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Abstract
Ferroelectric polymers are promising as piezoelectric sensors and devices for data storage, energy
harvesting and fast energy storage. However, efficient electric polarization aswell as piezoelectric and
dielectric responses of as-deposited films are oftenmuch lower than expected in a crystallinemodel,
because the local orientations of electric dipoles show substantial disorder. Herewe introduce an
approach for in-plane alignment of the polarization based on applying softmechanical pressurewith a
forcemicroscopy tip.Micron-sized ferroelectric domainswithwell-defined in-plane and out-of-plane
polarization orientation and low surface roughness have beenwritten in poly(vinylidene fluoride-
trifluoroethylene) (PVDF-TrFE)films on graphite. Inside such domains, the piezoelectric response is
more than four times that of the untreated film. The achieved polarization alignment can advance the
performance ofmany devices, since it reduces the cancellation of local responses to electric fields or
mechanical strains resulting frompolarization disorder.

1. Introduction

Ferroelectric polymers are attractive candidates for functional layers in electronic devices like non-volatile
memories [1–6], piezoelectric andmagnetoelectric sensors [7, 8], energy harvesters [9, 10], and capacitor-based
energy storage devices [11]. They offer substantialmagnitudes of piezoelectricity, dielectric permittivity,
ferroelectric polarization and low leakage currents combinedwithmechanical flexibility, optical transparence,
and inexpensive near-room-temperature processing. As amajor challenge for applications, the piezoelectric and
dielectric responses of as-deposited films are oftenmuch lower than expected in a crystallinemodel [12]. This is
due to the fact that the crystalline lamellae in polymer films are usually not aligned. Additionally, they are
surrounded by amorphous regions [13].Misalignment of electric dipoles/local ferroelectric polarization results
in partial compensation of the averaged response to an electric field. In order to enhance the parallel alignment
of electric dipoles, two approachesmay be followed: (i) three-dimensional alignment of crystalline lamellae and
(ii) poling of the polarization in non-aligned lamellae like in a polycrystalline ferroelectric ceramic. Thefirst
approach includes attempts to achieve epitaxial growth on a crystalline substrate. Advances have beenmade for
the often applied ferroelectric polymers like poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) in
recent years [1, 14, 15], but fully oriented epitaxial growth offilms thicker than fewnm is not yet achieved. Some
applied substrates like, e.g., graphite possess high symmetry resulting in several allowed epitaxial orientations of
the polymer film [1, 16]. Alternatively, crystallographic alignment induced bymechanical action of a force
microscopy tip in similarity to a nanoscopic drawing process has been suggested [17]. The second approach of
orienting local polarizations through a poling procedure works readily for vertical electric poling in thinfilms.
Additionally, in-plane electrodes could be used to apply an electric field for aligning the in-plane component of
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polarization.However, such electrodes are often an obstacle for designing devices. (For instance, they cover a
significant part of thefilm surfacewith a conductingmaterial.)We report on an alternativemethod to achieve
the in-plane alignment of polarizationwhich is based onmechanical pressure of a forcemicroscopy tip. Large
ferroelectric domains containingmany crystalline lamellae have beenwrittenwithwell-defined in-plane and
out-of-plane polarization orientation in the applied scanning range of a forcemicroscope. The in-plane
polarization orientation can be deliberately chosen by the scan direction. Subsequent electrical switching
maintains the uniformpolarization orientation in the ‘written’ area if the vertical electric field is appropriately
chosen. The poling of the ferroelectric polarizationwith in-plane and out-of-plane components results in strong
enhancement of the piezoresponse up tomore than the four-fold value of the as-grown film. Thesefindings bear
strong potential to advance device applications, sincemany key parameters of performance areweakened as a
consequence ofmisaligned local polarization.

