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Micro-scale pentacene organic field effect transistors (OFETs) were fabricated on a flexible

poly(ethylene terephthalate) (PET) substrate. By applying a highly fluorinated developing solvents

and its compatible photoresist materials, it has become possible to make the micro-scale patterning

for organic devices using standard photolithography without damaging the underlying polymer

layers. The flexible pentacene OFETs with 3 lm-sized channel length exhibited stable electrical

characteristics under bent configurations and under a large number of repetitive bending cycles.

Furthermore, we demonstrated micro-scale organic complementary inverters on a flexible

PET substrate using p-type pentacene and n-type copper hexadecafluorophthalocyanine materials.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863678]

Organic electronic devices have generated a great deal

of research interest in recent years because of their outstand-

ing advantages compared to inorganic counterparts, such as

simple device architecture, low manufacturing cost, ease of

fabrication, large area processing capabilities, limitless ma-

terial variety, and a wide span of potential applications,

including organic field effect transistors (OFETs), photovol-

taic cells, memories, light-emitting diodes, and sensors.1–7

Furthermore, the mechanical elasticity and solution process-

ability of organic materials is a desirable feature for future

flexible electronics.8–11 From the manufacturing point of

view, the material diversity and excellent solubility in com-

mon organic solvents of organic materials has made it possi-

ble to apply various device fabrication methods to organic

electronics, such as shadow mask evaporation, spin-coating,

ink-jet printing, and roll-to-roll printing.12–17 However, it is

still difficult to apply a standard photolithographic pattern-

ing technique to organic electronics even though this tech-

nique is the simplest way to achieve the micro-scale

patterning and has already been fully optimized for the inor-

ganic electronic devices. This cumbersome situation results

mainly from a chemical incompatibility existing in organic

electronic materials and organic solvents for photolitho-

graphic processing. Organic solvents are used to deposit and

erase photoresist layers, but the problem is the lack of selec-

tivity in dissolving only the photoresist not the organic

electronic materials. To settle down this problem, the

chemically non-damaging orthogonal photolithographic

method has been introduced based on the notion of miscibil-

ity and orthogonality among materials. Miscibility allows

the removal of the unnecessary part of the deposited photo-

resist layer by the developing solvents, and orthogonality is

required to protect the underlying polymer films from the

addition of lithographic chemicals.18 Because the vast ma-

jority of organic materials, regardless of their polarity,

generally show their orthogonal properties to highly fluori-

nated chemicals, the fluorous solvents have been recognized

as a strong candidate recently for photolithographic process-

ing of organic electronic materials. Among the various fluo-

rous solvents, segregated hydrofluoroethers (HFEs) have

been selected due to their outstanding properties, such as

nonflammability, zero ozone-depletion potential, and very

low toxicity for humans.19 Studies related to the orthogonal

processing of organic electronic devices using semi-

perfluoroalkyl resorcinarene, which is processable in HFEs,

have been reported on solid substrates.18–20 However, its

application for flexible organic devices has never been dem-

onstrated so far.

In this study, we fabricated micro-scale OFET devices

and complementary inverters on a flexible poly(ethylene ter-

ephthalate) (PET) substrate by orthogonal photolithography

using HFE developing solvents and its comparable semi-

perfluoroalkyl resorcinarene photoresist. We characterized

the electrical properties of the fabricated micro-scale OFET

devices under both flat and various bending conditions, such

as different bending radius configurations and repeated bend-

ing cycles. Moreover, our micro-scale organic complemen-

tary inverters show the stable logic inverter operation as

voltage transfer characteristics.

Fig. 1(a) shows the device fabrication process of the

OFET devices in our study. To fabricate the devices, the

PET substrate was first cleaned by a standard solvent-

cleaning process using de-ionized (DI) water, acetone, and

2-propyl-alcohol (IPA) in an ultrasonic bath for 5 min at

each cleaning. Next, the PET substrate was dried at 100 �C
for 1 h in a vacuum oven to evaporate the residual solvent

and moisture. The bottom gate Al electrodes of 30 nm

thickness were deposited by a thermal evaporator using a

shadow mask with a deposition rate of 0.5 Å/s at a pressure

of �10�6 Torr. After the substrate was cooled, the bottom

gate Al gate electrodes/PET substrate were exposed to

UV-ozone treatment for 10 min to improve the film uni-

formity.21 To fabricate the polymer dielectric layer,
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15 wt. % of poly(4-vinylphenol) (PVP) and 3 wt. % of pol-

