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ABSTRACT

In this thesis, we demonstrate, theoretically, that, by depositing a regular fused-
silica fiber with optical nonlinear molecules, strong and thermodynamically stable SHG
can be obtained. Our experiments also provide strong evidence for the theory.

Start from the basic Maxwell equation, we derive the SHG efficiency that the
excited power translates into the SHG signal. According to the SHG efficiency equation,
a small radius and a long length will help to result in a high SHG efficiency, which also
increases with the excited power. We fabricate silica fiber tapers with radius less than 5
um through either wet etching or heating while stretching. Through improving the
stretching setup, and adroitly manipulating both the stretching rate and the heating
temperature, we are able to control the taper loss less than 1 dB. Then we dip taper part
into cationic solution and anionic solution alternatively to have ISAM/CHISAM film on
it. By improving the surface quality of film around a silica fiber taper, we are able to
control film loss of PAH/PR film to less than 2 dB for 5 bilayers.

We set up a SHG measurement stage for a nonlinear fiber, and develop a
measurement method during the experiments. We have shown that by depositing
(PAH/PB)j films around a fiber taper with a diameter around 5 pm, we can obtain high
SHG signal. The ratio of the obtained SHG signal to the excitation power for such a
nonlinear fiber is more than 10 times of that of a 125 um single mode fiber with the same
length. Our experiment result provides strong evidence that centrosymmetric material can

be used as SHG material.
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chapter 1. Introduction

Second-harmonic generation (SHG) is the phenomenon that an input wave
generates another wave with twice the optical frequency in SHG materials. This
phenomenon has many applications in nonlinear optics, surface characterization and
biomedical imaging.

Currently, most SHG materials used in optical devices are bulky crystals, which
are both expensive and hard to fabricate. It is also difficult to incorporation bulky
components into the fiber optical systems. The SHG fiber we proposed here, however, is
quick and easy to fabricate as well as inexpensive. The appearance of SHG fibers will
definitely make the optical devices cheaper and more compact.

In the last two decades, there have been extensive investigation of silica fibers in
the field of nonlinear optics field'. Since second order nonlinearity requires non-
centrosymmetry, nonlinear effects of silica fibers are limited to third order susceptibility
due to the centrosymmetry of silica fibers. Second order nonlinearity in silica fibers can
be generated by breaking centrosymmetry of the silica glass using different poling

techniques, such as optical, electrical and UV poling®?**>-¢7#

. There are significant
drawbacks associated with these methods. For example, the second order susceptibility of
the poled fiber is weak and thermodynamically unstable, which can disappear in a few
months.

In this thesis, we demonstrate, theoretically, that, by depositing a regular fused-
silica fiber with optical nonlinear molecules, strong and thermodynamically stable SHG

can be obtained. Our experiments provide strong evidence for this theoretical prediction.

1.1 Introduction to Nonlinear Optics

Electromagnetic radiation is described by Maxwell’s equation as follows:

VXE:—Mi—@ (0.1)
ot
wﬁ:iu”;% (0.2)
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VeD=p, (0.3)
VeB=p (0.4)
The definitions and units of the quantities are:

E = electric field intensity (volts/meter)

I

= magnetic field intensity (amperes/meter)

—

D = electric flux density (coulombs/square meter)

B = magnetic flux density (webers/square meter)

J .= source electric current density (amperes/square meter)

J .= conduction electric current density (amperes/square meter)

—

M, = source magnetic current density (volts/square meter)
p., = electric charge density (coulombs/cubic meter)
P., = magnetic charge density (webers/cubic meter)

In dielectric material, the electric flux density is related to the electric field density by

D=¢gE+P (0.5)

where P is the net electric polarization generated by bound charge within the material in
response to the applied electric field. Also, the electric polarization may be expressed by
electric field intensity in the following form

P =¢,x;E; +2d, E,E +4r,,E,EE +- (0.6)

where P is the ith component of the instantaneous polarization and E, is the ith

I
component of the instantaneous electric field intensity ( 1, ,k,I=X,y,Z ) 10
Coefficients y; , d; and y;, represent for linear susceptibility, second-order and third-

order nonlinear optical susceptibilities, respectively. In this thesis, we only consider the

second-order nonlinearity 2d;, E;E, , which is responsible for the SHG phenomenon.
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1.2 Optical Nonlinearity of Nanoscale Self-Assembled Multilayer
Films

1.2.1 Second-harmonic generation optical materials and technology

For second-harmonic generation, the standard requirement is that the nonlinear
optical material must be noncentrosymmetric. Traditional optical fiber, which is
centrosymmetric, cannot produce significant second harmonic responses. However, by
depositing suitable SHG material around the centrosymmetric material with radial
molecular orientation, the nonlinear fiber can produce significant SHG responses. The
theoretical analysis about this struction is shown in Chapter 2, and we will discuss the
suitable SHG materials here.

Besides the noncentrosymmetricity, the material used for SHG must also satisfy:

1. Low absorption and low scattering loss at the interested wavelength and the
second-order wavelength

2. Homogeneity and easy-processability

3. Optical, thermal, chemical and environmental stability

4. Easy applicability for Lab or industry integral system

Traditional second order nonlinear crystals such as lithium niobate, Potassium
dihydrogen phosphate (KDP) and beta-barium borate (BBO) have been widely used in
academic research and industrial applications. However, for fiber applications, a silica
fiber based structure that possesses strong second order nonlinearity would be ideal. Such
a fiber structure cannot be produced by using the standard nonlinear crystals. In addition,
these crystals are expensive and not versatile enough to be applied everywhere. Thus,
people developed organic films to fulfill their demand for cheap, thin and versatile NLO
materials.

Several novel methods including, Electric-field poled polymers''"'*!*, Langmuir—
Blodgett (LB) films'*'°, and covalent self-assembled monolayer structures'®'”, have been
reported to generate nonzero even-order nonlinear optical susceptibilities. Among these
techniques, ionically self-assembled monolayer (ISAM) technique is considered to be

much simpler and less expensive with long-term stability susceptibilities. In this thesis, I
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will deposit the ISAM/CHISAM films on a single mode fiber (SMF) taper to generate

second harmonic responses.

