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ABSTRACT:

A general survey of harmonic generation techniques in polymer thin film is given

and some recent results of wave dispersed third harmonic generation measurements on conjugated
polymers with one dimensional n-electron delocalization are reviewed and discussed. These
polymers exhibit very large cubic hyperpolarizabilities in near infrared. Some multiphoton (two and
three photon) resonance enhancements in cubic susceptibility are observed. The two photon level
with the same symmetry as the fundamental one lies in studied polymers below the allowed for
optical transition one photon level. Possible practical applications of observed resonances are

discussed.
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The rapidly developping optical telecom-
munications, image processing and perspec-
tives of design of optical computing systems
call the roll to highly efficient, with fast re-
sponse time, nonlinear optical materials. In
recent years it was shown that the organic non-
centrosymmetric materials, with internal
charge transfer, have about two order of
magnitude higher second order susceptibilities
compared to the most representative their
inorganic counterpart lithium niobate.

The emergence of conjugated one-dimen-
sional polymers has shown a new way of
getting highly efficient third order nonlinear
materials which may found an application
in a large variety of optical devices: bistables,
dynamical memories, phase conjugation,
parametric amplification, four wave mixing,
Raman scattering etc. In fact, the theoretical
calculations of Rustagi and Ducuing' and
Agrawal et al.? show that such conjugated one
dimensional 7 electron systems have large

cubic susceptibilities depending strongly on
delocalization length L(y® ~L®, a=5+6).
The conjugated one dimensional organic
polymers possess also some very interesting
physico-chemical and mechanical properties.
They are mechanically very stable, with large
value of Young modulus in polymer chain
direction, comparable to that of 3d metals.®*
Some of these polymers, polydiacetylenes,
polymerize in solid state, giving locally large
linear refractive index changes. This property
can be used in integrated optical circuits de-
sign. Polymers are also suitable materials for
thin film deposition. This can be obtained
directly from monomer thin film deposition
(Langmuir-Blodgett technique,” epitaxy,®
shear method® etc.) and subsequent polym-
erization or polymer thin film deposition: e.g.,
Shirakawa’s technique of polyacetylene thin
film deposition. In the case of soluble polymers
very simple thin film deposition techniques can
be used: spinning, dipping, solvent evapora-
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tion, etc.

Due to the large cubic susceptibility of
conjugated polymers their nonlinearity can be
studied on relatively small interaction lengths.
The simplest and direct methods of cubic
nonlinearities measurements are harmonic
light generation techniques: third harmonic
generation (THG) and electric field induced
second harmonic generation (EFISHG). Both
techniques can be done by transmission.
Moreover, due to small polymer film thick-
ness, the measurements can be done in
polymer absorption range for harmonic fre-
quency giving access to forbidden for one
photon transition levels.

In this paper we give a survey of harmonic
light generation techniques in thin films and
we review some results obtained for conju-
gated polymers for cubic susceptibilities to-
gether with observed multiphoton resonances.
Some practical aspects of these resonances will
be also discussed.

THEORY

Nonlinear Polarization of a Dielectric and Har-
monic Generation
The polarization of a dielectric can be ex-
panded in dipolar approximation in the ex-
ternal electric field E power series

P=yV:E+4®:EE+y®:EEE+ ... ()

where ¥ are (n+1) rank tensors. If there
exists a spontaneous internal polarization then
E is an effective electric field experienced by
molecules.

The tensor x') in eq 2 describes linear
optical properties whereas higher rank tensors
describe nonlinear processes. For centrosym-
metric structures like conjugated polymers
with one dimensional delocalization ¥ =0.
The tensor x*® describes cubic nonlinear pro-
cesses like: THG, EFISHG, four wave mixing
(FWM), optical bistability, optical Kerr effect
etc. For a conjugated linear polymer chain the
% .xx tensor component is most enhanced.

276

For the nonlinear processes interesting us the
nonlinear polarization components are given
by

P§L=% K= 303 0,0,0)[EP]*~THG
©)]

P§L=%X§)xx(_2w; w,w,0)[E®]%E,
— EFISHG “)

where the DC external field E, is applied
parallel to the incident light polarization.

