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ABSTRACT: We investigate the molecular and microdomain structure of ferroelectric poly(vinylidene fluoride-
co-trifluoroethylene) P(VDFTrFE) copolymer thin films spin-coated on bare and self-assembled monolayers
(SAMs)-modified Au substrates. The two types of films display similar crystal morphologies with edge-on
needlelike shaped crystalline microdomains. They have, however, a different structure depending on the substrate.
When the P(VDFTrFE) films are deposited on a bare, unmodified Au surface, the P(VDF-TrFE) films
preferentially have a (110) contact plane with the substrate but a (100) contact plane when deposited on the Au
surface modified by SAMs. The polaraxis, along which the ferroelectric polarization is oriented, is therefore
tilted to the film (and substrate) surface normal at 30 ant] Bgspectively. In particular, the orientation of the

polar b-axis tilted at some 90to the normal of the polymer films on a GHerminated SAM modified Au

surface explains the smaller remanent polarization at low initial electrical bias.

Introduction exactlythe orientation of the crystal lattice the thin films8-10

This unit-cell orientation issue is however a major ingredient
in the capacitor performance, as illustrated by the work of Xia
et all® These authors showed indeed that an in-plane lamellar
orientation observed in an ultrathin P(VBHRrFE) film on an

Al substrate (i.e., with the chain axis normal to the film

Poly(vinylidene fluoride) (PVDF) and its copolymers with
trifluoroethylene (TrFE) are polymeric materials with ferro-
electric properties that are of particular interest for, e.g.,
nonvolatile memory device applicatiofisi Ferroelectric poly-
mer storage devices include a ferroelectric polymer thin film " A . o Lo
sandwiched between arrays of metal electrodes that makesth'Ckn_eS_S) is ineffective for polarization switching under an
possible electrical charge signaling across the structure. Theelectlrlc field.
polarization behavior depends mainly on the crystallinity and ~ The impact of the bottom electrode is one of the most
crystal orientation of P(VDFTrFE) below its Curie tempera-  important issues in the ferroelectric polarization of a thin film
ture. However, electrical switching of P(VBATFE) copoly- P(VDF-TrFE) capacitor. Xia et al. related both polarization
mers requires a relatively large coercive field of approximately and dielectric leakage current of the capacitor to the work
50 MV/m. In order to reduce the applied voltage, the films must function of the bottom electrodé Apart from this single report,
be as thin as possible. For very thin films, capacitor performance only limited information is available on a possible link between
depends critically on the interface between the metal electrodethe ferroelectric properties and the crystalline microstructure and
and polymer. Indeed, the film structure depends to a large extentmolecular orientation, as they are influenced by the electrode
on the nucleation and growth mechanisms that are significantly surface roughness and surface energy. Our previous work has
influenced by the infinitely large film interface relative to its demonstrated the importance of the topology of the bottom
thickness. Many earlier works have demonstrated a significant electrode by employing a topographically nanostructured etched
reduction of the degree of crystallinity when the film thickness Al surface that gives rise to the high-temperature polarization
reaches~50 nm, thus setting a practical limit below which the recovery of a P(VDFTrFE) capacitor compared to one with a
capacitor shows very poor remanent polarization. In nearly all flat Al bottom electrodé? This limitation may stem from the
these works, only theverall crystallinity of the film has been  fact that a modification of the surface energy by using a different
correlated with the polarization of the capacitor, without electrode modifies at the same time the physical and electrical
considering theorientation of the polymer crystals, or more  properties (different work function, grain structure and size, etc).

It is difficult to devise and fabricate a set of bottom electrodes
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Table 1. Characteristics of Alkanethiolates Self-Assembled
Monolayers

water contact

chemical structure angle (deg)
octanethiol (OT) CH(CHy)6CH,SH 89
dodecanethiol (DDT) CH(CH2)10CH,SH 93
hexadecanethiol (HDT) CHiCH,)14CH.SH 103
O, plasma treated CH3(CHy)14CH,SH 23
hexadecanethiol (HDT)
16-mercaptohexadecanoic COOH(CH)14CH,SH 47

acid (MHA)

Insertion of amolecular interlayey which can also interact
with both the ferroelectric polymer and metal electrode, is one
possible way to control the interface and resulting ferroelectric
properties. Self-assembled monolayers (SAMs), i.e., ordere
surfaces of organic layers which can be easily formed on the

metal or metal oxide surface, have been used to control the

interface of organic devices such as organic/polymer light
emitting diodé34and solar cell3>16 As of yet, the enhanced
performance of organic devices that include SAMs is not clearly
understood. However, the modification of crystalline organic
molecules on SAMs could be one explanatiéfrurthermore,
SAM interlayers a few nanometers thick make it possible to
modify the surface chemical properties by varying the terminal

groups exposed to the surface without altering the topography

significantly. Although it is reported that the interfacial dipole
imposed by the SAMs’ interlayer modifies the work function
of metal electrode in an organic light emitting dicdehe work
function change by the SAMs in our capacitors rarely influences
the ferroelectric switching potential.

In the present contribution, we investigate the molecular and
microstructure of thin crystalline P(VDFTTFE) films deposited
on a polycrystalline Au substrate. Two different unit-cell
orientations were obtained for thin films deposited either on
the bare Au substrate or the Au one modified by using SAMs.
It is further shown that these structural differences induce
different electric responses of the films.

