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Processing and Low Voltage Switching of Organic
Ferroelectric Phase-Separated Bistable Diodes

Mengyuan Li,* Natalie Stingelin, Jasper J. Michels, Mark-Jan Spijkman, Kamal Asadi,
Rene Beerends, Fabio Biscarini, Paul W. M. Blom, and Dago M. de Leeuw*

The processing of solution-based binary blends of the ferroelectric random
copolymer poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) and the
semiconducting polymer poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) applied by
spin-coating and wire-bar coating is investigated. By systematic variation

of blend composition, solvent, and deposition temperature it is shown that
much smoother blend films can be obtained than reported thus far. At a low
PFO:P(VDF-TrFE) ratio the blend film consists of disk-shaped PFO domains
embedded in a P(VDF-TrFE) matrix, while an inverted structure is obtained in
case the P(VDF-TrFE) is the minority component. The microstructure of the
phase separated blend films is self-affine. From this observation and from
the domain size distribution it is concluded that the phase separation occurs
via spinodal decomposition, irrespectively of blend ratio. This is explained by
the strong incompatibility of the two polymers expressed by the binary phase
diagram, as constructed from thermal analysis data. Time resolved numerical
simulation of the microstructure evolution during de-mixing qualitatively
shows how an elevated deposition temperature has a smoothening effect

as a result of the reduction of the repulsion between the blend components.
The small roughness allowed the realization of bistable rectifying diodes that
switch at low voltages with a yield of 100%. This indicates that memory char-
acteristics can be tailored from the outset while processing parameters can
be adjusted according to the phase behavior of the active components.

1. Introduction

transponders,?* and smart labels.l’! Most
of these applications require memory
functions, preferably based on a non-
volatile memory that i) retains its data
when the power is turned off and ii) can
be programmed, erased, and non-destruc-
tively read-out by electrical pulses. In the
ultimate memory the discrete elements
are integrated into a cross-bar array, i.e.,
an unpatterned storage medium that is
sandwiched between rows and columns of
metal electrode lines where each intersec-
tion makes up one memory bit.[’! By using
an un-patterned storage medium the array
is simple to make because it does not
require strict alignment.

Realization of true cross-bar arrays is
hampered when using electrically sym-
metric switching elements. The reason
is that the performance of such arrays is
limited by cross talk between the indi-
vidual devices, meaning that the meas-
ured resistance equals that of the selected
cell in parallel with the resistances of the
memory cells in all other word and bit
lines. Reliable determination of the logic
value, thus, requires electrical isolation
of the discrete cells. The isolation can be
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Organic electronics has emerged as a promising technology
for large-area microelectronic applications such as rol-
lable displays,!l electronic paper,? contactless identification

realized by using one blocking electrode.”) In such a geometry,
each intersection acts as a rectifying bistable diode. Recently,
9-bit cross-talk free memory arrays in a 4F? cell configuration
(where F is the width of the electrode lines and spacings) have
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been demonstrated based on such a principle, which resulted
in a logic table composed of 512 different states.l®! The active
layer consists of semiconducting domains, bicontinuous from
top to bottom of the film, embedded in a ferroelectric matrix.”’!
The polarization field of the ferroelectric component modu-
lates the injection barrier at the semiconductor/metal contact,
yielding a space charge limited on-state and an injection limited
off-state.1% Hence, the diodes can be switched at biases larger
than the coercive field and the resistance can be read-out non-
destructively at low bias. The switching mechanism of the ferro-
electric-driven organic resistive switches is the stray field of the
polarized ferroelectric phase.'!] A review of non-volatile ferroe-
lectric blend diodes has been published.['?l Undesirably, though,
the phase-separated nature of the active layer of the semicon-
ducting and ferroelectric component leads to a film roughness
that, when spin-coated, is comparable to the layer thickness.
As a consequence, evaporation of the top metal results in elec-
trical shorts and the fabrication yield of such structures is low.
Therefore, functional switches have so far only been realized
with relatively thick active films of about 1 um, which require
technologically unacceptably high voltages (=20 V) to switch the
ferroelectric. This stifles the application of such switches in, for
instance, contactless radio frequency identification (RFID) tags
that only operate at low voltages due to the lack of wired power.

