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Complementary metal-oxide-semiconductor (CMOS) colour image sensors are representative examples of
light-detection devices. To achieve extremely high resolutions, the pixel sizes of the CMOS image sensors
must be reduced to less than a micron, which in turn significantly limits the number of photons that can be
captured by each pixel using silicon (Si)-based technology (i.e., this reduction in pixel size results in a loss of
sensitivity). Here, we demonstrate a novel and efficient method of increasing the sensitivity and resolution
of the CMOS image sensors by superposing an organic photodiode (OPD) onto a CMOS circuit with Si
photodiodes, which consequently doubles the light-input surface area of each pixel. To realise this concept,
we developed organic semiconductor materials with absorption properties selective to green light and
successfully fabricated highly efficient green-light-sensitive OPDs without colour filters. We found that
such a top light-receiving OPD, which is selective to specific green wavelengths, demonstrates great
potential when combined with a newly designed Si-based CMOS circuit containing only blue and red colour
filters. To demonstrate the effectiveness of this state-of-the-art hybrid colour image sensor, we acquired a
real full-colour image using a camera that contained the organic-on-Si hybrid CMOS colour image sensor.

two-layer-stacked architecture within the same footprint. This principle can be applied to various novel

conceptual and multidimensional optoelectronic devices, such as memory modules, displays, and com-
plementary metal-oxide-semiconductor (CMOS) image sensors, to enhance their capacity, resolution, and
sensitivity. Typical CMOS image sensors consist of two-dimensional colour filter arrays of blue (B), red (R),
and green (G) pixels, i.e., the Bayer filter pattern, in which the active area of the G colour filters is two times larger
than that of the B and R colour filters'. However, it is a great challenge to produce such typical CMOS image
sensors with extremely high resolutions (pixel size < 1 pm) without any loss of sensitivity because of the smaller
number of photons that can be captured by each pixel. To address this issue, the integration of CMOS image
sensors with plasmonic colour filters*™ or vertical silicon (Si) nanowires®” to serve as filter arrays has recently
been reported. Nonetheless, such approaches have not yet provided the ultimate solution to the problem because
the light-receiving area remains limited. Therefore, there is considerable demand for the realisation of the
aforementioned concept of stacked architecture, in which a top photo-conversion layer serves as both a pho-
todiode (PD) and a wavelength-selective colour filter, to achieve two-fold image acquisition capability. An
organic photodiode (OPD) can be used for the top layer because organic semiconductor materials can be designed
and tailored to absorb only a specific range of wavelengths of incident light. Although many attractive types of
organic optoelectronic devices, including solar cells® "7, PDs'®"¢, and image sensors using colour filters”**, have
been reported, there have been only a few examples of OPDs that exhibit wavelength-selective photo-conversion
properties'>?>?, In this paper, we present the first example of a multi-stacked organic-on-Si hybrid colour image
sensor that consists of a G-light-selective OPD stacked on a newly designed Si-based CMOS circuit containing
solely B and R colour filters.

O ne method of doubling the surface area of a two-dimensional figure is to produce a three-dimensional,
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Figure 1| Schematic diagrams of the CMOS colour image sensors. (a) A schematic diagram of a conventional two-dimensional CMOS colour
image sensor. Each pixel measures the intensity of light passing through B, G, and R colour filters. In this side-by-side PD array, the area of the G colour
filters is two times that of the B and R colour filters. (b) A schematic diagram of a three-dimensional, multi-stacked, organic-on-Si hybrid CMOS
colour image sensor. A G OPD is placed on top of the B and R colour filters. The G OPD detects the amount of G light, after which the underlying Si PDs
selectively detect the amounts of B and R light through the B and R colour filters, respectively.

A schematic diagram of the structure of the stacked organic-on-Si
hybrid CMOS colour image sensor used in this work is presented in
Fig. 1b for comparison with the conventional sensor depicted in
Fig. la. As illustrated in this figure, a G-light-selective OPD, which
converts only external G light into electrical signals, i.e., electrons and
holes, is used as the top photo-conversion layer to double the light-
input surface area and to increase the sensitivity and resolution of the
image sensor. In this configuration, the light-receiving area can be
doubled with the same pixel size.

