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a b s t r a c t

Highly crystalline thin films of organic semiconductors processed from solution for elec-
tronic devices are difficult to achieve due to a slow and preferential three-dimensional
growth of the crystals. Here we describe the development of a processing technique to
induce a preferential two-dimensional crystalline growth of organic semiconductors by
means of minimizing one dimension and confining the solution in two dimensions into a
thin layer. The versatility of the process is demonstrated by processing small molecules
(TIPS-pentacene and C60) and a polymer (P3HT), all from solvents with a relatively low
boiling point, to obtain crystalline thin films. The thin films show an improved in-plane
packing of the molecules compared to films processed under similar conditions by spin
coating, which is beneficial for the use in organic field-effect transistors.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction introduces a low yield and low reproducibility and, hence,
Organic field-effect transistors are of potential impor-
tance for many future electronic applications, such as dis-
plays [1,2], RFID tags [3] and sensors [4–6]. The devices
with the highest field-effect mobility, a key figure of merit,
are those comprising organic single crystals [7–10]. De-
vices based on single crystals are free of large structural
defects (e.g., grain boundaries) that limit electronic trans-
port; mobilities as high as 20 cm2/V s have been reported
[11]. However, many techniques for single crystal devices
face several limitations in processing. For example, tradi-
tional single crystal devices grown from vapor are notori-
ously hard to fabricate. The crystals are slowly grown
from vapor in a thermal gradient furnace, visually selected
and individually placed by hand on top of electrodes. This
. All rights reserved.
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makes fabrication of single crystal devices by this method
unsuitable for up-scaling and implementation into existing
process technology. To tackle this problem, we have previ-
ously reported processes using patterned surface modifica-
tion to grow single crystals locally on top of electrode
arrays [12,13]. Instead of using single crystal devices
grown from vapor, crystalline films obtained from solution
processing are good candidates for high performance
field-effect transistors (FETs) [14–17]. The recent emer-
gence of novel, soluble small molecules demonstrate that
field-effect mobilities up to 10 cm2/V s can be achieved in
single crystal devices from solution processing [18]. Utiliz-
ing single crystals from solution for large-area applications
is challenging, but a major step forward was demonstrated
by inkjet printing of single crystals by means of anti-
solvent crystallization of 2,7-dioctyl[1]benzothieno[3,2-b]
[1]benzothiophene (C8-BTBT), where an average mobility
of 16.4 cm2/V s was obtained with a peak mobility of
31.3 cm2/V s [19]. The fabrication of high quality crystal-
line films or single crystals from solution often requires a
slow drying process at room temperature, due to the use
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of high boiling point solvents, after which an annealing
step is required for the removal of these solvents [18,20].
A technique to fabricate oriented crystalline films from
solutions with a low boiling point is solution shearing
[21,22]. However, due to the formation of cracks in the
film, the crystal domains are limited in size in this shearing
process. A technique for the fabrication of crystalline con-
jugated organic nanostructures is provided by lithographi-
cally controlled wetting, where by localized deposition of a
material from solution nanostructured lines are formed
that duplicate the stamp pattern on top [23,24]. The crys-
talline organic lines have a width smaller than 200 nm
and showed an improved electrical transport compared
to spin coated samples of the same material. Upscaling of
the method to larger areas was not presented and large
single crystals cannot be obtained by this method.

Therefore, a quick and simple method for the fabrica-
tion of crystalline films or crystals to test the field-effect
mobility of a material needs yet to be developed. This pro-
cess should require only small amounts of material per
sample and should result in uniform films. The latter im-
plies eliminating the coffee ring effect, as is often observed
in drop casting due to a gradient in evaporation speed and
pinning of the material at the evaporation front.
2. Results and discussion

