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ABSTRACT: In this article, the design paradigm involving
molecular weight, alkyl substituents, and donor—acceptor
interaction for the poly[2,6-(4,4-bis-alkyl-4H-cyclopenta-
[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole) |

(cyclopentadithiophene—benzothiadiazole) donor—acceptor
copolymer (CDT—BTZ) toward field-effect transistors
(FETs) with ultrahigh mobilities is presented and discussed.
It is shown that the molecular weight plays a key role in
improving hole mobilities, reaching an exceptionally high value

muolecular weight?

of up to 3.3 cm> V' s~ . Possible explanations for this observation is highlighted in conjunction with thin film morphology and
crystallinity. Hereby, it is found that the former does not change, whereas, at the same time, crystallinity improved with ever growing
molecular weight. Furthermore, other important structural design factors such as alkyl chain substituents and donor—acceptor
interaction between the polymer backbones potentially govern intermolecular stacking distances crucial for charge transport and
hence for device performance. In this aspect, for the first time we attempt to shed light onto donor—acceptor interactions
between neighboring polymer chains with the help of solid state nuclear magnetic resonance (NMR). On the basis of our results,
polymer design frinciples are inferred that might be of relevance for prospective semiconductors exhibiting hole mobilities even

exceeding 3 cm” V™ 's

1. INTRODUCTION

The realization and commercialization of plastic electronics
like flexible displays or smart tags call for organic semiconductors
that can be easily processed into thin films and show field-effect
transistor (FET) charge carrier mobilities exceeding 0.1 cm”
V™ !'s7 1% Owing to their facile film formation, soluble polymer
semiconductors provide the desired ready processability needed
for fast printing processes required for cheap organic devices.>
Their mechanical flexibility provides an additional advantage for
bendable electronics compared to fragile small-molecule single-
crystal FETs.* However, charge carrier mobilities in polymer
devices are generally low as a result of the poor packing and lack
of macroscopic order of those materials. There have been several
approaches toward enforcing thin film crystallinity in order to
solve this problem.>® One major strategy was, for instance, to
impart molecular arrangement by the regioregular placement of
alkyl chains in polythiophenes.” ° Other possibilities are insu-
lator surface treatments'®'" or proper Sprocessing techniques
such as dip-coating' >~ * or zone-casting">~'® that can be utilized
to achieve enhanced long-range molecular order. In this article,
focus is turned to three major polymer design principles whose
contributions to enhancing P1 (Figure 1)-based FET perfor-
mance are illustrated, namely the influence of (i) intermolecular
donor—acceptor interactions, (ii) the molecular weight, and (i)
alkyl substituents.

(1) In contrast to homopolymers such as P3HT, P1 is a

copolymer consisting of an alternating arrangement of
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cyclopentadithiophene (CDT) as a donor and benzothia-
diazole (BTZ) as an acceptor unit. The low band gap of
P1 makes it attractive for applications in organic photo-
voltaic cells.'”*° Moreover, the planar arrangement of the
conjugated backbone ensures a close 77-stacking distance,
which is relavant for efficient intermolecular charge
carrier transport. It was assumed that the close packing
of the polymer chains might originate from assisting
donor—acceptor interactions. In this work, for the first
time for such macromolecular systems, solid-state nuclear
magnetic resonance (NMR) provides a picture of the
packing mode and indicates that additional forces besides
qt-stacking do not seem to contribute to the noncovalent
interactions and polymer organization.