Results and Discussion

Green-light-absorbing organic semiconductor materials and thin
films. Among quinacridone derivatives, which exhibit extreme
resistance to irradiation with both heat and light and which exhibit
excellent red colourant properties®, 2,9-dimethylquinacridone (2,9-
DMQA) possesses a two-dimensional intermolecular NH:---O
hydrogen bonding network in which the transition dipoles are
aligned in a head-to-tail fashion®. Consequently, these molecules
exhibit excellent optoelectronic properties because of their effective
intermolecular electronic coupling®. Therefore, various 2,9-DMQA
derivatives with different alkyl chain lengths were synthesised (see
Table 1 in the Supplementary Information for the list of candidates).
Among these candidates, because of its high absorption capability,
excellent thermal stability, and high-quality film morphology (Table
1, Supplementary Information), N,N’-dimethyl-2,9-dimethyl-
quinacridone (DM-2,9-DMQA) was used as an electron-donor (p-
type) material in this work, as shown in Fig. 2a. DM-2,9-DMQA was
synthesised via the methylation of 2,9-DMQA, and its molecular
structure was completely characterized via nuclear magnetic
resonance (NMR) spectroscopy, mass spectroscopy, and elemental
analysis (see the Methods section). DM-2,9-DMQA possesses a
highly symmetric and cyclic molecular structure and exhibits a
narrow absorption spectrum in the G wavelength region
(absorption coefficient (o) = 0.40 X 10° cm™' at A®sfim =
546 nm, full width at half maximum (FWHM) = 60 nm) when in
the form of a thermally evaporated thin film under high vacuum
(<1077 Torr) (see the Methods section for details of the thin-film
fabrication), as shown in Fig. 2¢c. The effective intermolecular n-nt

electronic coupling of DM-2,9-DMQA in a thin film results in an
apparent bathochromic shift in the ground-state absorption
(Adbsseln = 531 nm versus A®fm = 546 nm) and a
significant fluorescence quenching (photoluminescence (PL)
quantum yield (®)soution = 80% at 2.7 X 107> M versus gy, =
0.7%) with a strong bathochromic shift (A" .. = 555 nm versus
pemdilm < = 616 nm), as shown in Figs. 2b and c. Hence, the stacking
order of DM-2,9-DMQA in a thin film is quite similar to that
observed in single-crystalline N,N’-dimethylquinacridone (DM
QA), which exhibits a quasi-head-to-tail arrangement of transition
dipoles®. Compared with DMQA, however, DM-2,9-DMQA
exhibits superior optoelectronic properties when in the form of a
thermally evaporated thin film, meaning that DM-2,9-DMQA is a
more useful electron-donor (p-type) semiconductor material (Table
1, Supplementary Information). Boron subphthalocyanine chloride
(SubPc) was selected for use as the electron-acceptor (n-type)
material in the OPD for this study (Fig. 2d) because of its high
absorption coefficient and specific absorption characteristics in the
G wavelength region (o0 = 1.42 X 10° cm ™! at A**f™ . = 586 nm,
FWHM = 79 nm; Oy, = 2.1%, A™fim =617 and 717 nm) when
in the form of a thermally evaporated thin film (Fig. 1,
Supplementary Information)*. The energy levels of the highest
occupied molecular orbitals (HOMOs) and those of the lowest
unoccupied molecular orbitals (LUMOs) of both molecules in
thin-film form are presented in Fig. 2e (see the Methods section
for details regarding the measurement of these energy levels).
Based on the energy levels of the HOMOs and LUMOs of the
molecules, we hypothesised that it should be possible to form an
effective bulk heterojunction (BHJ) in a blended film prepared via
thermal co-evaporation under high vacuum (Fig. 2f; o = 0.97 X
10° cm ™! at Absfim = 580 nm, FWHM = 85 nm; ®g,,, = 0.5%,
pemfim = 619 nm).

