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Patterning organic single-crystal transistor arrays
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Field-effect transistors made of organic single crystals are ideal for
studying the charge transport characteristics of organic semi-
conductor materials'. Their outstanding device performance®®,
relative to that of transistors made of organic thin films, makes
them also attractive candidates for electronic applications such as
active matrix displays and sensor arrays. These applications
require minimal cross-talk between neighbouring devices. In the
case of thin film systems, simple patterning of the active semi-
conductor layer”'® minimizes cross-talk. But when using organic
single crystals, the only approach currently available for creating
arrays of separate devices is manual selection and placing of indi-
vidual crystals—a process prohibitive for producing devices at
high density and with reasonable throughput. In contrast, inorg-
anic crystals have been grown in extended arrays'' ™", and efficient
and large-area fabrication of silicon crystalline islands with high
mobilities for electronic applications has been reported'*'*. Here
we describe a method for effectively fabricating large arrays of
single crystals of a wide range of organic semiconductor materials
directly onto transistor source—drain electrodes. We find that film
domains of octadecyltriethoxysilane microcontact-printed onto
either clean Si/SiO, surfaces or flexible plastic provide control
over the nucleation of vapour-grown organic single crystals.
This allows us to fabricate large arrays of high-performance
organic single-crystal field-effect transistors with mobilities as
high as 2.4cm”>V™'s™" and on/off ratios greater than 107, and
devices on flexible substrates that retain their performance after
significant bending. These results suggest that our fabrication
approach constitutes a promising step that might ultimately allow
us to utilize high-performance organic single-crystal field-effect
transistors for large-area electronics applications.

Figure la illustrates the single-crystal patterning process (see
Methods for a detailed description). First, thick octadecyltriethoxy-
silane (OTS) films (average thickness ~13 * 2nm, measured by
ellipsometry) are printed by microcontact printing onto a clean
SiO,/Si substrate, using a polydimethylsiloxane (PDMS) stamp with
a relief structure in the desired pattern. We note that although the
results discussed here mainly relate to structures grown on arrays
of micrometre-sized OTS squares, it is straightforward to create
more-complex OTS film patterns for single-crystal nucleation
(Supplementary Figs 3 and 6). After film deposition, crystals are
grown using a vapour transport method'® applicable to a broad range
of materials, including high-mobility p-type materials such as
rubrene, pentacene and tetracene, and n-type materials such as Ceo,
fluorinated copper phthalocyanine (F;,CuPc) and tetracyanoquino-
dimethane (TCNQ) (Supplementary Fig. 14). We find that sublima-
tion of the organic material and crystal growth are accomplished in as
little as five minutes for pentacene and as much as two hours for Ceq,
and that crystal nucleation is restricted to OTS-stamped regions and
not observed on the SiO, background. The crystals show strong
birefringence in optical micrographs recorded under cross-polarized

light (Supplementary Fig. 6), confirming their crystalline nature. We
also observe intense and narrow diffraction peaks in the X-ray dif-
fraction patterns of pentacene, rubrene and Cq single crystals, which
are indicative of a high degree of crystallinity (Supplementary Figs 5,
8 and 12).

Examples of arrays of single crystals of pentacene, rubrene and Cq,
grown on stamped OTS domains are shown in Fig. 1b—d. The growth
of discrete single crystals is achieved by controlling the feature size of
the printed OTS regions so that it supports on average only one
crystal nucleation event. In the case of pentacene, crystal nucleation
activity as a function of the size of the stamped OTS domains was
analysed by using arrays of OTS squares with areas of 25 um?® (that
is, 5 X 5um), 625 pum* (25 X 25 pum), 2,500 pum? (50 X 50 pm) and
10,000 pm? (100 X 100 pm). To ensure that crystallization can be
accurately compared on different active areas, a special PDMS stamp
was fabricated containing four different feature sizes on one stamp,
thus preventing sample-to-sample variations. The results are sum-
marized in Fig. 2a, which plots the average number of nuclei (as
counted in numerous fields of each stamp size) versus the stamped
domain area. Within experimental error, the data fit a line corres-
ponding to a constant nucleation density of about one nucleus per
49 um?, or a single pentacene crystal per 7 X 7 pm domain area. This
finding is in good agreement with our finding that the 5X 5pum
stamp (used to generate the array shown in Fig. 1b) yields approxi-
mately one single crystal per domain. The images in Fig. 2b show the
results of using a large-area array of 5 X 5 um stamped OTS domains
for controlling pentacene growth, demonstrating that most patterns
result in the formation of discrete pentacene single crystals.

