Chapter 5 Results and Discussion

5.1 Nonlinear optical propertiesof polymer films

The nonlinear eectro-optica response of condensed matter is extremely small but the
exisence, character, and magnitude of these nonlinearities provide more detailed
information about the structure of matter. Light is €ectromagnetic waves, however the
field intengties of ordinary light waves are S0 low that nonlineerity effects are not
apparent. In order to have afinite second-order susceptibility, a polymer system must
orient in such away that the total system does not possess a center of symmetry. Thisis
most easily accomplished by gpplying an dectric field at a temperature where the dipoles
can be readily oriented. High fidd strength is obtained using ectrode poling of pure
thin PPO film and eectrode design. Electrode poling is compatible with eectro-optic
and second harmonic device processing requirements. When sufficient strength of satic
electricd field is gpplied to the mediato perturb their refractive properties, Kerr or
Pockel electro-optical effects are demonstrated.! The Kerr effect was discovered in
amorphous substances that are isotropic and become doubly refracting when subjected to
grong dectricd fidds. The Pockd effect discovered in severd crystasis much wesker.
|sotropic crystas become uniaxid and uniaxid crystals become biaxid in a steady
dectrica fidd with sufficient intensity.

A didectric materid is both dectricdly and mechanicdly isotropic before gpplying
eectrica fidd. When an dectrica fidd is gpplied to this materid, it is subjected to
internal stress and thus e ectrets extend dong the dectrica fidd direction as the result of
these eectrica stresses. This effect istermed eectrorestriction. One cannot generate an
eectricd fidd smply by goplying mechanica pressure. The deformation involves
density changes, with corresponding changes in didectric congtant or the refractive
index. The magnitude of the deformation depends not only on the dastic modulus of the
medium, but also on didectric congtant and density. However in some crydds, thereis
another component called piezoe ectric effect that does have an inverse effect.
Mechanica deformation does give riseto an internd eectric polarization proportiona to
the strain. The polarization arises from unequa displacements of different ion species
composing the lattice of the solid. Generdly, these dectricdly generated stresses give
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rise to mechanica deformation, or strain, creating the opposing stresses that will
reestablish equilibrium.
The field induced thickness change can be modeled by the following equation:

Z(E) = Zo(1+dE+aE>+...) (5.1)

Where Z isthe film thickness under dectricd fidld. Zp istheinitid thickness without
eectrica fidd. disthe piezodectric congtant and ais the eectrorestriction congtant of
the polymer eectrets. E isthe eectric field vector. The piezodectric and
electroredtriction effects are expanded in equation 5.2. This dectroredtriction is
proportionally to E>.  The piezodlectric effect is directly proportiond to E.?

For an dternating eectricd fidd, the dectric fied vector can be express as.
E=Epcos(wt), subgtituting into equation 5.1, the following expression can be obtained.

DZ(E)/Zo=1/2aEq+dEycos(wi)+1/2aEy>cos(2wt) (5.2)

Equation 5.2 indicates that the piezoe ectric effect is proportiond to the frequency
(w) term and the electroredtrictive effect is proportiond to the frequency (2w) term. As
we discussed in chapter 3, the first order sidebands are the signas at (carrier frequency+

w), and the second order sidebands are the Sgnas at (carrier frequency +2w).

Figure 5.1 shows the picture of the tracing Sgnd in spectrum andyzer for 3% PPO 2000

at 24kHz eectric field frequency. The center peek 1 isthe carrier Sgna at Bragg cell

modulating frequency 80MHz. The peaks 3 and 2 are cdled the first order sidebands.
They are & (carrier frequency 80MHz + 24kHz). The peaks 6 and 7 are cdled the second

order Sdebands. They are at (carrier frequency 8OMHz + 48kHz).
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Figure 5.1 Tracing signa of spectrum analyzer with AC frequency at 24kHz fro 3% PPO 2000



Thus,

1% order sidebands — . related to piezoelectric effect

2" order sidebands > related to dectrorestrictive effect

The dectrica effect (piezodectric and eectrorestrictive) was probed by the
optical length change of laser passing through polymer film by heterodyne
interferometry. Define n asthe refractive index dong the laser dectric fidd which is
pardld to applied dectric fidld. Z isthe ingantaneous thickness of polymer film at a
given goplied dectric fidd. D(nZ) is the changes of refractive index aong the fidd
direction times ingantaneous film thickness. D(nZ)=nDZ + ZDn. Typicaly for polymers,
the birefringence is ~0.005-0.01. For thickness of 300nm film, if D(nZ)=25nm, subdtitute
typicdly birefringence vaue for polymers, we can get ZDn »1.5-3nm, nDZ » 23.5-22nm.
Therefore, we can see that nDZ contributes the most in D(nZ). Especialy when we apply
high dectric frequency, the birefringence of PPO isvery smdl dueto its chain
orientation. Thus, it is reasonable to assume that the thickness change contribute the
mogt of D(nZ).

