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Surface Directed Phase Separation of Semiconductor
Ferroelectric Polymer Blends and their Use in Non-Volatile

Memories

Albert van Breemen,*
Martijn Kemerink, and Gerwin Gelinck

The polymer phase separation of P(VDF-TFE):F8BT blends is studied in
detail. Its morphology is key to the operation and performance of memory
diodes. In this study, it is demonstrated that it is possible to direct the semi-
conducting domains of a phase-separating mixture of P(VDF-TrFE) and F8BT
in a thin film into a highly ordered 2D lattice by means of surface directed
phase separation. Numerical simulation of the surface-controlled de-mixing
process provides insight in the ability of the substrate pattern to direct the
phase separation, and hence the regularity of the domain pattern in the final
dry blend layer. By optimizing the ratio of the blend components, the number
of electrically active semiconductor domains is maximized. Pattern replica-
tion on a cm-scale is achieved, and improved functional device performance
is demonstrated in the form of a 10-fold increase of the ON-current and a
sixfold increase in current modulation. This approach therefore provides a
simple and scalable means to higher density integration, the ultimate target
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non-volatile memories. In all these
device types, the electronic characteristics
depends critically on the final morphology,
and better insights into the phase separa-
tion, mechanism, and control thereof will
ultimately enhance our ability to engineer
greater functionality into future organic
electronics systems.

Bulk demixing of binary polymer mix-
tures has been studied extensively during
the last decades and is reasonably well
understood.®)  Most previous studies
focused on de-mixing phenomena in
polymer melts. In organic electronics
applications, however, thin films are pre-
pared by a sudden extraction of a sol-
vent. Due to their intrinsic immiscibility,
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being a single semiconducting domain per memory cell.

1. Introduction

Solution-processed polymer semiconductors offer the pos-
sibility to mix together active components having markedly
different electronic and/or optical properties in a common sol-
vent.!l Upon solvent extraction, the polymers typically demix
and a thin film with a phase separated morphology is formed.
Previously reported work in the field of photovoltaics,? light
emitting diodes®! and transistorsl provides clear examples of
the efficiency of this approach, as well as some of its limita-
tions. Recently,P/Asadi et al. used a phase separated blend of
semiconducting and ferroelectric polymer to make polymer
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polymer mixtures typically de-mix during

solvent evaporation. The resulting phase-

separated morphology may be far from

thermodynamic equilibrium, and relaxa-
tion toward equilibrium may be hindered by kinetic barriers
formed by the nonequilibrium phase morphology. Furthermore,
surface effects can play a role. Phase separation in bulk mix-
tures commonly leads to an isotropic, disordered morphology
of the coexisting phases, whereas the influence of a surface may
lead to preferential segregation of one of the components near
the surface, for instance in the form of a wetting layer.

In Asadis new polymer non-volatile memory, the blend
of semiconducting and ferroelectric polymer is sandwiched
between two metal electrodes.’! The ferroelectric polymer
provides the binary state and data retention, whereas the semi-
conducting polymer domains provides the means to probe
that state via an electrical current. More specifically, the polar-
ization-induced field of the ferroelectric polymer modulates
the injection barrier at the semiconductor-electrode interface
leading to bistable current switching.”! Numerical calculations
indicate that the stray field of the polarized ferroelectric laterally
permeates at most a few tens of nm into the semiconductor.®!
Hence, control over the semiconductor domain size is crucial.
It was shownl! that the solvent-processed phase separated
blend comprised of disk-shaped submicrometer sized domains
of the semiconducting polymer (i.e., poly(3-hexylthiophene)
(P3HT)), dispersed in a matrix of the ferroelectric copolymer
poly(vinylidenefluoride-co-trifluoroethylene) (P(VDE-TrFE). A
similar morphology was observed when P(VDF-TrFE)
was mixed with other polymeric semiconductors such as
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poly(9,9'-dioctyl fluorene) (PFO)!'% and poly[(9,9-di-n-octylflu-
orenyl-2,7-diyl)-alt-(benzo[2,1,3]thia-diazol-4,8-diyl)]  (F8BT)!!!l
as well as molecular semiconductors such as [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM).'Zl It has been shown
that liquid phase de-mixing of the blend components occurs
via surface-directed spinodal decomposition during solu-
tion casting.3] Surface tension differences determine to what
extent one of the phases is preferred at an interface, and thus
whether surface-directed stratification plays a (dominant) role
in establishing the final phase geometry."'7 In all these
previous studies the final blend morphology is characterized
by a random distribution of semiconductor domains, both in
domain size as well as location. However, size, shape, distri-
bution, percolation, and orientation of the semiconducting
domains have been shown to determine the ultimate perfor-
mance of the device.#! Precise control over the morphology of
phase separated blends is therefore highly desirable in order to
achieve improved functionality. Moreover, it will facilitate fur-
ther miniaturization of these memory diodes to smaller feature
size and/or higher integration density.