Harmonic Light Generation

For a nonlinear slab with thickness / im-
mersed between two linear media the output
harmonic field is given by®

Ey=AeV[e™ —1] 5)
where
Al// = wF - '//H (6)

is phase mismatch between fundamental (F)
and harmonic (H) wave in medium with

op (H)Ic @)

are refractive indices and 6

WF(H)

Yemy=3wn,,,,, cost

where n,,_ .
propagation angles.
A in eq 5 is a factor arising from boundary
conditions and for THG
P ,
A= n A,(t%,E,) @®)
where Ae is dielectric constant dispersion,

t{, is transmission factor

2n} cosfl
ns,cos 02+ n2 cos 2

W
P}

©)

and A4, is a factor arising from boundary con-
ditions

n2_cos0Z_+nl cosl
n2 cos02 +nl cos6

(10)

l=

Superscripts in eq 9 and 10 refer to corres-
ponding media (l-input, 2-nonlinear, 3-out-
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put).

Equation 5 is an approximation for har-
monic field (c¢f. Kajzar and Messier®). It holds
when the refractive indices of nonlinear me-
dium are not very large as it is the case of
organic matter. It takes into account all re-
flected harmonic waves. We note here that the
simplifications used often in getting harmonic
field expression and consisting on a neglect
of all reflected waves from interfaces other
than that under consideration® ~!! lead to non-
sensical results in the case of thin films and is
demonstrated by e.g., an independence of re-
flected harmonic wave intensity on thin film
thickness (see discussion in Kajzar and
Messier'?).

For a serie of nonlinear media as it is the
case of thin films deposited on a substrate
whose nonlinear response not always can be
neglected with respect to that of the film itself,
the resultant harmonic field is a superposition
of fields generated in each medium separately

EN=ELT,+E}T,+ ... (11)

where T’s are whole transmission factors.
One can distinct two special cases:
i) Thin films deposited on one side of sub-
strate. In this case the outgoing harmonic
intensity is given by

64n* | iy +yz,) (x“’)
e Ju—
Ae

Lu0)=—3
x [AiT,(l —eidvY)

+PTzA’1’(E‘A"‘"—1)] 2(Ia,)3 (12)

where superscripts or subscripts s and p refer
to substrate and polymer film, respectively,
and

p =01/ Ae, (x| Ae), (13)

In a general case p may be complex: p=|p e,
as well as complex are all transmission factors
T’s and A4;s coefficients in an absorbing me-
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dium for fundamental and/or harmonic fre-
quency.

il) Thin films deposited on both sides of
substrate. The resultant harmonic field is given
in this case by

64nt| (1 i y
Iyy=—%" <E s eVpT A} (1—e™ ")
AL - 1)
. . 2
+pT A e ™™ —1)| (1)} (14)
where

Y=yf+ i+

Both eq 12 and 14 lead to complex interference
spectra. They show a possibility of polymer
susceptibility phase ¢ determination if that of
substrate is known (e.g., ¥ real as it is the
case far of absorption bands and far from
forbidden transitions). In the case of trans-
parent thin films with thickness / much smal-
ler than the coherence length /,=4/6|An| the
term (e“Yp—1) is directly proportional to
the polymer film thickness!®> and does not
depend upon /..

We note here that eq 12 and 14 are true for
THG measurement in vacuum. In air two
additional nonlinear media are to be added
(air before and after sample), what in a general
case lead to much more complicated situa-
tion.® In the case of EFISHG eq 5 and 6 are
valid with F=w, H=2w and A4 given by

O —2w; 0,0,0)

X
A=6
i Ae

A 1(tc102Ew)2Eo (1 5)

and for a thin film deposited on a solid
substrate with electrodes one gets (for details
see Chollet et al.'*).

64n?