Here we demonstrate that with suitable processing smooth
and thin ferroelectric/semiconducting blend films can be
obtained, which allow fabrication of bistable rectifying diodes
that switch below 5 V at high yield. We focus on P(VDEF-
TrFE):PFO binaries processed either by spin-coating or wire-bar
coating using different solvents and temperatures. Their solid-
state microstructure is investigated by atomic force microscopy
(AFM) and X-ray diffraction (XRD). The de-mixing and solidifi-
cation behavior of the blend and their dependence on processing
protocol are discussed and related to the phase diagram. The
time and temperature development of the topology as a result
of blend phase separation has been simulated by numerical
calculations. The methodology used for film fabrication, wire-
bar coating, is ideally suited to deposited thin films over a large
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area. Hence the process developed is a major leap towards
industrialization of high density non-volatile memories.

2. Spin-Coated P(VDF-TrFE):PFO Thin Films

Bistable rectifying diodes have been demonstrated with a
range of binaries, including regio-irregular poly(3-hexylthi-
ophene) (rir-P3HT),”*1% phenyl-substituted poly(phenylene
vinylene) commercially known as super yellow (SY),*? and
poly(9,9-dioctylfluorene) (PFO)™3 blended with poly(vinylidene
fluoride-trifluoroethylene) [P(VDF-TrFE)]. Here we focus on
P(VDEF-TrFE):PFO, (their chemical structures are presented in
Figure 1), for which the evolution of the phase morphology of
spin-coated thin films has recently been modeled by Michels
et al.' The model, using ternary diffuse interface theory inte-
grated with a modified Flory-Huggins treatment of the homo-
geneous, bulk free energy of mixing, predicts for such blends
that the phase separation occurs via spinodal decomposition.
This seems to be in agreement with experimental results. The
AFM phase image, presented in Figure 1a, for instance, reveals
that spin-coated films of P(VDF-TrFE):PFO (90:10 weight ratio;
produced following literature procedures using tetrahydrofuran
(THF) as a common solvent), phase separate into circular fea-
tureless domains that are randomly embedded in the film
structure. Based on previously reported scanning electron micro-
scopy (SEM) data on P(VDF-TrFE) with rir-P3HT, the circular
domains can be attributed to PFO-rich domains, while the matrix
is assigned to P(VDF-TrFE)."” Such a microstructure would be
desired for use in rectifying diodes. However, the roughness of
the resulting films is comparable to the layer thickness (see cor-
responding height image in Figure 1b). As a consequence, the
yield of functional capacitors and diodes fabricated with these
films is unacceptably low because of the electrical shorts that
are formed upon evaporation of the top electrode. This is highly
unfortunate as the 90:10 blends would give optimal switching
characteristics.’l Since the binary of P(VDF-TrFE) and PFO most
likely features an upper critical solution temperature (UCST)
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Figure 1. a) AFM phase image of a spin-coated blend film using THF as a common solvent. The P(VDF-TrFE):PFO ratio was 90:10 by weight. The
image shows that the spin-coated film phase separates into circular featureless PFO domains that are randomly embedded in the P(VDF-TrFE) matrix.
b) Corresponding height profile of spin-coated film form THF (black) and wire-bar coated film from cyclohexanone (red). c) AFM phase image of a
wire-bar coated film at 50 °C using cyclohexanone as a common solvent. The P(VDF-TrFE):PFO ratio was 90:10 by weight. d) Chemical structure of

P(VDF-TrFE) and PFO.
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behavior, which means that the compatibility of these two poly-
mers increases with temperature, we therefore set out to explore
how the blend microstructure can be improved by varying the
deposition temperature and by selection of solvents.

3. Wire-Bar Coated P(VDF-TrFE):PFO Thin Films

In order to control the deposition temperature accurately, we
elected to produce the P(VDF-TrFE):PFO films by wire-bar
coating, rather than by spin-coating.'®! To this end, films were
cast at 50 °C and annealed in vacuum for 2 h at 140 °C. Reas-
suringly, the roughness decreased drastically upon increasing
the deposition temperature (i.e., substrate temperature); in fact,
Figure 2 demonstrates that rms roughnesses below 10 nm can
be realized. This is a significant improvement over spin-coated
films, which featured a rms roughness of =100 nm, as it prom-
ises reliable fabrication of bistable diodes driven at low voltages.

