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π-CONJUGATED POLYMERS
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 polymer pristine film  
 in-plane charge transport

 polymer/fullerene blend film  
 out-of-plane charge transport
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ARCHITECTURE OF OFET AND OPV

OFET OPV
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CARRIER TRANSPORT AND POLYMER ORDER
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Crystallinity Orientation

carrier mobility transport direction

 Carrier transport in semiconducting polymers

 Ordering structure of semiconducting polymers
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KEY TO DEVELOPING CRYSTALLINE POLYMERS
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2D GIWAXS PATTERNS OF A POLYMER/FULLERENE FILM
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2D-GIXD OF PTzBT WITH LINEAR-BRANCHED SIDE CHAIN
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Control of crystallinity/orientation leads to an increase of JSC without a loss of FF and VOC, 
resulting in the improvement of efficiency. 
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DIFFERENCE IN THICKNESS DEPENDENCE BY ORIENTATION

I. Osaka, M. Saito, T. Koganezawa, K. Takimiya, Adv. Mater. 2014,  26, 331–338.

10



ORIENTATION IN NEAT VS BLEND FILMS
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POLE FIGURE ANALYSIS

ACS Appl. Mater. Interfaces,  
2018,  10, 32420.

 
Figure S7. (a, b) Simple model for pole figure analysis. (a) 2D GIXD pattern showing how to take 
line cur profiles along the azimuth angle (χ). (b) Pole figure plot for the lamella diffraction cut along 
the χ angle. (c-j) Pole figure plots extracted from the lamellar diffraction for PTzBT/PCBM blend 
films on the ITO/ZnO (c-f) and ITO/ZnO (g-j) substrates. 
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“DISTRIBUTION" OF ORIENTATION THROUGH THICKNESS

M. Saito, T. Koganezawa, I. Osaka, ACS Appl. Mater. Interfaces, 2018,  10, 32420.
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Figure 6. Schematic images of the blend films of the edge-on-polymer (a, c) and the face-on-

polymer (b, d), showing the distribution of the orientation in the inverted (a, b) and conventional 

cells (c, d). Note that PCBMs are not illustrated for the sake of simplicity. 
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CORRELATION BETWEEN ORIENTATION AND CELL STACKS

M. Saito, T. Koganezawa, I. Osaka, ACS. Appl. Mater. Interfaces 2018,  10, 32420–32425.
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ORIENTATION AT THE SUBSTRATE INTERFACE

M. Saito, T. Koganezawa, I. Osaka, ACS Appl. Polym. Mater. 2019, 1, 1257.

must be carefully investigated. One good methodology to
investigate the orientation at the buried interface, as well as the
distribution of the orientation through the film thickness, is to
perform the GIXD measurements and the pole-figure analysis
for the films with various thickness and to investigate the
variation of the face-on/edge-on fraction by the thickness.24

Although this may be an indirect methodology, several reports
have shown reasonable correlations between the difference in
the orientation through the film thickness and device
performances.21,24,25

In order to discuss the backbone orientation at the
interfacial layer, we measured 2D GIXD patterns of the

Figure 2. Typical OFET characteristics of the OFETs based on PTzBTs. (a) Transfer curves. (b) Output curves.

Figure 3. Two-dimensional GIXD images of the polymers with different film thickness at the small angle region (left) and pole figure plots
extracted from the lamellar diffraction in the 2D GIXD images (right). (a) 14HD, (b) EHOD, (c) 12OD, (d) BOHD.
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polymer neat films with the thickness of 20−200 nm (Figures
S1−S3). Figure 3 shows the 2D GIXD patterns at the small
angle region (qxy = −0.4−0.4 Å−1, qz = 0−0.5 Å−1)
corresponding to the first order lamellar diffraction (100)
(left) and the pole figure plots extracted along the azimuth
angle (χ) (right). Note that we used the first order lamellar
diffraction because the inaccessibility of the diffraction along
the qz axis in the small-angle region is very limited compared to
that in the wide-angle region. The areas of χ = 0−45° and
135−180° (Axy) and χ = 55−125° (Az) were defined as the
face-on and edge-on fractions, respectively. In 14HD and
EHOD, the texture of the 2D patterns and the shape of the
profile did not change by the film thickness, indicating that the
orientation motif (edge-on) was independent of the film
thickness (Figure 3a,b). On the other hand, in 12OD and
BOHD the diffraction for the face-on fraction that appeared
along the qxy axis in the 2D patterns was weakened with the
decrease of the film thickness relative to the edge-on fraction
that appeared along the qz axis (Figure 3c,d). This is clearer in
the profiles as the intensity at χ = 0−45° and 135−180°
corresponding to the face-on fraction decreased with
decreasing the film thickness relative to the intensity at χ =
55−125° corresponding to the edge-on fraction. This indicates
that the population of the face-on fraction became smaller
(edge-on fraction became larger) in the thinner films. To
further quantify this, we determined the face-on to edge-on
ratio using the profiles for all the films. The face-on/edge-on
ratio was evaluated by using the peak area for the face-on
fraction (Axy) and the edge-on fraction (Az). We then plotted
Axy/Az as a function of the film thickness (Figure 4). Note that