In this study we demonstrate that it is possible to direct
the semiconducting domains of a phase-separating mixture
of P(VDF-TrFE) and F8BT in a thin film into a highly ordered
2D lattice by means of surface directed phase separation.
Numerical simulation of the surface-controlled de-mixing pro-
cess provides insight in the ability of the substrate pattern to
direct the phase separation, and hence the regularity of the
domain pattern in the final dry blend layer. Pattern replication
on a cm-scale is achieved, and improved functional device per-
formance is demonstrated in the form of a 10-fold increase of
the ON-current and a sixfold increase in current modulation.
This approach therefore provides a simple and scalable means
to higher density integration, the ultimate target being a single
semiconducting domain per memory cell.

2. Results and Discussion

2.1. Blend Layer Processing on Non-Patterned Substrates
The molecular structures of the polymer materials used in this
work are shown in Figure 1a. Figure 1b shows schematically

the cross-section of a phase separated blend of P(VDF-TrFE)
and F8BT sandwiched between the two metallic electrodes. As
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Figure 1. a) Chemical structures of the semiconducting polymer F8BT
and ferroelectric polymer P(VDF-TrFE); b) schematic representation of a
phase separated blend memory diode consisting of F8BT domains (red)
in a ferroelectric P(VDF-TrFE) matrix (blue).

Adv. Funct. Mater. 2015, 25, 278-286

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Table 1. Surface- and interfacial energies of the individual compo-
nents of a blend consisting of solvent (cyclohexanone), P(VDF-TrFE),
and F8BT, processed on a gold substrate, either or not covered with an
OH-terminated SAM.

Au OH-SAM solvent  P(VDF-TrFE) F8BT
7(mN/m) 533 75.1 34.0 293 32.8
74 (mN/m) 44.7 44.4 31.4 24.4 326
7P (mN/m) 8.6 30.7 2.6 4.9 0.2
Yiaw (MN/m) 0 - 2.9 3.6 7.1
Yi.on sam (MN/m) - 0 16.5 14.1 26.8

bottom electrode are used: i) gold (Au) and ii) Au fully passi-
vated with a monolayer of 11-mercapto-1-undecanol (OH-SAM,
Figure 3b). Blend films with h = 250 nm are spin-coated on
bare Au or patterned OH-SAM-passivated Au electrodes and
subsequently annealed at 135 °C for 1 hour to facilitate develop-
ment of the ferroelectric R-phase of P(VDF-TtFE).'¥l The diodes
are finished by evaporating a 100 nm top barium/aluminum
(Ba/Al) cathode through a shadow mask.

Table 1 lists the measured total surface energies (}) and their
disperse (y%) and polar (y?) contributions, together with the cal-
culated interfacial energies (y;;) for all blend components and
substrates under consideration. The method used for obtaining
y% and y? is the one proposed by Owens, Wendt, Rabel, and
Kaelbe,®20 whereas the interfacial tensions are calculated
according to the Fowkes procedure.?!l The preference of a given
component for a certain substrate depends on the interfacial
energy between the two: the lower the interfacial energy, the more
the component is preferred at the given substrate. From this it
can be inferred that P(VDF-TrFE) is preferred at Au and OH-SAM
interfaces (Table 1). Here, specific coordination between substrate
and substance (e.g., gold and sulfur) is neglected.

