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Photolithography-Compatible Templated Patterning of
Functional Organic Materials in Emulsion

Kai Zhang, Xiaoyong Deng, Qun Fu, Yun Meng, Huaping Zhao, Wenchong Wang,*

Minghong Wu,* and Yong Lei*

Functional organic materials are the carbon-based molecules
with advanced optic and/or electronic properties.”) Owing to
the extensive applications such as organic electronics and dye
labeling, the materials have attracted much attention in last
three decades.’* In many cases, particularly in organic elec-
tronics, patterning of the organic materials is a crucial step
for improving device performances and integration level.’!
Ideally, the patterning technique requires high resolution and
high yield over large area. Unfortunately, direct applying of
photolithography leads to both damage of functionalities of
the materials and degradation of device performances. Alterna-
tively, shadow mask, printing, ink-jet writing, and capsulation
assisted photolithography are proposed and demonstrated.[6-1¢!
However, these approaches suffer variously from insufficient
resolution, low yield, and poor scalability. Recently, a top-down
assisted bottom-up strategy, template directed patterning, was
proposed. The strategy utilizes prepatterns as nucleation loca-
tions for diffusion molecules in vacuum and flow channels for
molten molecules in air."”-2) However, the former approach
involves complicated growth dynamics in vacuum; the later
one is limited to continuous patterns. Moreover, the scal-
ability to large area is still a big challenge for the both template
approaches owing to sample holder size limitation in vacuum
chamber and saturation of flow velocity of molten molecule
liquid in air. In this communication, we demonstrate a facile
way to selective absorption microdroplets onto predefined loca-
tions in emulsion, resulting in micropatterning of functional
organic materials on surfaces of interest.
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Processing organic materials in solution is desirable to
fully explore low-cost large-area organic electronics. Efforts for
fabricating organic field effect transistors in solution have been
reported by dewetting and controlled crystallization.?l How-
ever, the device dimensions must be over hundreds of microme-
ters to isolate each single device. The challenge lies on difficulty
to separate materials to be patterned into micrometer scale. It is
well known that emulsion can be formed when agitating mix-
ture of two immiscible liquids. The emulsion contains micro/
nanodroplets with size ranging from nanometers to tens of
micrometers.???l The concept of the study is to absorb the func-
tional material containing micro/nanodroplets selectively onto
predefined locations, resulting in patterned films after evapora-
tion of liquid droplet (schematically shown in Figure 1). In the
study, we first added dyeddimethyl sulfoxide (DMSO) solution
to hexane (Figure 1a), and then agitated the mixture by ultra-
sonic to create emulsion (Figure 1b). Then Au patterned Octa-
decyltrichlorosilane (OTS) modified SiO, templates (Figure 1c),
which were prepared by standard photolithography as shown
in Figure 1d, were immersed into the DMSO/hexane emulsion
for several minutes to absorb the dyed DM SO droplets onto Au
(Figure 1e). Finally, the samples were taken out the emulsion
and dried to form patterned dye films on the Au, as shown in
Figure 1f.

Figure 2a,b shows photographs of Rhodamine 6G dyed
DMSO/hexane mixture before and after ultrasonication. When
mixed together, the dyed DMSO goes to the bottom of hexane
owing to the high density, shown in Figure 2a in red color. After
ultrasonication, the mixture turned to red, indicating disper-
sion of DMSO in hexane and formation of emulsion shown in
Figure 2b. Typically, the size of the DM SO droplets in emulsion
is in micrometers.?’l Dynamics studies show that the emul-
sion exhibits a certain stability in hours which can be further
improved by the presence of surfactant at interface.?*! In the
experiments, we directly apply DMSO/hexane without sur-
factant because the stability duration is long enough to absorb
droplets onto template. We choose DMSO because it is hydro-
philic to Au with a contact angle 6 of 43°, and the contact angle
increases to 67° on OTS/Si, shown in Figure 2¢,d. In addition,
DMSO is a “universal” solvent that can solubilize a wide variety
of otherwise poorly soluble organic materials.?’]

