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Effects of Confinement on Microstructure and Charge
Transport in High Performance Semicrystalline Polymer

Semiconductors

Scott Himmelberger,* Javier Dacuna, Jonathan Rivnay, Leslie H. Jimison,
Thomas McCarthy-Ward, Martin Heeney, lain McCulloch, Michael F. Toney,

and Alberto Salleo

The film thickness of one of the most crystalline and highest performing
polymer semiconductors, poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]
thiophene) (PBTTT), is varied in order to determine the effects of interfaces
and confinement on the microstructure and performance in organic field
effect transistors (OFETs). Crystalline texture and overall film crystallinity
are found to depend strongly on film thickness and thermal processing.

The angular distribution of crystallites narrows upon both a decrease in film
thickness and thermal annealing. These changes in the film microstructure
are paired with thin-film transistor characterization and shown to be directly
correlated with variations in charge carrier mobility. Charge transport is
shown to be governed by film crystallinity in films below 20 nm and by crys-
talline orientation for thicker films. An optimal thickness is found for PBTTT
at which the mobility is maximized in unannealed films and where mobility

molecules with high degrees of crystallinity
and improved molecular packing.*!

In optimizing the electronic properties
of semiconducting polymers, much atten-
tion has been paid to the semiconductor/
substrate interface, where chemical func-
tionalization plays a significant role in con-
trolling the microstructure.*3! In many
of the applications for semiconducting
polymers, such as polymer light emitting
diodes, ' large-area photovoltaics,"”! and
transistor arrays for display backplanes,!®
the thickness of the semiconducting pol-
ymer is on the order of tens to hundreds
of nanometers. During materials depo-
sition, the interface between the semi-

reaches a plateau at its highest value for annealed films.

1. Introduction

Semiconducting polymers have garnered significant interest
in recent years for applications in large-area, low-cost, and flex-
ible electronics.l!! These materials can be processed from solu-
tion and are compatible with inexpensive and high-throughput
printing and coating deposition techniques.??! Many of the
best performing polymer semiconductors exhibit a high degree
of order and are typically semicrystalline. In recent years, the
field effect mobilities of polymers have begun to rival that of
amorphous silicon through the rational design and synthesis of
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conducting polymer film and the solvent

is unconstrained. Therefore, there is a

second interface to consider, namely the

semiconductor/solvent interface. Indeed,
in very thin films, the semiconductor/solvent interface may
affect materials structure all the way to the substrate/semicon-
ductor interface. Furthermore, when a dry film is annealed, the
polymer film/air interface is free and its effect on microstruc-
ture should be considered as well. The combined effect of these
two interfaces on film microstructure is classically examined
using film thickness studies. As the polymer film thickness
begins to approach very small dimensions, the effects of both
interfaces become increasingly important and the microstruc-
ture and properties of the film may begin to differ significantly
from those of thicker films and may become strongly thickness-
dependent.l””] With the thinnest films one might surmise that
there is no bulk anymore and the film properties are dominated
by the properties of the interfaces. Thus, as organic semicon-
ductors gain more industrial significance, it becomes impera-
tive to have a good understanding of how these materials
behave in very thin films.

We investigate the effects of interfaces on the microstructure
and charge transport in ultrathin films of the high-performance
p-type polymer poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT).Bl PBTTT is one of the highest mobility
and most crystalline semiconducting polymers. It also exhibits
a liquid crystalline phase transition at elevated temperatures,
above which crystallite reorientation and changes in electrical
properties are known to occur.'®1%l PBTTT is therefore a model
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Figure 1. Schematic of lamellar microstructural arrangement of PBTTT (top) including the
disordered regions between ordered crystallites. Close-up of molecular packing within ordered
crystallites (bottom right) indicating the repeat directions. Top view of spun cast thin films
(bottom left) depicting the isotropic distribution of crystallite orientations within the plane of

the substrate.

