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ABSTRACT A facile blade-coating process is developed for large area deposition of uniform thick organic
active layers in organic photodiodes (OPDs). Large-area semi-transparent top metal electrodes are thermally
evaporated with an optimal deposition rate to achieve good balance between transparency and conductivity
for top illumination integration structure with the organic thin-film transistor (OTFT) backplane. The
maximum process temperature of the OPD is 85 ◦C, so that the performance of the OTFT underneath is
not affected. Based on the developed integration structure and processes, an all-organic integrated flexible
active-matrix imager is developed, having the largest size (130 mm × 130 mm), highest resolution
(1536 × 1536 pixels, 300 ppi) and lowest process temperature (100 ◦C) reported so far for the OPD
based imagers.

INDEX TERMS Organic photodiode, organic thin film transistor, large area, active-matrix imager, flexible
electronics.

I. INTRODUCTION
With advances of silicon photodiodes and technology scaling
of the complementary metal-oxide-semiconductor (CMOS)
technology, the CMOS image sensor (CIS) has experienced
explosive growth over the past decade in applications for
mobile imaging, digital cameras, optical sensors, biomed-
ical inspection and industrial machine vision [1]–[10].
However, many application scenarios are not able to be
addressed by the CIS technology, especially when large-
area coverage and free form factor (e.g., being flexible
or conformable) is required [11]–[13]. The typical exam-
ples include x-ray imagers [14]–[17], scanners [18], in-
display full or half screen fingerprint recognition [19],

interactive flat-panel displays and emerging bio-inspired
visual systems [20]–[23].
To meet these application requirements, active matrix

addressed imaging arrays are implemented by integrat-
ing the photodiodes with the thin-film transistor (TFT)
pixel switches in large area fabrication processes [24]–[26].
A combination of the hydrogenated amorphous silicon (a-
Si:H) TFT and the a-Si:H photodiode has become the
most well-developed technology solution for manufactur-
ing commercial high-resolution imagers [26]. The amor-
phous indium-gallium-zinc-oxide (IGZO) TFT also attracts
interests for active-matrix imagers attributed to its higher
mobility and lower leakage current, but its performance
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is very sensitive to the hydrogen-rich a-Si:H photodi-
ode processes, causing integration challenges [27], [28].
Although the low temperature polysilicon (LTPS) TFT is
able to be used to build high-resolution sensor array with
in-pixel signal amplification, it suffers large leakage current
and high manufacturing cost [10].
Compared to the a-Si:H photodiode, the organic photo-

diode (OPD) owns advantages of wide range tunable pho-
toelectrical properties, and low-temperature facile processes
very friendly to the TFT backplanes [16], [29]–[31]. There
have been lots of work on OPD based active-matrix imag-
ing arrays, which used inorganic TFT backplanes including
a-Si:H, a-IGZO and LTPS [32]–[33]. In short term, it is
good choice to leverage the industry available processes for
mass manufacturing. However, in long term, it would be
a more ideal route to integrate the OPD with the organic
TFT (OTFT) backplane, and thus fully exploit the advan-
tages of organic electronics. With the rapid development of
soluble organic semiconductors and their matched material
stacks, the OTFT can achieve better performance figure of
merits in mobility, leakage current and stability than those
of the a-Si:H TFT [34]–[36]. With such all organic inte-
gration, low processing temperature and well-matching of
both thermal and mechanical properties with the common
plastic films are able to achieved for building ubiquitous
imagers of highly customizable form factors. Attributed to
these potential advantages, there have been work on active-
matrix imager arrays integrating OPDs and OTFTs, but of
relatively small size and low resolution [37]–[39].
In this work, a facile large-area blade-coating process is

developed for large area deposition of uniform thick organic
active layers in OPDs. Large-area semi-transparent top metal
electrodes are thermally evaporated with an optimal depo-
sition rate to achieve good balance between transparency
and conductivity for top illumination structure. The max-
imum process temperature of the OPD is 85 ◦C, so that
the performance of the OTFT underneath is not affected.
Based on the developed OTFT-OPD integration structure and
processes, a 130 mm × 130 mm size flexible active-matrix
imager with 1536 × 1536 pixels (about 300 ppi) and a pixel
size of 85 µm × 85 µm is developed.

II. EXPERIMENTAL METHODS
The pixel circuit used for the active-matrix imager is illus-
trated in Fig. 1(a) composed of an OPD for photo sensing
and an OTFT as the switch. To realize such all organic
integration, an inverted structure bulk heterojunction (BHJ)
OPD was vertically stacked on top of the OTFT backplane
(Fig. 1(b)). The OTFT backplane was fabricated with a
top-gate bottom-contact (TGBC) structure on polyethylene
naphthalate (PEN) substrate [40]. With the bottom-contact
structure, the source/drain electrodes were deposited before
the OSC layer, so that the mature metallization techniques
with sputtering and photolithography were conveniently used
for micrometer-resolution electrode patterns.