OTS surface treatments have previously been used to pattern pen-
tacene thin films on structured substrates. In the case of preferential
pentacene thin film growth on OTS-treated gold surface structures'’,
selective film growth was attributed to different surface interactions
and surface diffusivities. Patterning SiO, substrates with OTS and
FDTS ((heptadecafluorotetrahydrodecyl)trichlorosilane) also results
in patterned growth of pentacene films’: within a certain window
of growth conditions, pentacene forms two-dimensional islands
(islands with monolayer-stepped terraces) on the patterned OTS
regions, but only three-dimensional islands (disconnected single
grains) in the FDTS-treated regions. These locally different modes
of pentacene film growth were attributed to different molecule—sub-
strate interactions.

However, the present study investigates the patterning of discrete
single crystals, rather than the formation and patterning of thin
films'®'?, and the selectivity achieved in our systems is more likely
to be due to the high roughness of the thick OTS-stamped film rather
than to different molecule—substrate interactions arising from a con-
trast in surface chemistry. This view is supported by atomic force
microscope images typically showing an r.m.s. roughness of ~150 A
in the stamped OTS domains (Supplementary Fig. 1), and an r.m.s.
roughness of <5 A in regions of bare SiO,. In control experiments
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using thick OTS films stamped onto a vapour-deposited smooth OTS
monolayer background (r.m.s. roughness <2 A), pentacene crystals
nucleated only in the patterned regions and with the same selectivity
as seen with thick OTS film patterns stamped on bare SiO, (Supplem-
entary Fig. 15). These observations agree with classical nucleation
theory, which predicts that the higher surface energy associated with
irregularities such as indentions, step edges or protrusions signifi-
cantly lowers the barrier to heterogeneous nucleation, relative to that
on a flat surface?*?'; they also agree with a modern phase field theory,
which similarly predicts heterogeneous nucleation to favourably
occur on rough surfaces*”’. However, we note that besides the rough
topology of the OTS-stamped domains, the use of a rather high
substrate temperature is also important in achieving selective crystal
growth. The substrate temperature, which is only ~20 °C lower than
that of the evaporation source, results in a higher thermal redesorp-
tion rate in the bare SiO, regions than in the adjacent rough OTS
regions. Given the large number of molecules required to form a
stable nucleus at high substrate temperatures®**, nucleation on the
bare SiO, surface is effectively suppressed. Consequently, the nuc-
leation of crystals is effectively suppressed in smooth regions, while
the stamped rough OTS domains act as effective primary nucleation
centres. This interpretation is supported by inspection of the under-
side of the crystal making direct contact with the OTS film, which
revealed that the initial nucleus may have grown from the valley of the
rough OTS film in a conformal fashion, with large parts of the bot-
tom surface being planar and in close contact to the substrate
(Supplementary Figs 17, 18).