Experimental Section
Au Electrodes and Their Modification with SAMs. Au
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wide-angle X-ray scattering (GIWAXS). The latter experiments
were performed on the 4C2 beam line at the Pohang Accelerator
Laboratory in Korea (incidence angle: 0?609.15’). The samples
were mounted on ar andy axes goniometer. Monochromatized
X-rays ¢ = 0.1608 nm) under vacuum and the full range of
available incidence angles were used. The scattered beam intensity
was recorded with an SCX: 436065/2 CCD detector (Princeton
Instruments). 2D GIWAXS patterns were obtained in the range 0
<@ <233 AL 0 <qy <233 AYq = 47 sin 6/4, with z
perpendicular andy parallel to the substrate).

From the azimuthal scans, we calculated the orientation factors
to interpret the diffraction results more quantitatively. The degree
of alignment of the characteristic reflections depending on the
substrates was quantified using the second-order orientation factor,
.19 The diffraction intensity was integrated as a function of the

dazimuthal angleg in a ring about the principal peak wavevector

g*, with a width given by the full width at half-maximum of the
primary peak, resulting in the scattered intensity as a function of
angle,l(g*,¢). The normalized orientation distribution function of
a reflection is

(@ ¢)ar®
S 1@ ) sing dg

P(g) =

Herman'’s orientation factord)(are given by

:3mo§¢m—1

f 2

wherel¢os ¢ Lis
= f:z co€ ¢P(¢) sing de

For a perfect orientatiorR(¢) would be a delta function at’Gnd
f = 1. If the alignment is isotropid?(¢) is independent of and
f=0.

Unpolarized Fourier transform infrared-grazing incident reflection
absorption spectroscopy (FTIR-GIRAS) data were obtained using
a Bruker-IFS66V spectrometer. Acquisition was made for 300 scans
with an incident angle of approximately 86rom the normal to
the substrate surface at a resolution of 2-&nGrazing incidence
is mandatory for thin films: for the given incidence angle, the

deposited substrate by the sputtering technique 150 nm thick wasi!luminated surface area is-30 times larger than for conventional

purchased from INOSTEK, Korea. The alkanethiolates used to
produce the SAMs were all ordered from Aldrich. They are
hexadecanethiol (HDT), dodecanethiol (DDT), octanethiol (OT) (all
CHs; terminated), and 16-mercaptohexadecanoic acid (MHA) with

transmission IR at normal incidence.

Results and Discussion
1. Morphology and Structure of the Thin Films. The

a COOH terminal group. The Au-sputtered substrates were coatedstrycture of the thin films deposited on the Au and SAM-

with the monolayers by immersion in their ethanolic thiol solutions
(2 mM) for 24 h at room temperature, rinsed with ethanol, and
dried under a stream of nitrogen. The characteristics of the
alkanethiolates SAMs are summarized in Table 1.

Thin Film Preparation. The P(VDFTrFE) copolymer with
27.5 wt % TrFE used in this study was kindly supplied by MSI
Sensor, PA. The meltindglf,) and Curie T,) temperatures of the
P(VDF—TrFE) copolymer are 150C and 80°C, respectively. Thin
films were made by spin coating 0:3% P(VDF-TrFE) solutions
in methyl ethyl ketone. The films’ thicknesses range from 30 to
250 nm, as measured by ellipsometry (Gaertner Scientific Co.).
Annealing of the films (typically at 13%C for 2 h) was performed
in a Linkam 600 heating stage.

Ferroelectric Polarization Measurement.Aluminum electrodes
were evaporated on the polymer films’ top surfaces using a mask
with 200um diameter holes under-a10-¢ mB pressure at &0.1

nm/s deposition rate. Ferroelectric properties were determined using

modified Au substrates have been examined by FESEM,
GIWAXS, and GIRAS. FESEM investigations do not indicate
any majormorphologicaldifference between films deposited
on bare and on SAM-modified Au, but do underline systematic
variations with film thickness, which become more pronounced
for the thinner films.

The surface of a film approximately 250 nm thick is shown
in Figure la. It displays typical edge-on, closely packed
crystalline microdomains with needlelike shape. The individual
needles are oriented randomly and away from the film surface.
Each individual needlelike micro-domain, approximately 250
nm long and 50 nm wide, is composed of multiple stacks of
crystalline lamellae~10 nm thick, as shown in the inset of
Figure 1a. Thec-axis of the P(VDFTrFE) crystals, which is
the molecular chain axis, is parallel to the Au substrate along

a virtual ground circuit (Radiant Technologies Precision LC unit). the longitudinal direction of the needlelike microdomain as

Structure Characterization. The structure of the films was
characterized by field emission scanning electron microscope
(FESEM, Sirion) and by two-dimensional (2D) grazing-incidence

illustrated in the scheme shown in the inset of Figure 1b (an
orientation also confirmed by GIWAXS, as seen soon), con-
firmed by the birefringence experiment. In order to identify the



Macromolecules, Vol. 41, No. 1, 2008 Ferroelectric P(VDFTrFE) Ultrathin Films 111

200 nm

Figure 1. FESEM images of P(VDFTrFE) films on the Au surface with various film thickness. (a) 250 nm, (b) 110 nm, (c) 30 nm, and (d) less
than 30 nm. The inset image of part a shows the multistacking of lamellae in a needlelike crystalline microdomain. A scheme of the microdomain
and the unit-cell of a P(VDFTrFE), projected along the-axis € = 2.55 A), are shown together in the insets of part b. The scale bar in the inset

of part a is 40 nm. The aggregated needlelike morphology of the thin film was observed when 20 nm of the ultrathin film was formed on a (e)
DDT- and (f) HDT-modified-Au surface. The distribution of needlelike microdomains differs in ultrathin polymer films on a Au surface with and
without modification by SAMs.