Figure 3 shows video snaps of the driving of Rodamine 6G
dyed DMSO liquid drop from OTS/Si to Au by the difference
in hydrophilicity. The experiment was performed on an OTS/
Si surface which is half covered by Au. When a DMSO drop
was dipped onto the OTS/Si surface, it stabilized on the sur-
face with the contact angle of 68° (Figure 3a). We pulled the
drop toward Au by a tip. When contacting with the Au edge,
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Figure 1. Schematic representation of template patterning of functional
organic materials in emulsion. a) Mixture of two immiscible liquids,
b) ultrasonic treatment of the mixture to form emulsion, c) OTS modifi-
cation of SiO,, d) patterning of substrate by standard photolithography,
e) immersion of the templates into the emulsions, and f) formation of
patterned dye films after evaporation of solvent.

(c) 43° (d) 67°

. A

Figure 2. Photographs of Rhodamine 6G dyed DMSO/hexane mixture
a) before and b) after ultrasonication, and contact angle of DMSO on
c) Au and d) OTS modified Si.
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Figure 3. Video snaps of Rhodamine 6G dyed DMSO driving from OTS/
Sito Au, with the drop a) on OTS/Si, b) contacting Au edge, and c) on Au.

the DMSO drop moved to the Au in 1 s (Figure 3b). Finally,
the drop completely resides on Au with the contact angle of
43¢ (Figure 3c).

Similar to selective absorption of DMSO drop on Au as dem-
onstrated in Figure 3, the DMSO droplets in the emulsion can
also be attached to micropatterns. Figure 4a shows fluorescence
microscope image of the line patterned Rhodamine 6G films
fabricated by the procedure shown in Figure 1. The concentra-
tion of the Rhodamine 6G in DMSO is 1.0 wt%, the DMSO
was mixed into hexane with a volume ratio of 4:1000, and the
immersion time is 10 min, respectively. The image shows
strong red color on the Au stripes, indicating the presence of
Rhodamine 6G. We further performed photoluminescence (PL)
spectra on both Rhodamine 6G dyed DMSO (Figure 2b) and
patterned Rohodamine film (Figure 4a), as shown in Figure 4b.
The PL spectrum of Rhodamine 6G in DMSO shows a typ-
ical red emission with a peak at 622 nm.?l The emission is
redshifted to 639 nm owing to molecular interaction by aggre-
gation, confirming successful confinement of Rhodamine
6G on predefined areas.’ The absorption of DMSO micro-
droplets onto Au further enables us to tune the PL intensity of
Rhodamine 6G by simply varying the concentration. Figure 4c
shows the PL intensity with Rhodamine 6G concentration from
0.75 to 1.75 wt%. The immersion time was kept by 10 min for
all the samples, and the intensity was calculated by averaging
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Figure 4. a) Fluorescence microscope image of Rhodamine 6G on 10 ym
Au line patterned Si. b) normalized PL spectra of 1.0 wt% Rhodamine 6G
in DMSO and on Au stripes, and c) PL intensity of Rhodamine 6G with
different concentration in DMSO.

50 lines in one image filed. A linear increase of PL intensity
with Rhodamine 6G concentration in DMSO is achieved, indi-
cating that the amount of dye molecules can be controlled by
concentration. We note that the PL intensity can also be tuned
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Figure 5. a) Fluorescence microscope images of Alq3 on 4 pm Au dots
patterned OTS/Si, b) photography, and c) fluorescence microscope
images of Rhodamine 6G on 20 pm Au square patterned PET substrate.

by changing the immersion time of samples in the emulsion,
providing another way for the amount control.

