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In this work, a nondestructive patterning method for organic semiconductors is demonstrated using

nanoimprint lithography (NIL) and polymer sacrificial template. After patterning amorphous

fluorinated polymer (Teflon-AF) structures by NIL, poly(3-hexylthiophene) (P3HT) thin film is

spin-coated on the Teflon-AF template. The sacrificial template is then removed by a fluorinated

solvent, leaving patterned P3HT structures on the substrate. P3HT lines and squares of various

sizes (0.35 lm to tens of microns) are obtained by this method. This technique is also extended to

fabricate passive-matrix organic light-emitting diode arrays for flat-panel display applications. By

avoiding oxygen RIE on organic semiconductor, this patterning technique is nondestructive to

organic semiconductors. Moreover, this method is capable of making high-resolution (deep

submicron) organic semiconductor patterns to potentially enable nanoscale organic electronic

devices with high performance or organic integrated systems with high integration density. VC 2012
American Vacuum Society. [http://dx.doi.org/10.1116/1.4757956]

I. INTRODUCTION

Since organic semiconductor was first reported in 1948,1

successful demonstrations of electronics made of organic semi-

conductors have attracted more and more research interests due

to several advantages: low cost fabrication, ease of processing,

and capable of building flexible electronics. Based on their

novel electrical and optical properties, organic semiconductors

have potential device applications including organic light-

emitting diodes (OLEDs),2,3 organic solar cells (OSCs),4,5 and

organic field-effect transistors (OTFTs).6 Organic electronic

devices, such as OTFTs and OLEDs, need to be patterned into

isolated units for advanced applications, for example, organic

integrated circuits and OLED displays. For integrated circuit

applications, isolated devices help to reduce device crosstalk

within circuits. For display applications, red, green, and blue or-

ganic light-emitting pixels integrated into the display need to

be separated and operated individually in order to generate

images. To achieve organic semiconductor patterning, many

advanced techniques were developed such as photolithography,7

ink-jet printing,8 screen printing,9 micro-contact printing,10 and

nanoimprint lithography (NIL).11 Among them, NIL is the most

suitable technique to patterning organic semiconductors due to

its capability of patterning nanoscale structure, high throughput,

and low cost fabrication.12 However, the residual layer after

conventional nanoimprint connects all units and becomes a

major issue in achieving isolated organic semiconductor struc-

tures. The conventional method to eliminate the residual layer is

to use oxygen reactive-ion etching (RIE), but the highly reactive

oxygen plasma will damage organic semiconductors and result

in severe device degradation.

A nondestructive patterning method for organic semicon-

ductors by employing a fluorinated sacrificial template that

can be wet processed by fluorinated solvents was reported7

before. Its process contains a sequence of photolithography

patterning, deposition of organic semiconductor, and lift-off

processing. The photolithography step is to pattern a fluori-

nated polymer template. After depositing the organic semi-

conductor on the patterned template, the lift-off process used

to dissolve the template by a fluorinated solvent forms

isolated organic semiconductor structures on the substrate.

The fluorinated solvents are inert to nonfluorinated materials,

including most of the organic semiconducting materials. In

order to pattern even higher resolution patterns, we propose

to combine NIL and the fluorinated template processing for

the purpose of nondestructively patterning submicron iso-

lated organic semiconductor structures.

II. EXPERIMENT

In this experiment, Teflon-AF 1600 was used as the nano-

imprint resist and the template material. FC-40, a perfluori-

nated solvent, was selected to dissolve Teflon-AF.13 The

organic semiconductor to be patterned is P3HT (from Rieke

Metals). P3HT was selected in this experiment because it is

a widely used conjugated polymer in various applications,

including OTFTs and OSCs. The solvent to prepare P3HT

solution is 1,2-dichlorobenzene (DCB). Teflon-AF 1600 was

purchased from Dupont and FC-40 and DCB were purchased

from Sigma Aldrich. A Teflon-AF solution of 2 wt. % was

made by dissolving Teflon-AF in FC-40. The solution was

heated to 40 �C for at least 24 h to completely dissolve

Teflon-AF. P3HT solution was prepared by dissolving P3HT

in DCB (15 mg/ml). and the P3HT solution was also heated

to 40 �C and stirred for 24 h. Nanoimprint molds of variousa)Electronic mail: chengx@ece.tamu.edu
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dimensions were made of thermally grown silicon dioxide

and coated with (heptadecafluoro-1,1,2,2-tetrahydrodecyl)-

trichlorosilane (FDTS) for easy separation from the resist

after nanoimprint. To coat FDTS on the mold, a small

amount of FDTS was mixed with heptane, and the mold was

immersed into the solution for 10 min. After coating FDTS,

the mold surface became highly hydrophobic.