Transient absorption spectroscopy and mobility in the blend. To
examine the formation of excitons and the charge separation in the
BHJ under irradiation with external G light, transient absorption
spectroscopy (TAS) measurements of the BHJ film were
performed, as shown in Fig. 2g. The dynamics of the ground-state
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Figure 2 | Preparation of organic semiconductor materials and the characteristics of the thin films. (a) Synthesis and molecular structure of DM-2,
9-DMQA. (b) UV-visible absorption (red line) and PL (black line) spectra of DM-2,9-DMQA dissolved in chloroform solution; the molar absorption
coefficient (&) = 0.16 X 10° cm™' M ™" at Ao = 531 nm. (¢) UV-visible absorption (blue line) and PL (black line) spectra of a DM-2,9-DMQA thin
film fabricated via thermal evaporation under high vacuum; the absorption coefficient (o) = 0.40 X 10> cm™" at A, = 546 nm. (d) Molecular structure
of SubPc. () HOMO and LUMO energy levels of thin films of DM-2,9-DMQA and SubPc. (f) UV-visible absorption (blue line) and PL (black line)
spectra of a BHJ (DM-2,9-DMQA : SubPc = 1:1) film. (g) TAS spectra of DM-2,9-DMQA (red line), SubPc (blue lines), and blend BHJ (DM-2,
9-DMQA : SubPc = 1:1) (black lines) films. The bi-exponential time constants (1) are as follows: for DM-2,9-DMQA, t; = 34 ps and 1, = 640 ps
at 545 nm; for SubPc, T, = 25 psand 1, = 870 psat 545 nm, T, = 10 ps and T, = 460 ps at 585 nm; and for blend BHJ, 1, = 210 ps and 1, = 2800 ps at

545 nm, T; = 12 ps and 1, = 4400 ps at 585 nm.

bleaching (GSB) band at 545 and 585 nm for pristine DM-2,9-
DMQA and SubPc and for the BHJ blend (DM-2,9-DMQA : SubPc
= 1:1, 70 nm) revealed ultrafast photo-induced charge transfer in
the BHJ, which could be described by bi-exponential terms'*'"”. The
GSB profile of the BHJ exhibited a decay profile that was
considerably more delayed than those of the pristine DM-2,9-
DMQA and SubPc single layers, implying slower charge
recombination, and the response remained nearly constant in the
nanosecond time regime. This slow charge recombination in the BHJ
was expected to give rise to highly efficient OPD performance.
Further analysis of the charge-carrier mobility in the BHJ was
performed wusing the space-charge-limited current (SCLC)
method!, from which the zero-field mobilities for holes and
electrons were found to be 4.5 X 107'° cm*Vs and 5.6 X
107° cm®/Vs, respectively (see the Methods section and Fig. 2 in
the Supplementary Information). However, when an electric field
was applied to the device, the charge-carrier mobilities increased to
2.1 X 1077 cm*/Vs and 2.0 X 1077 cm?/Vs at 0.3 MV/cm for holes
and electrons, respectively, which are 2-3 orders of magnitude higher
than the corresponding zero-field mobilities.

Characteristics of green-light-selective OPDs. To characterise the
optoelectronic properties of the BHJ and to investigate the possibility