2
Lhw=—3 Aese™ —1)| EXI,)? (16)
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EXPERIMENTAL

Apparatus

A typical experimental arrangement for
wave dispersed harmonic generation mea-
surements is shown in Figure 1. The light
source is a Q-switched Neodymium doped
Yttrium Aluminium Garnet (Nd: YAG) laser
operating at 1.064 um fundamental wave-
length with pulse duration of 13 ns and repe-
tition rate of 10 Hz. The fundamental beam,
after a frequency doubling in a phase matched
KDP single crystal, is pumping a dye laser.
The tunable in visible laser beam is subse-
quently shifted to near IR by stimulated
Raman scattering (first and second Stoke
radiation) in a high pressure hydrogen cell
(56 bars). A Pellin-Broca prism allows to
separate different outgoing wavelengths. With
a corresponding choice of organic dyes one
can cover 0.56+1.9um wavelength range.
The parasit light is filtered by a fitter assembly

and the chosen wavelength is focused on
sample placed in a vacuum cell with fused
silica windows. Again, the fundamental light is
eliminated by corresponding filters and by a
monochromator (this two step filtering is nec-
essary in view of low conversion rate and
parasit effects). The PMT signal is integrated
in boxcar integrator. Rotation and/or trans-
lation of sample is controlled by a minicom-
puter which stockes also the harmonic inten-
sity in function of the sample position. The
possible fluctuations of the fundamental beam
are monitored by a rapid photodiode. In
THG experiments the measured hyperpo-
laritability is calibrated with a fused silica
plate (Suprasil I) with known x© value (3
(=3w; w,0,0)=28x10"1* esu.l!) and in
EFISHG with a wedged a-quartz single crystal
x2, Qw; w,w)=1.2x107° e.s.u” ).

Thin Film Deposition
The most of spectroscopie studies have been

Si Nd : YAG KDP RAMAN P-B
PHOTODIODE 1064 pm 0.532um CELL
Si
BOXCAR 1 G
ipnommooz
L ] F1
C > L
MINI . S
COMPUTER -
VP
F2
M
X-Y .
RECORDER BOXCAR PM

Figure 1. Schematic representation of experimental arrangement for wave dispersed harmonic gene-
ration measurements: P-B, Pellin-Broca prism; G, Glan polarizer; F, filters; L, lens; S, sample, VP, vacuum
pump; M, monochromator; PMT, photomultiplier tube.
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done on polydiacetylene Langmuir-Blodgett
multilayers. The Langmuir-Blodgett tech-
nique, diagrammatized in Figure 2, allows to
get regular and oriented thin films with well
controlled thickness starting from about 30
A (one monolayer) to a few thousands of
angstroms. The used diacetylene monomer
with chemical formula:

CH,—(CH,),s-C =C~C =C~(CH,);~COOH

forms a stable solid film on water sub-
phase®-¢-1° with 5x 10~*M CdCl,. This film
can be directly polymerized on water sur-
face!” with UV irrradiation and transferred as
polymer film on a solid substrate (e.g., fused
silica), or transferred in monomer form and
subsequently polymerized.'® In the present
case the second technique was used (cf. Figure
2). The resulting polymer has following for-
mula: CH;-(CH,),s;—C—C=C-C—~(CH,)s—
C0O0Cd.'?

The LB multilayers can be characterized
by a variety of spectroscopic methods (UV,
visible, IR, crossed polarizers) and their ori-
entation can be checked out by linear dichro-
ism,2>2! electron microscopy,'® ESR?' (if
some magnetic ions are included into the
matrix, e.g., Cu?* in place of Cd**) and X-
Ray,?? electron?® or neutron®* diffraction

11
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>
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S

Figure 2. Principle of Langmuir-Blodgett thin film
deposition. The upper part of figure show a polydiacet-
ylene monomer (left) and polymer (right) bilayer: P,
pressure sensor; MB, mobile barrier; S, substrate.
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techniques.

