J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

High-Performance Organic Thin-Film Transistors of J-Stacked

Squaraine Dyes

Marcel Gsﬁnger,T Eva Kirchner,” Matthias Stolte,” Christian Burschka,” Vladimir Stepanenko,T

Jens Pflaum,” and Frank Wiirthner*"

"Institut fiir Organische Chemie and Center for Nanosystems Chemistry, Universitit Wiirzburg, and *Experimentelle Physik VI,
Universitit Wiirzburg and Bavarian Center for Applied Energy Research (ZAE Bayern e.V.), Am Hubland, 97074 Wiirzburg, Germany

© Supporting Information

ABSTRACT: We have synthesized a series of dipolar squaraine
dyes that contain dicyanovinyl groups as acceptor and
benzannulated five-membered ring heterocycles with alkyl
chains of varied length as donor moieties. Based on these
squaraines, thin-film transistors (TFT) were fabricated by spin
coating and solution shearing. Moreover, with one of these
squaraine derivatives vacuum-deposited TFT's were prepared as
well. Our detailed studies revealed that the transistor per-
formance of the present series of squaraines is strongly dependent
on their structural features as well as on the processing method of
thin films. Thus, solution-sheared OTFTs of selenium squaraine
bearing dodecyl substituents (denoted as Se-SQ-C,,) performed
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best with a maximum hole mobility of 0.45 cm* V™' s, which is by far the highest value yet reported for OTFTs based on squaraines.
This value was even surpassed by vacuum-deposited thin films of n-butyl-substituted selenium squaraine Se-SQ-C,, the only
sublimable compound in this series, exhibiting a record hole mobility of 1.3 cm® V™' s™'. Furthermore, we have investigated the
morphology of the thin films and the molecular packing of these squaraine dyes by optical spectroscopy, atomic force microscopy, and
X-ray diffraction. These studies revealed a relationship between the molecular structure, packing motif, thin-film morphology, and
transistor performance of the squaraine dyes. From the supramolecular point of view two packing features discovered in the single
crystal structure of Se-SQ-Cg are of particular interest with regard to the structure—functionality relationship: The first is the slipped
and antiparalle]l 7-stacking motif which ensures cancellation of the molecules’ dipole moments and J-type absorption band formation in
thin films. The second is the presence of CN---Se noncovalent bonds which show similarities to the more common halogen-bonding
interactions and which interconnect the individual one-dimensional slipped 7-stacks, thus leading to two-dimensional percolation

pathways along the source—drain direction.

B INTRODUCTION

Vast advancement has been made in the past decade in
developing organic semiconductor materials that approach or
even surpass the charge carrier mobility of hydrogenated
amorphous silicon. Such organic semiconductors have been
successfully implemented in a variety of electronic devices such
as organic thin-film transistors (OTFTs)," photovoltaic cells,”
and light-emitting diodes,” thus gaining increasingly more
importance in modern electronics. Small organic molecule-
based semiconductor layers have been widely used to constitute
the active transport channel of OTFTs,' and a few n- and p-type
materials have been reported with remarkably high charge carrier
mobilities beyond the generally considered bench mark of
1 ecm® V™' s For example, a naphthalene diimide (NDI)
derivative has been reported to exhibit electron mobilities of
about 6 cm* V™! s™! in vacuum-deposited OTFTs in air.* On the
side of p-type semiconductor materials, recently record hole
mobilities of up to 8 cm* V™' s™* have been reported for vacuum-
deposited thin films of alkyl-substituted dinaphtho[2,3-b:2",3'f]-
thieno[3,2-b]thiophene.> Among the small organic molecules also
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several classes of organic colorants were reported to be potent
semiconductor materials in OTFTs besides their classical use for
coloring of textiles, paper, food, hair, and so forth. For example,
the semiconducting behavior of phthalocyanines was demon-
strated already in 1948,° and intensive studies on their applica-
tion in OTFTs have evolved since then, revealing hole mobilities
of up to 3.2 cm* V™' s™! for vanadium phthalocyanines.” Further-
more, arylene diimides,® diketopyrrolopyrroles,” thienoacenes, '’
and merocyanines'' have been successfully applied in transistor
devices.

Besides above-mentioned well-studied classes of colorants,
several others are known to possess semiconductivity in thin
films but so far were rarely applied in OTFT devices. Squaraines
are such a class of dyes which are well-known for their strong
absorption and emission in the long-wavelength region
accompanied by a remarkable (photo)stability under ambient
conditions.'”"? They were successfully used as gas sensors,'* in
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Chart 1. Chemical Structures of the Squaraine Dyes Applied in This Work

NC.__CN NC.__CN NC._CN
| |
HeCq, /7 =\ LaHe HiCs 7 =\ LeHiz  HasCra 7 =\ L1z
N =N+ =N+ N =N+
f Se O_ Se i :l Se O_ Se i f Se O_ Se i
Se-SQ-C, Se-SQ-Cg Se-SQ-Cy,
NC__CN NC._CN
| |
H25C12\N J — N,C12H25 H25C12\N /J —\ Lo
=N+ =N+
f s O_ s 5: f o O o i
§-5Q-Cy; 0-5Q-Cy,

bioimaging probes,' for photodynamic therapy, in nonlinear
optics,’® and many further applications.">'” In particular,
squaraine dyes were applied as highly potent p-type semi-
conductor materials in xerographic photoconductors'® and
organic solar cells.'”” However, their applicability in OTFT
devices has yet been explored rather sporadically. Pagani, Marks,
Facchetti, and co-workers reported hole mobilities in the range
of 107 cm® V! s for transistor devices based on squaraine
derivatives."”® Similar values were reported for squaraines,
which were designed for near-infrared light-emitting ambi-
polar organic field-effect transistors,”® nanowire transistors,"
and NIR detectors.”> OTFTs with hole mobilities of around
107 cm? V™! 57! were obtained for the first two cases by spin
coating, while in the latter well-aligned and single crystalline
squaraine nanowires were used as the active layer of transistor
devices (ﬂp =28 X 107* cm?® V! s7!). Acceptor-substituted
squaraines were found to exhibit power conversion efficiencies
(PCE) of up to 1.8% in bulk heterojunction solar cells."**® Spin-
coated OTFTs of these dipolar dyes yielded low hole mobilities
up to 1.3 X 107% cm? V™! 5711998