2. Experimental section

2.1.Materials preparation
We fabricated a 2wt% solution of P(VDF-TrFE) granules (70/30 mol%, Piezotech) in 2-Butanon (Carl Roth)
whichwas spin-coated at 3000 rpm for 60 s onto a highly ordered pyrolytic graphite (HOPG) substrate. The
spin-coatedfilmwas subsequently annealed at 180 °C for 30 min in vacuumand then quenched on a largemetal
plate to room temperature. Thefilm thickness of about 65 nmhas beenmeasured using a profilometer (Ambios-
XP 1, Cenimat) onfilms prepared in the sameway on siliconwafer substrates. Local checks have been done at
trenches introduced down to the substrate with a forcemicroscopy tip.

2.2. X-ray diffraction
Thinfilm x-ray scatteringwas performed on a SAXSLABRETRO-F setup equippedwith amicrofocus source
and anASTIXmultilayer optics fromAxo,Dresden, Germany. The setup contains amovableDECTRIS Pilatus
R 300 Kdetector in a vacuumhousing. A sample-detector distance of 92 mmwas used, giving access in θ-2θ-
geometry to amaximum scattering vector qz of about 20 nm

−1 in vertical direction.

2.3. Atomic forcemicroscopy (AFM) of surface topography
After fabrication, the surface topographywas imaged in aMultimode 8 (Bruker)AFMoperating in repulsive
tappingmodewithNSG30 tips (NT-MDT, tip radius∼6 nm, force constant∼40 Nm−1).

2.4.Mechanical tip scanning
A force in the range of 170–300 nNhas been appliedwith a Pt/Ir-coated AFM-tip (HQ:CSC17-Pt,MikroMasch,
tip radius∼35 nm, force constant∼0.2 Nm−1) in contactmode to the polymer film in both anMFP-3D
(AsylumResearch) and aNTEGRAAura (NT-MDT) forcemicroscope.Mechanical scanningwas performed
with scan line distances of∼6–9 nm in an electrically poled areawith the slow scan direction parallel to the
cantilever orientation and scanning speed of∼2.5 μm s−1. The force was adjusted by the cantilever deflection
signalmultiplied by inverse optical lever sensitivity and the cantilever spring constant. Lever sensitivity was
obtained bymeasuring force distance curves. The spring constantwas determined bymeasuring the thermal
noise of cantilever at resonance frequency and calculating the spring constant using the equipartition theoremof
a simple harmonic oscillator.

2.5. Piezoresponse forcemicroscopy (PFM)
PFM images were taken in anAsylumResearchMFP-3Dmicroscopemeasuring with dual ac resonance tracking
(DART)mode [18]. Pt/Ir coatedHQ:CSC17 tips (MikroMasch)with a loading force of 8–15 nNhave been used
to avoid surface damage. AnAC tip bias of 1.5 Vwas appliedwith drive frequencies near the contact resonance to
image the vertical and lateral PFM signals. Tomeasure both lateral orientations, the sample region of interest
was imaged in two different sample orientations rotated by 90°. The vertical piezoresponse was calibrated by
multiplying the lock-in amplifiermeasured amplitude on photodiode with inverse optical cantilever sensitivity.
Torsional inverse optical lever sensitivity was estimated bymeasuring and linearly fitting the lateral
photodetector signal while vibrating the sample by 2 nm in-plane and perpendicular to the cantilever axis.
Off-resonantPFMmeasurements have been carried out in aNTEGRAAuraAFM system (NT-MDT) using same
tips (HQ:CSC17-Pt,MikroMasch)with a loading force of∼40 nN and a PFM frequency of 17.365 kHzwith
1.5–2.5 VACbias. Due to lowPFMsignals, the lock-inX andY outputs weremeasured and the system inherent
background [26]was subtracted before calculating the PFMamplitude and phase images.
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2.6. Electrostatic forcemicroscopy (EFM)
EFMand related PFM images have been takenwith aNTEGRAPrima systemusing external lock-in amplifiers
(SR830DSP, Stanford Research systems). PFM images have been recordedwith PtIr coatedCSG30 tips (NT-
MDT, force constant∼0.6 Nm−1, loading force 35–50 nN) at drive frequency of 56.14 kHz applying anACbias
of 2.5 V. EFMwas performed as non-contact single-pass technique by oscillating the cantilever (ANSCM-PT,
AppNano, force constant 6 Nm–1, resonance frequency∼60 kHz) in tappingmode at its resonance frequency
and simultaneously applying anACbias of 1 Vwith frequency of 17.587 KHz to the tip. Signals corresponding to
fixed charges were recorded by analyzing the deflection (DFL) signal at the AC frequencywith Lock-In
amplifiers.