RESULTS

The THG measurements have been carried
out by rotation of substrate with polymer film
along an axis perpendicular to the light pro-
pagation direction. In Figure 3 we have shown
some typical TH intensity spectra in function
of incidence angle for 3 distinct cases: polymer
film with a large value of ¥ on one side of
substrate only (a blue form of PDA LB film),
the same but with smaller value of y® (a
polysilane film obtained by a spin on glass
technique?®) and polymer film on both sides
of substrate (PDA LB film). In the first case

Harmonic intensity (arbitrary units)

i F—

0 20 040 50

Incidence angle {(deg)

Figure 3. Third harmonic intensity in function of in-
cidence angle from single polysilane thin film (a), a single
polydiacetylene thin film (b), and from a double poly-
diacetylene film (c). Continuous line shows theoretical
values and points measured ones.
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(Figure 3b) only harmonic light from polymer
film is observed; that from substrate being
negligible. For a polysilane film (see Figure
3a) an interference between harmonic field
generated in substrate and in polymer film is
observed (a superposition of Maker fringes
from substrate with a monotonically de-
creasing field from polymer film as in Fig-
ure 3b in function of incidence angle). This
allows a x® phase determination.?®> In Fig-
ure 3c fringing patterns are seen, characteris-
tic for Maker fringes from a nonlinear slab.
However origin of the present interference
picture is quite different than in the case of
Maker fringes. In the present case they are due
to an interference between harmonic field
generated in first (on one side) and in the
second polymer film (on the other side) the
phase mismatch, and consequently the inter-
ference being due to the refractive index dis-
persion in substrate, and not in nonlinear
medium (polymer film) as in the former case.
From Figure 3 it is seen also that theory (solid
lines) fits very well experimental spectra
points.

All measurements have been done in vacu-
um. We note here, that in air both intensity
and envelope of harmonic light are modified.®
The measured intensity in air is smaller than
in vacuum, the decrease depending on focal
length and on incident light wavelength. The
envelope function in air falls more rapidly
with incidence angle in the case of smaller air
contribution than signal from sample itself
and increases in the opposite case. Again,
these effects depend on focal length and in-
cidence wavelength.

In Figures 4 and 5 we have displayed the
chain parallel cubic susceptibility y2) . (—3w;
w,w,w) in function of incidence wavelength
for blue and red form of PDA thin films,
respectively. For blue form we observe a
maximum in y¥® at 1.35um fundamental
wavelength. As the wavelength is falling in the
polymer transparency range, the only expli-
cation of this resonance, as it will be discussed
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Figure 4. Cubic susceptibility x$), (—3w; 0, w,w) in
function of fundamental wavelength for blue form of
polydiacetylene LB film. Solid line show imaginary part
of refractive index.
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Figure 5. Cubic suscpetibility ¥, (—3w;w,»,®) in
function of fundamental wavelength for red form of
polydiacetylene LB film. Other details as in Figure 4.

in next section, is via a two photon resonance
with a forbidden level. The second increase in
% is a three photon resonance; the harmonic
frequency falling at the excitonic absorption
peak (continuous line). A small peak around
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1.06 um is probably a resonance with a for-
bidden conduction state. In the case of red
form of polymer (Figure 5) we observe also a
maximum in ¥® (—3w;w,w,w) at about
1.22 um followed by an increase in cubic sus-
ceptibility for larger wavelength due to a three
photon resonance.

DISCUSSION

In order to understand the origin of ob-
served resonances in cubic susceptibility y®
(= 3w;w,w,w) we use the quantum mecha-
nical formulas obtained by time dependent
perturbative calculation. For a linearly po-
larized incident light one obtains for the
tensor component responsible for THG proc-
ess in dipolar approximation following ex-
pression?®:

X(s)(' : ')d Z ananan'Q
nfn’

n'g

1
X [(E”g —30)E;,— 20)E,— )
1
T Byt ONE,,—20)Eyg— )
) 1
(Eng+ ONE;;+20)E, ,— )

+ ! a7
(Epg+ ONE;;+20NE, ,+ 3w)

—g———7— S s e
n n
S L S R
1 ¢ n
n f
w w
- -t
34 3w
w w
9 9

(a) (b)
Figure 6. Optical third harmonic generation process:
solid lines represent excited unperturbed levels whereas
broken lines show virtual states. States n and n’ have
opposite symmetry to the fundamental one and state f
the same. In studied polymers state f'lies below »n and n’
as in (b).
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where g is the fundamental state (see Figure
6), E; is energy difference between states i
and j in A units (E;;=(E,— E))/h), Q,; dipolar
transition matrix elements between states
i and j: Q;=j|er|i). The transition matrix
elements €,; are non zero only if i and j
states have opposite symmetry. It means that
if states n and »n’ have opposite symmetry to
the fundamental g, then f will have the same.

