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Fabrication and Characterization of Organic Single
Crystal-Based Light-Emitting Devices with Improved
Contact Between the Metallic Electrodes and Crystal

Ran Ding, Jing Feng,* Xu-Lin Zhang, Wei Zhou, Hong-Hua Fang, Yue-Feng Liu,
Qi-Dai Chen, Hai-Yu Wang, and Hong-Bo Sun*

Organic single crystals have attracted great attention because of their
advantages of high charge-carrier mobility, high chemical purity, and
potential for flexible optoelectronic devices. However, their intrinsic prop-
erties of sensitive to organic solvent and fragile result in a difficulty in the
fabrication of the organic crystal-based devices. In this work, a simple and
non-destructive technique of template stripping is employed to fabricate
single-crystal-based organic light-emitting devices (OLEDs). Efficient and
uniform carrier injection induced by an improved contact between crystals
and both top and bottom electrodes is realized, so that a homogeneous and
bright electroluminescence (EL) are obtained. Highly polarized EL and even
white emission is also observed. Moreover, the crystal-based OLEDs exhibit
good flexibility, and keep stable EL under a small bending radius and after
repeated bending. It is expectable that this technique would support broad
applications of the organic single crystals in the crystal-based optoelectronic

devices.

1. Introduction

Organic single crystals have attracted increasing interests as
active material in optoelectronic and electronic devices, for
example, organic field-effect transistors (OFETs),2 light-
emitting OFETs,>4 optically pumped lasers,”® and organic
light-emitting devices (OLEDs)12 because of their advantages
such as high order molecular packing, high chemical purity,
high charge-carrier mobility, and availability in the low cost and
low temperature fabricating process.l'*17] It is also considered
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as a potential material to realize electri-
cally pumped organic lasers. Their pos-
sible application in flexible electronics is
another motivation for research on the
organic single crystals.['#1% Organic single
crystal-based OLEDs are currently being
studied since Pope et al. reported the first
OLEDs based on the crystal of anthra-
cene.? However, the high-performance
OLEDs based on the organic single crystals
have been rarely reported. There are sev-
eral problems exist which limit the perfor-
mance of the organic single crystal-based
OLEDs, such as poor charge balance due
to the different hole and electron mobility,
and difficulties in the precisely control of
both size and thickness of the crystals.
The fragility of the organic single crystals
leads to a technological challenge in the
fabrication of the crystal-based OLEDs
with complicated and desired structures,
which is another obstacle to high-performance single crystal-
based OLEDs. Efficient and uniform carrier injection into the
crystal is one of the key issues for high efficiency and long-term
stability of the crystal-based OLEDs. However, the fragile crystal
was usually laminated onto the bottom electrode and bonded by
the weak van der Waals force in the crystal-based OLEDs,*12
which results in a poor contact between the electrodes and crys-
tals, and remains the obstacles for the efficient carrier injection.

In this work, a simple and non-destructive method of tem-
plate stripping has been applied to the crystal-based OLEDs
to resolve the contact problem. Template stripping technique
has been demonstrated to obtain ultrasmooth metallic films
for plasmonics and metamaterials,??2l and was employed to
realize flexible OLEDs and organic photovoltaic cells with high
flexibility and efficiency.?>?*1 On the basis of this technique,
both anodes and cathodes of the crystal OLEDs can be directly
deposited onto the opposite surface of the organic single crys-
tals by thermal evaporation, so that a much improved contact
between the crystals and the electrodes can be realized, which
enhance the carrier injection into the organic single crystals.
The single-crystal-based OLEDs exhibit highly bright and polar-
ized EL emission. Moreover, flexible devices on plastic sub-
strate have been obtained, and the devices show superiority in
flexibility and mechanical robustness.
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2. Results and Discussion