birefringence sign of needlelike lamellar crystal, it is necessary axis of the needlelike crystal can be parallel to the slow direction
to obtain as large of a needlelike lamellar crystal that can be of the first order red plate; thus, the needlelike crystal has a
observed on the polarizing microscope under cross polarization.positive birefringence sign and the long axis of the needlelike
We monitored the polarizing microscopic image during melt- crystal is also parallel to the molecular chain axis as seen in
crystallization of the 5Qim thick cast-sample on a glass slide the inset of Figure 1b. The needlelike crystal is composed of
at 143°C. The needlelike lamellar crystal whose long axis is multiple stacks of crystalline lamellae along the long axis
oriented along the two diagonal axis directions making angles direction.

of 45° and 135 with the polarization direction of a polarizer As shown in Figure 1b, the film surface morphology remains
was seen brightest with a gray color equivalent to a retardation essentially similar when the film thickness is only 110 nm but
of about 170 nm. Along the diagonal axis having an angle of is drastically altered for ultrathin films of P(VBFTrFE) (when

45° with a polarizer direction, we inserted a first order red plate the film thickness is less than 50 nm), as shown in Figure 1c.
whose retardation is 530 nm with a slow direction perpendicular In the latter case, although the aggregates of needlelike PVDF
to the insertion direction. As a result, the needlelike lamellar TrFE) microdomains are still visible in some areas, these
crystals oriented making an angle of°4kith a polarizer were microdomains no longer cover the whole surface of the
seen in blue color equivalent to a retardation of about 700 nm, underlying substrate. Indeed, Au grairs30 nm in diameter
whereas the needlelike lamellar crystals oriented making ancan be seen distinctly around the aggregates of the polymer
angle of 138 with a polarizer were seen in yellow color crystals. When the film thickness is reduced even further (to
equivalent to a retardation of about 360 nm. Therefore, the long an average of less than 30 nm), the regions in which polymer
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Figure 2. 2D GIWAXS patterns for P(VDFTrFE) thin films on a HDT-modified-Au surface (a, b) on a bare Au surfaeeefcwith different
thickness. Patterns from (a) 250 nm and (b) 30 nm films display two strong reflections near-i®mithe meridian and 80away from the
meridian. (c) 250 nm, (d) 110 nm, (e) 30 nm, and the inset of part c display the intensity profile along the meridian direction. The strong reflection
on the meridian exists for all thicknesses. The diffraction peak at@@y from the meridian is absent in part c but has very weak intensity in the
thinner films (parts d and e).

crystals are packed together cover at most half of the substratepresence or the virtual absence of reflections with nearly the
surface, as shown in Figure 1d. Contrary to the morphology same 12 nm! spacing some 60away from that meridian.

observed in the P(VDFTIFE) thin film prepared by the First of all, analysis of this difference requires a short
Langmuir-Blodgett method in which nanosize dots and wells summary of the PVDFB phase diffraction characteristid23
are formed, depending on the layer thickn&sSthe size and  \ve examined the structure factors based on the azimuthal
shape of the crystals that build up the thin films remain nearly jntensity profiles of the GIWAXS results. The crystal structure
similar regardless of the film thickness. Thdistributiondiffers of the P(VDF-TrFE) copolymer is generally considered an
however for the thinner films deposited on Au and HDT- ithorhombic lattice (space grou@n2m). The systematic
modified Au substrates. Indeed, for reasons that are not yetgpsence of thenkl) reflections withh + k = 2n, characteristic
known, several microdomains are clustered in small packets onof g centered lattice, is observed. Each observed peak consists
Au but are individually dispersed on the SAM-modified ones  of two or more overlapping Bragg reflections due to the pseudo-
in Figure 1e,f. hexagonal nature of the structure which in turn results in nearly
In spite of their similar morphology, the films produced on equal (200) and (110) spacing. The intensitigekl) include
“pare” Au and on HDT-modified Au have significantly different  the geometric Lorentz Factf6) = 1/sir?(0(k)) cosO i), the
structures as revealed by GIWAXS. The corresponding patterns diffraction angle ¢y), and the multiplicitym(hkl) of the k)
are illustrated in Figure 2a,b;® for SAM-modified and bare  reflection. The superposition of two first-order peaks, respec-
Au substrates, respectively. In both cases, films with three tively, (110) and (200), gives the same angle of 198y the
different thicknesses are investigated, namely, 250, 110, andequation, it can be concluded that the more intepsel2 nntt
30 nm.All films investigated display a strong or very strong peak results from the multiplicity factor. The value of the
reflection at 12 nm! (i.e., ~4.6 A) on the “meridian” of the multiplicity factor depends on the crystal system. Thus the
diffraction pattern. However, the films deposited on SAM- multiplicity factor for the (110) plane of an orthorhombic cell
modified Au and on the “bare”-Au substrate differ in either the is 4 and for the (200) plane it is 2.Therefore, the (110) is
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Figure 3. Modelization of the impact of the structural disorder
introduced by twinning in the P(VDFTrFE) films. The profiles are
shown when (a) there is no disorder and (b) the orientations of the two
a-axes in the twin are relative to the film normal. The insets have been
set to have the maximum intensity at 50, in order to better visualize
streaks.
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been checked by using the “Diffraction Faulted” module of the
Cerius packagé The results are illustrated in Figure 3. It
appears that the perturbation introduced by twinning reduces
only marginally the main reflection’s intensity and generates
only a limited streaking. This limited impact stems from the
fact that, although the orientations of the tevaxes in the twin

are symmetrically related relative to the film normal, the position
of the chains in the twinned parts of the composite crystal is
not significantly modified, as expected from the pseudo-
hexagonal arrangement of the helices in the unit-cell. The
modeling thus provides an unambiguous answer: a crystal-
lographic disorder cannot account for the significantly reduced
intensity of the off-meridional reflections in the films deposited
on “bare” Au.

