Poling-Current Characteristics of Electric-Field-Induced Domain

Reversal

Here | examine poling characteristics in an attempt to better
understand the dynamics of the electric-field poling process in LiNbO3. One
common experiment used to examine ferroelectric materials is to measure the
polarization of the material as a function of applied electric field. The result of
such an experiment is the polarization hysteresis loop. During this type of
experiment the direction of the material’s spontaneous polarization is
repeatedly reversed. However, because the high-voltage supply used here
did not have the capability to ramp the voltage continuously, | was unable to
perform such an experiment. Instead | developed an experiment to look at the
poling characteristics given a single applied poling pulse. In particular, the
poling-current characteristics were examined under these poling conditions.
The same test area was repeatedly poled to the anti-parallel and parallel
directions for several values of applied field. Anti-parallel poling is defined as

poling the spontaneous polarization to a direction 180° from that of the
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original material, while parallel poling is defined as poling the spontaneous
polarization back to its original orientation.

The feature being poled during this experiment was a square with 0.76
mm long sides and was delineated by patterning photoresist on the + z-face
of a 0.2 mm thick sub-wafer of LINbO3. The electric field strength and pulse
duration were set to assure complete poling of the designated area in one
applied pulse. Each pulse was 1 ms long and the applied electric field ranged
from 18 to 29 kV/mm. The polarity of the pulse with respect to the sample was
reversed to change the poling direction. The time between successive pulses
was generally 2 to 3 min. Seven different samples, cut from a single wafer,
were used during this experiment; each was taken through several domain
reversal cycles for a range of applied electric fields. Four of the samples
experienced electrical breakdown during the poling process. The number of
domain reversals experienced by these samples before breakdown occurred
ranged from 1 to 40. Interesting surface patterns were generated when
electrical breakdown occurred. Figures 4.23 (a) and (b) show 5x and 50x
optical microscope images of these surface patterns respectively. The
patterns appear to be fractal in nature.

The current flowing through the poling circuit was recorded for each
applied pulse. Figure 4.24 shows examples of the anti-parallel poling current
for three different applied fields. Note that the “bumpiness” of the poling
current traces is not electrical noise in the data acquisition system but is

“‘domain reversal noise” due to domain nucleation and propagation. The
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(b)

Figure 4.23 Photographs depicting the aftermath of electrical breakdown,
(a) 5x objective and (b) 50x objective.
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Figure 4.24 Examples of poling current for three different applied
poling fields.
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“‘domain-reversal noise” is analogous to the Barkhausen noise commonly
observed with ferromagnetic phase transitions. This noise is most noticeable
at low poling fields, where domain nucleation takes longer to form and
suggests that there is non-uniformity within the crystal with regard to domain
nucleation.

The area that has undergone domain reversal can be determined by

integrating the current pulse
A=QI2P, = Iidt/ZPs , (140)

where Ps has a value of 0.71 pC/mm? [Camlibel ‘69]. Ideally the area of our
poled region is 0.58 mm? and should remain constant for the repeated
domain reversals. However, it was found that with increased cycling of the
domain reversal, the area being poled grew outward and underneath the
photoresist defining the opening. The area poled at the beginning of a series
was typically 0.6 mm? and grew monotonically to a maximum of 0.85 mm?
after 40 domain reversals.

The current data were analyzed by examining the maximum current
obtained during a pulse divided by the area that underwent domain reversal
Imax A for each applied electric field. The data presented in Figure 4.25
represents the data taken for all 7 samples studied here. These data show a
linear relationship between the applied field and the maximum current density

for both the anti-parallel and parallel poling directions. The slopes of these

2
two lines are very similar, 7.7 wﬂ for the anti-parallel poling direction
mm
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Figure 4.25 Maximum poling current observed for poling to the anti-parallel
and parallel directions. Data is represented by black circles and squares.
Linear fits to the data are shown with blue lines.
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2
and 8.4 % for the parallel poling direction. There is, however, an offset

in the poling field between the anti-parallel and parallel poling directions. It
takes less applied field to achieve the same maximum current density when
poling to the parallel direction than it does in poling to the anti-parallel
direction. This suggests a preferred direction for the spontaneous polarization
that is parallel with the original domain direction. The coercive field E. of a
ferroelectric material is usually defined in terms of the polarization hysteresis
loop. Here, | define the coercive field with respect to the maximum poling
current density. The coercive field is defined as the applied field at the point

the maximum current density goes to zero. Extrapolating the data in Figure

4.25 to zero current density shows an anti-parallel coercive field ECA‘P of 24.2
kV/mm and a parallel coercive field EX of 17.3 kv/mm. The difference

between these coercive fields E,; = EX" - EFis 6.9 kv/mm.