system for this type of study as applied to the more ordered
polymers. Previous studies on interface effects have focused on
the influence of various surface chemistries on the charge car-
rier mobility and morphology of polymer thin films. The lateral
domain size observed by AFM increased dramatically in films
of PBTTT spun on octadecyltrichlorosilane (OTS) compared to
bare silicon oxide.'*2 This change was accompanied by a large
improvement in the charge carrier mobility, which was attrib-
uted to a reduced density of grain boundaries. A decreased
roughness of the gate dielectric was also found to cause a con-
siderable increase in grain size, complemented by an improve-
ment in charge carrier mobility.2021]

In addition to the influence of the substrate, the effects of
a confined thin film geometry on the crystallization behavior
of polymers have also been studied. Disorder was shown to
increase significantly in very thin films of poly(3-hexyl)thi-
ophene (P3HT) and charge transport suffered as a result.[?223l
Confinement was also found to reduce crystallinity in very
thin films of semicrystalline non-conjugated polymers.?+23]
However, relatively little is known about how these confined
geometries affect film morphology in other materials and the
resulting changes in the electrical performance of films of con-
jugated polymers. This work sheds light on these effects by pro-
viding the first quantitative measure of crystallinity and crystal-
line texture in PBTTT. Importantly, quantitative measurements
are necessary in order to correlate microstructure to the charge
transport properties of PBTTT thin films.

2. Results and Discussion

Isotropic (in the substrate plane) thin films of PBTTT were
prepared for X-ray, AFM, and field-effect transistor (FET)
device fabrication as described in the experimental section.
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Film thickness ranged between 5 nm and
100 nm as measured by AFM and confirmed
by X-ray reflectivity thickness interference
fringes. PBTTT tends to crystallize with the
alkyl side chains preferentially oriented out
of the plane of the substrate and interdigi-
tated with alkyl chains of adjacent lamellae
while the conjugated backbones stack cofa-
cially such that there is significant overlap of
pi electron density between polymer chains
in what is deemed the pi-stacking direction
(Figure 1).1?% This orientation is desirable for
field effect transistors as fast charge trans-
port occurs along the chain backbone and
in the pi-stacking direction which both lie in
the plane of the substrate. Using X-ray dif-
fraction measurements, such as pole figure
construction,?”) we study the effect of film
thickness and thermal annealing on the crys-
tallite orientation and on the degree of crys-
tallinity of PBTTT films. We measure charge
carrier mobility in these films using top
contact, bottom gate FETs. By studying the
effect of interfaces on the crystallization of
PBTTT and correlating these findings to FET
mobility measurements, we gain insight into the charge trans-
port mechanism in this material. We find that intragranular
charge transport between crystalline regions modulates carrier
mobility in PBTTT.

Two dimensional grazing incidence X-ray diffraction (GIXD)
survey patterns of the spun cast PBTTT films (Figure 2a) show
the characteristic strong (h00) peaks near the specular, (q,, = 0),
confirming the preferential lamellar stacking out of the plane
of the substrate. Upon annealing at 180 °C (into the liquid crys-
talline phase), the breadth of the (h00) peaks decreases sharply,
coupled with an increase in intensity indicating that the film
has become more ordered. AFM micrographs (Figure 2b) also
show a dramatic change in the film morphology as the top sur-
face takes on a terraced appearance with lateral domains in the
range of 50-200 nm, in agreement with previous findings.[!

To study the electrical properties of the films, FETs were pre-
pared as described in the experimental section, and mobility
measurements were taken for several devices at each thick-
ness (Figure 3). In unannealed films, the mobility is highest at
a thickness of roughly 30 nm. Away from the maximum, the
mobility gradually declines as the film is made thicker and
drops off rapidly when the film is made thinner. The annealed
films have a higher mobility at nearly all thicknesses and show a
similar rapid drop in mobility when the film thickness is below
20 nm. However, unlike the unannealed films, device perform-
ance does not suffer when the film is made thicker.

GIXD scans were combined with local specular and high-
resolution rocking scans to construct complete pole figures
following the methods described previously by Baker et al. and
others.[?”-3% The (200) peak was chosen for its high intensity as
well as ease of subtraction of the diffuse scattering background.
The pole figures show a dramatic thickness dependence in
the unannealed samples as a significant narrowing of the pole
figure is observed as the film is made thinner, indicating that

n-stacking
direction
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the changes occurring in texture and DoC
were not quantified.

