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In this paper, we examine the second-harmonic generation �SHG� from spin-cast films of the
conjugated polymer poly�2-methoxy-5-�2�-ethylhexyloxy�para-phenylenevinylene� �MEH-PPV�.
We find that the SHG intensity depends strongly on the speed used to spin cast the films.
Two-dimensional grazing incidence x-ray diffraction �XRD� experiments show that the bulk
crystallinity of the MEH-PPV films varies in the same way with spin speed as the SHG intensity.
This strongly suggests that instead of being interface specific, the second-harmonic signal from
conjugated polymer films is dominated by the crystalline domains in the bulk. The nonmonotonic
dependence of both the SHG intensity and the degree of MEH-PPV crystallinity results from a
competition between the shear forces and the solvent evaporation rate during spin coating, which
produces a maximum degree of crystallinity for MEH-PPV films spin cast at around 1400 rpm. We
also use XRD to show that thermal annealing produces MEH-PPV films with a single degree of bulk
crystallinity, independent of how they were originally cast. This allows us to model the angle- and
thickness-dependent SHG from annealed MEH-PPV films with a single polarizability tensor. We
find that the SHG from MEH-PPV films fits best to a bulk-allowed electric quadrupole mechanism,
consistent with the bulk SHG seen in other �-stacked aromatic molecules. Thus, rather than
providing information about conjugated polymer interfaces, SHG can be used as a sensitive probe
of the local degree of crystallinity in the bulk of conjugated polymer films. © 2010 American
Institute of Physics. �doi:10.1063/1.3436517�

I. INTRODUCTION

Conjugated polymers are a well studied class of materi-
als due to their ability to act as plastic semiconductors.1–4

Although they typically have poor electron and hole mobili-
ties relative to traditional inorganic semiconductors such as
silicon or gallium arsenide,5 their easy solution processabil-
ity, mechanical flexibility, and wide chemical diversity make
them very attractive materials for use in disposable
electronics,6 large-area lighting panels,7,8 light, flexible
photovoltaics,9 and other applications.

Although much is known about the electronic and opti-
cal properties of conjugated polymer films, there are many
outstanding questions regarding the nature of conjugated
polymer interfaces, particularly questions about the polymer/
metal interfaces that are crucial to the operation of optoelec-
tronic devices based on these materials. For example, osten-
sibly symmetric sandwich-structure devices that consist of a
metal electrode thermally evaporated onto a substrate, a spin-
coated conjugated polymer active layer and a thermally
evaporated top electrode made with the same metal, behave
as diodes.10 The fact that two orders of magnitude more cur-
rent can be injected from the electrode evaporated onto the
polymer than from the electrode onto which the polymer was
spin cast indicates that understanding and learning to control
the nature of conjugated polymer interfaces is critical to op-

timizing devices fabricated from these materials. Surface-
specific spectroscopic studies, such as ultraviolet and x-ray
photoelectron spectroscopies, have yielded important infor-
mation on the elemental and local chemical environment at
such interfaces,11–15 but these spectroscopies can be per-
formed only on exposed polymer surfaces that may not be
representative of those in working polymer-based optoelec-
tronic devices.

Even-order nonlinear optical �NLO� spectroscopies, such
as second-harmonic generation �SHG� and sum frequency
generation �SFG�, constitute a family of techniques for the
nondestructive study of buried interfaces.16,17 This is because
for most centrosymmetric systems, the dipole approximation
makes the second-harmonic signal forbidden everywhere but
at the symmetry-breaking interface�s�.18–20 Despite the
power of these NLO techniques to yield interface-specific
information, they have been only sparsely applied to study
conjugated polymer films and their interfaces. We are aware
of only two studies applying even-order NLO techniques to
films of conjugated polymers. The first study looked at the
space-charge buildup in polymer light emitting diodes run in
forward bias using electric field-induced second harmonic,21

a technique that is actually not surface-specific. The second
study used SFG spectroscopy in an attempt to measure how
the average conjugation length of the semiconducting poly-
mer chains at air/polymer and glass/polymer interfaces dif-
fered from that in the bulk.22

In this paper, we perform a systematic SHG study of
films of one of the best-studied conjugated polymers,
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poly�2- methoxy-5- �2�-ethylhexyloxy� p-phenylenevinylene�
�MEH-PPV�, whose chemical structure is shown below in
Fig. 4�a�. MEH-PPV was one of the first conjugated poly-
mers to combine a relatively easy synthetic route with high
solubility in a wide range of common laboratory solvents,23

providing a large number of routes for processing MEH-PPV
into thin films for use in devices. We find that rather than
providing information about the conjugated polymer inter-
faces, the second-harmonic signals from MEH-PPV correlate
with the degree of crystallinity in the bulk of the film, as
measured by low-angle x-ray scattering. Because the SHG
signals depend on the bulk polymer morphology, they also
depend strongly on the processing conditions used to cast the
film: we find that the SHG signals from MEH-PPV films
have a particularly pronounced dependence on the speed at
which the films were spin cast. As a result, SHG on conju-
gated polymer films does not appear to provide useful infor-
mation on the electronic structure of interfaces, but it does
provide a sensitive measure of the microscopic degree of
crystallinity of the polymer chromophores in a way that the
linear optical properties do not.