The control over crystal nucleation and growth provided by the
OTS patterns makes it possible to grow large arrays of crystals directly

PDMS stamp

w— OTS film

(1) } PrintOTS film |

(2) l Remove stamp

(3) | 1. Vacuum-seal substrate
2. Crystal growth from vapour

Single
crystals

Figure 1| Patterning of organic single crystals. a, Schematic outline of
the procedure used to grow organic single crystals on substrates that have
been patterned by microcontact printing. The printing uses PDMS stamps
with relief features that are inked with a thick OTS film and then pressed
onto the substrates. To grow the patterned single crystals, the patterned
substrate is placed in a glass tube with the organic source material, vacuum-
sealed (0.38 mm Hg), and placed in a temperature gradient furnace tube.
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onto transistor source—drain electrodes (see also Methods). This is
illustrated in Fig. 3a, which shows rubrene single crystals patterned
into a 14 X 14 transistor array. In most cases a few crystals are found
between each pair of source and drain electrodes, but in some cases
just one rubrene single crystal bridges the channel region (optical
micrograph in Fig. 3b). One-step fabrication of large arrays of tran-
sistors with a single crystal in the channel region has until now been
impossible to achieve with any of the reported methods of single-
crystal field-effect transistor fabrication'. More than 99% of the
devices with at least one crystal bridging the drain and source elec-
trodes exhibited a field effect, with the electrical characteristics of the
highest-mobility rubrene device shown in Fig. 3b. Overall, measured
mobility values range from 0.1 to 2.4cm?V ™ 's™ ', This large vari-
ability may be partly attributed to the marked anisotropy of charge
transport in rubrene’ and to differences in contact quality at the
dielectric/semiconductor and electrode/semiconductor interfaces.
The crystals are able to make contact because the stamped OTS on
both Au and SiO, consists of sparse pillars that do not fully coat the
surface. Moreover, some of the OTS stamped on Au was found to
evaporate on heating under conditions similar to those used during
crystal growth (Supplementary Fig. 19). The growing crystal itself
also seems to push some OTS pillars outside the stamping field,
thereby leaving a visible outline of the peeled-off crystal on the sub-
strate (Supplementary Fig. 20); this effect increases the contact area
between the crystal and the dielectric and electrode surfaces. But the
calculated mobilities may nevertheless underestimate the true mobil-
ities, because it is still possible that only portions of the bottom
surface of the crystal make contact with the dielectric surface.
Nonetheless, random testing of 22 of the devices in the 14 X 14

Rubrene

Fullerene Cg,

b-d, Patterned single-crystal arrays of different organic semiconductor
materials. The dotted square in each image indicates the size and location of
one of the OTS-stamped domains, while the molecular structure of the
organic material used is shown next to the image of its single-crystal array.
b, Pentacene (scanning electron microscope, SEM, image; stamped domain
size 4 X 4 pm); ¢, rubrene (SEM, 25 X 25 pm); d, Cgo (optical micrograph,
8 X 8 um).
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rubrene-based transistor array yielded an average saturation regime
mobility of ~0.6 =0.5cm”>V ™~ 's™ ! with on/off ratios greater than
107 (Supplementary Fig. 10). These characteristics are comparable to
those of amorphous silicon transistors and high-performance organic
thin film transistors reported in the literature*® . Pentacene single-
crystal transistors were similarly fabricated using unpurified, as-
received pentacene source material, with the resultant devices
exhibiting mobilities on the order of 0.3 cm® V™' s~ ' and on/off ratios
>10°. The electrical characteristics of a typical pentacene device are
displayed in Fig. 3c. Finally, devices made by patterning the n-channel
materials Cgy and TCNQ were found to exhibit mobilities 0of 0.03 and
10" em? V™ ''s ™, respectively.