Figure 2 (top row) shows the surface morphology of films
spin-coated on bare Au (Figure 2b,d), and on OH-SAM mon-
olayer-covered Au substrates (Figure 2c,e), as measured using
AFM. We used two different weight ratio's, i.e., a 9:1 and
4:1 (w/w) P(VDF-TrFE):F8BT blend ratio respectively. In
all cases, disk-like entities of the minor component (i.e.,
F8BT) embedded in a matrix of the major component
(i.e., P(VDF-TrFE)) are observed, similar to the morphology
previously observed for blends of P(VDF-TrFE):P3HT! and
P(VDF-TrFE):PFO.I%13 Changing the surface of the underlying
gold substrate, by means of OH-SAM, has a strong influence
on the phase separation. The OH-SAM-treated substrate shows
smaller F8BT disks. The 9:1 blend film processed on bare Au
(Figure 2b top row) reveals two type of semiconductor domains.
40% (10 per 100 pm?) of the F8BT domains have a concave
top surface (F8BT curves inward) and an average diameter of
500 nm, whereas 60% has a convex top surface, that is, F8BT is
protuberant. The convex domains typically have a larger average
diameter of 800 nm. On OH-SAM passivated Au (Figure 2c
top row) the 9:1 blend film shows a large increase in number
density of both the concave and convex domain types to 40 and
70 per 100 pm?, respectively. The average domain size of the
concave domains remains more or less constant, whereas that of
the convex domains is reduced to 600 nm. Increasing the
relative amount of F8BT by going to a 4:1 blend ratio results
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Figure 2. a) Schematic representation of the films studied. Top row: as processed blend. Middle row: the ferroelectric was selectively removed. Bottom
row: semiconductor was selectively removed. See text for more experimental details on the procedure to selectively remove a single polymer compo-
nent from the blend. b) AFM images (10 ym x 10 pym) of 9:1 w/w blend deposited on an Au substrate. c) 9:1 w/w blend deposited on an Au substrate
covered with OH-SAM. d) 4:1 w/w blend deposited on Au electrode. ) 4:1 w/w blend deposited on an Au substrate covered with OH-SAM. Insets

indicate line sections over the blend shown with blue arrows.

in almost exclusively convex, F8BT domains with large diam-
eter ((d) = 2 pm) on bare Au (Figure 2d). OH-SAM passivation
again leads to a suppression of the average size of the convex
domains ({(d) = 1.2 pm), at a significantly increased number
density of 45 per 100 pm?2.

To gain further information on the morphology throughout
the blend film, we selectively removed one of the polymers
from the blend films. Dimethylsulfoxide (DMSO) was found
to selectively dissolve P(VDF-TrFE), whereas toluene could
be used to dissolve F8BT. Figure 2 shows AFM topography
images obtained after the films have been treated with DMSO
(middle row) and toluene (bottom row), respectively. The
images in the middle row reveal pillar-, as well as drop-like
F8BT domains. These are labelled as “1” and “3” in Figure 2a.
The images in the bottom row show assemblies of depres-
sions of different depths in the P(VDF-TrFE) matrix. Putting
these images together, we can distinguish three types of F8BT
domains: “bridging” (type-1), “floating” (type-2), and “buried”
(type 3) domains. This is illustrated in Figure 2a. Line scans
consistently reveal the top surface of the type-1 domains to be
convex, whereas a concave top surface is encountered for the
type-2 and type-3 domains. Line scans across the depressions
originally occupied by type-1 and type-2 domains reveal the flat

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bottom surface of the substrate. Finally, we see evidence of a
very thin (40 nm or less) F8BT wetting layer in the 9:1 blend
processed on bare Au. This wetting layer is absent in the
OH-SAM treated substrate. We therefore attribute the forma-
tion of the wetting layer to a specific coordinative interaction
between the sulfur atoms of the F8BT and Au, a phenomenon
also observed for a similar sulfur-containing polymeric semi-
conductor on Au.??!

Only the type-1 F8BT domains are electrically active,’® as
they bridge both electrodes in a memory device. Quantitative
analysis reveals that the number density of type-1 domains
increases from 15 to 65 per 100 pm? upon OH-SAM passiva-
tion. Increasing the relative amount of F8BT by going from a
9:1 to a 4:1 blend ratio, results in large ((d) = 2 pm) F8BT drop-
lets on bare Au (Figure 2d), as sufficient semiconductor is now
provided for the wetting layer to absorb all material. Although
in this situation virtually all domains are “bridging”, and there-
fore electrically active, such large domains are to be avoided.
Numerical calculations and conductive AFM experiments!®l
have shown that the stray field of the polarized ferroelectric
laterally permeates at most a few tens of nm into the semicon-
ductor. Hence, the current predominantly flows through the
perimeter of the semiconducting domains® and it is preferred

Adv. Funct. Mater. 2015, 25, 278-286
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Table 2. Number density and average diameter of type-1 F8BT domains
vs electrode and blend ratio, as estimated from AFM images (Figure 2
and Figure 3). Mean value of Ioy and Ion/lofr ratios measured at a bias
of + 6V of 25 diodes fabricated with a P(VDF-TrFE):F8BT 9:1 or 4:1 w/w
blend using either a patterned or non-patterned Au bottom electrode.