In order to give a description of the angular
distribution of crystallites in the film we cal-
culate the integral breadth of the pole figures
(Figure 4d). The integral breadth is defined
as the width of a rectangle having the same
area and the same height as the pole figure
(including the resolution limited peak), and
provides a measure of the crystallite angular
distribution. The integral breadth steadily
increases with thickness for the unannealed

Figure 2. Characterization of PBTTT microstructure, both unannealed (left) and annealed
(right) spun cast, isotropic thin films. a) 2D grazing incidence diffraction of =20-nm films.
b) AFM height mode images of =20-nm films.

the fiber texture of the film is improving. Upon annealing, all
samples take on a tighter angular distribution of crystallites and
the shape of the pole figures does not change significantly with
thickness (Figure 4a,b). Note the presence of a resolution lim-
ited peak (located at y = 0°). This peak results from perfectly
oriented crystallites whose alkyl stacking direction is exactly
parallel to the substrate normal,!! and it increases dramatically
upon annealing. By integrating the area under the pole figure
(as described in the Supporting Information), the thickness-nor-
malized relative degree of crystallinity (DoC) was calculated for
each film (Figure 4c). For the sake of comparison, the DoC of
all films is divided by that of the most crystalline film to provide
a relative DoC. When the relative DoC is plotted as a function
of film thickness, a dramatic drop in crystallinity is observed
when film thickness falls below 20 nm for both annealed and
unannealed films. Above this thickness the crystallinity is rela-
tively constant with thickness for both the annealed and unan-
nealed films. Despotopoulou et al. observed similar behavior in
films of poly(di-n-hexylsilane) and suggested that this thickness
represents a critical nucleus size for formation of crystallites.?*
Joshi et al. also found a decrease in the degree of crystallinity
with decreasing film thickness for the conjugated polymer
poly(3-hexylthiophene) (P3HT).?Y The P3HT crystallites were
also observed to be much less textured for film thicknesses
above 20 nm but become “pinned” such that the alkyl stacking
direction is parallel to the substrate normal in thinner films, a
similar trend to that observed in PBTTT.[?*l Although X-ray dif-
fraction techniques were used to show these trends in P3HT,
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films, indicating a less preferential angular
distribution, as the crystallites have more
rotational freedom when they are not pinned
between the top and bottom interfaces. We
also determined the fraction of the total
crystallinity which is perfectly oriented and
hence in contact with the dielectric interface,
as this is the only surface which could cause
the crystallite alkyl stacking direction to be
exactly parallel to the substrate normal. In
the unannealed films, this perfectly-oriented
crystalline fraction is extremely small. This
finding agrees with the work of Zhou et al,,
suggesting that the crystallites do not form
when the polymer dries on the substrate
but rather that crystalline nuclei are already
present in solution and simply precipitate
on the substrate during casting.?? Upon
annealing, the integral breadth becomes
very narrow at all thicknesses and does not vary significantly
with thickness. This change is due in large part to a dramatic
increase in the volume fraction of perfectly oriented crystallites,
which accounts for close to half of the total film crystallinity in
the annealed samples. During the annealing process the dis-
tribution of crystallites is no longer kinetically limited and the
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Figure 3. Mobility measurements taken in a bottom-gate FET device
architecture for unannealed (grey circles) and annealed (black squares)
films as a function of thickness. Thin solid lines are added as a guide
for the eye.
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Figure 4. a,b) Pole figures of (200) peak for a series of unannealed (a) and annealed (b) film thicknesses. Peak intensities are normalized with respect
to each other for comparison of film textures and are not indicative of total degree of crystallinity. c) Total relative degree of crystallinity normalized to
most crystalline film. Thin solid lines are added as a guide for the eye. d) Integral breadth of (200) pole figure.

majority of crystallites reorient with the alkyl stacking direction
nearly parallel to the substrate normal. This edge-on packing
structure is thought to be thermodynamically favorable for pol-
ythiophenes deposited on a silicon dioxide dielectric, although
this phenomenon is not well understood.>*34