calculated Axy/Az does not necessarily indicate the real face-
on/edge-on ratio because the scattering from the direct beam
overlaps with the first order lamellar diffraction along the qz
axis, which overestimates the fraction of edge-on orientation.
Nevertheless, the change in Axy/Az can be compared among
these polymers as all the experiments were carried out in the
same manner. As expected, 14HD and EHOD showed very
small Axy/Az values of around 0.025 for all film thicknesses,
confirming that these polymers almost completely form edge-
on orientation (Figure 5a). However, 12OD and BOHD
showed the Axy/Az values of around 0.25 at the relatively thick
film (∼200 nm), which was ten times larger than 14HD and
EHOD, indicating that there is large population of face-on
orientation. Interestingly, the Axy/Az values then gradually
decreased to less than 0.1 as the film thickness decreased to
below 50 nm. This again indicates that the average backbone

orientation in the film of 12OD and BOHD varied with the
thickness: whereas the face-on is more abundant in the thicker
films, the edge-on orientation is more abundant in the thinner
films. Furthermore, it can be assumed that the interfacial
orientation is insensitive to the film thickness. Therefore, the
decrease in the Axy/Az values with the decrease in the film
thickness means that the face-on population decreased mainly
in the bulk. This implies that the edge-on is the dominant
orientation motif at the film−substrate interface whereas the
face-on is the dominant motif in the bulk even in the thicker
film (Figure 5b).21,24,25 Thus, in all PTzBTs the orientation
motif at the film−substrate interface is most likely edge-on
regardless of the composition of alkyl side chains, though there
is also the possibility that the edge-on fraction is localized at
the film−air interface (film surface) as well. Thus, in 12OD the
charge transport would occur through the edge-on fractions
localized at the gate dielectric (SiO2) surface that is the main
charge carrier path for the bottom-gate OFET. It is also
possible to explain that even though there are small fractions of
face-on orientation at the film−substrate interface in the 12OD
film, those face-on fractions would not interfere the charge
transport. This agrees well with the fact that 12OD showed
μFET comparable to 14HD.
The lower μFET observed for EHOD and BOHD, despite the

fact that the predominant interfacial orientation is also edge-
on, can be explained by the wider π−π stacking distance (dπ)
and lower crystallinity than 14HD and 12OD (Table 1). In
fact, 14HD and 12OD had the same dπ of 3.52 Å and the
similar crystallite coherence length (LC) of 48 and 42 Å, when
these parameters were calculated in the thinnest films, which is
consistent with the transistor properties. On the other hand,
EHOD and BOHD had dπ of 3.58 and 3.65 Å, and LC of 37
and 22 Å, respectively.
In addition, we investigated the morphology of the polymer

films on the OFETs. As displayed in Figure 6, there is only a
marginal difference among the four polymers, and the surface
roughness is mostly the same for all the films. We also
estimated the ratio of crystalline and amorphous phases in the
thin film from UV−vis absorption spectra of PTzBT thin films.
We assumed that the low-energy region (approximately 550−
700 nm) and the high-energy region (approximately 400−550
nm) correspond to the absorption bands contributed from the
crystalline and amorphous phases, respectively (Figure
S4).26,27 In all the polymers, the ratio of crystalline phase to
amorphous phase was found to be roughly 70:30. This
indicates that the fraction of crystalline phase in these polymers
was mostly the same, and that the effect of the crystal/
amorphous ratio on the difference in the mobility among these
polymers are ignored. Thus, we concluded that the transistor
performance of this polymer system is determined by the
polymer π−π stacking distance and crystallinity at the
interfacial layer as the orientation at the interfacial layer is
mostly the same.

■ CONCLUSIONS
We fabricated OFET devices using PTzBTs with different
orientation motifs, that is, edge-on and face-on orientations.
Interestingly, the field-effect mobilites of PTzBTs were
apparently independent of primarily orientation: 12OD with
the predominant face-on orientation showed hole mobilities
comparable to 14HD with the complete edge-on orientation.
Interestingly, however, in-depth analysis of the GIXD patterns
of the PTzBT films revealed that, in 12OD as well as another

Figure 4. Change in Axy/Az as a function of film thickness.
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µ = ~0.2 cm2 V–1 s–1 µ = ~0.2 cm2 V–1 s–1

“face-on” polymer BOHD, the face-on to edge-on fraction was
unevenly distributed through the film thickness: the edge-on
orientation was the dominant motif at the film−substrate
interface where the charge carriers flow. This explains well the
high mobility observed in 12OD. These results indicate that
the distribution of the backbone orientation is an important
factor for understanding the performance of OFET devices.
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Figure 5. Schematic illustration of the orientation distribution in the polymer thin films. (a) Edge-on polymers (14HD and EHOD). (b) Face-on
polymers (12OD and BOHD). Notes: (1) The face-on/edge-on ratio in this figure is exaggerated in order to visualize the distribution of the
orientation. (2) There is the possibility that the edge-on fraction may also localize at the film−air interface (film surface).

Figure 6. AFM images of the polymer films on the Si/SiO2 substrate.
(a) 14HD, (b) EHOD, (c) 12OD, (d) BOHD.
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OPV PROPERTIES OF PNTz4T CELLS

cell thickness (nm) JSC (mA/cm2) VOC (V) FF PCE (%)

Conventional 290 18.9 0.71 0.66 8.92 [8.65]
Inverted 290 19.4 0.71 0.73 10.1 [9.77]
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