(2) Another potential factor influencing polymer FET beha-
vior is the molecular weight as has been particularly well
demonstrated for regioregular poly(3-hexylthiophene)
(P3HT).>' >* We have previously shown for P1 that
higher molecular weights, expressed in number average
molecular weight M,,, led to increased macroscopic order
and therefore elevated hole mobilities as compared to the
lower M, case, where inferior FET performance was ob-
served with pronounced macroscopic disorder. Further
enforcement of the long-range order by directional alignment
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of the P1 polymer chains reached a hole mobility of up to
1.4 cm®V 's™", one of the highest values reported so far
for polymeric systems.”® Just recently, new conjugated
polzfmers have been reported with mobilities around 1
em® V' s712%*7 The question remains to what extent
the morphology of P1, which is a more planar and rigid
macromolecule than, for instance, P3HT, is influenced by
the molecular weight and how the charge carrier transport
in FETs is affected by these two aspects. Particularly, it is
scrutinized how a further increase in M, leads to an
additional boost in hole mobility of up to 3.3 cm> V™ 's ™",
(3) As a further design aspect, alkyl substituents of this
CDT—BTZ copolymer are taken into consideration,

Figure 1. Chemical structures of CDT—BTZ—C,s (P1) and
CDT—BTZ—Cj, (P2).

Table 1. M,-Dependent FET Performance of Both P1 and P2

Polymer M, [g/mol]* Uy [em®/(V s)]b I(on)/I(off)
P1 13K (11 K) 0.28 (0.26) 10°—10*
P1 30K (16K) 0.59 (0.50) 10°—10*
P1 51K (25 K) 1.2 (0.94) 10*—10*
P1 (35K) 3.3 (2.62) 10°—10°
P2 1.8K 0.016 (0.014) 10*

P2 6.5K 0.20 (0.19) 10°-10°
P2 16 K 0.40 (0.34) 10*—10°

“M, values were obtained using PS/THF standards. M, values in
parentheses were obtained from PS/TCB GPC standard. " Numbers
listed for ut,,, represent maximum hole mobilities measured, whereas the
values in parentheses reveal averaged hole mobilities from 10 devices.

which can dramatically alter transistor performances.”®
Building up on our previous findings of P1 in which both
polymer chain length expressed in a high M,, and close 7-
stacking distance are crucial for efficient charge
transport,” the hexadecyl (Cy4) substituent of P1 was
replaced by a more abridged 3,7-dimethyloctyl (Cg,)
intending to achieve a shorter intermolecular 77— se-
paration. The M, effects on crystallinity, morphology and
transistor behavior of this CDT—BTZ—Cg, polymer
(P2 in Figure 1) are illustrated as well.

2. RESULTS AND DISCUSSION

Molecular Weight-Dependent FET Performance. All FETs
were fabricated employing the bottom-gate, bottom-contact
architecture. The 200 nm thick SiO, dielectric covering the
highly doped Si acting as the gate electrode was functionalized
with hexamethyldisilazane (HMDS) to minimize interfacial
trapping sites. Polymer thin films were deposited by drop-casting
2 mg mL™" o-dichlorobenzene solution on FET substrates
heated at 100 °C in nitrogen atmosphere, followed by annealing
at 200 °C for 1 h. The channel lengths and widths are 20 and
1400 pm, respectively. For the average mobilities, 10 transistors
were measured in nitrogen atmosphere. Table 1 depicts the
transistor performances in dependence of M, for both P1 and
P2. Clearly, the hole mobilites scale with elevated M, for both
alkyl chain versions, with an unprecedented high hole mobility of
up to 4 = 3.3 cm®> V"' s~ for the highest M,, of P1 as derived
from the transistor characteristics exhibited in Figure 2a,b. Note
that this polymer bearing the best FET performance was too
poorly soluble to dissolve in tetrahydrofuran (THF) for the
standard polystyrene (PS)/THF gel permeation chromatogra-
phy (GPC) molecular weight measurements conducted for the
other polymer systems shown. To circumvent this hurdle, 1,2,4-
trichlorobenzene (TCB) instead of THF had to be employed for
the GPC. For reasons of comparability, GPC was also measured
in PS/TCB standard for the other more soluble P1 batches, with
the resulting M,, values illustrated in parentheses in Table 1. In
the remainder of this article, all M, of P1 mentioned in the text
refer to this PS/TCB standard. Figure 3a is a graphical illustration
of the average hole mobility dependence on M,. To gain
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Figure 2. (a) Output characteristics at various gate biases V and (b) transfer curve at a source drain bias of Vsp = —60 V for P1 FET with the highest