Since crystallographic features cannot explain the observed
difference, one must consider the impact of morphological
features, and more precisely of the tendency of lamellar crystals
of PVDF to twist, as developed now. Here again, a short analysis
of lamellar twisting in polymer crystal growth is in order.

Lamellar twisting is a frequent feature in polymer crystal
growth, in particular from the mef€ Although the origin of
lamellar twisting is still a matter of debate, it is likely that it is
due to the existence of unbalanced surface stresses, associated
with different fold structure/conformation, etc. Lamellar twisting
is a standard feature in spherulites of PVDF indt<rystal
modification (they phase spherulites are made of scrolled
lamellae)?’~3° For pure PVDF, thes phase is produced only
by mechanical deformatiof,and no “spontaneous” morphology
is known. To the best of our knowledge, the lamellar morphol-
ogy of the bulk crystallize@ phase of P(VDFTrFE) copoly-
mers has not been documented. Therefore, the three-dimensional
shape of the lamellae in spherulites of the P(\VVDFFE)
copolymer of interest in this study has been examined, relying

stronger than the combined (200) reflections, which is consistent ©n Well-established morphological features developed in earlier

with our results shown in Figure 2a,c. The total intensity of the
combined (110) and (200) in Figure 2c is higher than the (200)
reflection in Figure 2a. In addition, the fact supports our model
that in Figure 2a, the intensity of one of the 4-fold (110)

reflections is comparable to that of one of the 2-fold (200) ones.

studies of other systems such as polyethylene, aliphatic poly-
esters, eté®

The corresponding data are illustrated in Figure 4a,b. The
optical micrograph of the film under polarized light in
Figure 4a shows a concentric and periodic banded structure

As a consequence, although the patterns are distinctly different,in an individual spherulite, for example, as indicated by an

it is difficult to unambiguously index the meridional and off-
meridional reflections in Figures 2@. The fact that the patterns

arrow which arose from the periodic birefringence modulation
from the center of a spherulite by the cooperative twisting of

are indeed different, however, suggests that the meridionalthe crystalline lamellae. A more telling illustration is pro-

reflections are different, i.e., (110) and (200) that the films
deposited on the Au and on the SAM-modified Au differ by

the nature of their contact planes. We further assume (anticipat-

vided by spherulite growth observed by AFM. Figure 4b
shows an AFM image of the surface morphology of P(\*\DF
TrFE) spherulites grown in thin films. It displays curved

ing the outcome of the analysis to be developed next) that theedges of lamellae included in stacks, which is a classical

(110) face is preferentially in contact with the bare Au, whereas
it is the (200) face for the SAM-modified one.
Why are the off-meridional reflections in the films deposited

indicator of lamellar twisting. Whereas these AFM and OM
observations indicate that the P(VBFrFE) lamellae tend
to twist, they do not, however, tell about which crystallographic

on bare Au so weak? Two possibilities may be considered, eitheraxis the twist takes place. One can reasonably assume that it is

that are linked with the structure of the deposited material or
that indicate a difference in the film morphology.

Exploring possible differences in structure, one may first
consider a structural disorder associated with multiple twinning
in the film. If the contact plane with the substrate is indeed
{110}, the two possible contact planes (110) antid)ilmay be
involved. Their combination in any one crystallite results in a
twinning, i.e., in a structural disorder that reduces the intensity
of the off-meridional reflections (but not the meridional reflec-
tion, since it is parallel to the twin plane). The crystallographic
disorder thus introduced would show up in the development of
streaks, with concomitant reduction of the main reflection’s
intensity. The likelihood of such a crystallographic disorder has

the a-axis of the unit-cell, which would be the
radial axis in af phase spherulite. It should be noted that
although the crystal rotation around thaxis of the P(VDF
TrFE) crystals we proposed in our model was rationalized with
the morphology of micrometer-thick films observed by both
optical and AFM images shown in Figure 4, the 200 nm or
less thick films do not exhibit clear evidence of the twisting
a-axis mainly due to the short crystalline needlelike micro-
domains. As shown in Figure 4, the microstructral indication
of lamellae twisting resulting from the crystal rotation occurs
with the periodicity of approximately a few micrometers that
is hardly visualized with the hundreds of nanometer long
needlelike crystalline microdomains observed in FESEM in
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Figure 5. Schematic of the diffraction patterns in P(VBFrFE) with

two different contact planes on the Au surface. (a) OnzGAM-
modified surfaces, the diffraction located on the meridian is indexed
as (200). The lamellae twist around tleaxis spreads th§¢110
reflections over all azimuthal orientations, but they remain on the 30th
parallel (a similar spread results from the lack of orientation of the
crystallites in the film). (b) For films deposited on bare Au, the contact
plane is (110) and the-axis is tilted at 60 to the north pole. The
strong{ 110} reflection is located at the north pole and the (200) and
{110 reflections are spread over a wide part of the sphere.

meridional reflection) (Figure 5).