4. Influence of Solvent

In addition to the compatibilization of the two components,
the use of higher deposition temperatures, of course, also
lead to an enhanced solvent evaporation rate. The system
will vitrify at an earlier stage during deposition, which leaves,
among other things, less time for solidification. We therefore
attempted to disentangle these two effects and tried to elucidate
if compatibilization of the two polymers at elevated tempera-
tures or a reduced solidification rate results in smoother film
morphologies. For this purpose, we selected cyclohexanone as
a solvent, which has a higher boiling temperature (and thus a
lower evaporation rate) than THF.

80'|'|'|'|'|'|'|'|'|
—4&@— spin-coat from THF
—M— bar-coat from THF

60 —@— bar-coat from cyclohexanone -

» \ 1
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Figure 2. The rms roughness of P(VDF-TrFE):PFO blend films as a func-
tion of PFO content. The roughness was measured by AFM. Black squares
are obtained from spin-coated films from THF. Red squares from wire-bar
coated films from THF and red squares wire-bar coated form cyclohex-
anone. The substrate temperature of the wire-bar coater was 50 °C. The
film thickness in all cases is about 100 nm. After deposition all films have
been annealed for 2 h at 140 °C in vacuum.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.MaterlalsVIews.com

The roughness of the resulting films, produced at 50 °C
from cyclohexanone was again smaller than the one observed
for films spin-coated from THF. This can be deduced from the
AFM height profile of the 90:10 (P(VDF-TrFE):PFO) film (wire-
bar coated at 50 °C) presented in Figure 1b. From plotting the
roughness of blend films as a function of composition (Figure 2)
the significant improvement in film quality is evident. Blend
film roughness’s of less than 10 nm are consistently obtained at
all compositions, also when this solvent is utilized for film fab-
rication. Comparable results are obtained using both solvents
(cyclohexanone and THF) as long as the blends are cast at ele-
vated temperatures. This indicates that the smoothness of the
resulting blend structures originates not from a vitrifying effect
due to rapid solvent removal, but because the two polymers are
more miscible at these temperatures.

5. Numerical Morphology Simulations

Close inspection of the AFM images reveals why selection of
deposition temperature and solvent can have such a beneficial
effect on the blend microstructure. The overall roughness of
the blend films has two contributions: i) internal roughness of
the predominantly crystalline P(VDF-TrFE) matrix and, more
importantly, ii) the roughness originating from the difference
in domain height between P(VDF-TrFE) and PFO. Our coating
experiments show that it is this latter contribution which shows
the strong dependence on deposition temperature. This is sup-
ported by the fact that the film roughness of P(VDF-TrFE):PFO
blends was not found to change upon annealing, which leads to
the crystallization of the ferroelectric.!

To understand how the roughness depends on domain height
differences we performed time-resolved level-set numerical
simulations of cross-sections of phase separating blend layers
according to the protocol recently published by Michels et al.l'*17]
Topology development during phase separation was allowed by
treating the ambient air as a separate fluid phase with a strong
incompatibility with the blend components (to avoid “evapora-
tion” of the polymers). In order to do this with our current three-
component model, the presence of solvent was discarded. We
emphasize that the driving force for de-mixing in these blends
predominantly stems from the repulsion between PFO and
P(VDE-TrFE) expressed by an (effective) Flory-Huggins interac-
tion parameter Ypro.pvpr.rr), and not from the interaction with
the solvent. This observation is in line with previous conclusions
concerning the driving force for de-mixing in solution processed
polymer/PCBM blends."®! In other words, although this simpli-
fication will influence the exact layer formation mechanism as a
function of time, it does not affect our conclusions concerning
the explanation for the temperature-dependence of the rough-
ness induced by PFO domain protrusion.

The development of layer topology, as well as its temperature
dependence, can be understood once it is assumed that a sub-
strate and/or air interface-directed effect is playing a role during
de-mixing. Despite the lack of evidence for a wetting layer con-
sisting of one the polymers in the final dry blend film,®! it might
be that surface-induced stratification does play a role during the
initial stages of de-mixing. At later times, the stratified film may
break up in a laterally discrete domain structures, eventually

Adv. Funct. Mater. 2012, 22, 2750-2757
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Figure 3. Evolution of blend topography with time. Simulated cross
sections of blend films are presented as a function of time (the time
increases from top to bottom): a) simulation at low temperature by taking
Xpro-pvor-irg) = 0.6 and b) simulation at high temperature by taking Ypro.
pvor-Tre) = 0.4.

leaving no wetting layer in the final blend film. This order of
events has been observed previously by others.' In the present
simulation we enforced a stratification effect by assuming a dif-
ference in interaction between the polymer components with
the air-interface by defining: ¥ppo.air = 0.8 and Ypypr1rre)-air =
0.9 (effectively representing a difference in surface tension). We
note that these values are purely phenomenological and arbi-
trarily chosen. The only constraints we applied is that these
values are in the limit of non-solubility (y > 0.5) and exceed the
polymer-polymer repulsion to avoid “mixing” of the air with the
polymeric phases.

