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We have measured the optical third harmonic susceptibility of thin amorphous films of poly(% 
methyl-4’-octyl-2,2’-bithiophene-5,5’-diyl) (P3MOT) on fused silica substrates as a function of wavelength 
(1.06-2.04 pm) and film thickness. The wavelength profile of x(~)(-~w;w,w,w) does not show the expected 
enhancement at shorter wavelengths from three-photon resonance in the visible region. For a film of 720-A 
thickness, x ( ~ )  decreases monotonically from 4.4 X lo-“ esu at a wavelength of 2.4 pm to 1.8 X lo-” esu 
at 1.06 pm. For film thicknesses between 400 and 3000 A, the observed x ( ~ )  also shows an unusual dependence 
upon film thickness in that thinner films have increasingly higher effective values of x ( ~ ) .  We have observed 
some evidence for preferential in-plane orientation of thiophene rings in very thin films by UV-visible 
spectroscopy, which suggests that the enhanced response is an orientation effect. 

There has been much recent interest’ in the third-order 
nonlinear optical response of highly conjugated conductive 
polymeric materials. Because of the extensive r-electron 
delocalization built into the polymer chains to promote 
electrical conductivity, these materials may also show large 
optical nonlinearities. For certain compositions, conven- 
ient processability makes them attractive for optical device 
applications. It is this latter property that makes the 
3-substituted polythiophenes2 particularly interesting. 
With appropriate substituents, these polymers can be 
made highly soluble, and the resulting solutions can be 
easily cast into films by spinning or other methods. The 
preliminary reports of others3 have shown that the optical 
nonlinear response of polythiophenes is not only large but 
also very fast, as expected from a nonlinearity with an 
electronic origin. We have made a detailed study of the 
third-order response of a soluble polythiophene, poly(3- 
methyl-4’-octyl-2,2’-bithiophene-5,5’-diyl) (P3MOT), in 
thin-film form by optical third harmonic generation (THG) 
and report here our results. The important feature of this 
particular polythiophene is that it is strictly amorphous 
in thin solid film form. Not only is the absence of crys- 
tallinity an advantage for optical device considerations, it 
also simplifies our attempt to understand the molecular 
nature of x ( ~ )  in this material. 

The polymer PSMOT is made according to a method 
described previously2b by polymerizing a configurational 
specific dimer of 3-methylthiophene and 3-octylthiophene. 
Because the precursor is a dimer, the resulting copolymer 
has a strictly 1:l ratio of methyl- and octylthiophene units. 
Further, the regiospecific placement of the methyl and 
octyl groups greatly reduces the probability of “head-to- 
head” (5’,5’) coupling so that the polymer is highly regular 
with a minimum of adjacent ring steric interactions. Thin 
films prepared by spin coating from toluene solution show 
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no evidence of crystallinity when examined by electron 
diffraction, and standard X-ray diffraction of thick (2100 
pm) films cast by standing evaporation reveals minimal 
(<5%) crystallinity. The electronic absorption spectrum 
of P3MOT spun onto fused silica shown in Figure 1 is 
much broader than that of P3MOT in toluene solution, 
and the absorption maximum is red-shifted from 438 ( t  

= 4890 M cm-’) to 460 nm ( E  = 5300 M cm-’). This be- 
havior is analogous to that documented for other poly(3- 
alkyl thiophene^)^ and possibly indicates one or more of the 
following phenomena: extended coplanarity of the ir 
system in the solid state, aggregation of chains via K in- 
teractions between thiophene rings, or inhomogeneity of 
the chromophoric sites in the amorphous solid. In P3MOT 
films, the characteristic shoulder a t  -600 nm in the 
spectrum attributed to extended chain polymer4a is quite 
a bit less intense than is observed in other polythiophenes. 
A very small but noticeable absorption feature also occurs 
at -600 nm in the solution spectrum; thus, this shoulder 
is most likely an intrinsic molecular electronic transition 
such as singlet-triplet (x+n*) transition. As shown in 
Figure 1, a very slow relaxation phenomenon takes place 
in spun films over a period of weeks, which is reflected in 
the absorption spectrum. This phenomenon can be ac- 
celerated somewhat by prolonged exposure of the films to 
fluorescent room light and can be entirely reversed by 
redissolving and recasting the film. This behavior is similar 
to the temperature/orientation effects seen in other po- 
ly th i~phenes .~  No further evidence of degradation with 
time is observed in films greater than - 500 8, thick, but 
extremely thin films (<200 A) tend to bleach irreversibly 
over a period of several weeks from orange to yellow, 
suggesting that the chromophore is being shortened in 
some way. 