bottom blend ratio # type-1 <d> lon lon/lore
electrode (w/w) (per 100 pm?) [nm] [bA]

bare Au 9:1 15 800+ 150 0.60+0.04 150090
bare Au 4:1 27 2000 +350 0.69+0.04 1800+ 100
OH-SAM 9:1 65 600 + 100 - -
OH-SAM 4:1 45 1200 + 200 - -

puCP OH-SAM 9:1 14 500+50 0.63+0.08 1700+ 250
pCP OH-SAM 4:1 100 600+75 6.02+0.34 8900+ 380

to have more domains with a smaller diameter. Au passivation
with OH-SAM leads to suppression of the average size of the
type-1 domains ({(d) = 1.2 pm), at a number density of 45 per
100 pm?. Nevertheless, some material remains inactive due to
the occurrence of type-3 features. As for device performance
the number and diameter of the type-1 F8BT domains are
most relevant, we list these parameters for the different films
studied in Table 2.

2.2. Blend Layer Processing on Substrates with Patterned SAMs

It has previously been shown that the domains of a phase-sep-
arating mixture of polymers in a thin film can be guided into
periodic structures by a surface with a pre-patterned variation

(@)
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of surface energies.?*?* This pioneering work focused on the
methodology of this approach rather than incorporating these
patterned layers in electronic devices. Morphology control
by surface directed phase separation was explored in organic
light emitting diodes,?>~*" photovoltaics!?®! and thin film tran-
sistors.[?23% Next, we show that this bottom-up approach also
works for ferroelectric-semiconductor blends.

As mentioned above, F8BT has a strong coordinative inter-
action towards Au, which can be nullified by monolayer pas-
sivation of the gold surface. In addition, the calculated interfa-
cial energies between SAM-passivated gold and the individual
blend components (Table 1), reveal that P(VDF-TrFE) is pre-
ferred at an OH-SAM-passivated Au substrate. These findings
can be used to gain better control over the morphology of solu-
tion processed P(VDF-TrFE):F8BT blends. The strong F8BT-Au
interaction is utilized to allow for adsorption of the semicon-
ductor onto designated areas by geometrically controlled
OH-SAM-passivation of the gold substrate prior to casting the
P(VDF-TrFE):F8BT blend solutions (Figure 3). Type-1 F8BT
domains are therefore only in physical contact with bare gold,
and possible effects of the OH-SAM changing the workfunction
of the gold electrodes are therefore not relevant in this study.

The OH-SAM is deposited locally using micro-contact
printingB!32l (uCP). Figure 3a shows a schematic represen-
tation of the patterning process of the Au electrode, together
with the dimensions of the features of the PDMS stamp.
Figure 3b represents a schematic side view of a pCP Au elec-
trode. OH-SAM is deposited everywhere except for small cir-
cular areas. These circular areas have a nominal diameter of
500 nm and are periodically placed on a rectangular grid with a
periodicity of 1 pm. The molecular structure of the OH-SAM is

Z axis (nm)
b on s

0 2 4 6 8 10
X axis (um)

Figure 3. a) Schematic representation of the pCP process using a PDMS stamp featuring a rectangular array of circular posts with a diameter of 0.5 pm
and a pitch of 1 pm. b) Schematic representation of geometrically controlled OH-SAM passivation of the Au substrate. ¢) AFM image (10 ypm x 10 pm)
of Au substrate micro-contact printed with OH-SAM. Inset: line scan of the patterned substrate taken at the position indicated by the blue arrow. d)
Geometrically controlled phase separation induced by local OH-SAM passivation of the Au substrate. The strong F8BT-Au interaction is utilized to

allow for selective adsorption of the semiconductor onto the Au electrode.
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Figure 4. a) AFM images (10 pm x 10 ym) of P(VDF-TrFE):F8BT (9:1
w/w) blend coated on OH-SAM patterned Au electrode. Top panel: as
processed blend. Middle panel: selectively removed P(VDF-TrFE). Bottom
panel: selectively removed F8BT. Insets indicate line sections over the
blend shown with blue arrows. b) Idem for P(VDF-TrFE):F8BT (4:1 w/w)
blend.