II. EXPERIMENTAL

The MEH-PPV used in this study was synthesized using
the basic method of Neef and Ferraris.24,25 We modified the
published synthesis slightly,26 halving the concentration of
both the bromine monomer and potassium tert-butoxide in
order to slow the reaction and reduce gellation. We also re-
crystallized the final product from methylene chloride rather
than tetrahydrofuran �see supplementary information27�. The
purity of the polymer was verified using 1H-NMR in deuter-
ated chloroform and characterized using gel permeation
chromatography. We also made SHG measurements on films
cast from MEH-PPV purchased from American Dye Source
�ADS� and obtained similar results, although we found that
the poor solubility of the ADS polymer made it impossible to
cover the desired range of solution concentrations and film
thicknesses.

To prepare films for study by SHG and x-ray diffraction
�XRD�, MEH-PPV was first dissolved in chlorobenzene and
allowed to stir overnight to ensure complete disentanglement
of the polymer chains.28 1 in. square borosilicate microscope
slides were cleaned by immersion in piranha solution
�1:1 conc. H2SO4:30% aqueous H2O2� for �1 h, followed
by rinsing in de-ionized water. They were then sonicated for
5 min each in 18 M� Millipore water, electronic grade ac-
etone, and HPLC grade isopropanol. They were immediately
dried under a stream of dry argon, placed into a plasma
cleaner for 1 h under 300 mTorr dry air. MEH-PPV films
were then deposited onto the clean glass substrates via spin
coating; all steps in the polymer dissolution and subsequent
processing were carried out in the inert atmosphere of a ni-
trogen dry box. Following spin coating, the MEH-PPV films
were placed on a hot plate at 40 °C for several hours to
ensure complete removal of residual solvent. Some films
were heated at 210 °C for an additional 12 h to study the
effects of thermal annealing. The thickness of the films were
controlled both by varying the concentration of the initial

solution and the spin speed. Film thicknesses were deter-
mined using a profilometer on a subset on the films, which
were then correlated with the absorption peak at 337 nm to
construct a Beers’ law calibration plot in order to interpolate
the thickness of the rest of the films.29

For the SHG experiments, a 5 W Spectra-Physics
Millennia V diode laser was used to pump a mode-locked
Spectra-Physics Tsunami Ti:sapphire laser, the output of
which consisted of �120 fs pulses centered at 800 nm at an
87 MHz repetition rate with an average power of
�500 mW. A half-wave plate �HWP� and a Glan-laser po-
larizer were used to set the incident polarization and beam
intensity, and a Schott glass filter �OG600� was used to re-
move any residual second harmonic generated from the cal-
cite HWP. Approximately 4% of the beam was picked off
with a glass microscope cover slip and focused onto either a
z-cut quartz plate or a KTP �Potassium Titanyl Phosphate�
crystal to generate a reference signal for normalizing out
laser fluctuations; the remainder of the beam was focused
onto one of the MEH-PPV film samples. The film samples
were mounted on a rotation stage that allowed the angle of
incidence to be varied throughout the experiment without
moving the point where the beam impinges on the sample;
the rotation stage and sample were enclosed in an air-tight
box with CaF2 windows and flushed with argon to prevent
photo-oxidation of the films. The second-harmonic light
transmitted through the sample was then recollimated and
passed through a second analyzer polarizer. The 400 nm sig-
nal and reference beams were filtered with short-pass and
notch filters to remove the majority of the 800 nm fundamen-
tal beam, and then further filtered with a 400 nm notch filter
before impinging on two photomultiplier tubes �Ham-
mamatsu R7056� each connected to a lock-in amplifier
�EG&G 5210 and SRS810� synchronized to a 150 Hz optical
chopper �SRS540� placed before the initial HWP. Figure 1�a�
shows a schematic of the optical setup with the incident
angle defined; more details can be found in the accompany-
ing supplementary information.27

Two-dimensional �2D� grazing incidence XRD was car-
ried out at the Stanford Synchrotron Radiation Lightsource
�SSRL� on beamline 11-3 with a wavelength of 0.9742 Å. In
order to evaluate the alignment of crystalline polymer do-
mains within the films, the 2D scattering data was integrated
along the z- and x-axes independently. To ensure that com-
parisons of the degree of crystallinity were due solely to
differences within the samples, the integrated data was nor-
malized by the incident x-ray flux.