In the thin films, the chains of P(VDFTrFE) lie parallel to
the substrate, but there is no preferred orientation of the chains
within this plane: all azimuthal orientations are possible. In
other words, the GIWAXS patterns correspond to some form
Figure 4. (a) An optical micrograph image under crossed polarizers of “fiber” patterns, in which the reflection corresponding to
illustrates the crystalline structure of P(VBRTFE) films crystallized planes initially parallel to the substrate are on the north pole

at 148°C for 24 h in 1um thick films with the small amount of additive, idi Lin fib h h h flecti
polymethyl methacrylate, to reduce the density of nuclei in the sample. (Meridional in fiber patterns) whereas the other reflections

A concentric and periodic morphology growing radially from the center are located on layer lines. As is well-known from fiber
is shown in the spherulites, as indicated by an arrow. These bandeddiffraction work, the latter reflections are, for geometrical
;F;]gzreu'gi)cnitrrgzgislzﬂ ein?geeogf”;ﬁénsdﬁggésn?(f)r'arr:j(')'af t\évfisg?\gb |(=b) reasons, intrinsically weaker than the meridional reflections since
TrFE) spherulites. The cgrved edges of Iamellge cc?r%irm lamellae only afractlon of the plan_es are in a diffracting p05|t.|on. In the
twisting cooperatively in the spherulites. analysis, we assume again that the contact plane differs for the
two different substrates, (100) for SAM-modified Au and (110)
Figure 1. The crystalline lamellae become longer with the film for bare Au.
thickness. We do believe that the characteristic rotation around For films deposited on SAM-modified Au, the reflection
thea-axis is always present regardless of film thickness, but its located on the north pole is (200), and the (110) antdj1
microstructural evidence seems to be observed in a thick film reflections are spread over all azimuthal orientations on the 30th
with sufficiently long crystalline lamellae in Figure 4. parallel, in view of the fiber symmetry (lack of preferred
Having established that P(VDHTFE) lamellae tend to twist, ~ orientation of thec-axis in the plane of the substrate). If the
we now examine the possible impact of this twisting on the lamellae twist about the-axis as they grow away from the
diffraction pattern of thin films. For this purpose, it is convenient substrate, the-axis rotates about tha-axis that is normal to
to consider first the films deposited on SAM-modified-Au the film surface; this twist introduces merely a disorientation
substrates before tackling the more complex analysis of films of the c-axis about the north pole direction, which was already
deposited on bare Au. Furthermore, in order to ease the analysispresent in the film, since there is no preferential orientation of
it is convenient to locate the reflections on a hemisphere wherethe c-axis in the plane of the film to start with. In other words,
the positions of the reflections will thus be located on, e.g., the the twisting of the lamellae introduces the same type of disorder
30th parallel or the north pole (the latter corresponding to the that existed in the film, i.e., it has no impact on the GIWAXS
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Table 2. Ferroelectric Properties and Characteristics in 2D GIWAXS Patterns from P(VDFTrFE) Films Dependent on Thickness and SAMs

remanent polarizatién coercive voltage coercive field

thickness/SAMs FWHM f110 (Pr, uClcn?) (at 20 V) (E;, V) (at 20 V) (Ec, MV/m)
250nm/bare Au 0.51 8.35 10.7 42.96
110nm/bare Au 0.68 11 7.27 66.09
70nm/bare Au 0.79 8.33 4.95 70.71
250nm/HDT 8.96 0.91 8.11 11.2 44.8
250nm/DDT 11.2 0.73 8.05 11.6 46.4
250nm/OT 14.56 0.56 8.08 12 48

aFull Width at Half Maximum (FWHM) value was calculated from the off-meridional pdakhe mean value from three different samples.

pattern. The pattern of the SAM-modified film is not sensitive P(VDF-TrFE) films deposited on bare Au and for the difference
to lamellar twisting and remains a “standard” fiber pattern, with with the films deposited on HDT-SAM-modified Au. For the

the (200) reflection on the north pole and the combined (110) former films, the striking, virtual disappearance of the reflections
and (110) reflections spread on the 30th parallel as illustrated at 60 to the film normal does not mean that these reflections

in the schematic of Figure 5a.

The situation is more complex for films deposited on bare
Au, for which the (110) is the contact plane and Hiaxis is
titled at 60 to the north pole. Initially, the (110) reflection is
located at the north pole, whereas the (200) ai@) teflections

are absent but rather that they are spread over a very wide
angular range. The above structural analysis is mainly based
on diffraction evidence.

In addition to the HDT-modified substrate, we examined the
molecular structures of 250 nm thick P(VBHTFE) films

are spread on the 30th parallel north and south, respectively.modified on Au substrates with OT and DDT. The characteristic

Twisting about thea-axis in any one crystallite has a complex
result. Thea-axis remains oriented toward the 30th parallel (this

reflection located at approximately 6qom the meridian also
appeared in all films as shown in Figure~6a Furthermore,

may be a simplifying assumption, as developed later), but the we found that the fwhm from the azimuthal intensity of this

(110) and (10) reflections rotate at B0to this orientation
(Figure 5b). For any one-axis orientation, these reflections

additional off-meridian reflection decreases with increased
length of molecules of SAMs from OT and DDT to HDT as

are therefore spread on a circle over a wide angular range thatshown in Table 2. Again, thg11G reflection at approximately

goes from the north pole to the 30th parallel south. Since, in

60° from the meridian occurs when tlaeaxis is perpendicular

addition, thea-axis adopts all azimuthal settings, the (110) and to the substrate. The preferred orientation of P(VOFFE)