The P(VDF-TrFE):PFO blend most likely exhibits upper
critical solution temperature behavior.'”] As mentioned above,
the repulsive interaction between the polymers, thus, decreases
with temperature.?”) In the simulations the temperature
dependence of the polymer—polymer interaction was quantita-
tively expressed by choosing xpro.pvpr.mirr) = 0.6, to represent a
low temperature, and ¥pro.pvpr.irg) = 0-4, to represent a high
temperature. Time snapshots of the simulations are presented
by Figure 3 (panel (a) low temperature, high %pro.pvprmre);
(b) high temperature, low Ypro.pvprmiE)-

The simulation clearly shows two important aspects: i) the
weak repulsion between the polymers at high temperature
slows down phase separation, assuming the diffusivity of the
components not to depend significantly on temperature and
ii) the stratification effect is less pronounced at elevated tem-
perature, leading to a reduction in roughness at any time
during de-mixing. The simulations, although representing a
simplified version of the physical reality, qualitatively explain
the smoothening effect of an increased deposition temperature
by a reduction of the polymer—polymer repulsion.

6. Domain Size Development with Blend
Composition

The AFM images of wire-bar coated films from cyclohexanone
can furthermore be quantitatively analyzed by counting the
number of PFO domains and measuring the domain diameter
and effective area. The diameter and number of domains are
presented in Figure 4a,b as a function of composition. A rather
narrow size distribution of the PFO domains is found for all
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blend ratios. Figure 4a shows that the mean lateral size of the
domains increases with PFO content up to about 1.5 um at
50 wt%. The size distribution obtained is comparable to that
reported previously for blends of rir-P3HT and P(VDF-TrFE).”!
We note that a square root dependence is expected when the
number of domains remains constant. However, Figure 4b
shows that the number of domains decreases almost linearly
with the reciprocal PFO content, i.e. the phase morphology
coarsens with increasing PFO content. This enhanced coars-
ening is a strong evidence for an increase in the phase separa-
tion kinetics. At the moment of vitrification of the blend, the
de-mixing process will have proceeded further than in case of
a blend with a lower PFO/P(VDF-TrFE) ratio. The increased
de-mixing kinetics are explained by the fact that at PFO/P
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Figure 4. Quantitative analysis of AFM images of the P(VDF-TrFE):PFO
blend films wire-bar coated form cyclohexanone at 50 °C. a) domain
diameter as a function of PFO content on a semilogaritmic scale. b) the
number of domains as a function of PFO content. ¢) Linear increase in
the effective area of PFO domains as a function of PFO content in the
film, representing the consistency of the AFM measurement. The solid
lines are a guide to the eye.
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(VDE-TrFE) ratios closer to unity, one moves away from the
spinodal line in the ternary phase diagram thus increasing
the thermodynamic contribution g 57|) o the Onsager coeffi-
cient. We note that the effective PFO coverage, calculated from
domain density and diameter, increases linearly with PFO con-
tent showing that the analysis of the AFM images is internally
consistent (Figure 4c).

The relatively narrow size distribution excludes phase sepa-
ration mechanisms by nucleation and growth and confirms
that the microstructure is formed via spinodal decomposition.
As stated above, the strongly phase separated microstructure
originates from the incompatibility of P(VDF-TrFE) and PFO.
Michels et al. for instance predicted that the strong repulsion
between PFO and P(VDE-TrFE) causes a negative curvature of
the Gibbs free energy of mixing of the blend (% < 0) over
nearly the entire composition range. This 1mphes a (near)
absence of a metastable region in the ternary phase diagram for
solvent/PFO/P(VDE-TrFE), practically excluding liquid phase
de-mixing via nucleation and growth, and indicating that spin-
odal decomposition is the dominating de-mixing mechanism,
irrespective of blend composition and deposition method.

