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Abstract—A large-area, flexible, and lightweight sheet image
scanner has been successfully manufactured on a plastic film by
integrating high-quality organic transistors and organic photode-
tectors. The effective sensing area of the integrated device is 5 5
cm2; the resolution, 36 dots per inch (dpi); and the total number
of sensor cells, 5184. The pentacene transistors with top contact
geometry have a channel length of 18 m and mobility of 0.7
cm2 Vs. Organic photodetectors composed of copper phthalo-
cyanine and 3,4,9,10-perylene-tetracarboxylic-diimide distinguish
between black and white parts on paper based on the difference
in their reflectivity. Since this new area-type image-capturing
device does not require any optics or mechanical scanning de-
vices, the present sheet image scanners are mechanically flexible,
lightweight, shock resistant, and potentially inexpensive to man-
ufacture; therefore, they are suitable for human-friendly mobile
electronics.

Index Terms—Flexible sensor, image sensor, large-area elec-
tronics, organic transistor.

I. INTRODUCTION

ORGANIC field-effect transistor (FET) integrated circuits
[1]–[6] have attracted considerable attention since they

have many attributes complementary to silicon very large-scale
integrated systems (VLSIs) that yield high performance, but are
expensive. The manufacturing costs of organic transistor circuits
are expected to be lower even for a large area if they are fabri-
cated using printing technologies and/or the roll-to-roll process.
Furthermore, organic transistors are mechanically flexible [7],
thin, lightweight, and shock resistant since the organic devices
are manufactured on plastic films at low (ambient) temperature.

Recent studies on organic transistors are motivated by two
major types of applications. One includes flexible displays such
as paper-like displays or e-paper, where electric inks, electro-
luminescent (EL) devices, liquid crystals, or other mediums are
powered by organic transistor active matrixes [4], [8]. The other
type includes radio frequency identification tags [9], [10]. The
printable features [11]–[13] of organic transistors are expected
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to be suitable for the implementation of integrated circuits in the
field of packaging.

We recently demonstrated another promising application, that
is, a large-area, flexible sensor. The first example of organic tran-
sistor-based large-area sensors is a pressure sensor matrix. Or-
ganic transistor active matrixes are used to read out pressure data
from sensors. The new pressure sensor could be ideal for elec-
tronic artificial skin applications for future generations of robots
[14]–[18]. Although it is well known that the mobility of or-
ganic semiconductors is about two or three orders of magnitude
lower than that of poly- and single-crystalline silicon, the lower
speed is tolerable for most applications of large-area sensors.
For artificial skin in particular, the integration of pressure sen-
sors and organic peripheral electronics enables us to take advan-
tage of many benefits of organic transistors such as mechanical
flexibility, large area, low cost, and relative ease of fabrication
without suffering from their drawbacks.

In another new development in the field of large-area elec-
tronics, we have recently successfully demonstrated the large-
area, flexible, and lightweight sheet image scanner based on or-
ganic semiconductors [19], [20]. In this paper, we report the
technical details of sheet image scanners, particularly, the prin-
ciple of imaging, manufacturing process, and electronic perfor-
mance of individual sensor cells. The device is manufactured
on plastic films by integrating organic FETs and organic photo-
diodes. Organic photodetectors distinguish between black and
white parts on paper based on the difference in their reflec-
tivity. The effective sensing area of the integrated device is 5 5
cm ; resolution, 36 dpi; and the total number of sensor cells,
5184. The pentacene FETs with top contact geometry have a
channel length of 18 m and a mobility of 0.7 cm Vs. The
total thickness and the weight of the entire device are 0.4 mm
and 1 g, respectively. Furthermore, we have successfully ob-
tained the images of several characters whose size is approxi-
mately 1 1 mm by using two-dimensional (2–D) arrays of a
photodiode matrix without organic transistors. The present sheet
image scanners are mechanically flexible, lightweight, very thin
and, therefore, suitable for human-friendly mobile electronics.