2.1. Characteristics of the Organic Single Crystal

Two kinds of organic single crystals, 2,5-bis(4-biphenyl)bith-
iophene (BP2T) and 1,4-bis(4-methylstyryl)benzene (BSB-Me)
have been employed to fabricate the OLEDs. Figure 1 shows
their chemical structure, photographs of thin plate crystal under
ultraviolet (UV) light and crystal packing. The crystallographic
of data and structure refinement information is obtained from
the Cambridge Structural Database (CSD). The crystals of BP2T
and BSB-Me have been demonstrated high luminescence effi-
ciencies in the yellow-green and pure-blue emission region,
respectively, and excellent amplified spontaneous emission
(ASE) characteristics.?>2%l These two single crystals also have
been demonstrated of intense EL emission from the light-
emitting OFETs.12>26401 Usually, the crystal-based light-emitting
OFETs show a narrow emission zone due to a narrow recom-
bination region. While in the case of the crystal-based OLEDs,
homogeneous surface emission is possible. In this work, these
two typical single crystals are selected to exploit EL emission
behavior of the crystal-based OLEDs because of their different
directions of transition dipole moments, which would result in
a difference in their emission properties.”’?! As can been seen
in Figures 1c and d, the photoluminescence (PL) of the BP2T
is dominated by edge emission, while both edge and surface
PL can be observed from the BSB-Me crystal. This difference
is attributed to their different directions of transition dipole
moments. As we known, the directions of the transition dipole
moments lie along the long axis of the molecule. In the packing
of BP2T, the long molecular axis is tiled by 1.2° between the
molecular long axis and the normal of the ab-plane. While the
molecules of BSB-Me are arranged layer by layer in the herring-
bone structure that spread along the ab-plane. 2281 Therefore,
the transition dipole moments are nearly perpendicular to the
crystal plane for the BP2T crystals (Figure 1e), while in case of
the BSB-Me, they are inclined with respect to the crystal plane
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Figure 1. Chemical structure of a) BP2T and b) BSB-Me molecules, Fluorescence photograph of c) BP2T and d) BSB-Me crystals under the UV light
irradiation, and crystal packing of €) BP2T and f) BSB-Me.

(Figure 1f). Atomic force microscopy (AFM) images of BP2T
and BSB-Me single crystals display desirable surface homoge-
neity and sharp edges (Figure S1 in Supporting Information).

2.2. Characteristics of the Organic Single Crystal-Based OLEDs
2.2.1. OLEDs Based on Single Crystals of BP2T

Figure 2 shows the schematic of the fabrication process for
the crystal-based OLEDs based on the template stripping tech-
nique. Octadecyltrichlorosilane (OTS) modification was carried
out on the Si/SiO, substrate to realize a hydrophobic surface
with lowered surface energy, so that the fragile single crystals
can be peeled off from the substrate completely during the tem-
plate stripping. Au and Ca/Ag are used as anode and cathode.
Both anode and cathode were deposited onto the opposite
surface of the organic single crystals by thermal evaporation,
which ensure a compact contact between the crystal and the
electrodes. Based on the technique of template stripping, BP2T-
based OLEDs were firstly fabricated and characterized. For com-
parison, the BP2T-based OLEDs by the laminating method were
also fabricated as control and its fabrication schematic is shown
in Figure S2. The thickness of the BP2T is around 250 nm.
The work function of Au and Ca is 4.7 and 2.87 eV,
respectively. The highest-occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of BP2T
is estimated to be 4.8 eV and 2.8 eV, respectively.l?>-2 Therefore,
both anode and cathode possess good energy level matching to
ensure an effective hole and electron injection into the organic
crystal.

The effect of the improved contact between the electrodes
and crystals on the device performance has been verified by
comparing the current density-voltage characteristics of the
devices fabricated by the template stripping technique and
the laminating method. A much higher current density for
the template-stripped OLEDs can be seen in Figure 3, which
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Figure 2. Schematic of fabrication process for the crystal-based OLEDs based on the template stripping technique. A single crystal is first transferred
onto a Si/SiO, substrate (step 1), and a 100 nm thick Au anode is deposited onto the crystal by thermal evaporation (step 2). Then a droplet of pho-
topolymer is placed on the crystal (step 3), and the photopolymer is compressed by a flat glass to form a photopolymer layer at the interface (step 4).
After exposed to a UV light source, the cured photopolymer with the Au-coated crystal can be peeled off from the Si/SiO, substrate (step 5). And a
Ca/Ag cathode is then deposited onto the opposite side of the crystal (step 6). After that the polymer film with the whole crystal-based OLED will be
stripped off from the glass (step 7 and 8). Then the flexible crystal-based OLED is obtained (step 9).