In addition, (non-equilibrium) temperature/composition
phase diagrams (Figure 5) obtained from differential scanning
calorimetry first heating scans of blend films, cast at room tem-
perature from cyclohexanone reveal a small depression of the
melting temperature of P(VDF-TrFE) from 159 °C to 150 °C
when adding up to 50 wt% PFO. This is a further indication of
the limited compatibility of these two polymers. We note that
the latter seems even more pronounced when using THF as
solvent, for which our thermal analysis data suggests that the
P(VDF-TrFE) films cast from THF feature a simple monotectic
phase behavior with a broad miscibility gap of the two compo-
nents over essentially the entire composition range.

www.MaterlalsVIews.com

Interestingly, at the composition where we observe the
melting temperature of P(VDF-TrFE) in the non-equilibrium
phase diagram of blend films cast from cyclohexanone to remain
constant (250 wt% PFO), a change in the microstructure com-
pared to the 80:20 blends is observed. At a higher PFO content
the microstructure is inverted; spherical P(VDF-TrFE) domains
are then embedded in a PFO matrix. At the same time the topo-
graphic contrast changes. The AFM height images show that
the PFO domains, obtained at low PFO content, protrude from
the P(VDF-TrFE) matrix, while P(VDF-TrFE) domains, obtained
at high PFO content, are at lower height than the PFO matrix.

The explanation for the protrusion of the PFO domains is
two-fold: i) P(VDF-TtFE) has a considerably higher density than
PFO (1.8 g cm™3 vs. =1 g cm™3) and ii) the solvents used in this
work (THF and cyclohexanone) are better solvents for P(VDE-
TrFE) than for PFO. This difference in solvent compatibility
causes the PFO phase to be more concentrated during de-
mixing than the P(VDF-TrFE) phase. Upon solidification, the
relatively dilute P(VDF-TrFE) will therefore collapse around the
PFO domains, which probably have vitrified in an earlier stage.
A similar observation has been reported by Steiner et al.?!l on
solution-processed films of poly(styrene)/poly(methyl methacr-
ylate) (PS/PMMA) blends. Depending on solvent choice, the
topology could be directed from PMMA domain protrusion, via
smooth films to PS domain protrusion.

The difference in packing is confirmed by XRD measure-
ments. Grazing incidence XRD diffraction scans of thin films as
a function of PFO content are presented in Figure 6. From the
scans it becomes immediately clear that PFO is predominantly
amorphous while P(VDF-TrFE) is semicrystalline. All films show
a single diffraction peak at 19.8° 26 (d = 4.48 A), corresponding
to the (1.1.0)/(2.0.0) peak of the low temperature ferroelectric
phase of P(VDF-TrFE). We note that before annealing, an
additional broad feature is present at a lower
angle, which probably originates from the

180 T — T T 180 T T T T
L presence of a phase resembling the paraelec-
L Li+LCpro / Li +LCpro tric phase of the PVDF homopolymer. After
ooy | ® & %Y 160} ® g4 ® & @ { annealing at 140 °C however, this non-ferroe-
* o | Li+Spro0  _ P/ Li +Spro lectri fi fom ferred letel
® @ ® w»e®®cc ©0 © © & ¢ ectric conformation is transterred completely
ol | ol | into the ferroelectric phase.
- Sp(vDF-TrFE) * SpFO - Sp(vDF-TrFE) * SPFO . .
o 12or 1 &r 1 7. Scaling Analysis
+ +
o o o 5 The AFM height profiles were also analyzed
100 P . 100 . :
o 060000 00 O O O from .the power.spectral density (PSD) as a
function of spatial frequency, f. The PSD is
g0l i sol | calculated from 1D line scans as:
60 . . . . 60 . ) ) ) PSD(f ’/ h(x) exp(i2m f x) dx (1)
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Figure 5. Binary non-equilibrium temperature/composition diagrams of P(VDF-TrFE):PFO
blends cast from cyclohexanone (left) or THF (right), followed by solvent evaporation at
ambient. The diagrams were constructed with peak transition temperatures recorded during
the first heating scan in DSC. Black symbols represent melting of the P(VDF-TrFE), white sym-
bols its Curie transition, and the red circles the transition of PFO into a liquid crystalline phase.
L;, denotes the P(VDF-TrFE) melt, and Spro, Spvor-mrrey Solid phases of PFO and P(VDF-TrFE),

respectively.
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where h(x) is the apparent topographical
height with respect to the mean height
(<h> = 0) calculated on images with scan
length L. The PSD are presented in Figure 7a
as a function of PFO content. The plateau at
low spatial frequency denotes a white spectrum
with absence of nonlocal correlations along the