II. MANUFACTURING PROCESS

AsmaybeobservedfromFig.1,theintegrateddeviceformedon
a plastic film is mechanically flexible, very thin, and lightweight.
The image of the chip and a circuit diagram of the core section are
showninFig.2(a)and(b),respectively.Fig.3containsaschematic
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Fig. 1. Image of a large area, flexible, and lightweight sheet-type image
scanner placed onto the business card for capturing images. The effective
scanning size is 50� 50 mm and the resolution, 36 dpi.

Fig. 2. (a) Image and (b) a circuit diagram of the present sheet-type image
scanner consisting of organic transistors integrated with organic photodiodes.
Scale bar is 1 cm.

illustration of the device structure along with the chemical struc-
tureofeachlayer.TheorganicFETmatrixandthephotodiodema-
trixhavebeenmanufacturedseparatelyondifferentplasticfilmsin
acleanroom(class100–1,000)andthenlaminatedwitheachother
using a silver paste patterned by a microdispenser. Alternatively,
weusedanisotropicconductivefilms(Anisolm,HitachiChemical
Company Ltd., Japan) for the lamination process.

First, a 72 72 matrix of pentacene FETs with
top contact geometry is manufactured with an ultrafine shadow
mask (Athene Company, Ltd., Japan). The base film (substrate)
is a transparent poly(ethylene naphthalate) (PEN) film (Teonex

Fig. 3. Cross-sectional illustration of the present device consisting of a organic
transistor and organic pn-junction diode. The chemical structure of each organic
layer is also shown.

Q65, Teijin Dupont Films, Japan) with a thickness of 125 m.1

Before the manufacturing process, the base film is heated at
190 C for 1 h. This prebake process plays a very important role
in minimizing the shrinkage of the film during the cross-linking
of polyimide gate dielectric layers, which occurs at 180 C. The
surface of the base film is coated with a 150-nm-thick gold layer
with a 5-nm-thick chromium adhesion layer in a vacuum evap-
orator with shadow masks to form a gate electrode. The poly-
imide precursors (Kemitite CT4112, Kyocera Chemical Com-
pany, Ltd., Japan) are then spin-coated and cured at 180 C to
form 630-nm-thick gate dielectric layers [21]. A 50-nm-thick
pentacene is deposited to form a channel layer. The pentacene
[22], [23], purchased from Aldrich, is purified in the home-
made zone-sublimation system within a mixture of H and N
gases. A 60-nm-thick gold layer is evaporated through shadow
masks to form the source and drain electrodes of the transistors.
Fig. 4(a) shows the magnified image of four transistors before
integrating with organic diodes. The channel length and width

are 18 m and 400 m, respectively. The periodicity is 700
m, which corresponds to a resolution of 36 dpi.
The photodiodes are separately manufactured on the different

films. The base film of photodiodes is a PEN film coated with ITO
with a sheet-resistance of 95 . The surface of ITO coated
films is cleaned with an organic solvent and, subsequently,
a UV-ozone cleaner. A 30-nm-thick p-type semiconductor
of copper phthalocyanine (CuPc) and a 50-nm-thick n-type

1The optical transparency of PEN is as high as 87% in the visible wavelength
according to the vendors information. Such a high transparency of a base film
is very important to obtain high-quality images, since optical absorption and/of
optical scattering might degrade the contrast of images.
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Fig. 4. (a) Magnified image of four transistors before integrating with organic
diodes. (b) A magnified image of four contact pads with silver paste islands
before laminating organic transistor films and organic diode films. (c) A
magnified image of four sensor cells integrating organic transistors and organic
photodiodes. The entire transistor regions are covered by the photodiodes. The
channel length L and width W are 18 and 400 �m, respectively. As indicated
by the dashed line, the periodicity is 700 �m.