M, =35kg mol " (PS/TCB standard).
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Figure 3. (a) Graphical illustration of M,, (PS/THF standard)-dependent average saturated hole mobilites Uaverage for both P1 and P2. (b) Graphical
illustration of M,, (PS/TCB standard)-dependent average Uaverage and maximum £, saturated hole mobilities for P1.
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information about the change in hole mobility of both P1- and
P2-based FET's at comparable M,, values, data from the PS/THF
standard were plotted, leaving out the highest M,, of P1 for which
the PS/THE standard could not be applied. Unfortunately, much
inferior molecular weights of P2 were attained compared to P1
(Table 1) due to solubility problems of the former. In fact, the
maximum M,, achievable for P2 is just slightly above the lowest
M, of P1 (Figure 3a, Table 1), rendering direct comparison of
the alteration of u with M, of both polymers ambiguous.
Nevertheless, hole mobilities also scale up with growing M,, for
the P2 devices. More precisely, at comparable M,, for both P1
and P2, the hole mobilities are similar as well (Figure 3a). It
seems that these two different alkyl chains do not alter charge
carrier mobility, at least for the specific M, region we are able to
look at.

At this point it is interesting to deduce a more profound
relationship between molecular weight and hole mobility of the
P1 film. The M,-dependent rise of i is plotted in Figure 3b for
both the maximum and average mobilities. The increase of u
follows linearly with elevated M, for the first three low M,, values,
whereas a more sudden jump in u occurs for the highest M,
values, suggesting a more dramatic rise in hole mobility for ever

growing molecular weights. On the basis of these data, it is
anticipated that the hole mobility of 4 = 3.3 cm® V"' s~
obtained in our highest M,, system can even be further surpassed
for additional M,, growth, keeping in mind that this extraordinary
FET performance is not optimized yet. This is evident when
considering Figure 2ab illustrating the output and transfer
characteristics of this P1 device, respectively. As can be seen
from the nonlinear rise of the current at low Vgp from the output
curves (Figure 2a), a huge contact resistance is present.29 The
origin of this contact resistance can be high disorder at or poor
contacts of the copolymer film with the source and drain
electrodes. The latter hypothesis is supported by the fact that
the polymer film can be completely stripped of the bottom
contact transistor substrate, highlighting the lack of strong layer
adhesion on both the dielectric surface and the source and drain
electrodes. Elimination of the contact res1stance 1s expected to
provide hole mobilities even beyond 3.3 cm”> V™!

Molecular Weight Dependent Thin Film Crystalllnlty and
Intermolecular z-Stacking. The most obvious explanation for
the observed gain in hole mobility with growing molecular
weights is a possible improvement in thin film crystallinity since
more pronounced long-range order facilitates charge carrier
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Figure S. Local packing and organization of donor—acceptor groups in P1 with M, = 35 kg mol . (a) 2D contour plot of the 'H-'H DQ-SQ
correlation spectrum recorded at 20.0 T using a back-to-back recoupling/reconversion time of 2 rotor periods and a spinning frequency of 30.0 kHz.
(b) Color scheme used for assignments. (c) Expansion of the backbone region (dashed box in panel a) showing the contacts between donor and acceptor
groups. (d) Schematic drawing illustrating the local packing of donor—acceptor groups in two neighboring BTZ—CDT copolymer chains (here denoted
as “layers”). The dashed circles (blue) mark the regions where the acceptors groups are heterogeneously packed on top of one another.