Nowadays, demand for TFT's deposited on flexible polymeric
substrates has grown for advanced applications such as flexible
displays™ or radiofrequency identification (RFID) tags.** Thus,
deposition methods are required that allow cheap processing of
large-scale thin films on flexible substrates. Drop casting®® and
spin coating®® are two commonly used techniques allowing fast
and easy solution processing of semiconductor thin films. How-
ever, these techniques often afford only amorphous films with
rather modest transistor performance and are not the methods of
choice for large-scale application. Accordingly, alternative solu-
tion processing methods such as inkjet printing,27 zone casting,28
and solution shearing® have been developed to afford more
homogeneous films at lower materials consumption.

Solution shearing deposition technique, initially developed by
7. Bao and co-workers, > has been shown to attain higher film
quality and better control of film morphology than, e.g.,, spin
coating and hence affords superior transistor performance. As
mentioned before, up to now only very moderate mobilities were
achieved for squaraine-based OTFTs. Therefore, we approached
the question whether the OTFT performance of properly
designed squaraine derivatives can be improved by the solution
shearing deposition method. Indeed, our detailed studies with
the squaraine dyes (shown in Chart 1) revealed that solution-
sheared OTFTs of selenium squaraine Se-SQ-C,, exhibit a hole
mobility of 0.45 cm® V™' s™!, which is by far the highest to date

2352

reported charge carrier mobility for squaraine dyes and one order
of magnitude higher than the mobility (0.039 cm* V™' s7')
obtained for spin-coated thin films of this squaraine. This
value could be even surpassed by vacuum-deposited OTFTs of
the squaraine derivative with shorter alkyl chains Se-SQ-C,,
exhibiting a mobility of 1.3 cm* V™' s™' which can match with
that of amorphous silicon. Furthermore, by using optical spec-
troscopy, atomic force microscopy (AFM), and X-ray diffraction
techniques we were able to establish reliable relationships
between molecular structure, packing motif in the solid state,
thin-film morphology, and transistor performance of the present
squaraines.

B RESULTS AND DISCUSSION

Synthesis. The dicyano acceptor-substituted squaraine dyes
X-SQ-C, (n =4, 8,12 for X = Se; n = 12 for X = S, O) were
synthesized according to the route shown in Scheme 1.*° The

Scheme 1. Synthetic Route to the Acceptor-Substituted
Squaraines Investigated in This Work
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condensation of squaric acid diethylester (1) with malononitrile
(2) afforded the dicyano acceptor-functionalized squaric acid
derivative (3), the latter was subsequently reacted with the
respective benzoselenazol, benzothiazol, or benzooxazol donors
to obtain the desired squaraine derivatives. The synthesis and
absorption properties of squaraine dye Se-SQ-C,, have been
reported previously,®® while the remaining squaraines are
unknown and, accordingly, were fully characterized by NMR
and UV/vis spectroscopy, high-resolution mass spectrometry,
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Table 1. Electrical Properties of OTFT Devices of Squaraine Dyes Prepared by Spin Coating from Chloroform Solutions on Si/

S$iO, Substrates and Measured in Air

squaraine thermal treatment™” Hpmax [em® V7' s7']
Se-5Q:C, v 0.0017

a 0.0045
§e-5Q:C b 0.0120

e 0.018
Se-SQ-C,, b 0.039

e 0.0006
55Q:Cr b 0.0780

a
0-8Q-Cy, b

¢ [em® V757 Lo/ Lg Vi [V]
no field effect
0.0016 + 0.0001 10! 24 +1
0.0042 + 0.0003 10! 22+5
0.011 # 0.001 107 16+2
0.017 + 0.001 10? 16+5
0.037 + 0.001 10* 6+1
0.00054 + 0.00004 10! S8 +4
0.073 + 0.005 107 11+1

no field effect
no field effect

“Without annealing, bAnnealing of the thin film under argon at 130 °C for 10 min. “Average value of three randomly picked devices.

and, in suitable cases, also by elemental analyses (for details see
the Supporting Information).

Spin-Coated OTFT Devices. We have first investigated the
performance of TFT devices employing the present series of
squaraines by applying the conventional spin-coating method
for thin-film deposition on Si/SiO, substrates (for details see the
Supporting Information). Characterization of the electrical
properties of the devices was performed under ambient con-
ditions by measuring at least three devices for each squaraine to
obtain averaged values. The hole mobility in the saturation
regime was calculated in the usual manner from the slope of the
square root of drain current (I;)"/? vs gate voltage (Vg).la We
observed that for as-cast (without annealing) thin films of
selenium-containing squaraines Se-SQ-C, (n = 4, 8, 12) the
mobility increases with increasing alkyl chain length (C,), and
thus the derivative with the longest alkyl chain (Se-SQ-Cj,)
performed best with a hole mobility of 0.017 cm® V™' s7/,
whereas the butyl-substituted squaraine Se-SQ-C, even failed in
transistor operation (see Table 1). Thus, to assess the effect of
heteroatoms on the electrical properties of squaraines we have
investigated the spin-coated thin films of the corresponding
dodecyl-substituted sulfur- and oxygen-containing squaraines
$-SQ-C,, and O-SQ-C,, under identical conditions. For the
sulfur derivative $-8Q-C;, an about two orders of magnitude
lower mobility value compared with that of Se-SQ-C,, was
observed, while the oxygen derivative O-SQ-C,, did not show
any field effect.