confirms an efficient injection induced by the improved con-
tact. Moreover, only edge emission can be obtained for OLEDs
based on the laminating method even at a high driving voltage,
and nonemissive area and breakage spot can be observed (the
inset in Figure 3). This is because the rough surface of the
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Figure 3. Current density—voltage characteristics of the devices fabricated
by the template stripping technique and the laminating method. The inset
shows the photograph of the OLEDs fabricated by the laminating method
under turn-on (left) and turn-off (right) state.
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bottom metal electrode results in an incomplete contact when
laminating the single crystal onto the bottom electrode. While
in the case of the template-stripped OLEDs, homogeneous sur-
face emission can be observed at higher current density as can
been seen in Figures 4a—c, which indicates a uniform carrier
injection by the improved contact. Therefore the template strip-
ping technique employed in the crystal OLEDs has contributed
to both efficient and uniform carrier injection.

The EL from the edge is brighter than that from the surface
of the BP2T-based OLEDs as shown in Figures 4a—c, which can
be attributed to the nature of optical confinement inside the
crystal.?63% The direction of transition dipole moments of the
BP2T is in pretty good accordance with the molecule long axis.
Meanwhile, the molecules are stacked nearly perpendicular to
the crystal plane (Figure le), which causes a tendency of the
light emission to be parallel to the crystal plane due to the self-
waveguide effect.?) Figure 4d shows the current density (J)—
voltage (V)-luminance (L) characteristics of the devices, and the
luminance is measured from the normal direction to the device
surface. The current density increases at an onset voltage of
around 1 V, and an increase in the EL intensity is observed
at an onset voltage of around 13 V. The low onset voltage can
be ascribed to the improved contact and good energy level
matching between the thermal evaporated electrodes and the
single crystals, which also results in the homogeneous lumi-
nance from the surface as can been seen in Figures 4a—c. The
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Figure 4. a—c) Photographs of the operating BP2T-OLEDs under various driving current of 117, 223, and 328 mA/cm?, respectively. d) J-V~L charac-
teristics of the BP2T-OLEDs. e) EL spectra of the BP2T-OLEDs at different driving current and the PL spectrum of the BP2T single crystal as reference.

The inset in (d) shows the photograph of the crystal-based OLEDs.

EL intensity of the device was increased with the increasing cur-
rent density as shown in Figure 4e. When the current density
reaches 1933 mA/cm?, the luminance of the BP2T-based OLED
is 16.87 cd/m?. The external EL quantum efficiency (1) of this
single-layer device is still low, and it is around 0.001%. Poor
charge balance due to the different hole and electron mobilities
in the BP2T and the dominant edge emission result in the low
Next-

A giant polarization splitting of the EL from the BP2T-based
OLEDs has been observed. Figure 5a shows the polarized EL
spectra collected through a polarizer in the direction parallel to
the a-axis or b-axis of the crystal, which are corresponding to
transversal-magnetic (TM) or transversal-electric (TE) polariza-
tion, respectively. The TM and TE polarization with the electric
and magnetic component are vertical with the ab-plane of the
crystal. The EL peaks at 511 and 544 nm in the nonpolarized
EL spectra are separated and observed in the TM and TE polar-
ized spectra, respectively. The complete spectral separation of
the TM and TE modes results a high polarization ratio, which
is approximately 3:1 for the TM mode at the emission peak
of 511 nm, and 10:1 for the TE mode at the emission peak of
544 nm, respectively. The BP2T-based OLEDs consist of an
organic crystal layer sandwiched between Ca/Ag and Au
metallic electrodes, which serve as reflecting mirrors. Mean-
while the single crystal is birefringent with a large refractive
index difference between a- and b-axis of crystal because of their
highly ordered molecular orientation. A anisotropic microcavity
is therefore established, which is the main cause of the giant
polarization splitting of the EL.3%32 The two cavity modes split
by 33 nm and have orthogonal polarizations corresponding to
normal-to-plane propagation of light. The optical modes sup-
ported by the BP2T-based OLEDs can be established through
the theoretical calculation on the absorption spectra. The polar-
ized absorption spectra with TM and TE polarized incident light
was performed by using the transfer matrix method.33 The