5.2 PPO electrical properties
Takeo Furukwa first investigated the piezod ectric property of PPO in 1969.% PPO
films were cast from benzene solution and then eongated by 50% of its origind length.
The degree of crygdlinity was about 40%. The film size was about
5mm’” 10mm” 0.05mm. Brassfoils were used as electrodes to attach to the center of both
faces of the dongated film. One end was clamped and the other end was given an
oscillationa stress at frequency 20Hz.® The discovery of piezoelectric effect of PPO was
ultimately related to the asymmetric configuration of macromolecules and it was
hypothesized that many other opticaly active polymers may possess piezoelectric effect.
Thiswork aso shows the piezodectric and Kerr effect under relaively high
frequency in PPO. PPO thin film has Kerr effect due to high dipolesthat orient in the
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eectric fidd direction. The asymmetric polar groups of PPO give the molecules a net
dipole moment under eectrica field. The orientationa polarization of PPO depends on
its chemica and physica structure (-O-CH(CH3)CH,-),. The molecular and chain polar
gructure of PPO is shown in figure 5.2aand 5.2b. We can see the unsymmetric Structure
of PPO will dlow PPO molecules to have a net dipole moment under eectric fied

leading to electro-optical properties.

PPO thin films were found to respond to electric field at kilohertz range. Part of
reasons for this fast responseis the low glass trangtion temperature of PPO (about —
60°C). At room temperature, the polymer molecules are liquid.

In thiswork, the refractive index of PPO molecular weight 8000 (referred as PPO
8000) is 1.453. PPO molecular weight 2000 (referred as PPO 2000) was not
characterized and here we assumed it has the same refractive index as PPO 8000. All the
films thickness for different concentration was measured by AFM as discussed in section
3.1.4. Thethicknesswas described in Table 5.1.

H CHs

NN NN

Figure 5.2a PPO molecular polar structure.



Figure 5.2b PPO chain polar structure

*The dipole moments of PPO bonds are marked by arrows.

The dectricd effect on the different concentration and different molecular weight
PPO thin films was probed. 4% PPO 2000 has very little eectrica effect due to its much
larger thickness and thus much lower surface mobility. 2% PPO 2000 aso shows very
small eectrica effects. Concentration less than 2% for PPO 2000 was probed and found
to have no dectrica effect due to the fact that the D(nZ) istoo smdl to be measurable by
our system whose resolution is ~0.5A. Therefore, we probed 2%6PPO 2000, 3% PPO
2000. We ds0 probed the molecular entanglement effects on polymer chain mobility.
Thus, 2% PPO 8000 were studied because 3% PPO 8000 did not exhibit any eectrical
effect. The effect of film thickness on polymer chain surface mobility and their ectrical
effects are further discussed in this chapter.

Table 5.1 Film thickness of different concentration and different molecular weight PPO

measured by AFM

Volume Concentration

Molecular Weight of PPO

Film Thickness (nm)

2% 2000 60 + 3

3% 2000 103+ 5
4% 2000 300+ 15
2% 8000 313+ 16
3% 8000 420+ 21
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In thisresearch, PPO was found to respond to electric field at kilohertz range.
The responses are not stlanding wave resonance due to materiad geometry. Sincethe film
thickness of these films tested are about 60nm ~ 313nm, and stimulus frequency is at
12kHz~108kHz, the velocity for resonance will be ~10°2 mvsis unredlistically smal. The

mechanica resonance of polymer film can be calculated as v = \/7 . misthe bulk

modulus of polymer filmand r isthe dengity of PPO. Typicdly, polymer bulk modulus
is~2000MPaand r =1.0g/cn?.  Therefore, we can calculate the mechanical resonance
velocity for PPO isabout 1.4x 10°crm/s. Therefore, we can justify that the multiple pesks
infigure 5.3 and 5.4 are due to materia properties instead of material geometry.
Therefore, we probe 12kHz and 24kHz since the materia shows its highest electrica
effects at these frequencies at different eectrica field amplitude. We aso probed other
polymer films deposited on silicon wafer including: PB (polybutadiene), PS
(polystyrene), PVDF, PEO (polyethylene oxide), poly(4-vinylpyridine). There were no
responses for the above polymer films. This proves that the eectrica effect of PPO is
not a capacitor effect due to the structure of the device but due to materia structure.