also shown. Figure 3c shows the AFM topography image of the
patterned Au electrode. The dark circular features in Figure 3c
correspond to the bare Au areas, whereas the interstitial area is
coated with OH-SAM. The average diameter of the circular fea-
tures, as well as the center-to-center distance agree well with the
expected values based on the stamp. Spreading of the OH-SAM
ink is limited. The OH-SAM thickness as determined by AFM
is =2 nm, which is in good agreement with literature values.*?!
These results clearly demonstrate that this OH-SAM can be
transferred to Au with excellent pattern replication using pCP.
Figure 4 shows AFM topography images of the P(VDF-
TrFE):F8BT (9:1 w/w) and (4:1 w/w) blends spincoated on the
Au substrates patterned with OH-SAM, together with images
obtained after selective removal of one of the polymers from
the blend films. Well-ordered 2D arrays of F8BT domains are
observed that nicely replicate the pCP pattern. In fact, pattern

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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replication was achieved over complete cm?-area samples, that
is, much larger length scales than shown in the AFM images
in Figure 4. Pattern fidelity is particularly good for the 9:1 w/w
blend. However, from the low average height (=100-150 nm)
of the F8BT domains compared to the blend film thickness of
250 nm, we conclude that about 80% of the F8BT domains of
the patterned 9:1 blend are of non-bridging type-3. This assess-
ment is confirmed in the images with the F8BT selectively
removed (bottom row) where only a small number of pits goes
all the way down to the substrate.

Numerical modeling of the phase separation process (see
below) predicts that the number of type-1 F8BT domains can
increase by increasing the relative amount of F8BT. This is
indeed experimentally confirmed by the AFM topography
images of the 4:1 (w/w) blend (Figure 4b). Almost all F8BT
domains have a height that closely matches the thickness of
the as-processed blend film, implying that they are of type-1.
Furthermore, the average lateral domain size of 0.5 pm at
the bottom of the film (lower panel Figure 4b) is close to the
pPCP pattern. These results demonstrate that local deposition
of OH-SAM by nCP patterning prior to blend deposition is a
simple and powerful technique to influence the morphology
and increase the number of electrically active type-1 domains.

2.3. Simulations

Time-resolved numerical modeling of the phase separation pro-
cess can provide highly valuable information on the origin of
specific features of the phase morphology of semiconductor/
P(VDF-TrFE) mixtures. Fluid phase spinodal decomposition
of the solvent/P(VDF-TrFE)/F8BT ternary under evaporative
conditions is modeled by a Cahn-Hilliard-Cook-deGennes type
square gradient approximation. We refer to the Experimental
section and the Supporting Information (SI) for more details
regarding the modeling approach. Representation and dis-
cussion of the complete evolution of the microstructure is
outside the scope of this paper. Here we resort to discussing
one (and the same) single time simulation snapshot for
both blend P(VDF-TrFE)/F8BT ratios on patterned and non-
patterned monolayers. The snapshot represents a transient
stage in the coarsening regime which allows the study of crit-
ical features preserved in the dried film.

Figure 5 shows simulation results by representing top view,
as well as 3D tilted view images of the phase separated solvent/
P(VDF-TrFE):F8BT morphology. The simulation results for a
9:1 blend ratio reproduce well the regular spacing of the F8BT
domains on the areas without OH-SAM (Figure 4a). The con-
tact line diameter is more or less equal to the diameter of the
dot itself. This seemingly trivial observation suggests that the
spinodal wavelength (which is an intrinsic feature of the blend
at a given composition) is at least of the same order as the
dot spacing of the substrate pattern and that gradient energy
contributions are high enough to prevent break-up of tran-
sient F8BT-rich domains into smaller droplets residing on the
same dot. In line with the observed morphology, the numerical
model also reproduces that pattern replication of the 9:1 blend is
slightly better than that of the 4:1 blend ratio. Experiments and
simulations (Figure 4b,5d) also agree on the somewhat more

Adv. Funct. Mater. 2015, 25, 278-286
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P(VDF-TrFE):F8BT 9:1
Au + full covered OH-SAM

P(VDF-TrFE):F8BT 4:1
Au + full covered OH-SAM

P(VDF-TrFE):F8BT 9:1
| Au + patterned OH-SAM

P(VDF-TrFE):F8BT 4:1
Au + patterned OH-SAM

Figure 5. Numerical simulation of spinodal decomposition of the P(VDF-TrFE):F8BT blend solution during solvent evaporation on Au electrodes that
are a,b) fully and c,d) partially covered with OH-SAM for 9:1 (a,c) and 4:1 (b,d) blend ratios; left panels: overlay of the lateral concentration fields of
P(VDF-TrFE) and F8BT at the substrate (dark: F8BT-rich) and air (bright: F8BT-rich) interfaces; right panels: tilted 3D top and bottom view images
of the phase separated blend layers: P(VDF-TrFE)-rich (red), F8BT-rich (grey); the same image is shown with a transparent (top) and solid (bottom)

matrix phase.

