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ABSTRACT

As interest in applications in biomedicine, education, environmental monitoring, optical communica-
tions, pharmaceutics and machine vision grows, interest in image sensors are growing. However, in order to
apply the image sensor to various applications, there are many limitations such as the thick thickness of Si (>3
(m), the need for color filters for the color selectivity, and insufficient mechanical properties. Organic semi-
conductors are a very attractive material to cover these problems. In this paper, we present the mechanism and

manufacturing process of color-selective photodiode using organic semiconductor.

Keywords: Organic image sensor, Organic photodiode, Organic semiconductor, Patterning process
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Part 1. Facile tuning the detection spectrum
of Organic Thin Film Photodiode via Selec-

tive Exciton Activation



I. INTRODUCTION

The ability to accurately detect color and intensity of light is a key role of an image sensor used for video ap-

plication and machine vision. In particular, in order to detect color with high precision, it is very important to

use a photodiode with narrow band detection ability with narrow full width at half maximum. "2 Due to the

broadband absorption characteristic of Si, commonly used Si-CMOS image sensors use R/G/B color filters

combined with Si photodiode to realize narrow band detection. This approach increases the complexity of im-

age sensor, and thus, not only limits integrity but also increases the fabrication cost. Moreover, due to the low

extinction coefficient of Si, a thick film of thickness =3 pm is required to absorb sufficient light for photodiode

operation, resulting in an increased probability of inter-pixel cross-talk, which eventually limits the resolution of

the image sensor. >* To overcome these drawbacks of Si photodiode, organic photodiodes (OPDs) have been

intensively developed for the last decade. Contrary to the case of Si with indirect bandgap, organic semiconduc-

tors with direct highest occupied molecular orbital-lowest unoccupied molecular orbital transition have high

extinction coefficient, and thus, they can better absorb the illuminated light with thickness as small as few hun-

dreds of nanometers. In addition, the absorption spectrum of organic semiconductor can be controlled by adjust-

ing the conjugation length, which opens up the possibility of full color detection without a color filter. Further-

more, as the organics have low weight, flexibility, and solubility in organic solvent, it can be used in a variety of



applications. '3 Therefore, over the past decade, R/G/B-selective OPDs have been developed through the smart

combination of narrow-band absorption materials with various device architectures. Lim and coworkers utilized

donor-acceptor copolymers with green-selective absorption spectrum to fabricate high detectivity (D*) bulk

heterojunction (BHJ) and thin-film green-selective OPDs. > Chung and coworkers devised both blue- and green-

selective thin-film OPDs by respectively using the blue- and green- selective organic semiconductors as donors

and non-absorbing oxide semiconductors as acceptors with planar heterojunction geometry. 7 However, realiz-

ing the red-selective OPD by using the synthesis technology of the organic semiconductor alone is difficult.

This is due to the difficulty of confining the n-conjugated structure only to the 635 nm region, which usually

corresponds to band I absorption of low-bandgap polymers. To solve this problem, optical manipulation method

such as charge collection narrowing method (CCN) was demonstrated by Armin and coworkers to realize nar-

row-band red-selective OPDs with detectivity reaching 2 x 10'? Jones. ® However, this strategy has the limita-

tion of an active layer thickness exceeding 1.5 um while realizing the narrow-band detection, resulting in Si-like

active layer thickness.

In this article, we propose a method of realizing R/G/B full-color detection using OPDs by constructin

g active layers with PIN junction geometry based on the sequential layer-by-layer deposition of p-type

polymers and [6,6]-phenyl Ce; butyric acid methyl ester (PCsiBM). Because the front side of the incid

ent light pathway is fully composed of pristine p-type polymers that cannot dissociate excitons into fre



e electrons and holes, only excitons generated from photons with low extinction coefficient can reach t
he depletion region and can be dissociated as free hole and electron to contribute to external current. |
n the previously reported CCN method, ® all of the generated excitons are firstly dissociated, and a ver
y thick active layer leads to the extraction of the selected holes and electrons exclusively. However, in
the present work, PIN junction allows us to dissociate only specific excitons reaching the depletion re
gion such that a considerably thinner active layer can be utilized. In addition, it was determined that t
he pristine p- and n-layers at each charge-collecting interface of the PIN-OPD blocked the undesired in
jection of dark current, leading to an ideal diode operation with an ideality factor of 1.3 and effective
dark current injection barrier height of 0.69 eV. Thus, a high specific detectivity of 1.8 x 10'> Jones,
linear dynamic range (LDR) of 91.3 dB, and -3 dB bandwidth of 15 kHz were demonstrated for the
case study of red-selective OPDs. Finally, we demonstrated thin-film R/G/B full-color PIN-OPDs with

detectivity over 1.0 x 10> Jones.