Figure 5.3 t0 5.9 shows the eectrica effects of different concentration and molecular
weight PPO thin films. The dectricd effect indluding piezodectric (film thickness
change) and eectroredtrictive (polymer chain orientation) effects were measured through
the D(nZ) as defined in section 5.1.

5.3 Electrical field frequency effect on PPO electrical properties

The piezod ectric effect and the eectroredtriction effect were investigeted as a
function of applied dectric fidd frequency. Figure 5.3 and 5.4 compares the D(nZ) at
220kV/cm due to the first order (piezoel ectric effect) and second order (electrorestrictive
effect) sdebands respectively versus frequency for 2% PPO 2000, 3% PPO 2000, 4%
PPO 2000 and 2% PPO 8000 films. Figure 5.3 and 5.4 shows the frequency range of all
four types of PPO film responding frequency to gpplied field. These films show
piezodlectric and eectrorestrictive effects under kHz range. This contrasts with other
piezodectric polymers of which most respond to dectric field at Hz. Thisfast response
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of PPO may bring up more opportunities for its application in sensors and other opto-
electronic devices.

Figure 5.3 shows that 3% PPO 2000 film hasthe largest D(nZ) due to the first
order sidebands and responds to the largest frequency range. All the films exhibit alocal
resonance peak around 24kHz. Thisindicated that 24kHz are the molecular resonance
frequency of PPO. We can aso see fromfigure 5.3 that the 2% PPO 8000 has the
smdlest D(nZ) than al the other three films under the samefield. Its responding rangeis
aso the smallest from 10kHz to 36kHz. The 2% PPO 2000 film shows alarger D(nZ)
than 2% PPO 8000 but much less than 4% PPO 2000 and 3% PPO 2000 films. The
responding frequency of 2% PPO 2000 is larger than 2% PPO 8000 and 4% PPO 2000
films ranging from 2kHz to 65kHz. 4% PPO 2000 film haslarger changesin D(nZ) than
2% PPO 2000 and 2% PPO 8000 but much smaller than 3% PPO 2000 film. The
responding frequency for 4% PPO 2000 film is the second smalest ranging from 6kHz to
44kHz. Higher molecular weight PPO 8000 has more entanglements between polymer
molecules and thus requires much longer relaxation time than PPO 2000. The longer
relaxation of 2% PPO 8000 chains can not move as fast as the gpplied eectricd field and
thus, exhibits the smallest D(nZ) due to the first order Sdebands and aso the smalest
frequency responding range. The 4% PPO 2000 film is the thickest among these films.
However, it did not show the largest D(nZ). Thisis because the thicker film reducesits
polymer chain surface mobility dramaticaly. ~300nm isthe critica thickness for
polymer chain surface mohility. When polymer chains become duggish, their
piezodectric effect will reduce at higher frequency. However, the measurement is based
on the absolute vaue of D(nZ), the original thickness contributes to the D(nZ) and thisis
why 3% PPO 2000 and 4% PPO 2000 films have much larger changes than 2% PPO
2000 film.

Figure 5.4 compares the D(nZ) due to the second order sidebands versus
frequency at 220kV/cm for 2% PPO 2000, 3% PPO 2000, 4% PPO 2000 and 2% PPO
8000. Contragting the datain figure 5.3, the D(nZ) due to the dectroredtriction is much
larger than the changes caused by piezodectric effect. The maximum D(nZ) peaks
exhibit at 12kHz range. Thisis exactly haf of the resonance frequency for piezoeectric
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effect. This confirmsthat 24kHz are the molecular resonance frequency. The 3% PPO
2000 film exhibits the largest D(nZ) due to the second order sidebands. Second order
Sdebands are related to the electroredtriction as discussed in section 5.1. The D(nZ) of
3% PPO 2000 ranges from 4nm to 33nm and the responding frequency to the applied
field ranges from 2kHz to 80kHz. The 2% PPO 8000 and 2% PPO 2000 films have
samilar levds of D(nZ) except that 2% PPO 8000 film responds to larger frequency range
than 2% PPO 2000 film. The 4% PPO 2000 film has alarger D(nZ) due to second order
sidebands, however it responds to the smallest eectric frequency range from 3kHz to
22kHz. Theinitia films thickness of 3% PPO 2000, and 4% PPO 2000 contribute to its
larger D(nZ) number than 2% PPO 2000 since the measurement is absolute va ue of
D(nZ). The 2% PPO 8000 film has rdaively smdler dectrica effects than 3% PPO
2000 and 4% PPO 2000 films at lower frequency. Thisis dueto its higher molecular
weight and therefore its higher entanglement between the polymer chain molecules.