Adv. Funct. Mater. 2012, 22, 2750-2757
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Figure 6. Grazing incidence XRD diffraction scans of thin P(VDF-
TrFE):PFO films as a function of PFO content. The films were wire-bar
coated form cyclohexanone and annealed for 2 h in vacuum at 140 °C.

scan line. At high frequencies the height fluctuations are spatially
correlated. The PSD shows a power law decay as PSD(f) ~ f " over
more than three decades, which is a fingerprint of a self-affine or
spatially-correlated surface. A self-affine morphology is obtained
for thin films grown under non-equilibrium conditions, here by
spin-coating or wire-bar coating. A similar morphology is then
preserved upon a change in magnification after rescaling of the
height. The self-affinity is further proof for de-mixing to occur via
spinodal decomposition, during which the amplitude of a density
fluctuation at one preferred wavelength grows at the expense of
fluctuations corresponding to different wavelengths. The surface
roughness, o, then follows a power law decay as 6 = L* with the
roughness exponent o given by o = (y— d)/2 where d is the line
scan dimension, here d = 1 from Equation (1). From Figure 7a
we extract at high spatial frequency a value for « of about 0.5.
The value of o is related to the solidification mechanism; for
instance a value of o around unity is typical for a diffusion domi-
nated process. The value derived here of 0.5 suggests that the thin
film solidification follows the Kardar-Parisi-Zhang universality
class of growth processes.??l This can occur when the uniformity
in solute density is not preserved. Here we start from a homo-
geneous wet film. Upon solvent evaporation a heterogeneous
dry film is formed. Due to the difference in solvent compatibility
between the two polymers, as explained in Section 6, the den-
sity is not constant over the film, as is reflected by the different
heights of the PFO and P(VDF-TrFE) domains. We note however
that a definite assignment cannot yet be made; the surface rough-
ness then has to be analyzed as a function of e.g., layer thickness.
The correlation length & is the inverse of the breakdown fre-
quency separating the power law decay from the PSD plateau.
This correlation length represents the range over which the
roughness scales with the probed length. For instance, scaling
analysis of thermally induced spinodally decomposed thin films
of polycarbonate-polymethylmethacrylate have shown that the
correlation length is similar to the domain diameter.[3! A closer
look at the PSD spectra of Figure 7a shows that for the present
films there are two inflection points. The coherence lengths
calculated from both points are presented in Figure 7b as a
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Average PFO domain size (nm)

Figure 7. a) 1D PSD as a function of spatial frequency on a double
logarithmic scale of P(VDF-TrFE):PFO blend films wire-bar coated from
cyclohexanone. PSD was calculated from 10 um by 10 um AFM height
topography images. The composition is indicated in the legend. The PSD
is normalized to the value of the low frequency plateau. b) The correlation
lengths calculated from the PSD as a function of average domain diameter
determined from the AFM images of Figure 4a. The squares and circles
correspond to the low and high frequency inflection points, respectively.

function of the domain diameter as obtained from the AFM
images for films with different PFO content. It appears that
the correlation lengths scale with the minimum and maximum
domain diameter as obtained from the AFM images. The
average values show a good agreement with the AFM domain
diameter. We note that similar values for the correlation lengths
were obtained from the radial, or 2D isotropic, PSD spectra.

8. Rectifying Bistable Diodes

Finally, ferroelectricity and memory functionality were investi-
gated as a function of PFO content using films wire-bar coated
at 50 °C, from cyclohexanone. The ferroelectric polarization
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and coercive field of neat P(VDF-TtFE) capacitors amounted
to 6 uC cm™ and 50 MV m™, respectively, in good agreement
with literature data. The remnant polarization of the blends,
measured with a pulse technique, linearly decreases with PFO
content; for 10% PFO the polarization amounted to about 90%
of that of neat P(VDF-TrFE) capacitors, i. e. 5 uC m™2. Diodes
were fabricated using a LiF/Al top electrode and a Au bottom
electrode. Both LiF and Au form an injection limited contact on
PFO for electrons and holes, respectively. The corresponding
barriers for electron and hole injection are 0.6 eV and 1.3 eV.