transport.’>*' Hence, to investigate the molecular weight-de-
pendent macroscopic order of the CDT—BTZ copolymers P1
and P2 in thin film, X-ray diffraction (XRD) was conducted on
drop-cast layers on HMDS-treated SiO, prepared in the same
way as the device fabrication. For all compounds studied, one
diffraction peak was present, suggesting a tendency for macro-
scopic order (Figure 4). In the case of P1, a small and broad
second-order peak for the various M,, was observed, indicating a
higher order in the bulk films as compared to P2 layers for which
these second-order peaks were missing. On the basis of these
XRD results, lamella packin§ of the polymer chains can be
deduced for all copolymers.>” >* Differences in the degree of
macroscopic order among the two copolymers themselves in
terms of varying M, values were also revealed. For instance,
considering the P1 films, the XRD diffraction peak for the highest
M, (35 kg mol !, blue curve in Figure 4a) is narrower than the
other three lower M, values, alluding to a more pronounced
long-range order for the former case. This observation is a
plausible explanation for the sudden rise in hole mobility of P1
at this highest M,, (Figure 3b). Moreover, due to higher crystal-
linity, especially of the alkyl substituents, the chain-to-chain
distance between backbones decreases from 2.78 to 2.70 nm
for M,,=11—25kg mol ™' to 2.56 nm for M,, = 35 kg mol . This
fact possibly opens up additional charge transport pathways via
the alkyl chain other than along the s-stacking direction in a
lamella packing, potentially improving carrier mobility.”**

For P2 on the other hand, thin film macroscopic order of the
three molecular weights showed the reverse behavior. Here, the
diffraction peak is not as broadened for the lowest M, as for the
other two higher molecular weights (Figure 4b), indicating
increased thin film crystallinity for the lowest M,,. This trend

makes sense when utilizing the same reasoning proposed for
P3HT whose thin film crystallinity exhibits similar M,, depen-
dence. For P3HT, the kinetics of shorter and thus more agile
molecules is held responsible for the ability to self-assemble in
more crystalline superstructures.”"***” This explanation fits as
well to the M,, behavior of P2. However, care has to be taken here
when comparing P2 with P1. Note that this higher crystallinity
was observed for the lowest M,, of P2, about 1 order of magnitude
lower than the shortest polymer chains synthesized for P1.
Therefore, it cannot be excluded that a more crystalline packing
in bulk thin film of P1 with comparably low M,, as for P2 will be
present as well. Similarly, there is no reason for ruling out that a
comparably high M,, of 35 kg mol as achieved for P1 will not
lead to enhanced crystallinity for P2 as well. Nevertheless, what is
most striking about the CDT—BTZ copolymers is that macro-
scopic order does not seem to diminish with increasing M, a
feature that only few other polymers share as well.*® P3HT for
instance shows the opposite trend, with thin film crystallinity
decreasing with growing molecular weights. This behavior was
explained by the sluggishness of the longer polymer chains, being
unable to self-assemble effectively anymore. Apparently, this
reasoning does not seem to apply for the CDT—BTZ copoly-
mers. The mechanisms behind the maintenance and even
improved crystallinity with higher M, of P1 and P2 are still
not understood. One possible explanation might be improved
donor—acceptor interaction between the more extended back-
bones containing a higher number of donor and acceptor units at
elevated M,, and hence possibly forcing the more inert longer
chains into higher long-range arrangement. To verify this hy-
pothesis, molecular scale information about the local packing and
organization of donor—acceptor groups in the condensed state
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of P1 with the highest M, showing the most distinct thin film
crystallinity is obtained from solid-state NMR. This method
probes the local environments of the individual nuclei selectively
through short-ranged nuclear spin interactions, e.g., dipole—
dipole and chemical shift interactions, which are sensitive to the
specific local packing arrangements.”® *' The results from
applying this approach to the condensed state of P1 with the
highest M,,, which exhibits the most distinct thin film crystal-
linity, are shown in Figure 5. The site-specific local Facking
information is obtained via two-dimensional (2D) 'H—'H
double-quantum single-quantum (DQ-SQ) correlation spectro-
scopy.*>* The structural information is encoded in the appear-
ance and location of the NMR correlation peaks in the 2D
spectrum in Figure S. First, the presence of 77— stacking for the
BTZ—CDT copolymer backbone can clearly be observed via the
autocorrelation peak at SQ;i, = 5—7.5 ppm and DQ;, = 10—15
ppm for the BTZ protons (see assignment in Figure Sb),
displaying an elongation toward lower frequency that is char-
acteristic of 77— stacking in aromatic-based systems.** Second,
this line shape appears to be split, which illustrates that the
packing of the BTZ groups is heterogeneous throughout the
sample. The protons of the CDT groups on the other hand do
not show this kind of elongation or splitting, indicating that w—s
stacking effects do not affect these groups to the same extent as
compared to the BTZ acceptor groups. However, they do show a
strong correlation with the directly attached side chains and also a
direct correlation with the protons of the acceptor group within
the copolymer chain (see Figure Sc). Combining these structural
features gives the local packing arrangement of donor—acceptor
groups as illustrated in Figure 5d that is consistent with the XRD
measurements in Figure 4a. In this model, donor—acceptor
groups are 77— stacked in a lamellar kind of fashion, and these
groups are ordered in an alternating way as shown in Figure Sd.
Thereby, the acceptor groups in one layer are located on top of
the acceptor groups in adjacent layers, however, not always in the
exact same position, leading to a heterogeneous packing. This
model also allows for optimal packing of the side chains that, in
the case of long and bulky alkyl chains (C,¢) as used here, should
be beneficial in order to avoid steric clash. Conclusively, solid-
state NMR does not reveal a donor—acceptor overlap within
0.4 nm.** Thus, donor— acceptor interaction between the
neighboring interchain CDT and BTZ moieties does not seem
to occur as assisting noncovalent driving forces for the observed
improvement in thin film crystallinity with increasing M,, of P1,
alluding to the complexity of this CDT—BTZ copolymer system.
This implies that the enhanced packing order resulting in
improved thin film crystallinity with increasing M,, of P1 results
from s-stacking interactions of the planar extended conjugated
backbones only.