pronounced lateral scrambling of the substrate pattern in case of
the 4:1 blend, as compared to the 9:1 blend. In contrast, scram-
bling of the pattern in the vertical direction is more strongly
observed for the 9:1 blend (Figure 4a,5c). The latter observation
explains the relatively abundant occurrence of both type-2 and
type-3 F8BT domains in the 9:1 blend layers, at the expense of
the desired type-1 features. Relating to this, the 3D images in
Figure 5d clearly show that the features observed at the substrate
interface and at the top of the wet film in most cases belong
to the same F8BT-rich domains, suggesting a 4:1 blend ratio to
eventually yield a larger number of type-1 domains as compared
to patterned films produced from a 9:1 blend. The latter observa-
tion is verified by the AFM analysis given in Figure 4.
Interestingly, the simulations suggest that especially in case
of the 9:1 blend F8BT-rich domains can exist that are not in
direct contact with either surface (Figure 5a,c). These domains
originate from rupture of a preceding stratified phase mor-
phology, induced by surface tension differences between the

Adv. Funct. Mater. 2015, 25, 278-286
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blend components and/or differences in the time scales of dif-
fusion and evaporation.’**] Merging of these encapsulated
F8BT droplets with type-2, or -3 domains during later stages
of drying is expected to partially account for the occurrence of
type-1 F8BT domains. They thus form a very important interme-
diate state. Direct experimental evidence for the occurrence of
these domains in the actual films is difficult to obtain. Because
these domains are fully encapsulated by the P(VDF-TrFE)-rich
matrix, they do not appear in the AFM measurements of the
full blend layer, and they are prone to lift off the substrates
upon selective dissolution of the P(VDF-TrFE) matrix.

2.4. Electrical Characterization of Polymer Blend Films in
Memory Switches

Memory diodes were made by spincoating a continuous
P(VDF-TrFE):F8BT film on top of i) gold, ii) gold coated

wileyonlinelibrary.com 283
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Arrows indicate the scan direction. 107
—_ E —e—0— non-patterned 9:1 3
with OH-SAM, and iii) gold coated with patterned OH-SAM. '<_£' . o= non-pattern.ed 41
Ba/Alis used as top electrode in all cases. For unclear reasons all 10°F ‘:‘_‘;_ pa::erneg Z:i :
(25) memory diodes made on gold fully covered with OH-SAM patterned &
were shorted. The typical character%stics of the memory diodes 10°F ommg——pmg==g==0=0—=0=0=0 oFF }
with bare gold and gold coated with patterned OH-SAM are
shown in Figure 6. Ferroelectric polarization reversal occurs at 10k ;
ca. |10] V, ie., close to the coercive electric field of 50 MV/m . L . v
measured for P(VDF-TrFE) capacitors.*®! The polarization is 1 10 100 1000
stable at lower electric fields. Because the perpendicular device # Cycles

current depends on the direction of the polarization state, this
state can be read out repeatedly (non-disturb) at lower voltages.
This forms the basis for these devices as non-volatile, repro-
grammable memories.

As can be seen in Figure 6, the average ON-current of the
diode with 9:1 w/w blend and Au electrode (no patterned
OH-SAM) is 0.60 £ 0.04 pA at a gate bias of 6V. The average
OFF-current (Iogg) is 0.55 £ 0.01 nA. The current modulation
Ion/Iorr, therefore, amounts to 1500. This value is already rela-
tively high, and allows integration of these diodes in 1 kilobit
memory arrays."!l Iopr is likely dominated by the leakage cur-
rents caused by nonintrinsic effects like slow depolarization
and ionic movement, and seems to be independent of both
the P(VDF-TrFE):F8BT ratio and regularity of the semicon-
ducting domain pattern. Relative to the 9:1 blend diodes with
Au electrodes, 9:1 w/w diodes with patterned OH-SAM as well
as 4:1 w/w diodes with no OH-SAM have a similar value for
Ion, and therefore similar Ioy/Iopr modulation. The Igy of the
4:1 w/w diode with patterned OH-SAM increases nearly one
order of magnitude. Table 2 shows the mean value of Ioy and
the ON to OFF current ratio (Ioy/Iorr) measured at a bias of
+6V over 25 memory diodes of each type. These results can be
correlated to the number density and average size of electri-
cally active type-1 F8BT domains. Except for the 4:1 w/w diode
with patterned OH-SAM, the type-1 F8BT domains have a low
density (14-27 per 100 um?). Furthermore, the semiconductor