II. Results & Discussion

The key idea of selective exciton activation is to realize full-color OPDs with significantly

thinner active layer thickness compared to the case of Si-photodiode. The operation mecha-

nism of previously reported CCN is based on different absorption behavior between photons
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Figure 1. a) The schematic diagram describing (upper) the selective exciton activation
mechanism in PIN-OPD in comparison to the case of (below) BHJ-OPD which separates all
the generated excitons. b) EDS profiles of Mo, S, In and O element across the PIN-OPD.
Each element corresponds to MoOs, P3HT, ITO, and (partially) PCs1BM. c¢) The distribution
profile of absorbed photons within PIN-OPD. d) The EQE spectra of PIN- and BHJ-OPDs.

with high and low absorption coefficients for the bulk heterojunction active layer. The in-

cident photon with low extinction coefficient is absorbed across the entire active layer fol-

lowing cavity absorption behavior, while the incident photon with high extinction coefficient

is fully absorbed at the front surface of the active layer following Beer-Lambert law. In this

case, because all absorbed photons can generate free holes and electrons, the use of very

thick active layer, with a thickness exceeding 1.5 pum, is essential to suppress the charge ex-



traction from the front surface of the active layer such that photons with high extinction coef-

ficient can be ignored. In other words, as seen in Figure 1(a), due to the nature of BHJ, which

provides a chance of exciton-dissociation everywhere within the active layer, some portion of

photons with high extinction coefficient might contribute to photocurrent if the active layer is

not sufficiently thick to suppress such surface-generated carriers. In a strong contrast, be-

cause PIN junction allows exciton-dissociation only at the narrow depletion region, the only

photons arriving near the depletion region can contribute to photocurrent, and photons with

high extinction coefficient mostly absorbed near the surface simply follow the monomolecu-

lar geminate recombination even when the active layer thickness becomes significantly thin.

To confirm this hypothesis, both the BHJ and PIN-based OPDs were fabricated with relative-

ly thin active layer of thickness ~800 nm, and their OPD performances were compared to one

another. In both cases, we used poly(3-hexylthiophene-2,5-diyl) (P3HT) as an electron donor

and PC¢BM as an electron acceptor for constructing the active layer. For blend formulation

of BHJ, 1:1 weight ratio was used and PIN-OPD was constructed by sequential deposition of

P3HT and PCsBM with near-orthogonal solvents of chloroform and dichloromethane, re-

spectively. Although the PCsiBM-dissolved dichloromethane solution did not seriously at-



tack the pre-deposited P3HT layer during spin-coating, '* however the post-thermal treatment
introduced inter-mixed phase between homogenous P3HT and PCs BM as seen in the cross-
section transmission electron microscopy image of Figure 1(b). The thickness of each of
P3HT and PCs1BM was determined by transfer matrix optical simulation shown in Figure

1(c). The distribution profile of light absorption can be calculated using the formula

ED:T':MHI:M|E|:
2h (1)

o=

where |E|? is the distribution of the optical field, a(4) is the absorption coefficient of each

layer, 4 is the wavelength of the incident light, / is the Planck’s constant, ¢o is the vacuum

permittivity, and # is the real part of the refractive index. '° The structure used in the transfer-

matrix optical simulation is ITO (200 nm) / molybdenum oxide (MoOx) (30 nm) / P3HT (708

nm) / PCs1BM (70 nm) / Al (100 nm). Optical simulation showed that the photons of green

(530 nm) and blue (485 nm) wavelength were mostly absorbed in the pristine P3HT layer

when the thickness of the P3HT layer was 708 nm and that the photons of red (635 nm)

wavelength region can reach the interface of P3HT and PCs1BM. The experimentally ob-

tained external quantum efficiency (EQE) spectra of BHJ- and PIN-OPDs with the similar



active layer of thicknesses ~800 nm are summarized in Figure 1(d). In the case of BHJ-OPD,
the resulting EQE spectrum is similar to the absorption spectrum of P3HT:PC¢ BM blend
film, implying that CCN mechanism is not realized due to the relatively low thickness (<<
1.5 pm). However, the PIN-OPD has a red-selective EQE spectrum with a peak at 635 nm,
implying the realization of efficient selective exciton activation mechanism. Therefore, we
can argue that PIN-OPDs are more beneficial to fully realize the color-selective photodiodes,
especially with thinner active layer thickness. Despite the benefit of wavelength-selective
detection of PIN-OPD, the overall EQE values were lower compared to BHJ-OPD, primarily
because of the limited donor-acceptor interfacial area. However, as discussed in the follow-
ing session, lower EQE values of PIN-OPD can be compensated by lower noise current, ena-

bled by an ideal suppression of dark current injection.

