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Rational Design of Organic Semiconductors for Texture
Control and Self-Patterning on Halogenated Surfaces

Jeremy W. Ward, Ruipeng Li, Abdulmalik Obaid, Marcia M. Payne, Detlef-M. Smilgies,
John E. Anthony, Aram Amassian,* and Oana D. Jurchescu*

Understanding the interactions at interfaces between the materials consti-
tuting consecutive layers within organic thin-film transistors (OTFTs) is vital
for optimizing charge injection and transport, tuning thin-film microstructure,
and designing new materials. Here, the influence of the interactions at the
interface between a halogenated organic semiconductor (OSC) thin film and

a halogenated self-assembled monolayer on the formation of the crystalline
texture directly affecting the performance of OTFTs is explored. By correlating
the results from microbeam grazing incidence wide angle X-ray scattering
(LGIWAXS) measurements of structure and texture with OTFT characteristics,
two or more interaction paths between the terminating atoms of the semi-
conductor and the halogenated surface are found to be vital to templating a
highly ordered morphology in the first layer. These interactions are effective
when the separating distance is lower than 2.5 d,,, where d,, represents the van
der Waals distance. The ability to modulate charge carrier transport by several
orders of magnitude by promoting “edge-on” versus “face-on” molecular orien-
tation and crystallographic textures in OSCs is demonstrated. It is found that
the “edge-on” self-assembly of molecules forms uniform, (001) lamellar-tex-
tured crystallites which promote high charge carrier mobility, and that charge
transport suffers as the fraction of the “face-on” oriented crystallites increases.

skin.'*1 The unique properties of such
materials enable new paradigms for device
manufacturing that go beyond the limita-
tions of their a-Si:H counterpart and sig-
nificantly reduce the cost and complexity
of processing. For example, it has been
shown that high performance organic
single crystal and thin-film devices can
be simultaneously deposited and pat-
terned using ink-jet printing,[®’! and that
both the OSC and dielectric layers can
be deposited in a one-step process by
controlling their phase-separation from
the mixed solution.®! In these demon-
strations, the relationship between the
OSC and its interfaces within the device
was successfully exploited to achieve the
desired morphology. However, there is
little insight into the roles of molecular
design and interfacial interactions on
molecular self-assembly in the context of
heterogeneous nucleation at the solution-
solid interface.l'% A recent development

5052  wileyonlinelibrary.com

1. Introduction

Solution processable organic semiconductors (OSCs) promise
to allow mass-production of electronic devices at a low-cost, on
flexible substrates such as plastics, paper and even on human
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in this area is the successful use of fluo-