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

BP2T single crystal within the cavity has a birefringence with
1.87 for the a-axis and 1.70 for the b-axis which is in accord-
ance with the refractive index reported by Yamao et al.l3*3
Figure 5b shows the calculated TM and TE absorption spectra
for the anisotropic microcavity. The giant polarization splitting
is also observed in the calculated absorption spectra, and they
show good agreement with that of the EL spectra. Their consist-
ence confirms that the observed EL peaks are originated from
the microcavity modes supported by the crystal-based OLEDs,
and the polarization splitting is mainly due to the formed ani-
sotropic microcavity. The giant polarization splitting is also sup-
ported by the measured polarized PL spectra of the anisotropic
microcavity (Figure S3 in Supporting Information). The highly
polarized EL from the crystal-based OLEDs demonstrate its
potential to be used in 3-D display and as backlighting in liquid
crystal display and so on.*38 The understanding of the polari-
zation splitting mechanism will be useful for the design and
applications of the crystal-based OLEDs.

2.2.2. OLEDs Based on Single Crystals of BSB-Me

Different from strong edge emission from the BP2T-based
OLEDs, strong and homogeneous surface emission can be
observed when single crystals of BSE-Me are employed in the
OLEDs. This is because that the transition dipole moments are
inclined with respect to the normal to the crystal plane in case
of the BSE-Me, so that the self waveguide effect is not as strong
as that of the BP2T. The photographs of the operating device,
J-V-L characteristics and EL spectra of the BSB-Me crystal-
based OLEDs with the structure of Au/BSB-Me crystal/Ca/Ag
are shown in Figure 6. The thickness of the BSB-Me crystal is
534 nm, which is much thicker than that of the typical thin-
film OLEDs. A pretty strong blue emission can be observed
from the whole active area of 200 pm X 300 pm. The carriers

Adv. Funct. Mater. 2014, 24, 7085-7092
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(a) 800 EL intensity begin to inject and transport at a driving voltage of 2.5 V. The
[ —— ™ higher onset driving voltage for the BSB-Me based OLEDs is
700'_ —TE originated from its higher HOMO energy levels. The differ-

| —— Nonpolarized ence in the HOMO energy level between BSB-Me (5.6 eV)

and BP2T (4.83 eV) is about 0.8 eV, which results in a higher
carrier injection barrier and therefore a higher onset voltage.
Light emission is observed at 14 V and the luminance of the
BSB-Me-based OLED is 7.32 cd/m? at the current density of
326.7 mA/cm?.