The quantitative analysis of the pole figures also provides
insight into the microstructural processes occurring during
annealing and how they affect charge transport. Below we will
show how crystallites grow through the thickness of the film
and reorient to conformations more favorable for charge trans-
port during the annealing process. Using a method related to
the analysis of Williamson and Hall we can calculate the crys-
tallite size in the lamellar direction, normal to the substrate
surface (Supporting Information Figure S1).1°! For unannealed
films the crystallite size matches the film thickness until the
film reaches 20 nm. At this point the crystallite size stays con-
stant for thicker films, suggesting a characteristic crystallite size
of =20 nm for PBTTT in the lamellar direction. This constant
crystallite size supports the argument that the crystallites are
nucleated in solution and not during the spin-casting process.*?!
However, we cannot rule out the possibility that crystallites also
form as the solvent evaporates and the solution becomes super-
saturated during spin casting. When annealed, the PBTTT crys-
tallite size in the lamellar direction matches the film thickness.
Hence upon annealing the crystallites grow from the substrate
throughout the film thickness. In films thicker than =20 nm,
after accounting for the crystallite size in the lamellar direction,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the ratio of the perfectly-oriented crystallinity in annealed films
to unannealed films is between 20 and 100 (Supporting Infor-
mation Figure S2). Hence we conclude that upon annealing not
only do the crystallites grow throughout the film thicknesses,
but more perfectly-oriented crystallites form as well. Since
these must be in contact with the substrate, a larger fraction of
the substrate/semiconductor interface is covered by perfectly-
oriented crystallites. The ratio of the annealed to unannealed
perfectly-oriented DoC is:

(DOC)y _
(DOC)y

where A is the total area of perfectly-oriented crystallites in the
substrate plane and t is the crystallite thickness in the normal
direction. The thickness of crystallites in unannealed films is
~20 nm while that of crystallites in annealed films is equal to
the film thickness. For a =35 nm film for instance, the intensity
arising from the perfectly-oriented peak in annealed films is
approximately 65 times that of the unannealed films. However,
this number must be normalized by the crystallite thickness,
20 nm for the unannealed film and 35 nm for the annealed
film. We conclude that in a 35-nm annealed film the total area
of perfectly-oriented crystallites at the substrate/semiconductor
interface is =40 times larger than in an unannealed film, while
the total DoC increases by less than a factor of two. This fact
is a likely indication that during annealing crystallites already
present realign to become better oriented with the substrate

(Axt),
(Axt),
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leading to a dramatic increase in highly oriented crystallites but
not a very large overall crystallinity increase. This reorientation
is made possible by the chains in existing crystallites becoming
mobile after our annealing to above the liquid crystalline transi-
tion temperature of =150 °C.24 As a result, at the interface the
local DoC may not increase substantially upon annealing but
the relative orientation distribution tightens very significantly.

Our quantitative microstructural analysis allows us to con-
clude that for unannealed PBTTT films thicker than 20 nm,
increasing the film thickness results in broadening the crys-
tallite texture. Annealing such films on the other hand mainly
results in reorienting those crystallites and dramatically
decreases their texture breadth. Only a modest increase in the
overall DoC however is observed upon annealing.

In ultrathin films (thickness <20 nm) on the other hand, the
pole figure measurements indicate that the DoC of PBTTT is
strongly suppressed. This effect is much more pronounced in
annealed films, where the relative DoC drops by a factor of =4
when the film thickness changes from 32 nm to 5.5 nm. In
unannealed films, a 32 nm film is =2.5 times more crystalline
than a 5.5 nm film. The thickness at which crystallinity begins
to drop in PBTTT closely matches the characteristic crystallite
size (=20 nm) found in unannealed films. Frank et al. observed
a similar phenomenon in ultrathin films of a non-conjugated
semicrystalline polymer with a comparable characteristic crys-
tallite size. This suppression in crystallinity was attributed to a
critical nucleus thickness needed for ordered crystallite forma-
tion.[2>3¢ The drop in PBTTT crystallinity for films below 20 nm
is likely due to a similar phenomenon. In PBTTT films below
approximately 10-nm thick, the total DoC does not change sig-
nificantly with annealing, however the crystallite orientation
distribution becomes slightly narrower. This data suggests that
during annealing in ultra-thin films, the formation of new crys-
tallites and the growth of preexisting crystallites is strongly sup-
pressed due to the presence of the interfaces, but the crystallites
already present have the ability to rearrange their orientation to
a more energetically favorable microstructure, as observed in
thicker films.