Equation 17 shows that when the energy
difference between fundamental and one of the
excited levels approaches one or multiple in-
cident photon energies then a resonance en-
hangement in y® (- 3w;w, w,w) will occur. In
THG process one, two and three photon res-
onances are possible. One photon resonance
is possible when the fundamental wavelength
falls in the absorption region. Such a reso-
nance enhancement in y© was observed in
PDA LB film by Carter et al.?’

Three photon resonance (E,,—3w=0) was
observed by Sauteret et al.?® in poly(toluene
sulphonate) (PTS) single crystals, in blue PDA
LB film (c¢f. Figure 4) and in trans-polyacetyl-
ene?’; all at 1.907um fundamental wave-
length. A three photon resonance was also
observed in polysilane thin films at 1.064 ym.2*
The two photon resonance was first observed
in PDA LB film'® (c¢f. Figure 4) at 1.35um.
Similarly, it was also observed in trans-(CH),
thin film at the same wavelength?® and at 1.22
in red PDA LB film (¢f. Figure 5).

We note here that in both cases red and blue
form in PDA, as well as in trans-(CH), the
double of the incident photon energy at two
photon resonance is smaller than the gap
energy. It means that in these conjugated
polymers the forbidden two photon level lies
below the allowed for optical transition B2
state (¢f. Figure 6b) 2500cm ™, 800cm ! and
900cm ™! in PDA red, PDA blue and trans-
PA, respectively. From a practical point of
view one and two photon resonances have little
perspectives of applications in optical devices.
This is connected with fundamental beam
absorption in first case, resulting in thin film
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heating. In the case of three photon resonance
the only possibility of its application is fre-
quency conversion. Due to the fact that the
harmonic light is strongly absorbed (it falls
at absorption peak), only a small interaction
length can be used, resulting in limited con-
version efficiency.

The two photon resonance may have much
more practical impact than one and three
photon resonances. It may be used in the
frequency conversion. A priori there is no
limitation on fundamental beam power; this
one falling at the polymer transparency region.
Also the harmonic frequency (c¢f. Figure 4)
is not strongly absorbed (it falls in the deep of
polymer absorption). However at the two
photon resonance the cubic susceptibility
is complex and its real and imaginary parts
have following form (in a three level approx-
imation: n=n’"#f).

Efg—2co

R 3) _3 5 s (L
e (—3w www)a*-(Efg_zw)z_i_rz

A (18)
and

r
J 3) _3 5 y Wy A
m (= 3w; w,w w}_—(Efg—Zw)z T2 (19)

where

Q,.Q2,Q..Q,. 1 1
A= gn=“nf=“fn'"“n’g
g, E,,—w [E,,g—3co+E,,g+w:|

(20)

It means that at two photon resonance the
real part of ¥ is equal to zero and the
imaginary part reaches its maximum. At the
same time the Kerr susceptibility 3 (—w;
w,w, —w) will be also complex with a similar
frequency behavior as y® (—3w; w,w,w) (see
eq 18—19. Complex will be also intensity
dependent index of refraction given by:

n=ny+n,J, 21
where n, is linear refractive index and
n,= 1212y (—w; w,0, —w)/nic (22)
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It follows that the fundamental beam at
frequency w will be absorbed via a two photon
process (two photon absorption—TPA)
reaching a maximum at two photon resonance
exactly and resulting in a pump depletion. It
is possible to diminish this absorption by a
slight shift of the pump frequency beyond two
photon resonance (e.g., w,=w,,+ I where I'
is two photon level width).