1.2.2 Introduction to lonically Self-assembled Monolayers (ISAMs)
Self-assembly techniques were first developed in 1980s, as an alternative to LB
films '® and the early applications were based mainly on silane-SiO2 ' and metal
phosphonate chemistry 2°. Furthermore, the electrostatic attraction between oppositely
charged molecules provides driving forces for the formation of multilayers which yields
better positioning of individual layers, independent of the nature, size and topology of the
substrate. G. Decher and co-workers first developed a technique for the construction of

multicomposite films with ionic attraction in 1991, *'-%*-%

The polymeric thin films
fabricated monolayer by monolayer by immersing the substrate into oppositely-charged
solutions (also called polyanion and polycation solutions) alternatively, referred to here
as ionically self-assembled monolayers (ISAMs). Figure 1-1 shows the process of
fabricating lonically Self-assembled Monolayers (ISAM) / covalent-hybrid ionically self-
assembled multilayer (CHISAM) film. A glass slide is immersed into cationic solution

and anionic solution alternatively to have ISAM/CHISAM film on it

Figure 1-1: Process that ISAM/CHISAM film is buit up
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Compared with other self-assembly techniques, ISAM technique is simple and
inexpensive with long-term stability and is thus extensively employed. The core of the
layer-by-layer assembly technology is the repulsion of equally charged molecules for
restriction to a single layer and the attraction of oppositely charged molecules for
absorption of another layer on top of the first one. Thus, the fabrication of the film just
involves immersing the substrate alternatively into oppositely-charged solutions. Since
the adsorption is determined by the electrostatic attraction of the cationic layers and the
anionic layers, each layer is self-limiting in thickness, which is normally 0.3 to 20 nm per

layer. The properties of the ISAM film also include:

Stability

The use of polyelectrolytes rather than small molecules is due to the good
adhesion of the former to give high stability to the films. The use of polymers with high
charges but low ionic strength as both anionic and cationic polyelectrolytes is necessary
and rinsing before switching to the other polymer solution can remove loosely attached
polymer molecules. (The rinsing can also avoid contamination for the next adsorption
solution with the former one.) Besides, small ions must be incorporated to compensate
the excess charge and appropriate PH values should be adjusted for weak polyelectrolyte
absorption.

J. R. Heflin and co-workers fabricated the nonlinear (NLO) ISAM films using dye
Poly S-119, which consists of a “poly (vinyl amine backbone) with an ionic azo-dye
chromohpore, as polyanion and PAH (allylamine hydrochloride)” as polycation.”* The
nonlinear susceptibility generated by this film is found to be stable over nearly three
years. Its susceptibility decreases by 20% as the temperature is raised to 150 degrees. Yet
the second order susceptibility completely recovers to its origin value upon cooling, due
to the reforming of these broken bonds. This thermal and temporal stability of polymer

NLO films is very desirable for device applications.

Parameter-adjustability
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Monolayer thickness and refractive index of ISAM films can be controlled
precisely with solution parameters.”**> At each PH value, film thickness and absorbance
increase with the increased salt concentration. However, at each salt concentration, the
thickness and absorbance decrease with the increased PH value. The increase of salt
concentration and decrease of PH value strengthen the ionic strength, which allows more
curvature and loops every layer. That leads to dramatic increases in bilayers thickness
from less than 1 nm to a few nms. PH value and the salt concentration can also tune the
bulk refractive index between the low and the high refractive index of the polyanion and
the polycation by adjusting the percentage of the two polymers (Assume the two polymer
have different refractive index). This precisely character-tuned property of ISAM is now
used extensively in different sensor fabrications.

Typical adsorption times per layers are usually minutes for polyelectrolytes?®*’

28,29

and hours for gold colloids™”, varying with molar masses, concentration, and agitation

of solutions.

Homogenization and linearity

The film is macroscopic homogeneous due to the interpenetration of adjacent
layers and avoids the defects in truly crystalline films. The homogeneity of the film also
makes the film thickness linearity increase with the increase of the bilayers.*® The density
and the thickness of every bilayer does not change much®®, and the absorbance of the
ISAM is strictly linearly dependent on the number of bilayers.”* However, if the substrate
charge densities are very small, linear deposition can only be obtained after the first few
layers when the “multiplication of surface functionality” gets appeased.31’32’33’34’35

Also, ISAM nonlinear optical film has the potential to be made for low-loss

waveguides because of its excellent homogeneity, simplicity and low fabrication cost.

1.2.3 Covalent-Hybrid lonically Self-Assembled Multilayer (CHISAM)
Technique

The covalent-hybrid ionically self-assembled multilayer (CHISAM) technique is
adopted, as an improvement of the ISAM technique, in order to generate a bigger second-
order NLO coefficient. This technique, involving covalently attaching the monomer

6
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chromophores to the film at only one of its ends and ionically attaching the subsequent
cationic layers, improves polar ordering and can produce a large x'*. The substitution of
the polymer chromophores with monomer ones reduces the competitive dipole
orientation and the random chromophores orientation. We may also build the film
structure where the monomer chromophores point out to the direction that the film
thickness increases and normally to the interface between the cationic and anionic layers.
The molecules that we use in the thesis are dye Procion Red MX-5B and Procion Brown

MX-GRN, of which the films made generate larger SHG’s than those of the ISAM films .

1.3 Organization of the Thesis

In this thesis, we demonstrate that we can break the rule that the centrosymmetric
materials cannot be used for second-harmonic generation by observing SHG responses in
a silica fiber with full rotational and inversion symmetry with respect to the fiber central
axis.

As presented in the following paragraphs, this thesis is organized into five
chapters.
Chapter 1: Introduction to nonlinear optics and nonlinear self-Assembled multilayer
films. Since our work involves interdisciplinary cooperation, the introductory part covers
the knowledge in many disciplines.
Chapter 2: Theoretical analysis of the SHG efficiency of the silica fiber with nonlinear
film. In this part, we derive the SHG efficiency from the fundamental the Maxwell’s
equation and explain why we could break the centrosymmetric-forbidden rule and obtain
SHG response in a silica optical fiber
Chapter 3: Sample fabrication. This chapter presents the detail fabrication process of the
fiber sample, with emphasis on how we solve the difficulty that people have never met
and fabricate the samples that may be used for practical tests.
Chapter 4: Experiment setup and measrument procedure. This chapter notes how we are
able to measure the SHG signal out of nonlinear fiber and how we optimize the optical

path as well as the measure steps.
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Chapter 5: Conclusion and future work. This chapter summarizes the entire thesis and
also suggests directions of future research that would allow us to obtain higher SHG’s

with different centrosymmetric materials.
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chapter 2. Theoretical Analysis of the SHG Efficiency of
the Silica Fiber with Nonlinear Film

2.1 Construction of Nonlinear Fiber

We coat cylindrical silica fiber taper with nonlinear molecules using CHISAM
technology. This method provides two advantages. First, the nonlinear molecules are
aligned predominantly along the radial direction, generating the nonlinear susceptibility
as big as 14 pm/V, approximately half of the value of LiNbO;*°. Second, the nonlinear
optical susceptibility generated by the CHISAM technology is significantly much more

stable®® than that of other nonlinear techniques such as Electric-field poled polymer'"'*"3,

Langmuir-Blodgett (LB) films'*'” and covalent self-assembled monolayer structures'®'”.