Current density voltage characteristics for 90:10 blend diodes
with film thicknesses of 300 nm and 100 nm are presented in
Figure 8. We discuss first biases below the coercive voltage of
P(VDE-TrFE). In the forward direction holes are injected from
gold and electrons from LiF/Al. In the reverse direction there
is no current flowing, holes cannot be injected from LiF/Al and
electrons cannot be injected form gold. The diodes are rectifying.
In forward bias, above the coercive voltage of P(VDF-TrFE), the
injection barrier is modulated by the ferroelectric polarization.
The diodes switch at the coercive field of the P(VDE-TrFE), cor-
responding to 14 V and 5 V for the 300 nm and 100 nm thick
film respectively. The ferroelectric polarization points toward the
Au anode. Both injection barriers effectively can be disregarded
and the diodes switch to the on-state. The forward current den-
sity is comparable to that reported for rir-P3HT:P(VDF-TrFE)
blend diodes.”] In reverse bias, no current flows. When the
reverse bias surpasses the coercive voltage, polarization reversal
occurs. The ferroelectric polarization now points toward the LiF/
Al cathode. Effectively, both injection barriers then increase and
no current is flowing irrespective of the bias. The diode is in the
off-state. The final result is a current-voltage characteristic of a
bistable rectifying diode with a large current modulation.

The main achievement in Figure 8 is that by reducing the
layer thickness a switching voltage well below 10 V is realized.
Due to the smooth morphology of the films, the yield of func-
tional diodes is about unity, which indicates that electronic
characteristics can be tailored from the outset while processing

10°
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Figure 8. Current density voltage (/-V) characteristics of P(VDF-
TrFE):PFO (90:10) blend diodes with film thickness of 100 nm (red) and
300 nm (black). Arrows indicate the scan direction. The films were wire-
bar coated from cyclohexanone and subsequently annealed for 2 h in
vacuum at 140 °C. The inset shows the diode layout.
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parameters can be adjusted according to the phase behavior of
the active compounds.

9. Summary and Conclusion

This work gives a detailed description of our investigative efforts
and optimization of the processing of smooth films of phase
separated blends of the semiconducting polymer poly(9,9-dioc-
tylfluorenyl-2,7-diyl) and the ferroelectric random copolymer
poly(vinylidene fluoride-trifluoroethylene), being the active layer
in non-volatile bistable rectifying diodes. Previously reported
films of such blends exhibit a high surface roughness. There-
fore, thick films are typically applied in order to prevent shorts,
yielding high switching voltages and low yield. In contrast, the
optimized procedure described in this work allows reduction of
the film thickness in diodes as well as in capacitors without the
formation of shorts upon evaporation of the top electrode. As a
consequence, lower switching voltages can be used.

In order to arrive at a drastically reduced film roughness we
have systematically varied blend composition, solvent, and depo-
sition temperature, using wire-bar coating as deposition method
as this allows significantly improved control over the deposition
temperature compared to spin-coating. At low PFO:P(VDF-TrFE)
ratios the dried blend films consist of disk-shaped PFO domains
embedded in a P(VDF-TrFE) matrix. The morphology inverts
once the P(VDF-TrFE) becomes the minor component. AFM
analysis reveals that the film roughness predominantly originates
from the height difference between the P(VDF-TtFE) and the PFO
domains. Under optimized processing conditions, however, values
for the rms roughness as low as <10 nm are routinely obtained.

To understand the influence of process parameters on layer
topology and to explain the marked difference in roughness com-
pared to previously reported films, we have measured the phase
diagram of the blend and performed time-resolved numerical
simulations of cross-sections of phase separating blend layers.
The simulations, although representing a simplified version of
the physical reality, qualitatively explain the smoothening effect
of an increased deposition temperature by reduction of the con-
siderable repulsion between the polymeric components of the
blend, which has been suggested to exhibit UCST behavior. The
predicted strong repulsion between PFO and P(VDF-TrFE) is
confirmed by the monotectic blend behavior, expressed by the
binary phase diagram obtained by DSC.