semiconductor of 3,4,9,10-perylene-tetracarboxylic-diimide
(PTCDI) are deposited in a vacuum sublimation system. Both
materials are purified once in the sublimation system. The thick-
ness of CuPc and PTCDI is one of the most important parameters
to optimize the electronic performances and yields, as will be
shown later in detail. Devices with different thicknesses are
also fabricated for comparison. A 150-nm-thick gold layer was
deposited as cathode electrodes. The optical transparency of the
150-nm-thick gold layer is small enough and this layer works
as a light-shielding layer. Other metals are also used as cathode
electrodes for comparison. We choose Au as the cathode elec-
trode to manufacture the final structures because Au electrodes
enable us to obtain a reliable interconnection by the laser via
process. Although Au has a relatively large workfunction, the
device exhibits a fairly reasonable electric performance as a pho-
todetector, as will be shown later. The size of cathode electrodes
and the periodicity of photodiodes used to integrate with organic
transistors are 450 450 m and 700 700 m , respectively;
however, smaller photodiodes are also fabricated forcomparison.

Both films with organic FETs and photodiodes are transferred
to the vacuum chamber without exposing them to air after the

Fig. 5. Schematic illustration of a conventional scanner and the proposed
sheet-type scanner. A conventional scanner consists of a linear array sensor,
light source, and mechanical components. The new scanner consists of a 2-D
array of organic photodiodes coupled with organic transistors, which can be
read out electrically by the organic transistors.

manufacturing process; further, they are uniformly coated by
a 2- m-thick poly-monochloro-para-xylylene (parylene) pas-
sivation layer. Parylene spots on electrodes are removed by a
CO laser drilling machine for electronic interconnections. It
should be noted that in the structures of photodiodes, laser via
interconnections have been directly made on gold cathode elec-
trodes through parylene intermediate layers. Therefore, manu-
facturing good interconnections without causing electric short
was a significant issue. We manufactured good interconnections
with high yields by optimizing the thicknesses of gold elec-
trodes and parylene layers, as will be described in detail later.

Please note in Fig. 3 that organic semiconductor layers of
transistors are sandwiched between two electrodes: the gate
electrode and the contact pad to integrated with sensors. Al-
though organic transistors are photosensitive, the light-shielding
layers cover the channel layers in the present design. As a result,
effects of light on transistors are negligibly small.

Further, these films are laminated with each other. Silver
paste islands were patterned by a microdispenser (Musashi En-
gineering Company, Ltd., Japan) for vertical interconnections.
Alternatively, anisotropic conductive films (Anisolm, Hitachi
Chemical Company, Ltd., Japan) are also used. Fig. 4(b) shows
the magnified image of four contact pads with silver paste
islands before the lamination of organic transistor and organic
diode films. Fig. 4(c) shows the magnified image of four sensor
cells integrating organic transistors and organic photodiodes.
The entire transistor regions are covered by photodiodes.

III. PRINCIPLE OF IMAGING

Fig. 5 shows the difference between the conventional and
present scanning method, which does not require any mechan-
ical or optical component. In conventional scanners, a linear
array sensor is moved from the top of a page to its bottom to
capture images. The new design employs a 2-D array of organic
photodiodes coupled with organic transistors. Instead of a me-
chanical scanning procedure, the signal of the photodiodes is
read out electrically by the organic transistors, avoiding the need
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Fig. 6. Principle of imaging with the proposed sheet image scanner, which is
placed on the paper with white and black regions.

to use any movable part. As a result, the device is thin, light-
weight, and mechanically flexible.

The principle of imaging with the present sheet image scanner
can be described as follows. As can be observed from Fig. 6, if
all incident light directly reaches the active layers, photodetec-
tors cannot distinguish between black and white. Therefore, we
prepared light-shielding layers to prevent photodetectors from
being exposed to direct incident light. Direct light cannot reach
the active layers. In this case, the incident light passing though
transparent regions is reflected on the white part of paper and
reaches the active layers, while that on black does not reach the
active layers. In this manner, the new scanner can distinguish
between black and white.

Please note here that this principle does not rely on the size
of the total sensing area. The size of the prototype is 5 5 cm .
However, if the devices are manufactured by printing technolo-
gies, similar structures with a large effective sensing area will
be feasible and those can be functional in the same principle.