Nonlinear
Molecules

M1 /

2

Figure 2-1: A second order nonlinear fiber, with a cylindrical silica core and layers of
nonlinear molecules oriented along radial direction
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2.2 Derivation of the SHG Efficiency

2.2.1 Electrical Field of second harmonic mode

Let’s assume the nonlinear fiber is uniform along the direction of the wave

propagation (i.e., the z axis) and the fiber supports three modes: two fundamental

frequency modes E,, (T,t) and E,,(F,t) and a second harmonic mode E,, (F,t). We

may write them in the following form:

E, (F.t) :%{Ewl(z)exp[i (wt-pB2)]a, (r)} +CC. (2.1)
E,.(F.t)= %{sz(z)exp[i (ot-py2)]u,, (r)} +CC. (2.2)
E,.(F.t)= %{ E,;(2)exp[i(ayt—B2) 0, (r)} +CC. (2.3)

where E , f#, U(f) are, respectively, the field amplitude, propagation constant and

transverse field distribution at different frequencies @, , @, and @, . Including the

nonlinear polarization to the Maxwell equation (1.1-1.4) and equation (1.5) , we have:

_ O°E &
VX(VX E)+ﬂ08?:_ﬂOEPNL (24)
The nonlinear polarization term ISN,_ , the source of the second-harmonic mode, is given by

P = %{dw*“b)(r)E@ E,, expli(@ +o,)tlexpl-i (4 + ) 210, (F)U,, (F)} +cc.(2.5)

“*%)(F) represents the second-order nonlinear coefficient of the

where the tensor d'
dielectric medium'’. Since we consider sum frequency generation, we assume

W, =0, + o, (2.6)
Substituting Eq.(2.1-2.3) and Eq.(2.5-2.6) into Eq.(2.4), after straightforward derivations,
we get:

idE;3 (2,8, %[8, %0, (F)]} ~i{8 <[V, x Uy, (F)]+V, x[& <0, (7)1}

= 02 {d > (ME, E,, exp(-i(AB)2)u, (F)d,,(F)}

10
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where, we use V =§¢, §+Vt ,AB=pB+p,—f; and assuming E_,(z) to be a slowly
/A

varying function in the propagation direction. After further derivation, we may write (2.7)

as follows:
idEw32 V% = 11 0 E E A | d?ra* (Hd>(@)d. (F)a.,(F) (2.8
—2 208 Vg" = g B E; exp(-1AF2)[[d*rd}, (A" (N, (F)0, () 28)
S

where, v*is group velocity at w; frequency. Integrating nonlinear electrical field in the

length of the fiber L and using the identity below,we obtain:

. A
i, i, Sm(zﬁ L) p .
= — 2 & — T
E, 260" EELe 85, JJ u,d,u,u,dr (2.9)
2

2.2.2 Effective Nonlinear Coefficient and further simplification

If we assume that E =E, andw, =20, =20, =2, and define a new scalar as

effective nonlinear coefficient below:

D, =|[[d;,d,,u,0,,d’r (2.10)
S
Substituting (2.10) into Eq.(2.9), we obtain:
2

) o \ sin(Az’B L)
E,| = E| | —=%—| D’ 2.11
;| e ;wg| | A eff (2.11)

2

Since the nonlinear effect only exists in the nonlinear film, which surrounds the cladding
of the fiber tightly, (see figure 2-1) the integration in (2.10) can be implemented only in

the ring area, where the radial field components get the value at the edge of the fiber and

d,; =d,,is assumed (most of the nonlinear molecules are aligned along the direction that

the nonlinear film grows, the r direction). Also, we assume |0’ (a)‘ =|u’(a)|, and the

effective nonlinear coefficient can be simplified to be:

11
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D,; = 7as d,, |0, (a)] =7as d

a; (a)| 2.12)

(4]

0, (a) 0, (a)

where, a is the radius of the fiber and ¢ is the film thickness, which is in the order of

777 77z

tens of nanometers and significantly smaller than a.

Making use of the the orthonormalization of T, (F):

[[a,(7)-t,: (), (F)d’r=1 (2.13)
S
, we can have the energy of the nonlinear mode that flows through a section of fiber
during the time At as:
2
_ [Ex(2)
Ag(J)—v%gAt-Tgo (2.14)

Since the optical power of the beam, P, (J/s) is the energy of the second-harmonic

. . 1
wave that flows through this section per second, we also have P, :Egovwz,g |Em3(z)2 ,

which also leads to

, 2P
[E,s (@) =—= (2.15)
EV o g
Similarly, we can also obtain:
E, () == (2.16)
gOVw,g

Substituting the two equations into Eq.(2.11), we have:

2

. Ap
2P2 602 4P2 5 SIH(T L) 5
= o5 L A D (2.17)
80V2a),g 80 V2a),g gOV(a,g i L
2
Thus, we get the SHG efficiency as:
2
sin(% L)
77 _— PZ(U — P 20)2 L2 D 2 (2 18)
- — o eff :
e Pw 83V2w,gvli,g % L
2

where, D, =7ad d

2
244

u,(a) .

0;, (a)

12
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In the case of phase matching'®, where AS = B, + B, — B, =0 Eq.(2.18) becomes:

P 20°
7 :%: P,————LD,’ (2.19)

® gOVZw,ng,g

which accounts for the most efficient second harmonic generation. For further

simplification, we take Vawg =Vog = C/ \/z and approximately
e o 1 . :
obtain |t} (a)‘ =u’ (a)‘ = by estimating the integral Eq.(2.24) as

Jra’e,

‘Um (a)‘2 ¢,7a’ =1. Then we substitute these into Eq.(2.19) and get:

P 3/2 P
— 20 _ 20)2 Hy ®
sne =7p (grgo ra’

2

1 (2.20)

a

%4

y224

[2]

2.3 Estimation and Discussion

We have developed the nonlinear efficiency in an optical fiber, and the simplified
form under phase matching condition may be used to obtain a high second order
nonlinearity using a silica-based optical fiber. According to (2.20), the nonlinear
efficiency has quadratic dependence on increases with the reciprocal of the radius of a
SHG fiber quarticly and the thickness of the nonlinear film quadricly, respectively.
Figure 2-2 gives illustration that SHG efficiency increases if we decrease the radius of a

SHG fiber and increase the thickness of nonlinear films.
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SHG efficiency change with the radius of a SHG fiber
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(a) If we assume the other factors act as 100 in total, SHG efficiency decreases quarticly

as the radius of fiber increases from 0.5 mm to Sum.

SHG efficiency change with the thickness of nonlinear film
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(b) If we assume the other factors act as 10 in total, SHG efficiency increases quadricly
as the thickness of nonlinear film increases from 3 nm to 300 nm.

