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ABSTRACT: In many organic electronic devices functionality is

achieved by blending two or more materials, typically poly-

mers or molecules, with distinctly different optical or electrical

properties in a single film. The local scale morphology of such

blends is vital for the device performance. Here, a simple

approach to study the full 3D morphology of phase-separated

blends, taking advantage of the possibility to selectively dis-

solve the different components is introduced. This method is

applied in combination with AFM to investigate a blend of a

semiconducting and ferroelectric polymer typically used as

active layer in organic ferroelectric resistive switches. It is

found that the blend consists of a ferroelectric matrix with

three types of embedded semiconductor domains and a thin

wetting layer at the bottom electrode. Statistical analysis of the

obtained images excludes the presence of a fourth type of

domains. The criteria for the applicability of the presented

technique are discussed. VC 2015 Wiley Periodicals, Inc. J.

Polym. Sci., Part B: Polym. Phys. 2015, 53, 1231–1237

KEYWORDS: AFM; phase separation; organic memory; selective

dissolution; thin films

INTRODUCTION Soluble organic semiconductors are receiving
increasing attention as they enable emerging applications
such as flexible and low-cost organic photovoltaics (OPV),1

light emitting diodes (OLED),2 field effect transistors (OFET),3

and memories.4–8 For all these devices, performance can be
optimized by blending two components to obtain a (con-
trolled) phase separated morphology. For OPV, the use of sep-
arate donor and acceptor moieties is imperative to achieve
efficient charge generation.9 Likewise, data storage in two-
terminal organic ferroelectric resistive memories is intimately
related to phase separation between the blend components.10

3D morphology control in polymer resistive memories has
recently been shown to result in enhanced functional device
performance.11,12 High-performance uni- and ambipolar
OFETs can be made from phase separated polymer blends.13

In such blend systems, the small molecule component and the
polymer binder are responsible for high charge carrier mobil-
ity and formation of smooth, uniform films respectively.

Accurate characterization of the blend morphology is chal-
lenging due to the relatively high chemical and mechanical
similarity of the components and the small length scales

involved.14,15 Although atomic force microscopy (AFM),
transmission/scanning electron microscopy (TEM/SEM), and
scanning near-field optical microscopy (SNOM) provide suffi-
cient resolution it is quite difficult for these techniques to
recognize different components of the blend. In addition,
TEM/SEM and SNOM require specific sample preparation
and advanced practical knowledge of the setups. It has to be
noticed that in most cases direct measurements by AFM pro-
vides information only about the topography of the top sur-
face of the blend. Alternatively, scanning transmission X-ray
spectroscopy (STXM) can be used to study the blend mor-
phology, but it requires synchrotron access.10 Therefore a
strong demand exists for a simple and an easily accessible
method that can provide detailed information about the 3D-
structure of organic blend morphologies at the local scale.

A system in which there is a clear need for enhanced insight
in the 3D morphology is the organic ferroelectric resistive
memory switch.4–8 The resistivity of such memories can be
switched between two distinct levels that retain their states
when the power is shut off. Another important feature of the
memory is the possibility of non-destructive read out,

Additional Supporting Information may be found in the online version of this article.
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making the organic ferroelectric resistive switch an
extremely promising candidate for low-cost non-volatile
reprogrammable memory applications.16 Its active layer con-
sists of a phase-separated blend of a ferroelectric and semi-
conducting polymer processed from a common solution.
During casting and solvent evaporation, the final blend mor-
phology forms via spinodal decomposition.17,18 The final dry
film consists of semiconducting domains embedded in a pol-
ycrystalline ferroelectric matrix.10 Transport of charge car-
riers occurs in the semiconducting phase. The underlying
switching mechanism is based on a modulation of the injec-
tion barrier by the stray field of the ferroelectric polarization
charges in the vicinity of the ferroelectric/semiconductor
interface.19,20 It has been shown that the operation of ferro-
electric resistive switches strongly depends on the 3D-
morphology of the phase-separated blend.10,17 Hence
detailed information about the blend structure is not only
crucial for complete understanding, but also for further opti-
mization and miniaturization.