of using the BH]J as the top G-light-selective OPD in the proposed
image sensor structure (Fig. 1b), a device consisting of an indium tin
oxide (ITO)-coated glass substrate, a hole-extraction layer of
molybdenum oxides (MoOy), a BHJ of DM-2,9-DMQA and
SubP¢, and an aluminium (Al) contact was fabricated (see the
Methods section and Fig. 3a in the Supplementary Information).
The device performance in terms of efficiency was then optimised
by varying the mixing ratios of DM-2,9-DMQA in the blends and the
thicknesses of the BHJ. The optimal structure was found to be a 70-
nm-thick BH]J with a mixing ratio of 45-60% DM-2,9-DMQA in the
blend (see Fig. 3b in the Supplementary Information for the
efficiency contour plots). Representative current density-voltage
(J-V) curves characteristic of an OPD with a 70-nm-thick BHJ and
a blend ratio of 1:1 under both dark and illuminated conditions are
presented in Fig. 3a. The diode exhibited a relatively low dark-
current density (J;) of 53 nA/cm” at a reverse bias of —3 V, which
was the operating voltage used in this study. Furthermore, the diode
exhibited a high injection current of 4.5 X 107> A/cm” at a forward
bias of 3 V,leading to a high rectification ratio of 8.49 X 10*at =3 V.
The device also responded to external G light (A,.x = 553 nm), and
the response behaviour of the photocurrent density () versus the
light intensity (I) exhibited good linearity. The spectral responsivity
(R) of the OPD was also evaluated as presented in Fig. 3b (see the
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Methods section). The OPD without any external reverse bias
exhibited a relatively low R, of 0.092 A/W at a wavelength of
580 nm, whereas it exhibited a highly enhanced R,,,, of 0.264 A/
W when a reverse bias of —3 V was applied. A figure of merit known
as the specific detectivity (D*) was evaluated using the expression
D* = R/(2q];)°*, from which a high D* 0f2.03 X 10> cm Hz'"? W™!
was obtained at a wavelength of 580 nm under a reverse bias of
—3 V. In this estimation, the shot noise from the dark current was
considered to be the major contributor to the total noise of the
OPD?. Furthermore, the OPD driven by the —3 V bias exhibited a
remarkably high selectivity to external G light, displaying a FWHM
as narrow as 115 nm, which can be attributed to the narrow
absorption profile of the BH] formed of DM-2,9-DMQA and
SubPc, resulting in a strong symbatic response’. Plots of the
external quantum efficiency (EQE) as a function of the applied
reverse biases are presented in Fig. 3c. At low reverse biases
(<=1YV), relatively low EQEs of less than 40% were obtained,
which resulted primarily from the slow charge-carrier mobilities'.
However, a further increase in the reverse bias led to a drastic
improvement in the efficiency, with EQEs of 56.5% and 75.8% at
reverse biases of —3 V and —10 V, respectively. These enhanced
values are attributed to the electric-field-aided enhancement of the
charge-carrier mobilities and transport (collection) efficiencies,
leading to the consequent minimisation of charge recombination
loss, as previously described". Furthermore, the internal quantum
efficiency (IQE) was estimated to be as high as 69.8% (—3 V) or
93.7% (—10 V) based on the calculated absorptance of the BHJ

(i.e., 81.3% at 580 nm). The speed of the photo-response, which is
critical in OPDs that are used for imaging purposes™, is
demonstrated in Fig. 3d. The —3 dB frequency, at which the
amplitude of the photocurrent decreased to 1/,/2 of its initial
value**, was measured to be 76.7 kHz for the OPD driven at a
—3 V bias. Rapid rise (4.34 ps) and fall (4.42 ps) times were also
obtained for the device at the —3 dB frequency (Fig. 3d inset).
Further analysis of the thermal stability of the OPD, which was
performed by annealing the device at increasing temperatures of
up to 140°C for 30 min at each temperature, revealed only a 3.6%
drop in the EQE measured at —3 V (Fig. 3e). This high thermal
stability was strongly supported by the ultraviolet (UV)-visible
absorption spectra and atomic force microscopy (AFM) images of
the BH] (DM-2,9-DMQA :SubPc = 1:1) blend film (see Fig. 4,
Supplementary Information), which revealed no significant change
after thermal annealing. These results strongly suggest that a BH]
consisting of DM-2,9-DMQA and SubPc organic semiconductors
can be used as the key element of the top G-light-selective OPD in
the proposed image sensor structure (Fig. 1b).

Transparent inverted-structure OPDs. To realise the organic-on-Si
hybrid CMOS colour image sensor, a G OPD with transparent ITO
electrodes on both sides was fabricated using the same BHJ (DM-2,9-
DMQA :SubPc = 1:1, 90 nm) (Fig. 4a inset)*>?. This inverted-
structure G OPD exhibited a fairly high transmittance (~70%) for
wavelengths in the B and R regions (Fig. 4a), which provided an
excellent pathway for the incident B and R light to pass through
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Figure 3 \ Properties of a normal-structure OPD with a BH] (DM-2,9-DMQA : SubPc ratio = 1: 1, thickness = 70 nm). (a) Current density—voltage