Owing to the confinement of the droplets onto the pre-
defined locations, the strategy enables us to fabricate various
functional organic materials patterns with different shapes
on substrates of interests, as shown in Figure 5. For a more
broad interest, we use Aluminium-tris(8-hydroxychinolin),
Alg3 which is a light emissive molecule that is widely used in
OLEDs.?] Figure 5a shows fluorescence microscope image of
Alq3 on 4 pm Au dots with the procedure. The solution process
can be applied to pattern functional organic material (Rhoda-
mine 6G here in Figure 5b,c) on flexible polyethylene tereph-
thalate with 20 pm Au square patterned by shadow mask. The
technique can easily be extended to substrates of interest over
larger size, with the resolution down to micrometers which is
comparable to inkjet printing.?®! In addition, the confinement
of the drops in micrometers can suppress the “coffee ring”
effect during the solvent evaporation, leading to uniform films
on pre-defined areas as shown in Figure 5a,c.*’)

In conclusion, we demonstrated a facile method to pattern
functional organic materials in emulsion, overcoming the size
limitation of template directed strategy either by vacuum depo-
sition or surface microfluidics. The method is completely com-
patible with photolithography on substrates of interest, with the
resolution down to micrometers for the application like organic
microdisplays. The concept, which is based on wettability con-
trol of templates and substrates, can be extended to organic
monolayers for hydrophilic/hydrophobic modifications.?% We
believe the resolution can be further improved when using tem-
plate in nanometers and nanoemulsions.

Experimental Section

Substrate  Preparation: After sequential ultrasonic rinsed in
chloroform, acetone, ethanol, and deionized water each for 10 min,
the silicon substrates were dried by N, flow for OTS modification.
The modification was done by immersing the Si substrates into an
OTS:Chloroform:Hexane (1:1200:2800 in volume) mixture for 5 h.

Template Fabrication: The OTS modified Si substrates were processed
by standard photoresist spin coating, baking, UV exposure through
a shadow mask, and developing. After the pattern formation on
photoresist, the samples were coated with a 3 nm Ti adhesion layer
and 20 nm Au layer by thermal evaporation, followed by lift off and
transferring the patterns onto OTS/Si surfaces.

Pattern Formation and Characterization: The DMSO (40 pL) solution
was added to hexane (10 mL), and then the phase-separated DMSO/
hexane mixture was ultrasonicated (40 kHz for 60 s to form DMSO/
hexane emulsion. Then the Au patterned OTS/Si substrates were
immersed in the emulsion for 5 min, then taken out and heated for
5 min at 60 °C, to evaporate solvent. Finally, the samples were cooled to
room temperature for Fluorescence microscope and PL measurements.

wileyonlinelibrary.com

(3 of 4) 1500304

0
]
3
=
G
2
0
5
)
z




2
o
<
=
=
5
=
=
o
9

ADVANCED
SCIENCE

Open Access,

www.advancedscience.com

Acknowledgements

This work was financially supported by The Program for Special
Appointment (Eastern Scholar) at Shanghai Institute of Higher Learning,
Shanghai Thousand Talent and Program and Innovative Research Team in
University (No. IRT13078), European Research Council (ThreeDsurface:
240144), BMBF (ZIK-3DNanoDevice: 03Z1MN11), BMBF (Meta-ZIK-
BioLithoMorphie: 03Z1M511), and DFG (LE 2249 4-1).

Received: September 11, 2015
Revised: October 19, 2015
Published online: December 11, 2015

1500304 (4 of 4)

[11 S. Watanabe, H. Hyodo, H. Taguchi, K. Soga, Y. Takanashi,
M. Matsumoto, Adv. Funct. Mater. 2011, 21, 4264.
[2] S. R. Forrest, Nature 2004, 428, 911.
[3] C. W. Tang, S. A. Van Slyke, Appl. Phys. Lett. 1987, 51, 913.
[4] A. Tsumura, H. Koezuka, T. Ando, Appl. Phys. Lett. 1986, 49, 1210.
[5] M. M. Ling, Z. Bao, Chem. Mater. 2004, 16, 4824.
[6] S. De Vusser, S. Steudel, K. Myny, J. Genoe, P. Heremans, Appl.
Phys. Lett. 2006, 88, 103501.
[7] H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda,
M. Inbasekaran, W. Wu, E. P. Woo, Science 2000, 290, 2123.
[8] M. Shtein, P. Peumans, ]. B. Benziger, S. R. Forrest, J. Appl. Phys.
2003, 93, 4005.
[9] G. ). McGraw, D. L. Peters, S. R. Forrest, Appl. Phys. Lett. 2011, 98,
013302.
[10] G. Zhavnerkoa, G. Marletta, Mater. Sci. Eng. B 2010, 169, 43.
[11] L. Wu, Z. C. Dong, M. Kuang, Y. N. Li, F. Y. Li, L. Jiang, Y. L. Song,
Adv. Funct. Mater. 2015, 25, 2237.
[12] B. Su, C. Zhang, S. R. Chen, X. Y. Zhang, L. F. Chen, Y. C. Wu,
Y. W. Nie, X. N. Kann, Y. L. Song, L. Jiang, Adv. Mater. 2014, 26, 2501.