The specific detectivity, D*, the figure-of-merit of OPD is defined as:

. _ GAEQEVA Q)

heig

D

where ¢ is the elementary charge, 4 is the illumination wavelength, 4 is the area of the ac-

tive layer, c is the speed of light, and i, is the noise current. !> As can be seen from the above



equation, not only high EQFE but also low i, are important for high D*. In most cases with

optimized measurement set-up, the noise current is dominated by the shot noise current,

which means that the value of D* can be increased by reducing the dark current density. Here,

we want to address that PIN-OPD can yield inherently low dark current compared to BHJ-

OPD due to the morphological difference. In BHJ-OPDs, the P3HT and PCs1BM domains

are simultaneously exposed to both electrodes, thereby increasing the possibility of the un-

wanted hole and electron injection under reverse bias. However, in the case of PIN-OPDs,

only PCs1BM exists on the cathode surface and only P3HT exists on the anode surface,

which can minimize unwanted hole and electron injection under reverse bias. Considering

that dark current densities are determined by Boltzmann-type energetic uphill injection of

hole/electron at each electrode under reverse bias, one can easily speculate that PIN-OPDs

are significantly more advantageous than BHJ-OPDs.

In order to confirm the more efficient dark current suppression ability of PIN-OPDs, tem-

perature dependent dark current density—voltage (Ja—V) relations were measured for both

BHIJ- and PIN-OPDs in the temperature range from 293 K to 173 K. The resulting J¢—V char-



acteristics were analyzed using a diode equation. Typically, the dark current density of an

ideal diode is defined as

Jo =1, |exp(LELED) 4] 3)

nkT

where Jsis the dark saturation current density, V' is the applied voltage, Rs is the series re-
sistance, k is the Boltzmann’s constant, T is the temperature, and 7 is the ideality factor. !
Assuming that Boltzmann-type energetic uphill injection in OPD follows thermionic emis-

sion theory, which is widely accepted for Schottky barrier injection, the dark saturation cur-

rent can be described by
_ g2 R
J. = A'T exp( - 4)

where A* is the Richardson constant, and ¢g is the effective barrier height. !> Therefore, the
slope of In(J;T-?) versus (kT)! plot can provide ¢p. In Figure 2(a) and (b), Jo—V relations with
various temperatures are shown for the PIN- and BHJ-OPDs, respectively, and in Figure 2(c),
In(JsT2) vs. (kgT)"! plots are summarized. The obtained effective barrier height of PIN-OPD
was found to be 0.69 eV, which is significantly higher than 0.25 eV of BHJ-OPD, supporting

the abovementioned dark current suppressing effect of PIN-OPD. Assisted by the deeply
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Figure 2. J;—V characteristics of (a) PIN- and (b) BHJ-OPD measured at various temperature
conditions, (c) In(Js T?) vs T"! plot to calculate effective barrier height of PIN- and BHJ-OPD,
(d) noise spectra for PIN- and BHJ-OPD and (e) specific detectivity spectrum of the
optimized PIN-OPD.

suppressed dark current, low noise current density could be obtained for PIN-OPD as
summarized in Figure 2(d), and thus high-detectivity red-selective OPD could be realized as

shown in Figure 2(e).

Furthermore, to gain deep insight into the charge trap and recombination mechanism of
PIN-OPD, we analyzed the ideality factor. In the absence of traps and recombination charges,
the ideality factor has a value of unity. However, most photodiodes have values ranging be-

tween 1 and 2 due to non-ideality of the fabricated OPDs. !* Figure 3(a) shows the relation-



ship between dV dJg'vs. Jg! for both BHJ- and PIN-OPDs. By rearranging Equation 3, we
can fit the experimental data to obtain the ideality factor. (Supplementary Data) In the case of
the PIN-OPD, the blocking roles of the pristine p- and n-layers at each electrode enabled the

near-unity ideality factor of 1.3, which is significantly lower than 1.5 of BHJ-OPD.