(J-V) curves under dark and illuminated (A, = 553 nm) conditions (0.1-

10 mW/cm?). The right-hand figure reveals good linearity in the

behaviour of the photocurrent density (J,,) versus the light intensity (I). (b) Responsivity and detectivity as functions of the wavelength of incident light
obtained at bias values of 0 and —3 V. (c) Change in EQE versus applied bias. (d) Response time as a function of frequency. (e) Thermal stability
evaluated by the changes in the EQE and dark current with increasing temperature.
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the G OPD, thereby permitting the B and R light to be detected by
the bottom Si PDs driven by CMOS circuits. When considering the
reflection from the top encapsulation glass layer and from the device,
only approximately 10% of the external B and R light were absorbed
by this transparent G OPD (Fig. 4a). Despite the lower maximum
EQE (41.2%) exhibited by this transparent G OPD at a wavelength of
580 nm compared with the value exhibited by the G OPD that was
fabricated using an Al electrode, the EQEs of the BGR PDs were
perfectly balanced (Fig. 4b). Furthermore, the total number of
charges generated in each pixel was calculated to be 1.6 times
higher than that in conventional systems (see Fig. 5,
Supplementary Information), which is attributed to the increased
light-receiving area of our novel image sensor structure.

Organic-on-Si CMOS colour image sensors. The transparent
inverted-structure G OPDs were fully integrated onto CMOS chips
(see the Methods section for details). Fig. 4c presents a cross-
sectional transmission electron microscopy (TEM) image of the
organic layers sandwiched between the bottom and top ITO
electrodes, i.e., the transparent G OPD structure. Furthermore, the
inset of Fig. 4c presents a tiled scanning electron microscopy (SEM)
image of the bottom ITO arrays. The aforementioned transparent
inverted-structure G OPD used to acquire the G signal was stacked
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Fig. 4d, which clearly reveals a linear response to illumination at a
reverse bias of 3 V. The sensitivity of these G pixels, as calculated
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sensors. As shown in Fig. 4e, the output signal under illumination at
120 lux (3.2 X 10* mV/sec) remained constant regardless of thermal
stresses from room temperature (25°C) to 140°C under a reverse bias
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temperatures of up to 140°C, maintaining a signal contrast of three
orders of magnitude between the signal produced under illumination
at 120 lux and that produced under dark conditions at a reverse bias
of 3 V (Fig. 4e). The high linearity in the output signal and the
excellent thermal stability of the G OPD pixels confirmed the
successful fabrication of a novel multi-stacked organic-on-Si
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Figure 4 \ Properties of a transparent inverted-structure OPD with a BHJ (DM-2,9-DMQA : SubPc ratio = 1: 1, thickness = 90 nm) (a, b). (a)
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EQE of the transparent G OPD was measured directly at an operating voltage of 3 V. Actual organic-on-Si hybrid CMOS colour image sensors (c—f). (c)
Cross-sectional TEM and SEM (inset) images of the hybrid CMOS colour image sensor array of G OPD pixels. The B and R colour filters and the
CMOS circuit with Si PDs are located under the bottom ITO array. (d) Output signal as a function of light intensity in G OPD pixels at a bias of 3 V. (e)
Thermal stability of the output signal under illumination at 120 lux and in the dark state in G OPD pixels at a bias of 3 V. (f) A full-colour image acquired
using a camera integrated with a 5-megapixel organic-on-Si hybrid CMOS colour image sensor.
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hybrid CMOS colour image sensor. Hence, this technology can
potentially pave the way towards the doubled sensitivity of colour
image sensors for a given pixel size. Fig. 4f presents a full-colour, 5-
megapixel image acquired using a camera containing the hybrid
CMOS colour image sensor fabricated in this study (Table 2,
Supplementary Information). The elementary colours B, G, and R
are distinct, and the white is perfectly balanced because of the balance
among the EQEs of the BGR sensors, as shown in Fig. 4b.
Additionally, the quality of the images acquired using the camera
containing this hybrid colour image sensor remained stable, without
any loss of sensitivity throughout the SAMSUNG Tech. Fair 2013,
over one week of continuous irradiation with room light.