Next, one of the surviving samples was poled to the anti-parallel
direction and left there. The sample was then annealed in a box furnace at
200°C for 12 min and allowed to cool back to room temperature as was done
for the sample in section 4.4. The sample was then put back in the poling
system and again repeatedly domain reversed. The poling current was again
recorded for a range of applied electric fields for both the anti-parallel and
parallel poling directions. The definition of anti-parallel and parallel is still

referenced to the original domain direction. Figure 4.26 shows the post-
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Figure 4.26 Similar representation as in Figure 4.25 but taken after the
sample was annealed in the anti-parallel direction. Post-anneal data
represented by open circles and squares. Linear fits to these data are
given by red lines. The original pre-anneal data from Figure 4.25 is
displayed here in gray for comparison.
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annealed maximum current density as a function of applied field. The original
pre-annealed data are shown in gray for comparison purposes.
The relationship between the current density and the applied field is

once again linear for both of the poling directions. The slopes of these two

2
lines are again very similar to one another, 6.6 mA/mm* for the anti-parallel

kV/mm

2
case and 7.0 rT(A/ﬂ for the parallel case, but the slopes have decreased

V/mm
with respect to those for the pre-annealed data. The most striking difference
seen here is the location of the post-annealed data with respect to the pre-
annealed data. The post-annealed parallel data overlay the pre-annealed
anti-parallel data. This implies that poling away from the annealed domain
direction is similar to poling away from the original domain direction in the pre-
annealed state. Annealing the domain-reversed material has essentially
returned it to its original state but with its spontaneous polarization pointing in
the opposite direction, this direction being the new preferred domain direction.
However, the post-annealed anti-parallel data do not overlay the pre-
annealed parallel data. This suggests that not everything about the material
has been fully reversed after the domain reversal and subsequent anneal.
The coercive field for the post-annealed anti-parallel data has increased when

compared to the pre-annealed parallel data. As a result the offset between

post

the coercive fields for the post-annealed data E ;" has decreased to 5.6

kV/mm.
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The difference in the coercive fields between poling in the anti-parallel
and parallel directions is not unprecedented. Gopalan and Gupta [Gopalan
‘97] as well as Wang et al [Wang ‘97] have reported observing differences
between the coercive fields for the two poling directions of 6.7 kvV/mm and 7.0
kV/mm respectively. These values are for as-received samples and compare
favorably to the value of 6.9 kvV/mm reported here. Gopalan also reports a
coercive field difference of ~4 kV/mm for an annealed domain-reversed
sample [Gopalan ‘97]. Their annealing consisted of a rapid heating to 200°C,
a 2 min dwell, and a rapid cooling back to room temperature.

In a follow-up paper examining congruent and stoichiometric LiNbOs3,
Gopalan et al [Gopalan ‘98] conclude that the origin of the difference in the
coercive fields for the two poling directions is related to the non-stoichiometry
of the material. He further explains the asymmetry in the polarization

hysteresis loop as being the result of an intrinsic internal field. The internal
field is defined as E,, = }Q(Eé“P - Ef) and is oriented parallel to the original

spontaneous polarization.