Elevated long-range order with growing M,, as discussed so
far, might not be the only cause for the ever rising hole mobility.
Another important factor that affects charge transport is the
intermolecular 77-stacking distance.*’~*’ To gain a deeper insight
into M,, and alkyl chain (C,¢ and Cg,) dependent intermolecular
qr-stacking distances, which provide a hint to intermolecular
charge carrier hopping important for charge carrier mobility, 2D
wide-angle X-ray scattering (2D-WAXS) of extruded fibers of P1
with various M, was conducted (Figure 6ab,c). For the three
molecular weights studied, no significant change in 7-stacking
distances (0.37—0.38 nm) was measured, suggesting that this
parameter is not dependent on M,. Since the alkyl chains
attached to the CDT unit extend out of plane of the polymer

Figure 6. 2D-WAXS of extruded fibers of (a) P1 with M, = 11 k
mol ', (b) P1 with M, = 25 kg mol ', (c) P1 with M,, = 35 kg mol ",
and (d) P2 with M,, = 16 kg mol ",

backbone, 7-stacking is expected to be influenced by the alkyl
substituents. Conclusively, the shorter Cg, chains should lower
steric hindrance and thus enable closer intermolecular 7z-stacking
for higher charge carrier mobilities since in our previous study we
have shown that close intermolecular 7-stacking yields hole
mobilities larger than 0.1 cm®/(V s) despite the lack of macro-
scopic order. % In this aspect, 2D-WAXS of the highest M, P2
extruded fiber was measured (Figure 6d), revealing the same
w— distance of 0.37 nm as for P1. Apparently, shortening the
alkyl chain length by a factor of 2 does not trigger any change in
intermolecular packing, prompting us to believe that either the
minimal 77-stacking distance has already been achieved, or even
further abridged aliphatic chains have to be introduced to depress
steric hindrance. However, the alkyl chains were not shortened
once again since this will dramatically lower solubility and hence
processability as well as prevent the synthesis of higher molecular
weights. Therefore, possible alteration of intermolecular face-
to-face separation is not the cause for the constant rise of hole
mobility with growing molecular weight.