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 7. a) Data retention: Evolution of current in the ON state and
OFF state as a function of time after programming at a bias of +6 V.
b) Endurance data: Reversible ON and OFF switching — for 1000 consecu-
tive program-erase cycles, readout at +6 V.

domain diameter of 4:1 w/w diodes with no OH-SAM of
2000 nm is undesirably large. Therefore, a similar Iy is
expected in a zero-order approximation for these diodes. The
type-1 F8BT domain number density in case of the 4:1 w/w
diode with patterned OH-SAM reaches an almost maximum
number density per 100 pm?. This high density is combined
with an average lateral domain size of =600 nm because de-
mixing is largely directed by the applied pCP SAM pattern.
As a result, a close to 10-fold increase of the ON-current and a
sixfold larger current modulation was found in memory diodes
with geometrically controlled phase separation.

Data retention was examined by programming the device once
to the ON or OFF state by applying a + 18.5 and — 18.5 V pulse
respectively, and then monitoring the current over time at +6V
(Figure 7a). All memory devices show excellent retention. Both
Iox and Iopr do not change more than a factor of 3, effectively
resulting in a Ioy/Iopr ratio of three orders of magnitude after
10 000 s. We see no significant differences in current over time
for the different memories. Because of its higher initial ON-
current the 4:1 patterned devices proved to have the highest
Ion/Iorr ratio of 1800 after 10 000 s.
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In Figure 7b the low conductance OFF state and high con-
ductance ON state are measured, while the memory device is
repeatedly switching between ON and OFF state by applying
program and erase pulses of £18.5 V. All memory diodes show
reversible switching over many cycles. After 1000 cycles an
Ion/ Iopr ratio of over 103 is obtained for the 4:1 w/w diode with
patterned OH-SAM.

3. Conclusions

In summary, we have studied in detail the polymer phase sepa-
ration of P(VDF-TrFE):F8BT blends. Its morphology is key to
the operation and performance of memory diodes. Selective
dissolution of the individual blend components in combina-
tion with AFM analysis showed that only a limited fraction of
the semiconductor domains are electrically active. In addition,
a semi-continuous, thin (<40 nm) wetting layer of F8BT was
found in case of a reference gold electrode. The specific coor-
dinative interaction between F8BT and gold has been utilized
to allow for adsorption of the semiconductor onto designated
areas by geometrically controlled monolayer passivation of the
gold substrate prior to casting of the P(VDF-TrFE):F8BT blend
solutions. Tuning of the P(VDF-TrFE):F8BT blend ratio resulted
in a further optimization of the morphology by maximizing the
number of electrically active semiconducting domains. Thus,
size, position and number density of these domains closely
replicated the underlying chemical pattern induced by micro-
contact printing.

Full 3D numerical simulation of the surface-controlled de-
mixing process has provided insight in the ability of the sub-
strate pattern to direct the phase separation, and hence the
regularity of the domain pattern in the final dry blend layers.

The electrical performance of memory diodes could be sig-
nificantly improved by blend patterning and composition opti-
mization. A close to 10-fold increase of the ON-current and six-
fold larger current modulation was found for memory diodes
in which the number density of electrically active domains was
maximized by morphology control. Hence, the general concept
shown here provides a basis to satisfy the demand of improved
functionality and further miniaturization of these memory
diodes to smaller feature size and/or higher integration density.

4. Experimental Section

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-
4,8-diyl)] (F8BT) (M, = 4.9 kDa, D = 1.8) was synthesized by Holst
Centre/TNO according to a modified Suzuki-polymerization.3¢37 The
ferroelectric polymer, Poly(vinylidene fluoride-co-trifluoro ethy- lene)
(P(VDF-TrFE)) (M,, = 220 kDa, 2.3 < D < 2.8 with a 77/23 VDF/TrFe
ratio) was supplied by Solvay Specialty Polymers. Blend solutions
were prepared by co-dissolving P(VDF-TrFE) and F8BT (9:1 or 4:1
weight ratio) in a mixture of cyclohexanone and tetrahydrofurane
75:25 (v/v) at 50 °C overnight. Cleaned glass substrates with litho
patterned gold were used. Blend films were then spin-coated in a
nitrogen-filled glove box. The thickness of the film was measured
with a DEKTAK profilometer and varied between 200-230 nm.
Subsequently, the samples were annealed at 135 °C for 5 min. Finally,
the BaAl cathode is evaporated through a shadow mask, followed by
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thin film encapsulation. Surface topography of the dried blend films
was examined by atomic force microscopy. Topography is measured
using a sharp (apex radius < 10 nm) AFM tip in tapping-mode (TM).
The AFM measurements were performed using Al coated Si tips
(Nanosensors, spring constant k = 12.5 N/m).