The 3% PPO 2000 film is about 300nm thick and 4% PPO 2000 is above 400nm
asliged in Table5.1. Therefore, it isinteresting to probe the film thickness effect on the
polymer chain surface mohility. This effect has been observed in both piezodectric and
electroredtrictive effects. Table 5.2 compares the maximum D(nZ) and the maximum
responding frequency for different thickness film. The 3%PPO 2000 film exhibits the
largest D(nZ) for both piezod ectric and eectroredtrictive effect of dl these films tested.

The reasons for this performance were discussed in figure 5.3 and 5.4.
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Table 5.2 Comparison of the maximum D(nZ) at certain frequency range for different thickness and molecular weight PPO film

Vol Mol. Wt | HIm Responding Max D(nZ) dueto | Responding frequency Max D(nZ) dueto
Conc. Thickness frequency for piezoeectricity for electroredtriction electroredtriction
(nm) piezodectricity (nm) (kH2) (nm)
(kHz)
2% 2000 60 10-37 0.36 7.39 10-28
3% 2000 103 2-83 533 28.79 2-80
4% 2000 300 6-44 2.07 16.5 4-22
2% 8000 313 15-36 0.32 7.3 11-37
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The influence of surfaces on the dynamics of thin polymer films has attracted
significant attention in the past decade.* ® Surface properties such as glass transition
temperatures (Ty), liquid-crystal meting points, and surface mobility have important
technologica implicationsin the areas of adhesion, dignment of liquid crystds, and
biocompatihility of polymers® A variety of experimenta studies have established that
surface-polymer interactions gregtly influence the Ty of ultra-thin polymer films’ These
studies involved measurements of an average physica property such as film thickness,
using dlipsometry 4 and X-ray reflectivity, or relaxation times using dielectric ®and
optical probe techniques.® These properties are found to be influenced by both the
polymer-solid and the polymer-air interfaces.” C. S. Hou aso investigated the substrate
effects for inorganic film Pby 6Sro.4 TiO3 deposited on different substrates.*® X-ray
diffraction results show that the structure and the lattice of parameters of the substrate
greetly influence the growth of the inorganic film. Forrest has shown that free-standing
Polystyrene (PS) films have a dramétic decrease in Ty as the film thickness approaches
polymer molecular dimensions® Thedropin Tgy has been explained by higher mobility a
the polymer-air interface than in the bulk. Other experiments on supported films reved
either an increase or decrease in thin film Ty depending on the influence of the polymer-
ar interface, the chemica composition of the polymer, and the supporting solid subgtrate.
4. 5.8 This research shows the same phenomena of the surface mobility of PPO film. To
support this theory, 80nm thick PS film was spin-cast on top of piezodectric film PPO
2000. Thistop layer of PS damps both the piezoelectric and el ectrorestrictive effects
out.

5.4 Theeffect of electric field intensity on polymer electrical properties

Figure 5.5 to Figure 5.10 shows the dectric field Strength effect of polymer dectrica
properties. Figure 5.5 compares the D(nZ) due to the first order sdebands as afunction
of dectric fiedld amplitude at 12kHz and 24kHz for 2%0PPO 2000. Thefirst Sdebands are
related to piezodectric effect as discussed in section 5.1. PPO film does not show any
piezodectric effect until the dectric fidd strength reaches about 123kV/cm for 24kHz
and 134kV/cm for 12kHz. At the same dectric fidd amplitude, PPO shows much larger
piezodectric effect a 24kHz than a 12kHz. The piezoe ectric effect increases with



eectric field strength. The gpplied externa force must be larger than the congraints that
polymer molecules place on the motion of eectronsin order to break the equilibrium
position of the dispersion eectrons and give rise to the internd dectric polarization
proportiond to the strain leading to piezodectric effect. PPO molecules adso exhibit
resonance response at certain frequency as shown in figure 5.3. Therefore, the larger
movement of the polar molecules leading to the larger piezodectric effect is observed
when the applied frequency is close to the molecular resonance frequency. Figure 5.5
indicated that 24kHz is closer to the molecular resonance frequency than 12kHz.