Molecular Weight-Dependent Polymer Thin Film Mor-
phology. Besides the previously presented structural analysis
of thin film crystallinity (XRD) and of bulk (2D-WAXS), film
morphologies are essential as well for understanding transistor
behavior.>' >* In order to highlight the M,, dependent thin film
morphologies of both P1 and P2, we start with the lowest
molecular weights, which were obtained from P2. As the atomic
force microscope (AFM) image on the lowest P2 FET sample
(same as that used for transistor measurements) reveals
(Figure 7a), randomly oriented fibers are present. Taking a
closer look at this layer by scanning a smaller area, a distribution
of elongated and curled nanofibers can be found (Figure 7b)
where the degree of curling varies. With further increase of
molecular weights, the morphology changes, with the transition
from randomly distributed curled fibers into elongated ones
being densely packed parallel next to each other, in this
way forming fibrous crystallites that span over the whole film.
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This film topography prevails with continuously growing molec-
ular weights as was achieved for P1. Independent of M,,, P1 thin
films contain fibrous crystallites and therefore no change in
morphology can be observed (Figure 8). However, with increas-
ing M,,, those crystallites seem to become slightly more extended
on average as can be deduced when comparing panels a—d of
Figure 8 where the fibrous crystallite texture evolves more
distinctly. Figure 8e provides a more detailed image of the typical
crystallites that take the shape of fibers densely packed next to
each other. In fact, for comparable M,,, the morphology of both
P2 (Figure 7c) and P1 (Figure 8a) are similar, marked by the
predominant existence of fibers, prompting us to believe that the

Figure 7. AFM images of P2 FET thin films drop-cast from M, of (a,b)
1.8 kg mol () 6.5 kg mol !, and (d) 16 kg mol . Image b is a more
detailed AFM scan of image a, revealing curled polymer fibers.

type of alkyl chains introduced in our systems does not influence
morphology.

The best hole mobility measured for the FET's fabricated with
the maximum M, P1 rather suggests that the increase in i is
originated from the highest crystallinity of this film compared to
all other molecular weight layers as revealed by XRD studies
(Figure 4a). While pronounced crystallinity is a reasonable
explanation for the rise of hole mobility with growing M,, for
P1, the same reasoning does not hold true for P2. This aspect is
underlined by the transistor behaviors of the P2 copolymers for
which the smallest M, device showed more enhanced cry-
stallinity as indicated by a narrower XRD diffraction peak
(Figure 4b) but lower hole mobilities as compared to the other
two higher M,, FETs, opposite to what has been observed for P1.
This effect possibly originates from the different thin film
morphologies of P2. Despite its high crystallinity, the lowest
M, layer of P2 consists of curled and randomly distributed fibers
(Figure 7a,b), resulting in lower long-range order, in this way
reducing charge transport as compared to the higher M, films
which more resemble the densely packed fribrous crystalline
domains characteristic for P1 (Figure 7c,d, 8), highlighting the
importance of thin film morphology. In fact, when taking a closer
look at M,-dependent evolution of P1 film morphology, no
dramatic change takes place (Figure 8). Obviously, the enhance-
ment of charge carrier mobility is not triggered by a significant
extension of crystalline domains coming along with morpholo
transformation as has been reported for other polymer systems.™
This remarkable feature leads to the assumption that two
additional phenomena having no influence on morphology and
crystallinity might play a key role as well for the increase of
mobility with growing molecular weights. Generally, higher
molecular weight means, on average, the presence of longer
polymer chains with two implications. First, extended polymer
chains can promote interconnectivity between neighboring
crystalline fiber domains, reducing grain boundaries and thus
facilitating charge carrier transport as has been for instance
proposed for P3HT.***” Polymer films with higher macroscopic