Here, we report a technique to fabricate organic crystal-
line films from solvents with a low boiling point and with-
out annealing of the films. For the deposition of the organic
semiconductor, we confine the solution in the vertical
direction between the substrate and a fluorinated stamp.
The fabrication process for thin films in a confined space
is schematically depicted in Fig. 1. First, a line pattern was
fabricated in a photoresist structure, which served as a
mold for the preparation of fluorinated stamps. The lines
varied in width between 1 and 4 mm and have a length be-
tween 8 and 15 mm. The stamps were fabricated according
to a previously published procedure for microfluidic mas-
ters made from perfluoropolyether (PFPE) [25] (Fig. 1a).
PFPE stamps were used because of its resistance to organic
solvents [26], while the more commonly used poly-
dimethylsiloxane (PDMS) swells and changes shape when
exposed to most organic solvents [27]. After curing, the
stamps were placed on a highly doped silicon wafer with
a thermally grown oxide, functionalized with hexamethyl-
disilazane (HMDS). The treatment with HMDS is not a pre-
requisite and it should be noted that we obtained similar
thin films on untreated SiO2 and glass substrates with a
lower hydrophobicity. The stamps do not immediately
adhere to the surface when initially placed on the substrate.
The limited adhesion of the stamp to the substrate was
utilized to fabricate the confined space. To wet the
substrate locally, a small force was applied by hand on
the sides of the stamp (Fig. 1b), thereby limiting the region
for solution deposition to be between the sides contacting
the substrate. Furthermore, adhesion of the sides of the
stamp ensures that the stamp remains in place while
depositing the solution. Due to the limited adhesion of
the PFPE stamps on the HMDS-treated SiO2, the middle
region of the stamp (hereafter called the channel) is not
in close contact with the substrate and, a small space is cre-
ated that is limited in the vertical direction. The relatively
high rigidity of the PFPE stamps, compared to for example
PDMS, is crucial for the formation of the confined space,
since it prevents the adhesion in the channel region due
to bending of the stamp. The exact height of the confined
space is unknown and will, most likely, vary slightly be-
tween different stamps. If the features next to the channel
(the reservoirs) are not present, i.e., a flat stamp without
any features, the whole stamp would wet the surface after
pressing only a corner of the stamp. The reservoirs (as indi-
cated in Fig. 1c) next to the channel region create the pos-
sibility of non-wetting and, therefore, a confined space
between substrate and stamp.

Next, the solution of an organic semiconductor is depos-
ited underneath the stamp by capillary forces (Fig. 1c). Due
to the confined spacing between substrate and stamp in the
channel region, this region is filled with solvent first before
the reservoirs are filled. In fact, albeit hard to control by
hand, the deposition of solvent only in the channel region
is possible and the filling of the reservoirs with solvent does
not seem to influence the film formation in the channel re-
gion. After about 5 min, the solvent dries and the stamp can
be peeled off to expose the crystalline thin film in the chan-
nel region for the evaporation of Au source and drain
electrodes.

Several factors determined the choice of materials used
in this study: the polymer, regioregular poly(3-hexylthi-
ophene) (P3HT), and the small molecules, 6,13-bis(triiso-
propylsilylethynyl) (TIPS) pentacene and C60. The motiva-
tion for the material is presented at the beginning of each
section related to that material. Here we investigate the
thin film morphology of the three compounds processed
by confined crystallization, along with their electrical per-
formance in field-effect transistors.

2.1. P3HT

P3HT is known to exhibit a strong face-to-face packing
of the conjugated backbone. The morphology of the film is
strongly determined by the molecular weight and process-
ing conditions [28–31]. A recent report demonstrated the
possibility for P3HT to form films with a, previously unob-
served, morphology from solution processing, where ori-
ented nanofibrils are formed when the film is dried at
high vapor pressure with a substrate on top [32]. Further-
more, it was shown that the chain alignment of P3HT can
be influenced by confining P3HT in plane, in nanostruc-
tures fabricated by nanoimprint lithography [33]. The
strong orientation and packing dependence of P3HT on
varying processing conditions render the material ideal
for studying the effects of confinement in the vertical
direction.

Reference films were fabricated with P3HT from
chloroform to compare with those made by the confined
solution deposition technique under similar conditions. The
width of the channel and reservoir were chosen indepen-
dently, in different ratios. Typical transfer characteristics
(Vds =�60 V) of the P3HT FETs fabricated by confined crystal-
lization, are shown in Fig. 2a. The square root of the drain