The film thickness and molecular weight effect on the piezodectricity of PPO films
areinvestigated. The dectricd effect of thicker PPO 2000 and PPO 8000 film are not
observed. Table 5.1 listed the film thickness for different concentration PPO. The D(nZ)
for 3% PPO 2000 and 2% PPO 8000 films were measured as a function of eectric field at
12kHz and 24kHz and compared with 2% PPO 2000 film in figure 5.6, 5.7, 5.8 and 5.9.
At 12kHz, 2%PPO 8000 does not exhibit first order sdebands. Thus figure 5.6 compares
the D(nZ) of 2%PPO 2000 and 3% PPO 2000 films at 12kHz with respect to dectric field
grength. The D(nZ) of both 2%PPO 2000 and 3% PPO 2000 increases with eectric field
srength. However, the D(nZ) of 3% PPO 2000 increases much more dramaticaly than
2% PPO 2000 with eectric field. The magnitude difference for D(nZ) of 2% and 3%

PPO 2000 is due to their thickness difference that islisted in table 5.1. At 24kHz, 2%

PPO 8000 exhibits small first order sdebands. Figure 5.7 compares the D(nZ) due to the
first order sidebands at 24kHz for 2%PPO 2000, 3% PPO 2000 and 2% PPO 8000. The
D(nZ) for 2% PPO 2000 and 2% PPO 8000 films are less than 0.25nm, the D(nZ) for 3%
PPO 2000 film reaches 5.5nm. Since interferometry measures the absolute changes of
opticd length D(nZ) at the sample, the origind films thickness plays a big role at the tota
magnitude of D(nZ). Table 5.1 shows that 3% PPO 2000 film is 72% thicker than 2%
PPO 2000 film. Therefore, D(nZ) for 3% PPO 2000 film is an order of magnitude larger
than 2% PPO 2000 film. However this does not apply to 2% PPO 8000. According to
Table 5.1, 2% PPO 8000 is much thicker than 2% PPO 2000. Its D(nZ) is about the same
as 2% PPO 2000. The reason is that the higher molecular weight causes much higher
viscosty and much stronger entanglements between polymer molecules which lead to
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much dower and smdller dectricd effects for PPO 8000. PPO exhibits the maximum
electrica effect at 24kHz further proving that this frequency is the molecular resonance
frequency. The possible explanation for this would be higher molecular weight of PPO
has much stronger molecular entanglement than smdler molecular weight PPO.
Therefore at 12kHz, PPO 8000 molecules place congtraints on their electrons that are so
strong that the electrons cannot be polarized under the dectric field like PPO 2000 films.
While under 24kHz, the polymer molecules have higher motions due to the externd
frequency being close to their resonant frequency. Even o, the polarization of those
dectronsis dill very small.

Another interesting phenomenon is shown in figure 5.8 and 5.9. The 2% PPO
2000 film does not have second order sidebands at both 12kHz and 24kHz wheress the
2% PPO 8000 and 3% PPO 2000 films both do at these frequencies. According to the
previous discussion, the D(nZ) due to the second order sidebands corresponds to the
electroredtrictive properties of PPO films. Figure 5.8 and 5.9 compares the D(nZ) dueto
the second order sidebands for 3% PPO 2000 and 2% PPO 8000 films as a function of
eectric fidd strength at 12kHz and 24kHz. Since D(nZ) isdirectly related to film
thickness. The larger thickness 2% PPO 8000 (~ 300nm) is supposed to exhibit larger
D(nZ) than 3% PPO 2000 (~103 nm). However, its D(nZ) at both 12kHz and 24kHz is
much smaller than that of 3%PPO 2000. With higher dectric fidd amplitude, the
electroredtriction effect for the 3% PPO 2000 film increases dramatically while the 2%
PPO 8000 film increases much less. This phenomenon maybe explained by the
difference in the mechanica properties of these two PPO films. PPO 8000 film has
higher molecular entanglements and thus larger modulus than that of 3% PPO 2000 film.
The magnitude of dectroredtricition is directly related to the modulus of polymer film.
All these cause the 2% PPO 8000 film to have smdler dectroredtrictive effects than the
3% PPO 2000 film. Thisexplanation is congstent with the fact that the 2% PPO 8000
film needs much higher dectric fild strength to induce e ectroredtriction effects than 3%
PPO 2000.

Figure 5.9 compares the D(nZ) due to eectroresiriction versus eectric field for
3% PPO 2000 and 2% PPO 8000 films at 24kHz. The D(nZ) due to eectrorestriction for
2% PPO 8000 and 3% PPO 2000 reaches 5.8nm and 8.2nm respectively. The



electroredtriction effectsincrease with higher dectric fiedd strength. Compared with data
shown in figure 5.8, the D(nZ) for 2% PPO 8000 at 12kHz and 24kHz are very close. 2%
PPO 8000 film has asmaller dependence on frequency. The 3% PPO 2000 shows much
larger changes of D(nZ) at 24kHz than at 12kHz. Thisindicates that the eectroredtrictive
effect for 3% PPO 2000 responds to dectric field strength much effectively at 12kHz

than a 24kHz. Thisaso indicates that dectroredtriction has smaler dependence on
molecular resonant frequency than piezodectric effect.