(110) reflections are spread on a significant fraction of the

crystals on the substrate treated with &Erminated SAMs

hemisphere, namely, between the north pole and the 30th paralleimplies that the crystal surface of the closely packedsCH

south. For obvious reasons of symmetry, th&0jland (1D)

terminated-SAM surface is more compatible with the (100)

reflections are symmetrically related and are spread betweenplane of the P(VDFTrFE) crystals. Considering the fact that
the South pole and the 30th parallel north one. The feature of HDT forms the most stable monolayer with minimum surface
interest in this spread is that, although the angular range is quitedefects among the SAMs we applied due to the strongest van
large, all the circles described by these reflections pass throughder Waals interaction between alkyl backbofethe highest

the north (or south) pole. In other words, the reflection observed orientation based on fwhm data (Table 2) in Figure 6¢ confirms
on the meridian of the diffraction pattern arises in part from the preferential (100) plane interaction with the Serminated-

the contribution of each and every crystallite in the film, which
explains its strength.
In this simplified version, the (200) reflection (which is

SAM surface. We also estimated the orientation factors to get
the degree of orientation §111G reflections in Figure 6. The
f value of a film on an HDT modified surface was the largest

anyhow weaker than the (110) reflection) would be spread over among the films on other G&-SAMs-treated surfaces, as shown

the 30th parallel. However, lamellar twisting is intrinsically a
double twist, which introduces an additional angular spread. In
addition, it is probable that during growth through the thickness
of the film, the orientation of th@-axis progressively departs
from the strict 60 tilt and tends toward the film normal, i.e.,
tends toward a kind of transcrystalline growth, which would
reduce even further the intensity of reflections on the 30th
parallel. This analysis is in line with the fact that, for the thinner
films, the reflection on the 30th parallel is indeed relatively
stronger (Figure 2e). We quantitatively characterized GIWAXS
data to get orientation factors with respect to the film thickness.
The improved orientation with the decrease of film thickness
shown in Figure 2ee was first quantified with the calculated
orientation factors of the combined (110) and (200) reflections.
f values for the films of 250, 110, and 30 nm in thickness were
0.51, 0.68, and 0.79, respectively. In addition, the orientation
of the (110) reflection inclined to 6Qvith respect to the normal
of the CH—SAMs-modified-Au surface was also estimated by
the orientation factor (Table 2).

The combination of (a) a (110) contact plane (which results
in the 60 tilt of the a-axis to the film normal) with (b) lamellar
twisting thus provides a single and common structural and

in Table 2. The calculated values are 0.91, 0.73, and 0.56 for
HDT, DDT, and OT, respectively.

Confirmatory evidence in favor of the above structural
analysis using FTIR-GIRAS data is shown in Figure 74&00
nm thick (annealed) films prepared on different substrates: (a)
bare Au, (b) HDT/Au, (c) MHA/Au. As mentioned in our
previous publicatiod? unpolarized GIRAS with the IR incident
angle closer to the grazing incident angle (approximately
80~88° from the surface normal) exhibits an enhanced p-
polarized componenEg) of the vibrational mode whose electric
vector is perpendicular to the metal substrate surface and
corresponds to a decrease in the s-polarized compoight (
whose electric vector is parallel to the surface, as described
before3! At the 80 incident angle used in this study, GIRAS
predominantly detects the vibrational modes with the transition
dipoles normal to the substrate surface and, hence, can be useful
in clearly identifying the changes in the dipole and chain
orientation. All the samples used in this study exhibited
characteristic peaks; for example, the 1294 tivand (A, z Il

B) for the VDF trans sequence longer than TTTT, the 856%tm

band (A, z Il 5) for the trans sequence longer than TTT, and
the 1210 and 895 cm bands (B, # Il @) associated with the

morphological frame that accounts for the unusual pattern of crystalline phase showed relatively higher absorbance when
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Figure 6. 2D GIWAXS patterns for 250 nm thick P(VBFTrFE) thin films deposited on a Au surface modified with various SAMs: (a) OT, (b)
DDT, (c) HDT, (d) MHA, (e) Q plasma treated HDT. The contact plane is (200) for films on a Au surface modified with hydrophobic SAMs. By
contrast, the diffraction pattern of films formed on the hydrophilic surface indicates (110) contact planes.
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Figure 7. GIRAS spectra of P(VDFTIFE) thin films spin coated on
different Au substrates after annealing at 285 (a) bare Au, (b) HDT/
Au, (c) MHA/Au. The spectra are arbitrarily shifted for clarity.
compared to the 1402 crh (By, 4 |1 €) peak. This B peak is
assigned towCH, coupled with v,C—C, whose transition

the following: for P(VDF-TrFE) thin films spin coated on a
bare Au substrate, the comparatively lower @& Il €) band
intensity indicates that the trans-planar zigzag chains tend to
orient parallel to the substrate surface and tleed baxes are
oriented away from the substrate surface as observed from
higher absorbance intensity for;Aand B. Au substrates
modified with HDT and MHA too showed similar behavior.
Among the two different SAMs used in this study, the
absorbance ratio of the;4and to the Bband can actually be
used to evaluate the extent to which thexis is perpendicular
to the substrate and therefore contributes to the effective
polarization. The two absorbance ratios of theband to the
B, band,Agsecni/Aggscnit andAizga cni/Ai210en?t, of P(VDF—
TrFE) films spin-coated on the HDT/Au substrate are lower
than those observed for MHA/Au. This result is consistent with
the structural analysis developed earlier: the lower absorbance
corresponds to the (100) contact plane, i.e.Hais is oriented
comparatively at a lower angle to the film surface, whereas the
higher absorbance corresponds to the (110) contact plane face
in which theb-axis is at some 60to the film surface, i.e., at
only 3C° to the film normal.

