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Abstract—In this paper, a proof of concept 4 × 4 active-matrix
imager fabricated at near room temperature (<95 ◦C) is presented.
Conventional photolithography and inkjet printing were used to
pattern integrated organic FETs and photoconductors. The design
and characterization of a pixel circuit is described. A simple first-
order calibration technique is used to partially compensate for
fixed pattern noise. Following the calibration, the imager is shown
to correctly image a “T” pattern.

Index Terms—Integrated optoelectronics, organic compounds,
thin-film transistors (TFTs).

I. INTRODUCTION

ORGANIC semiconducting thin films could enable the de-
velopment of large area, mechanically flexible integrated

optoelectronics consisting of light emitters, photodetectors,
electronic transistors, and sensors [1]–[4]. The low processing
temperatures of organic semiconductors assure their compat-
ibility with a broad range of substrates, including inexpensive
plastic films such as polyethylene terephthalate (PET). Organic
materials can simply be deposited through thermal evaporation
of organic powders or inkjet printing of solutions of organic
semiconducting inks, leaving the substrate near room temper-
ature and enabling coarse (∼30 µm) patterning of deposited
films.

Functionally useful organic devices need to achieve both ade-
quate electrical performance, and the ability to be integrated into
multicomponent circuits. Both requirements are paramount in
the development of an active-matrix imager. To reduce crosstalk
between transistors and increase device integration density, the
organic FETs (OFETs) need isolated active regions. This re-
quires them to be patterned by scalable fabrication techniques
such as photolithography or inkjet printing, both of which are
utilized in this paper.

Presently, the most often demonstrated OFETs use ther-
mally evaporated thin films of the organic semiconductor pen-
tacene. Charge transport in pentacene thin films favors hole
over electron transport, with reported hole mobilities exceed-
ing 1 cm2 /V·s in saturation for shadow-mask-patterned OFETs
[5]. In addition, photolithographic patterning of pentacene has
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been demonstrated using standard photoresist and dry etching,
achieving comparable hole mobilities to shadow-masked ver-
sions [6]. The compatibility with photolithography, together
with near-room-temperature deposition conditions and charge
carrier mobility comparable with amorphous silicon, identify
pentacene as a candidate semiconductor for the development of
large-area integrated organic circuits.

In this paper, we describe and demonstrate a process flow
to produce integrated pentacene OFETs and organic photocon-
ductors (OPDs) on a single substrate [7]. Both OFETs and lat-
eral photoconductor electrodes are patterned by conventional
photolithography. The photoconductor material is deposited by
inkjet printing. Isolated individual fabricated devices are elec-
trically and optically characterized.

By integrating an OFET switch with a photoconductor, we
design and demonstrate an imaging pixel. An active-matrix im-
ager consisting of 16 pixels is then fabricated and tested. The
fixed pattern noise in the imager, likely dominated by variation
in inkjetted photosensitive area, was partially overcome by a
first-order calibration. Upon calibration, the imager correctly
images a “T” pattern.

II. PROCESS FLOW FOR INTEGRATED ORGANIC

OPTOELECTRONICS

OFETs can be fabricated in a number of different device ar-
chitectures. Top contact transistors have the source and drain
deposited after the semiconductor, and exhibit lower contact re-
sistance than bottom contact OFETs in which the semiconductor
is deposited on top of prepatterned source/drain contacts [8]. To
minimize semiconductor exposure to the solvents present in
the photolithograpy process, we utilize a bottom gate, bottom
contact geometry.

Pentacene OFETs are fabricated on glass substrates, follow-
ing the near-room-temperature processing method described in
previous work [6]. Devices are fabricated in a class 100 clean
room, and are exposed to clean room air ambient after each pro-
cessing step. The process flow is depicted in Fig. 1. A gate layer
of 10-nm thick Cr (for adhesion to glass) and 60-nm thick Au is
electron-beam evaporated, and patterned by photolithography
and wet chemical etching. A 150-nm thick layer of parylene-C
deposited by hot-filament CVD is used as the gate dielectric.
Via holes are patterned in parylene by photolithography and
reactive ion etching (RIE) in oxygen. A 60-nm thick layer of
Au, which serves as the source/drain layer, is then deposited
by e-beam evaporation. Photolithography and wet chemical
etching are used to pattern the layer. A 20-nm thick pentacene
film is blanket deposited by thermal evaporation at a rate of
0.6 nm/min. The pentacene is encapsulated by 200-nm thick
film of parylene, allowing the pentacene/parylene stack to be
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Fig. 1. Process flow for photolithographic fabrication of the active-matrix imager, with inkjet printed photoconductors (left). Micrograph of OPD, OFET, and
interconnects (right).