Fig. 1. A schematic overview of the fabrication of crystalline thin films in a confined space. A mold with patterned photoresist is used for the fabrication of
PFPE stamps with a line pattern morphology (a). The stamp is placed on top of a substrate and the sides of the stamp are pressed to adhere to the substrate,
but ensuring a non-wetting middle channel region where a confined space is remaining (b). The organic solution is deposited in the channel region and,
possibly, in the reservoirs by capillary forces (c). After drying of the reservoir regions, a crystalline thin film resides in the confined channel region (d), that
can be exposed for further analysis or Au source–drain contact evaporation by removing the stamp.
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current (I1=2
ds ) was calculated and the slope of I1=2

ds versus gate
voltage (Vg) was used to calculate the mobility (l) in the sat-
urated regime (see Supporting information for details). The
average mobility from reference (spin coated) films without
annealing was l = (1.16 ± 0.05) � 10�3 cm2/V s. The average
mobility from confined deposition was more than an order
of magnitude higher, i.e., l = (2.7 ± 0.8)� 10�2 cm2/V s. The
average mobility was determined from 45 devices on nine
different substrates, all with a different channel-to-reservoir
width ratio to investigate its influence. The transistors
showed an average on/off ratio of 2.5 � 104 and an average
threshold voltage Vt =�12 ± 4 V. It is noted that the mobility
Fig. 2. Typical transfer characteristics of a FET fabricated by confined solution de
highly doped Si substrate was used as a gate and 40 nm Au top source and drai
L = 20 and L = 50 lm. (b) The mobility is plotted for different channel widths,
obtained by spin coating (sc) under similar conditions is provided and is mo
crystalline P3HT film from chloroform.
obtained here is not as high as some of the highest reported
for P3HT [31,34,35]. It is well known that the mobility is
dependent on molecular weight, annealing temperature
and boiling point of the solvent [28,31,36]. However, using
the same batch of polymer and solvent, the comparison be-
tween the standard spin coated devices and the confined
crystalline devices is meaningful.

Fig. 2b shows the average mobility obtained per sample,
plotted versus different combinations of channel and res-
ervoir width (mm). For comparison, the average mobility
from spin coating under similar conditions, denoted by sc
on the x-axis, is plotted. There is no significant dependence
position with P3HT from chloroform, with a drain bias Vds = �60 V (a). The
n electrodes were thermally evaporated through a shadow mask with W/
reservoir widths and combination thereof. For comparison, the mobility
re than an order of magnitude lower compared to that of the confined
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on either channel width or reservoir width on these length
scales. It should be noted that we also found good film
formation when no solution was collected in the reser-
voirs, indicating that the presence of solution in the reser-
voirs does not influence the P3HT film formation in the
channel region at the concentrations used here. To exam-
ine the difference between the films formed from spin
coating compared to those formed in a confined space from
the same solvent and batch of polymer, optical microscopy,
atomic force microscopy (AFM), and grazing incidence X-
ray diffraction (GIXD) were performed. Fig. 3 shows an
optical micrograph at 1000� magnification (a) and the
cross polarized image at the same location (b). The cross
polarized image shows a locally ordered or crystalline film,
with crystalline domains in the lm range. For spin coated
films, a homogenous film is observed at these length scales
and the film is invisible under cross polarized light (see
Supporting information). The crystalline domains in the
P3HT films are often arranged in a crossed pattern, where
the two directions (indicated by two slightly different col-
ors in the cross polarized image) are both under an angle of
about 45� to the flow of the solution entering the confined
space and, likely, drying direction.