y(melamine-co-formaldehyde) as a cross-linking agent

were dissolved in a solvent of propylene glycol methyl

ether acetate (PGMEA) without further purification. The

mixed PVP solution was spin-coated onto the Al gate

electrodes/PET substrate at 3000 rpm for 30 s, followed by

soft-baking on a hotplate at 100 �C for 10 min in a N2-filled

glove box. After the PVP film on the Al pad was removed

with a methanol-soaked swab for electrical probing, the

PVP film was hard-baked on a hotplate at 200 �C for 1 h.22

The deposited PVP film thickness was measured at �1 lm

using an Alpha-step profiler. To prepare the fluorinated

photoresist solution, 15 wt. % of the previously reported

semi-perfluoroalkyl resorcinarene (Fig. 1(b)) powder

and 0.5 wt. % of N-nonafluorobutanesulfonyloxy-1,8-

naphthalimide photoacid generator were dissolved in a

mixed solvent (3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-

2-trifluoromethylhexane (HFE 7500 purchased from 3M):

PGMEA¼ 4:1 weight ratio) and the solution was filtered

through a 0.20 lm-sized nylon syringe filter.19 Then, the fluo-

rinated photoresist solution was spin-coated at 1500 rpm for

60 s and baked on a hotplate at 75 �C for 3 min in a clean

room under yellow light. Subsequently, the coated photoresist

film was exposed under UV light (416 nm wavelength, inten-

sity of �10 mW/cm2) through a chromium-patterned photo-

mask by a mask aligner. After an additional baking process at

75 �C for 3 min, the unexposed photoresist below the

chromium-drawn region in the photomask was cleaned off by

a developing solvent of ethoxy-nonafluorobutane (HFE 7200)

and dried with N2 gas. Because our fluorinated photoresist

leaves negative-tone images, UV-exposed regions undergo

chemical reactions losing solubility in the fluorous develop-

ing solvent, whereas unexposed parts can be washed away by

the same developer enabling micro-patterning process with-

out damaging the PVP dielectric layer. To fabricate the sour-

ce/drain electrodes, 30 nm-thick Au was deposited after the

deposition of a 5 nm-thick Ti adhesion layer on the developed

samples by an electron beam evaporator with a deposition

rate of 0.5 Å/s at a pressure of �10�7 Torr. After the metal

lift-off process using a lift-off solvent (HFE7200:

ethanol¼ 20:1 weight ratio), the 3 lm-sized micro-gap

between the source/drain electrodes became the active chan-

nel length of our OFET devices (Fig. 1(c)). Finally, the penta-

cene active film with 60 nm thickness was deposited by a

thermal evaporator with a deposition rate of 0.5 Å/s at a pres-

sure of �10�6 Torr. In case of the complementary inverter

devices, additional thermal evaporation process of n-type

copper hexadecafluorophthalocyanine (F16CuPc) material

was done at the same deposition rate and pressure conditions

as the p-type pentacene deposition on opposite region of pen-

tacene film sharing output voltage line using a shadow mask.

Fig. 1(c) shows photographic and optical microscopic images

of the completely fabricated OFET devices.

The electrical data of the fabricated OFET devices were

measured using a Keithley 4200-SCS parameter analyzer

connected to a probe station inside an N2-filled glove box.

The electrical characteristics of micro-scale pentacene OFET

devices are summarized in Fig. 2. All data in this figure were

measured from the devices on the PET substrate under flat

conditions. Fig. 2(a) shows the transfer characteristics (drain

current versus gate voltage) for a fixed drain-source voltage

of �40 V in the semi-logarithmic scale. It showed typical

p-type transfer characteristics using the pentacene active

channel layer. The current on/off ratio was observed some-

what low as 102–103 due to the presence of injection barrier

and short channel geometry.23,24 Because the series resist-

ance usually decreases as the channel length decreases, the

drain current of the device with a 3 lm-channel length exhib-

ited a higher current value than the longer-channel devices.