IV. ELECTRIC CHARACTERISTICS

In this section, we present a detailed report on the electronic
performance of stand-alone organic transistors, photodiodes,
and integrated devices, which are characterized under an am-
bient environment with adequate device sealing or a nitrogen
environment without sealing.

A. Organic Photodiodes

1) Photo-Response of Organic pn-Diodes: Fig. 7 shows the
typical current–voltage ( – ) characteristic of the manufac-
tured organic photodiodes with 450 450 m gold cathode
electrodes under illumination of light with different light inten-
sities. The light source is a halogen lamp with a cold filter. The
light intensity is changed from 0 to 175 mW/cm . In the case of
no light illumination, the threshold voltage of forward-biased
photodiodes is 4 V, while the breakdown voltage is V. The
density of the photocurrent with a reverse bias of V as a func-
tion of the light intensity is plotted in Fig. 7(b). The current is
proportional to a light intensity of up to 100 mW/cm , showing
good linearity of photoresponses as sensors.

2) Single-Layer Structures: For the purpose of comparison,
we alsoprocessed two structureswith single80-nm-thick organic
semiconductor layers—CuPc and PTCDI layers. In both cases,
these individual layers are sandwiched between ITO and Au elec-
trodes. Fig. 8(a) and (b) shows the current-voltage characteristics
of the structure with a single CuPc layer and that with PTCDI,
respectively. The light illumination was performed in the same

Fig. 7. (a) Typical I–V characteristic of the manufactured organic
photodiodes with 450� 450 �m gold cathode electrodes under illumination
of light with different intensities. The light intensities are 0, 20, 40, 100, 140,
170, and 180 mW/cm . (b) Photocurrent density with a reverse bias of�4 V is
plotted as a function of the light intensity.

manner as mentioned above. Although both the single-layer de-
vices exhibit fairly large responses to light, the – curves of the
two devices do not exhibit saturation. When the photodetectors
are integrated with transistors, the shapes of the – curves play
a very significant role in enhancing the photoresponse of the in-
tegrated devices. As will be shown later in detail, the – curves
exhibiting saturation exhibit a large photoresponse for the inte-
grated devices; therefore, we have used double layer structures
consisting of CuPc and a PTCDI layers in the final structures.

3) The Thickness of Organic Semiconductors: Inorder toob-
tain a large photoresponse, we have altered the total thickness of
the organic layers of the organic diodes with gold cathode elec-
trodes. The thicknesses of the CuPc and PTCDI layers are set to
have a ratio of 3:5; for example, the thickness of CuPc and PTCDI
are30and50,or60and100nm,respectively.Inotherwords,this is
twice the total thickness of two organic layers. As shown in Fig. 9,
we have measured the currents under the light intensity of an am-
bientatmosphere.Currentsaremeasuredataforwardvoltagebias
of 2 V as a function of the total thickness of organic layers. The
photoresponsebecomes largerwitha reduction in the thicknessof
organic layers; this indicates that the photoresponse of the present
devices is not limited by light absorption in organic layers, but by
the transport of photogenerated carriers in organic layers. On the
other hand, we have found that the yields of pn-diodes depend on
the total thickness oforganic layers—it decreases when thickness
is reduced to less than 80 nm due to a short between the anode and
cathode. In order to ensure high yields, we set the total thickness
of organic layers as 80 nm.
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Fig. 8. Photocurrent density of single organic layers of (a) a 80-nm-thick CuPc
and (b) a 80-nm-thick PTCDI that is sandwiched between the ITO and Au
electrode as a function of light intensity at 0, 20, 40, 100, 140, 170, and 180
mW/cm . The size of Au electrode is 450� 450 �m .

Fig. 9. Photocurrents at a forward voltage bias of 2 V are plotted as a function
of the total thickness of organic layers.