3. Results and discussion

Themicrostructure of thefilms has been evaluatedbasedonAFMheight andphase images, seefigures 1(b)–(d) for
a 65 nm thickP(VDF-TrFE)film. P(VDF-TrFE) is one of the best characterized andmost applied ferroelectric
polymers [9, 12, 17, 20–24, 19]. Ferroelectric polarization is perpendicular to the polymer chain axis and can be
switched between six directions of a hexagon (figure 1(a)), thereby inducing a slight orthorhombic distortion. In
theorthorhombic unit cell, the chain axes lie along the cdirection.The polarization is oriented along the b
direction according to [12] (figure 1(a)). Kim et al reportedon an epitaxial orientationof P(VDF-TrFE) on
graphenewhere the polymerfilmhas a (100) out-of-plane orientation [1]. The (100)orientation is sketched in
figure 1(a), left panel;wenote that graphene and the graphite substrate applied inourworkhave identical surface
lattices. The epitaxial in-planeorientationof the lamellae,with chain axes along the 10 ̲10 direction of graphene, is
lost infilmswith a thickness beyond fewnm [1]. In agreementwith that, ourfilm shows some lamellaewith
preferred orientations resulting fromepitaxy on theHOPGsubstrate (directionsmarkedby yellow lines in
figure 1(b)), butmost lamellae are notwell aligned to thehexagonal substrate lattice. In thisfilm, crystalline
lamellae have an average thickness of 28.7 nmand a longperiod, denoting the average distance between two
parallel lamellae, of 46.8 nm.Hence, the averagedwidthof the amorphous regions between lamellae is 18.1 nm.
Height profiles (figure 1(d), lower panel)have a peak-to-valley distance of�7 nmarising from the lamellar
microstructure. Slightly stronger heightfluctuations are present on a larger length scale of fewmicrons (figure 1(d),
upper panel). X-ray diffraction indicates awell-definedout-of-plane orientationof (100)or (1 ̲10) (figure 1(f));
these twoorientations differ only in the switchable polarization direction (figure 1(a)). The crystallographic out-of-
plane orientation ofP(VDF-TrFE)ongraphite determines thepossible orientations of the polarizationwith respect
to thefilmnormal as tiltedby 30°or 90° (figure 1(a)). The in-planepolarizationorientation depends on the local
direction of the chain axes, since it is perpendicular to the corientation.Thus, it is subject to thedisorder of the in-
plane lamellae orientations (figure 1(b)).

In this section, we introduce an approach to reorient the direction of the in-plane polarization using a
forcemicroscopy tip. PFM is a tool regularly utilized for investigations of nanoscale ferroelectric switching in
P(VDF-TrFE)films [19, 25–28]. Atfirst, the film has been electrically poled by applying a tip voltage of 10 V in an
area of severalμm2. Afterwards, the grounded tip is scannedwith amechanical load of 180±10 nN in four
rectangular areas indicated infigure 2(a). Lines with a distance of about 6 nmhave beenwritten along the fast
scan direction in back-and-forthmode. The slow scan direction and the cantilever orientation have been varied
in the four areas as indicated in the figure. The cantilever is perpendicular to the fast scan direction, sincewe
observed a reduction ofmechanical damage of the film for this cantilever orientation. This ‘mechanical scan’
applied here resembles the ‘mechanical annealing’ suggested byChoi et al [17]. In contrast to that work, it
introducesmuch less surface roughness (discussed below,figures 3(b), (c)) and does not result in the strong
structural reconstruction reported in [17]. After themechanical scan, the piezoresponse parallel to the slow scan
direction is recordedwith low tip force (of 30 nN). The phase image (figure 2(d)) reveals an efficient alignment of
the in-plane polarization component along the slow scan direction in the rectangular areas. The in-plane
polarization points into the slow scan direction. The amplitude image (figure 2(c)) shows considerable
enhancement of the piezoresponse amplitude as result of the polarization alignment. The cantilever orientation
had no impact on the polarization direction, but it influences the roughness after themechanical scan
(figure 2(b)). Smoother surfaces are obtainedwhen the cantilever is dragged backwards; this configuration is
used for further work.Hence, the orientation of the in-plane polarization can be switched to a uniformdirection
by themechanical scan. This process can be repeated to set the polarization into a different direction at the same
position.Note that a featureless phase imagemeans no domainswith opposite polarization orientation are
detectable within the resolution limit of themeasurement which is∼40 nmdue to tip size.No reorientation of
crystalline lamellae needs to be involved as is discussed in detail below; the effect of themechanical scanmay
resemble the poling of a polycrystalline ferroelectric as sketched infigure 2(e).We further note that no
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systematic impact of the substrate orientation has been found on the efficiency of themechanical scan, when the
slow scan direction is rotated in steps of 10° between 0° and 60° (not shown).