Fig. 2(b) shows the output characteristics (drain current ver-

sus drain voltage) for different gate voltages for the

3 lm-channel device. The output characteristics exhibited a

non-linear curve in a low voltage region, suggesting the pres-

ence of an injection barrier at metal/pentacene contacts. This

injection contact barrier generally comes from the band off-

set between work function of Au electrodes (�5.0 eV) and

highest occupied molecular orbital level (�5.2 eV) of penta-

cene active layer with formation of interfacial dipoles.

FIG. 1. (a) The device fabrication

processes of the flexible pentacene

OFET devices. The molecular formula

in the development process shows the

orthogonal developer of HFE 7200. (b)

The molecular structure of semi-

perfluoroalkyl resorcinarene photore-

sist. (c) Photographic and optical

microscopic images of our flexible

pentacene OFET devices.
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Because this contact barrier hinders the charge transport

from Au electrode to pentacene layer at low voltage region

showing the non-linear I-V characteristics, many researches

to overcome this effect has been done such as inserting

interlayer, contact-area-limited doping, and changing the

electrode by graphene films or carbon nanotubes.25–28

Nevertheless, the resistance values were approximately

obtained from the slopes of the linear segments in the proper

non-zero drain voltage linear region (around 5 V) of the out-

put curve in Fig. 2(b) and plotted as a function of the channel

length, as shown in Fig. 2(c). The resistance decreased as the

channel length decreased due to the aforementioned depend-

ence of the series resistance on the channel length. Likewise,

the resistance decreased as the gate voltage increased in the

negative gate voltage direction because the drain current of

the majority hole carriers in the p-type OFET devices rapidly

increased to the ON current with increased gate voltage to

the negative voltage direction as shown in the transfer curve

in Fig. 2(a). The contact resistance value can also be

obtained as the y-intercept of the linear fitting line of the dis-

crete resistance data versus channel length.29–31 Fig. 2(d) dis-

plays the contact resistance as a function of the gate voltage,

showing that the contact resistance decreased as the gate

voltage increased to the negative direction. This result can

be explained as follows: When a large negative gate voltage

is applied to short channel p-type devices, high carrier

density in the conducting channel region can cause a small

voltage drop over the contact region and as such an accumu-

lation of carriers narrows the width of contact barrier.32,33

For this reason, the higher negative gate voltage reduces the

contact resistance (Fig. 2(d)) as well as the series resistance

(Fig. 2(c)) of our OFET devices. Here, the contact resistance

for the gate voltage of �50 V was determined to be

�15 MX, which is not a negligible value compared with the

total resistance values of approximately 20–40 MX for vari-

ous channels of devices (Fig. 2(c)). The inset of Fig. 2(d)

shows the field effect mobility data of the OFET devices.

Our devices showed a typical value of effective mobility of

0.04 to 0.1 cm2/V � s for different channel lengths (L) of 3, 5,

and 10 lm (filled squares), respectively. Because the contact

resistance effect in our OFET devices is not negligible, it is

needed to find out the mobility of the channel-effect itself

(intrinsic mobility) which is related to charge carrier trans-

port in the channel without taking into account the contact

resistance. By using the corrected contact resistance extrac-

tion method, we obtained the intrinsic mobility values and

plotted them in the inset of Fig. 2(d) (open squares).32,34 The

intrinsic mobility was determined to be 0.1 to 0.2 cm2/V � s
for our pentacene OFET devices, which is comparable to the

typical intrinsic mobility values of the pentacene OFETs as

stated elsewhere.35

We also characterized our pentacene OFET devices

under different bending conditions in order to examine the

stability and reliability in flexible situations. Fig. 3(a) shows

the photos of the experimental setup for electrical measure-

ment under bending conditions in N2-filled glove box. The

electrical parameters (ON current, mobility, and threshold

voltage) of flexible pentacene OFET devices in flat (radius

of 1) and bending conditions (radius of 20 mm and 10 mm)