photolithographically processed without exposing the pentacene
to photoresist or developer. A subsequent RIE process defines is-
lands of parylene and pentacene, isolating the active area of each
OFET.

A third layer of parylene is then deposited over the entire sub-
strate, passivating the exposed pentacene sidewalls, and further,
electrically isolating each transistor. Photolithography and RIE
were employed to pattern this parylene layer and expose the lat-
eral photoconductor fingers defined in the source/drain Au layer.
The last parylene layer also provides a “well” around the pho-
toconductor fingers, to help confine the inkjetted photosensitive
material of each pixel.

A colloidal dispersion of photosensitive titanyl pthalocyanine
(TiOPc) in ethyl acetate and butyl acetate is inkjetted onto the
interdigitated Au fingers. Approximately 100 drops with a nom-
inal drop size of 220 pL were deposited on each pixel. A 1 s
drying time between drops allows the solvent to evaporate be-
fore the subsequent drop. Fig. 1 shows a schematic cross section

of the completed substrate, and a top view micrograph of the
OPD and OFET.

III. DEVICE CHARACTERIZATION AND PERFORMANCE

Electrical characterization of the OFETs was performed using
an Agilent 4156 C semiconductor parameter analyzer.

Fig. 2(a) shows the transfer curve for a transistor of width
1000 µm and length 25 µm taken immediately after active area
patterning (Step 6 in Fig. 1). The transfer curve of Fig. 2(b)
was measured after photoconductor processing, which involved
photolithography, a solvent resist strip, and dry etching in oxy-
gen plasma. It was observed that the threshold voltage shifts
positively after this processing.

Quasi-static capacitance-voltage (QSCV) measurements and
contact resistance measurements were obtained in order to ex-
tract the transistor mobility following the method of Ryu et al.
[9]. Fig. 3 plots the hole mobilities versus applied gate bias for
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Fig. 2. (a) Transfer curve in the saturation regime for 1000 µm/25 µm OFET at VDS = −20 V prior to photoconductor processing. (b) Transfer curve in the
saturation regime for 1000 µm/25 µm OFET at VDS = −20 V after photoconductor processing.

Fig. 3. (a) Hole mobility versus gate bias, measured prior to photoconductor processing. Same device as Fig. 2(a). (b) Hole mobility versus gate bias, after
photoconductor processing. Same device as Fig. 2(b). Mobilities extracted accounting for source/drain contact resistance following method of Ryu et al. [9].

the devices characterized in Fig. 2. We note that mobility is about
an order of magnitude lower for the transistor that has undergone
photoconductor processing [10]. We suspect the degradation in
mobility, positive threshold voltage shift, and shallower sub-
threshold slope could be due to poor parylene encapsulation of
the OFETs, leading to pentacene exposure to solvents from a
wet photoresist strip performed before inkjetting of the pho-
tosensitive dispersion. Also, it has been reported that parylene
exposure to oxygen plasma results in positive threshold shifts
in pentacene OFETs [11].

The external quantum efficiency of the TiOPc photoconductor
is plotted in Fig. 4 as a function of illumination light wavelength.
For this measurement, the photoconductor is illuminated by a
Xe lamp filtered by a monochromator, chopped at 95 Hz and
referenced to a Newport 818 UV calibrated photodetector. A SR
830 lock-in amplifier sensed the current through the photocon-
ductor as the illumination wavelength is varied.