Figure 2-2: SHG efficiency changes with fiber radius and film thickness

14



Yin Yan Center for Photonics Technology

If we assume the film thickness is 50 nm and the value of d,,, half of that of

LiNbO3, through a fiber with radius of 1 pm and length of 200 um, a pump wavelength
of 1 um has SHG efficiency above 10%.

Here the unit of the nonlinear optical susceptibility,d , defined by P =d  E’has

722

7 A3

the unit of i—AZ . Another frequently used susceptibility ;(ﬁfr) , 1s defined by P = ¢, ;(f

2)E2
m*kg ’

r

. m . .
and has the unit of pT To convert the value between the two unit systems, we simply

use: ;(Efr) =d,, /s,.

From the analysis above, we find that we can potential achieve a large second
order nonlinearity by reducing the fiber radius, using a longer fiber length, increasing the
nonlinear film thickness, and satisfying phase matching condition. Thus, our aim is to
deposit the nonlinear films as thick as possible on a section of fiber taper with a diameter

less than 10 pm.
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chapter 3. Sample Fabrication

3.1 Sample Structure

In this chapter, we discuss the experimental implementations of the SHG fiber
which we have theoretically analyzed in chapter 2. First we get a taper silica fiber
through either wet etching or simultaneous heating and stretching, because the nonlinear
efficiency increases with the reciprocal of the radius of a fiber quarticly (see figure 2-2).
The goal is to produce fiber taper with radius less than 5 um. Next we deposit ISAM /
CHISAM film around the taper part of the silicon fiber. Finally, we investigate the total

loss due to the fiber taper and the nonlinear film deposition.

3.2 Fiber Tapering
We can get a taper silica fiber with a radius less than Sum through either wet

etching or by simultaneously heating and stretching the silica fiber.

3.2.1 Wet Etching of Optical Fiber

Hydrofluoric Acid (HF) etching is one of the most commonly used technique for
producing silica fiber tapers. The chemical principle can be described in the following
equation:

SiO, + 6HF — H,SiF, +2H,0 (2.1)

For HF with a concentration from 47% to 49%, the etching rate of pure silica is
around 1 pm per minute at room temperature isotropically. However, the etching rate
depends significantly on the concentration of the HF acid and on the doping of the silica
fiber. For example, the etching rate of the germania-doped core in the original HF liquid
is about 11.5 times faster than that of the pure silica and 8 times faster than that of the
fluorine-doped cladding’’. Furthermore, due to the consumption and evaporation of the
HF molecules, the etching rate decreases faster than linearly with the reduction of the HF
concentration. The variance of the etching rate gives us two tips when we carry out the
wet etching of the silica fiber:
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1. After the fiber core is exposed due to the etching, the etching rate becomes very
fast. The observation interval decreases into the range of 1 minute.
2. After being used for etching for some time, the etching rate of the HF decreases
and the etching time takes longer to complete the same goal.
Figure 3-1 illustrates how the fiber tip is etched in a fume hood. The buffer coating of the
fiber is stripped over a section around 2 cm at one end. We cleave the fiber end to ensure
a smooth and flat end facet. After the HF liquid with desired concentration is prepared in
a plastic pipette, we plug the fiber into a plastic pipette with the striped end immersed
within the HF liquid. Parafilm is used to fix the fiber in the pipette and to avoid the HF
from evaporating out. Then, we put the pipette into a HF- resist beaker. The whole
process is performed in the fume hood. The graduate transition caused by the dip etching
will then give a low loss when the light is guided from the normal part into the taper part.
Thus, it is necessary to slope the pipette to increase the section of fiber that exposed to
the HF vapor which is right above the liquid level and dense enough to give an effective

etching. The more the fiber slopes, the longer the transition part is.

/

Figure 3-1: Dip etch setup
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After the fiber is etched for an appropriate amount of time, we terminate the
process by immersing the fiber tip into a plastic box full of water. After immersing the
fiber in water for around 30 s, we move the taper fiber from fume hood, and then, rinse it
under tap water. Figure 3-2(a) and (b) describes the etching process of a single mode
fiber, which has a 9 pm germania-doped core and a 125 um pure silica cladding. These

figures are taken using the Zeiss Axiovert 25 Microscope.

(a) After 40 min’s etching in 47% HF (from left to right: 5 times magnification, 50
times magnification and 50 times magnification of the cutoff of the fiber tip,

respectively), the fiber is around 55 pm in diameter.

(b) After being exposed to 13.3% HF for 20min, 30min and to 18.6% HF for 10 min
the fiber is around 52 um, 49 pum and 45 um in diameter(50 times magnification

of the cutoff of the fiber tip).
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(c) After being exposed to 47% HF for a little while more (1 min to 5 min), the fiber
got a smaller tip. ( 50 times magnification of the cutoff of the fiber tip)

(d) Finally, we have the fiber tip with a diameter less than 4 um. (from left to right: 5
times magnification, 50 times magnification and 50 times magnification of the
cutoff of the fiber tip, respectively)

Figure 3-2: Etching process of a single mode fiber

Figure 3-3 is a SEM image of a fiber taper that we fabricate through wet etching.
The fiber taper is more than 300 um in length, with a radius of 3 pm.
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Figure 3-3: SEM image of etched silica fiber tip

3.2.2 Stretching Optical Fiber Taper

Although we are able to obtain a taper fiber with a small radius through wet
etching in HF etchant, it is difficult to couple the light into or from the tip with diameter
in the range of 1 um. In an alternative approach, we use flame to heat the silica fiber
close to the melting temperature and stretching the fiber to obtain a taper in the center of
a single mode fiber. As a result, coupling light in or out of the fiber taper becomes much
easier.

The key of this taper fabrication is to control extensional deformation rates so that
extensional rates are the same everywhere®® . This helps to generate a gradual-transition
taper shape, which generates a low loss when light transfers through the taper part.

The stretching setup shown in Figure3-4:
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Universal Motion controller
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Figure 3-4: Setup for heat-assisted deformation of optical fiber

The fiber is clamped with two fiber holders which are connected to a motorized
stage. The stage is connected to a Motion driver, which controls both the traveling
direction and speed of the stage. Before stretching, we first light a nozzle of propane to
generate enough heat that softens the silica fiber. Then, we set the speed of the travel
stage through the motion controller at around 0.lmm/s to stretch the fiber into two
directions. However, as the fiber gets thinner, the fiber is easily curled by the heating. In
that case, we need either to increase the stretching speed or to decrease the heating
temperature to make sure the taper part of the fiber is straight. In order to do so, one hand
is used to control the distance between the flame and the fiber while the other one
changes the stretching speed through the panel in the motion controller.