The two photon absorption and resulting
refractive index variation with incident power
will lead to an active optical bistability with
a large number of possible applications (am-
plification, optical transistors, dynamic me-
mories etc.).

For blue form of PDA, assuming that the
resonant value of ¥ (—w; w, —w, w) is close to
that of ¥® (—3w; w,w,w) one gets n,~107°
cm?’/MW. Under the same assumption one
obtains an order of magnitude larger value for
trans-(CH),. These are large numbers com-
parable or larger than in inorganic semicon-
ductors in the same frequency range.

Similarly, two photon resonance may
be also used in optical and electro-optical
switches operating at 1.35 ym.

CONCLUSIONS

In this paper we have described our recent
work on nonlinear optical properties of con-.
Jugated polymers. The measured values of
Yomx (—30; o,0,0), corrected for polymer

disorder by a factor given by

{cos* 0> =% (23)
where 6 is angle between polymer chain and
incident electric field, are listed in Table I
together with other reference values. The
polymer 3 values were calibrated with fused
silica in vacuum y@)_ =2.8x 10714 es.u.l!
This shows that the conjugated polymers are
highly polarizable, with highest observed
values for ¥® (—3w; w,w,w) in the case of
trans-(CH),. This make them an interesting

Polymer J., Vol. 19, No. 2, 1987



Nonlinear Optical Effects in Conjugated Polymers

Table I. Cubic susceptibilities ). (—3w; w, w, w) in 107'* e.s.u. of conjugated polymers
and other related materials at different wavelengths

Material

3)
X xxxx

(—3w; 0, w,w) (x 10" * e.s.u.)

1.064 um

1.35 um

1.907 ym

Polydiacetylene LB film flue form?*
Polydiacetylene LB film red form®
trans-Polyacetylene®

(3.440.3)x 103
0.9+0.1)x 103
(4+0.5)x 103

(1.540.2) x 10¢
(1.940.2) x 10°
(1.240.1) x 10%

(2.240.2) x 10°
(3.4+0.3) x 10°
(1.3+0.1) x 10

Poly-TS-6¢ (8.5+5)x 10*
TCDU* (7£5)x10°
Polysilane® (1.540.1) x 10?

Benzene' 12.0+0.6 10.6+0.5
Silica® 2.8

* Ref 18. ® Ref 32. ° Ref 29. ¢ Single crystal value (ref 28). © Average value {}® (—3w;w,w,w)) (ref

25). " Ref8. ® Refll.

candidate for applications in optical devices.

The discovery of two photon resonance at
1.35um in blue form of PDA and in trans-
(CH), make them especially interesting for
applications in telecommunications; the above
wavelength falling in the best optical fibers
transparency region.

The ease in thin film preparation by dif-
ferent techniques, possibility of circuits design
by solid state polymerization or photode-
composition show that conjugated polymers
are promissing candidates for applications
in integrated optics.3® The EFISHG experi-
ments show two phenomena.!*3! First one
is a broad two photon resonance around the
same wavelength as in THG experiments.
The broadening is due to the fact that in
EFISHG the two photon resonance occur
simultaneously with allowed and forbidden (n
and f states in Figure 6) for one photon
transition levels (¢f. discussion in Chollet et
al3?). As these levels are close, the resonance
width is broaded.

The second phenomenon is connected with a
large internal polarization creation by a two
photon absorption process for incident wave-
length smaller than 1.1 um. As incident photon
energy is smaller than the band to band tran-
sition energy, the electron-hole pair generation
is only possible with two photon process. This

Polymer J., Vol. 19, No. 2, 1987

may be done primarily via a two photon
absorption or by a reabsorption of generated
photons with double frequency (SHG). The so
created electron-hole pairs are separated by
applied DC field and trapped by polymer
defects, creating a large internal polarization.
This separation is large in LB films and in-
ternal polarization reaches the values of the
order of 5x10*V cm™!. This polarization
can be erazed by a visible or again IR light
through one or two photon process, respec-
tively.
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