Comparing with the light-emitting OFET, in that case the
EL spectra of the device is usually coincident with that of
the PL spectra of the organic crystal, the EL spectra for both
BP2T and BSB-Me based OLEDs show deviation from that
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PL of BSB-Me single crystal exhibits a broadband spectra with
three peaks at 456 nm, 492 nm and 521 nm, which originate
from the 0-1, 0-2, and 0-3 transitions of the vibronic states for
the BSB-Me single-crystal, respectively, and the main peak is at
486 nm (Figure 6e). While in case of the EL from the OLED
with the 552 nm-thick BSB-Me, the main peak position is at
450 nm, so that a pure blue EL can be obtained. The external
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Figure 5. a) Polarized EL spectra of the BP2T-OLEDs. b) The comparison be observed. Figure ga’b shows the Operating white OLEDs
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TM and TE polarized absorption spectra by transfer matrix method for - o
the BP2T-OLEDs. BSB-Me is 1020 nm. The EL spectrum exhibits three separate
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Figure 6. a—c) Photographs of the operating BSB-Me single crystal-based OLEDs at different driving current of 65, 109 and 155 mA/cm?. d) J-V-L
characteristics of the BSB-Me single-crystal OLEDs. e) EL spectra of BSB-Me single-crystal OLEDs at different driving current and the PL spectrum of
BSB-Me single-crystal as reference.
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peaks of red, green and blue at 599, 529, and 463 nm with
narrow bandwidths, respectively (Figure 8c). To understand
the origin of these peaks, the absorption spectra of the devices
were simulated by using the transfer matrix method and shown
in Figure 8¢.*] The peak position of the simulated absorption
spectra corresponds to the microcavity modes supported by the
BSB-Me-based OLEDs. They agree well with that of the meas-
ured EL spectra, which confirm that the white emission comes
from the multimode resonant emission from the microcavity
structure. A series of simulation of absorption spectra for the
crystal OLEDs with various thickness of BSB-Me have been
further performed (Figure S4 in Supporting Information). The
resonant wavelength changes regularly depending on the cavity
thickness for the different order of the cavity mode from the 1st
to 9th order. On the contrary, it is a difficult to realize the multi-
mode resonant emission for the conventional OLEDs based on
amorphous film, because the thickness of the amorphous film
is usually thin due to its limited carrier mobility. The tunable
emission spectra and the feasibility of the white emission for
the organic crystal-based OLEDs provide its potential for both
display and lighting.

The crystal-based OLEDs fabricated on the peeled-off pho-
topolymer film by the template stripping process exhibit
another advantage of high flexibility. Figures 8a and b show
the photographs of the operating devices with a bending radius
of 15 mm by attaching them onto a curved cylinder. The cur-
rent intensity as a function of the number of bending cycles is
shown in Figure 8d. The J-V characteristics show no obvious
deterioration after more than 100 bending cycles. These results

—M d EL Spectra| G 10° .
easure: pectra Ng 1 (d) T g
~ 240} 10'F gﬁa
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[ E 0 ¢
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Figure 8. Photographs of the operating flexible BSB-Me single-crystal OLEDs with white emission at a bending radius of 15 mm under driving current
of a) 87.6 and b) 212.8 mA/cm?. c) EL spectra of white light emitting from BSB-Me single-crystal OLEDs and theoretical simulated absorption spectra.

d) Comparison of J-V characteristics before and after repeated bending.
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demonstrate that single-crystal OLEDs are not only highly flex-
ible but also mechanically robust.

3. Conclusion

In summary, a simple and non-destructive method of tem-
plate stripping has been applied to the organic single crystal-
based OLEDs to improve the contact between the electrode
and crystal. Both surface and edge emission have been realized
by using two kinds of crystals. Highly polarized EL and white
emission are also observed from the crystal-based OLEDs. Not
only bright and homogeneous luminescence but also high flex-
ibility and mechanical robustness have been realized. These
results indicate a universality of the template stripping tech-
nique in fabricating the crystal-based optoelectronic devices,
which provides an avenue to promote their broad applications.

4. Experimental Section

Crystal Growth: BP2T and BSB-Me powders were purchased from
Lumtec Corp. and Tokyo Chemical Industry Co. Ltd., respectively. The
single crystals were grown by horizontal physical vapor transport in a
rapid crystal growth condition. Very thin, large, and flat crystals were
obtained on the inner glass cylinders with sublimation temperatures
of 380 °C and 270 °C. High-purity argon was adopted as carrier and
to prevent the organic materials from being oxidized. The gas flowing
rates were varied between 10 and 50 mL min~', with an optimal flow of
40 mL min~".#142 Under the optimal flow, the thin crystal materials can
be grown as thin as 200-300 nm and as large as 3 mm x 3 mm in size
by rapid growth conditions. Either higher or lower flow rates will result in
non-crystalline or thicker crystals.