Having characterized the microstructure of PBTTT films as
a function of thickness and thermal treatment, we measured
the charge transport properties of these films. The thickness
dependence of mobility in the unannealed films provides insight
into the factors limiting charge transport. Indeed, the mobility
in unannealed films drops from =0.14 cm?/V -s for 30 nm films
to =0.04 cm?/V-s in 90 nm films. The overall DoC is constant
for unannealed films thicker than 30 nm (Figure 4c) suggesting
that the local DoC at the semiconductor/dielectric interface is
also constant in all these films, as observed with the perfectly-
oriented fraction and supported by the fact that these films are
all thicker than the characteristic crystallite thickness (=20 nm).
The constant DoC as a function of thickness is in agreement
with the hypothesis that crystallites do not form on the substrate
during drying. Furthermore, no major morphology difference is
observed by AFM as a function of thickness. Moreover, in-plane
coherence length estimates were performed for all films as a
measure of crystallite quality in one of the fast transport direc-
tions. These were obtained from the FWHM of the pi-stacking
peak (Supporting Information Figure S$3).73% The coher-
ence length in the m-stacking direction is essentially constant
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at all film thicknesses and therefore cannot be the cause of
the mobility decrease. Additionally, no correlation is observed
between highly oriented crystallinity and charge carrier mobility
suggesting that the highly oriented crystallites (which are a
small fraction of the film anyway) are not the limiting factor
in charge transport. The integral breadth of unannealed films
on the other hand varies strongly as a function of thickness,
from 2° in 20-nm-thick films to 9° in 90-nm-thick films. The
integral breadth calculated for each thickness is a good descrip-
tion of how the crystallites are oriented with respect to each
other throughout the film. A similar orientation distribution is
likely found in close proximity to the polymer-dielectric inter-
face as well. The hypothesis that crystallites nucleate in solution
indicates that the primary effect of the interfaces on texture is
to confine the angular distribution of crystallites during spin
coating. It is therefore expected that while changing the film
thickness affects the distribution of crystallite orientations, this
distribution will be relatively constant throughout the thickness
of the film.

Transport models suggest the electronic properties of the
boundary between two adjacent grains depend primarily on
their relative orientation.’?) This model is supported by the
large anisotropy of charge transport due to misaligned grain
boundaries found in aligned polythiophene thin films.[*0-#2
Our observation of a gradual decrease in mobility (as depos-
ited films) as the integral breadth of crystallites increases in
progressively thicker films of PBTTT strongly suggests that
intergranular transport limits carrier mobility in unannealed
films. Films with a broader distribution of crystallite orienta-
tions show a lower mobility due to the increased misalignment
between neighboring crystallites and the suppression of charge
transport that accompanies this. Indeed, as a result of the larger
misorientation, the number of percolating paths available to
charges is diminished.

Upon annealing films thicker than 20 nm, on the other
hand, the density of perfectly-oriented crystallites at the inter-
face increases dramatically. This increase is due to a micro-
structural rearrangement where crystallites reorient more favo-
rably for charge transport. Such rearrangement is accompanied
by a mobility increase upon annealing, which suggests that
intergranular transport governs mobility in PBTTT. Because
the dielectric/semiconductor interface is the same for all thick-
nesses after this reorientation process, field-effect mobility does
not depend on film thickness in annealed PBTTT films.