Figure 8. AFM images of P1 FET thin films drop-cast from M,, (PS/TCB standard) of (a) 11 kgmol ", (b) 18 kgmol ", (¢) 25 kgmol ", and (d) 35 kg

mol %, (&) Zoomed in image of d detailing the fibrous crystalline domains.
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order marked by an invariant morphology containing small
crystal domain sizes have been shown to trigger grain boundary
smoothing as well, leading to improved charge carrier
mobilities.”®>® This aspect serves as a further alternative explana-
tion for the outstanding mobility observed for P1 with the
highest M,, for which the highest thin film crystallinity and hence
macroscopic order was found without a change in morphology.
Contrarily, this degree of grain boundary reduction is not
anticipated for the lowest M,, case, namely, the P2 film where
randomly oriented curled fibers were present (Figure 7a,b). Even
though better crystallinity in this thin film exists as compared to
the higher M, layers, the lack of domain connectivity in
combination with low macroscopic order might explain the
measured inferior hole mobility. Second, in our previous work
on anisotropic carrier transport in directionally aligned P1 films,
there is strong indication that charge carrier transport along the
P1 backbone is fastest as compared to 77— charge transfer.”>*
Therefore, the longer high M,, polymer chains do not only reduce
grain boundaries but also potentially promote fast carrier trans-
port between neighboring fibers and hence support high tran-
sistor performance. Given the observation that the fiber-like
morphology remains for all studied M,, films and that those fibers
consist of lamella packed polymer chains with their backbones
aligned along the fiber long axis, it is reasonable to expect that the
longer the polymer chains at higher M,,, the more the chain-to-
chain trapping sites along the fiber axis are reduced within a
fibrous crystallite. That is, for comparable fibers (in length), the
ones that are made of shorter polymer chains will most probably
contain more trapping sites than the ones consisting of longer
molecules. In this sense, the longer polymer chains trigger the
formation of fibers that themselves contain less trapping sites
along the fiber axis and hence prospectively lead to better charge
transport. Surely, charge transport in these nondirectionally
oriented films is not only taking place along the polymer back-
bones but is rather a superposition of carrier movement along the
7r-stacking and the polymer backbone directions. Nevertheless,
reduction of trapping sites within the individually ordered fibers
can still significantly contribute to higher charge carrier mobi-
lities in this CDT—BTZ system.

3. CONCLUSION

In this work design principles toward ultrahigh mobility FET's
based on the CDT—BTZ donor—acceptor copolymer have been
evaluated and discussed. Even though solid-state NMR could not
unambiguously prove the existence of donor—acceptor interac-
tions expected to be beneficial for improved crystallinity, it has
been, on the other hand, more vividly demonstrated that a
powerful tool for achieving extraordinary charge carrier mobi-
lities in polymer FET's is the molecular weight. Thin films of both
compounds P1 and P2 exhibit a steady rise in hole mobility in
FETs with an increasing number average molecular weight M,,.
Except for the low M, case of P2, film morphologies do not
change with growing M, as well, avoiding the necessity of
controlling morphology in order to optimize charge transport.
Furthermore, this invariance of film morphology can be inter-
preted as an indirect evidence for pronounced crystallite con-
nectivity and promoted fast charge transport along polymer
backbones, both factors that additionally support the measured
state-of-the-art transistor performance. More strikingly, en-
hanced crystallinity was observed for the highest M,, CDT—
BTZ—C,s (P1) copolymer layer, contradicting the common

belief that with rising M,, and polymer chain inertness, thin film
order is inhibited. On the basis of our results, it is predicted that
further elevation of the molecular weight might potentially
improve thin film crystallinity without deterioration of film
morphology, ultimately leading to unprecedented hole mobilities
for polymer FETs.
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