For THG experiments, P3MOT films 70-3000 8, thick 
were spun onto optically polished fused silica substrates 
from toluene solution and vacuum dried overnight at room 
temperature to remove solvent. Thickness measurements 
were obtained by profilometry on films >400 8, and were 
verified independently by ellipsometry for several samples. 
These measurements correlated extremely well to optical 
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4-month period, even though extensive relaxation of the 
film was observed spectroscopically during this time. 
Because the T H  response of the films was so large, vari- 
ation of the input beam angle did not give rise to an in- 
terference pattern from the substrate.8 Moreover, the 
replacement of air by helium had a negligible effect on the 
magnitude of the signal. Thus, the P3MOT film could be 
approximated as a plane parallel slab of nonlinear material 
in a linear medium (see below). To determine the third- 
order susceptibility, T H  from a P3MOT film was measured 
relative to a standard reference substrate of fused silica, 
with a known x(3).9 In contrast to the P3MOT films, T H  
from the silica reference substrate showed the expected 
sensitivity to incident angle6 and to the presence of air.6bJ0 
To simplify the measurements, a reference substrate was 
used that had a thickness very close to an integral number 
of coherence lengths, so that the T H  signal at normal 
incidence was a maximum (this was easily verified in any 
given experiment). The effect of ambient air on the ref- 
erence signal was to cause a 20-30% increase in T H  at  
normal incidence in the particular experimental geometry 
employed. This increase was reproducible from trial to 
trial and varied little with wavelength over the range 
studied. Therefore, the majority of measurements were 
made in ambient air, and a standard correction was made 
for the T H  signal from the reference. 

The nonlinear susceptibility of thin-film P3MOT was 
calculated by using the approximation of a plane parallel 
slab of nonlinear material “a” in a linear medium “b”. The 
general solution to this problem has been previously 
treated by Kajzar et a1.6bJ1 Because P3MOT has signif- 
icant optical absorption, we have developed an expression 
for THG similar to that derived by Oudar12 for SHG, which 
treats absorptive losses in a simple manner. We note here 
that for absorbing media, the complex form of the re- 
fractive index must be used. We will use the Nebraska 
convention in which the refractive index is written as n 
= (n, - ik). Dielectric constants, wave vectors, phases, and 
propagation angles are also complex at  absorbing wave- 
lengths (k > 0). 

Following Kajzar et al.,6bJ1 the general expression in cgs 
units for THG in a plane parallel slab can be written 
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Figure 1. Absorption spectrum of a 1600-8, P3MOT film on silica 
immediately after drying (-) and after 30 days in the dark at 
room temperature (- - -). 

absorption of the films so the thickness could be deter- 
mined optically to *15 A. Film thickness could not be 
determined optically for films thinner than -250 A, as 
small but significant spectral changes (vide infra) indicated 
that the calculated absorption coefficient is no longer ac- 
curate. 