For a variety of photodiode applications, a fast response and a wide dynamic range are es-
sential. Since response rate lower than 100 Hz, especially in video applications, can give rise
to a sense of discomfort in viewers, photodiodes with response rates above 100 Hz are rec-
ommended. We measured the -3 dB bandwidth (f3¢), defined as the point at which the re-
sponse signal power is -3 dB relative to the response signal power under continuous wave
modulation. In Figure 3(b), the -3 dB point of the optimized PIN-OPD was determined as 15

kHz under reverse bias of 0.5 V, which is sufficiently fast for video applications.

In addition, for more accurate expression of brightness of image, it is important to have a
constant responsivity for wide range of light intensities. This is expressed as linear dynamic

range (LDR), which is defined as

LDR = 20 lng(fﬁ#j (5)
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Figure 3. (a) dV dJs! vs Ja! plot to calculate ideality factor (dots and line correspond to
experimental data and theoretical fitting, respectively), (b) the frequency response of PIN-
OPD and (c) the dynamic response of PIN-OPD under reverse bias of 0.5 V and a 650 nm
illumination with various light intensities. The -3 dB point and -3 dB frequency point are
specified with the red dot and arrows. The measured specific detectivity spectra of the (d)
green- and (e) blue-selective OPDs under reverse bias of 0.5 V and (f) a full-color

photodetection spectrum using suggested OPDs.

where Jmax and Jmin are the maximum and minimum value of the measurable current densi-

ty, respectively. >* The measured LDR of the PIN-OPD under reverse bias of 0.5 V was 91.3

dB,(Figure 3(c)) which is comparable to the values of recently reported high performance

OPDs. 415

Finally, to realize R/G/B full-color OPDs, we further demonstrated green- and blue-

selective thin film OPDs by using the PIN junction. In the case of green-selective OPD, we
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Figure 4. Simulated distribution profiles of absorbed photons of the suggested (a) green-
and (b) blue-selective OPDs.

introduced F8T2 instead of P3HT as a p-type polymer, in order to shift the overall green

selective exciton activation mechanism to shorter wavelength. F8T2 has blue-shifted absorp-

tion compared to P3HT by approximately 150 nm. Therefore, in this case, green photon with

low extinction coefficient can be amplified in the final detectivity spectrum as shown in Fig-

ure 3(d) with a peak detectivity of 1.7 x 10'? Jones. In the case of blue-selective OPD, with-

out the necessity of realizing selective exciton activation, we attempted to convert the origi-

nal absorption range of F8T2 to the final detectivity spectrum entirely, because F8T2 has se-

lectivity for blue wavelength range. Nonetheless, considering the overall ascendency of PIN-

OPDs over BHJ-OPDs especially in terms of dark current suppression, we could realize blue-

selective PIN-OPD with peak detectivity of 2.6 x 10'? Jones as seen in Figure 3(e). Optical



simulation results for green- and blue-OPDs are summarized in Figure 4. A full-color photo-

detection spectrum using PIN-OPD is demonstrated in Figure 3(f). This is the first demon-

stration of thin film (total thickness below 1 um) full-color OPDs, which can be an important

technical advance for high-resolution image sensor.

II1. Conclusion

In summary, we have demonstrated the filter-less set of red, green, and blue OPDs with a

thin active layer film. To achieve the such full-color detection with a thin active layer, we

introduced a selective exciton activation mechanism. Strategically designed PIN junction al-

lowed only specific excitons to be separated while all other excitons were abandoned such

that the final detectivity spectrum could be engineered even with a considerably thinner ac-

tive layer. In addition, PIN junction with well-defined p- and n-layers at each electrode inter-

face allowed the efficient suppression of the dark current under the reverse saturation regime

with an effective barrier height of 0.69 eV and thus a low dark current density. As a result, in



this work, we could demonstrate a thin film (<1 um) high detectivity (>10'? Jones) R/G/B

full-color OPDs.



Experimental Section

Materials and Device Fabrication: Poly(3-hexylthiophene-2,5-diyl) (P3HT), Poly(9,9-

dioctylfluorene-alt-bithiophene) (F8T2) were purchased from Sigma-Aldrich and [6,6]-

phenyl C61 butyric acid methyl ester (PCs1BM) were purchased from Nano C. The materials

were used without further purification.