III. RESULTS AND DISCUSSION

A. The basic nature of SHG from thin MEH-PPV films

A representative subset of the incident angle-dependent
second-harmonic data collected from some of our MEH-PPV
films is shown in Fig. 1�b�; this figure shows the data for
p-polarized incident and exigent beams �p-polarized incident
beams produced no measurable signal for s-polarized exit
beams�. Over the range of film thicknesses that we explored,
20–700 nm, we found that the intensity of the SHG signal
generally increased with increasing film thickness, but that
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the angle dependence changed very little with thickness. The
lack of a change of the angle dependence of the SHG with
film thickness is somewhat surprising given the large bire-
fringence of MEH films.30 This is because as the incident
angle is varied, the SHG intensity usually exhibits several
minima and maxima, known as Maker fringes,31 which arise
when the second-harmonic light comes in and out of phase
with the fundamental beam due to dispersion. We believe
that the lack of Maker fringes �or indeed any appreciable
change in the angle dependence with thickness� in the SHG
from MEH-PPV films is due to the large absorption cross
section of MEH-PPV at the 400 nm second-harmonic
wavelength.30,32,33

Figure 2 shows the dependence of the SHG intensity on

MEH-PPV film thickness; in this figure we took take advan-
tage of the fact that the angle dependence of the SHG light
does not change with thickness by integrating the angle-
dependent data for each film �i.e., each point in Fig. 2 is the
integral of a full angle-dependent SHG curve such as those
shown in Fig. 1�. The data show that the overall SHG inten-
sity increases roughly linearly with film thickness, reaches a
maximum at �400 nm, and then decreases out to
�700 nm, the thickest MEH-PPV film we could produce by
spin coating. Although the overall trend of the SHG intensity
with film thickness appears robust, we note that in order to
cover this large range of film thicknesses, we needed to cast
films not just at many different spin speeds but also from
solutions with three different concentrations.34 The thickest
films we studied were cast from a 1% w/v solution �blue
circles�, films of intermediate thickness were cast from a
0.5% w/v solution �green diamonds�, and the thinnest films
were cast from a 0.25% w/v solution �orange triangles�.
Careful inspection of Fig. 2 reveals that for the subset of
films cast from each different solution, the SHG intensity
first increases with thickness, reaches a maximum, and then
decreases again for the thickest films.

To better understand the dependence of the SHG inten-
sity for MEH-PPV films spin cast from different solutions, in
Fig. 3�a�, we show the same data in Fig. 2 plotted against
spin speed �instead of overall film thickness� for each initial
polymer solution concentration. This figure makes it clear
that there is a self-similarity of the data with spin speed. In
fact, when the overall thickness dependence is normalized
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FIG. 1. �a� Schematic of the experimental geometry used for SHG measure-
ments on MEH-PPV films. �b� Angle dependence of the intensity of the
second-harmonic light from MEH-PPV films that were spin cast at different
spin speeds from chlorobenzene solutions to produce films with different
thicknesses; for the data presented, both the 800 nm incident and 400 nm
exigent beams were p-polarized. The blue curves denote SHG data taken
from MEH-PPV films cast from a 1% w/v solution in chlorobenzene, the
green curves correspond to data taken from films cast from a 0.5% w/v
solution, and the red curves show the data collected from films cast from a
0.25% w/v solution. Dotted curves show data for films spun at 1400 rpm,
dashed curves correspond to films spun at 3000 rpm, and solid curves cor-
respond to films spun at 6000 rpm.
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FIG. 2. Angularly integrated SHG data for MEH-PPV films spin cast from
solutions with three different concentrations as a function of film thickness;
the data are plotted on logarithmic scales on both axes. The orange triangles
denote data for films cast from 0.25% w/v MEH-PPV solutions in chlo-
robenzene, the green diamonds are for films cast from 0.5% w/v solutions,
and the blue circles are films cast from 1.0% w/v solutions. Although each
set of data shows a general increase in signal intensity with increasing film
thickness, the data for the thickest films cast from each solution show a
decrease in SHG intensity with increasing film thickness.
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out, Fig. 3�b� shows that the trend of SHG intensity with spin
speed is identical within error for all three solutions, indicat-
ing that a significant portion of the SHG signal is intrinsi-
cally dependent on the spin speed. What is perhaps even
more surprising is that the trend is not monotonic: the SHG
intensity is maximum for films spin cast around 1400 rpm,
regardless of what solution concentration we used to cast the
film.