4) Measurement in the Reflection Geometry: As shown in
Fig. 10, the present device distinguishes between black and
white in the reflection geometry. One of the organic photode-
tectors is positioned on a sheet of white paper that contains a
black region printed by a laser printer. The device is uniformly
illuminated from the top surface with a light intensity of 40
mW/cm . Fig. 10 shows the – curves measured on white and
black parts; a photocurrent ratio of 8:1 is obtained at a voltage
bias of V. This ratio is exactly the same as white-to-black
reflectivity ratio of paper.

5) Anode Electrodes: We use as anode electrodes an ITO
layer prepared on PEN films by a sputtering machine. The sheet-
resistance and surface smoothness of ITO layers are crucial fac-
tors. The sheet-resistance of the present ITO layers is 95 .
In the device with ITO of a higher sheet-resistance, the current
is limited by the sheet-resistance of ITO rather than that of the

Fig. 10. I–V characteristics of a 36 dpi-photodiode array without transistors
are measured with and without light on black and white regions.

Fig. 11. I–V curves of the device with silver and gold cathode electrodes
under illumination of light with a biased voltage of �2 V are plotted as dashed
and solid lines, respectively. The current density of photodiodes placed on the
white paper is measured with and without light.

organic layers. Thus, the change in current induced by light is
revealed by the sheet-resistance of ITO. A smooth surface ITO
is crucial since it has a great influence on the yields and photore-
sponse of organic diodes. When we characterized the surfaces of
ITO by AFM, the root-mean-square (RMS) for ITO was 0.6–0.9
nm. Since there occurs a tradeoff between surface smoothness
and sheet-resistance of ITO, it is important to use ITO that is
optimized for photodiode applications.

6) Cathode Electrodes: Although gold has a relatively high
workfunction, the device with gold cathode electrodes exhibits
a fairly large photoresponse, as mentioned above. This experi-
mental result is reasonable since electrons are not injected, but
extracted from the gold electrodes for the photodiodes under
negative voltage bias. We have also fabricated the photodiode
structures with silver cathode electrodes, which have a smaller
workfunction than gold. Fig. 11 shows the – curves of the
device with a silver cathode electrode under illumination of
light. The magnitude of photocurrents in devices with gold is
slightly less than devices with silver. This difference can be
ascribed to the difference of workfunction between gold and
silver and/or the difference of evaporation temperature between
gold and silver; the higher evaporation temperature may cause
thermal damage to organic semiconductor. Both devices can be
manufactured with high yields, i.e., exceeding 99%.

7) Laser via Interconnects: We selected gold electrodes as
cathodes because only gold electrodes enable us to achieve high
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Fig. 12. Photocurrent density of the pn-photodiode with various sizes of
gold cathode electrodes from 1� 1 mm to 50� 50 �m . Measurements are
performed under illumination of light of 70 mW/cm .

yields for the laser via interconnection. We examined the yields
for the laser via interconnection by changing the total thickness
of organic layers, gold cathode electrodes, and parylene layers.
The output power of a laser drill machine is changed from 12
to 24 mJ in steps of 0.6 mJ to investigate the optimized condi-
tions for each structure. We have found that the yields for the
laser via process are very sensitive to the thickness of the gold
layers. In case that the thickness of the cathode electrode is more
than 300 nm, all the interconnections result in short or open for
all light intensity of CO laser. On the other hand, in case of a
cathode electrode with a thickness of less than 300 nm, all the
interconnections are short for a light intensity exceeding 16.8
mJ and open below 15.6 mJ. In contrast, the yields of the via
process are not sensitive to the thickness of the parylene layer.
When the thickness of parylene is set to be from 2 m to 5 m,
more than 19 out of 20 devices exhibit good via interconnec-
tions. Although we have attempted to conduct a similar process
using silver cathode electrodes, we were unable to find an ap-
propriate condition for the laser via process—a laser light with
an intensity of 0.9 mJ or above causes a short.