Annealing of the active layers prior to contact deposition
resulted in significant enhancement of the transistor performance
compared with that of as-cast thin-film devices for all Se-SQ-C,
compounds. More impressively, the mobility of S-SQ-C,,
was increased from § X 107 cm? V™! s7! for as-cast thin-film
devices to 0.073 cm® V™! s7! after annealing (Table 1). Output
and transfer characteristics of an annealed thin film of Se-SQ-C,,
are shown in Figure S1 as an example. Interestingly, upon
annealing operating transistor devices were obtained for the
butyl-substituted squaraine Se-SQ-C,, which did not show a
detectable mobility for as-cast thin films. For O-SQ-C,,,
annealed thin films again did not show any field effect. Thermal
annealing also improved the on/off ratio of the drain current by
up to two orders of magnitude with a maximum value for I,/I ¢
of 10* for annealed thin films of Se-SQ-C,. Threshold voltages
in the positive regime and relatively high off-currents of about
107® A were measured for all of these OTFTs. Partially this could
be attributed to the high lying HOMO levels of the studied
squaraines (Eyono = —4-8 €V, determined by cyclic voltammetry
measurements; see Table S4) and the resulting sensitivity to

ambient oxidation or may also be related to doping. Such
phenomenon has been systematically studied for freshly
prepared pentacene-based thin films with similar high ioniza-
tion potential (Egomo = —5.0 €V)>! upon exposure to air and
moisture, where the significant increase of the off-current
leads to a rapid decay of the on/off ratio by down to four
orders of magnitude with finally almost failing transistor
operation.32

Solution-Sheared OTFT Devices. Next, we investigated
the performance of squaraine-based OTFTs produced by the
solution-shearing method,”® as the latter is known to attain
higher film quality and better control on the morphology than
spin coating. We have adapted this method, initially developed
by Z. Bao and co-workers,” to our needs and found that
introduction of a tilting angle @ between shearing tool and
substrate is beneficial for slow crystallization leading to the
formation of large-scale (>2.25 cm?), high-quality thin films. A
schematic illustration of our solution shearing setup is shown in
Figure 1, and the experimental details are given in the Supporting
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Figure 1. Schematic depiction of the solution-shearing method with

relevant processing parameters and information on heat supply,
substrate, and shearing tool modifications by SAM layers.

Information. As discussed before, spin-coated OTFT's of dodecyl
chain bearing squaraine derivatives showed comparatively better
transistor performance than devices of derivatives with shorter
alkyl chains. Thus, we have processed thin films of Se-SQ-C,,,
§-SQ-C,,, and O-SQ-C, by solution shearing under ambient
conditions and characterized their electrical properties. As
sufficient solubility (c = 2 mg mL™") in the high boiling solvent
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Figure 2. Output (a,c) and transfer (b,d) characteristics of bottom-gate, top-contact OTFTs of solution-sheared squaraine dye Se-SQ-C,, (a,b) and
vacuum-deposited Se-SQ-C, (c,d) on different substrates measured under ambient conditions.

o-dichlorobenzene (0-DCB) is required for deposition by
solution shearing, we proceeded our investigations with the
most soluble squaraine derivatives bearing dodecyl chains.
Interestingly, in contrast to spin-coated thin films of O-SQ-C,
its solution-sheared OTFTs counterparts exhibit moderate
mobilities with 4., in the range of 1 X 107* em? V™! 57, For the
devices of S-SQ-C;, quite similar mobilities were observed
for both solution-sheared and spin-coated thin films. More
pleasingly, for the selenium derivative Se-SQ-C,, one order of
magnitude higher mobilities (4, e, = 0.21 cm® V™' s™") along the
shearing direction, ie., in so-called parallel orientation, were
observed compared to those of as-cast spin-coated OTFTs.
Self-assembled monolayers (SAM) are known to be useful for
the optimization of the interface between semiconductor and
dielectric, leading to reduced surface eneggies, less charge
trapping, and improved film morphology.'® Thus, we have
introduced a monolayer of HMDS in a solution-sheared device of
previously best performing Se-SQ-C,, and, indeed, achieved an
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even higher mobility 4, ..., of 0.45 ecm?® V7! 57! with an on/off
ratio of 10%. Output and transfer characteristics of such an OTFT
are shown in Figure 2a,b. The high off current could be related to
the high lying HOMO levels of the squaraines and OTFT
operation under ambient conditions.>> As shown in Table 2, the
preferred current flow direction of all solution-sheared devices
was found to be parallel to the shearing direction, and devices
with their channel in this direction showed up to one order of
magnitude higher charge carrier mobilities than those with
perpendicular orientation. Representative optical polarization
microscopy (OPM) images of Se-SQ-C,,-based devices on a
HMDS-modified substrate are depicted in Figure 3, where the
field effect mobilities for 32 transistor devices (20 with parallel
and 12 with perpendicular orientation with respect to the
shearing direction) are visualized by a color code (Figure 3a).
The anisotropy in the OTFT performance is evident from this
illustration. The OPM images also hint at preferred growth
directions accompanied by a high crystallinity of the Se-SQ-C;,

dx.doi.org/10.1021/ja409496r | J. Am. Chem. Soc. 2014, 136, 2351-2362
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Table 2. Ambient Electrical Properties of OTFTs Based on Squaraine Dyes Prepared by Solution Shearing (SS) from o-DCB
Solution on Si/SiO, (€ = 15°) and with HMDS SAM Coverage (6 = 0°)

squaraine orientation® Hpmax [cm® V7' s71]