The improved orientation by film formation in a con-
fined space is confirmed by GIXD. Fig. S3a and b of the
Supporting information shows the scattering pattern
obtained from a spin coated and a confined solution depos-
ited sample from, respectively. The most pronounced differ-
ence in these patterns is the orientation of the P3HT
crystallites. The films fabricated in a confined space showed
a very strong (100) texture, with the (h00) peaks aligned
near the Qz direction and the p–p stacking in the substrate
plane. We can conclude that the polymer is mainly edge-
on on the substrate: the backbone and p–p stacking are
parallel to the substrate surface. In contrast, for the spin
coated films, there is a mixed orientation with the (100)
both parallel and perpendicular to the substrate. The p–p
stacking peak is broad and largely out-of-plane, showing
that a fraction of the polymer is face-on on the substrate
surface. This is consistent with the lower mobility of the
spin coated films, as now the p–p stacking direction is not
in the same direction as the charge transport direction.
Fig. 3. An optical micrograph at 1000�magnification (a) of a P3HT film processe
cross polarized light (b), with a cross-shape morphology of several micrometers
The morphology was subsequently studied in more
detail by AFM. Fig. 4 shows the height image obtained by
AFM on the spin coated (a) and confined solution deposited
film (b). The spin coated film is uniform (the height scale of
the AFM image in Fig. 4a is 15 nm), has small grains and
has a low roughness with an RMS value of 1.3 nm. The
crystalline P3HT film from confined deposition showed
the similar cross-pattern structure, as observed by polar-
ized light microscopy, as higher features (height scale of
the AFM image is 50 nm). However, the macroscopic mor-
phological structures themselves appear to consist of P3HT
fibers. The clustering or bundling of P3HT fibers leads to a
much larger roughness (RMS value of 6.7 nm), compared to
the films formed by spin coating. In a top contact configu-
ration in an FET, the surface roughness of the semiconduc-
tor has little effect on the charge transport, since most
charge transport occurs within the first few nanometers
from the dielectric/semiconductor interface [37,38]. The
enhanced mobility of P3HT by confined solution deposition
is, therefore, solely due to the improved orientation in the
film. The increased roughness of the film when formed in a
confined space is perhaps counter-intuitive. However,
assuming a preferential packing and, hence, growth direc-
tion of P3HT, elongated fibers and crystalline regions can
emerge during the evaporation of the solvent, leading to
a non-uniform film with a higher roughness. The well-
defined edge of the film, at the interface of the channel
and reservoir, often shows a narrow region where f more
material is deposited which originates from the reservoirs
upon drying (see Fig. S4, Supporting information). The
well-defined edge demonstrates that P3HT can be depos-
ited at a specific predefined location on the substrate and
that the film area is determined by the shape and dimen-
sions of the channel region of the stamp.

2.2. TIPS-pentacene

TIPS-pentacene is known to grow into large crystals
from solution under slow drying conditions [39,40]. High
field-effect mobilities were reported for TIPS-pentacene
films when fabricated from solvents with a high boiling
point or with a controlled evaporation process and, hence,
d in confined conditions. Ordered crystalline domains are observed under
in size.



Fig. 4. AFM height images of a film by spin coating (a) and confined solution deposition (b). The crystalline P3HT film by confined solution deposition has a
higher roughness due to the formation of fibers, compared to that of the spin coated film. The fibers bundle locally in two preferential directions
perpendicular to each other (in the image under an angle of about 45�), to form a part of the macro scale cross-pattern features observed by polarized light
microscopy.

H.B. Akkerman et al. / Organic Electronics 13 (2012) 235–243 239
slow crystal growth [15,40]. Therefore, we attempt to
investigate the effect of using a confined geometry for film
formation.

TIPS-pentacene thin films were prepared from chloro-
form. Transfer and output characteristics are shown in
Fig. 5. An average field-effect mobility (26 devices, eight
samples) l = 0.29 ± 0.14 cm2/V s was obtained from crys-
talline TIPS-pentacene by confined solution deposition. In
striking contrast, the spin coated films from chloroform,
without annealing gave a mobility that is about three or-
ders of magnitude lower, l = (3.4 ± 0.5) � 10�4 cm2/V s.
Optically, the spin coated films from chloroform showed
no crystalline regions or large domains, but when
processed in a confined space, very large crystals emerged.
Fig. 6a shows an optical micrograph of a TIPS-pentacene
thin film processed from chloroform at a magnification of
25�. Elongated crystals of a few mm in length can grow
in the confined space, depending on physical limitations
such as the length of the stamp and distance between point
of nucleation and edge of the stamp. Fig. 6b shows the
same sample under cross polarized light. Different colors
Fig. 5. Transfer characteristics (Vds = �20 V) (a) and output characteristics (b) of a
chloroform. The saturated mobility was determined from the slope of I1=2

ds vers
threshold voltage Vt = 2.1 ± 1.2 V and an on/off ratio of about 1 � 105.
of the crystals correspond to different orientation or thick-
ness. The thickness of the crystals at different locations in
the film was measured by AFM and profilometry.