In order to confirm these microstructure-mobility correla-
tions, we performed a series of measurements of temperature-
dependent current-voltage characteristics of TFTs to better
understand what led to the changes in charge transport. The
measurements were fit to the mobility edge (ME) model. Details
of the model, implementation, and fitting procedure can be
found elsewhere.>->1 Briefly, in the ME model, charges are
divided into mobile holes, with a mobility ty, and holes trapped
in an exponential distribution of states having a characteristic
depth E;, and a density N,. ME model parameters were obtained
by least-squares fitting a set of temperature-dependent transfer
curves. A typical transfer curve representative of all devices,
showing excellent agreement with the ME model, is shown
in Figure 5. The results of the modeling show an increase of
the parameter U, upon annealing. Furthermore, 1, decreases
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2000 improvement in crystalline texture as well as a decrease in
1800 < crystallinity as the film thickness was lowered in P3HT.[2>>2
o Additionally, they found a relatively constant mobility with film
16001 X thickness, except for a large drop in mobility for very thin films
1400 ; (<10 nm) which was attributed to an increase in disorder. While
* morphologically this behavior is similar to the unannealed
< 1eter PBTTT samples, PBTTT displays a peak in mobility before
< 1000} dropping off again in thicker films. We attribute this difference
= -l to the higher inherent crystallinity of PBTTT. As more of the
film volume is composed of crystalline material, such as in the
600 case of PBTTT, the connections between crystallites, especially
400 their dependence on relative orientations, become increasingly
important. In P3HT on the other hand, non-crystalline aggre-
200 gates play a more important role and as a result the orienta-
04 g tion of the crystallites with respect to each other does not affect
0 10 20 30 40 50 60

Figure 5. Transfer curves (points) and ME model fit (lines) of 105 nm
unannealed PBTTT film for Vp=-5V.

in unannealed films as they are made thicker. On the other
hand, the total density of traps, N,, remains relatively constant
(Table 1). The modeling results are consistent with an enhance-
ment of the film conductivity due to an increase of the number
of percolation paths caused by the reorientation of crystallites
near the semiconductor-dielectric interface, while the overall
crystalline quality remains unaffected. Indeed, p, reflects the
trap-free mobility of charges, which must correlate positively
with the number of available transport paths.

In films thinner than 20 nm on the other hand, charge car-
rier transport is not limited by crystallite orientation. Recall that
in films thinner than 20 nm, both annealed and unannealed,
the mobility decreases as film thickness is decreased while tex-
ture does not change significantly with thickness. From these
trends we conclude that charge carrier transport is not limited
by crystallite orientation, but by degree of crystallinity. While
the absolute degree of crystallinity is not known, it is reasonable
to assume that because the thinner films are 20-80% as crystal-
line as the most crystalline films, we are in a regime close to the
percolation limit for crystallites. In this region one would expect
the mobility to depend strongly on DoC. Although the scaling
of mobility with DoC is expected to be quite complicated, and
other factors such as crystalline perfection may intervene, the
observed mobility does drop sharply in thinner films.

The thickness dependent morphological and electrical
behavior of PBTTT shows some similarity to that of P3HT
as well as several distinct differences. Joshi et al. found an

Table 1. Mobility Edge model parameters obtained for different film
thicknesses and annealing conditions.

Uo Ey N Dpand

[cm?/Vs] [meV] [em™] [cm™
20 nm unnanealed 3.8 31 2.0x10-1 2x10™
20 nm annealed 6.6 32 1.8x 101 2x10™
105 nm unannealed 0.7 32 1.7x 101 2x10™

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mobility as significantly as in unannealed PBTTT as long as the
texture is predominantly edge-on. PBTTT also displays unique
behavior not found in P3HT due to the fact that it can be
annealed into a liquid crystalline phase. Crystallites were found
to exhibit a characteristic size (=20 nm) in unannealed films of
PBTTT that grew throughout the film thickness during thermal
annealing, while the crystallite size in P3HT was found to gen-
erally increase with thickness but did not show any strong cor-
relation or characteristic size.?l After annealing, PBTTT dis-
plays a similar mobility trend to as-cast P3HT, but the constant
mobility in thicker films of PBTTT is due to the rearrangement
and growth of perfectly-oriented crystallites at the semicon-
ductor-dielectric interface, a process which cannot be mimicked
in P3HT. Together, these two materials provide useful insight
into many of the different factors affecting charge transport in
semicrystalline polymer semiconductors.