The experimental apparatus and approach was similar 
to that used by Kajzar et al. for THG measurements on 
thin supported films? A Spectra Physics DCR3 Nd:YAG 
laser operating in the “doughnut” mode pumped a PDL-2 
dye laser. The 1.06-pm beam and dye laser beam were 
combined in a WEX wavelength extender containing an 
angle-tuned LiNb03 crystal to generate an infrared beam 
by frequency difference mixing. Spurious wavelengths 
were filtered out of the beam by appropriate cutoff filters. 
The resulting doughnut-shaped infrared beam was linearly 
polarized with a pulse half-width of 8 ns and an energy of 
1-6 mJ/pulse and was focused to a minimum spot size on 
the order of 150-300 pm by a 25-cm lens. This configu- 
ration gave a depth of focus of 1.5-2 cm over the experi- 
mental range 1.06-2.4 pm. Samples were mounted ver- 
tically on a two-axis goniometer/rotation stage with the 
film side facing away from the incident laser beam, and 
the film surface was positioned at the center of tilt/rotation 
by means of a jig. A HeNe alignment laser was used to 
align the film normal to the incident laser beam. To assess 
the T H  (third harmonic) contribution from air, the entire 
sample holder could be enclosed in a helium atmosphere, 
which has a x ( ~ )  only 1 /23  that  of air.7 After passing 
through the sample, the light was filtered by an appro- 
priate combination of Schott KG and interference filters 
to remove the laser beam and isolate the T H  wavelength. 
Neutral density filters were used to reduce the intensity 
so that it could be detected in the linear range of a nine- 
stage Hamamatsu photomultiplier tube operating at 1 kV. 
The signal was then collected and averaged over a mini- 
mum of 1000 shots by a Tektronix 2430 digitizing oscil- 
loscope. The T H  pulse had a half-width slightly narrower 
than that of the laser pump pulse, and the peak height was 
proportional to the integrated area, as expected. 

Third harmonic signals for P3MOT films were large 
compared to a bare silica substrate, even for the thinnest 
films, and showed a strict cubic dependence upon incident 
laser intensity. No evidence of degradation of the film was 
observed for estimated power densities as high as 30 
MW/cm2. No significant change in T H  intensity was 
noted in repeated measurements on the same film over a 
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S” and S3” are the magnitudes of the Poynting vectors 
describing, respectively, the intensity of the fundamental 
beam at  frequency w before entering the slab and of the 
third harmonic beam at frequency 3w after leaving the slab. 
T is a composite transmission factor that takes into ac- 
count Fresnel transmission factors and boundary condi- 
tions at  the front and back faces of the slab. More spe- 
cifically 
T =  

(8) A similar observation has been made in the case of a polydi- 
acetylene Langmuir-Blodgett thin film.6b 

(9) Meredith, G. R.; Buchalter, B. Appl. Op t .  1982, 21, 3221. The 
value of (2.79 f 0.03) X lovi4 eau at 1.907 pm was corrected for wavelength 
by using Miller’s Rule (see: Miller, R. C. Appl .  Phys. Lett .  1964,5, 17). 

(10) (a) Meredith, G. R. Phys. Reu. B 1981, 15, 5522. (b) Meredith, 
G. R. In ref IC, Chapter 2, p 27. 

(11) Kajzar, F.; Messier, J. Phys. Reu. A 1985, 32, 2352. 
(12) Oudar, J. L. J .  Chem. Phys. 1977, 67, 446. 



Optical Third Harmonic Responses 

where tabW is the Fresnel intensity transmission factor from 
medium b to medium a at  frequency w. N i  is defined as 
nj  cos $i, where n; is the index of refraction and $,J is the 
propagation angle of light of frequency j = w,3w in medium 
i = a,b. The last term in the expression is nearly unity and 
may be neglected.6b Moreover, since the experiments were 
conducted at  normal incidence, the expression can be 
simplified to 
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T z  "( 2naw )"( na3* + n a w  ) 
(3) 

(nbw)3 naw + nbw nb3w + n,3. 

In eq 1, k is the difference in optical dielectric constant 
of medium a between w and 3w,  L is the thickness of the 
nonlinear slab, and AK is the wave vector mismatch be- 
tween the fundamental and T H  waves, defined" as (k3w 
cos $? - 3k" cos $a"), Alternatively, AK = K/L,, where 
L, is the coherence length of the material, defined as 
2m/6w(n3" - nw). The function F(ML) describes the third 
harmonic intensity within the nonlinear medium,12 in- 
cluding the oscillatory behavior due to wavevector mis- 
match and the absorptive losses at w and 3w. In the most 
general case 

where a1 and cy3 are standard Napieran absorption coef- 
ficients at  w and 3w for which the optical transmittance 
is exp(-aL). For a transparent nonlinear medium, eq 4 
reduces to 

0 

F = L  [l - cos AKL] 
(AKLY 

(5) 

as it should. In the case of PSMOT, a1 is negligible over 
the entire experimental range, but a3 becomes significant 
for films thicker than 300 8, at wavelengths shorter than 
620 nm. 