After identifying this approach as a tool to align the in-plane polarization in a deliberately selected direction,
we investigated thewriting and electrical switching ofmicron-sized ferroelectric domains and the resulting
increase of the piezoelectric response. The domainwriting procedure consists of three steps: (i) electrical poling
by scanning a biased forcemicroscopy tipwith lowmechanical force (∼10 nN, blue area infigure 3(a)), (ii)
mechanical scanningwith grounded tip and tip force of 300 nN (red area infigure 3(a)), and electrical switching
with low tip force (∼10 nN, green inner areas infigure 3(a)). After electrical polingwith 10 V, the vertical
piezoresponse (VPFM) amplitude is strongly enhanced (figure 3(d)), indicating vertical alignment of electrical
dipoles. The true enhancement of all piezoresponses has beenmeasured in off-resonantmode as reported in the
supplement, available online at stacks.iop.org/NJP/20/103044/mmedia. In the present case, theVPFM
amplitude is about doubled (figure S1). In the electrically poled area, amechanical scan has been applied using a

Figure 1.Microstructure and crystallographic structure of P(VDF-TrFE) on graphite. (a) (100) and (110) orientations of the orthor-
hombic unit cell with the polarization vector along the crystallographic b axis. Polymer chain axes lie along the c axis. Polarization
switches bymultiples of 60°, reorienting the orthorhombic cell. Atomic forcemicroscopy phase (b) and height (c) images of a 65 nm
film. Yellow lines in (b)mark preferred orientations of crystalline lamellae along the hexagonal directions of the substrate. (d)Height
profiles recorded alongwhite lines in (c). (e) Schematic XRD setup formeasuring the out-of-plane orientation of P(VDF-TrFE).
(f) 2D real-space scattering pattern showing oriented growth on graphite substrate. Peak (1) corresponds to the (110)/(200)Bragg
reflections of the polymer, peak (2) to the (0001) reflection of graphite. For the incidence anglej∼10°, the Bragg condition for
the (110)/(200)film reflections is fulfilled. Thewidth of peak (1) in azimuthal direction (FWHM≈5°) reflects the orientation
distribution of P(VDF-TrFE) crystalline lamellae.
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tip force of 300 nNon a tipwith nominal radius of 35 nm.AFM topography images of the scanned area
(figures 3(b), (c)) reveal amoderate increase of surface roughness which is largest at the edges of the area. The
rms roughness increases from2.5 nm (as prepared) to 3.5 nm (aftermechanical scan, without edges); peak-to-
valley distances aremarginally larger than in the surrounding (figure 3(c)). Repeatedmechanical scans in
different sample positions andwith different tip radii showed that there is an optimumof themechanical
deformation: if trenches are too deep, the piezoresponse amplitude is suppressed and phase images showmore
inhomogeneity. Best results have been obtained for surface deformations like those infigure 3(c). The piezoelectric
response of thewrittendomainhas been probedwithboth in-plane components (Px,Py) and theout-of-plane
component (Pz)bymeasuring the vertical and twoorthogonal lateral PFMsignals parallel (Py) andperpendicular
(Px) to themechanical slow scan direction. First, wediscuss thedomain areawithout further electrical switching
(red infigure 3(a)). Thepolarization is inclined at an angle ofα=30° to thefilmnormal (figure 1(a)), because full
in-plane orientationof thepolarization can be excluded based on the presence of strong vertical piezoresponse.
The vertical polarization componentPz is only slightly disturbed after themechanical scan, as is visible in the PFM
amplitude (figure 3(d)) and the related phase (figure 3(g)) images. ThePy amplitude image (figure 3(e)) shows a
strongly enlarged signal in themechanically scanned area.Off-resonantmeasurements demonstratemore than
four times larger lateral piezoresponse in this area (supplement,figure S2). Further, the amplitude image suggests
low inhomogeneity (figure 3(e)). The corresponding featureless phase image (figure 3(h)) even indicates uniform
orientationof the lateral polarization componentPywithin the resolution limit of themeasurement.On the other