Device fabrication: The organic photodiodes (OPDs) were fabricated on pre-patterned indi-

um tin oxide (ITO) glass substrates (10 Q sq'). The ITO-coated glass substrates were

cleaned with a detergent, deionized water, acetone, isopropyl alcohol, and deionized water,

by sequential ultrasonication for 20 mins each. The MoOx films were deposited through a

shadow mask with a thermal evaporator at the deposition rate of 0.2 A s™! and a vacuum pres-

sure of ~107° Torr.

In the case of PIN-OPD, a P3HT solution of 40 mg mL™' in chloroform was spin-casted onto

the MoOx-coated substrates at 500 rpm for 60 s, creating a layer with a thickness of ~700 nm.

Then a PC61BM solution of 10 mg mL™! in dichloromethane were spin casted at 1000 rpm

onto the P3HT layer followed by thermal annealing at 100 C for 10 min to create a PIN

junction geometry. In the case of bulk heterojunction(BHJ)-OPD, a P3HT:PCs1BM solution



of 60 mg mL™! in chloroform was spin-casted onto the MoOx-coated substrates at 1000 rpm

for 60 s. Then, the BHJ film were annealed at 150 °C for 10 min. In the case of green- and

blue-selective OPDs, a F8T2 solution of 20 mg mL™! in chlorobenzene was spin-casted at 500

rpm for 60 s and a F8T2 solution of 10 mg mL™! in chlorobenzene was spin-casted at 1000

rpm for 60 s onto the MoOx-coated substrates, respectively. To complete the fabrication of

OPDs, Al were deposited through a shadow mask with a thermal evaporator at the deposition

rate of 0.5—1 A s and the vacuum condition about ~10° Torr.

Ja-V curve analysis: Equation 3 can be re-written as

av o _ nkT
iy allg+ls) £
(S1)

In the equation, ideality factor was obtained by using slope of the dV / dJa vs. Ja ! plot.

Device characterization: The dark current density—voltage (J+—V) characteristics were meas-

ured using a Keithley 4200 source measurement unit. The photocurrent spectra were meas-

ured using Keithley 2400 under monochromatic illumination from a 150-W Xenon arc lamp

assembled with the Oriel Cornerstone 130 1/8 m monochromator. The noise measurement

was conducted with a SR830 Lock-in Amplifier. For the measurement of the LDR, a mono-



chromator and a 650-nm laser (4.8 x 10> W cm™) were used. To measure the -3 dB frequen-

cy, the same laser was used with a TDS5052 digital phosphor oscilloscope (Tektronix) with a

measured light intensity of 1 mW cm™.

Measurement: The cross-sectional transmission electron microscopy (TEM) image and ener-

gy dispersive spectroscopy profile of PIN-OPD was analyzed by high-resolution TEM (HF-

3300. Hitachi). The thickness of films was measured by profilometer (DektakXT, BRUKER).

Optical simulation: The optical electronic field and optical absorption simulation was per-
formed by using the transfer matrix method. Optical constants were measured by using a V-

VASE ellipsometer (Woollam Inc.).
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Part 2. Surfactant-Induced Solubility Con-
trol to Realize Water-Processed High Preci-
sion Patterning of Polymeric Semiconductors

for Full Color Organic Image Sensor






I. INTRODUCTION

Recently, the utilization of water as a processing solvent has been widely reported as an

eco-friendly methodology for the treatment of polymer semiconductor devices. Although it

1s not easy to directly dissolve a polymer semiconductor having hydrophobic characteristics

directly in water, it is well known that mini-emulsion synthesis using a surfactant enables

good dispersion of various n-type, p-type and ambipolar conjugated polymers in water, re-

sulting in the formation of water-borne colloids. Based on such water-borne colloid ap-

proaches, various electronic and opto-electronic applications have been demonstrated, in-

cluding water-based organic field effect transistors (OFETs) and organic photovoltaics

(OPVs).!16 However, these achievements were limited to single devices, and there has been

no application of these water-borne colloids to complex devices such as eco-friendly dis-

plays, transistor backplane or image sensors, due to lack of methods for fine patterning

these water-soluble polymers. Therefore, the development of a high-precision/throughput

patterning technology for water-borne colloids to a similar technological level as polymer

semiconductor patterning with organic solvents is very urgently required. Although ink-jet



printing can be a good solution, this process suffers from many reliability problems, espe-

cially with water-borne colloids. Due to the non-negligible size of polymer colloids (~100

nm), the size of the orifice may change during repeated injection, which can cause reliabil-

ity issues in the shape and thickness of the pattern.”” Because thin film deposition process-

es in water-borne colloids are more complex and demanding than those in organic solvents,

particularly due to the multicomponent colloidal system including polymers, surfactants,

and surfactant micelles, the corresponding patterning technique needs to be carefully de-

signed, and must include a strategy to eliminate residual surfactants.’