Experimentally, the TH signal for a given P3MOT film 
was measured with respect to a silica reference at identical 
values of S". Thus, 

Here, the subscripts p and r refer to polymer and reference, 
respectively, and (Sp)' is the intensity of T H  signal ob- 
served for the reference after correction for the effect of 
air as described above. In calculating T , we have used 
the index of refraction of silica instead of b3MOT for the 
front face boundary, as the attenuation of the incident 
beam is identical for both sample and reference. We also 
neglected transmission losses at the silica/polymer inter- 
face as well as multiple reflection within the polymer, 
which were judged to be incoherent as discussed in ref 11. 

The sensitivity of the calculation to the values used for 
the indexes of refraction of both the material and the 
reference is clear from eq 6. A poor estimation of indexes 
of refraction can lead to large error in x ( ~ )  if A€ of the film 
is very different from that of the reference, as is the case 
for P3MOT and many other highly colored materials. To 
avoid this source of error, we measured the complex index 
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Figure 2. Variation of the optical constants n, and k with 
wavelength for thin-film P3MOT. (+) Points determined by 
ellipsometry. Solid curve for k determined independently by 
optical absorption. 

A,(nm) 

1000 1500 2000 . 8.0 

3 300 400 500 600 700 800 
A,cnm) 

Figure 3. Variation of x@)(-~w;w,w,w)  (0) with wavelength for 
a 720-A film of P3MOT. Top scale, wavelength of fundamental 
beam; bottom scale, third harmonic wavelength. 

of refraction of P3MOT from 350 to 800 nm using a Rudolf 
Research S2436 scanning ellipsometer. The curves shown 
in Figure 2 are the result of a simultaneous fit of ellipso- 
metric data taken a t  three different angles for a 1600-8, 
P3MOT film on silicon and analyzed according to standard 
theory.13 As a cross check, kh was independently deter- 
mined by standard UV-visible transmission spectroscopy 
where Th = exp(-47rkhL/X). The ellipsometric values of 
k agreed with those measured by transmission to the limit 
of experimental accuracy (-0.002). For the fused silica 
reference, the indexes of refraction were calculated ac- 
cording to the dispersion equation developed by Malitson.14 

The values obtained for ~(~)(-3w;w,w,w) as a function of 
wavelength are shown for a 720-A film in Figure 3. As 
is clear from the superimposed absorption spectrum, xt3) 
apparently does not show the expected three-photon res- 
onance enhancement, nor is the increasing value of x ( ~ )  
with increasing wavelength consistent with one-photon 
resonance; the infrared absorption spectrum of P3MOT 
shows no optical absorption in the range 650 nm to 50 wm. 
The wavelength profile does resemble the absorption 
spectrum of the oxidatively doped conducting polymer., 
To test whether the apparent TH signal might in fact be 
coming from trace oxidized impurities in the films, we 
examined the third harmonic from a series of 650-8, films 
that were deliberately oxidized to various doping levels by 
dipping in acetonitrile solutions of NOBF,. Partial oxi- 
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Mm and the T H  wavelength falls in a slightly absorbing 
spectral region. We have also obtained similar results a t  
1064 nm where L,  = 1.48 Fm and the T H  wavelengths is 
in a region of anomalous dispersion as indicated in Figure 
2. A similar phenomenon has been noted previously in TH 
measurements on polysilane thin filmsI6 and has been 
attributed to orientation anisotropy of the nonlinear 
chromophore at the film surfaces. As the bulk of the film 
becomes thinner, the T H  contribution from the plane- 
oriented material near the surfaces becomes larger. This 
explanation is particularly attractive in the case of poly- 
thiophenes, since the greater *-electron conjugation ob- 
tained by increasing coplanarity of the thiophene rings in 
near-surface polymer will also give rise to a larger #),I5 
which will add to the simple orientation effect. Accord- 
ingly, we searched for physical and spectroscopic evidence 
of orientation in thin P3MOT films. By cross-sectional 
transmission electron microscopy, thin films spun onto 
plastic substrates (for purposes of microtoming) appeared 
extremely smooth and homogeneous with no trace of 
crystallinity seen in the electron diffraction pattern. In- 
frared spectroscopy was likewise uninformative; spectra 
of very thin films taken by polarized attenuated total re- 
flection infrared spectroscopy (in which two oriented in- 
terfaces should be important) were identical with those of 
thick films taken in the conventional transmission mode 
where surface contributions are negligible. However, the 
UV-visible absorption spectra of extremely thin films gave 
some hint of increased coplanarity of the rings. Films less 
than -300 A showed a slight red-shift of the absorption 
maximum from 460 to 470-480 nm. This effect was re- 
peatable but could not be reliably quantified. 