2. Correlation of Film Structure with Substrate Polarity.

moment is along the chain direction and, consequently, this bandOverall, the above structural analysis indicates that the P(VDF
is highly sensitive to changes in chain orientation. From the TrFE) films deposited on SAM-modified and on bare Au have
spectral data observed from Figure 7, we were able to confirm different contact planes, namely, (100) and (110). Although the
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two planes have similar density of chains, their structure is
different in view of the low symmetry of the P(VDFTrFE)
unit-cell. The underlying reason must of course reside in the
nature of the interactions with the two surfaces. This issue can
be tackled with the SAM-modified substrates in view of their
intrinsic chemical versatility as well as the possibility to modify
their structure by appropriate chemical reactions.

The structural analysis of the P(VBHTFE) films clearly
establishes that the substrates can be divided in two classes that
differ by their polarity. All the substrate modifications that rest
on the use of the least polar, Gtérminated molecules (namely,
OT, DDT, and HDT) result in a (100) contact face of the
P(VDF-TrFE) film, i.e., theb-axis is parallel to the film surface.

By contrast, the films deposited on bare Au have a (110) contact
face parallel to the substrate.

The (110) contact face was also observed for films deposited
on two very different, but botpolar substrates. It was observed
for the SAM made with a COOH-terminated molecule, namely,
MHA (Figure 6d). In a different experiment, the hydrophobic
HDT-modified-Au surface was turned into a hydrophilic one
by a 30 s @ plasma treatment. The treatment significantly
reduces the contact angle of water, to less thah 8@ore

I *
importantly, the P(VDFTrFE) deposited and annealed on this 2l / —e—bare Au
a/a )
10

P(uC/cm?)

P, (uCrem?)

modified substrate has a (110) contact plane, i.e., is similar to —a—HDT/Au
the one formed on the bare and on the MHA-treated-Au surface ol
(Figure 6e). 1'5 . 2-0 f§—
The above experimental results indicate that several rules .
govern the deposition of P(VDFTIFE) copolymers on the Applied Voltage (+V)
various substrates. In essence: the chains lie parallel to therigure 8. (a) PolarizatiorP vs applied voltagéE hysteresis loops of
substrate, and the contact face is a densely packed crystala 250 nm P(VDF-TrFE) polymer capacitor with a bare Au bottom
ographio plane. These condilons Ieave only two different SCeuoge. () fo. o o Eraren Boariaibneress e seoler
structural possipilitieg, namely, thg (:.LOO) and the (110) cor)tact fromglo 012V llos larger for the films deposited ongbe?rg Au thangon
planes. The orientation of the-axis in the contact plane is  the HDT-modified surface.
random (all azimuthal angles are observed), evidenced by

FESEM in Figure 1. This lack of selectivity may imply either (110, as discussed above. To generate a less populated contact
the absence of any specific interactions such as epitaxy andpjane, say by epitaxial crystallization, the interactions must be
preferred orientation by shear or that the SAMs are “polycrys- more specific, with some form of structural matching with the
talline” (made of crystalline domains with different orientations)  (crystalline) substrate. Earlier investigations have shown that,
at the resolution of the investigation technique used here (e.9..provided a suitable dimensional lattice matching is achieved,
GIWAXS). Indeed, thin films and/or monolayers produced by, epijtaxial crystallization can induce unexpected contact planes.
e.g., Langmuir-Blodgett techniques are usually polycrystalline, - \ost relevant in the present context is the epitaxial crystalliza-
i.e., made of domains in which tiee andb-axes are randomly  tjon of polyethylene (PE) on various organic and inorganic
oriented in the plane of the films. More importantly, as a major sypstrates. Whereas the shortest interchain distances in PE are
novel outcome of the present investigation, the contact plane i the 4-5 A range, contact planes with interchain distances
of the P(VDF-TrFE) film differs for apolar and polar substrate larger tha 9 A were obtained* 36 For the present P(VDF
surfaces. It is (100) for the apolar, and (110) for the polar TrFE) polymers, and given the constraints set by the develop-
substrates, with bare Au belonging to this latter category. ment of devices, resorting to exotic crystalline substrates (such
These structural differences imply that the polarization vector as the salts of-phenylbenzoic acid or phenylpenicillin used in
(oriented parallel to thé-axis of the unit-cell) is differently the PE investigation) is however difficult to envisage.
oriented in the corresponding films. For the (100) contact face, 3. Electric Properties and Modifications Induced by
the b-axis lies in the plane of the film, whereas it is at some Electric Fields. The ferroelectric properties of P(VDFTFE)
60° to the film surface for the (110) contact face. For optimal films depend to a large extent on the film characteristics, most
electric properties, it should be normal to the film surface. The prominently on the film thickness but also, as seen next, on the
(100) contact face is thus barely suitable, while the (110) contact film structure. The ferroelectric properties have been evaluated
face may be considered as acceptable. Indeed, the componendfter deposition on the top film surface of a layer of Al. First,
normal to the film surface is reduced by only sirf6e., 0.87  we consider the properties of the films in general, before tackling
of the maximum achievable value. the more subtle differences introduced by the two possible
Ideally, a method should be devised that induces a (010) structures of the films considered above. In all cases, the films
contact plane, i.e., that would orient the polarization vector investigated have been spin coated and annealed &tQ 84
normal to the film thickness. This, however, represents a 2 h.
considerable challenge. Indeed, the (010) plane is not a densely The film thickness has a significant influence, as shown by
packed plane, since the chains are approxipael apart33 the very different remanent polarizatid?and coercive voltage
A weak or mildly specific interaction with the substrate is (V.) in a saturated hysteresis curve. A typical ferroelectric
expected to induce a more dense contact face, namely, (100) ohysteresis loop for a film deposited on a bare Au surface is