M \I|W'§

www.MaterialsViews.com

[13] 1. Viola, M. Mazzeo, A. Passabi, S. D. Amone, R. Cingolani, G. Gigli,
Adv. Mater. 2005, 17, 2935.

[14] A. Dev, B. D. Choudhury, A. Abedin, S. Anand, Adv. Funct. Mater.
2014, 24, 4577.

[15] M. Cavallini, C. Albonetti, F. Biscarini, Adv. Mater. 2009, 21, 1043.

[16] M. Cavallini, F. Biscarini, Nano Lett. 2003, 9, 1269.

[17] W. C. Wang, D. Y. Zhong, J. Zhu, F. Kalischewski, R. F. Dou,
K. Wedeking, Y. Wang, A. Heuer, H. Fuchs, G. Erker, L. F. Chi, Phys.
Rev. Lett. 2007, 98, 225504.

[18] W. C. Wang, C. Du, D. Y. Zhong, M. Hirtz, Y. Wang, N. Lu, L. X. Wu,
D. Ebeling, L. Q. Li, H. Fuchs, L. F. Chi, Adv. Mater. 2009, 21, 4721.

[19] W. C. Wang, C. Du, H. Bi, Y. H. Sun, Y. Wang, C. Mauser,
E. Da Como, H. Fuchs, L. F. Chi, Adv. Mater. 2010, 22, 2764.

[20] H. Wang, W. C. Wang, L. Q. Li, J. Zhu, W. X. Wang, D. Q. Zhang,
Z. X. Xie, H. Fuchs, Y. Lei, L. F. Chi, Small. 2014, 10, 2549.

[27] J. Z. Wang, Z. H. Zheng, H. W. Li, W. T. S. Huck, H. Sirringhaus,
Nat. Mater. 2004, 3, 171.

[22] S. Watanabe, Y. Akiyoshi, M. Matsumoto, Langmuir. 2013, 29, 7743.

[23] S. Kentish, T. J. Wooster, M. Ashokkumar, S. Balachandran,
R. Mawson, L. Simons, Innovative Food Sci. Emerging Technol. 2008,
9,170.

[24] T. Sakai, S. Kamogawa, F. Harusawa, N. Momozawa, H. Sakai,
M. Abe, Langmuir 2000, 17, 255.

[25] ). Galvao, B. Davis, M. Tilley, E. Normando, M. R. Duchen,
M. F. Cordeiro, FASEB. J. 2014, 28, 1317.

[26] S. S. Kurbanov, Z. S. Shaymardanov, M. A. Kasymdzhanoy,
P. K. Khabibullaev, T. W. Kany, Opt. Mater. 2007, 29, 1177.

[27] C. W. Tang, S. A. Vanslyke, App. Phys. Lett. 1987, 51, 913.

[28] B. Bao, J. K. Jiang, F. Y. Li, P. C. Zhang, S. R. Chen, Q. Yang,
S. T. Wang, B. Su, L. jiang, Y. L. Song, Adv. Funct. Mater. 2015, 25,
3286.

[29] X. Y. Shen, C. M. Ho, T. S. Wong, J. Phys. Chem. B 2010, 114, 5269.

[30] X. Y. Song, J. Zhai, Y. L. Wang, L. Jiang, J. Phys. Chem. B 2005, 109,
4048.

wileyonlinelibrary.com

© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Sci. 2016, 3, 1500304