Conclusion

A BHJ consisting of DM-2,9-DMQA and SubPc organic semi-
conductors was fabricated and found to satisfy the requirements
for use in a double-stacked hybrid colour image sensor, with highly
G-light-selective absorption properties, high photo-conversion effi-
ciency, excellent thermal stability, and rapid response characteristics.
This BHJ was used as the key element in G-light-selective OPDs. By
integrating a transparent inverted-structure G OPD onto a newly
designed CMOS circuit containing only B and R colour filters, we
developed a novel stacked organic-on-Si hybrid CMOS colour image
sensor. We also demonstrated the reliability of this architecture: a
real full-colour image (5 megapixels) was successfully acquired using
a camera that contained this hybrid colour image sensor. Higher-
quality organic-on-Si hybrid CMOS colour image sensors can be
successfully manufactured by increasing the sensitivity of the top
G OPD and through further architectural modification of the bottom
CMOS circuit. These next-generation multi-stacked organic-on-Si
hybrid colour image sensors are highly promising in terms of sens-
itivity and resolution because they can guarantee the doubling of the
light-input surface area within a given pixel footprint.

Methods

Instrumentation. '"H-NMR and “C-NMR spectra were obtained using a Bruker
Avance III 600 (600 MHz) instrument with CDCl; as the solvent. Matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass spectra were recorded
using an Ultraflex III TOF/TOF 200 system, and mass spectra were measured using a
TOF LC/MS (Shimadzu) in ESI positive mode. Elemental analysis was performed
using a PE 2400 Series II analyser. UV-visible absorption spectra were acquired using
a Varian Cary 500 Bio spectrophotometer. Absolute PL quantum yields were
measured using a Quantaurus-QY spectrometer (Hamamatsu C11347). Cross-
sectional transmission electron microscopy (TEM) (Tecnai G2ST) and scanning
electron microscopy (SEM) (Hitachi SU-8030) images were acquired using the
focused ion beam (FIB) (Helios NanoLab 400S) milling technique. The HOMO levels
of all organic thin films were measured using an AC-2 photoelectron
spectrophotometer (Hitachi High Tech). The LUMO levels were determined from the
optical band gap calculated from the edge of the absorption spectra. The current
density-voltage (J-V) characteristics of the OPDs were measured using a Keithley
K4200 parameter analyser. The photocurrent characteristics were evaluated under
illumination with a G laser diode (A = 553 nm) at various light intensities in the
range of 0.1-10 mW/cm?. EQEs were measured using an instrumental setup
illuminated with monochromatic light generated by an ozone-free xenon lamp with a
chopper frequency of 30 Hz. The monochromatic light intensity was calibrated using
a Si photodiode (Hamamatsu S1337). The corresponding R (A/W), defined as the
ratio of the generated photocurrent (A) to the incident light power (W), was
calculated from the EQE using the relation R = EQE/hv, where hv is the incident
photon energy in electron volts (eV). The frequency response was evaluated using a
measurement setup consisting of an oscilloscope with a bandwidth of 500 MHz
(LeCroy Wavejet 352A), an AFG-2125 function generator (GW Instek), and a G laser
diode (Apmax = 553 nm, power = 10 mW/cm?).

Synthesis of N,N’-dimethyl-2,9-dimethylquinacridone (DM-2,9-DMQA). To a
mixture of 2,9-dimethylquinacridone (1 mmol) in distilled dimethyl formamide
(DMF) (20 mL) was added NaH (60% oil dispersion, 5 mmol) at 0°C. The reaction
mixture was stirred at 60°C for 30 min and cooled to room temperature under
continuous stirring, after which iodomethane (5 mmol) was added. The mixture was
further stirred at 60°C for 18 h and was then quenched with H,O. The resulting solid
was collected via filtration and was thoroughly washed with H,O to afford a reddish
orange solid. The solid product was further purified via column chromatography on
silica gel (chloroform/methanol = 9/1). The resulting product was recrystallised
twice from dichloromethane/hexanes (yield = 74%). Melting point > 325°C. 'H-