The patterning technique is schematically illustrated in Fig. 1.

The steps from (a) to (f) are explained as following: (a) The

2 wt. % Teflon-AF solution was spin-coated on the silicon diox-

ide substrate at 800 rpm, forming a 210� 230 nm thick Teflon-

AF film that served as the nanoimprint resist; (b) The mold was

thermally imprinted into the Teflon-AF film at 230 �C and

900 psi; (c) The mold pattern was transferred into the resist after

releasing the mold. The patterned resist served as a sacrificial

template to pattern organic semiconductors; (d) Oxygen RIE

was used to anisotropically etch the Teflon-AF template in order

to eliminate the residual layer; (e) The organic semiconductor

P3HT was spin-coated on the Teflon-AF sacrificial template;

and (f) After removing the Teflon-AF template by the FC-40 sol-

vent, isolated P3HT structures were patterned on the substrate.

III. RESULTS AND DISCUSSIONS

A. Patterning polymer sacrificial template

To nondestructively pattern P3HT, a fluorinated sacrifi-

cial template that can be processed by fluorinated solvents is

needed.7,14 The main reason to use fluorinated material as

the sacrificial template is that the wet process with fluori-

nated solvents is fully compatible with organic semiconduc-

tors. Fluorinated solvents are classified as orthogonal to both

polar and nonpolar solvents; in other words, fluorinated

solvents are inert to organic materials that can be processed

in polar and nonpolar solvents.14

Teflon-AF 1600 has a glass transition temperature of

160 �C. Experiments show that the imprinting temperature

needs to be at least 220 �C to completely transfer patterns

from the mold to Teflon-AF 1600 due to its high viscosity.

Therefore, the imprinting temperature was set to 230 �C to

mold the Teflon-AF layer. At this temperature, a pressure of

900 psi can successfully mold the Teflon-AF layer, so this

pressure was used in all nanoimprints.

Although the surface of Teflon-AF is highly hydrophobic,

oxygen RIE removal of the residual layer after nanoimprint

increases its surface energy and renders its surface hydrophilic.

In general, a hydrophobic template surface is desired in the

FIG. 1. (Color online) Schematics of nondestructive patterning of isolated

P3HT by nanoimprint. (a) Spin-coat Teflon-AF solution to form a thin

Teflon-AF film; (b) Thermally imprint the Teflon-AF film by a nanoimprint

mold; (c) After releasing the mold, patterns are generated in the Teflon-AF

film; (d) Remove the residual layer by oxygen RIE; (e) Spin-coat P3HT on

the Teflon-AF sacrificial template; (f) Dissolve the Teflon-AF template in

FC-40 solvent to obtain P3HT liftoff patterns.

FIG. 2. Contact angles of water droplet on different Teflon-AF surfaces.

(a) Pristine Teflon-AF after spin-coating; (b) Teflon-AF after oxygen RIE;

(c) RIE-treated Teflon-AF after 1 min annealing at 160 �C; (d) RIE-treated

Teflon-AF after 1 min annealing at 240 �C; (e) Water contact angle variation

after 1 min annealing at different temperatures.
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process of spin-coating P3HT solution in order to aggregate

P3HT mostly in the template cavities and repel P3HT solution

from the template surface. Fortunately, the hydrophobic surface

of Teflon-AF after oxygen RIE treatment can be restored by ther-

mal treatment above its glass transition temperature (160 �C).

Figure 2 illustrates contact angles of water droplet on Teflon-

AF surface before and after RIE treatment. The flat pristine

Teflon-AF had a contact angle of around 112
�

[Fig. 2(a)].

After oxygen RIE treatment, the surface turned from hydro-

phobic to hydrophilic, and the contact angle was generally

below 90� [Fig. 2(b)]. After thermal treatment at 160 �C on

a hotplate for 1 min, the contact angle increased to 93.4�.
Figure 2(e) shows a continuous increase in the contact angles

of water droplet on Teflon-AF surface as annealing tempera-

ture increases. After heating to 240 �C for 1 min, the contact

angle was restored to 107.1�, which is close to that of pris-

tine Teflon-AF surface. In this work, annealing temperature

of 170 �C was used to ensure hydrophobic Teflon-AF surface

while maintaining pattern fidelity.