3. Conclusions

In conclusion, we have investigated the effects of interfaces on
the microstructure and charge carrier mobility in thin films of
PBTTT. Film texture is significantly affected by the presence of
interfaces in unnannealed films while in annealed films crys-
tallites rearrange and grow through the thickness of the film
leading to similar textures for all film thicknesses. By cor-
relating our microstructural characterization with transport
measurements we demonstrate that the high carrier mobility
in PBTTT is due not only to the material's inherent crystallinity,
but more importantly to the well oriented crystallites within the
film which allow charges to travel easily between neighboring
crystalline domains. When the film thickness drops below a
certain critical value, the formation of crystallites is strongly
inhibited and the charge carrier mobility drops due to the
decrease in crystalline fraction. In unannealed films thicker
than 20 nm or ultrathin films-both annealed and unannealed—
ultimately transport is always governed by percolation through
crystallites. If there is an abundance of crystallites (e.g., unan-
nealed films thicker than 20 nm), the number of percolating
paths is controlled by crystalline texture. If there is scarcity of
crystallites, the number of percolating paths is controlled by
crystallite density. The different thickness-dependence of these
two factors (crystallite density and crystallite orientation) leads
to an optimal PBTTT thickness at which mobility is maximized

Adv. Funct. Mater. 2013, 23, 2091-2098
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in both unnannealed and annealed films. It should be empha-
sized that uncovering such correlations is only possible because
quantitative X-ray measurements are used throughout this
work.

This work suggests that for many of the applications in
which polymer semiconductors are used, film thickness is of
critical importance. Increasing the active layer thickness not
only requires the use of more material, but it may ultimately
inhibit device performance. Efforts into improving perform-
ance of electronic devices should therefore not focus solely on
developing new materials and testing them in bulk, but should
also consider how these materials interact with interfaces and
form films in confined geometries.

4. Experimental Section

Materials: Poly(2,5-bis (3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene),
(PBTTT-C14), (M, = 22 kDa, M,, = 44 kDa), was prepared as previously
described.t®!

Film Fabrication: Isotropic films were spun cast from solution
(120 mg mL™") from 1,2-dichlorobenzene (DCB) at 1200 rpm.
Annealed films were heated on a hot plate at 180 °C for 20 min. Films
used for XRD were spun on silicon with native oxide; those for devices
were prepared as described below. All substrates were treated with an
octadecyltrichlorosilane (OTS) self assembled monolayer after a 20 min
UV-ozone treatment. Spun film preparation was done in a N, glove box
(<1 ppm O;).

X-Ray and AFM Characterization: X-ray scattering was performed at
the Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 7-2
(high resolution grazing incidence), 2-1 (high resolution specular data),
and 11-3 (2D scattering with an area detector, MAR345 image plate, at
grazing incidence). The incident energy was & keV for beam lines 7-2 and
2-1, and 12.7 keV for beam line 11-3. The diffracted beam was collimated
with 1 milliradian Soller slits for high resolution in-plane scattering and
with two Tmm slits for specular diffraction. For both grazing incidence
experiments, the incidence angle was slightly larger than the critical
angle, ensuring that we sampled the full film depth. Scattering data are
expressed as a function of the scattering vector q = 4msin(6)/A, where
6 is half the scattering angle and A is the wavelength of the incident
radiation. Here, g,, (q,) is the component of the scattering vector parallel
(perpendicular) to the substrate. AFM characterization was performed
with a PARC Systems XE-70, in noncontact mode.

Transistor Fabrication and Testing: Films for device characterization
were spun on Si substrates with a 200-nm layer of thermally grown
oxide treated with an OTS self assembled monolayer. After spinning the
active layer, thermally evaporated gold source and drain contacts were
deposited. Relatively long channel lengths of 70-200 um were used to
avoid contact resistance effects. Mobility was evaluated in the linear
regime for 4-5 devices per thickness.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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