are shown in Figs. 3(b)–3(d). The term, mobility, here

denotes the effective mobility. It can be seen that each of

these electrical parameters were stably maintained without

any substantial fluctuation under different bending condi-

tions (for instance, ON current of �2 lA, mobility of

�0.04 cm2/V � s, and threshold voltage of �10 V for the

3 lm-channel devices). The error bars in all these figures

were obtained from measuring the standard deviation of

about five devices for each data point. For the possibility of

practical application of flexible organic devices, it is essen-

tial to show the device reliability with repeated bending

stress.36,37 Therefore, we investigated the electrical parame-

ters after the repeated bending cycles as summarized in inset

of Fig. 4(a). One bending number denotes one cycle from the

flat condition to the bending condition (radius of 10 mm) and

FIG. 2. (a) Transfer characteristics for

the pentacene OFET devices with vari-

ous channel lengths of 3, 5, and 10 lm,

respectively, at a fixed gate voltage of

�40 V. The molecular structure of

pentacene is shown. (b) Output charac-

teristics for the devices with a 3 lm-

channel length. (c) Series resistance

versus channel length at gate voltages

of �10, �30, and �50 V. (d) Contact

resistance obtained in (c) at gate vol-

tages of �10, �30, and �50 V. The

inset shows the field effect mobility

data for devices with different channel

length (L) of 3, 5, and 10 lm.
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back to the flat. An automatic bending machine (inset images

of Fig. 4(a)) counted the bending cycle number. From Fig. 4,

one can see that the electrical parameters (ON current,

mobility, and threshold voltage) were well maintained over

the bending cycles up to 103 times without any serious

degradation.

FIG. 4. The electrical parameters of

(a) ON current and (b) mobility and

threshold voltage for our flexible

OFET devices after repeated bending

cycles. The photographic images in (a)

show the device under bending cycling

measurement.

FIG. 3. (a) Photographic image of

electrical measurement process for our

flexible OFET devices in N2-filled

glove box system. (b)–(d) The electri-

cal parameters (ON current, mobility,

and threshold voltage) of our flexible

OFET devices with different channel

length under bent configurations.

FIG. 5. (a) Transfer and (b) output

characteristics for the F16CuPc OFET

devices with a 3 lm-channel length.

The molecular structure of F16CuPc is

shown. (c) Photographic image of

complementary inverter devices com-

posed of p-type pentacene and n-type

F16CuPc channel layers. (d) The

voltage transfer characteristics of a

flexible complementary inverter at

VDD¼ 40 V. The inset shows the cir-

cuit configuration of the complemen-

tary inverter.
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In addition to fabrication of micro-scale single OFET

devices, it has naturally become possible to fabricate the

complementary inverters by linking two opposite type

micro-scale single OFETs (p-type pentacene OFET and

n-type F16CuPc OFET). F16CuPc is well known to be a sta-

ble n-type semiconductor material with excellent electrical

and mechanical properties and generally used as n-type

active channel layer in organic complementary logic circuit

with p-type pentacene material.38,39 Because F16CuPc has

very similar lowest unoccupied molecular orbital level

(�4.8 eV) to work function of Au (�5.0 eV), it is suitable to

be n-channel layer in our complementary inverters with Au

source/drain electrodes.40 The transfer electrical character-

istics of micro-scale F16CuPc OFET devices are shown in

Fig. 5(a) with the molecular formula of F16CuPc material,

and output characteristics of that is also shown in Fig. 5(b).

The complementary inverter consists common bottom gate

line (VIN), p-type pentacene OFET, n-type F16CuPc OFET,

and shared output voltage line (VOUT) as shown in Fig. 5(c).

Its circuit configuration is drawn in inset of Fig. 5(d).

Owing to the compatibility between pentacene and F16CuPc

OFET in transfer properties, our micro-scale organic

complementary inverters showed the stable logic inverter

operation as voltage transfer characteristics at VDD¼ 40 V

(Fig. 5(d)).

In summary, we fabricated micro-scale OFET devices

and complementary inverters on flexible substrates by a con-

ventional photolithography manufacturing process using a

highly fluorinated developing solvent and its comparable

photoresist. This technique has made it possible to form lith-

ographic patterning for organic devices without damaging

the underlying polymer films based on the principle of ortho-

gonality of materials. The fabricated, 3 lm-channel penta-

cene OFET devices showed stable electrical characteristics

in both flat and bending conditions and also exhibited electri-

cal reliability even with repeated bending cycles of up to 103

times. Moreover, our flexible micro-scale organic comple-

mentary inverters composed of p-type pentacene and n-type

F16CuPc OFET devices showed the stable logic inverter

operation as voltage transfer characteristics.
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