Contact angle measurements were performed at room temperature
(22 °C) on an Easydrop Standard (Kriiss) goniometer using a drop size
of 2 pL. Surface-directed phase separation of semiconductor ferroelectric
polymer blend films using the microcontact printing technique
was performed on patterned UV-ozone cleaned gold electrodes. A
h-poly(dimethylsiloxane) PDMS stamp, featuring a 2D pillar grid of
475-565 nm wide dots with 1000 nm * 3% pitch, was used. Stamps
were inked by immersing them in 11-mercapto-1-undecanol solution
(1 mm in ethanol) for about 10 min. After removal from the ink
solutions, all stamps were rinsed with ethanol and dried in a stream
of nitrogen for about 30 s. Stamping was performed manually for 20 s
by using tweezers for stamp handling and by taking advantage of the
natural stamp-substrate adhesion. No extra pressure was applied. A
blend of P(VDF-TrFE): F8BT:TFB (9:1 or 4:1 weight ratio) in a mixture of
cyclohexanone and tetrahydrofurane 75:25 (v/v) was then spin-coated in
a nitrogen-filled glove box onto this patterned surface at 2500 rpm for
60s and subsequently annealed for 5 min. at 135 °C.

Fluid phase spinodal de-mixing of the solvent/P(VDF-TrFE)/F8BT
blend under evaporative conditions is modeled by a Cahn-Hilliard-
Cook-deGennes type square gradient approximation,?3-4% involving
a ternary Flory-Huggins local mixing free energy.!*3 The usual bulk
free energy functional comprising local and non-local contributions is
augmented with terms describing the interaction between the blend
components and the substrate- and air interfaces as effective interaction
parameters!*}l adopting non-zero values only at, respectively, z= 0 and
z = h. Solvent evaporation is treated according to a previously published
procedure,*!l which at each time step calculates an instantaneous global
evaporation rate based on a (relative) mass transfer coefficient and the
mean volume fraction of solvent in the top of the fluid layer. The mass
loss due to evaporation is then compensated for by downscaling the
grid spacing in the z-dimension.[’l The model does not take the final
stages of drying into account. The input parameters for the simulations
are summarized by the tables shown in the supplementary info. Table S1
(SI) lists the Flory-Huggins parameters (i.e., effective degree of
polymerization N; and mutual interaction parameter y;), whereas
Table S2 (Sl) gives the air and substrate interaction parameters. The
effective degrees of polymerization are obtained by scaling the average
molar volume of the polymers to that of the solvent (cyclohexanone).
Solvent-polymer interaction parameters x;; are chosen to comply with
the constraint of compatibility with both polymers (x;; < 0.5), whereby
it is assumed that P(VDF-TrFE) is somewhat better soluble than F8BT
(X13 < x12). Polymer-polymer interaction parameter y,; is taken
sufficiently high so as to avoid the formation of mixed binodal phases,
that is, in agreement with experimental findings.[3l Surface interaction
parameters x;% and y;* are quantified via the method explained in another
study®! involving the measured disperse (y%) and polar (y?) surface
energy contributions of the blend components and the substrate (see
Table 1). As mentioned, the coordinative interaction between F8BT and
Au cannot be defined by the method of surface energy measurement.
Instead, a highly negative (attractive) value of x,° = =200 is assumed
to model the coordination. The choice of this number is admittedly
arbitrary, but its exact value is not influencing the outcome of the
simulations on a qualitative level.

The data in Table S2 (SI) allows computational reproduction of the
experimental dot-pattern in the Au substrate passivation by the micro-
contact printed OH-SAM by assigning the x®.a, and x%.on parameters
for each blend component to specified clusters of elements on a
periodic 2D grid which functions as the substrate in the 3D simulations.
100- or 25-fold replication of the single-dot unit cell in a square geometry
is respectively implemented on a 150 x 150 or 75 x 75 grid. At the air
interface the surface tension for each pure component is represented

isotropically by x24I
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