Our fabrication method can generate not only discrete single-crys-
tal transistors on rigid SiO,/Si substrates, but also flexible transistor
arrays. The basic scheme for flexible single-crystal devices on a poly-
imide substrate and its realization with rubrene as the active material
are shown in Fig. 4a (see also Methods for details). The characteristics
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Figure 2 | Controlling pentacene crystal nucleation. The number of crystals
nucleated and grown per stamped domain is a function of the domain area.
a, Plot of the number of pentacene crystals in each stamped domain as a
function of stamped domain area. The data points show the average crystal
number found for the four different stamp sizes used in the experiment. The
error bars indicate the standard error of the mean, obtained from counting
the nuclei in 24 stamping domains of each size (N = 24). The red line is a
linear fit of the experimental data, yielding a nucleation density value of one
pentacene crystal per 49 um” (equivalent to a stamping area of 7 X 7 um).
Insets, optical micrographs of the four different stamp sizes used. b, Example
of alarge-area array of discrete pentacene single crystals grownona5 X 5 pm
stamped OTS pattern. The image on the left is an optical micrograph of the
array, with the enlarged view of the indicated area shown as an SEM image on
the right.
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of a selected plastic rubrene transistor before and after bending
(stretching, bending direction across the channel) are presented in
Fig. 4b. Mobilities as high as 0.9 cm® V™~ "s™ " and on/off ratios of 10*
(threshold voltage ~1.5V) have been measured in our best flexible
rubrene field-effect transistors, while our best mobility for a flexible
pentacene field-effect transistor was 0.1cm®V ™~ 's™' with on/off
ratios of ~10” (Supplementary Fig. 5). No significant loss in per-
formance was observed when the devices were bent to a radius as
small as 6 mm, as found in bending experiments performed on four
randomly chosen devices that all exhibited similar behaviour. This
demonstrates that the patterned single-crystal transistors can endure
strenuous bending, and therefore are potentially useful for flexible
electronics. Besides rubrene, high vapour pressure materials such as
anthracene and tetracene were also successfully patterned on flexible
and transparent poly(ethylene terephthalate ) (PET) substrates with-
out degrading the plastic (Fig. 4a).

The present results clearly show that the fabrication method we
describe here can be used to control the nucleation location and
nucleation density of molecular single crystals. But for the method
to be technologically relevant, the orientation and alignment of the
crystals also need to be controlled, because charge transport in single
crystals can be highly anisotropic’. Preliminary results from our
laboratory suggest that this is possible by using a combined nuc-
leation/alignment layer. Another challenge is the need for a better
understanding of the crystal growth mechanism in this system so as
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Figure 3 | Single-crystal transistor arrays on rigid substrates. Arrays of
working single-crystal transistors are produced by printing films of OTS
domains onto arrays of source—drain electrodes, followed by growth of
organic single crystals in the printed domains. a, Optical micrograph of
arrays of functional single-crystal transistors. The electrical characteristics of
typical single-crystal transistors in the arrays, along with images of the
transistors, are shown in b for rubrene, and in c for pentacene. Vpyg,
drain-source voltage; Vg, gate voltage; Ips, drain—source current.
Characteristics are as follows: b (middle panel), mobility

(n)=2.4 cm?>V~s71, on/off ratio ~10°, threshold voltage (Vy,) =22.4V;
¢ (middle panel), u = 0.2 cm? V™ !s™1, on/off ratio ~10°, V4, = —3.1V.
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Figure 4 | Flexible single-crystal transistor arrays. a, Diagram of the basic
design for single-crystal transistor arrays on plastic substrates (top). The
optical micrographs (bottom) show a rubrene transistor array attached to a
glass vial of diameter 11.7 mm (left), and anthracene crystals patterned on a
poly(ethylene terephthalate) (PET) substrate and fluorescing under an
ultraviolet light source (right). Patterned organic crystals were grown on
flexible Kapton devices that were taped onto pre-cut glass microscope slides
with high-temperature polyimide tape. b, Electrical characteristics of the
single-crystal arrays. Left, the performance of a typical flexible rubrene
single-crystal transistor. The middle and right panels illustrate the effect of
device array bending on device performance. Middle, the transfer curves of a
flexible device bent at 6 mm bending radius and after bending (that is, back
in planar geometry); right, plot of mobility as a function of the bending
radius (or strain percentage, which is indicated on the top axis). The green
and orange curves in the middle panel correspond to the green and orange
data points in the right panel. The electrical characteristics of all devices were
first measured in the planar geometry, then repeatedly in the bent geometry,
and finally again in the original planar geometry, similar to procedures used
in ref. 28.

to optimize the electrical contact between the crystals and the dielec-
tric layer, as well as between the crystals and the electrodes. Of course,
practical applications in large-area flexible electronics will also
require precise control of the growth process, to allow scaling of
the fabrication method to larger areas while achieving high device
uniformity and high device yield.