0-5Q-C,, I 0.00015

1 0.00011
$-5Q-C,, I 0.050

1 0.006
$e-5Q-Cy, I 021

1 0.020
$e-5Q-Cyy° I 045

1 0.12

py” [em? V7' s7'] Io/Tg” Vil [V]
0.00012 =+ 0.00004 10? 7+3
0.00010 + 0.00001 10* 6+4
0.017 + 0.020 10! 54+ 19
0.003 + 0.002 10! S7 +20
0.15 + 0.05 103 11+8
0.007 + 0.008 107 16+3
0.37 + 0.06 103 S+1
0.11 +0.01 10° S+1

“Orientation of TFTs with respect to the direction of shearing is symbolized by || (for parallel) and L (for perpendicular). bAverage value of at least

three devices. “Processed on HMDS SAM covered SiO, substrates.
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Figure 3. (a) Bright-field optical microscopic and (b) cross-polarized optical microscopic images of thin films prepared by solution shearing of squaraine
dye Se-SQ-C,, on Si/SiO,/HMDS. The overlay for (a) represents the field effect mobilities of 32 TFT's (20 parallel and 12 perpendicular with respect to
the shearing direction). The direction of shearing is indicated by the arrow.

Table 3. Electrical Properties of OTFTs of Squaraine Dye Se-SQ-C, Prepared by Vacuum Deposition on Different Substrate/SAM

Combinations
substrate SAM Hpmax [em® V7' s7']
$i/5i0, - 0.016
Si/Si0, HMDS 0.045
Si/Si0,/AlO, FOPA 027
Si/Si0,/AlO, TPA 13

“Averaged over at least three devices.

iy [em* V7' s7'] Lo/Tg” Vi [V]
0.011 =+ 0.003 10! 18+2
0.036 + 0.005 10? 14 +2

0.23 +0.02 10! 30+1
12 +0.1 10° -12+0.1

thin films as they show extended ribbon-like structures along the
shearing direction (Figure 3b).

Vacuum-Deposited OTFT Devices. As solution-processed
devices of selenium squaraines stand out against those of sulfur
and oxygen analogues, we have decided to investigate OTFTs
of selenium squaraines by vacuum deposition since this is a
traditional, widely used method for the fabrication of smooth and
highly crystalline thin films with usually better performance
compared to the respective solution-processed counterparts. We
could prepare vacuum-deposited thin films only for Se-SQ-C,,
whereas sublimation of the derivatives with longer alkyl chains
(Cg and C,,) failed due to decomposition at elevated tem-
peratures. Thermogravimetric analysis of the selenium squar-
aines shown in Figure S2 indeed revealed higher thermal stability
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for the butyl-substituted squaraine Se-SQ-C, compared to Cg
and C,, alkyl chain bearing derivatives. The performance of
vacuum-deposited OTFT's of Se-SQ-C, is summarized in Table 3,
and respective I—V curves are shown in Figure 2¢,d.

Devices on bare Si/SiO, substrates exhibited p-type charge
carrier mobility of 0.016 cm® V™' s™', which is about one order of
magnitude higher than that of the corresponding spin-coated and
annealed ones. Introduction of a HMDS SAM on the Si/SiO,
substrates improved the transistor performance only slightly to
0.045 cm* V! s71, However, a dramatic increase of mobilities to
0.27 and 1.3 cm® V™' s7" was observed by using Si/SiO,/AlO,
substrates modified with 12,12,13,13,14,14,15,15,16,16,17,
17,18,18,18-pentadecylfluoro octadecylphosphonic acid
(FOPA) and tetradecylphosphonic acid (TPA), respectively.

dx.doi.org/10.1021/ja409496r | J. Am. Chem. Soc. 2014, 136, 2351—2362
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By its surface corrugation the SAM has a crucial impact on the
quality and morphology of the subsequent semiconducting film,
especially on the initial layers where the percolation pathways
are formed. Therefore, the enhanced effective charge carrier
mobilities obtained within the series of SAMs from HMDS over
FOPA to TPA can be rationalized. This is by far the highest value
yet obtained for the charge carrier mobility of a squaraine dye and
accordingly proves the suitability of these dyes for OTFT
applications. For the latter devices we also note improved on/off
ratios and a threshold voltage close to zero which support the
notion that high film quality also reduces the effect of ambient
oxidants or unintentional doping on the transistor performance
even for such small bandgap (see below) semiconductors.

Our detailed studies with OTFTs of the present series of
squaraine dyes have clearly shown that the transistor perfor-
mance is dependent, on the one hand, on the electronic nature of
the squaraines (i.e., whether they contain Se, S or O atom) and,
on the other hand, on the chain length of the alkyl substituents.
Selenium squaraines (Se-SQ-C,) performed much better than
the corresponding sulfur and oxygen derivatives, and the alkyl
chains determine how the materials can be processed.
Accordingly dodecyl-substituted Se-SQ-C,, proved to be most
suitable for solution-shearing, while Se-SQ-C, was the material
of choice for deposition by sublimation in vacuum. To rationalize
our OTFT results, we performed further experiments by
UV/vis/NIR spectroscopy, AFM, and X-ray diffraction aiming
at relating transistor performance to the packing arrangements of
squaraines in thin films.

UV/vis/NIR Spectroscopy Studies. In our previous work
we characterized the UV/vis/NIR absorption properties of
various dicyanovinyl-substituted squaraine dyes in solution in
great detail and confirmed the cisoid molecular scaffold shown
in Scheme 1 by single crystal analyses.*® In addition we applied
electro-optical absorption measurements (EOAM)* to deter-
mine the ground- (u,) and excited-state (g,) dipole moments
and the relative polarization of the optical transitions with respect
to the molecules’ dipole moment. These studies were extended
for Se-SQ-C,, in 1,4-dioxane solution. All results were in line
with our earlier conclusions, and accordingly only the outcome
will be presented here, while the technical details of our analysis
can be found in the Supporting Information and in our previous
publication.*® Accordingly, the most prominent absorption band
occurring at 727 nm can be attributed to an electronic transition
between HOMO and LUMO with presumably CT character,
whereas the band at around 400 nm relates to a higher energy
transition from the HOMO-1 to the LUMO level.