Figure 2.Aligning in-plane polarization. (a) Four areas scannedwith tip force of 180±10 nN and no electrical bias in different slow
scan directions (red arrows) and cantilever orientations (as indicated). (b)Topography image revealing resulting surface changes.
In-plane piezoresponse amplitude (c) and phase (d) images show that the slow scan direction defines the direction of in-plane
polarization, resulting in an enhanced amplitude. (e) Schematic image of local polarization orientation after themechanical scan.
Lamellae are assumed to keep their original crystallographic orientation. (f)Orientation of in-plane componentsPx andPywith
respect to the slow scan direction.
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hand, the polarization componentPx along theback-and-forth fast scan direction (vertical red lines infigure 3(a))
is small, thePFMamplitude is very low (figure 3(f)). The phase image (figure 3(i)) indicatesmixedorientations of
this polarization component; probably, the back-and-forthmovement suppresses preferred orientation of thePx
component.Hence, a highdegree of polarization alignmenthas been obtained in thewritten domain. Larger areas
couldbewritten dependingon the instrumental scanning range. Toour knowledge, itwas not possible previously
towritewell-defineddomains of this size inP(VDF-TrFE)films or another ferroelectric polymerfilm.

Subsequently, electrical switching of thewritten large domain has been probed. The tip has been scanned
with a bias of either+10 Vor−10 V and low tip pressure (∼10 nN) in rectangular areasmarked green in
figure 3(a). These are the inner parts offigures 3(d)–(i). Pz has been reversed by negative bias in the right half of
the green area (figure 3(g)), while positive poling has been reinforced in the left half. Interestingly, Pyhas been
reversed in both parts of the green area (figure 3(h)). This is in contrast to the effect of the vertical electric field
during poling the blue initial area (figure 3(a))where no influence on the in-plane polarization is found. Sharma
et al reported on 180° switching driven by larger tip fields, while a smallerfield resulted in purePz reversal [19].
This agrees with our result when a gradually rising tip voltage is applied (supplement, figure S4): at−10 V, 90%
of the electrically biased area undergoes 180° switching, in agreementwith the observation of 180° switching in
the negatively biased green area, while 75%of the electrically biased area undergoes 120° switching at−7 V
(figure S4). The purely lateral switching (Py reversal) observed in the positively biased green area is reproduced in
the gradual-voltage-rise study (figure S4), but the origin of this 60° in-plane switching process is unclear at
present. Both, the slow scan direction and the electric tip trailingfield [29–31] in the gradual-voltage-rise study
are oriented along the x-axis and, thus, are unlikely as origin of thePy reversal.

