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The fabrication of top metal contacts for organic devices represents a challenge and has important
consequences for electrical properties of such systems. We report a robust, low-cost and
nondestructive printing process, flip chip lamination, to fabricate top contacts on rubrene single
crystals. The use of surface chemistry treatments with fluorinated self-assembled monolayers,
combined with pliable substrates, and mild nanoimprint conditions, ensures conformal contact
between ultrasmooth metal contacts and the organic crystal. Space-charge limited current
measurements point to better interfacial electrical properties with the flip chip lamination-fabricated
contacts compared to the analog architecture of e-beam evaporated top contacts. © 2011 American

Institute of Physics. [doi:10.1063/1.3580610]

The field of organic electronics has witnessed significant
progress lately in material synthesis, device architecture, and
measured performance. However, the choice of processing
methods, device geometries, and contact materials presents
severe limitations given the fragility of organic materials.
One challenge is the formation of electrical top contacts on
organic semiconductors. Conventional metal deposition
methods (e.g., thermal or e-beam evaporation) yield insuffi-
cient reproducibility in device performance as they cause
considerable damage at the surface of the fragile organic
semiconductors.' Organic semiconductors have considerably
lower bonding energies (e.g., van der Waals) than covalent
and ionic inorganic semiconductors™” resulting from the co-
operation and competition between 7—o¢ and 7— 7 interac-
tions, thereby rendering organic materials susceptible to
damage when exposed to direct metal evaporation. Defects
can easily be created at the metal-organic interfaces, which
can severely hamper charge injection and extraction. For ex-
ample, de Boer er al. have demonstrated that the current
measured when injecting from the top electron-beam depos-
ited Au contact is about five orders of magnitude lower than
from the bottom-bonded Au contact in an organic single
crystal.1 They have concluded that exposure of the crystal
surface to high-energy electrons generated by the electron-
beam during the evaporation process induces damage in the
organic crystal. Several approaches were proposed to de-
velop soft methods for contact deposition such as ink-jet
printing,4 spray-coating,sf7 or nanotransfer printing
(nTP).*"" While these approaches worked well in thin-film
device fabrication, a reliable, low-cost fabrication method for
top contacting organic single crystals is still lacking. Organic
semiconductors in single crystal form are particularly attrac-
tive as they offer a well-defined structure where the molecu-
lar long-range order can serve as a model system for inves-
tigation of the mechanism of charge transport in organic
semiconductors.'* ' Impressive properties such as high mo-
bilities (on the order of 20-40 cm?/V s),"” metallic-like
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behavior,'® and long-range exciton diffusion were reported in
organic single crystal rubrene.

In this article we demonstrate the nondestructive deposi-
tion of top contacts on organic single crystals by using flip
chip lamination (FCL). FCL is a nTP-based technique that
combines specifically tailored surface adhesion with mild
conditions of pressure and/or temperature to laminate the
ultrasmooth patterned metal contacts to organic materials.”’
We describe the FCL of top contacts on rubrene single crys-
tals and demonstrate the effectiveness of this technique by
comparing the results with e-beam evaporated top contacts
and bonded-bottom contacts.

Figure 1 illustrates the steps we employed to prepare the
top metal contacts on rubrene single crystal by FCL. First,
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FIG. 1. (Color online) Schematic of the FCL process. (a) Preparation of the
fluorinated silane SAM, RL1, on the silicon wafer. (b) Evaporation of the
metal patterns. (c) Preparation of the fluorinated-thiol SAM, RL2, on Au/
RL1/Si substrate. (d) Contacting the plastic substrate (PET) to the RL2-Au/
RL1-Si substrate. (e) Peeling off the PET with the Au pattern adhered. (f)
Lamination/Bonding of the organic single crystal onto the Au/PET. (g)
Transfer of the crystal with top metal contacts onto a flexible substrate.
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FIG. 2. (Color online) (a) Rubrene device fabricated on a flexible substrate
after FCL the top metal contacts. (b) Optical micrograph of a rubrene single
crystal with laminated top metal conformal contacts. [(c) and (d)] FCL top
metal contacts of different shapes and sizes on rubrene needlelike single
crystals.