Evaluation of the EOA spectra under consideration of the C,,
symmetry of Se-SQ-C,, reveals that these transitions are po-
larized perpendicularly with respect to each other (Figure S3).
For the 727 nm band in dioxane the transition dipole moment g,
is polarized along the long molecular axis, whereas the transition
dipole moment related to the short wavelength band p,,(400 nm)
is oriented along the short axis interconnecting the oxygen donor
with the dicyanovinyl acceptor of the squaric acid unit which is also
the direction of the ground-state dipole moment y,. The value for
the latter was determined from the EOAM analysis to be 6.0 D.

With this information on the UV/vis/NIR properties of the
Se-SQ-C,, molecule, we have studied the optical properties of
thin films processed by different deposition techniques to reveal
the molecules’ orientation and the excitonic coupling between
the molecules’ transition dipole moments. UV/vis/NIR spectra
of spin-coated and subsequently annealed thin films of
squaraines on quartz substrates show significant red shifts for
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the lowest-energy transition as compared to those of squaraine
monomers in solutions (Figure S4). This unambiguous signa-
ture of J-type excitonic coupling'”®** in the thin-films can be
attributed to the presence of extended z-stacks organized in a
slipped packing arrangement and at close 7— stacking distances.
The rather pronounced broadening of the long wavelength bands
observed for these thin films appears to arise from static disorder,
i.e,, inhomogeneous local packing arrangements and/or size of
the respective aggregates.35_37

Annealing of the thin films by applying the same conditions as
for OTFT devices induced only slight changes in the absorption
spectra of the selenium squaraines Se-SQ-C, (n = 4, 8, 12)
(Figure S4a—c). A pronounced sharpening was, however,
observed for the long wavelength band of S-SQ-C;,-based thin
films, where also the high-energy transition increases in intensity
(Figure S4d) and the shape of the spectrum became almost
identical to that of the corresponding selenium derivative
Se-SQ-C;,. These spectral changes can be explained by the
enhanced ordering and intermolecular coupling of the squaraine
entities, thereby corroborating the dramatic increase of the charge
carrier mobility of S-SQ-C,,-based OTFTs reaching values similar
to those of Se-SQ-C, upon annealing. In contrast, the different
shape and less red-shift of the lowest-energy band of as-cast films
of 0-SQ-C,, (Figure S4e) indicate a different, possibly more
tilted molecular orientation that is unfavorable for charge
transport, as is evident from the OTFT data shown in Table 1.
Annealing of these thin films resulted in drastic spectral changes
evoked by a phase transition as observed by DSC analysis in the
region around 100 °C. However, the attained molecular packing
is adverse for transistor operation as the annealed OTFTs of
0-SQ-C,, failed in device operation.

Because of the observed spatial anisotropy in OTFT
performance for solution-sheared devices we furthermore
recorded UV/vis/NIR spectra of solution-sheared thin films of
Se-SQ-C,, on quartz substrates using linearly polarized light to
elucidate a possible correlation of optical and charge transport
anisotropy. Similarly to spin-coated films, we observed a
bathochromic shift of the absorption maximum in comparison
to monomeric solutions accompanied by band broadening.
As can be seen from the spectra in Figure 4, rotation of the
polarization axis of the incident light from parallel (a = 0°) to
perpendicular orientation (& = 90°) with respect to the shearing

norm. Abs. / a.u.

1000

800

Alnm

400 600
Figure 4. Normalized UV /vis/NIR absorption spectra of squaraine dye
Se-SQ-C,, in 0-DCB solution (black, dashed) and of its solution sheared
thin film (red). The thin-film absorbance was measured with linearly
polarized light oriented parallel (red solid; @ = 0°) and perpendicularly
(red dotted; a = 90°) with respect to the shearing direction. For
comparison, the normalized UV/vis/NIR absorption spectrum (green)
of a vapor-deposited thin film of Se-SQ-C, on a Si/Al/AIO,/TPA
substrate is also shown. This absorption spectrum was calculated from
the reflection spectrum by applying the theory of Kubelka and Munk.*®
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direction caused a dramatic drop of the intensity of the long-
wavelength band. This can be attributed to the almost parallel
alignment of the transition dipole moment and accordingly the
long molecular axis of the molecules (see EOAM results above)
to the direction of shearing,

It is also evident from these spectra that the intensity of the
second absorption band at shorter wavelengths shows a reversal
in intensity for parallel and perpendicularly polarized light, in
perfect agreement with its orthogonal orientation.

With regard to the OTFT performance of dodecyl-substituted
squaraines (shown in Table 2) it becomes clear that charge
transport is favored by extended 7-stacks with a slipped packing
arrangement along the direction of shearing as indicated by the
J-type excitonic coupling. The degree of orientation could be
estimated by calculation of the dichroic ratio D, and the correlated
order parameter S, for a band at the wavelength 4.* A dichroic ratio
Dyy; and an order parameter Sgy, are calculated as 5.9 and 0.62,
respectively. Calculations for the maximum at 434 nm provide values
of Dy = 3.0 and S5, = 0.40. For comparison, D values of about
22up to 15 (S ~ 0.29 up to 0.82) for liquid crystals***" and of 41
(S =0.93) for oligo(p-phenylenevinylene)s39C were found after
deposition onto rubbed polymer aligned layers. This implies
that the application of quite simple solution-shearing method
afforded thin films of Se-SQ-C,, with a high degree of uniaxial
alignment explaining the anisotropic charge-transport behavior.
In contrast, spin-coated thin films of Se-SQ-C;, showed no
dependence of the UV/vis/NIR absorption spectra upon
variation of the polarization of the incident light (Figure SS).
This means a random orientation of the molecules and therefore
of the transition dipole moments coincides with a lower transistor
performance as compared to the well-oriented solution-sheared
thin films.