Analysis of AFM images by the power spectral density shows
that the surface is self-affine. The size distribution and the increase
in domain size with PFO content exclude a de-mixing mechanism
by nucleation and growth and show that the phase separation
occurs via spinodal decomposition, even for highly asymmetric
blend ratios. This is explained by the fact that the pronounced
incompatibility between the two polymers yields a large instable
region in the ternary phase diagram solvent/PFO/P(VDF-TrFE).

Due to the drastic reduction in film roughness, and thus the
possibility to produce smooth, homogenous PFO:P(VDF-TrFE)
blend films of a few tens of nanometers thick, bistable rectifying
diodes, which switch at about 5 V, can now be realized at a yield of
functional devices of nearly 100%. Importantly, wire-bar coating is
employed for film fabrication, which is ideally suited to deposited
thin films over large area. What's more, wire-bar coating is widely
regarded as a model system for industrial coating methods such
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as roll- and slot die coating. Hence, the process developed here
is a general concept for incompatible blends and is a major leap
towards industrialization of high density non-volatile memories.

10. Experimental Section

Materials and Film Preparation: The random copolymer of P(VDF-TrFE)
(65-35%) was purchased from Solvey. The semiconductor component
poly(9,9-dioctylfluorenyl-2,7-diyl) end-capped with dimethylphenyl groups
(PFO), was purchased from American Dye Source. Both materials
were utilized as received. The weight-average molecular weight M,, was
measured with gel permeation chromatography (GPC) versus polystyrene
standards and amounted to 350 and 90 kg mol™ for P(VDF-TrFE) and
PFO. Blend solutions were prepared by co-dissolving P(VDF-TrFE) and
PFO in distilled THF or cyclohexanone, typically 2 wt%. Thin films were
spin-coated, typically at 2000 rpm, or wire-bar coated (K202 control
coater, RK Print) on thoroughly cleaned glass substrates. Spin-coating was
performed at 25 °C. In order to accurately vary the deposition temperature,
wire-bar coating was used. The films were subsequently annealed for 2 h at
140 °C in vacuum to enhance the crystallinity of the P(VDF-TrFE) phase.

Film Characterization: Differential scanning calorimetry (DSC) was
conducted under N, atmosphere, on as-cast films, at a scan rate of
10 °C min™', with a Mettler Toledo DSC 822e instrument. The composition/
temperature non-equilibrium phase diagram was deduced from those
thermal analysis data: Curie-, melting- and liquid-crystalline transitions
were deduced from the peak maxima in the respective thermograms.

Film thickness was measured with a DEKTAK surface profilometer.
The surface morphology of these blend films was characterized before
and after annealing by AFM (Nanoscope Dimension 3100 Bruker).

X-ray diffraction scans were obtained with a Philips X'pert MPD
diffractometer, using the line focus of a Cu-anode X-ray tube. For the
grazing incidence setup we used a divergence slit of 0.03 ° and a parallel
plate collimator in front of the detector. The incidence angle was fixed
during the measurement at an angle of 0.23 ° just above the critical
angle of total diffraction.

Device Fabrication and Characterization: Diodes were fabricated on
thermally oxidized silicon monitor wafers on which 50 nm thick Au bottom
electrodes on a 2 nm Ti adhesion layer were photolithographically defined.
The blend films were applied and annealed. LiF (1 nm) capped with 70 nm
Al was evaporated through a shadow mask and used as top electrode.
The device area varied from 0.059 to 1.38 mm? The diodes were stored
in N,. The current-voltage measurements were conducted in air with an
Agilent 4155C semiconductor parameter analyzer. The bottom contact was
grounded. Electric displacement loops versus electric field for neat P(VDF-
TrFE) capacitors were measured using a Sawyer-Tower circuit and gave a
coercive field of nearly 50 MV m~'. The remnant polarization amounted
to 60-70 uC m2 both in good agreement with literature values. The
displacement loop measured for the blend capacitors however is distorted.
The presence of PFO in the matrix increases the leakage current. The
ferroelectric polarization was therefore determined by pulse measurements
using a ferroelectric characterization system (Radiant Technology). A
pulse of known polarity is applied to set the diode in a known polarization
state. Subsequently two pulses of opposite polarity were applied and
the responses were recorded. The response of the first pulse contains
information about the switching plus the non-switching currents whereas
the second pulse gives the non-switching current of the device. Subtracting
the two responses gives the net switching current. Remnant polarization
was determined by integration of the net switching current in time.
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