Themagnitudes of the vertical and the lateral piezoresponse are larger by a factor ofmore than two and four,
respectively, inside thewritten domains offigure 3 (supplement, figures S1, S2), in comparisonwith the
surrounding as-grown film.Herewe argue that the piezoresponse amplitude truly reflects the degree of parallel

Figure 3. Ferroelectric domainwriting in P(VDF-TrFE) on graphite. (a) Scheme of thewriting procedure: step 1—electrical poling
with 10 V (blue area), step 2—mechanical scanwith grounded tip and tip force of 300 nN (red area, red scan lines), step 3—electrical
switchingwith±10 V (green area). (b)Topography image aftermechanical scan. (c) Line scan along the yellow line in (b). (d)–(f)
Amplitude and (g)–(i) phase images of piezoelectric responses parallel to Pz (vertical), Py (in-plane, alongmechanical slow scan
direction) andPx (alongmechanical fast scan direction). PFMmeasured in resonancemode.
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alignment of the electric dipoles in the film and rule out a significant contribution caused by charge injection
(below). The forcemicroscopy tipwith nominal radius of 35 nmelectrically contacts an area of about 3800 nm2.
In a 65 nm thick P(VDF-TrFE) crystallite, therewould be∼2000 dipoles per nm2 between the tip and the
conducting bottom electrode. Thus, the tip probes the averaged response ofmore than sevenmillions of dipoles.
Since the piezoelectric effect changes signwhen dipoles are reversed, deviations fromparallel alignment lead to
compensation effects and a reduction of the piezoresponse. However, before regarding the piezoresponse
amplitude as a probe for dipole order, care is required to consider other possible sources of a largermeasured
piezoresponse.An injectionof electrical charge into the surface of an insulator can cause apparent vertical
piezoresponse innon-piezoelectricmaterials [32, 33]. (Anoscillating electrostatic force arises between theAC
biased tip and the charged surface.)Thismechanismmay contribute to the vertical piezoresponse in strongly
insulating P(VDF-TrFE). Therefore, PFMandEFMimages of electricallywritten domains have been used to
characterize the role of charge injection from the tip into the P(VDF-TrFE) surface. EFMrecorded at the excitation
frequency is sensitive to the surface charge density. Figure 4 shows the vertical PFMresponse (as amplitude
multiplied by cosine of phase) and respective EFMimages of concentric domains poled alternatinglywith±10 V.
One set of domains has beenwritten immediately before imaging (figures 4(a), (b)), the other is twodays old
(figures 4(c), (d)). The PFMimages of both domains appear identical.Domainboundaries have remained sharp
within the resolution limit after twodays. The relatedEFMimages (figures 4(b), (d)) reveal the surface charge
polarity in agreementwith the expected boundpolarization charge. (For instance, writingwithpositive tip resulted
innegative surface charge, in contrast to thepositive signof injected charges.)TheEFMimageof the old domain
showsweaker contrast reflecting the screening process of boundpolarization charge. The younger domainhas an
additionalmargin of bright contrast beyond thewritten area. This is a typical feature of injected surface charges
originating from the PFMimaging process itself or from thewritten domains. Thus, the EFMimages reveal
substantial changes in the surface charge distribution taking placewithin twodays. These are not associatedwith
any detectable change of the PFMamplitude, ruling out a significant contribution of injected charges to the PFM
response. In fact, thedomains shown infigure 3 showed excellent long-term stability: they remained apparently
unchanged formore than9months (figure S3). These observations allowone to exclude a significant contribution
of tip-injected charge to themeasuredpiezoresponse.

Figure 4.Vertical piezoresponse and electrostatic forcemicroscopy (EFM) images of fresh and aged electrically written domains. PFM
(a) and EFM (b) images of a fresh domain patternwrittenwith tip bias of±10 V. Vertical polarization direction (Pz) and sign of the
surface charge as indicated. (c), (d) show the same for a two day old domain. Piezoresponsemeasured in off-resonantmode and
plotted as amplitudemultiplied by cosine of phase.
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4. Conclusions

The aligned in-plane polarization in P(VDF-TrFE)films on graphite is expected to be beneficial for devices
relying on electrical ormechanical in-plane properties like piezoelectric strain transferred between layers,
effective in-plane polarization, dielectric permittivity. This can be concluded from the fact that the alignment
reduces themutual cancellation of local responses to an external stimulus such as an electricfield or elastic
strain. As an example,magnetoelectric coupling in heterostuctures with ferroelectric andmagnetic components
exploits the elastic strain coupling in the film plane [8]. The electrically driven in-plane piezo-strain is four times
larger andmore homogeneous in ourwritten domains than in the surrounding film. Additionally, complex
patterns of in-plane polarizationmay be fabricated as required for device functionality. Regarding the feasibility
of the approach for various device concepts, graphite or graphene electrodes can be transferred ontomost types
of substrates. In order to overcome the slow sequential writing of domains,multi-tip arrangements such as
combsmay be applicable.