Here, we present a combined technique of selective dissolu-
tion and statistical analysis—a simple and powerful tool for
studying the 3D structure of the blend at submicron length
scales. It takes advantage of selective solubility of different
components of the blend. Hence different components of the
blend are selectively dissolved and the remaining structures
together with the as-processed blend are studied by AFM.
Combination of all measured topography images gives the
possibility to reconstruct the 3D-structure of the blend. The
technique should be applicable to any demixed blend system
based on components with sufficiently mutual repulsion to
allow for selective dissolution and a morphology that is
“sufficiently coarse”; more specific criteria are discussed at
the end.

EXPERIMENTAL

Poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt (benzo[2,1,3]thia-
diazol-4,8-diyl)] (F8BT) (Mn5 4.9 kDa, D5 1.8) was synthe-
sized according to a modified Suzuki polymerization.21,22

The ferroelectric polymer, poly(vinylidene fluoride-co-tri-
fluoro ethylene) (P(VDF-TrFE)) (Mn5 220 kDa, 2.3<D< 2.8
with a 77/23 VDF/TrFe ratio) was supplied by Solvay Spe-
cialty Polymers. Blend solutions were prepared by co-
dissolving P(VDF-TrFE) and F8BT (9:1 wt/wt) in a mixture
of cyclohexanone and tetrahydrofurane 75:25 (vol/vol) at 50
8C overnight. Cleaned glass substrates with litho patterned
gold were used. Blend films were then spin coated in a
nitrogen-filled glove box. The average thickness of the film
was measured with a DEKTAK profilometer and found to be
�200 nm. Subsequently, the samples were annealed at 135
8C for 1 h.

For the dissolution technique, dimethylsulfoxide (DMSO) and
toluene were used to selectively dissolve the ferroelectric
(P(VDF-TrFE)) and the semiconductor (F8BT) parts of the
blend, respectively.

Surface topography of the dried blend films was examined
by AFM (Veeco MultiMode NS-IIIA). Topography is measured
using a sharp (apex radius< 10 nm) AFM tip in tapping-
mode. The AFM measurements were performed using Al
coated Si tips (Nanosensors, spring constant k �12.5 N/m).
The C-AFM current was detected using a high sensitivity cur-
rent amplifier (TUNA module, 1011 V/A, Veeco) together
with Pt/Ir coated Si tips (Nanosensors, spring constant k �
5 N/m).

Statistical analysis of the selective dissolution data was per-
formed using commercial image analysis software Image-Pro
Premier. Diameter and height of each domain, as well as of
the (partial) wetting layer at the bottom surface, were identi-
fied by the software based on pixel intensity values.

RESULTS AND DISCUSSION

The system studied in this work is a continuous film of a 1:9
wt/wt blend of the polymeric semiconductor F8BT, and the
ferroelectric polymer P(VDF-TrFE), with 77 mol % VDF. The
film was spin-coated from 50 mg mL21 a cyclohexanone
(CH) and tetrahydrofuran (THF) mixture (75:25 vol/vol) on
top of glass substrates with gold electrodes (3000 rpm, 60
sec) and annealed at 135 8C for 1 h to enhance the crystal-
linity of the ferroelectric phase. Using surface profilometry,
we determined the average layer thickness of the P(VDF-
TrFE):F8BT blend to be �200 nm and the rms (root mean
square) roughness to be below 20 nm. All technical details
of the selective dissolution procedure can be found in the
Experimental section and in ref. 11. As has been proposed
for this particular system11 as well as for such blends with
other polymeric semiconductors, like P3HT4,5 and PFO,23 the
ternary blend of solvent/semiconductor/P(VDF-TrFE) demi-
xes during solvent evaporation to give (for a 1:9 wt/wt
F8BT:P(VDF-TrFE) ratio) a dispersed phase of disk-like
domains consisting of virtually pure semiconductor in a
matrix of P(VDF-TrFE).10 Despite the fact that this is gener-
ally true for all polymeric semiconductors used so far in
combination with P(VDF-TrFE), subtle differences remain.