Herein we introduce a surfactant-induced solubility control (SISC) method of water-

borne polymeric colloids to realize environmentally-benign high-precision/throughput pat-

terning of a full-color organic image sensor (OIS). In mini-emulsion synthesis, the hydro-

phobic tail groups of the surfactants are entangled with hydrophobic organic semiconduc-

tors, while the hydrophilic head groups directed to the water phase contribute to the disper-

sion, and thus the solubility, of the resulting colloidal polymer particles in water. Therefore,

hydrophilic head groups dominate the surface properties of water-borne colloids, even after

solidification processes such as spin-coating and dipping. Following the selective removal



of surfactant molecules from films of water-borne colloids, the films can recover their in-

herent hydrophobic surface nature of polymer semiconductors. In other words, the solubili-

ty of water-borne polymer semiconductors can be tuned dramatically from hydrophilic to

hydrophobic, paving the way for fine patterning. Here we show systematic studies on the

effects of various linear alcohols for the selective removal of surfactants. We demonstrate

the efficient production by SISC of water-borne colloids, which enables high-

precision/throughput patterning of multi-component polymer semiconductors. As a target

application of the SISC method, the fabrication of a full-color, color filter-free and all-

polymer water-processed image sensor array consisting of B-/G-/R-selective organic pho-

todiode (OPD) pixels, each of 100 um % 100 um pixel size, is demonstrated. Furthermore,

the image capture ability of the color filter-free 8 x 4 micro-pixel arrays is also demonstrat-

ed.

II. Results & Discussion

In the proposed SISC method, water is not only a dissolving solvent for polymer semicon-



ductors but also a pattern-developing solvent. The overall process sequence is graphically

summarized in Scheme 1. The hydrophobic polymer (CYTOP) is spin-coated onto the pre-

cleaned glass substrate with indium tin oxide (ITO) line-pattern with line width of 100 pum,

followed by Oz-plasma treatment with a metal mask to form various hydrophilic wells.

Then the prepared substrates are dipped into the first target water-borne colloidal solution.

(In scheme 1, this is the red-selective poly([2,6'-4,8-
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Scheme 1. Schematic description on SISC-based patterning method with B-/G-/R-

Front-side Back-side Active-area

selective water-borne colloid to fabricate color filter-free, full color OIS with the image of
the suggested 8x4 patterned OIS and enlarged image of the active area of 100 pm x 100 um
size. Guide illustration of line-patterned ITO electrode with width of 100 um is added for

the reader’s convenience.



di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene] {3-fluoro-2[(2-

ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th) colloids.) Note that here we

adopted a Schottky junction architecture for each B-/G-/R-selective OPD, which can be op-

erated without a color filter, and therefore, for each OPD, only one color-selective polymer

semiconductor is used. The detailed operation mechanism of such a Schottky OPD can be

found in the literature.'®!3 The thickness of the film was carefully adjusted by controlling

the dipping speed. Then as a key step for realizing SISC, the substrate is dipped into alco-

hol, to selectively remove surfactants. The resultant surface of the patterned polymer film is

hydrophobic and insoluble in water, because the

inherent hydrophobic nature of the polymer semiconductor was recovered by the successful

removal of surfactant molecules. Therefore, the subsequent patterning process of the second

target water-borne colloidal solution (in scheme 1, this is the blue-selective poly[[2,2'-

bithiophene]-5,5"-diyl(9,9-dioctyl-9H-fluorene-2,7-diyl)] (F8T2) colloids), by repeating O»-

plasma treatment, dipping in water-borne colloidal solutions, and alcohol washing, does not

affect the pre-patterned polymer layer. In this way, various polymer semiconductors with



totally different polarities or solubilities can be patterned with high precision/throughput.