rine—fluorine (F-F) interactions between
the conjugated molecule and the surface to control crystalli-
zation and engineer film ordering.’»"'5 Fluorine-terminated
OSCs can exhibit a differential microstructure when deposited
on surfaces selectively treated with fluorinated self-assembled
monolayers (F-SAM): the formation of crystalline domains con-
sisting of (001)-textured lamellar sheets of molecules, with in-
plane m-stacking capable of effectively transporting charges at
the semiconductor-dielectric interface, only occurs on and in
the vicinity of regions where the F-F interactions are present.
The surrounding regions exhibit a mixture of crystalline tex-
tures, which inhibit effective carrier transport, slowing it down
by several orders of magnitude. The interface-driven growth
behavior yields improved device performance by self-patterning
the organic thin-film transistors (OTFTs) over an array of elec-
trodes.l'31*l Our earlier investigations identified the role that
the F-F interactions between the F-SAM and a fluorinated
OSC have on the development of the crystalline order within
the organic film and evaluated their strength with respect to the
van der Waals intermolecular interactions.['?l However, the gen-
erality and the limitations of OTFT microstructural patterning
via F-F interactions are not known. This insight is deemed
crucial for the rational design of novel molecular structures
coupled with surface treatments to enable high performance
bottom-contact OTFT devices. The identification of appropriate
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combinations of interfacial layers and OSCs can also assist in
the development of cost-effective, bottom-up self-patterning
procedures for organic electronic structures. We have therefore
designed a series of experiments based on several combina-
tions of F-SAMs and halogenated-OSCs to investigate F—F and
F-S interactions. Displayed in Figure 1 is the chemical struc-
ture of the OSCs we employed in this study: (a) diF-TES ADT
(2,8- difluoro-5,11-bis(triethylsilylethynyl) anthradithiophene)
referred to as ADT, (b) diF-TIPS Pn (a 1:1 isomeric mixture of
1,8- and 1,11-difluoro 6,13-bis(triisopropylsilylethynyl) penta-
cene) referred to as Pn, and (c) diF-TSBS PDT (2,10-difluoro-
5,13-bis(tri-sec-butylsilylethynyl) pentadithiophene) referred to
as PDT. Each of the above molecules crystallizes into lamellae
with in-plane 2D-brickwork packing motif, which is necessary
to achieve an “edge-on” co-facial packing within the OSC layer
favoring 2D in-plane charge transport. The packing motif is
crucial, as we have previously shown the interactions between
the F-semiconductor and F-SAM are not sufficiently strong to
modify the growth pattern of other packing motifs.'>1617 The
ADT and PDT promote both F-F and F-S interactions with
the F-SAM, while the Pn only allows the F-F interactions.
This chemical difference offers us an experimental platform
for the investigation of a secondary interaction, F-S, that was
suggested to impact the microstructure within the organic
films.['® The length of the heteroacene backbone and its ori-
entation with respect to the surface normal affect the distance
between interacting terminal atoms and provide different inter-
action strengths for each of the three cases. The two F-SAMs,
pentafluorobenzenethiol (PFBT) and 4-fluorobenzenethiol
(4-MFBT), allow either one (4-MFBT) or multiple (PFBT) F-F
interaction opportunities.

By correlating the crystalline texture from microbeam
grazing incidence wide angle x-ray scattering (WGIWAXS) with
electrical properties derived from OTFT measurements, we
find that two conditions are necessary for successfully estab-
lishing the differential microstructure which promotes self-
patterning and high electronic performance. First, at least two
anchoring points must be established. These atoms originating
from either the semiconductor or the F-SAM can connect with
molecular moieties within the consecutive layer via F-F and/
or F-S interactions. We believe this bonding, once established,
can prevent any molecular twist in the first layer of the organic
film and thus promotes the formation of a highly ordered
templating layer. Second, when the separation between the
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interacting atoms is larger than about twice the sum of their
van der Waals radii, the F-F and F-S interactions are too weak
to dictate the polycrystalline texture within the film.

2. Results and Discussion

2.1. Structural Characterization

We have utilized uGIWAXS mapping, a method previously
developed to map the microstructural heterogeneities of the
OSC within OTFTs,I'"l to determine the preferred microstruc-
ture and texture of the OSC on top of the untreated and F-SAM-
treated Au electrodes and within the channel of the transistor, as
shown in Figure 2 and Figure 3. The treated Au surfaces main-
tain uniform, monolayer coverage for both F-SAMs, as sug-
gested by our previous polarized modulated-infrared reflection
absorption spectroscopy (PM-IRRAS), goniometric and Kelvin
probe measurements.'2 As expected, all organic thin films
were found to be highly crystalline. In the absence of a surface
treatment, the crystalline texture of the semiconductor thin film
consisted of a mixture of “edge-on” and “face-on’-oriented crys-
tallites on the electrode and in the channel. However, the micro-
structure on the F-SAM-treated electrodes consisted of either
purely “edge-on” oriented crystallites or of a mixture of orien-
tations in various relative intensities (quantities), depending
upon the choice of F-SAM, molecule and combination thereof,
as will be discussed below. Note that for all three molecules,
the “edge-on” molecular orientation presents the (001) texture,
with the a-b plane and the m-stacking in the plane of the sub-
strate, favoring good in-plane charge transport. On the con-
trary, the “face-on” orientation is geometrically ineffective for
in-plane charge transport in OTFTs, present in the (111) texture
of diF-TES ADT and (101) texture of diF-TIPS Pn and diF-TSBS
PDT, respectively, as shown in Figure 3d-f. Mixtures of these
two orientations also suffer from lower mobility, depending
upon the relative amount of “face-on” oriented crystallites in
the film.2l Thus, self-patterning by differential microstructure
is successful when the regions containing a pure (001) texture
are present on the F-SAM-treated Au electrode and extend to its
immediate vicinity (up to tens of microns) to completely cover
the critical channel of the OTFT, and they are surrounded by
regions consisting of a mixture of orientations. As all the mole-
cules studied herein crystallized in mixed orientations on the