| will attempt to further explain the presence of this internal field. Lines
and Glass [Lines ‘77] state that defects in a ferroelectric crystal structure
generally increase the coercive field of a material and give rise to a defect
polarization AP. The defect polarization can be modeled as an equivalent field
of Eint = AP/eg,. They further state that when the spontaneous polarization of a
crystal is reversed by the application of an electric field, the defect

polarization may or may not be reversed with it.
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In the case of congruent LiNbO3, the deficiency of Li in the material
results in a crystalline structure containing defects. There are two cation
substitution models commonly proposed for the defect chemistry of congruent
LiNbOs. The Li-site vacancy model involves Li vacancies (Vi) and Nb anti
sites (Nb.)*" and the Nb-site vacancy model involves Nb vacancies (Vip)>
and Nb anti sites. Evidence for both these models has been reported in the
literature [Watanabe '95, Schirmer ‘91] without definitively confirming the
validity of one model over the other. One theoretical investigation suggesting
the presence of the ilmenite structure Li Nb O Nb Li O Li Nb O Nb Li within
the LiNbOj3 structure has lead to the observation that these two models may
in fact be synonymous [Donnerberg ‘91]. Regardless of which model is
correct, there are charged point defects due to the deficiency of Li in
congruent LINbO3. As stated by Lines and Glass, these charged defects will
give rise to a defect polarization which in turn can be considered as a defect
induced electric field. The defect-induced electric field is most probably the
source of the internal field reported by [Gopalan ‘97].

The data reported here show further support for this hypothesis. A
plausible explanation for my observations is that congruent LiINbO3 has
associated with it a defect polarization aligned in the direction of the original
spontaneous polarization. This defect polarization impedes domain reversal
to the anti-parallel direction and assists domain reversal to the parallel
direction. Further, even though the defect polarization prefers to be aligned in

the direction of the spontaneous polarization, it is not reversed by the
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application of the poling field. The defect polarization does, however, almost
completely re-align itself to the anti-parallel spontaneous polarization during a
200 °C annealing. This suggests that the energy of the defect is relatively low,
4 x 102 eV. | believe that this is a result of the movement of the defect
vacancies within the crystal. The vacancy locations appear not to move under
the application of the poling field but do appear to move during annealing to
re-establish their preferred relationship with the spontaneous polarization.
With these interpretations of the results, the Maker fringe data
presented in Section 4.4 can now explained. The fringe shift resulting from
the domain reversal is the effect of the defect polarization acting on indices of
refraction of the material. The magnitude of the index changes is the result of
the net difference in the electric field the material ‘sees’ acting through the

electrooptic effect. The net difference in the electric field is

Eoff =2D:_int =E?_P_Ef'
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Chapter 5

Conclusion

The Maker-fringe theory developed here has proven to be quite
accurate at reproducing the second-harmonic signals generated by z-cut
LINbOgs. Theoretical descriptions for all four pump-SHG polarization
orientations capable of being produced by rotation about the y-axis of a z-cut
wafer have been developed. Simultaneously fitting all four of these pump-
SHG orientations to thickness, ordinary index of refraction at the pump and
second-harmonic wavelengths, and extraordinary index of refraction at the
pump and second-harmonic wavelengths has led to the most comprehensive
Maker-fringe analysis attempted to date. The results of this analysis have
corroborated previous researchers’ claim of lower than expected
extraordinary indices of refraction [Shoji '97, Sanford ‘98]. The results of this
work suggest the difference between the extraordinary index of refraction and
that predicted by the Sellmeier equation derived by Edwards & Lawrence
[Edwards ‘84] is -5.7 x 10™ + 1.4 x 10™ at the pump wavelength (1.064 pm)
and -9.7 x 10” + 1.7 x 10™ at the second-harmonic wavelength (532 nm).
Correlation of reported composition-related phase matching temperatures
suggests the reason for the low values of n.. Apparently, the composition of

the material used for the original index studies was lithium deficient, 48.3 mol
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% Li,O, compared to current congruent material, 48.38 = 0.015 mol % [Bordui
‘91].