The orange and red colored crystals in the center of
the film are of about the same thickness (�30–40 nm)
but with different orientations. Upon rotating the stage
under cross polarized light, the contrasts of these crystals
invert. The narrow elongated crystals (Fig. 6c) are around
60–70 nm thick, depending on the location on the sample
and increase in thickness towards the edge. The bigger
crystals towards the edge of the film (Fig. 6d), lighter in
color, are about 300 nm thick. Since the PFPE stamp on
top of the substrate is transparent, we could observe the
crystallization in-situ by optical microscopy. The crystal
growth starts at the nucleation points at random loca-
tions in the center of the film. The initial crystal growth
is dendritic and branches in all directions. Depending on
the crystal size and the area available, some of the
branches of the crystal continue to grow for several milli-
meters towards the edge of the film. The initial dendritic
growth occurs in the first few seconds, when most of the
FET fabricated by confined solution deposition with TIPS-pentacene from
us Vg. The average mobility was l = 0.29 ± 0.14 cm2/V s, with an average



Fig. 6. An optical micrograph at 25� magnification (a) of a TIPS-pentacene film processed in confined conditions from chloroform. The different crystals
observed in the film are indicated by markers in (a). Long crystals are observed under cross polarized light (b), that grow larger and thicker towards the end
of the film. The single crystal nature over a length of several millimeters of some of the crystals was confirmed by rotation of the sample stage under cross
polarized light, where a simultaneous extinction occurs. This can also be observed in (b), by the dark diagonal feature in the film. Au electrodes (dark
horizontal lines) are evaporated on top to complete the transistor configuration (c, d) and the W/L is measured by optical microscopy in case of incomplete
sample coverage of the film, and/or distance between electrodes.
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film is formed, and the larger single crystal plates grow
much slower in about 2 min. Fig. 6b shows a long dark
diagonal feature which is due to extinction of light under
a certain angle, indicating a single crystal orientation
from the nucleation point all the way to the edge of the
film. Upon rotation of the sample stage, this region will
be visible and other crystals with a slightly different ori-
entation will extinguish. The mobility obtained has quite
a large spread (l = 0.11–0.61 cm2/V s) and depends on
the crystal thickness and orientation of the crystals be-
tween the source and drain electrodes, relative to the
electric field. We find the highest mobility for crystals
aligned with the growth direction parallel to the electric
field, with a peak mobility l = 0.61 cm2/V s. Although this
value is lower compared to previously reported best val-
ues for TIPS-pentacene from solution (mobilities around
1–2 cm2/V s [15,17,41,42]), it should be noted that we
only varied the concentration of the solution as a process
parameter. Chloroform is the preferred choice of solvent
since the drying of the film occurs within a few minutes.
However, initial tests using toluene as a solvent resulted
in a mobility of l = 0.94 cm2/V s. Toluene, having a higher
boiling point, takes longer to evaporate and crystals grow
slower with, likely, better quality. Further optimization by
using different solvents, is currently under investigation.
The TIPS-pentacene crystals grow radially outward from
a nucleation point, which in combination with the elon-
gated rectangular channel area results in crystals oriented
mainly parallel to the array of source and drain elec-
trodes, i.e., parallel to the electric field. However, close
to the nucleation point this is not the case and crystals
can be oriented under an angle up to 45� relative to the
electric field, and still bridge the source–drain gap. Fur-
thermore, crystals close to the nucleation point are small
in size, which combined with a different orientation re-
sults in a lower value of the mobility of about 0.1 cm2/
V s. GIXD was performed to study the crystallinity relative
to the spin coated films. The scattering patterns are
shown in Fig. S6a and b (Supporting information). The
TIPS-pentacene crystalline films fabricated in a confined
space showed distinct spots in the image; this shows high
crystallinity and highly oriented crystals. In contrast, the
spin coasted films show arcs that result from a broad dis-
tribution of crystallite orientations. By AFM we measured
the step height from two consecutive layers to be around
1.7 nm, which corresponds well with the d(001) spacing
found previously for single crystal TIPS-pentacene,
d(001) = 16.8–17.0 Å [43,44]. The step height from the
samples in Fig. S6a and b are �16.7 and 16.6 Å,
respectively.