In case of P(VDF-TrFE):F8BT processed from cyclohexanone/
THF on gold, the blend films typically exhibit four types of
semiconducting domains11,15 (see Fig. 1): (i) electrically
functional “Type 1” domains that locally bridge the total
thickness of the film (Supporting Information Fig. S1), (ii)
electrically non-functional “Type 2” domains locally protrud-
ing from the top region of the ferroelectric matrix but not
connecting to the Au substrate, (iii) electrically non-
functional “Type 3” domains, that reside on the substrate
but are buried by the matrix phase, (iv) fully embedded
“Type 4” domains, and (v) very thin (<30 nm) regions on
the substrate comprising F8BT, reminiscent of a “partial wet-
ting layer”. As the wetting layer can potentially form a semi-
continuous layer it is treated separately and not as another
domain type. Since the substrate was constantly moved dur-
ing the dissolution process and flushed with solution after-
wards, Type 2 and 4 domains were prevented to adhere to
the substrate and being wrongly interpreted as Type 3
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domains. In passing we note that the observed concave top
of Type 1 domains has a beneficial effect on the device per-
formance. On basis of numerical simulations it was found
that domains with a concave top yield enhanced switching
compared to those with convex or flat tops due to the closer
proximity of the injection point to the ferroelectric polariza-
tion charges.24 In the AFM topography images of the P(VDF-
TrFE):F8BT blend in Figure 2, the first three domain types
can all be identified. The figure shows height scans of the as-
processed blend film [Fig. 2(a)], taken after selective removal
of the ferroelectric matrix [Fig. 2(b)], and upon selective
removal of the F8BT material that is accessible from the top
surface of the film. The exact procedure followed to selec-
tively dissolve the phases is mentioned in the Experimental
section. The elegance of selective phase dissolution is that
the resulting topology images provide complementary pieces
of information that together allow reconstruction of the full
3D morphology of the phase separated blend film.

From Figure 2(a) (blend film), together with conductive
force microscopy performed previously20 (Supporting Infor-
mation Fig. S1), we deduce that the electrically active Type 1
domains are situated within the concave (“dark”) circular

areas, i.e. below the average height of the matrix phase. The
circular convex (“light”) shapes in Figure 2(a) correspond to
Type 2 domains, which protrude from the film but do not
contact the substrate. The concave top surface of Type 1
domains that is visible in the cross-sectional scan [inset Fig.
2(a)] seems confirmed by Figure 2(b) (matrix removed). In
contrast, the lower features in Figure 2(b) are convex and
assigned to be Type 3 domains, i.e. initially covered by the
P(VDF-TrFE) and hence not visible in Figure 2(a). It is
important that the shape of the side part of the domains is
affected by the convolution with the AFM tip and reflects the
opening angle of the probe. However, the geometry of the tip
together with extremely slow scanning speed allows easy
detection of all types of the domains and cavities associated
with them. We note that removal of the matrix phase leads
to the removal of the Type 2 and Type 4 domains in Figure
2(b) and therefore does not allow their detection.

The occurrence of Type 1 and Type 2 domains is further
supported by Figure 2(c) (F8BT removed). Of the circular
holes resulting after selective dissolution only the deeper
ones have a flat bottom surface, strongly indicating the hole
to persist all the way down to the substrate and to have
been occupied by a Type 1 F8BT domain. In contrast, holes
with relatively small diameters do not extend toward the
substrate [see inset Fig. 2(c)], and would therefore have
been occupied by a Type 2 domain. It is noted that the selec-
tive dissolution procedure does not allow for direct identifi-
cation of Type 4 domains, as they would be undetectable in
the pristine blend film, screened against selective dissolution,
and removed unselectively upon matrix dissolution.

The images in Figure 2 show that most of the semiconduct-
ing material resides in the lower region of the blend film.
This finding, together with the appearance of low contrast
features in Figure 2(b) that we interpret as a “partial wetting
layer” of F8BT, indicates a favorable interaction between
F8BT and gold.25 The non-isotropic distribution of the semi-
conducting material along the z-axis suggests the aforemen-
tioned spinodal decomposition26 to be surface-directed. It is

FIGURE 1 Schematic cross-sectional representation of the

P(VDF-TrFE):F8BT blend film on gold; F8BT and P(VDF-TrFE)

phases are indicated in red and blue, respectively. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2 Selective dissolution method applied on a P(VDF-TrFE):F8BT (9:1 wt/wt) blend deposited on a Au substrate. AFM

topography images (10 3 10 mm2) of: (a) as processed blend; (b) the remaining structure of the blend after selectively dissolving

the ferroelectric phase; (c) the remaining structure of the blend after selectively dissolving the semiconductor (F8BT) phase. Insets

indicate line sections over the blend shown with blue arrows. The total vertical scale is 300 nm in all panels. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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thought that an initially lamellar morphology resulting from
pronounced stratification breaks up into a droplet-like mor-
phology during later stages. To what extent demixing is

surface-directed depends on (i) the difference in interaction
strength of the individual blend components with the air-
and substrate interfaces and (ii) the ratio of the diffusive
and evaporative time scales. Once break-up of the lamellae
has occurred, interfacial forces would prevent the reforma-
tion of elongated fluid structures. For this reason it is not
surprising that the Type 1 domains are both higher and
wider than the Type 3 (or Type 2) domains.