8) Reduction of Device Dimensions: The reduction of de-
vice dimensions is crucial for increasing the spatial resolution
of image scanners. We have prepared photodiodes by using var-
ious sizes of gold cathode electrodes from 1 1 mm to 50 50

m . The photocurrent density is measured under illumination
of light (70 mW/cm ) as shown in Fig. 12. When the device di-
mensions are reduced to 50 50 m , the photocurrent density
decreases by only 25%, which is sufficient to achieve a spatial
resolution of 250 dpi.

B. Organic FETs

Fig. 13 shows the typical characteristics of the manufactured
p-type organic transistor. The measured mobility is as high as
0.7 cm Vs. The entire device failure can be attributed to gate
leakage. The initial yield strongly depends on the thickness of
polyimide gate dielectric layers. When polyimide precursors of
CT4112 are spin-coated at a revolution rate of 4500 rpm without
dilution, the thickness of the polyimide layers becomes 630
nm after the curing process. For the devices with 630-nm-thick
polyimide gate dielectric layers, the initial yield exceeds 99%.
We can easily reduce the thickness of gate dielectric layers if we

Fig. 13. Typical characteristics of the manufactured p-type organic transistor.
A source-drain current (I ) is shown as a function of source-drain voltage
(V ) swept from 0 to�60 V. A gate voltage (V ) is varied from 0 to�60V
in steps of �10 V.

Fig. 14. Electric performance of one sensor cell of the 36-dpi integrated
device. The power supply V is �2 V. (a) I versus V under various
intensities of light. (b) I versus light intensity with a different V bias.

dilute the source materials (Kemitite CT960, Kyocera Chem-
ical Company, Ltd., Japan) composed of n-methyl-2-pyrroli-
done (NMP) and/or increase revolution rate during spin coating.
The yields gain importance with an increase in the number of
sensor cells. This aspect will be discussed at a later point.

C. Integrated Device

One of the sensor cells consisting of one transistor and pho-
todetector is measured under illumination of various intensities
of light up to 70 mW/cm . Fig. 14 shows the typical – char-
acteristics of the sensor cell. Fig. 14(a) shows as a function
of , while Fig. 14(b) shows retraced as a function of
light intensity. When V is applied, is propor-
tional to a light intensity of up to 40 mW/cm and then saturates
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Fig. 15. I–V characteristics of photodetectors consisting of a (a) double layer
structure of pn-diode and single layer structure of (b) CuPc and (c) PTCDI,
with and without light, with the application of V = �5 V. The dashed line
represents I–V curves under light illumination (on) and the dashed-dotted line
under dark (off). I–V characteristics of organic transistors with W=L = 100

and 22 are also measured at V swept from 0 to �5 V.

around a light intensity of 60 mW/cm , as shown in (b). In prin-
ciple, the contrast ratio between black and white doesn’t depend
on light intensity if it is less than 40 mW/cm . However, the
lowering light intensity decreases the photocurrent, resulting in
degradation of the signal-to-noise ratio. Therefore, in order to
obtain a high contrast ratio between black and white with high
signal-to-noise ratio, it is appropriate to set the light intensity
for white to be approximately 40 mW/cm .

At this point, it should be noted that the shape of the –
curves of photodetectors play a very important role in obtaining
a high contrast ratio between black and white. In order to es-
timate the contrast ratio from the data of the – character-
istics of photodetectors and transistors, we retrace the experi-
mental data as shown in Fig. 15, where we assume the voltage

Fig. 16. Dispersion of hundred devices of the 250-dpi organic photodiode
matrix without transistors. The effective size of each photodiode is 50� 50
�m .

of power supply to be V. The dashed line represents
the data of photodetectors with light, while the dashed-dotted
line represents data without light. The data of transistors with
W/L are shown using black solid lines. The intersection
points marked by solid circles indicate the current levels with
and without light irradiation. These three figures clearly indi-
cate that the slope of – curves of photodiodes must be abrupt
near the origin of the coordinate axes. As shown in Fig. 15(a),
large contrast ratios are obtained for double layer structures. The

– curves for single layers of CuPc and PTCDI are shown in
Fig. 15(b) and (c), respectively, showing that the contrast ra-
tios are only 1.4 and 1.6, respectively, where FET has a
of 22 with an application of V. Photocurrents of a
single organic layer—CuPc and PTCDI—do not exhibit steep
rising characteristics and saturation, resulting in a small con-
trast. Thus, it is crucial to use double layer structures comprising
p-type and n-type semiconductors, although single layer struc-
tures also function as photodetectors.