Figure 5.10 compares at the D(nZ) due to first order sidebands versus frequency
for 2% PPO 8000 at two different ectric field intengity. At 220kV/cm fidd, the
maximum D(nZ) peak located at 24kHz, however this peak shifts to about 25kHz at
200kV/em. Thisjudtified thet eectric fidd intendty affect the local resonance frequency.

5.5 Direct measurement of PPO film thickness change under electric field

The propagation of light takes place in the form of electromagnetic waves*  For
our purpose, we can consder only the periodic changes of the strength of the eectricd
field. Inabeam of light, the planes of vibration may assume al orientations and the light
may have dl sates of polarization. Therefore, when we place a dichraitic polarizer in
front of the laser beam source, the dichraitic polarizer will trangmit only light with the
one plane of vibration that corresponds to the polar’s own plane of vibration.** Al light
entering a polarizer will immediately be split into two components: one pardld to the
poplar’s plane of vibration, the other perpendicular to the polar’s plane of vibration. The
fird istranamitted and the second is eiminated. Therefore, when we measure the D(nd)
with polarizer, the dectricd fidd of the polarized light is parald to applied dectric fidd
in which the polymer chains orient. Thus, the differentid interferometer will be ableto
measure the birefringence or the Kerr effect when the polarizers are removed. Without
polarizers, the laser beam will no longer be polarized pardld to the applied eectric field
direction in which polymer chains orient. Thus, the polymer birefringence effect of
polymer can be neglected and the optica length change at the samplefilm isonly
contributed by the film thickness change. This enables us to measure film thickness
change directly from this interferometer.
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Table 5.3 compares the D(nZ) with and without polarizer for 3% PPO 2000 and
2% PPO 8000 films under 220kV/cm at12kHz and 24kHz respectively. In genera for
both 3% PPO 2000 and 2% PPO 8000 films, the D(nZ) with polarizer is smdler than that
without polarizer. The negative sign for the D(nZ) indicates that the polymer chains are
pulling down to the sample surface which is pardld to the gopplied dectric fidd. This
resultsin a decrease of film thickness. The D(nZ) is smdler with birefringence effect
considered than that without. This means that the polymer chains become more oriented
under dectric fidld and therefore the refractive index increases while the film thickness
decreases under externd field. Compare 2% PPO 8000 film a 24kHz with polarizer and
without polarizer, the difference in the D(nZ) between the above two conditionsis very
gmdl. Thisindicates that the film thickness change contributes dmost dl of the opticd
path changes in the sample and there is no obvious birefringence effect in 2% PPO 8000
at 24kHz. The optical anisotropy induced in larger organic molecules results largely
from dignment of eectricaly anisotropic molecules. It can attain the full magnitude
only in ectricd fields that vary dowly, so that the molecular dipoles can follow the
fied. In other words, polymer dipoles are unable to orient with high frequency dectric
field due to the polymer chain relaxation. The birefringence effect is much smaller &
24kHz than at 12kHz. 3%PPO 2000 film has smilar results to 2% PPO 8000. Table 5.3
aso indicates that 24kHz is the molecular resonance frequency due to the maximum film
thickness change a 24kHz.

Mo of the films were spin-cast on hydrophilic slicon substrate. Due to the high
polarity of PPO molecules, there are chemica bonds formed between the polymer chain
and the substrate.  These strong bonds serve as the anchors of the polymer chains on the
solid substrate when external eectric force is exerted on polymer molecules. This
anchoring effect isvery criticd for polymer filmsto exhibit piezodectric and
electroredtrictive effects. An experiment was performed based on testing the effect of
subgtrate on the polymer chain dynamics. The silicon subgirate was treeted into
hydrophobic and then PPO film was spin-cast on top of the substrate. There were no
Sdebands. This proved the anchoring effect of the silicon subdtrate.



Change of (nZ) due to first order sidebands versus frequency at 220kV/cm
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Figure 5.3 The change of (nZ) due to the first order sidebands versus frequency at 220kV/cm

nistherefractive index of thefilm along applied electric field direction, d is the instantaneous film thickness as defined in section5.1.

*10 represents 10 times magnification.
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The change of (nZ) due to second order sidebands versus frequency at 220kV/cm
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Figure 5.4 The change of (nZ) due to the second order sidebands versus frequency at 220kV

*5 represents 5 times magnification
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Figure 5.5 The change of (nZ) due to the first order sidebands versus electric field amplitude for 2%6PPO 2000
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The changes of (nZ) due to the first order sidebands versus
electric field at 12kHz
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Figure 5.6 The change of (nZ) due to the first order sidebands versus electrical field at 12kHz.