Concave features in the Type 1 domains may be explained in
terms of the difference in solvent compatibility of the poly-
meric blend components.27 They originate in the final stages
of drying of the blend, during which the more diluted phase
collapses around, or in between structures representing the
already vitrified concentrated phase. An alternative explana-
tion for the concave nature of the Type 1 domains may be
resumed wetting of the gold substrate by F8BT during
annealing. The elevated temperature can potentially reintro-
duce some mobility to the blend components, possibly allow-
ing for F8BT structures to slowly spread onto the gold
substrate and locally extend under the P(VDF-TrFE) matrix.
This might also explain the fact that the matrix is consis-
tently elevated at the edge of the Type 1 domains.

It is important to point out that the presence of the Type 1
domains is crucial for the device performance. In contrast,
the electrically non-addressable Type 2, Type 3, Type 4
domains, and the wetting layer represent a significant waste
of the semiconductor material in the blend.

The presence of the Type 1 and Type 2 domains was inde-
pendently confirmed by a combination of Scanning Probe
Microscopy techniques, including conductive-AFM, on the
same blend.20 In ref. 20 and in the Supporting Information it
is shown that only Type 1 domains are responsible for the
current in the device whereas Type 2 domains carry no
measurable current.

Having identified and confirmed the existence of various
types of domains, we proceed with a quantitative assessment
of the amount of material in each of the different phases. For
the memory diode this is an important measure for the
effective active area of the device and for the potential for
improvement (by avoiding non-Type 1 domains). In order to
estimate the volume fraction of electrically functional F8BT
material in the blend films (i.e., represented by the Type 1

FIGURE 3 Statistical analysis of the AFM images (20 3 20

mm2) [Supporting Information Fig. S2(b)] taken on selectively

dissolved P(VDF-TrFE) phase of a P(VDF-TrFE):F8BT (9:1 wt/wt)

blend on Au electrode shown in Figure 2(b). (a) Domain height

distribution (histogram, cumulative probability and cumulative

sum). (b) Domain diameter distribution (histogram, cumulative

probability, and cumulative sum). (c) Plot of domain diameter

vs. domain height. Black and red dashed ellipses represent two

distinct clusters of points which correspond to the Type 1 and

Type 3 domains respectively. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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domains), we subjected the AFM topography data corre-
sponding to Figure 2(b,c) to statistical analysis in terms of
domain diameter and height. A statistically relevant sample

size was obtained by considering a field of view of 20 3 20
mm2, rather than 10 3 10 mm2 (see Supporting Information
Fig. S2). Statistical data was obtained by quantitative analysis
of the digital AFM images using commercial image process-
ing software—Image-Pro Premier. Figures 3 and 4 show the
resulting distribution functions—probability density function
(PDF) and cumulative distribution function (CDF) for domain
height and diameter (or hole depth and diameter), as well as
a graph wherein the height (depth) of individual domains
(holes) has been plotted against diameter. It has to be noted
that the domain height in Figure 3 as well the hole depth in
Figure 4 correspond to the average values obtained from the
AFM topography data. Both figures represent the same types
of the domains mentioned above, and are in agreement with
the film thickness.

The bell-shaped distribution functions [Fig. 3(a,b)] clearly
demonstrate the presence of dominant length scales in the
analyzed morphologies, which is indicative for spinodal dem-
ixing. Interestingly, the distribution functions are bimodal:
two characteristic length scales (domain sizes) are observed.
We recall that for “classical” thermally quenched systems
spinodal decomposition is characterized by only a single
dominant length scale but numerical simulations exclusively
based on diffusive dynamics have recently shown the emer-
gence of a second dominant length scale in spinodally dem-
ixed polymer/polymer/solvent and polymer/solvent systems
to result from mass redistribution as a consequence of sol-
vent evaporation.28

The positive tilt with respect to the horizontal axis of the
ellipses marked in Figures 3(c) and 4(c) illustrate the
remark made above that the highest domains are also
expected to have the largest diameter, as interfacial forces
limit the aspect ratio of structures in the demixed fluid.