A component testing system (CTS) is used to monitor the taper process and give
an estimation of the taper loss in time. It is a high resolution swept laser interrogator,
which contains a fast swept laser, a high dynamic range detector and a real time operation

system. Since the CTS continuously sweeps 5 times per second in the wavelength range
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of 1520nm to 1570nm, it provides a real-time monitoring of the fiber stretching process.

Figure 3-5 shows how CTS observes the taper loss during the stretching process.

Transmission: P1 ;P1-L088 P1-Loss
! >
, I, Singlemede fiber
/IHeat with
PT‘, __/ Ithe burning /
Component lof prapanc
Testing System . ) | Cleaved end
i
© |
-
Reflection: P1-2‘Loss—Losqfn | P1-Loss- Loss,

P1-Léss- Loss,

Figure 3-5: Theory of CTS real-time monitoring of taper loss

From figure 3-5, it is clear that, if the power of the light that launches to one end
of the fiber is P1, after the light transmits through the taper part, the output power at the
other end of the fiber is (P1 - Loss), where the Loss is caused by the taper part. Since the
other end of the fiber has been cleaved to be a flat surface, we assume the scattered power
as Lossg and the reflected power of the light is still (P1 - Loss - Lossg). Thus, according to
figure 3-5, when the light ultimately reaches the detector of the CTS, the power is (P1 -
2*Loss - Lossp). If there is no taper in the fiber, the transmission loss of the fiber itself is
very small and we would observe P1 at the LCD screen of CTS. However, after the
stretching begins, with the deformation process of the fiber, the taper loss increases. Thus,
we would have the power shown on the LCD screen of CTS decreases to be P2. At that
time, we estimate the taper loss to be (P1-P2)/2.

Another advantage of the real-time monitoring is that we may control the
deformation by reading the power shown on the LCD screen. At the very beginning of
the stretching, the power decreases very slowly. With the deformation of the fiber, there
is a significant reduction of the power. In that case, we usually increase the stretching rate

or move the flame farther from the original place to make sure the stretching part is
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straight. If there is already an observable curl of the stretching part, that must be
accompanied with a dramatic drop of power in the CTS screen. One method is developed
to correct this situation. Move the flame around the curl point to avoid it from further
curling. At the same time, we increase the stretching rate slowly and let the flame follow
the curled point while keeping the flame from getting too close to it. By doing so, we
would be able to see in the screen that the power gradually increases back. The
interference pattern on the screen of CTS can be employed to judge the diameter of the
taper part in order to decide whether the taper process should be stopped. After getting
the fiber with desired diameter and taper loss, we need to transfer the taper fiber from the
stretching setup to a slide.

In order to make fiber taper easy to be handled for film deposition and SHG
measurement, we use a microscope slide as the substrate and apply the epoxy 907 gel
(from miller-stephenson chemical co.) on the microscope slide, leaving around 2 cm apart,
which is the rough length of the taper part. Then we put the slide on a three dimensional
translation stage and glue toe fiber taper to the substrate using the epoxy. We keep a
small distance of approximately 1-2 mm between the fiber taper and the microscope slide,
which make the subsequent task of depositing the ISAM/CHISAM film easier.

In order to measure the diameter of the taper, we use the Zeiss Axiovert 25
Microscope to take a photograph of the taper part and then compare the photograph with
the microscope image of another fiber with known diameter. The equation used to

calculate the taper diameter is as follows:

%lz%z (2.2)

D; and D, is what we measured in the photograph using a ruler while d; is the known
diameter of the fiber. With equation 3.2, we are able to estimate the taper diameter d,. By
comparing several groups of the estimating results with that measured in SEM, we find
out the error is less than 10%. Right now, it is easy for us to fabricate the fiber taper with

a diameter less than 5 micron. See figure 3-6 as an example:
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| —

Figure 3-6: Mircoscope photographs of sample No. 8 with a radius around 5 pm: 5
times magnification (left) and 50 times magnification (left)

In order to measure of fiber taper loss more precisely, we use the procedure

shown in figure 3-7 (a)-(d): The measurement process involves two LED light source

(with emission wavelength at 850nm and 1550nm respectively) and the ANDO AQ-
6315A Optical Spectrum Analyzer (OSA).

(a) Measure the optical path output in OSA (with no tapered fiber sample): Assume we
get P1 and the loss caused by the splicing is Ly; the Output of the optical path with no

connector is: Loss1=P1 - L.

(b) Measure the output of the optical path with tapered fiber sample in OSA: Assume we
get P2 and the loss of the splicing point is L; and L, ; We have the Output of the tapered
fiber sample as: LossO=PO - L; - L.
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(c) Measure the optical path output in OSA (with no tapered fiber sample) again:
Assume we get P3 and the Output of the optical path with no connector is: Loss2 =P1- L4.
Note: Loss2 normally is close while not equal to Loss1 due to the instability of the Light

(d) The estimated loss of the tapered fiber sample is: LosSs = L0ossO -(Loss1+L0ss2)/2.

Source and Optical Path.

Figure 3-7: Optical power transmission loss through fiber taper, measured with OSA

3.3 ISAM / CHISAM Film Deposition

After we got a taperred silica fiber with the taper part fixed on a slide, we may
deposit the ISAM/CHISAM film onto the taper part through alternatively dipping the
slide into the cationic solution and anionic solution. The description of the cationic and

anionic solutions that we used in the experiments is as noted in Table 3-1:

Polycation Nonlinear Chromophores Provider
Provider (cationic solution)
Name PAH PCBS Procion Red | Procion
Brown
Structure poly(allylamine | Poly{1-[4-(3-
hydrochloride) | carboxy-4-
hydroxyphenylazo)-
benzenesulfonamido]

-1,2-ethanediyl}

Orange-yellow dye

25




Yin Yan Center for Photonics Technology
Moleculer 93 g/mol 369 g/mol 615 g/mol 767 g/mol
Weight
Obtained Sigma-Aldrich | Sigma-Aldrich Sigma- Purification
From Chemical Chemical Company | Aldrich

Company Chemical

Company

storage life Several months | Several months in | 6 —7 hours 6 — 7 hours

in refrigeratory | refrigeratory

Table 3-1: Description of Materials used for ISAM/CHISAM films

The polycation provider, PAH, is nonlinear inactive and only serves as an

“adhesive”. The nonlinear chromophores provider, on the other hand, is anionic, and

deposits on the PAH because of static force. The

The PH values, solution concentrations and the concentration of the salt also play

important roles in the film’s character. In our experiments, we adjust these factors to

generate the optimum SHG value.*® The details of these factors are shown in table 3-2:

Polycation Nonlinear Chromophores Provider
Provider (cationic solution)
Name PAH PCBS Procion Red | Procion
(PR) Brown (PB)
concentration | 10 mM/L 10 mM/L 5¢g/L 5¢g/L
PH value 7 7 10.5 10.5
Salt No salt No salt No salt 0.5 Mole/L
concentration
storage life Several Several months in | 6 — 7 hours 6 — 7 hours
months in | refrigeratory
refrigeratory

Table 3-2: Detail description of the parameters of solutions
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Once the solutions are prepared, they need to be stirred for some time before it
can be used to generate homogenous films. The stir time differs for different solutions.
For PAH and PCBS, they need to be stirred overnight and around half an hour every time
before they are used. For Procion red and Procion Brown, which cannot be kept more
than 7 hours, the stir time is around half an hour. By including monomer chromophores
to the film, the CHISAM films PAH/PR and PAH/PB can generate very strong second
order nonlinear responses, with nonlinear susceptibility approaching the level of LiNbOs.
In addition, by introducing NaCl into the nonlinear films, we can produce thicker films
with larger nonlinear coefficients. We immerse slides into PAH and PR/PB solutions
alternatively to have CHISAM films on that. Then we use Yag laser to generate 1064nm
beams to incident on the slide. At the same time we also measure the SHG signal
reflected from the slides with different rotation angels. The SHG signals under the same

excited power of the films that we use are shown in figure 3-8:
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Figure 3-8: Different SHG signal under the same excitation of different films

The absorption in Figure 3-9 corresponds to the thickness of the films. We may refer to
the absorption plotting to characterize the films that we have had on the fiber.
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Figure 3-9: Absorption of different films
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Figure 3-10 gives a SEM image which shows that CHISAM film is deposited on the

surface of silica fiber.

100nm

Sample 3 WD= 4mm EHT=500kvy Signal A=InLens
Mag = 150.00 K X Phota No. = 3415 Date :27 Jun 2007

Figure 3-10: SEM image of PAH/PR ISAM films on silica fiber

3.4 Process Automation

The ISAM/CHISAM film depositions in this thesis were all fabricated using hand
dipping methods unless specified otherwise. Automation of the ISAM process will allow
high-speed synthesis of identical films on multiple substrates, which leads to significant
saving in time and labor. For manufacturing purposes, the advantage of such automation
is obvious - higher throughput and lower costs. The processing of the ISAM films can be
automated using a Programmable Slide Stainer from the Richard-Allan Scientific
Company.

However, the automatic deposition approach may lead to inhomogeneity across
the film surface, which is even more significant when we deposit nonlinear film on a
fiber taper with a diameter less than 10 pum. There are several reasons for the

inhomogeneity. More will be discussed in section 3.5.2.
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3.5 Work on Loss Reduction
After covering the taper section of the fiber taper with ISAM/CHISAM film, we

need to characterize the loss of the nonlinear fiber. The loss measurement procedure taper
has already been shown in Figure 3-7. If we denote the total loss of the sample as Loss;,
the loss due to the nonlinear film can be written as:

Lossg,,, = Loss, — Loss, (2.3)

We can observe the loss caused by the nonlinear film during the deposition
process by performing a real time loss measurement. We write Matlab codes to read the

data generated with the OSA, which gives the spectrum figures as shown in Figure 3-11.

3.5.1 Taper Loss and Film Loss of Early Samples

Figure 3-12 and table 2-2 gives a description of the film loss that increases with the

number of film layers:
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Figure 3-11: The spectrum of the fiber path before the sample is spliced into it. (see
Figure 3-7(a)) The light source is the 850 LED
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Figure 3-12: Loss caused by taper-stretching and film-deposition for sample 8. Here,
the x-axis denotes the measure time (twice per layer, see table 3-2 for detail.)

Setting of OSA:
CTRWL: 850.000000; SPAN: 100.000000; REFL: -39.100000; LSCL: 5.000000
RESLN: 5.000000; AVG: 1.000000; SMPL: 501.000000; SENS: "NR_HLD"; NMSK:
"OFF"

Before grow film: 855.600 -39.096 85800

PAH Water Procion Red

853.200000 850.400000
-38.939000
Measure time 1
eak wavelength(nm) 850.400000
eak power (dBm) -43.113000
Measure time 5
32

-43.254000
4

850.600000

-46.554000
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851.800000 855.800000
-45.960000 -55.869000

eak wavelength(nm) 855.000000 No  signal 857.200000 No signal available
eak power (dBm) -53.705000 available -61.704000

easure time 13 14

Table 3-3: Loss increase with film layers for sample 8

According to figure 3-11, figure 3-12 and table 3-3, the loss caused by taper-stretching is
7 dB and the loss caused by 4-bilayer film is 19.651 dB. The total loss is 26 dB! Sample
8 gives relatively lower loss than other samples. For many samples, light signal cannot
even be observed after transmit through them with just three bilayers, indicating losses
bigger than 26 dB.

The high loss is not good for the SHG measurement, since second harmonic
signal strength is proportional to the square of the pump power. In a high loss sample, the
pump power decay dramatically, resulting in low second harmonic signal strength.

Therefore, it is critical to reduce the nonlinear fiber sample loss to the range of a few dBs.

3.5.2 Process Optimization and Result of Loss Reduction

The taper-stretching loss has been reduced to less than 1 dB by controlling of both
the stretching rate and the heating temperature. However, to reduce the loss caused by the
film deposition is a hard job. The fiber loss due to nonlinear film is directly determined
by the film surface quality. A coarse surface will create significant scattering and result in
a big loss. In order to decrease this kind of loss, we need primarily to increase the film
quality. The difficulty of this job lies in:
1. The ISAM/CHISAM film often has some surface coarseness in the range of 100 nm to

1 pm, even though other conditions are optimized.
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2. In most situations, the film is deposited on a microscope slide, which tends to give a
solid substrate that the molecules stretch out on the boundary. Here, we are using fiber
with a diameter less than 10 um which is not a stable substrate to generate compact film.
3. A method appropriate for one type film may possibly not work for another film.

After half-year intense work, we tried tens of depositions conditions and has
successfully reduced most of the film loss of PAH/PR film to less than 2 dB for 5
bilayers. Figure 3-13 gives the microscopic photographs of two samples that use different
fabrication technologies. Both films are 5-bilayer PAH/Procion Red. Sample 27 which

fabricated with a traditional method has a much bigger loss than sample 24 that fabricated

with the technique that we developed™.