FIGURE 1. (a) Pixel circuit for the active matrix imager, consisting of a
switch OTFT and an OPD. (b) Schematic of the cross-sectional OPD-OTFT
integration structure.

FIGURE 2. The measured deionized water contact angle of the Au pixel
electrode surface (a) before and (b) after O2 plasma treatment for
5 minutes.

Compared to the bottom-gate bottom-contact structure, the
TGBC one owns larger carrier injection area for smaller con-
tact resistance [41]–[43]. When being used in photo imagers,
the top gate metal can also shield the light from the top.
A full material stack, including the OSC layer, the poly-
mer dielectric layer and the interfacial layer, was developed
for the TGBC structure to achieve reliable and uniform
performance with large area solution coating processes at
low temperature less than 100 ◦C [44]. After completing the
intrinsic OTFT part, a polymer dielectric passivation layer
was deposited by solution coating. The top Au pixel elec-
trode layer was connected to the metal layer underneath
through via interconnections formed by dry etching. Before
the OPD processes, the Au electrode surface was treated by
oxygen plasma of power 29.6 W for 5 minutes to become
less de-wetting (Fig. 2).

ZnO nanoparticle with a diameter of 6-10 nm are uni-
formly dispersed in an ethanol solvent to form the solution
with a concentration of 30 mg/ml. An about 200 nm
thick zinc oxide (ZnO) layer was deposited on the cath-
ode Au as the electron transporting layer (ETL) for the
OPD. The BHJ active layer of about 850 nm thickness
was made of an electron-donating semiconducting polymer
poly (3-hexylthiophene) (P3HT) and an electron-accepting
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FIGURE 3. Experimental setup of the doctor-blade coating process for
large area coating of the active layer and the electron transporting
layer (ETL) in the OPD using an 8-channel micropipette to supply the ink
solution.

fullerene derivative [6, 6]-phenyl-C61 butyric acid methyl
ester (PCBM). The active layer solution (60 mg/ml) is pre-
pared by mixing P3HT and PCBM (30:30 mg/ml) together,
adding chlorobenzene (CB) and chloroform (CF) as solvents
(volume ratio = 1:1) and then heating and stirring for more
than 4 hours.
Both the ZnO and the BHJ layers were deposited by

a facile doctor-blade coating process over large area with
the experimental setup as shown in Fig. 3. An 8-channel
micropipette was used to supply the material solutions for
the coating processes. The moving speed of the blade was
set to be 10 mm/s. The substrate was kept at the room tem-
perature during all the processes. To obtain uniform film
thickness over large area, the material solutions were coated
twice along reverse directions. After coating, thermal anneal-
ing at 85 ◦C for 15 minutes in air was used to remove the
solvent to form the solid films. All processes were carried
out in the ambient lab environment with a controlled relative
humility (RH < 20 %). An about 20 nm thick hole transport-
ing layer (HTL) molybdenum oxide (MoOx) was thermally
evaporated on top. Finally, the top semi-transparent anode
was deposited by thermal evaporation of silver (Ag) with an
optimal thickness of about 9 nm. The maximum processing
temperature for the OPD didn’t exceed 100 ◦C so that the
underneath OTFT part is not affected.

III. RESULTS AND DISCUSSION
A. PROPERTIES OF FUNCTIONAL LAYERS
During the blade coating process, the dropped ink solution
at the start location was brought to the whole area of the
substrate by the blade. This caused thickness decrease of
the formed P3HT: PCBM film along the coating direction,
as shown in Fig. 4(a). By coating solution twice along the
reverse directions, a P3HT: PCBM film of much improved
uniformity was able to be achieved (Fig. 4(b)). Based on
this approach, a uniform active layer of about 800 nm thick-
ness was able to be obtained over large area (12.5 cm ×
12.5 cm) for OPD integration. Since the OPD is on top of
the OTFT in the active-matrix pixels, front-illumination is
preferred to maximize the aperture ratio. Therefore, the top
electrode needs to meet both requirements in conductivity

FIGURE 4. The measured thickness mapping of the formed P3HT:PCBM
films over a 12.5 cm × 12.5 cm area through different coating processes:
(a) coating solution once and (b) coating solution twice along reverse
directions.

FIGURE 5. Photo image of the fabricated MoOx/Ag thin film on a 12.5 cm
× 12.5 cm size glass substrate with the Ag deposition rate of (a) 0.7 Å/s
and (b) 0.4 Å/s, showing the measured conductivity and transmittance
over the area.

and transmittance. It is shown in Fig. 5(a) and (b) that, at
a slower evaporation rate (0.4 Å/s), the film of the same
thickness (about 10 nm) is denser, and thus has higher con-
ductivity at the similar transparency. After optimization, a
semi-transparent conductive Ag film of uniform electrical
and optical properties over large area (12.5 cm × 12.5 cm)
was obtained (Fig. 5(b)). This sample is prepared by sequen-
tially depositing MoOx and the Ag thin film on a glass
substrate, which could restore the path of the top incident
light to the active layer more realistically. After addressing
the large-area processing issues of these key functional lay-
ers, the OPD front-plane was able to be integrated onto the
OTFT back-plane for large-area active-matrix imaging array.
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FIGURE 6. The measured typical electrical characteristics of the OTFT with
the channel width and channel length of 64 µm and 4.5 µm, respectively.
(a) transfer characteristic (ID-VGS) and (b) output characteristic (ID-VDS).