we prepared a fluorinated silane self-assembled monolayer
(SAM), tridecafluoro-1,1,2,2,-tetrahydro-octyltrichlorosilane
(RL1) [see chemical structure in Fig 1(a)] on a silicon wafer,
as described in detail elsewhere.”’ This chemical surface
treatment lowers the free energy () of the silicon surface®
and is needed to decrease the work of adhesion (Wa)Z?”24
between the silicon and gold surfaces. During the second
step, we evaporated 100 nm thick gold electrodes on the
RL1-Si substrate through a shadow mask, Fig. 1(b). Then,
we treated the weakly adhered gold electrodes with a
fluorinated-thiol SAM (3,3,4,4,5,5,6,6,7,7,8,8,8-
tridecafluoro-octanethiol), RL2, Fig. 1(c). In this case, the
RL2 allows the transfer of the Au layer onto a plastic sub-
strate (i.e., polyethylene terephthalate, PET), W,(Si/Au)
<W,(Au/PET), but have the Au adhered weakly enough to
assure subsequent transfers of this Au layer, Fig. 1(d). Note
that the surface energy of a CFs-terminated surface is lower
(y=15 mJ/m?)® than bare Au (y=1.5 J/m?).%® Thus,
transfer of the RL2/Au from Si to PET, Fig. 1(e), required
the application of 90 °C and 250 psi for 5 min by using a
commercial nanoimprint tool. These sequential steps produce
an ultrasmooth Au surface,20 which ensures conformal con-
tact with the rubrene single crysta1.27‘28 AFM measurements
performed on the surface of the transferred Au pattern show
a surface roughness ~0.5 nm.” Once the smooth contact is
obtained, single crystals are placed by hand onto the Au con-
tact. Rubrene crystals uniformly adhere to clean metal sur-
faces, further referred to as laminated,'>>*° Fig. 1(f). In the
last step of the process, the rubrene/Au system is transferred
to any device substrate, Fig. 1(g). Note that the use of release
layers and mild transfer printing conditions described in
steps Figs. 1(a)-1(d) are critical and guarantee complete
transfer of rubrene/Au bilayer and easy peel off of the PET
substrate without exposing the rubrene to solvents or sacrifi-
cial resists.

Using FCL, we have established good quality electrical
contacts for rubrene single crystals on pliable and transparent
substrates, where Au contacts are in intimate contact with the
organic single crystal while preserving the crystal integrity,
as shown in Figs. 2(a) and 2(b). To demonstrate the viability
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FIG. 3. (Color online) (a) Optical micrograph of a rubrene single crystal
device with top-evaporated metal contact and bottom-bonded contact. (b)
Current-voltage characteristics showing different behavior for charge injec-
tion from the top (e-beam evaporated) and bottom (bonded) contacts. (c)

Optical micrograph of a rubrene device after lamination of the top metal
contact and (d) the corresponding current-voltage characteristics.

of this approach, we have tested gold patterns of different
sizes and shapes. Figure 2(c) shows an optical micrograph of
100 nm thick FCL top contacts on needlelike rubrene single
crystals on a pliable substrate. Well-defined narrow top con-
tacts (100 wm width) with varying channel lengths, ranging
from 50 wm to 200 wm, are evident. Figure 2(d) illustrates
large and wide contacts (0.04 ¢cm X 0.1 c¢m) in intimate con-
tact with a rubrene crystal. FCL is thus a very attractive
nondestructive approach to fabricating ultrasmooth top metal
contacts on organic materials facilitating pattern transfer of
different sizes on organic single crystals.

In Fig. 3, we present space-charge limited current
(SCLC) measurements comparing the electrical behavior of
rubrene single crystals sandwiched between two gold elec-
trodes deposited by different methods. In both cases, the
crystal is laminated on the bottom gold contact and it spon-
taneously adheres to this contact, referred to as the “bonded
contact.” Several reports have demonstrated that this is an
efficient method to fabricate bottom contacts for organic
single crystal field-effect transistors.'>**** The two samples
differ in the top contact formation. For the first sample, see
Fig. 3(a), the top contact is deposited by using e-beam
evaporation. For the crystal shown in Fig. 3(c), the top con-
tact is placed on the crystal by using the FCL technique. The
current-voltage characteristics, shown in Fig. 3(b), demon-
strate orders of magnitude asymmetries when charges are
injected from the top e-beam contact compared to charge
injection from the bottom-bonded contact. Conversely, Fig.
3(d), shows that charge injection from the FCL top contact is
similar to charge injection from the bottom-bonded contact,
suggesting comparable organic-metal interfaces. Thus, it is
clear that the current-voltage characteristics are very sensi-
tive to the technique used to deposit the contacts.