* 20 represents 20 times magnification.



The change of (nZ) due to the first order sidebands versus
electric field at 24kHz
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Figure 5.7 The changes of (nZ) due the first order sidebands versus electric field at 24kHz.
*10 means 10 times magnification.
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Figure 5.8 The changes of (nZ) to the second order sidebands versus electric field at 12kHz.

*5 means 5 times magnification
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The change of (nZ) (nm)

The change of (nZ) due to the second order sidebands versus electrical field at

24kHz
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Figure 5.9 The change of (nZ) due to the second order sidebands versus eectric field at 24kHz
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Figure 5.10 The change of (nZ) due to the first order sidebands versus frequency at different field strength

*9V equasto 200kV/cm field and the data series are magnified by 5 times.

10V equalsto 220kV/cm field.
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Table 5.3 Total refractive index times thickness change at 220kV/cm with and without polarizer

Mal. | Wt.% AC E fidd With or Initid thickness The change of (nZ)
W. frequency | (kV/cm) Without (nm) (nm)
(kH2) polarizer
8000 | 2% 12 220 Yes -11.64
8000 | 2% 12 220 No 313 -23.17
8000 | 2% 24 220 Yes -26.45
8000 | 2% 24 220 No 313 -26.07
2000 | 3% 12 220 Yes -16.78
2000 | 3% 12 220 No 103 -15.60
2000 | 3% 24 220 Yes -1.61
2000 | 3% 24 220 No 103 -1.65
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Chapter 6 Conclusions and Future Work

6.1 Conclusions
A heterodyne interferometer was successfully built and utilized for investigating

polymer chain dynamics under dectric fidd. PPO thin films spin-cast on gold line
sampleswere used in thisthess. Results show that strong electric field can induce
nonlinearility in polymer films. Both eectroredrictive effect thet is proportiond to the
square of dectric fidd amplitude? and piezod ectric effect that is proportional to dectric
field amplitude’ were observed.  The effect of dectric field strength, frequency, film
thickness and polymer molecular weight on the eectrical properties of PPO was studied.

Asymmetric polar polymeric materias can be poled under strong eectric fiedd and
exhibit eectro-optical properties such as piezodeciric and electroredtrictive effects. The
magnitude of this nonlinearity in polymer films can provide detailed information about
the structure of materid. Polar groups orient dong the eectric fied leading to
birefringence dong the fidld direction. In PPO, the refractive index of the film islarger
in the field direction than in the perpendicular direction.

Theinterfacid effects affect polymer chain dynamics draméticdly. Surface mohility
arisng from thefilm-arr interface in ultra thin films is observed. The enhanced mobility
in thin films enables us to measure polymer chain dynamics due to surface effect.
Thinner PPO films respond to larger dectric frequency ranges than thicker PPO films.

Subdtrate effect is aso very important for polymer chain dynamics. The chemica
bonding between the solid substrate and PPO molecules serves as an anchor for polymer
chains under dectric field. Without the substrate effect, PPO does not show any
piezodlectric and dectroredtrictive effects.

Polymer molecular weight affects polymer chain mobility and relaxation time
dramaticaly. High molecular polymers have larger chain entanglements and
intermolecular forces that result in their much dower response to eectric fidd. Thus, the
piezodectric and dectroredtrictive effects would be smdler in smaler molecular weight
polymer films of the same thickness.

Findly, dectric fidd strength and dectric frequency affect polymer film thickness
change and orientation. Higher intengty dectric fields induce larger piezodectric and



electroredrictive effectsin polymer films. Lower dectric field intendty isrequired to
overcome therma agitation and intermolecular forces between polymer molecules to
show long-range order of polymer chains. Electric frequency is equaly important for
polymer eectro-optica effects. Polymers exhibit molecular resonance frequencies. At
resonance frequency, polymers show the maximum eectrica effects and aso polymer
molecules respond to dectricd field stimuli in much shorter time and & much higher
magnitude Electric field intensity will affect polymer local resonance frequency. The
highest responding frequency of polymer molecules to eectric fidd is limited by polymer
chain dow dynamics and long relaxation time. We aso observed that the piezodectric
effect of polymers happens at higher frequency than the polymer orientetion. This result
is due to the dow polymer chain dynamics and thus polymer chain cannot orient with
high dectric frequency.