B. Patterning isolated organic semiconductor
structures

Organic semiconductor structures ranging from tens of

microns to submicron can be easily achieved by the tech-

nique described in Fig. 1. The patterning results of P3HT

structures are shown in Fig. 3. Figures 3(a) and 3(b) show

the optical image and the fluorescent image of 50 lm P3HT

lines, respectively. Figures 3(c) and 3(d) show 5 lm P3HT

gratings in optical and fluorescent images, respectively. In

the fluorescent images, the dark background clearly indicates

that P3HT patterns are completely isolated. All P3HT gra-

tings exhibit smooth line edges. Because nanoimprint lithog-

raphy has high resolution, submicron P3HT structures are

also obtained. Figure 4 shows square P3HT patterns in the

dimension of 1 and 0.5 lm. Figures 4(a) and 4(c) are optical

microscope images and Figs. 4(b) and 4(d) are fluorescent

microscope images.

In Fig. 4, some defects, especially in the 0.5 lm patterns,

were observed after patterning. This was caused by the poor

adhesion between the P3HT pattern and the substrate. After

spin-coating P3HT solution on Teflon-AF template, it was

found that a small amount of P3HT can still stay on the

Teflon-AF surface despite the surface is hydrophobic after

thermal treatment. Therefore, to efficiently dissolve the

Teflon-AF template and lift off P3HT on the template, ultra-

sonic agitation was used. Poor adhesion between the P3HT

squares and the substrate resulted in a few missing structures

during the ultrasonic agitation. Comparing Figs. 4(a) and

4(c), smaller structures with smaller contact area to the sub-

strate yield more defects.

The 350 nm P3HT grating patterns are also obtained as

shown in Fig. 5. Figure 5(a) shows both the P3HT pattern

and the Teflon-AF template. Two peeled-off Teflon-AF lines

clearly show that P3HT filled in the trenches of the Teflon-

AF template. Figure 5(b) is the cross-sectional view of the

P3HT grating after removing the Teflon-AF template. The

submicron isolated P3HT lines are well defined. It is also

observed that the edges of the P3HT lines are taller than the

middle of the P3HT lines. This is caused by the drying pro-

cess of the P3HT solution in the trenches of the Teflon-AF

template.

C. Patterning OLED arrays

The proposed patterning technique can be used to not only

pattern isolated organic semiconductor structures but also fab-

ricate organic electronic device arrays. Based on the method

developed in this work, a passive-matrix organic light-

emitting diode (PMOLED) array was demonstrated. Figure 6

shows the processing steps. First, ITO stripes of 50 lm were

patterned on a glass substrate by photolithography [Fig. 6(a)].

FIG. 3. (Color online) Images of isolated P3HT grating patterns achieved by

nanoimprint and sacrificial template. (a) and (b) show the optical image and the

fluorescent image of 50lm P3HT gratings, respectively; (c) and (d) show the

optical image and the fluorescent image of 5 lm P3HT gratings, respectively.

FIG. 4. (Color online) Images of P3HT square patterns achieved by nanoim-

print and sacrificial template. (a) and (b) show the optical image and the fluo-

rescent image of 1 lm P3HT squares, respectively; (c) and (d) show the optical

image and the fluorescent image of 0.5lm P3HT squares, respectively.
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To pattern ITO, S1805 photoresist (from Rohm and Haas) was

spin-coated at 4000 rpm on the 40 nm thick ITO layer depos-

ited on the glass substrate. After UV exposure (20 mJ/cm2)

with a photo mask containing 50 lm stripe patterns, the sample

was developed in MF-319. The photoresist stripes served as

the etching mask in ITO etching. The ITO layer was wet-

etched in 37% hydrochloric acid. Finally, the photoresist was

removed by acetone.

To pattern the P3HT layer, 2 wt. % Teflon-AF solution

was spin-coated on top of the ITO stripes to form a 230 nm

thick Teflon-AF film [Fig. 6(b)]. After thermally nanoimprint-

ing the Teflon-AF film at 230 �C and 900 psi with a grating

mold with 400 nm depth and 100 lm period [Fig. 6(c)], the

mold was released, and oxygen RIE was used to remove the

residual layer [Fig. 6(d)]. A very thin PEDOT:PSS layer was

spin-coated as the hole transport layer and a 100 nm thick

P3HT film was spin-coated as the light emitting layer. After

that, a 100 nm thick aluminum layer was thermally evaporated

on top of the P3HT layer [Fig. 6(e)]. Finally, dissolving the

Teflon-AF template and lifting off the PEDOT:PSS/P3HT/

aluminum stack completed the device fabrication.

Figure 7(a) shows the PMOLED pattern imaged from

the backside of the glass. The vertical white stripes are ITO

patterns and the horizontal stripes are stacks of PEDOT:PSS/

P3HT/aluminum. The intersections of the vertical and the hor-

izontal lines are individual OLED pixels. Each pixel is

addressable by applying a turn-on voltage to its corresponding

row and column electrodes. Figure 7(b) shows an array of

electrically biased OLED pixels. Each pixel is a 50 lm square.