In summary, P3MOT is an example of a strictly amor- 
phous polythiophene thin film that exhibits attractive 
nonlinear optical properties. The high value of 
x(~)(-~w;w,w,o) in the preresonant wavelength region cou- 
pled with the very high damage threshold of this material 
in thin-film form are useful features for optical devices. 
The higher effective nonlinearity of very thin films may 
be exploitable in certain device applications. In some 
polymers, a thicker film may be built up by spinning 
several consecutive films on top of one another. It is 
conceivable that a polythiophene could be synthesized with 
the appropriate substituents at the 3-position to confer this 
property of spin overcoating, and that spin-oriented thin 
films could be easily fabricated. 
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Figure 4. Variation of calculated x(~)( -~u;u,u,u)  with film 
thickness L in P3MOT films for fundamental wavelength of 1740 
nm. 

dation caused the T H  signal from the film to drop dra- 
matically, and at  doping levels greater than -15%, a laser 
burn spot quickly developed on the sample. Extensively 
oxidized films were vaporized instantly by the incident 
laser beam, probably as a result of direct absorption of the 
laser beam whose wavelength fell within the envelope of 
the first electronic t ran~i t ion .~  Thus, it appears that ox- 
idized P3MOT is not responsible for the wavelength de- 
pendence of x ( ~ )  measured in the thin films; rather, oxi- 
dized impurities are probably quickly destroyed in the 
course of any given experiment. 

Our observation of an amorphous wavelength profile of 
x(~)(-~w;w,w,w) in P3MOT is consistent with those of Fi- 
chou et al.,15 who obtained similar profiles for several 
thiophene oligomers. In all cases, the apparent value of 
x ( ~ )  in the near infrared does not follow a wavelength 
profile that can be explained by either one- or three-photon 
resonances evident from the normal one-photon absorption 
spectrum. There are several possibilities for this apparent 
anomaly. In our amorphous polymer system, we may ex- 
pect a range of effective conjugation lengths. Although 
the one-photon absorption spectrum reflects this distri- 
bution, the weighting factors are relatively insensitive to 
conjugation length. The x ( ~ ) ,  however, is dependent upon 
conjugation length to a high power. Thus, the observed 
x ( ~ )  may reflect the presence of long conjugation lengths 
within the polymer. Alternatively, the wavelength de- 
pendence of x ( ~ )  may result from two-photon resonance 
enhancement. The bandwidth of the resonant absorption 
is exceedingly wide, however, which suggests that  more 
than one two-photon state may be present in the near- 
infrared region. A study of two-photon absorption in a 
representative thiophene oligomer should prove to be il- 
luminating on this point. 

The value of x(~)(-~w;w,w,w) as measured in this exper- 
iment is also not constant with film thickness, a result 
contrary to the behavior of a bulk material. Figure 4 shows 
the value of x ( ~ )  calculated from data taken with 1740-nm 
excitation, as a function of film thickness where L, = 1.0 
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