As indicated by the narrow, red-shifted absorption band
(shown in green color in Figures 4 and S6), vacuum-deposited
thin films of Se-SQ-C, on TPA-modified substrates exhibit a
sharper and even more red-shifted J-band®* due to less disorder
which explains that these films showed the highest OTFT
performance (i, up to 1.3 em® V™' s7") within our study. This
sharp band is indeed unique to films on SAM-modified sub-
strates, whereas a broad absorption band at long wavelengths is
observed for the vacuum-deposited thin film of Se-SQ-C, on
quartz similar to the spectra of the related solution-casted thin
films (Figure S6). Thus, the lower performance of vacuum-
deposited thin films on bare Si/SiO, substrates (ﬂp about
0.01 cm®V~'s7") can be attributed to a higher degree of disorder,
ie, presence of smaller J-coupled domains which are broader
(owing to structural inhomogeneity of the sample) and exhibit
smaller red-shifts (owing to smaller sizes of the coherently
ordered domains).*

AFM Studies. While our UV/vis/NIR analysis provided
valuable information about the microscopic packing arrange-
ment of the squaraine dye molecules, a more macroscopic view
on the crystallinity and order of the squaraine thin films can be
obtained by AFM analysis. Here again huge differences in the
thin-film growth for the different deposition methods were
observed. Solution-sheared thin films of Se-SQ-C,, on bare and
HMDS-modified substrates show quite similar topographies
(Figure S) with extended ribbons oriented along the shearing direc-
tion and comparable smoothness (RMS = 0.4 nm and 0.8—1.2 nm,
respectively). These remarkable large-scale textures were found
to cover the whole channel (L = 100 um) between source and
drain contact of the transistor device in accordance to the fact
that the thin films on HMDS-modified Si/SiO, substrates exhibit

Si/Si0,/HMDS .40 1m
(c) (d)

g

=)
2
E

Si/SiOHMDS __3um

Figure 5. AFM topography images of thin films prepared by solution
shearing of squaraine dye Se-SQ-C,, on Si/SiO, (a,c) and on Si/SiO,/
HMDS (b,d). The inset in (b) depicts the height-profile analysis along
the yellow dashed line. The direction of shearing is indicated by the
arrows.

higher crystallinity and extended grain size (Figure Sb). A layer-
by-layer structure was observed by height-profile analysis of the
thin film on a HMDS-modified Si/SiO, wafer with the height of
each step in the range of 1.5—1.7 nm (Figure Sb), which matches
the dimension of the molecules. In comparison, AFM images of spin-
coated films of Se-SQ-C,, Se-SQ-Cg, and Se-SQ-C,, (Figure S7)
reveal more textured and rougher surfaces (RMS roughness
between 1.0 and 4.0 nm). Annealing had almost no influence on
the morphology. Some larger crystallites were only observed for
Se-SQ-C ,-based thin films after annealing but exhibit still a huge
number of grain boundaries. Larger crystallites with extended
3D growth were observed for vacuum-deposited thin films of
Se-SQ-C, both on bare (Figure S8a) and on HMDS-modified
Si/SiO, substrates (Figure S8b). Corresponding thin films on
FOPA-modified Si/SiO,/AlO, substrates were much more
homogeneous showing large domains with few grain boundaries
and extended 3D growth (Figure S8c). As shown by the AFM

Figure 6. AFM topography image of a thin film prepared by vacuum
deposition of squaraine dye Se-SQ-C, on Si/SiO,/AlO,/TPA substrate.

dx.doi.org/10.1021/ja409496r | J. Am. Chem. Soc. 2014, 136, 2351-2362



Journal of the American Chemical Society

comparison of Figures 6 and S8, Si/Si0,/AlO, substrates coated
by a TPA SAM led to the largest crystalline domains within the
series of substrates utilized for vacuum deposition. As the underlying
growth dynamics are expected to be substantially different for
solution and vacuum deposition, a comparison of the resulting
topography by AFM can only be of qualitative nature and might not
be conclusive. Therefore, the increase in the effective charge carrier
mobility for TPA-modified substrates in respect to HDMS is rather
related to the fact that the formation of percolation pathways at the
dielectric interface is strongly supported by the quality of the TPA
SAM, in particular, its corrugation rather than to the lateral
extension of the crystalline domains in respect to HMDS. The
surface of the domains features terrace-like structures with a height
of 1.5—1.9 nm for each layer (Figure S8d) similar to the values
found for solution-sheared films of Se-SQ-Cj,.

The observed transistor characteristics of Se-SQ-C,, for
different deposition techniques correlate well with the respective
film morphologies. Thus, low hole mobilities up to 0.04 cm> V™' s™!
were found for the rough and amorphous spin-coated films, while
preparation by solution shearing produced well-oriented,
crystalline thin films resulting in one order of magnitude higher
hole mobilities (see Table 2). As mentioned before, the vacuum-
deposited OTFTs of Se-SQ-C, on bare and HMDS-modified
Si/SiO, substrates showed field-effect mobilities in the range of
0.01—0.04 cm® V™' s, which can be attributed to a 3D growth in
these films, being unfavorable for efficient charge transport.*> On

the other hand, the highly crystalline thin films obtained by

vacuum deposition of Se-SQ-C, on FOPA- and TPA-modified
substrates resulted in hole mobilities as high as 1.3 cm* V™' s7.