Why should the SHG intensity from MEH-PPV films
have such a pronounced dependence on spin speed? It is
known that the bulk properties of MEH-PPV films depend on
the speed with which the film was cast. For example, when
spin casting films of MEH-PPV from the same solvent but
from different solution concentrations and/or spin speeds, the
peak of both the optical absorption and photoluminescence

spectra undergo slight shifts, which have been assigned to
different degrees of aggregation of the conjugated
chromophores.35,36 These shifts are only observed for films
made with solutions below the critical concentration, C�,35

which is defined as the point at which the radius of gyration
of the coiled polymer chains is equal to their mean center-
of-mass separation distance �i.e., the point at which the poly-
mer chains are on average in contact with their nearest neigh-
bors�. For films cast from solutions above this concentration,
the linear optical properties no longer depend on the spin
speed. Based on the optical absorbance spectra of our films,
we know that the 1% w/v MEH-PPV solution is above C�

and the other two solutions are below C� �see supporting
information27�, yet we see the same spin-speed trend in the
SHG data in each set of films independent of the solution
concentration. Thus, the underlying reasons for the changes
in the linear and NLO properties of MEH-PPV films with
spin-casting conditions must be different. To try to under-
stand precisely what that difference might be, in Sec. III B,
we use XRD to detail the way in which spin speed changes
the physical morphology of the polymer chains in spin-cast
MEH-PPV thin films.

B. The relationship between spin speed and local
polymer crystallinity

One of the interesting features of conjugated polymer
films is that their optical35–51 and electrical41,46,52,53 proper-
ties depend sensitively on the way in which the films were
processed: casting from different solvents,39,46,54–56 choosing
different molecular weights48,50,57 and different post-cast
thermal39,41,46,58–61 and solvent62 treatments all can have dra-
matic effects on the electronic and optical properties of the
resulting films. This is because the morphology of the poly-
mer chains in a thin film depends on the processing condi-
tions, and the optical and electrical properties are in turn
sensitive to interactions between the polymer chromophores
and thus to the morphology. When dissolved in good sol-
vents, conjugated polymer chains become physically ex-
tended, and this extended chain conformation persists into
the cast film, allowing the chromophores to couple through
�-� interactions. Conversely, when conjugated polymer
chains are dissolved in poor solvents, they coil tightly, lim-
iting the degree of interchain coupling that carries over into
the film.44,46,53,54 Thus, many diverse properties of spin-cast
films of conjugated polymers can be controlled by varying
the processing conditions, creating a large parameter space to
explore in order to optimize any particular subset of proper-
ties.

In order to determine precisely what structural properties
of the MEH-PPV films might be responsible for the trends in
SHG signal intensity with spin speed seen above, we per-
formed grazing incidence XRD measurements on films that
were spin cast from 1% w/v solutions. We integrated the 2D
diffraction patterns along the in-plane �x�, out-of-plane �z�
and 45° axes in order to reveal the orientation of the aggre-
gated MEH-PPV chains within any local crystalline domains.
Figure 4 shows the packing structure of MEH-PPV crystal-
line domains, and Figure 5 shows representative XRD data
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FIG. 3. �a� Angularly integrated SHG data for MEH-PPV films �same data
and symbols as Fig. 2� plotted vs spin speed instead of film thickness. �b�
The same data as in panel a, with the overall thickness dependence normal-
ized out by scaling the data sets to minimize the squared deviations between
them. It is clear that the SHG intensity has a similar trend with spin speed
for films cast from different concentration solutions, with the SHG intensity
reaching a maximum around 1400 rpm.
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for a 435 nm thick film spin cast at 1400 rpm; for all of the
MEH-PPV films, we observed three arcs in the diffraction
patterns arising from the three primary crystallographic axes
a, b, and c �Fig. 4�.

The orange curve in Fig. 5 shows the z-axis integration
of the full 2D diffraction pattern, revealing the structure of
the MEH-PPV chains in the direction perpendicular to the
substrate. The diffraction is dominated by a broad peak at
scattering vector q=16.2 nm−1. This peak corresponds to the
interchain backbone packing distance, marked a in Fig. 4�b�,
which has a value of 0.386 nm, consistent with previous
observations for spin-coated MEH-PPV films.61,63 The green
curve in Fig. 5 shows the x-axis integration of the 2D dif-
fraction, revealing two peaks that were not observed in the
scattering along the z-axis. The peak at scattering vector q
=10.15 nm−1 corresponds to the monomer repeat distance of
0.628 nm, marked c in Fig. 4. The peak at q=2.54 nm−1

corresponds to the b distance in Fig. 4�a�; this in-plane dis-
tance between chains of 2.47 nm agrees well with previous
diffraction studies, which indicate that the MEH-PPV ethyl-
hexyloxy side groups are interdigitated.61,63 The absence of
these out-of-plane peaks in the z-axis integration in Fig. 5
indicates that the c- and b-axes of the MEH-PPV crystallites
lie primarily in the plane of the film. The fact that these
peaks are still observed when the 2D data is integrated at
45°, however, illustrates that the MEH-PPV chains are not
rigorously oriented parallel to the substrate: indeed, all three
angular integrations, 0°, 45°, and 90° show the peak corre-
sponding to the crystallite a-axis, though the relative inten-
sity of this peak varies with orientation.61,63