FIGURE 7. (a) The measured ID-VGS characteristics after multiple sweeping
of VGS between ON and OFF states for 100 cycles. (b) The extracted ON
current and OFF current with the 100 sweeping cycles.

B. DEVICE PERFORMANCE
The measured typical transfer (ID-VGS) and output (ID-VDS)
characteristics of the OTFT are given in Fig. 6, show-
ing decent performance for pixel switching, including large
ON/OFF ratio of 106 and negligible hysteresis. After multiple
sweeping of VGS between ON and OFF states for 100 cycles,
the OTFT can maintain the ON/OFF ratio, indicating good
enough stability for the pixel switches (Fig. 7).

The current-voltage characteristics of the fabricated OPD
under dark condition and illumination with a green light
(wavelength of 530 nm) at various power densities are given
in Fig. 8. The dark current density is about 10−8 A/cm2, and
the responsivity is 0.1877 A/W at −6 V. Although the devices
are processed in air ambient with relatively large area, the
results are typical values for the reported P3HT: PCBM based
OPDs [31], [45]. The OTFT performance before and after
the OPD integration is shown in Fig. 8(c)), showing nearly
no influence by the low-temperature solution processes of
the OPD.

FIGURE 8. (a) The measured current-voltage characteristics of the
fabricated OPD under dark condition and illumination with a green light
(wavelength of 530 nm) at various power densities. (b) The measured
current density as a function of the light power density and the fitting
curve. The responsivity is calculated to be 0.1877 A/W at -6 V. (c) The
measured electrical characteristic of the switch OTFT before (black solid
line) and after (red dashed line) the OPD integration processes.

C. IMAGER SYSTEM
Based on the OTFT-OPD integration structure and processes,
a flexible active-matrix imager was designed and fabricated.
The designed imager has an effective imaging area of
130 mm × 130 mm with 1536 × 1536 pixels (about 300 ppi),
and the pixel size is 85 µm × 85 µm (Fig. 9(a)). The gate
and readout IC chips-on-flex were bonded on the periph-
eral pins of the imager array (Fig. 9(b)), and then connected
to a FPGA based control system. Schematic of the readout
circuitry is shown in Fig. 9 (c). In each pixel, the photo-
generated charge is converted to a voltage output through
a charge amplifier for further analog to digital conversion.
The experimental setup for characterizing the imager system
is shown in Fig. 10. The obtained imaging signals under
ambient light were sent to a laptop computer for process-
ing and displaying. Fig. 11 shows that the imagers can be
used to clearly reproduce the different patterns, including
the high-resolution fingerprint ones. The obtained images
through the system in Fig. 11(a) and (b) used “OTFT” and
“OPD” structures in paper and a printed fingerprint pat-
tern on plastic film, respectively. For the later, the noisy
background is due to light leakage through the printed
black areas on the plastic film. The key figure-of-merits of
the imager is compared to previously reported all-organic
image sensor arrays in Table 1 [10], [37], [38]. It can
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FIGURE 9. (a) The layout design of the OTFT backplane, showing an
effective area of 130 mm×130 mm and a pixel size of 85 µm×85 µm.
(b) Photo image of the fabricated all-organic integrated flexible OPD-OTFT
active-matrix imager. (c) Schematic of the imager array and the readout
circuitry.

FIGURE 10. Experimental setup for characterizing the fabricated imager.

be concluded that this work achieves the largest area and
highest resolution, but at the lowest process temperature
(100 ◦C). The figure-of-merits is even better to the state-of-
the-art OPD imagers using inorganic TFTs, which, however,
require a process temperature higher than 300 ◦C [26], [38],
[43].

IV. CONCLUSION
This work develops large-area low-temperature solution-
based processes for fabricate flexible all-organic inte-
grated active-matrix imagers. The demonstrated active-
matrix imagers have the largest size and highest resolution
among all reported OPD based imagers, but at the lowest
process temperature. This work well proves the advantages

FIGURE 11. The reproduced images through the fabricated all-organic
integrated imagers using “OTFT” and “OPD” structures in paper and a
printed fingerprint pattern on plastic film, respectively.

TABLE 1. Comparison of this work with all-organic image sensor arrays.

of organic semiconductor technologies and would provide
a commercially competitive way for manufacturing high
performance imagers in Internet-of-Everything applications.
For some practical applications, such as the x-ray imager,
radiation hardness of the used organic material stack needs
to be further investigated.
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