In Fig. 3, when the charges are injected from the bottom
contact (open black circles), the measured I-V represents
typical SCLC characteristics, where at low voltage the cur-
rent is Ohmic (/o< V), and at higher electric fields it follows
the Mott—Gurney law (2 V2).?® On the contrary, when the
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injection is done from the top e-beam evaporated contact
(full red triangles), Fig. 3(b), the I-V presents severe devia-
tions from SCLC behavior, in spite of the fact that we mea-
sure the same crystal, in the capacitor geometry. This intrigu-
ing behavior is consistent with de Boer’s model, that
describes an increased number of deep trap states present at
the surface of the organic crystal, which dominate charge
injection and modify the electrostatic profile throughout the
thickness of the crystals.1 While in conventional SCLC mod-
els the density of deep traps (N,) is assumed uniform, de
Boer’s model introduces a dependence on the position of the
N,, with a larger defect density at the crystal-metal (e-beam)
interface than in the bulk. In our experiment, we believe the
increased surface trap density originates from crystal damage
following exposure of its surface to x-ray and high-energy
electrons generated by the e-beam during the evaporation
process. The difference in surface trap densities between the
bottom-laminated contact and the top e-beam evaporated
contact can explain the differences measured in I-Vs for the
same crystal. The current is large when the charges are in-
jected from the bottom contact, where the trap density is very
low. On the contrary, when injection occurs from the top
(i.e., e-beam evaporated) contact, the current is four orders of
magnitude lower since the same bias is not sufficient to fill
the surface traps present at the interface between the organic
crystal and metal contact to create mobile charges. Addition-
ally, the evolution of the current with voltage, at higher volt-
ages follows a power-law behavior /o V", with n>2, which
is usually attributed to a continuous distribution of energies
of the trapping states.”’ In our plot, the I-V at high voltage
can be fit with n=7.5 for V<25 V and with n=4 for V
>25 V. The two different slopes may indicate the superpo-
sition of two different continuous distributions, and that the
transport is governed by the density of surface traps in the
first regime (V<25 V) and by the density of the bulk traps
in the second (V>25 V).* Figure 3(d) shows the SCLC
currents when the deposition of the top contact is performed
via FCL. The I-V characteristics are more symmetric in this
sample. In the frame of the model described earlier, this
translates to comparable and very low surface trap densities
at both contacts (bottom bonded and top FCL). The small
differences notable from these data may result from different
surface trap densities induced during fabrication, and are
within the error of the same technique usually encountered
for organic semiconductors."” This result demonstrates that
the FCL method maintains good crystal quality at the inter-
face and excellent electrical properties, and it may represent
a viable approach for efficiently fabricating top contacts on
organic single crystals compatible with a variety of sub-
strates and free from further chemical processing.

In conclusion, we have demonstrated the formation of
high-quality top metallic contacts on rubrene single crystals
on flexible plastic substrates by FCL. This soft-contact depo-
sition technique circumvents the mechanical and thermal
limitations of the organic semiconductor. The -V character-
istics suggest that the interface between the organic semicon-
ductor and the FCL top metal is considerably better than the
analog fabricated by e-beam evaporation. The ability to tune
the surface energy of the materials involved in the transfer
process offers a great opportunity to further extend this low-
cost approach to a wide variety of organic materials and
electrodes for fabricating more complex architectures on
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flexible substrates in which the quality of the top contacts to
the organic film is critically important such as in organic
photovoltaics or organic spintronics.

Research performed in part at nanofabrication facility
within the NIST Center for Nanoscale Science and Technol-
ogy and Wake Forest University Center for Nanotechnology
and Molecular Materials.
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