D. Imaging

We prepared a 250-dpi 10 10 organic photodiode matrix
without organic transistors. The effective sensing area of each
sensor cell is 50 50 m , while the periodicity is 100 m. The
dispersion of the photocurrent of photodiodes with illumination
of light (80 mW/cm ) is shown in Fig. 16 under light illumina-
tion on black and white areas. Although a fairly large distribu-
tion of photocurrents is observed, performance distribution can
be compensated by adequate calibration for each sensor cell.
Such a situation is very different from the display application,
which requires very high uniformity of each pixel.

We have positioned a sheet of paper with white capital letters
“U,” “O,” and a square printed on it by a laser printer underneath
the photodiode matrix and measured the photocurrent of each
detector with light illumination (80 mW/cm ). The mappings
of photocurrents are shown in Fig. 17.

Although those are black-and-white images, it is not difficult
to modify the present scanner so that it might capture a color
image. Similar to conventional scanners, the straightforward
method is to simply integrate the scanners with color filters.

V. DISCUSSION

We would also like to address the following three issues. The
first issue is that of reliability and stability of organic transis-
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Fig. 17. White capital letters “U,” “O,” and a square printed by a laser printer
on a paper (a) are placed on the 250-dpi organic photodetector matrix without
organic transistors. The photocurrent of each detector is measured under light
(80 mW/cm ). The mapping of normalized photocurrents is compared with
an image taken by a commercial 250-dpi scanner. The size of each image is
0.8� 0.8 mm .

tors and diodes. In reality, the performance of our un-encapsu-
lated device changes over a couple of days. This can be consid-
ered as the most stringent problem related to organic FETs, but
it should be overcome by introducing adequate encapsulations
that are similar to those for electroluminescent devices. Even if
the organic transistors can solve reliability issues, hybrid struc-
tures consisting of organic transistors and silicon VLSI should
be important to control organic electronics; this is one of the im-
portant studies in the future.

The second issue is that of high operation voltage. Lowering
the operation voltage is not very difficult and can be undertaken
by introducing the thinner gate dielectric layer or the use of
high- materials. Indeed, we have already manufactured similar
organic FETs using 230-nm-thick gate dielectric layers with a
mobility above 0.1 cm Vs; these FETs can be operated at a
voltage of less than 10 V. As mentioned above, the yield be-
comes smaller as the thickness of the gate dielectric layers is
reduced. Since there is a tradeoff between the operation voltage
and yields, the design of thickness of gate dielectric layers is
crucial.

The third issue is spatial resolution. Although the present res-
olution is 36 dpi with organic transistors, almost all the practical
applications require 250 dpi for the spatial resolution. We have
confirmed that an organic photodiode array can distinguish be-
tween black and white in a reflection geometry up to 250 dpi;
however, the bottleneck to laminate two films for integration
with organic transistors exists in the via process. The diameter
of via holes processed by a laser drilling machine is typi-
cally 50–100 m. However, we expect to reduce the size of via
holes when we use lasers with shorter wavelengths such as ex-
cimer lasers or YAG lasers.

When the spatial resolution is improved and, subsequently,
the total number of sensor cells is increased, it becomes one of
the critical issues to obtain a higher on/off ratio, higher yields,

and shorter delays of readout time, which will be addressed
hereafter separately.