© \H

Figure 1. Chemical structures for (a) diF-TES ADT (ADT), (b) diF-TIPS Pn (Peri) (Pn), and (c) diF-TSBS PDT (PDT).
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Figure 2. LGIWAXS patterns showing the diffraction pattern on films of Pn on (a) Untreated gold substrate, (b) 4-MFBT treated gold substrate, and
(c) PFBT treated gold substrate. Peaks circled in yellow are associated with (001)-textured crystals, whereas the peaks identified by the red ovals are
associated with (101)-textured crystals. A section of the intense Au (111) ring is also visible in the top left corner.

oxide regions located far from the electrodes, we will focus our
comparison to the structural development directly on top of the
F-SAM-treated Au electrodes. In Figure 2, we show representa-
tive UGIWAXS patterns for Pn on the electrode regions of the
device (similar data was collected for ADT and PDT devices and
the results are shown in Figure S1). Based on such scans on all
material-SAM combinations (Figure 3), we have estimated the

fraction of “edge-on” and “face-on” crystallite orientations across
the entire device.l?

In Figure 4a, we plotted the fraction of “edge-on” oriented
crystallites for each combination of molecule/F-SAM. A sum-
mary of the film texture for each molecule-F-SAM combination
is also summarized in Table 1 and details about the determi-

nation of the fraction of “edge-on” orientation are provided in
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Figure 3. (a—c) Structural maps of bottom-contact OTFTs determined from LGIWAXS analysis. The top row of each figure denotes the gold electrodes
and the bottom three rows denote the fractions of “edge-on” (blue) and “face-on” (red) orientations on PFBT/Au, 4-MFBT/Au, and untreated (UT)
Au for (a) ADT, (b) Pn, and (c) PDT. (d—f) Schematic representations of the <001> and <111> molecular orientation for (d) ADT, (e) Pn and (f) PDT.
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Figure 4. (a) Relative “edge-on” oriented content for ADT, PDT, and
Pn deposited on PFBT (Blue), 4-MFBT (Red) and untreated substrates
(Black). (b) Schematic illustrating the relationship between the OSC and
the F-SAM for the cases when both F-F and F-S bonding present and
(c) only F—F bonds are present.

Table S1. As expected, all the materials in question adopt a
mixed orientation on untreated Au electrodes (black). In cases
of the Pn and ADT molecules, the “face-on” orientation of crys-
tallites is fully inhibited in thin films formed on PFBT/Au elec-
trodes (blue). However, unlike ADT, Pn forms into a mixture
of orientations when deposited on 4-MFBT/Au (red), despite
the presence of the F-F interaction, suggesting that there is a
threshold of minimum number of halogen bonds to influence
molecular orientation and crystallographic texture. One F-F
anchor, as in the case of Pn on 4-MFBT/Au, does not appear
to be sufficiently strong to impede the growth of the “face-on”
orientation. In the cases of Pn on PFBT and ADT on 4-MFBT
or PFBT, there are multiple halogen bonding opportunities,

Table 1. Summary of crystalline orientations detected by uGIWAXS for
different F-SAM/OSC combinations.