(a-1) 5 magnification of Sample 27

(a-2) 20 magnification of Sample 27

34



Yin Yan Center for Photonics Technology

(b-1) 5 magnification of sample 24

(b-2) 20 magnification of Sample 24

Figure 3-13: Comparison of two samples using different fabrication methods: (a) a
traditional method; (b) the new method we developed during our research

In figure 3-14, we provide the loss data for the samples that we fabricated using
the improved film technique. The x-axis gives the sample number while the y axis
represents the film loss. All the samples are (PAH/PR)s with other parameters fixed. It is

clear that most of the samples have a film loss that less than 2 dB.
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Figure 3-14: Loss of the samples that fabricated with improved film-deposition
technique

Figure 3-15 described the total loss of sample 10, where I deposit (PAH/PR) film on a
fiber taper with a radius less than 10 pm. The total loss is measured by Dr. Liu’s group in
PSU with a super continue light source. The y axis gives the transmitted optical power
through the taper, while the x axis is the wavelength of the power. In this figure, we can
see that the total loss of this sample is less than 5 dB at most wavelengths in the range

from 700 nm to 1300 nm.
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Figure 3-15: Total loss of sample 10

In addition, under optimal fabrication condition, the loss increases with the
number of film bilayers. Sample 10 gives a very good example of this point. (See figure
3-16) Since the SHG intensity increase linearly with the bilayer number, we must tradeoff
between the low-loss and the high-SHG intensity. In current measurement, the samples

are all with film that less than 10 bilayers.
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Figure 3-16: Analysis of the loss caused by film deposition for sample 10

All in all, by depositing films on selective fiber tapers, we are able to fabricate a
taper fiber with 5 bilayers PAH/PR film that has a total loss around only 1 dB, for
example, sample 39 and sample 40. Our work on reducing film loss makes the nonlinear
fiber quite practical for the industry application. Furthermore, if we adopt the new
technology to a programmable slide stainer, which is commercially available, we can
realize the high-speed synthesis of identical films with high surface quality on multiple
substrates while saving time and labor. Last but not least, our research on film surface

improvement is a good reference for micro-scale characterization of other similar films.
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chapter 4. Experiment Setup and Data Analysis

4.1 Experiment Setup and Measure Method

The setup for measuring the SHG fiber is shown in figure 4-1 as follows:

Reference
detector
Two ap
[~ polarizors colllmation
Yag Laser —D— gi v {) 0_‘ oMT
{ Free |
| space § Band- 1
 lens i Pass
Fltter-reduce’ | f=25mm ’ Filter
the Incoming (A) (B) 380 nm ?]“';gr"m
power <3<
Handheld | 600 nm
Powermster |\ fiber
for max —~
coupling J\ laser beam
He-Ne Laser effclency ) | e measure point
For collimation ! -
check up nanlner flber

Figure 4-1: Figure 4-1: Setup for SHG measurement of nonlinear fiber sample

The beam comes out of a Q-switched Nd:YAG 10-Hz pulsed laser serves as a
linearly polarized pump light with a wavelength of 1064 nm and a pulse energy of 450
mJ. An optical parametric oscillator (OPO) can be used to generate wavelengths other
than 1064 nm. Some prisms are used to reflect part of the beam to the direction of optical
fiber and to transmit the rest to a “black hole”, which absorbs all the power that comes
into it. One or more energy attenuators are utilized to regulate the maximum energy
incident upon the fiber. A pair of polarizers is used to align the polarization of the
incoming beam and adjust the energy precisely at place A. The beam is focused by a free

space lens to the tip of a fiber, which is directly spliced to the nonlinear fiber. Then, an
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optical lens is used for collimation at place B. After the beam comes out of the
collimation lens, about 8% of it is diverted via a microscope slide to a large area
photodiode (PD) detector, which measures the reference signal intensity. A band-pass
filter and a spike filter centered about the second harmonic frequency are used to make
sure that all light except for the second harmonic light is eliminated. An RCA 8550 large-
area photomultiplier tube (PMT) powered by a Bertran 230-03-R high voltage power
supply operating at 1.8 kV collects the second harmonic light.

The following measurement steps are developed to produce accurate measure
results while minimizing background noise:
1. Couple the beam from He-Ne laser into SMF28 and make sure collimated beam
reflected into the reference detector and goes into the central of PMT
2. Measure SHG of SMF28 which is the same length of the sample

We connect a nonlinear fiber into the optical path by splicing the two ends of the
sample to two connected fiber at points (1) and (2). See Figure 4-2 as follows:
3. Measure SHG of the sample which is made of SMF28

A single mode fiber can generates a small amount of SHG under high pump powe.
We consider the SHG generated by a common single mode fiber as the background noise.
After we measure SHG of a single mode fiber, we can compare the result with that of a
nonlinear fiber. If we observe a significant larger SHG signal from the nonlinear fiber
sample, we can conclude that the observed second harmonic signal is not due to the
background noise but a result of the nonlinear structure that we proposed.
4. Couple the beam from He-Ne laser into SMF28 and check with the collimated
beam to see whether it is still reflected into the reference detector and goes into the
PMT
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Figure 4-2: Measurement step 2 and 3

4.2 Data Analysis

4.2.1 Early SHG measurement of fiber taper with (PAH/PR)s film:

The early measurement results for single mode fiber SMF28 and sample
(PAH/PR)s made of SMF28 show two linear relationships. (See figure 4-3) The first is
the relationship between the reference signal and the power out of Collimation lens at B
point. The second is the relationship of the reference signal and the square root of SHG.
Different bare fibers have different ratios of the output out of Collimation lens to the
reference signal because of the different length of bare fibers and different experiment
errors. However, SHG from SMF28 is low and does not change much with different

fibers (got verified when B<100uW).
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Figure 4-3: Early measurement of bare single mode fiber and fiber taper with

nonlinear film

The observation of SMF28 provides us with a good knowledge of the background

noise at different reference signals. In addition, at the condition that the excitation power

is not high enough, we can see that the SHG signal of the nonlinear fiber is bigger than

that of

SMEF28 .
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4.2.2 Measurement of a fiber taper coated with (PAH/PB)4q film:
The SHG coefficients of a fiber taper coated with (PAH/PB);¢ film with salt is

much bigger than that of (PAH/PR)s (See section 3.2.3 for detail). Even at low excitation
power, we are able to demonstrate the SHG difference between the nonlinear fiber and a
single mode fiber. Figure 4-4 compares the SHG comes out of sample 48 and that out of
SMF28 with the same length. Each reference and SHG intensity of SMF28 is averaged
among at least 500 pulses and that of sample are averaged among 50 pulses. Even though
not as stable as that of SMF28, the SHG efficiency of sample 48 is large enough to

exceed the background noise and increase with the excitation power.
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Figure 4-4: Compare of ratios of SHG to reference signal of the sample 48 and a single
mode fiber with same length

4.2.3 The Impact of High Power at Forepart of SMF28
Nonlinear fiber sample, which normally has a higher loss than that of SMF2§,

may require a higher power at place A to have the same excitation power. This brings a
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problem, how much is the SHG signal that comes out of the forepart of a fiber, which has
a bigger excitation power? In order to solve this problem, the following experiment is
designed as shown in Figure 4-5. The length of the forepart of the fiber is around 67.5 cm
and we will find out the SHG signal when there is a SMF28 having the same loss (loop
the fiber to produce the loss) and output power as that of the sample. Length estimated
are subject to change with measurement (Each cleave may reduce the fiber length for less

than 0.5cm).