Single Crystal X-ray Analysis. To relate charge-transport
properties of squaraine dyes to particular noncovalent contacts
between the molecular building blocks, single crystal data are
needed. Unfortunately, all attempts to grow single crystals of
Se-SQ-C,,, which performed best in solution-sheared devices,
failed. However, we could obtain single crystals of octyl-
substituted derivative Se-SQ-Cj suitable for single crystal X-ray
analysis. The molecular structure and the most prominent
packing features of this squaraine in solid state are depicted in
Figure 7, and the data of the crystal structure are summarized in
Tables S1—S3.*' Remarkably, the packing parallel to the (301)
plane (Figure 7a) involves intermolecular CN---Se interactions
(N—Se distance 3.07 A) with alternating ribbons of molecules
that are separated from one another by a distance of 14.3 A due to
self-segregation induced by the alkyl chains (see Figure 7b). Such
CN---Se interactions with N—Se-distances between 3.05 and
3.58 A have been reported before for diselenadiazolyl dimers.*
These interactions can be clearly visualized by Hirshfeld
analysis* for Se-SQ-Cg which pinpoints very close contacts far
below van der Waals distances for the CN-:-Se noncovalent bond
(see the red points of close contact in Figure 8). The electrostatic
character of this noncovalent CN---Se interaction has indeed
much resemblance to that given in halogen-bonding interactions
which have developed into a rapidly growing field of research
during the past decade.** Analysis of the molecular packing
reveals that the direction of the ground-state dipole moments

direction of shearing

Figure 7. Single crystal X-ray analysis of Se-SQ-Cy. (a) Packing arrangement parallel to the (301) plane with the ground-state and transition dipole
moments indicated by black and red arrows, respectively. (b) View onto the (010) plane with definition of the slip angle 6. (c) Molecular structure in the
crystal with numbering of the atoms and (d) ball-and-stick model of a centrosymmetric dimer unit of this squaraine dye. Hydrogen atoms (a—d), the
octyl chains (a,d) and their disorder (b,c) are omitted for clarity. Thermal ellipsoids are set at S0% probability.
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Figure 8. Hirshfeld isoelectric surfaces for two Se-SQ-Cg molecules
mapped with d,.., over the range from —0.224 to 1.55. The view is
along the crystallographic b-axis. The color codes are blue, white, and red
for distances longer, equal, and shorter than the van der Waals distances of
the involved atoms, respectively. A third molecule is shown without the
Hirshfeld surface to facilitate visualization of the CN---Se interactions.

(,ug = 6 D, indicated by the black arrows in Figure 7a) is
alternated from ribbon to ribbon, and hence in total the dipole
moment is canceled out. Note that a similar antiparallel packing
arrangement has been reported to facilitate effective charge
transport with hole mobilities of up to 0.18 cm? V! s7* for
vacuum-deposited devices of a highly dipolar merocyanine.' '
The view onto the (010) plane (Figure 7b) reveals furthermore
an antiparallel slipped packing arrangement in 7-stacks with a
close 7—n distance of 3.38 A. In such an arrangement the
transition dipole moments, which were shown to be parallel to
the molecules’ long axis, are oblique with respect to the (100)
plane and show a slip angle € of about 29°. According to the
excitonic coupling theory of Kasha and co-workers,>*¥ a
displacement of the dyes with 8 < 54.7° induces a bathochromic
shift of the absorption band (J-coupling). The packing of the two
Se-SQ-Cg molecules within a centrosymmetric dimeric unit
in the solid state is illustrated in Figure 7d. Since the dipole
moments of the two molecules point to opposite directions, the
molecular ground-state dipole moments are effectively annihi-
lated, which was likewise observed for the packing arrangement
parallel to the (301) plane (Figure 7a).

Thin-Film X-ray Diffraction Studies. To link the data
derived from the single crystal with the packing in thin films, we
performed XRD measurements for solution-sheared films of
Se-SQ-C,,. The specular scans (26 scans) for spin-coated and
solution-sheared OTFT devices on Si/SiO,, Si/SiO,/HMDS
and quartz substrates as well as the respective (200) rocking
curves for the solution-sheared samples are shown in Figure 9. As
can be seen from Figure 9a,b the same crystalline lattice spacing
is present for all films independent of the substrate and the
processing technique. But significant differences occur in the
degree of crystallinity, as indicated by the detectable order of the
diffraction spots (Figure 9a: (800) for the solution-sheared films
compared to (400) for the annealed and spin-coated samples) as
well as by the full-width at half-maximum (fwhm) of the peaks.
According to Figure 9a the increase in OTFT performance
from as-cast spin-coated films over annealed ones to thin
films deposited by solution shearing can be attributed to rising
crystallinity in this order. This can be quantified by the highest
diffraction order being detectable, by the extension of crystalline
grains as deduced from the fwhm as well as by the average angular
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Figure 9. Specular XRD scans of thin films of Se-SQ-C,, prepared by
(a) solution shearing and spin coating on Si/SiO,/HMDS and (b)
solution shearing on Si/SiO, (black) and quartz substrates (red). (c)
(200) Rocking curves of solution-sheared thin films of Se-SQ-C,,. The
Kissing oscillations (a,b) observed in the angular range up to 20 = 1° are
caused by interference effects of the gold contacts and the SiO, layer but
not by the organic semiconducting film itself.

tilting of the crystallites (Figure 9c). Since the difference in alkyl
chain length of Se-SQ-C,, and Se-SQ-Cj is not that drastic, we
assume that the Se-SQ-C,,-based thin films crystallize in the
same space group as found for the single crystals of Se-SQ-Cq
(C2/c). Thus, the observed reflections could be indexed as those
arising from the (200), (400), (600), and (800) planes according
to the reflection conditions related to this space group.

The (200) rocking curves of Se-SQ-C;, thin films deposited
on different substrates by solution shearing are depicted in
Figure 9c. Their peak fwhm is a measure for the angular spread of
the orientations of the crystallites with respect to the surface
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normal. For films deposited by solution shearing on Si/SiO, and
Si/Si0,/HMDS substrates, values of +0.02° were determined,
which are indicative of a quite narrow distribution in the domain
orientations and, therefore, of a superior angular matching of
boundaries within the conduction plane of the transistor
device. The peak width increases up to +0.4° for films on quartz
substrates. However, these films, which we used for optical
spectroscopy, were still a good measure for the thin-film structure
of the corresponding OTFT devices as they show nearly identical
diffraction patterns (Figure 9b). Thus, one can assume for OTFT
devices on Si/SiO, similar packing arrangements with the same
spatial anisotropy as on quartz.