A prerequisite for the latter, however, is a better fundamental understanding of themicroscopicmechanism
of the in-plane polarization alignment. Lateral polarization switching in ferroelectric oxide films has previously
been achieved by scanning an electrically biased tip: the in-plane polarization in BiFeO3 could be aligned along
the slow scan direction using the so-called tip trailingfield [29–31]. This effect is also observed in our films for
larger tip voltages (beyond 10 V, not shown). Drawbacks are (i) an uncontrolled expansion of the switched
domain beyond the defined area due to the large stray field of the tip and (ii) the impossibility tomanipulate
vertical and lateral polarization components individually. During ourmechanical scan, the tip is grounded.
Nevertheless, theremay be a built-in electric field at the tip-film Schottky junctionwhich is, however, not larger
than the tip field at bias voltage of 1–2 V. Scanswith lowmechanical force (∼10 nN) and tip voltages between 0
and 30 V revealed no in-plane polarization switching up to 10 V in ourfilm.Hence, any electric field of the tip
can be ruled out as the origin of in-plane polarization alignment. Alternatively, themechanical pressure under
the scanning tip creates strain and strain gradients. The ordering effect of themechanical scan sets in at a
minimum tip force and has an optimum range of tip force in order to achieve aligned in-plane polarization.
Hence, themechanical effect of the tip is essential. Awell-knownmechanismof a strain-gradient-induced
electric field is theflexoelectric effect [34]. P(VDF-TrFE) had been reported to show very largeflexoelectricity
[35]. The bulkflexoelectric coefficient has been corrected in subsequentwork to∼190 nCm–1 [36], but a strong
increase with decreasing film thickness was found [37]. A recent experiment byChen et al demonstrated vertical
polarization switching in a 30 nm thick P(VDF-TrFE)film induced by a tip pressing vertically downwith a force
as small as 64 nN [38]. The authors of [38] attributed their observations to theflexoelectric effect. However, it is
not clear if flexoelectricity contributes to the achieved in-plane polarization alignment. Alternativemechanisms
such as purelymechanical ferroelastic switching could be involved.

Finally, the possibility of tip-induced crystallographic alignment of lamellae is considered. Choi et al [17]
investigated P(VDF-TrFE)films on Si substrates and discovered an enhancement of the piezoelectric response
after amechanical scan (‘mechanical annealing’) using tip forces of 600–1400 nNon similar tips like ours. Due to
larger tip pressure, amore pronounced surface roughness resulted in thatwork. The authors argued that
polymer lamellae structurally reconstruct in away that chain axes alignwith the fast scan direction of the tip,
similar to a drawing process. In our investigations, films are not reconstructed across their total thickness
(supplement, figure S5). The crystallographic alignment suggested byChoi et almay be present in a surface layer
which is clearly structurallymodified. The deeper-lying range of the film in themechanically scanned area shows
as-grown lamellae orientations in scanning electronmicroscopy images (figure S5). Hence, crystallographic
alignment is not themajor source of the large domainswith enhanced piezoresponse in ourwork. In spite of
lacking crystallographic in-plane alignment, the enhancement of vertical and lateral piezoresponses is
considerably larger in our study, indicating that there is further potential for improvement if crystallographic
alignment of lamellae could be achieved. As another advantage of the present approach, the roughening of the
film surface can be kept very low.Wenote that the improved piezoelectric performance is likely to result in part
fromusing the graphite-electrode substrate, since a quite homogeneousmicrostructure of dense lamellae and a
well-defined out-of-plane orientation have been obtained on graphite.
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