6.2 Future work
6.2.1 Birefringence study of polymer films

Birefringence of polymer film under dectric fidd can be further sudied using this
interferometer setup. In our current work, samples are placed paralld to the dectric fied
of the laser beam that is pardld to the applied dectric fidld shown in figure 6.1. Thus,
we can measure the refractive index of the film aong the gpplied dectric fidd. When we
turn the sample 90 degrees, the dectric field of the laser beam is perpendicular to the
applied dectric fidd shown in figure 6.2, thus we measure the refractive index of the film
perpendicular to the applied dectric fied in which polymer isnot oriented. By
comparing the data of the above two cases, we can measure the birefringence of polymer
film. ny isthe refractiveindex aong applied field direction. rp isthe refractive index of
the film perpendicular to the gpplied fidd direction. D(mnZ) isthe changes of refractive
index ny times ingtantaneous film thickness. D(n,Z) is the changes of refractive index np
times ingantaneous film thickness Z. w isthe applied dectric fidd frequency.

6.2.2 Polymer film aging under external field

Didectric materias subjected to high dectrica fidd strength can produce highly
reactive chemica speciesthat contribute to the aging process of polymer dielectrics
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films. Thisfidd has atracted significant attention in recent decade. Results of dectrica
aging will illugrate the basic mechanism that control the eectron-didectric interactions
and provide a description of the basic degradation processes involved during the
dectronic aging.* Polyethylene was aready shown to have electrica aging under AC
voltage due to the build-up of space charge.X* Polymer refractive index change under
externd field can be directly related to polymer aging. The current heterodyne
interferometer can be used to study the online dynamics of polymer film dectrica aging
or thermd aging by adding a thermd-control heating stage and increasing the externd
field voltage.

Measure the polymer
i .
ilm orientation ; LE (D
>
Hectric D(mZ) isafunction of (w)
fidd of
laser Electric field gpplied

to the sample

Figure 6.1 The dectric field of the laser beam pardld to the goplied dectric fied

Measure disoriented

_ <
polymer film ‘ 4_4

>

D(rnpZ) isafunction of (w)

Electric fidd < >

direction of
laser Electric fidd gpplied
to the sample

Figure 6.2 Electric field of the laser perpendicular to the applied eectric field



Reference:

1 G. €. Badwin, Anintroduction to nonlinear optics, Plenum Press, New Y ork, (1969).

2 H. J. Winkelhahn, H. H. Winter, and D.Neher, Appl. Phys. Lett. Vol. 64, No. 11, 1347-1349, (1994).
3 T. Furukawa, E. Fukada, Nature, VVol. 221, 1235-1236, (1969).

4 J.L. Keddie, R. A. Cory, Europhysics Letters, Vol. 27, No. 1, 59-64, (1994).

°J. A. Forrest, K. Dalnok-Veress, J. R. Stevens, J. R. Dutcher, Phys. Rev. Lett.Vol. 77, 2002-2005, (1996).

SW. J.Orts, J. H. VanZanten, W. -L. Wu, S. K. Satija, Phys. Rev. Lett. Vol. 71, No. 6, 867-870, (1993).
" Abraham Ulman, An Introduction to UltraThin Organic Films From Langmuir-Blodgett to Self-
Assembly, Academic Press, (1991).

8 K. Fukao, Y. Miyamoto, Europhysics Letter, Vol. 46, No. 5, 649-654, (1999).

D.B. Hall, J. C. Hooker, J. M. Torkelson, Macromolecules, Vol. 30, No. 3, 667-669, (1997).

10C. S, Hou, H. C. Pan, C. C. Chou ,et. al. Ferroelectrics, Vol 232, 129-134, (1999).

1 Eugene Hecht, Optics, Addison-Wesley Publishing Company, (1987).

12 Donald L. Wise, Gary E. Wnek, Debra J. Trantolo, Thomas M. Cooper, Joseph D. Gresser, Electrical and

Optical Polymer Systems Fundamental's, Methods, and Applications, published by Marcel Dekker, Inc.
New Y ork

13 sanche L. IEEE Transactions on Electrical Insulation, Vol.28, No. 5, 789-819, (1993).

145 Nod, C. Larent, C. Mayousx, |EEE Transations on Electrical Insulation, Vol. 22, No., 63-68, (1987).

67



Vita

Ping Y ang Hodges was born March 1, 1969 in Liaoning Province of China. She
began her college study in 1987 a Harbin Ingtitute of Technology (HIT). She gained her
B.S. degreein Applied Chemisiry in 1991 at HIT. She continued her Master of Science
sudy at HIT. In 1994, shefinished her M. S. degree in Composite Science. In 1996, She
joined the Chemical Engineering Department at Helsnki University of Technology asa
vigting sudent for ayear. She found out hersdf is very interested in Chemica
Engineering area. So she started her graduate schoal at Virginia Tech in 1999. She
enjoyed VT campus and Blacksburg area very much.

68