Packing Model for Thin Films in OTFTs. Our com-
prehensive characterization of Se-SQ-C, thin films by X-ray
diffraction, polarized UV/vis/NIR spectroscopy, and AFM
corroborates the presence of similar dye arrangements for all
Se-SQ-C, dyes on both types of substrates. It is known from
EOAM associated with the optical spectroscopy utilizing linearly
polarized light that the molecular axis connecting both
benzoselenazol units is aligned parallel to the shearing direc-
tion (vide supra). Assuming that the packing in thin films of
Se-SQ-C,, is similar to the molecular arrangement in the crystal
structure of Se-SQ-Cg, the crystallographic c-axis has to be
oriented parallel to the direction of shearing, while the g-axis is
perpendicular to the substrate surface (Figure 7b). The latter can
be deduced from analysis of the (200) Bragg peak of the solution-
sheared thin film of Se-SQ-C,, on Si/SiO,/HMDS (Figure 9a)
yielding a layer spacing of 17.1 A and thus a unit cell parameter a
of 34.2 A. This value is about 20% higher as compared to the cell
parameter a of the crystal structure of Se-SQ-Cyq (27.6 A), which
obviously has to be attributed to the elongation of the alkyl chain
from 8 to 12 carbon atoms leading to an increase of the cell
parameters with only minor influence on the packing arrange-
ment of the squaraine 77-conjugated scaffolds. Additional support
comes from the AFM height-profile analysis of solution-sheared
thin films of Se-SQ-C,, on Si/SiO,/HMDS substrates, based on
which a layer height of 1.5—1.7 nm could be calculated. This is
about half the value of the unit cell parameter a-determined by
the XRD experiments, implying two alternating monomolecular
layers constituting the unit cell along the a-direction. This means
that after every second monomolecular layer the packing motif is
repeated, which is in good accordance with the crystal data of
Se-SQ-Cs.

Consequently, all our experimental data can be related to an
orientation of the Se-SQ-C,, molecules in solution-sheared thin
films, where the projection of the crystallographic c-axis is parallel
to the shearing direction and the (010) plane is almost per-
pendicular to the substrate surface as indicated in Figure 7b, top.
For such an arrangement, percolation pathways for charge
carriers in the crystallographic c-direction are provided by the
slipped 7-stacking motif, while packing arrangement driven by
CN---Se interactions is responsible for the additional contribu-
tion to the charge transport along the b-direction. This is in good
agreement with the observed anisotropy in OTFT performance
with higher charge carrier mobility (ﬂp,max =045 cm®* V')
parallel to the shearing direction (projection of the c-axis)
as compared to lower but still remarkable mobility (yprmx =
0.12 cm* V™' s7') for devices with perpendicular orientation
(b-axis). Hence, a new noncovalent interaction based on CN---Se
bonding which is similar to halogen bonding has been identified
in our study to support charge carrier transport. This interaction,
together with the slipped 7-stacking motif, enables efficient two-
dimensional charge-transport parallel to the (100) plane, ie.,
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parallel to the substrate surface, for Se-SQ-C,, transistors. The
remarkable charge carrier mobility up to 1.3 cm® V! 57!
determined for vacuum-deposited devices of Se-SQ-C, can
also be explained by such a packing as it is confirmed by the
optical and AFM data. Besides J-type coupling of the molecules
in the thin films, we found a layer spacing for the terrace-like
structures of 1.5—1.9 nm (Figure S8d) fitting well to a layer-by-
layer packing arrangement as shown in Figure 7a,b for Se-SQ-Cs.

B CONCLUSIONS

We have fabricated and characterized a large number of transistor
devices based on thin films of a series of acceptor-substituted
squaraines with different donor moieties bearing selenium,
sulfur, or oxygen atoms and varying length of alkyl substituents.
By applying the spin-coating method the selenium and sulfur
squaraines with dodecyl substituents (Se-SQ-C,, and $-SQ-C,,)
are identified as most suited for solution-processed transistor
devices as annealed thin films of these squaraines yielded hole
mobilities around 0.1 cm? V! s7!, which alreadg exceeded the
previously reported values for squaraine OTFTs" by two orders
of magnitude. A positive impact on the OTFT performance was
achieved by employing solution-shearing method for the
deposition of active layers. Anisotropic hole transport behavior
with respect to the shearing direction was observed with three to
four times higher mobilities for devices with parallel orientation
to the shearing direction than for those aligned perpendicularly,
affording a highest mobility value of 0.21 cm®* V™' s™' for a
Se-SQ-C,, transistor device. Introduction of a HMDS SAM onto
the Si/SiO, substrates more than doubled the mobility with
an average value of 0.37 cm® V™' s7' and a peak value of
0.45 cm® V™! 571, A record hole mobility of 1.3 cm® V™' 57! for
squaraine dyes was achieved with the sublimable, shortest alkyl
chain bearing derivative Se-SQ-C,.

For the thin films obtained by different deposition methods, a
slipped 7z-stack arrangement of the molecules with J-type
excitonic coupling proved to be the predominant packing
motif. The observed anisotropy for the charge transport in
solution-sheared films as well as the better performance as
compared to spin-coated ones can be explained based on the
favorable orientation of the z-stacks along the shearing direction.
The fact that a quite high hole mobility was observed in
orthogonal direction was explained by CN---Se interactions
which constitute a new motif in the field of organic semi-
conductor research. Our studies convincingly demonstrate the
high potential of squaraine dyes for application in organic thin-
film transistor devices. The combination of excellent p-channel
mobility with high tinctorial strength suggests further applications of
these materials as hole transport layers in planar heterojunction and
perowskite solar cells.
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