However, it has been discovered that an independent measure of the
sample’s thickness must be made in order to eliminate the degenerate nature
of the solutions obtained during the Maker-fringe analysis. With the thickness
of the sample measured to within 5 x 10, the indices of refraction can be
determined to within a few parts in 10°. Researchers at NIST, Gaithersburg,
now have a thickness measurement technique that uses gauge blocks, which
may prove to be useful in determining wafer thickness to this precision. Great
care must also be taken to fully compensate the sample for any
depolarization fields that may be present due to its pyroelectric response to
temperature fluctuations. This perturbation to the Maker-fringe signals is
associated only with z-cut material; pyroelectricity will not effect x- and y-cut
LiNbO:s.

| have also used Maker-fringe analysis to examine the DC electrooptic

coefficients of LiNbOs. The values obtained for r; and rj; were larger than

those generally seen in the literature [Weis ‘85, Mendez ‘99]. However, the
electrooptic coefficients reported in the literature are for low frequency AC
fields, not true DC fields as were studied here. This subtlety may explain the
discrepancy.

Examining electric-field domain-reversed material proved to be very
interesting. It was observed that the electric-field domain reversal process did

affect the Maker-fringe signals. The magnitude of the perturbation to the
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Maker-fringe signals was quantified by fitting the data to an apparent applied
electric field in the z-direction. The result of this fit suggested an applied field
of -5.4 kV/mm. The shift in the Maker-fringe signals could be partially relaxed
by a short anneal at 200 °C. The apparent applied field in the domain
reversed region after annealing was -2.0 kV/mm. | believe a full recovery of
the sample will occur given a slightly more rigorous anneal.

Examining the poling current as a function of applied field, | was able
to demonstrate electric field asymmetries (6.9 kV/mm) in my maximum
current density experiment similar to what other researchers have reported in
their polarization hysteresis loops (6.7 kV/mm [Gopalan ‘97] and 7.0 kV/mm
[Wang ‘97]). Since the asymmetry is such that it is easier to pole the material
back to the original domain direction, it must be oriented in the direction of the
original spontaneous polarization. This would make the asymmetry field
negative with respect to the domain-reversed material, just as was seen from
the Maker-fringe analysis of the domain reversed material. | believe that the
apparent applied field seen from the Maker-fringe analysis of the domain-
reversed material and the asymmetric field seen during the poling
experiments are the result of the same phenomenon.

The exact reason for this effect is not known. However, these results
support the contention that it is the result of a defect-induced polarization
associated with congruent LiNbOg3. The defect polarization seems to be

unaffected by the poling fields but greatly affected by a 200 °C annealing. As
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a result of this behavior, | believe the vacancy site location with respect to the
rest of the ionic structure is the cause of this phenomenon.

Gopalan has shown that the asymmetry in the polarization hysteresis
loop goes to zero as the composition of LINbO3 goes to stoichiometric
[Gopalan ‘98]. This result lends credibility to the defect-induced polarization
hypothesis because stoichiometric material has far fewer defects than
congruent material. Gopalan also shows that the coercive field decreases by
~15 kV/mm for stoichiometric material. Presumably, electric-field poling of
stoichiometric material would suffer far fewer instances of electrical
breakdown; this could lead to much high yields and lower prices for QPM
devices.

Consideration for future work should be given to performing Maker-
fringe analysis at different pump wavelengths, in conjunction with an
independent thickness measurement, in an effort to obtain more index data
for congruent material. This could lead to more accurate Sellmeier equations
for LINbOs. Poling studies as well as Maker-fringe analysis should be
performed on stoichiometric material. Again, Maker-fringe analysis at several
pump wavelengths could lead to extremely accurate Sellmeier equations for
this material. The poling studies would provide needed data to evaluate

stoichiometric material as a suitable substrate for QPM devices.
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Definition of Symbols

L

dp, ds
Ap, Wp
As, Ws

€11, €22, €33
(2)

T T
r13,p! r13,s

T T
r33,p’r33,s

No,p, Nep

nO,S! ne,s

ne,p(eep), Ne,s(Bes)

An,-,-

Hx, Hy, H;
EX) Ey, EZ
Px, Py, P;

sample thickness
1/e diameter of the pump and SHG beams; d. = dp/\/i

pump wavelength and frequency
second-harmonic wavelength and frequency; As = Ap/2
dielectric coefficients

nonlinear coefficients for LINbO3

unclamped electrooptic coefficient relating ordinary index

changes due to z-directed electric fields for the pump and
SHG wavelengths

unclamped electrooptic coefficient relating extraordinary

index changes due to z-directed electric fields for the
pump and SHG wavelengths

ordinary and extraordinary indices of refraction at the
pump wavelength

ordinary and extraordinary indices of refraction at the
second-harmonic wavelength

angular dependent extraordinary index of refraction at the
pump and SHG wavelengths

index offset from the Sellmeier predicted value; subscript
i corresponds to either e- or o-polarization while subscript
J corresponds to either pump or SHG wavelength