In order to determine the size and degree of orientational
anisotropy of the MEH-PPV crystallites in our spin-cast
films, we analyzed both the out-of-plane and in-plane dif-
fraction peaks using the Scherrer equation.64 The average
widths of the diffraction peaks corresponding to the a, b, and

c lattice parameters are 4.2, 2.8, and 2.5 nm−1, respectively.
Using the width of the a-axis diffraction peak at q
=16.25 nm−1, the Scherrer equation yields an average crys-
tallite size of 1.8 nm. A similar analysis on the c-axis peak
located at q=10.15 nm−1 yields a crystallite size of 3.0 nm,
while that for the b-axis peak yields a crystallite size of
2.7 nm−1. The fact that the widths of the peaks give different
apparent crystallite sizes indicates that the crystallites are not
spherical: the crystallites are instead anisotropic, extending
along the c-axis for a distance of 5-6 polymer repeat units,
but on the a-axis for only 4-5 repeat units and the b-axis for
only 1-2 repeat units �or because each repeat unit consists of
two polymer backbones with interdigitated 2-ethylhexoxy
sidechains, 2-4 polymer chains, Fig. 4�.

C. The relationship between spin speed and SHG in
MEH-PPV thin films

Now that we understand the general morphology of
MEH-PPV films, we turn our attention to how the morphol-
ogy evolves as a function of spin speed. We found the best
insight came when we considered the average degree of out-
of-plane crystallinity of the spin-cast films, as measured by
the integrated area of the a-axis scattering peak at q
=16.25 nm−1 in the z direction. Figure 6�a� correlates this
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measure of the degree of local crystallinity �blue circles�
with the second-harmonic intensity �red squares; the same
data shown in Fig. 3�. In making this comparison, we have
simply scaled the integrated SHG data to minimize the
squared deviation between the two. The figure makes clear
that the correlation between the SHG intensity and the de-
gree of crystallinity is essentially perfect. The general spin
speed trend in the XRD is observed not only for the out-of-
plane peak corresponding to the crystallographic a axis, but
also for the in-plane a-axis peak as well as for both the b and
c peaks. Thus, the SHG intensity is providing information

about the degree of local crystallinity in the bulk of the
film—it is not giving information that is specific to the inter-
face�s�. We will argue below that this is because the dipole
approximation fails for MEH-PPV films, so that SHG is gen-
erated in the bulk via a quadrupole mechanism from the
�-stacked chromophores.

Why should either the degree of MEH-PPV crystallinity
or the SHG intensity depend so sensitively on the speed with
which the film is spun? During the spin-coating process,
there are two major physical effects that depend on the spin
speed. First, the process of spin coating induces a net shear
force on the individual polymer chains, which results from
the balance between the centrifugal forces pulling outward
and surface tension pulling inward. This shear force scales as
the square of the rotational frequency,34 and is likely what is
responsible for the preferential alignment of the polymer
chains parallel to the substrate. These forces also tend to
stretch out the polymer chains, and one can anticipate that
more stretched MEH-PPV chains will have a higher propen-
sity for interchain interaction and �-� stacking. Second, the
rate of solvent evaporation also depends on the spin speed.
During spin coating, there is an area of solvent vapor imme-
diately above the film through which solvent molecules in
the film must diffuse through to escape. The thickness of this
layer, and therefore the diffusion rate, is proportional to the
inverse square of the rotational frequency.34 The less time it
takes for the solvent to evaporate, the more likely the poly-
mer chains will be kinetically trapped in a structure far from
their local energetic minimum.

For spin-cast MEH-PPV films, the shear forces are rela-
tively small at spin speeds below 1400 rpm, but the solvent
can take as long as 10 min �at 300 rpm� to evaporate to the
point that the film can be removed from the spin-coater. In
this low-spin-speed limit, the polymer chains have plenty of
time to relax, but because the shear forces are small and the
solvent/polymer interaction dominates, the polymer chains
tends to retain their coiled solution configuration. At high
spin speeds, on the other hand, the shear forces are large
but the solvent evaporates so quickly �less than 10 s at
8000 rpm� that the chains become kinetically locked into
their coiled solvent configuration before they can untangle.
Evidently, the balance between these two extremes occurs
near 1400 rpm: the MEH-PPV remains dissolved long
enough and the shear forces are large enough to stretch the
chains, increasing the degree of �-� interaction and thus the
extent of local crystallinity. Since interactions between con-
jugated polymer chains result in a significant interchain elec-
tronic polarizability, it is perhaps not surprising that the SHG
intensity is sensitive to this polarizability, particularly if the
SHG results from a bulk quadrupolar interaction.65