Fig. 7. The mobility of 15 devices from six different samples is plotted for C60 (a). Two orders of magnitude in mobility spread is observed, with the highest
mobility being l = 2.7 cm2/V s. An optical micrograph (100� magnification) of isolated plate like crystallites formed within the confined space (b). At the
edge of the film needle like crystals are formed within the reservoirs. The inset shows a crystallite at 500�magnification. The straight and regularly shaped
edges are an indication for a single crystal nature, but this needs yet to be determined by crystallographic measurements.
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2.3. C60

C60 exhibited high field-effect mobilities in transistors
when thermally evaporated as thin films or in single crys-
tal devices grown from vapor phase [45–49]. However,
thin films from solution are hard to prepare due the ten-
dency for three-dimensional growth and clustering of C60

molecules while the solvents slowly evaporate after spin
coating or drop casting. The limited space in the z-direction
in the deposition technique presented here might limit the
clustering of C60 and enhance in-plane order.

Spin coating of the C60 solution rendered discontinuous
films and could therefore not be used as a reference. Due to
a higher boiling point of both solvents (m-xylene and car-
bontetrachloride) used for fabrication of C60 thin films, a
longer waiting time was required for the solvent to evapo-
rate. Annealing is not possible during the deposition due to
a small deformation of the stamp and the consequent wet-
ting of the substrate at the channel region. Isolated crystals
were formed and oriented towards the edge of the channel
(Fig. 7b). Needle like crystallites at the edge of the film
were often observed and originated in the reservoirs.
Underneath the stamp in the confined space the crystal-
lites were flat with a thickness of �30–40 nm, which was
determined by AFM (see Fig. S8, Supplementary informa-
tion). Long straight steps observed on top of the crystal,
with a height of 1–2 nm, suggest a step of a single C60

molecular layer, but a single crystal nature needs yet to
be determined by crystallography. Cross polarized light
microscopy is not possible due to the isotropic nature of
C60. The absence of a continuous film is due to the limited
solubility of C60 and thus, the amount of material present
in the confined space. Au electrodes were thermally evap-
orated on top of the isolated crystallites, which resulted in
two or three transistors per sample. The W/L ratio was
measured by optical microscopy, where the width W is
determined by the sum of the crystallite widths of the
crystallites bridging the gap between the source and drain
electrode and L being the distance between the electrodes,
see Supplementary information for more details. The satu-
rated field-effect mobilities obtained for 15 devices are
plotted in Fig. 7a. A large spread in mobilities of two orders
of magnitude is observed, which is likely due to a combina-
tion of variation in crystallite thickness, shape, orientation
and contact quality to the crystallites. The maximum
mobility measured was l = 2.7 cm2/V s for device 11 (see
Fig. S1 and S9, Supplementary information). This is about
twice the value of the highest mobility measured for n-
type organic transistors from solution with l = 1.4 cm2/
V s [50]. The mobility is still lower compared to that by
thermal evaporation [47,48,51]. This might be due to sol-
vent inclusion in the crystallites [52], which can alter the
packing structure. To identify the reason for a lower mobil-
ity, further characterization of the crystal structure is
needed. It is also important to fabricate closed layers of
C60 crystals, which might be achieved by multiple deposi-
tion steps, a better control of the spacing between stamp
and substrate, or a change of solvent.

3. Conclusions

We demonstrated a solution deposition technique for
the fabrication of single crystals and crystalline films. A
limited adhesion between a fluorinated rigid stamp and
substrate facilitates the formation of a confined space that
enables crystallization of organic thin films. The versatility
of the technique was demonstrated by using small mole-
cules and a polymer. Advantages of this technique include
the small amount of material required per sample and the
possibility of using solvents with a low boiling point while
achieving an ordered packing. The drawback of small
material amounts is the high concentration required for
the formation of a continuous film, which might therefore
be limited by the solubility of the material.

P3HT formed an in-plane oriented crystalline thin film
when processed by confined solution deposition. The
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field-effect mobility measured, l = (2.7 ± 0.8) � 10�2 cm2/
V s, was an order of magnitude higher than those obtained
from spin coated films under similar conditions from
chloroform, due to an improved in-plane packing of the
molecules.

TIPS-pentacene formed large elongated crystals from a
low boiling point solvent with a high field-effect mobility
l = 0.29 ± 0.14 cm2/V s. Different types of crystals are
formed on a single substrate, varying in thickness and size.