Material PFBT 4-MFBT Untreated

diF-TES ADT (001) (001) (001) & (117)
diF-TIPS Pn (Peri) (001) (001) & (101) (007) & (101)
diF-TSBS PDT (001) & (117) (001) & (101) (001) & (101)
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in the forms of F-F and/or F-S (Figures 4b,c), with the F/S
atoms originating either from the SAM or the semiconductor.
Such interactions can establish several active halogen bonds,
obstructing molecular conformational changes and possibly
anchoring the molecule onto the fluorinated surface in an ori-
entation that favors growth of (001)-textured lamellar crystal-
lites. The formation of 100% “edge-on” orientation of Pn crys-
tallites on PFBT/Au suggests that two bonding opportunities
are sufficient, here in the form of F-F interactions (Figure 4c),
to successfully achieve a pure preferential orientation of the
molecules at the surface of the treated electrodes. The single
F-F path in the Pn/4-MFBT case, possibly together with “sur-
face templating” provided by the aromatic SAM, encourages a
higher content of “edge-on” crystallite orientation in Pn films
on 4-MFBT/Au (28 + 4.3%) compared to the case of untreated
Au (10 £ 1.1%), but it is not sufficiently strong to promote the
formation of a purely (001)-textured film, similar to the case of
other OSC-SAM combinations.21:22]

We now explore whether the formation of the pure (001)
texture can be generalized for molecular systems containing
F and S terminating atoms and deposited on an F-SAM surface.
We performed similar measurements using PDT (Figure 1c), a
molecule with a longer backbone, oriented at an 8.4° angle with
respect to the surface normal. We found that in PDT, the presence
of F-SAMs cannot suppress the formation of the (101) textured
“face-on” orientation, even when several F-F and F-S anchors
are afforded by the respective SAM and semiconductor molecular
structures (Figure 4b). To understand these results we inspected in
more detail the possible interactions at the F-SAM-OSC interface.

2.2. Interface Interactions Analysis

In Figure 5, we present a schematic view of the molecular ori-
entation with respect to the substrate for a (001)-textured crystal
viewed along the b-axis. The backbone orientation relative to the
a-b plane is similar for each molecule and the angle with the
substrate is provided in Table 2. The crystal structure was ana-
lyzed using CrystalMaker software.l?’l We define the F-F and
F-S separations, dg.r and dg., as the distances between the F or
S termination of the OSC molecule to the F termination of the
SAM, which corresponds to a plane through the highest point
of the F-SAM layer. This assumption is valid for both SAMs, as

Figure 5. Schematic drawing of the relationship between the OSC back-
bone, substituent groups (SG) and the top of the F-SAM (represented
as a dotted line).
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Table 2. Comparison of Molecular Backbone to Substrate Angle and
Relative Molecule-SAM Distances.

Material Angle der drs
[ ) )
diF-TES ADT 20.7 5.13 5.13
diF-TIPS Pn (Peri) 2.5 4.49 -
diF-TSBS PDT 8.4 8.25 7.63

their orientations with respect to the surface normal are similar,
with the aromatic ring slightly tilted with respect to the surface
normal and the F-atom pointing upwards.'”) The distances for
each compound are provided in Table 2. By correlating the esti-
mated F-F and F-S separation distances with the experimental
results provided in Figures 2,3 and 4, the current study pro-
vides a lower limit for the dpy and dgg for which the interac-
tion is strong enough to promote long range order and inhibit
the formation of the “face-on” oriented crystallites. We find that
when the separation distance is 1.75-dy or less, where dy is
the sum of the respective van der Waals radii, the formation of
a pure “edge-on” orientation is observed for all cases explored
herein.?*l This condition is achieved in the case of ADT and
Pn molecules. In PDT the F-F and F-S interactions are weak
as a result of relatively large separation induced by the back-
bone orientation (~2.5-dy). As a result, while the formation
of (001)-oriented crystallites is observed, the presence of the
F-SAM does not inhibit the formation of the “face-on” oriented
crystallites. These results indicate the upper limit for the inter-
action distance lies within the range 1.75-dy < dp.g/s < 2.5-dy-

