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Organic molecular crystals (OMCs) are of significant interest due to their potential use in transistors,
photovoltaic devices, light emitting diodes, and other applications. However, conventional vacuum-based
methods of growing crystalline OMC films are costly and provide limited control over crystal growth. In
this study, we present a new method for preparing high performance single-crystal tetracene field-effect
transistors under near-ambient conditions using organic vapor-liquid-solid (OVLS) deposition. We find

that the mobility of OVLS-grown tetracene is comparable to high quality crystalline films prepared by
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physical vapor deposition. These results establish OVLS deposition as a relatively low cost, low substrate
temperature, and ambient pressure method for growing high quality OMC films for device applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Over the past 30 years, organic molecular crystals (OMCs)
have received increasing attention due to their interesting and
potentially useful electrical, optical and magnetic properties [1].
Relatively high charge carrier mobilities as compared to their
thin-film counterparts make organic single-crystals a promising
choice for device applications such as photovoltaic devices and
organic-field effect transistors (OFETs) [2—4]. The outstanding
device performance [5—11] of OFETs made using OMCs makes
them attractive for electronic applications such as active matrix
displays and sensor arrays. However, for practical applications, it
is necessary to grow OMCs using a low cost deposition method
compatible with high-throughput, large area deposition. While
many solution-processing methods are available for fabricating
OMC layers [12], most require a fairly high degree of solubility for
the active material. Because many OMC compounds have poor
solubility, crystalline films are often grown instead using
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methods such as physical vapor transport or physical vapor
deposition (PVD) [13]. These methods, while applicable to a
broad class of materials, are relatively expensive to perform, tend
to have low throughput, and provide limited control over crystal
growth habit, orientation and size [14]. In order for OMCs to
become practical for device applications, an inexpensive, high
throughput method compatible with a broad class of materials
and providing control over crystal morphology and orientation is
highly desirable.

Here we employ a hybrid deposition technique known as
organic-vapor-liquid-solid (OVLS) deposition to prepare single-
crystal OMC films at near-ambient conditions [15—18]. OVLS
deposition is performed by sublimating an organic precursor into
a stream of an inert carrier gas, which carries it to a substrate
coated by a thin liquid solvent layer. Arriving monomers impinge
upon and dissolve into the solvent, raising the concentration
until crystals form in a quasi-2 dimensional layer by a burst
nucleation mechanism [18]. The method is an ambient-pressure,
all-organic analog to the VLS technique of crystal growth intro-
duced in the 1960's by Wagner and Ellis for inorganic materials
in liquid metal alloy droplets [19,20], but employs an organic
solvent combined with an organic precursor delivered via the
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vapor phase. The OVLS growth method has been previously used
to prepare films of tetracene [16—18], pentacene [21], rubrene
[22,23], buckminsterfullerene [24], and other molecular systems
[25—29], demonstrating its applicability for a broad class of OMC
materials covering a wide range of solubilities. Additionally, OVLS
deposition can be used to control crystal morphology though
interactions between the solvent and organic precursor, and by
using a liquid crystal solvent and/or patterning, it may also be
possible to fabricate arrays of oriented crystals to maximize
charge carrier mobility and performance for devices such as FETs
[17].

Despite its promise as an applications-relevant OMC film
deposition method, to date no demonstrations of the use of OVLS
growth to prepare films suitable for device applications have been
reported. In this paper, we present a simple method for preparing
device-quality OVLS-deposited OMC films. The resulting films are
used in the fabrication of OFETs in order to assess how their elec-
trical properties compare to crystalline films prepared by conven-
tional PVD methods. We find that OVLS-grown tetracene films
exhibit performance comparable to the best literature values,
demonstrating formation of high-quality crystalline films under
near-ambient conditions.