D. The effects of thermal annealing on MEH-PPV
structure and SHG

In addition to varying the spin speed and solution con-
centration, another common method of processing conju-
gated polymer films for optoelectronic applications is ther-
mal annealing.39,41,46,58–61 In thermal annealing, spin-cast
films are heated above the conjugated polymer’s glass tran-
sition temperature, so that the chains become mobile and can
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the spin speed dependence of the crystallinity disappears.
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relax from the structure in which they were originally kineti-
cally trapped from the spin-coating process. Indeed, previous
work has noted that thermal annealing appears to erase all
the spin-coating dependent processing history of MEH-PPV
thin films.39,41 In this section, we use XRD to quantify the
structural changes that take place in MEH-PPV films follow-
ing thermal annealing. We then use the fact that annealing
produces films with the same degree of local MEH-PPV
crystallinity to examine how the SHG intensity varies with
the film thickness at a constant degree of crystallinity.

1. How thermal annealing changes the crystallinity of
MEH-PPV films

Figure 7 shows the 2D grazing-incidence XRD from an
MEH-PPV film that was initially prepared under identical
conditions to the one whose XRD pattern is shown in Fig. 5,
but was subsequently thermally annealed for 12 h at 210 °C.
A comparison of Figs. 5 and 7 shows that even when starting
from the most crystalline MEH-PPV film that can be pre-
pared via spin coating, thermal annealing still causes addi-
tional changes to the film’s physical structure. The most ob-
vious change is the fact that the large peak corresponding to
the a spacing shifts from q=16.2 nm−1 in the as-cast film to
q=16.6 nm−1 in the annealed film. This shift indicates that
the thermal annealing decreases the average distance be-
tween the polymer chains; the annealing process allows the

chains to adopt a more thermodynamically stable tight-
packed configuration. The peak at q=10.15 nm−1 remains
unchanged upon thermal annealing, as would be expected for
diffraction that corresponds to the spacing between the
monomer units along the polymer backbone. Finally, the
largest change induced by thermal annealing occurs with the
peak that corresponds to the b spacing, which shifts from
2.54 nm−1 in the as-cast film to 3.46 nm−1 after annealing.
This means thermal annealing decreases the b spacing to
1.81 nm, a distance that is simply too small to be consistent
with the simple interdigitated side-chain structure of the as-
cast films shown in Fig. 4�a�. It has been previously
proposed61 that this shift to a lower b-spacing upon thermal
annealing is achieved through an out-of-plane tilt of the in-
terdigitated alkyl side chains.

In addition to the changes in the local crystal structure,
the data in Fig. 7 show that thermal annealing also changes
both the average orientation of the MEH-PPV chains and the
size of the crystallites. The fact that the annealed films show
a higher out-of-plane:in-plane peak intensity ratio than any
of the as-cast films indicates that the annealing process in-
duces additional preferential ordering of the nanocrystalline
domains parallel to the substrate. In addition, when we use
the Scherrer equation to estimate the average size of the
nanocrystalline domains in the annealed films, we obtain val-
ues of 1.5, 6.8, and 3.0 nm for the peaks corresponding to the
a-, b- and c-axes, respectively. Thus, thermal annealing
causes the domain size to increase in the b direction, and to
decrease slightly in the a direction. But most importantly, we
see in Fig. 6�b� that the degree of out-of-plane crystallinity is
independent of spin speed after thermal annealing, in agree-
ment with other studies that show that thermal annealing
erases the effect of casting conditions.39,41

2. The thickness dependence of the SHG intensity
from annealed MEH-PPV films

Attempting to model the way in which the second-
harmonic light intensity changes with the thickness of as-cast
MEH-PPV films is a difficult task because each film has a
different degree of crystallinity, and therefore a different
value for the effective second-order susceptibility. However,
with the XRD data in Fig. 6�b� that shows that thermal an-
nealing erases any spin-speed-dependent differences in
MEH-PPV film crystallinity, we can examine how the SHG
intensity changes with thickness in annealed MEH-PPV
films. Figure 8 shows the integrated SHG signal from an-
nealed MEH-PPV films as a function of thickness. Here, un-
like in Fig. 2, the SHG from the films cast from the three
concentration regimes neatly overlap one another, steadily
increasing with thickness to a maximum around 450 nm.
This verifies that, as suggested by the XRD data discussed
above, there is no longer any spin-speed dependent compo-
nent to the intensity of the SHG from thermally annealed
MEH-PPV films.