Since the pitch is 100 lm and the duty cycle is 50%, this

method easily demonstrated a PMOLED display of 254 dots

per inch (DPI) resolution.

D. Advantages and future development

By using a polymer template patterned by nanoimprint as

the intermediate step, we have successfully achieved nondes-

tructive patterning of organic semiconductor structures.

Patterning isolated organic semiconductor structures with

nanoimprint has several advantages over other printing or

photolithography-based techniques. First, nanoimprint tech-

nique has high resolution and this characteristic easily ena-

bles high-resolution organic semiconductor structures.

Although the smallest structure we demonstrated here is

350 nm, there is no fundamental limit on smaller patterns.

Potentially sub-100 nm structures can be attained. Second,

nanoimprint ensures well-defined patterns with very low line

edge roughness. The pattern size, shape, and line edge

roughness are determined by mold pattern, which can be pre-

cisely controlled with mature microelectronic processing of

thermally grown SiO2. In printing-based techniques, the

FIG. 5. SEM monographs of 350 nm P3HT grating patterns. (a) shows the

Teflon-AF and the P3HT patterns before removing the Teflon-AF template;

(b) shows the 350 nm P3HT patterns after dissolving the Teflon-AF template.

FIG. 6. (Color online) Schematics of the fabrication process for PMOLED

array. (a) Pattern ITO on a glass substrate; (b) Spin-coat Teflon-AF on the

substrate; (c) Thermally imprint with a nanoimprint mold; (d) Remove

the residual layer by oxygen RIE; (e) Deposit a stack of PEDOT:PSS,

P3HT and aluminum; (f) Dissolve the Teflon-AF template to liftoff the

PEDOT:PSS/P3HT/Al stack on the template.
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spreading of organic semiconductor ink can smear the pat-

tern shape and change the pattern size. Third, nanoimprint

has extended its applications to roll-to-roll processing to

achieve fast and low-cost patterning,15 and 3-D nanoimprint

to realize self-aligned lithography that overcomes the difficulty

of layer-to-layer alignment in fabricating electronic devi-

ces.16,17 The technique presented here has no limitation to be

adapted to both roll-to-roll processing and 3-D nanoimprint.

Fourth, the technique presented here can be applied to all or-

ganic semiconductors, including organic small molecules. It is

expected that thermally evaporating small molecules and lift-

ing off in fluorinated solvents can achieve isolated structures

of small molecules. Finally, the overall process is still simple

and low cost, and it can be easily extended to fabricate inte-

grated organic electronics in large scale.

It is also noticed that the presented technique needs further

tailoring and optimization. First, poor adhesion between

P3HT and the substrate resulted in the missing of a few struc-

tures after lifting off in ultrasonic bath. This can be addressed

by using coupling agents, such as amine silanes,18 to improve

the adhesion between organic semiconductors and the silicon

or silicon oxide surfaces. Second, the tall edges in P3HT pat-

terns may become an issue in some device fabrications. This

issue can be easily addressed by pressing the patterned struc-

tures with a flat mold to smooth out the tall edges.

High-resolution patterning of isolated organic semiconduc-

tor structures is expected to have many applications in organic

electronics. It can be used to directly pattern OLED arrays for

flat-panel display and solid-state lighting applications. The

submicron and deep submicron organic semiconductor pat-

terns can also be used to fabricate high performance OTFTs

with high cut-off frequencies. Also, the isolated patterns

enable the possibility of fabricating organic integrated circuits

because devices are isolated from each other to prevent cross

interference.

IV. CONCLUSION

The proposed method combining NIL and fluorinated

template processing has successfully demonstrated the

capability of patterning isolated P3HT structures from tens

of microns to submicron. Inherited from traditional NIL,

this technique is capable of generating high-resolution

structures. Additionally, this technique achieves nondes-

tructive patterning of organic semiconductors because

oxygen RIE is not directly applied to the P3HT thin film

and the FC-40 solvent is compatible with organic semicon-

ductors. The patterning technique demonstrated here is not

limited to P3HT. It is applicable to all organic semiconduc-

tors, both solution-processed and vapor-deposited materials.

Moreover, the technique can be extended to directly fabricate

organic electronic device arrays. In the case of PMOLED

fabrication, this technique provides a proof-of-concept dem-

onstration. Although P3HT is not the optimized material for

OLED application, other materials suitable for OLEDs can be

used in future for flat-panel display and solid-state lighting

applications.
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