An important finding in Figures 3(c) and 4(c) is the fact that
the data points form two distinct clusters. Detailed statistical
analysis of the data and comparison with the AFM topogra-
phy images suggests that the majority of each type of the
domains (1, 2, or 3, see Fig. 1) reside in a particular cluster.
This gives the possibility to estimate the total volume occu-
pied by the specific type of the domains. For simplicity, for
the volume calculation every domain was considered to be
cylindrically shaped with flat top and bottom parts.

FIGURE 4 Statistical analysis of the AFM images (20 3 20

mm2) [Supporting Information Fig. S2(c)] taken on selectively

dissolved F8BT phase of a P(VDF-TrFE):F8BT (9:1 wt/wt) blend

on Au electrode shown in Figure 2(c). (a) Hole depth distribu-

tion (histogram, cumulative probability, and cumulative sum).

(b) Hole diameter distribution (histogram, cumulative probabil-

ity, and cumulative sum). (c). Scatter plot of hole diameter vs.

hole depth. Black and green dashed ellipses represent two dis-

tinct clusters of points which correspond to the Type 1 and

Type 2 domains, respectively. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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The volume fraction of each type of the domains was calcu-
lated based on the initial volume of the semiconductor poly-
mer in the initial solution and the average thickness of the
blend. The Type 1, Type 2, Type 3 domains and the wetting
layer yield around 676 0.5%, 26 0.5%, 86 0.5%, and
236 0.5% of the total volume of the semiconductor, respec-
tively. The fact that these add up to �100% excludes the exis-
tence of Type 4 domains. Thus, by combining topographical
images with a full statistical analysis, the selective dissolution
method provides detailed information about the 3D-structure
of the blend at the local scale. It has to be noted that the
reconstructed blend structure is in a good agreement with
previously studied similar blend—P(VDF-TrFE):P3HT.10,17 It
has to be mentioned that the presence of the vertical,
columnar-like domains, that is, Type 1-like, in that blend was
also found by SEM, SNOM,19 and STXM10 techniques.

We shall now briefly address the requirements that should
be met by the phase separated blend to enable the applica-
tion of the presented selective dissolution technique. First,
the need for selective solvents does not imply the necessity
of pure phase domains even though the presence of mixed
phase domains will make it harder to find orthogonal sol-
vents. Second, it is clear that the feature sizes in the present
system are far from the ultimate limit for the technique.
From an AFM perspective minimum feature sizes could in
principle be in the nanometer range. However, tip convolu-
tion effects associated with typical tip radii around 10 nm
and tip cone angles around 308 will put an upper limit to
the aspect ratio of “workable” features of around 2, i.e.
50 nm wide for a 100 nm high feature. High-aspect ratio tips
can push this limit considerably further. From the morphol-
ogy perspective, the major concern is that the dissolution of
one phase has to leave a “representative” topography of the
other phase. Hence, remaining features should also be mor-
phologically stable, that is, should not collapse. This excludes
finely intermixed phases of soft materials, as examples,
found in many optimized organic photovoltaic bulk hetero-
junctions. Finally, the phase separation should lead to mostly
bicontinuous phases, that is, no, or only a small fraction of
each phase should be completely surrounded by the other
phase, compare domain Type 4 in Figure 1 that could be
excluded for the present system but would be washed away
by dissolving the surrounding P(VDF-TrFE).

CONCLUSIONS

In summary, we have introduced a selective dissolution
approach for studying the 3D-morphology of phase-
separated blends at the local scale. The method takes
advantage of the selective solubility of different components
of the blend. The two component blend of a semiconductor
(F8BT) and a ferroelectric (P(VDF-TrFE)) polymer was inves-
tigated in this work. This system is a representative example
of an active layer in an organic ferroelectric resistive switch.
It was found that three distinct types of nearly pure semi-
conductor domains are present in the blend. A possible
fourth type could be ruled out on basis of a statistical

analysis. Thus, the selective dissolution approach is a simple
and powerful technique that provides information about the
3D-structure of phase separated blends at the local scale.
The method is potentially applicable to a wider range of
phase separated blends meeting criteria that are discussed
above; roughly spoken, features should be predominantly
vertical and have an aspect ratio below �2, that is, 50 nm
wide for a height of 100 nm.
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