To model the dependence of the SHG data on annealed
film thickness, we start with the fact that SHG is character-
ized by the second-order induced polarization in a material66

Z-axis

X-axis

45°

In
te
g
ra
te
d
C
o
u
n
ts
(A
U
)

q (nm-1)

0 5 10 15 20 25 30

a

c

b

*

FIG. 7. 2D grazing incidence XRD of an MEH-PPV film prepared identi-
cally to that studied in Fig. 5 but following thermal annealing at 210 °C for
12 h. The inset shows the full 2D scattering pattern, and the colored curves
show cuts in different directions �same as in Fig. 5�. The peak marked with
an asterisk is due to thin film reflection and is not a diffraction peak.
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Pi
�2� = �ijk

�2�EjEk + Gijkl
�2� Ej�kEl, �1�

where each of the indices range over the Cartesian coordi-
nates x, y, and z, and repeated indices are summed. The first
term on the right-hand side of Eq. �1� is the often-used elec-
tric dipole �ED� term, where ��2� is the second-order suscep-
tibility, a 27-element rank 3 tensor that connects the compo-
nents of the two incident electric fields, E� , to the induced
polarization, P�2�. Once P�2� is determined, the detected out-
put field can be determined by using it as the source term in
Maxwell’s wave equation.67 The unique nonzero elements of
��2� are determined by the space-group symmetry of the ma-
terial. In centrosymmetric materials, all the elements of ��2�

are zero. At an interface where the center of symmetry is
broken �C�v symmetry�, however, ��2� has seven nonzero
elements, three of which are unique.19 The second term on
the right-hand side of Eq. �1� is the next higher-order in the
expansion of the polarization in the electric field, which re-
lates the polarization to the electric field and its gradient
through G�2�, an 81-element, rank 4 tensor that can be de-
composed into electric quadrupole �EQ�, magnetic dipole
�MD�, ED/EQ coupling, and ED/MD coupling.68 Because
these high-order contributions belong to different symmetry
classes than ED, they do not vanish in centrosymmetric
media.66

The fact that the SHG intensity from unannealed MEH-
PPV films correlates so strongly with the degree of bulk
crystallinity measured by XRD �Fig. 6�a�� strongly suggests
that we need to consider high-order effects that allow for
second harmonic to be generated in the bulk. This idea of
SHG arising from the bulk of MEH-PPV films is not unprec-

edented, as bulk SHG from terms higher-order than the ED
approximation has been identified in films of at least two
other centrosymmetric organic systems with high degrees of
�-conjugation: buckminsterfullerene �C60� �Ref. 69� and
metal phthalocyanines.70 For thermally evaporated thin films
of C60, a large thickness-dependent SHG response was deter-
mined to be dominated by MD terms by examining the sym-
metry of G�2� in a phase-sensitive SHG experiment.69 For
thermally evaporated metal phthalocyanine films on glass,
fits of the bulk SHG intensity as a function of film thickness
suggested that the EQ mechanism was primarily responsible
for the NLO response of the films.66,70

Because the data in Fig. 8 are similar to that observed in
the previous work on metal phthalocyanines,66,70 we have
elected to model our SHG data from annealed MEH-PPV
films using the same approach. As a start for our model, we
used literature values of the refractive index of MEH-PPV
�Ref. 30� to determine the necessary Fresnel coefficients. We
then followed the procedure of Hoshi et al. in fitting the full
angle- and thickness-dependent SHG intensity from the an-
nealed MEH-PPV films to the different possible mechanisms
for interfacial and bulk SHG;66 details are given in the sup-
porting information.27 Figure 9�b� shows the full SHG data
set for our annealed MEH-PPV films; panels a and c in this
figure show the results for the best ED and EQ fits to the
data, respectively. The bottom panels in this figure show cuts
of the full data �data points connected by lines� and both fits
�red curves� for representative slices at constant angle �52°,
the angle of maximum signal� and constant thickness �317
nm, near the center of the thickness range�. The figure makes
clear that the EQ mechanism fits the full SHG data set better
than the ED mechanism: the ED mechanism cannot ad-
equately reproduce the shape of the thickness-dependent
SHG data from annealed MEH-PPV films, and the ED
mechanism provides a poorer fit for the angle-dependent
SHG than the EQ mechanism. This suggests that like C60 and
metal phthalocyanines, the SHG from conjugated polymer
films comes primarily from the bulk. Moreover, the data on
the as-cast MEH-PPV films presented above suggests that
the polarizability depends sensitively on the degree of chro-
mophore interactions, which in turn depends on the degree of
bulk crystallinity in the film. Thus, SHG is not a technique
that can examine conjugated polymer interfaces, but it can
provide detailed information about the microcrystallinity of
the conjugated chromophores in the bulk of the film.