The actual device pattern image (8x4) was taken by optical microscope and inserted in

Scheme 1 together with enlarged device active area image (100 um % 100 um). In addition,

Bayer pattern which is typically used for commercial image sensor is also demonstrated in

Figure 5(a), with a pattern size of 150 um % 150 pm. To prepare a well-dispersed water-

borne colloid solution for each B-/G-/R-selective polymer of F8T2/poly(3-hexylthiophene-

2,5-diyl) (P3HT)/PTB7-Th, we employed cetrimonium bromide (CTAB) as a surfactant to

minimize the quantity of surfactant used for these polymers in mini-emulsion synthesis, as

clarified by an earlier study.’ Figure 5(b) shows the dynamic light scattering (DLS) meas-

urement results for water-borne colloids of F8T2/P3HT/PTB7-Th. All the employed poly-

mers showed narrow size distribution with an average size of 60-70 nm. After dip-coating

onto the patterned CYTOP substrate, as explained above, all the films were exposed to al-

cohol
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Figure 5. (a) Optical microscope image of B-/G-/R-selective polymer semiconductor
patterns with pixel size of 150 um x 150 um under UV illumination (350 nm) and (b) size
distribution of water-borne colloids of B-/G-/R-selective polymer semiconductor measured
by DLS (c) FT-IR spectra of G-selective colloid-based films before and after post-treatment
for washing with various linear alcohols. (d) Cross-sectional profile cut along the g, axis
(out-of-plane) of 2D GIXD patterns and (e) pole figure analyses for P3HT films cast from
water-borne colloids with all the alcohol as the washing solvent and a film cast from
chloroform. (f) Water contact angle on B-/G-/R-selective colloids film, in the sequence of
pristine, washed with PrOH and post-annealing. The inset is the photograph of the water
contact angle image.for surfactant removal and to realize the SISC method. Before
conducting experiments for surfactant removal, the solubility parameters of CTAB,
polymer semiconductors and alcohols were comparatively studied. The dispersion, polar,
and hydrogen parameters were calculated by the group contribution method, and each

parameter.

is summarized in Table S1.'*! As the alkyl chain length of the alcohol increases, the polar



and hydrogen bonding parameters decrease, while the dispersion parameter increases. The

total solubility parameter of n-propanol (PrOH) with 23.6 MPa’ is most similar to the total

solubility parameter of CTAB with 24.9 MPa’>. For this reason, CTAB removal efficiency

- which involves the weakening of the original van der Waals force between the polymer

and CTAB, and the formation of a new van der Waals force between CTAB and PrOH -

was expected to be the highest in films washed with PrOH. Figure 5(c) shows Fourier-

transform infrared (FT-IR) analyses results of G-selective colloid to compare the surfactant

removal efficiency of water-borne colloids washed with methanol (MeOH), ethanol

(EtOH), PrOH, and n-butanol (BuOH). In all the FT-IR spectra, features within the 2800 to

3000 cm! range, corresponding to vibration peaks originated from CTAB were dramatical-

ly reduced to negligibly small values as a result of alcohol washing (inset of Figure 5(c)),

implying that the surfactants were selectively transferred to the alcohol phase, and this ten-

dency was maximized with PrOH.'®!7 Although these results support the hypothesis that

the surfactant was successfully removed, it is not yet clear how the alcohol washing process

affects the film cast from water-borne colloids. To investigate how alcohol affects the mor-

phology of polymer semiconductor, grazing incidence X-ray diffraction (GIXD) analyses



were conducted for P3HT films cast from water-borne colloids with all the alcohols as the

washing solvent and a film cast from chloroform (Figure 5(d)). Interestingly, in the case of

the films cast from water-borne colloids followed by alcohol washing, well-developed la-

mellar stacking features of P3HT were observed, similar to the case of chloroform-

deposited film. In order to get more quantitative information of the crystalline orientation of

the films, we conducted pole figure analyses, as presented in Figure 5(e). For the pole fig-

ure analyses, we analyzed the distribution of the (002) orientations of five films to avoid the

reflected beam. It is clearly seen that not only the chloroform-deposited film, but also all

other colloid-based films have a preferential edge-on orientation. Interestingly, more orient-

ed edge-on orientation is observed in the sequence of MeOH, EtOH, PrOH, which can be

ascribed to more efficient washing of CTAB. However, in the case of the film washed with

BuOH, possibly due to the too high dispersion solubility parameter of BuOH even similar

to dispersion solubility parameter of P3HT, a slightly worse orientation was observed.