Any; = ny(calculated) — n;(Sellmeier)

magnetic field components

electric field components

nonlinear source polarizations

genaric wave vector at wavelength A

wave vector at the pump wavelength

wave vector at the second-harmonic wavelength

angle of incidence of the pump wave, referenced to the
surface normal of the sample
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Bep, Bes, Bop, Bos angle of propagation in the LiNbO; referenced to the
surface normal; e or o correspond to e- or o-polarization
while p or s corresponds to pump or SHG

Ki modified wave vector representing the projection of a
wave vector onto a crystallographic axis; subscript /, see
below for specific definitions

pr, sz kpsine,- and kpCOSG,'

Kprlx, Kprlz kpsinerl and kpCOSGrl

Kpexs Kpez, Kpoz KonNe p(Bep)SiNBep, KpNe p(0ep)COSOep, and Kyio, ,c0S04p

Kxs) Kzs ksSin®;, kscosb;

Kxes, Kzes ksne,s(ees)smees, ksne,s(ees)cosees

Kxeps Kzep KsNe,p(Bep)SinBep, Kshe,p(Bep)COSOep

Kxop, Kzop, Kzos ksno,p(eop)sineop, ksno,p(eop)COSGOp, ksno,s(eos)COSGOS
EpxEpyiEp, pump wave electric-field amplitude components incident

on the LiNbO3

orix EpriyEp i, PUMp wave electric-field amplitude components reflected
from the front surface of the LiNbO3

oiix Epyr Epnz,  PUMp wave electric-field amplitude components

transmitted through the front surface of the LiNbO3
t1e, rle single pass, first surface transmission and reflection
coefficients for an e-polarized pump
o o

or2.x0 Epray Epra,, PUMP wave electric-field amplitude components reflected
from the rear surface of the LiNbO3

oi2.x Ept2y Epro., PUMP wave electric-field amplitude components
transmitted through the rear surface of the LiINbO3

12, I2e single pass, rear surface transmission and reflection
coefficients for an e-polarized pump
t1o, rlo, t2, 120 o-polarized pump transmission and reflection coefficients

for the front and rear surfaces of the LINbO3
ElyElu, Eon, homogeneous solutions to the wave equations for SHG
produced from an e-polarized pump wave
EP, , particular solutions to the wave equations for SHG
produced from an e-polarized pump wave
EcnxEeny Een, 9eneral solutions to the wave equations for SHG

produced from an e-polarized pump wave; equal to the
sum of the homogeneous and particular solutions

A.n, field amplitudes for the particular solutions to the wave
equations for an e-polarized pump wave

enxEony Een, field amplitudes for the homogeneous solutions to the

wave equations for an e-polarized pump wave
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homogeneous solutions to the wave equations for SHG
produced from an o-polarized pump wave

particular solutions to the wave equations for SHG
produced from an o-polarized pump wave

general solutions to the wave equations for SHG

produced from an o-polarized pump wave; equal to the
sum of the homogeneous and particular solutions

field amplitudes for the particular solutions to the wave
equations for an o-polarized pump wave

field amplitudes for the homogeneous solutions to the
wave equations for an o-polarized pump wave
heuristic correction factors for finite sized beams; e or o
correspond to e- or o-polarization while p or s
corresponds to pump or SHG

full resonance, first surface transmission and reflection
coefficients for an e-polarized pump

full resonance, rear surface transmission and reflection
coefficients for an e-polarized pump

full resonance field amplitudes for the particular solutions

to the wave equations for an e-polarized pump wave
full resonance, first surface transmission and second
surface reflection coefficients for an o-polarized pump

full resonance field amplitudes for the particular solutions
to the wave equations for an o-polarized pump wave