The fact that second-order NLO signals in conjugated
polymer films are generated from the bulk rather than the
interface has important implications for previous studies. Li
et al.22 have claimed to measure interfacial electronic states
of MEH-PPV films by performing doubly resonance en-
hanced sum-frequency generation �DR-SFG�. SFG works
much the same as SHG, except that the two electric fields in
Eq. �1� are no longer degenerate. In conventional SFG, a
nonresonant visible field is held fixed and an IR field is
scanned over a range of frequencies, so that the output po-
larization is resonance enhanced and the vibrational states at
the interface can be mapped out. In DR-SFG, both the visible
and IR fields are scanned, allowing the coupling between the
electronic and vibrational states to be measured.71 Li et al.
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FIG. 8. Integrated SHG for annealed films cast from three different solution
concentrations shown on a linear-linear plot. Unlike the case with unan-
nealed films �cf. Fig. 2�, the SHG signal from the films made from the three
different solution concentrations completely overlap, verifying that there is
no longer a spin-speed dependent component to the signal.
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used DR-SFG to measure the electronic states associated
with the C–C stretch of the benzene ring in the MEH-PPV
backbone. Their interpretation of the resulting electronic
spectrum as being that at the MEH-PPV interface, however,
presumes that the ED approximation holds and that the
second-order NLO signals are generated entirely from the
interface. Instead, the results presented above suggest that
the ED approximation fails and that the second-order NLO
signals in conjugated polymer films arise primarily from the
bulk. This means that the DR-SFG experiment was more
likely measuring something akin to the bulk resonance Ra-
man excitation profile of the benzene C–C stretch and not
any type of interfacial electronic structure. It would be inter-
esting to compare the results of Ref. 22 to resonance Raman
excitation studies of MEH-PPV films to further determine
whether or not any type of second-order NLO process can
provide interface-specific information regarding conjugated
polymer films.

IV. CONCLUSIONS

In this work, we originally set out to use NLO tech-
niques to understand interfaces in spin-coated thin films of

conjugated polymers such as MEH-PPV. Instead, we discov-
ered that the SHG from MEH-PPV films is dominated by the
symmetry-allowed EQ response from the bulk. One manifes-
tation of this is that the bulk SHG signal resonant with the
lowest energy absorption peak depends strongly on the spin
speed used during the film spin-coating process. This spin-
speed dependence to the SHG signal is independent of the
concentration of the solution used to cast the films and fol-
lows a different trend than that observed in linear optical
measurements. Using 2D XRD, we saw that the total number
of �-stacked crystalline polymer domains aligned parallel to
the plane of the film followed the exact same trend with spin
speed as the SHG intensity. In particular, the maximum SHG
signal and film crystallinity both occur at a spin speed of
1400 rpm and fall off in an identical fashion at both faster
and slower spin speeds. Thus, a significant part of the SHG
signal from MEH-PPV films must arise from these bulk crys-
talline domains and not from the polymer interfaces.

We propose that the nonmonotonic spin-speed depen-
dence of both the polymer crystallinity and the SHG inten-
sity is due to a competition between the shear forces present
during spin coating, which favor greater �-� interaction by
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stretching out the chains, and the solvent evaporation rate,
which kinetically traps the polymer chains in their coiled
solvent configuration at higher speeds. Low spin speeds pro-
vide little shear force to stretch out the polymer chains, lead-
ing to low overall crystallinity. The large shear forces at high
spin speeds, on the other hand, do not act long enough to
stretch the chains, again resulting in low crystallinity. Thus,
the greatest amount of crystallinity occurs at intermediate
spin speeds.

The idea that the SHG intensity correlates with the de-
gree of film crystallinity is perhaps not that surprising. It is
well known that the electronic states of conjugated polymers
can delocalize when the chains have a good degree of
�-electron contact, thus increasing the polarizability of the
material and the second-order NLO response. The fact that
these delocalized �-electrons can give rise to bulk SHG is
consistent with observations from other �-stacked organic
systems, most notably phthalocyanine dyes, which exhibit
similar bulk SHG arising from an EQ moment.

Finally, we were able to verify the bulk quadrupole
mechanism of the SHG from MEH-PPV films by taking ad-
vantage of the fact that thermal annealing can erase any dif-
ferences in the processing-history dependent film morphol-
ogy. Using XRD, we showed that thermally annealed MEH-
PPV films of different thickness had the same degree of
crystallinity, allowing us to model the overall thickness and
angle dependence of the SHG with a single NLO polarizabil-
ity tensor. We found that the SHG from MEH-PPV films is
indeed best modeled with a bulk-allowed EQ mechanism.
This opens up the possibility of using SHG as a tool to
rapidly assess the degree of crystallinity of conjugated poly-
mer films in situ without having to resort to more complex
experiments such as XRD.
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