A. Requirements for On/Off Ratio

It is very important to obtain a high on/off ratio for organic
transistors. The photocurrent flowing through each bit line is the
product of the number of transistors on each bit line and the off
current that always flows through each bit line. In order to mea-
sure the mapping of photocurrents, the total amount of dark cur-
rent must be less than the on current of one sensor cell. The typ-
ical on/off ratio of our transistors is – , if the off current is
defined as the minimum current at the positive voltage bias. We
have recently found that the on/off ratio can be reduced drasti-
cally when the device is annealed at 140 C under nitrogen at-
mosphere [24]. Further improvement of electronic performance
will be feasible by using these annealed transistors.

B. Requirements for Quantum Efficiencies of Photodiodes

With an increase in the spatial resolution, the size of each pho-
todetector becomes smaller and, consequently, the photocurrent
of one sensor becomes smaller. For example, the photocurrent
density of the present photodiodes was mA/cm under light
illumination of 180 mW/cm and the application of V. This
corresponds to A for the resolution of 36 dpi, while it be-
comes A for 300 dpi. In the reflection geometry under
a light illumination of 180 mW/cm , the photocurrent density
was decreased to mA/cm , which corresponds to A
for 36 dpi and A for 300 dpi when we apply a for-
ward voltage bias of V. The measurement of small currents
requires an amplifier, which makes the readout circuit compli-
cated and expensive. Thus, it is very important to increase the
quantum efficiency or the photocurrents of photodiodes. The
structures of photodiodes are fairly identical to those of organic
solar cells. Recently developed technologies for organic solar
cells are helpful in improving the electric performance of or-
ganic photodetectors.

C. Device Failure

There are various kinds of device failures associated with
transistors, diodes, and via electric interconnects. An example
of typical device failure of organic transistors is leakage through
gate dielectric layers, referred to as gate leakage. Other major
failures are shorts between the anode and cathode electrodes of
organic diodes and bad electric interconnections through laser
via. Among these typical failures, one of the most serious is that
of gate leakage, which sometimes makes it impossible to mea-
sure all the other sensor cells connected to the same bit lines as
the transistor with gate leakage. On the other hand, the short be-
tween diodes makes it impossible to distinguish between black
and white since large currents due to the shorted diodes are al-
ways recognized as white; bad interconnections, as black. De-
vice failures of these two types render only one sensor cell non-
functional, although one transistor with gate leakage renders
one line nonfunctional. Here, we wish to emphasize that some
missing data points are acceptable for most of the sensor appli-
cations since these points can be interpolated by a software after
the measurements have been taken.
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D. Crosstalk

There are two possible factors that cause crosstalk in the
present design. The one is a leakage current flowing through
gate insulators of transistors. It is important to suppress the
chance of a gate leakage. The other is an event that the light
is scattered from the neighboring cells or others and reaches
an active layer of a photodiode. This type of crosstalk can be
minimized by reducing the spacing between the active layer
and the target paper, i.e., by decreasing the thickness of the
base film.

E. Readout Circuitry

Although the drawback of organic transistors is a slow speed,
we have demonstrated that this problem can be overcome by
using a circuit concept called “double word-line and bit-line
structure” which reduces the time delay by a factor of 5 and
the power consumption by a factor of 7. To manufacture a new
circuit, two different films with organic transistors are stacked
along with the photodetector film. The technical details can be
seen in [20].

F. Unique Applications

The new scanner is thin, lightweight, and flexible. The total
thickness of the device is approximately 0.4 mm and its weight
is approximately 1 g. The present scanner is suitable for mo-
bile electronics and can be easily carried in a pocket. The new
scanner would have unique applications beyond the portability
feature. For example, it can be bended such that it can entirely
cover at once the folded page of a thick open book. It would be
also suitable for the recording of fragile, historically invaluable
documents. A label affixed to a bottle of wine could also be ac-
curately and conveniently scanned.

VI. CONCLUSION

We have demonstrated a sheet image scanner integrating or-
ganic transistors and organic photo detectors. The device with
light shielding layers can distinguish between black and white
in the reflection geometry. Since the new image-capturing de-
vice does not have any optical or mechanical component, it is
lightweight, shock resistant, flexible, and suitable for human-
friendly mobile application because it can be rolled and carried
in a pocket.
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