2.3. Electrical Characterization

Organic thin-film transistor measurements were performed as
a means to investigate the impact of the film's microstructure
and texture on the effectiveness of charge transport. In Figure 6,
we show plots of the FET current-voltage characteristics: the
evolution of the drain current versus the gate-source voltage
(VI versus Vgg) for representative devices of ADT (Figure 6a),
Pn (Figure 6b) and PDT (Figure 6¢) biased in the saturation
regime (source-drain voltage, Vpg = —40 V). The evolution of
the drain current versus the drain-source voltage for each sem-
iconductor-treatment pair are shown in Figure S2. The graphs
in Figure 6 correspond to untreated contacts (black), 4-MFBT
(red), and PFBT treated (blue) electrodes, respectively. For all
devices the channel lengths are sufficiently short that when the
halogen interactions are effective, the crystallization induced
from the electrodes into the channel inhibits the formation of
“face-on” oriented crystallites.

The slope of the curves presented in Figure 6 yielded the
field-effect mobility (1) using the following relation:

IR ENITAY
_(LJ 0

"W, | Vs

where C; = 17.3 nF cm™ is the geometrical capacitance of
the dielectric and L and W are the channel length and width,
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Figure 6. Evolution of the drain current, Ip, with gate voltage, Vs, for (a)
ADT, (b) Pn, and (c) PDT thin films on untreated (Black), 4-MFBT treated
(Red), and PFBT treated (Blue) gold electrodes. The devices are meas-
ured at Vps = —40 V with a transistor geometry of L =5 um (ADT) or L =
15 um (Pn and PDT), W = 1000 um, and oxide thickness of t,, = 200 nm.

-40

respectively. The reported averages were calculated based on
the results obtained on at least 5 devices. Devices fabricated
on ADT films deposited on PFBT and 4-MFBT treated elec-
trodes showed high currents and produced similar mobilities
of Uppprjau = (1.23 £ 0.09) x 107! cm? V™' 57! and Wy mppryjau =
(9.7 £ 1.2) x 102 cm? V7! s71, respectively. Films deposited on
untreated electrodes exhibited nearly two orders of magnitude
poorer performance, with 1y, = (1.8 £ 0.5) x 107> cm? V! g7
The lower mobility is a result of higher injection barrier at the
metal/OSC interface in the absence of the F-SAM, and due
to the presence of the mixed molecular orientations, with the

Adv. Funct. Mater. 2014, 24, 5052-5058
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“face-on” (111)-oriented crystallites hindering in-plane charge
transport and intergrain transport due to large crystallographic
misorientation.[1

Measurements performed on devices fabricated using
Pn films also echo the differences determined in our struc-
tural studies: the OTFTs fabricated on PFBT-treated elec-
trodes showed the highest mobility with Wpppra, = (2.1 + 0.2)
x 107 cm? V7! 571, owing to a pure “edge-on” molecular ori-
entation obtained in the presence of favorable F-F interac-
tions. Pn-based devices on 4-MFBT-treated electrodes and on
untreated electrodes showed progressively decreasing perfor-
mances due to the decrease in the amount of (001)-textured
crystallites phase content (Figure 3b). The resulting values for
mobilities are [y vrpay = (7.6 £ 0.4) x 107* cm? V' s7! and
Hay = (9 + 8) X 10 cm? V! s7! for devices based on 4-MFBT-
treated and untreated electrodes, respectively.

When the separation distance between the semicon-
ducting molecule and the F-SAM is too large to promote
halogen-halogen interactions, such as in the PDT case, then
UGIWAXS shows a mixture of orientations on all electrodes
and OTFT devices also yield similar electrical properties for
all types of electrodes. The characteristic mobilities measured
for PDT films are: Upppjay = (1.8 £ 0.4) X 1072 cm? V! 57,
Wamrpmjan = (1.1 £0.3) x 102 cm? V7' s7%, and py, = (8.0 £ 0.7)
x 1073 cm? V! s7L. The slightly higher mobilities obtained on
PFBT/Au and 4-MFBT/Au are a result of the lower injection
barrier created by the work function shift of the F-SAM-treated
electrode.l'Zl Nevertheless, these values are significantly lower
than the one reported for PDT OTFTs deposited by solvent-
assisted crystallization (SAC), where a pure (001) oriented film,
characterized by @ = 1.5 cm? V™' 57! was obtained because of
the slow nature of this crystallization process.?’! The lower
mobility in our thin-films is thus limited by injection into (001)
+ (111) phase and not by the transport through the (001) phase
present in the channel (Figure 3).11?