Device Fabrication: Octadecyltrichlorosilane (OTS) modification was
carried out on the cleaned SiO,/Si substrates for about 4 h by vapor-
deposition method to realize a hydrophobic surface of low-surface-
energy. Then the substrates were rinsed with chloroform, alcohol,
deionized water by ultrasonic cleaning and dried with quick purged N,.
After that, single crystal was transferred onto this pre-modified Si/SiO,
substrate with the hydrophobic surface. Then a 100 nm thick Au anode
was deposited onto the organic crystal by thermal evaporation. A droplet
of photopolymer (NOA63, Norland) was placed at around the center of
the Au coated crystal surface. After the droplet was compressed by a
piece of glass with 0.6-mm thickness, a photopolymer layer was formed
on the Au/crystal coated highly hydrophobic substrate by capillarity
forces. The photopolymer spread across the whole hydrophobic surface
and filled up the empty space between the polymer and the glass.
The glass-photopolymer-Au/crystal-silicon sandwich structure was
pressed with the whole weight of the glass itself and thickness of the
photopolymer films ranged between 0.3-0.8 mm. Then the sandwich
structure was exposed to a UV light source at power of 125 W for 10 min.
The cured photopolymer with the Au/crystal can be peeled off, due to
the better adhesion between the Au/crystal and photopolymer compared
with that between the crystal and the OTS-treated Si/SiO, substrate.
Also it was generally attributed to the differences in the surface energy
of the substrates and the crystals (Figure S5 in Supporting Information).
A 10 nm Ca and 30 nm Ag cathode was evaporated onto the template-
stripped organic crystal. At last a flexible organic crystal-based OLED was
obtained by peeled off the photopolymer from the glass. The electrodes
were deposited by thermal evaporation in high vacuum system at a rate
of 1 A/s at a base pressure of 5 x 10~ Pa. The active area of the device
was determined by mask of metal temple of 200 ym x 300 pm.

Characterizations: The J-V-L characteristics of the devices were
measured by a Keithley 2400 programmable voltage-current source and
photomultiplier tube. And the brightness of the crystal-based OLEDs
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was detected by the Photo Research PR-655 spectrophotometer. The
photographs of crystals were taken by using widefield fluorescence
microscopy on BK-FL4 fluorescence microscope. The emission spectra
were detected by the optical fiber and then dispersed to the spectrometer
connected with charge coupled device detector. The contact angle
(CA) was measured using a Contact Angle System OCA 20 instrument
(DataPhysics Instruments GmbH, Germany) with a high purity water
droplet (=5 mL) deposited on the sample surface. The film thicknesses
for single crystals were measured by AFM (Digital Instruments
Nanoscope ?A) in the tapping mode. All of the measurements were
conducted in air at room temperature.

Numerical Simulation: The transfer matrix method is applied to
calculate the absorption spectra of the crystal OLEDs. The relative
permittivity and permeability of the anisotropic active layer can be
described as:

x 0 100
€3 = €Y ,ua:O.IO
0 & 001

where z corresponds to the layer direction. Taking TM-polarized
case with electromagnetic components of E,, E, and H, for
instance, we assume an incidence coming from a media with
refractive index of n. The magnetic field in the anisotropic active
layer can then be described as Hf}:AaEXP(AaZ)+BanP(—AaZ)v
where A, and B, are undetermined amplitude coefficients, and

2
A, = jko,|€x (1—2—). For electromagnetic waves in the isotropic layer
z

with a relative permittivity of g, the magnetic field can be described as
Hj = Ajexp(Aiz)+ Biexp(-Aiz) , where A;= jko\Je;—n?. By applying

—j oH;
the relationship of EX =Ra—zy for waves in the anisotropic active
. —j OHj . . . )
layer and E, =—-——" for waves in the isotropic layer, respectively,
k0£i 0z

the x-direction electric field can also be written. Then the undetermined
amplitude coefficients A,, B,, A, and B; can be solved by applying the
continuity of the tangential electromagnetic components (E, and H,) in
the layer boundary to obtain the transfer matrix between each adjacent
layer. Once the amplitude coefficients are obtained, the absorption
spectra can be calculated by some further operations of the Poynting
vectors.
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