_0— 345cm  55cm D, 3D
: + + collimation
Free - i b
space i
|en$' SMF28 :
f=2:5mm - (B)
: SMF28 with ;
TS Sample —
67.5cm 181cm

Figure 4-5: Experiments to explore the SHG comes out of the forepart of the fiber with
high excitation power

Measure steps are as follows:

1. Measure the SHG of the fiber which is the same length of Sample 48 at high incoming
power and maximum coupling efficiency;

2. Loop the fiber at the same position of the sample so that the collimation output at B is
the same as that of the sample, which is caused by the high loss of the taper with film.

3. Measure the SHG of the looped fiber

4. Unloose the fiber to see whether the collimation output is the same before the loop

The result of this experiment is described by table 4-1 and illustrates that the high power
launched at the forepart of the fiber will not produce the SHG signal that high enough to
compare with that from the sample, because of the high loss of the SMF28/sample.
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A(mW) | B(UW) Filter Reference*Filt | SHG

Before After Ref PMT e (AVG)
measure | measure coefficie380nt
(AVG)

(Reference Signal

intensity)
3.09 147 139 20+40+80 | no 164155.6 40.464
3.14 120 15 20+40+80 | no 17252.9 9.04
(no loop)
18 112
(no loop)

Table 4-1: SHG of a SMF28 without loss and with high loss

Furthermore, we compare the SHG intensity of the looped SMF28 at 3.14
incoming power (the power at point A) with that of the sample 48 at 2.82 incoming

power. Both collimation output is around 17 pW, while the SHG intensities are

different :( see table 4-2 for detail)

A(mW) B(uW) Reference  Signal | SHG Signal intensity
intensity

Sample 48

2.82 17.5 19952.3 21.68
20524.6 23.56
20289.5 18.92

Looped SMF28

3.14 16.5 17252.9 9.04

Table 4-2: SHG of sample 48 Vs SHG of looped SMF 28

It is clear that, though high power at forepart of fiber may produce some extra
SHG signal, the noise is not as high as the sample production.

In this chapter, we have shown that by depositing (PAH/PB)( films around a
fiber taper with a diameter around 5 pm, we can obtain high SHG signal. The ratio of the
obtained SHG signal to the excitation power for such a nonlinear fiber is more than 10
times of that of a 125 um single mode fiber with the same length.(see figure 4-4)
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Furthermore, figure 3-8 has shown that different CHISAM films produce different SHG
signals. SHG signal depends on both the number of the bilayers and the CHISAM
molecules. This point is also proved in this chapter. Our experiment also indicates that a
higher power at the forepart of a single mode fiber does not affect the SHG signal
fundamentally. It is to say, even though a nonlinear fiber requires more incoming power
than a common single mode fiber to generate the same excitation power, it is the
nonlinear film, rather than the incoming power difference that results in the big SHG

differences.
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chapter 5. Conclusion and Future Work

5.1 Conclusion

In this thesis, we performed a theoretical analysis of silica-based nonlinear optical
fiber and described how to characterize and experimentally implement the SHG
measurement of such nonlinear fiber. According to our theoretical derivation, we find
that a small radius and a long length of a nonlinear fiber with thick nonlinear film will
help to result in a much high SHG efficiency. In order to verify our proposal, we fabricate
taper fiber with radius less than 10 um and deposit ISAM / CHISAM film around the
taper part. Furthermore, we improve the taper setup and the film deposition method to
reduce both the taper loss and the loss caused by film deposition.

We build a set of SHG measurement stage for the fiber sample and develop the
measurement method during the measure experiments. According to our measurements, a
nonlinear we fabricated by depositing CHISAM film around a fiber taper has a SHG
efficiency that is more than 10 times higher than that of a common single mode fiber.(see
figure 4-4)Thus, we provide strong evidence that centrosymmetric material can be used

as SHG material.

5.2 Future work

At the present time, the SHG is far less than 10% because of the low excited
power and the phase mismatch between the fundamental pump beam and second
harmonic signal. In order to increase the SHG efficiency and make the nonlinear fiber
more helpful in the nonlinear optics, we need to work toward two directions.

The first one is to increase the excitation power and, more specifically, the peak
power. In order to do so, we need to improve the measurement setup to make it stable
under a high incoming power. Our main difficulty in increasing the excitation power is
that when coupling a high peak power into a section of fiber, the high-energy beam

damages the tip of a silica fiber. See figure 5-1 for a damaged fiber tip.
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Figure 5-1: Experiments to explore the SHG comes out of the forepart of the fiber

The damage of fiber tip by the high pump power reduces the coupling efficiency
dramatically. In order to connect a nonlinear fiber into the optical path, we fuse two ends
of the fiber into the path rather than connect them with two FC/FC connectors. It is
because that a high peak power will not damage the fiber tip seriously as long as it is
fused together. As for the two ends of the optical path, which we make use of for
launching power and exporting power, we have no ideal method to protect them from
being sputtering by high power. Recently, we find out that, after it being exposed to a
high power for some time, a section of silica fiber is not easy to be sputtered away, if we
cleave away the surface of the fiber. We can make use of such fiber to protect the two
ends of the optical path by fusing them together. This method, which helps our optical
path stable under an exciting power as high as 10 mW, has a problem. After being
exposed to a high excitation power for some time, the silica fiber generates a much higher
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SHG signal. The SHG signal also increases with the power and the exposing time. Such a
background noise would be a big issue if we want to explore the SHG difference between
a nonlinear fiber and a single mode fiber at a high excitation power.

The other one is to satisfy the phase matching condition. We will tune the OPO to
generate beams with varying wavelengths to determinate the influence of phase matching
condition on SHG signals.

In addition, we will fabricate more nonlinear fibers with a broad diameter expand,
different CHISAM/ISAM films, different number of film bilayers, different deposition
conditions and different parameters. By comparing SHG efficiency of different nonlinear
fibers, we will have an idea of what factors may affect the SHG efficiency.

Furthermore, we will work on theoretical analysis and simulation to establish a
more complete theoretical model to understand the experimental result. We will also
investigate other second order nonlinear processes, including parametric down
conversion and sum frequency generation.

Last but not least, there is still a lot of work to do on loss reduction for thick films,
such as (PAH/PB),, where n is more than 20. The salt which increases the SHG
susceptibility also increase the film surface roughness. For example, we may try spin

coating assisted self assembly technique to reduce the loss of film with salt.
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