IV. PIXEL DESIGN

An OFET connected in series with an OPD acts as a switch,
creating an active-matrix pixel. In this circuit, the OFET behaves

Fig. 4. External quantum efficiency of the TiOPc lateral photoconductor.

as a low-resistance switch when turned ON, and the pixel current
is dictated by the photoconductor, which responds to the incident
light intensity. When the OFET is turned OFF, the total pixel
resistance is dominated by the OFET, and the pixel current does
not change regardless of the illumination intensity. This behavior
and the corresponding bias conditions are shown in Fig. 5.
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Fig. 5. (a) Conductance of an active-matrix pixel versus incident luminance
of the 530 nm wavelength green light source. (Inset) Pixel circuit and bias
conditions for ON and OFF states. (b) Responsivity of active-matrix pixel versus
luminance.

The OFET and OPD must be properly sized to achieve con-
ductances enabling the desired circuit behavior. The conduc-
tance of an OFET in ON state should be, at least, two orders of
magnitude greater than that of the photoconductor, so that the
photoconductor conductance can control the pixel current. This
ratio of conductances also assures that the circuit will behave
as designed even if the mobility of the OFET degrades over
time. We use an OFET with a channel width of 1000 µm and
length of 5 µm. A gate-to-source voltage of −20 V exhibits an
ON conductance of 20 nS, and a gate-to-source voltage of 5 V
exhibits an OFF conductance of 69 fS.

The TiOPc photoconductor is highly resistive, and requires
an effective width of 25 mm and length of 5 µm to achieve a
conductance appropriate to that of the OFET. An interdigitated
structure is used to achieve the large effective width while main-
taining an appropriate aspect ratio. A micrograph of the finished
pixel is shown in Fig. 1.

The pixel was characterized by uniformly illuminating it with
a 530 nm wavelength light generated by a Lumileds LED. The
pixel current was measured by an Agilent 4156 C while the LED
brightness was increased. The LED luminance was measured
using a calibrated 818 UV Newport photodiode.

Fig. 6. Circuit schematic of the 4 × 4 active-matrix imager.

The pixel conductance and responsivity versus LED lumi-
nance are plotted in Fig. 5(a) and (b), respectively. At a lumi-
nance of 5 mW/cm2 , the pixel on/off conductance ratio is 880
and responsivity is 6 × 10−5 A/W. We note that this number
was obtained by using the entire pixel area, even though photo-
sensitive material covers only a portion of it. Consequently, the
stated responsivity is an underestimate.

V. ACTIVE-MATRIX IMAGER

The circuit schematic for the 4 × 4 imager is shown in Fig. 6.
The fabricated imager occupies an area of 10.24 mm2 and uses
a 25 V power supply. A micrograph of the finished imager under
test is also pictured in Fig. 7(a).

It is apparent from Fig. 7(a) that the inkjetted area varies from
pixel to pixel. The variation in photosensitive area contributes
to fixed pattern noise. This can be seen in Fig. 7(b), which
plots the response of each pixel to a uniform luminance. The
pixel currents were recorded for subsequent calibration, which
reduces the effect of fixed pattern noise.

To perform the first-order calibration, the conductances
recorded from the patterned test are divided by the conductances
under uniform illumination. This ratio is multiplied by the lumi-
nance of the uniform illumination. This method approximates
the conductance versus luminance behavior of the pixel as linear.

A clear transparency mask with a semitransparent print in the
shape of a “T” was placed in the field of the LED, producing
a patterned shadow on the imager in the shape of a “T.” The
system under test is shown in Fig. 7(a). Column 2 is completely
covered by the shadow and Column 3 only partially.

Fig. 7(c) plots the brightness sensed by the imager after the
first-order calibration. The imager correctly produces a higher
brightness for Column 3 than Column 2, since the first is only
partially shadowed.
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Fig. 7. (a) The 4 × 4 active-matrix imager under test. (b) Pixel conductances recorded under uniform illumination (without T). (c) Sensed brightness after
first-order calibration (with T).

VI. CONCLUSION

A low-temperature process flow for integrated OFETs and
OPDs was introduced. Photolithographically processed OFETs
were electrically characterized and exhibited a hole mobility of
6 × 10−3 cm2/V·s at a VGS of −20 V. The OPD responsivity
was measured to be 6 × 10−5 A/W at a luminance of 5 mW/cm2 .

A proof of concept 4 × 4 active-matrix imager was fabricated
and tested. Variation in inkjetted photosensitive area contributed
to fixed pattern noise. A first-order calibration was performed
and enabled the imager to correctly image a “T” pattern.
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