Figure 1. (A) Tetracene vapor generated in a heated crucible (1) is swept into a stream
of heated N, gas and carried up a tapered nozzle (2), impinging by axisymmetric
stagnation point flow (3) on a squalane-coated SiO,/Si substrate (4). The steady flux of
tetracene into the squalene solvent layer results in the formation of a finite number of
micron-sized tetracene single-crystals via a burst nucleation mechanism. Deposition is
controlled by a retractable shutter (5).

2. Experimental section

Field-effect transistors were fabricated under inert atmosphere.
Heavily p-doped silicon was used at the gate electrode with a
300 nm thermally grown SiO; layer as the gate dielectric. The
substrate was first ozone cleaned to improve wettability of the
OVLS growth solvent. The growth solvent layer thickness was
measured by optical interferometry. Details of the OVLS deposition
procedure for the active layer are given in section 3. X-ray diffrac-
tometry of the resulting films was performed with a Panalytical
Xpert diffractometer using a Cu Ko source (A = 0.154 nm).

Thermal evaporation of gold (~40 nm) as the source and drain
electrodes at 2 A/s was performed following overnight pump down
under high vacuum (10~ Torr) using a high density shadow mask
(Ossilla Ltd.). After electrode deposition, devices were annealed at
100 °C under nitrogen for a further 30 min to ensure good contact
between electrodes and tetracene crystals. Silver epoxy was pain-
ted on the side of the silicon substrate in order to make contact to
the gate electrode. Device testing was carried out in a nitrogen
glovebox with <0.1 ppm of oxygen at room temperature to avoid
oxidation of tetracene. Electrical measurements were taken using
two Keithley 2400 SourceMeters.

3. Results and discussion

Field-effect transistors were fabricated in a top-contact config-
uration. Following preparation of the Si/SiO, substrate, a 1100 pm-
thick layer of 2,6,10,15,19,23-hexamethyltetracosane (squalane)
was spin-coated on the substrate, serving as the growth solvent.
Squalane was chosen for its low vapor pressure, low cost, low
toxicity, and favorable wetting of tetracene crystals. Tetracene films
were deposited using a custom OVLS deposition chamber (Fig. 1).
Tetracene vapor generated in a crucible held at 250 °C was swept
into a stream of heated N,, with flow directed through a nozzle
onto the substrate (flow rate 0.1 standard L min~'). The nozzle has a
slightly tapered constriction at its end, resulting in plug-like flow
impinging on the substrate with axisymmetric stagnation point
geometry. This produces nearly uniform deposition over an area
equal to the size of the nozzle, ~1 cm?. A retractable shutter is used
to start and stop the deposition. The typical deposition time was
90 min. Further details of the OVLS deposition method, including
treatment of the flow dynamics, are given in Ref. [15].

Tetracene carried to the substrate by the impinging flow dis-
solves in the squalane layer, raising the concentration until a critical
supersaturation is reached, causing crystals to nucleate. Subse-
quent growth of these crystals partially depletes the solution of
monomers, halting the formation of new crystals, but permitting
growth of existing crystals fed by the ongoing vapor-phase flux. The
result is a burst of nucleation, followed by growth, with crystals
fully submerged in the solvent layer [18]. Crystals grew as thin
platelets with prismatic morphologies, ranging in size from 100 to
500 um and having a typical thickness determined by atomic force
microscopy of 150 to 250 nm (Fig. 2(a, b)). X-ray diffractometry
performed on these samples agreed with the previously reported
bulk crystal structure of tetracene [30,31], and showed crystals
possessing random in-plane, but uniform out-of-plane alignment,
with the ab-crystal plane oriented parallel to the substrate
(Fig. 2(c)). High resolution polarized optical microscopy indicated
the majority were single-crystals, undergoing uniform extinction
upon sample rotation when viewed between crossed polarizers
(Fig. 2(d)—(f)). Film growth was halted at a coverage well below the
point where crystals began to coalesce, producing large, widely-
separated crystals suitable for single-crystal device measure-
ments. More detailed descriptions of the growth kinetics and
coverage-dependent morphological evolution of these films is
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