NMR (CDCls, 600 MHz): & 8.79 (s, 2H), 6 8.38 (s, 2H), 6 7.61 (d, 2H, ] = 8.8 Hz),
67.50 (d,2H,] = 8.9 Hz), 5 4.07 (s, 6H), 4 2.51 (s, 6H). *C-NMR (CDCl;, 600 MHz):
0 178.41, 141.56, 136.73, 136.26, 130.75, 127.41, 126.34, 121.32, 114.87, 113.58,
34.07, 20.74. MALDI-TOF mass: 368 (m/z). HRMS (ESI*): calculated for
C,4H,;N,0, [M + H']: 369.1603; found: 369.1601. Elemental analysis: calculated
for CoyHooN,O,: C - 78.24%, H - 5.47%, N - 7.60%, O - 8.69%; found: C - 78.16%,
H - 5.46%, N - 7.59%, O - 8.79%.

Boron subphthalocyanine chloride (SubPc). This material was purchased from
commercial suppliers (sublimed grade, Luminescence Technology Corp.) and used as
received.

Fabrication of organic thin films. All organic semiconductor materials were purified
via sublimation under high vacuum (<10~¢ Torr) prior to use. Thin films were
fabricated via thermal evaporation under high vacuum (<107 Torr) at a rate of 0.5-
1.0 A/s on dried glass or quartz substrates that had been cleaned with isopropyl
alcohol (IPA) and acetone in an ultrasonic cleaner.

Fabrication of OPDs. The normal-structure OPDs were fabricated on ITO-coated
glass substrates by sequentially depositing a 30-nm-thick hole-extraction layer of
MoO, a 70- to 90-nm-thick organic BHJ layer of DM-2,9-DMQA : SubPc, and an 80-
nm-thick Al electrode. The mixing ratios were varied by modifying the concentration
of DM-2,9-DMQA in the BHJ blend. All film layers were thermally evaporated under
high vacuum (<1077 Torr) and the devices were finally encapsulated with glass
(transmittance = 90%). The active pixel size, defined by the orthogonal overlap of the
two electrodes, was 0.04 cm®. To extract the hole and electron charge-carrier
mobilities of the BHJ using the SCLC method, single-carrier devices consisting of
ITO/MoO, (30 nm)/DM-2,9-DMQA : SubPc (1:1 ratio, 70 nm thickness)/MoOy
(20 nm)/Al (80 nm) (hole-only device) and ITO/MoOy: Al (5 nm)/DM-2,9-
DMQA : SubPc (1:1 ratio, 70 nm thickness)/Al (80 nm) (electron-only device) were
fabricated. Transparent inverted-structure OPDs were fabricated on cleaned ITO-
coated glass substrates by sequentially depositing a 5-nm-thick electron-extraction
layer of MoO, : Al, a 90-nm-thick organic BHJ layer of DM-2,9-DMQA : SubPc
(1:1), a 10-nm-thick hole-extraction layer of MoO,, and an ITO electrode using a
sputter system. Then, the OPDs were encapsulated with glass (transmittance = 90%).
The active pixel size, defined by the orthogonal overlap of the two ITO electrodes, was
0.04 cm®.

Fabrication of the double-stacked organic-on-Si hybrid colour image sensor. A
newly designed front-side-illumination-type CMOS image sensor circuit (5
megapixels) containing only B and R colour filters was used to acquire B and R signals.
An oxide-barrier pixel array was formed on the top metal layer for the process of B
and R colour filters. The extruded portions of the B and R colour filters were removed
using the chemical-mechanical-polishing (CMP) technique. The bottom ITO
electrodes were patterned and connected to the underlying metal layer of the CMOS
circuit through holes surrounded by the low-temperature CVD oxide, which was also
planarised via additional CMP. The dimensions of the patterned ITO were equivalent
to a pixel pitch of 1.4 pm. Then, a transparent inverted-structure OPD was fabricated
by sequentially depositing MoOy : Al (5 nm)/DM-2,9-DMQA : SubPc (1 :1 ratio,

90 nm thickness)/MoOy (10 nm)/ITO via thermal evaporation and sputtering.
Finally, the organic-on-Si hybrid colour image sensor was encapsulated with glass.
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