Isolated crystallites of C60 showed mobilities up to
l = 2.7 cm2/V s, twice as high as previously reported for
n-type organic materials. The limited solubility of C60 pre-
vents the formation of a continuous thin film and process-
ing C60 by confined solution deposition will require further
optimization.

We expect our technique to lead to further studies on
crystalline films, exhibiting high field-effect mobilities,
and possibly to the emergence of the ability to fabricate
single crystal FETs on a large scale, for example by making
large stamps on isolated small pillars while the majority of
the stamp is suspended above the substrate. Many param-
eters, like channel geometry and solvent, can be optimized
for each material under study in the near future to obtain
large single crystals or large crystalline domains.

4. Methods

The molds for perfluoropolyether (PFPE) stamps were
made by fabricating line features (height �150 lm) of
SU-8 photoresist onto a silicon wafer. The lines varied in
width between 1 and 4 mm and have a length between 8
and 15 mm. The PFPE was mixed with 0.05% acetophenone
photoinitiator for photocrosslinking. After casting the PFPE
in an N2-atmosphere, the films were photocrosslinked by
UV irradiation (ELC-500, Lightning Enterprises) in a cham-
ber using a total power of 36 W at a distance of approxi-
mately 10 cm. Each irradiation lasted 30 s with a 1 min
cooling interval to ensure full crosslinking. This was re-
peated five or six times, depending on the amount of PFPE.
To fabricate different channel geometries for patterned
films, a protective adhesive sheet, normally used for wafer
dicing, is placed on a wafer. From the dicing sheet the re-
quired stamp geometries are drawn and cut, and the
redundant pieces are removed by hand. This results, albeit
with low resolution due to manual cutting, in stamps
where only the shape of the channel is modified, i.e., the
region that is in close proximity with the substrate.

Highly doped Si wafers with a 300 nm thermally grown
oxide were used as a substrate and functioned simulta-
neously in FETs as a common gate electrode, with the
SiO2 being the dielectric. The SiO2 was treated with HMDS
by spin coating at 3000 rpm and subsequent rinsing with
2-propanol. The absence of a surface treatment of the
oxide, or when processed on rougher glass substrates, did
not lead to a difference in film formation. When the con-
tact angle of a surface treatment was too high, i.e., close
to the contact angle of the PFPE stamp, films will delami-
nate upon removing the stamp. Samples were fabricated
and measured in air for TIPS-pentacene (Sigma–Aldrich)
and in N2 atmosphere for C60 (Sigma–Aldrich) and P3HT,
to prevent degradation.
Electronic grade regio-regular P3HT was purchased
from Merck Chemicals (Lisicon SP001, Mw = 44 kDa). Ref-
erence films were fabricated with P3HT from chloroform
(5 mg/ml) by spin coating at 2500 rpm to compare with
those made by the confined solution deposition technique
(also with 5 mg/ml in chloroform). TIPS-pentacene (Sig-
ma–Aldrich) thin films were prepared from chloroform
with a concentration of 20 mg/ml. For the solution of C60

(Sigma–Aldrich) we used a mixture of carbon tetrachloride
and m-xylene (4:3) as a solvent with a concentration of
0.8 mg/ml. After sonication for 30 min and filtering with
a 0.2 lm PTFE filter, the films were fabricated in a glovebox
under nitrogen atmosphere.

After dissolving the semiconductor material, the solu-
tion (5–10 ll) was deposited at the edge of the confined
space and is immediately dispensed underneath the stamp
by capillary forces. Thermal evaporation (Angstrom Engi-
neering) of the Au source and drain electrodes, with a
thickness of 40 nm and W/L of 20 with L = 50 lm, was done
through a shadow mask at a rate of 0.5–1.0 Å/s�1 at a
pressure P 6 10�6 mbar. Electrical characterization of the
electronic devices was done with a Keithley 4200 semicon-
ductor analyzer. Morphology and crystallinity were stud-
ied by optical microscopy (Leica, DM4000M) and tapping
mode AFM (Veeco, MultiMode Scanning Probe Micro-
scope). GIXD measurements were performed at the Stan-
ford Synchrotron Radiation Lightsource, using beamline
11-3 [53]. The scattering intensity was detected on a 2D
image plate and the incident angle was set between 0.10�
and 0.12� to optimize the signal-to-background ratio.
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