METHODS

Substrate patterning and crystal growth. OTS printing solutions were prepared
in reagent grade toluene with concentrations ranging from 0.1 to 1.0 M. Cotton
applicators were used to ink the PDMS stamps with the OTS solutions, and an air
gun was used to dry the stamps from excess solvent. The stamps were brought
into contact with substrates for approximately 5 min. No rinsing or heat treat-
ment was administered to the OTS-patterned substrates. To deposit the crystals,
we used a 16-mm-diameter glass tube that was open at one end and had already
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been closed (by flame-sealing) at the other. Semiconductor material was placed
inside the tube near the closed end (~10mg of source material used); the
patterned substrate was put onto a NiCr wire clip and placed inside the tube,
several centimetres away from the source material. Subsequently, the tube was
completely flame-sealed under a vacuum pressure of ~0.38 mm Hg using a
standard laboratory vacuum pump. As an example of the procedure used, the
pentacene source temperature is maintained at ~260 °C and the closest edge of
the patterned substrate is positioned 2 cm away (~250 °C) from the source zone.
The nucleation zone of pentacene crystals extends to the far edge of the sample
5 cm away from the source (~220 °C). Next, the vacuum-sealed tube is placed
into a temperature gradient sublimation reactor similar to the construction
reported in ref. 16. Pentacene single crystals were grown in as little as 5 min with
5 pm stamps and in ~30 min using 100 pm stamps. Typical source temperatures
for pentacene are ~260 °C. Growth temperatures for rubrene and Cg, were 250—
270 °Cand 425-500 °C, respectively. Increasing the source temperature increases
the rate of crystal growth, but also increases the distance from the source to the
crystal-forming region. Calibration of materials under controlled parameters
was conducted to determine the exact distance of crystal growth with respect
to the source zone. Larger-diameter glass tubes were used in order to fabricate
larger-area patterns. Organic source materials were purified by temperature
gradient sublimation, but in most cases, they were used without any purification
and used as received.

Device array fabrication. Bottom-contact devices (14 X 14 source—drain elec-
trode arrays, channel lengths 10, 20, 50, 100 pm) were defined by conventional
photolithography (metal thickness: Cr, 1.5 nm; Au, 40 nm). Single-crystal tran-
sistors were fabricated on conventional SiO, substrates containing a dielectric
thickness of 300 nm on highly doped Si. A capacitance of 10 nF cm ™2 was used to
calculate the field-effect mobility of transistors on a 300 nm SiO, dielectric,
whereas a capacitance of 1.9 nF cm ™2 was used for 1.5-pum-thick poly-4-vinyl-
phenol (PVP, M,, = 20,000) dielectric. For flexible transistors, a dielectric layer
of PVP was spin-coated (~2,000 r.p.m.) on 140-um-thick Kapton (polyimide)
sheets covered with a 100 nm gold coating used for the gate electrode (Astral
Technology Unlimited). The dielectric solution was prepared from 22 wt% PVP,
and 8 wt% poly(melamine-co-formaldehyde), methylated (M, =511), dis-
solved in propylene glycol monomethyl ether acetate (PGMEA)*. The substrates
were baked at 100 °C for 10 min then at 200 °C for 10 min to initiate crosslinking.
The source—drain electrodes were fabricated by thermal evaporation of Cr
(1.5nm) and Au (50 nm) for flexible substrates. The W/L (W, channel width;
L, channel length) for our highest mobility rubrene devices were ~2 for con-
ventional SiO, substrates and ~4 for flexible polyimide devices. Patterned
organic crystals were grown on flexible Kapton devices that were taped onto
pre-cut glass microscope slides with high-temperature polyimide tape. All
devices were first measured in the planar geometry mode followed by several
bent geometry measurements, and finally measured in the original planar geo-
metry, similar to procedures used in ref. 28.
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