118 Park et al. Macromolecules, Vol. 41, No. 1, 2008

shown in Figure 8a. When an increasing voltage is applied on of course does not apply for the MHA substrate, with its COOH
the capacitor, the remanent polarization and coercive voltageend group).

increase and saturation is reached when the voltage is above

+20 V. Under these conditions (i.e>,420 V), for a 250 nm Conclusion

P(VDF-TIFE) film, P; and V. are 8.2uClcn? and 12 V, We have investigated the molecular and microstructure of
respectively, corresponding to a coercive electric fidig) Of semicrystalline P(VDFTrFE) thin films deposited on a bare
approximately 50 MV/m, which is consistent with values Ay substrate and a modified one with a SAM interlayer as a
reported earlier in the literature (Table 2). Films that are 110 fynction of both film thickness and surface property of the Au
nm thick have a loweW. (approximately 9 V), corresponding  or SAM interlayer. In all films, thec-axis is oriented in the
to anE. of approximately 80 MV/m. The increase & with  contact plane, that is, parallel to the substrate. No azimuthal
decreasing film thickness is usually attributed to hindered chain grientation preference can be detected, which may result either
mobility. For even thinner films (70 nm) a very low switching  from the absence of specific interactions or from the fact that,
voltage of 4.95 V is recorded. This corresponds however to a especially with SAMs, the domain size of the interlayer is below
practical limit, since further reduction of the film thickness the resolution of the investigation technique. The films deposited
re_sults ina S|gn|f|cantly_n_educed polarlzanon, to be associated gn pare Au and on polar SAMs are characterized by a (110)
with the reduced crystallinity. Actually, ultrathin P(VDHTFE) contact plane, whereas those deposited ons-@Hninated
films (only 30 nm thick) frequently show electric shortage, saMs have a (100) contact plane, which implies that the
m_amly due to the insufficient film coverage, as observed in P(VDF—TIFE) b-axis of the unit-cell is either tilted at some
Figure 1. 30° to the film surface normal or lies in the plane of the film.
The above experiments all rest on the application of electric Furthermore, specificities of the GIWAXS patterns suggest that
fields above 20 V, that is, and deal with saturated hysteresis the polymer lamellae twist in space, as is frequently observed
curves. This in turn indicates that an electric bias of about 80 in polymer crystal growth. The different unit-cell orientations
MV/m applied to the film, is sufficient to “switch” polymer  of the films are manifested by different remanent polarizations
chains, that is, to induce rotation of the chains on their axis. when the films are submitted to relatively low voltages o186
Such high electric fields would “wipe out” the structural V,i.e., that remain below the coercive voltage in the thin films
differences that have been uncovered in the films deposited oninvestigated. When the films are submitted=20 V, molecular
Au and on SAM-modified Au, since these rest indesdy on reorientation in the films wipes out these structural differences
the orientation of the chains on their axis. In order to investigate to a significant extent. Interestingly however, the films produced
the impact of the structural differences on the ferroelectric on both polar and apolar substrates have densely populated
properties, significantly lower voltages should be applied to the contact planes. This implies that the sole reorientation of the
films. chains by rotation on their axis under a coercive electric field
The experimental procedure used to investigate the films 9€nerates at best a structure in which the polaxis is oriented
deposited on Au and SAM-modified ones depends therefore on@t 30 to the electric field. Further alignment of thieaxis to
the same procedure as before but focuses on the variation of2"ind it parallel to the electric field would require energetically
the P, after application of voltages in the 15 V range. Figure ~ More demanding shifts of whole molecules in the film, in
8b compares the remanent polarizations for the bare and SAM-€SSence it would require a 3@otation of the whole crystal
modified films. The evolution oP, versus applied voltage looks ~ attice in order to bring the densely populatecplane of the
at first sight very similar: steep increase for the-1i% V/ range un|’F-ceII normal rather than parallel to the film surface and
and saturation at about 20 V. On further inspection, however, reciprocally for the less densely populatdplane.
the bare and SAM-modified films show actually a different 10 conclude, the present investigation has indicated that the
response to the applied voltage. Indeed, in the steepest part of€ro€lectric properties of the P(VDHTFE) films depend, in
the curve, in the critical 1015 V range, the remanent addition to the film thickness, on their detailed structural/
polarization of the SAM-modified is, for any given applied Mmorphological organization, which itself depends on the hy-
voltage, approximately ZC/cn? lower. Of course, and as  drophobic/hydrophilic character of the substrates on which they
already discussed, all P(VDFTTFE) thin films, regardless of ~ &ré deposited.

the substrate type, have similar remanent polarization when the . i
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cell orientation near the contact plane, the pbfaxis is oriented
at only 30 to the surface normal, which implies that the
contribution is cos 30of the maximum achievable polarization. (1) Buqharme,t&; Selecgyngé-;soghz%n, C. M.; Rannow, REEE Trans.

: ; s evice Mater. rella y .
On the contrary, the films deposited on SAM-modified Auhave o 0o 0 27 5 “Tanase, C.: Blom, P. W. M. Gelinck, G. H.;
the worse cell orientation, with the polbfaxis in the plane of Marsman, A. W.; Touwslager, F. J.; Setayesh, S.; De Leeuw, D. M.

the film, i.e., at right angles to their optimal orientation. (This Nat. Mater.2005 4, 243.

The observed differences in the remanent polarizations values
can be related with the structure of the thin films, at least
qualitatively, since the analysis cannot take into account the
various structural disorders discussed earlier (lamellar twisting,
reorientation of thea-axis during growth through the film
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