3. Conclusions

We have investigated the role of interfacial halogenation of the
substrate on mediating texture formation and self-patterning of
polycrystalline OSC films and the resulting effects on charge
transport properties in OTFTs. We demonstrate that OSCs
can either allow or inhibit texture selection based on whether
or not F-F and/or F-S interactions are present at the F-SAM/
semiconductor interface. We report that the presence of two or
more interaction opportunities between F and F/S species per
SAM or per OSC molecule are required to promote molecular
anchoring, which facilitates the formation of high in-plane
mobility textures of the OSC. The halogen interactions are
found to be sufficiently strong to mediate texture only when
the halogen atoms on the molecule and the SAM are located
closer than about twice the respective van der Waals interaction
distances. When these conditions are satisfied, the organic film
exhibits a high degree of texture purity, with crystallites oriented
with the (001) plane parallel to the surface and effective in-
plane m-stacking, resulting in high mobility devices. This study
has provided rare insight directly linking the surface chemistry
of the electrode, the terminating atom of the OSC molecules,
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the resulting film microstructure and the performance of OTFT
devices. This information is vital to enabling the rational design
of OSCs and demonstrates the importance of considering both
the molecule and surface chemistry.

4. Experimental Section

Self-Assembled Monolayer Treatment: SAM treatment solutions were
prepared by dissolving the respective molecules in ethanol (Sigma
Aldrich). The treatment consisted of soaking the substrate for 30 min in
a 30 mM room-temperature solution followed by a 5 min sonication in
an ethanol bath for removal of the bulk layers. The substrates were then
rinsed with ethanol and dried using a stream of N, gas.

Field-Effect Transistor Fabrication and Characterization: The device
characterization was carried out using bottom contact OTFT
structures on a highly doped Si gate electrode with a 200 nm thermally
grown SiO, gate dielectric. The source and drain contacts (5 nm
Ti/45 nm Au) were defined by optical photolithography and deposited
by e-beam evaporation. The substrates were cleaned in hot acetone and
isopropanol, followed by a 10 min UV-ozone exposure, ethanol rinse,
and N, drying. The SAM layers were subsequently applied, as described
in the previous section. The OSCs were synthesized following the
procedures previously reported and were dissolved in a 1.2 wt% solution
in high purity chlorobenzene (Sigma Aldrich).?¢27] The warm (55 °C)
solution was spin cast onto the substrates at a 1000 rpm spinning
speed and the obtained films were placed in a vacuum oven at room-
temperature for 24 h to ensure full solvent removal. The devices were
electrically characterized in a nitrogen environment using an Agilent
4155C Semiconductor parameter analyzer.

UGIWAXS Mapping of OTFT Devices: W\GIWAXS measurements were
performed at D-line, Cornell High Energy Synchrotron Source (CHESS)
at Cornell University. The x-ray beam with a wavelength of 1.155 A and
a wide bandpass (1.47%) was focused into a 10 x 10 um? spot using
a single-bounce X-ray focusing capillary positioned on a V groove. The
samples were placed on the focal point of the capillary (35 mm away
from the capillary tip) and an incidence angle of 2° was chosen to
ensure the beam footprint did not extend beyond the channel width of
individual OTFTs. An optical microscope was located vertically on top
of the sample and was used to monitor the beam and sample locations
using a positionally calibrated crosshair. The beam footprint was imaged
using a polished CdWO_3 crystal as fluorescence target. A square beam
attenuator was placed between the sample and the detector to weaken
5 times of the intense (001) Bragg sheet in the (001) texture, thus
allowing longer integration times for other diffraction peaks without
saturating the detector. A Medoptics CCD detector located 98 mm from
the sample holder was used with an exposure time of 30 s and a lateral
sample scan step of 2 um to collect UGIWAXS maps of each device
according to a mapping procedure previously developed elsewhere.l']
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