Based on these observations, we proceeded with the patterning experiments using PrOH as

a washing solvent. To further confirm the effectiveness of the SISC mechanism, surface

energy analyses of the films cast from water-borne colloids of three different polymers



were conducted and the obtained water contact angles are summarized in Figure 5 (f), in the

sequence of pristine, washed with PrOH and post-annealing. As expected, pristine films

cast from water-borne colloids possess a hydrophilic surface due to surfactants with a ~70°

water contact angle, while the hydrophobic nature is mostly recovered after washing with

PrOH, followed by post thermal annealing. The surface energy values calculated from con-

tact angle measurements with both water and diiodomethane are summarized in Table S2,

showing efficient recovery of the hydrophobic nature of polymer semiconductors after

PrOH washing. Thanks to the hydrophobic nature of polymer semiconductor pattern after

PrOH washing, the surface morphology of the patterns was not damaged during sequential

coating-then-washing processes with B-/G-/R-selective colloidal solution. In all the cases,

the obtained FET mobilities were comparable to those obtained from organic solvent-based

fabrication, indicating the feasibility of the suggested method. Collectively, these results

show that
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Figure 6. (a) Schematic description on the suggested OPD structured as ITO/ZnO (non-
absorbing electrode)/B-/G-/R-selective film/Au. (b) Mott—Schottky plot of the suggested
Schottky OPD with P3HT as an active layer for both water-borne colloids- and chloroform-
devices to compare effective Vi and Ny. Vbi and Ng are determined from the intercept with
x-axis and slope of onset, respectively. (c) Estimated trap density of states measured by
TAS. (d-f) Specific detectivity and responsivity spectra as a function of wavelength for B-
/G-/R-selective OPDs.

the SISC method can endow high throughput/precision patterning of various polymers on

the same substrate without the loss of inherent semiconducting properties, with water as the

only processing solvent. As a target application of the SISC method, we demonstrate a col-

or filter-free, high-performance full color OIS. Unlike other electronic and optoelectronic



applications, image sensors require B-/G-/R-patterns with three different compositions and

are therefore an optimal platform to show the full advantage of the SISC method. For this

application, we introduced a Schottky organic photodiode (OPD) architecture (Figure. 2

(a)) to construct each unit pixel, where a single semiconductor component is used in junc-

tion with a transparent metal electrode to construct a Schottky junction. In this case, be-

cause a single semiconductor component is responsible for light absorption, finely con-

trolled color reproduction is possible from the resulting OPD by a carefully designed ab-

sorption feature of the semiconductor.!? Therefore, a key to the success of the water-

processed color filter-free, full-color image sensor relies on the quality of the generated

Schottky junction properties between the ITO/ZnO electrode and the SISC-patterned poly-

mer layer. In order to characterize the fabricated Schottky junction, Mott—Schottky analyses

were conducted for the Schottky diode structured as ITO/ZnO/P3HT (water-borne colloids-

and chloroform-based film)/MoOs3/Au in comparison to the organic solvent-fabricated

equivalents and the resulting plots are shown in Figure 2 (b). The intercept to the x axis of

the tangent to the onset can be interpreted as the built-in potential (V%) of the diode, and it

shows a similar value of ~ 0.85 eV, in both the SISC and organic solvent systems. The do-



nor concentration (N4) can also be extracted from the slope: 2.95 x 10'®cm? for the photo-
diode fabricated with organic solvent and 2.81 x 10'® cm?® for the photodiode fabricated
with SISC." In addition, we conducted thermal admittance spectroscopy (TAS) to quantita-
tively study the deep trap states of the fabricated Schottky diode using the equation
N;(E,))= — :ﬁ%;—ﬁ, where V7 is the built-in potential, g is the elementary charge, WV is
the depletion width, C is the capacitance, v is the frequency, ks is the Boltzmann constant, 7
is the device temperature, and E, is defined as E,, = k;Tin (11—”), where v is the attempt-
to-escape frequency commonly considered as 10'? Hz. The value of W of the Schottky di-
ode under open circuit conditions can be obtained by W = *qlll%' 1318, 19 Figure 2 (c)
shows that the mid-gap state density spans a similar spectral range for both the SISC and
organic solvent systems. Collectively, these junction analyses clearly show that the success-
ful removal of residual surfactants and the recovery of the crystalline orientation of each B-
/G-/R-selective polymer semiconductor enabled near-ideal junction formation even with the
SISC patterning process. Here, specific detectivity (D*), the figure-of-merit of OPDs, can

be calculated by** 2!
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where R is the responsivity, 4 is the area of the active layer, and i, is the noise current. As
can be seen from the above equation, not only high responsivity but also low i, are essential
for high D*. The measured responsivity and D* spectra are summarized in Figure 2. (d-f).
Considering that a smaller photodiode pixel size often introduces a high surface leakage
current, the fairly high level of D* (over 10'? Jones) observed for all the patterned (100 pm
x 100 um) B-/G-/R-selective OPDs clearly demonstrates the effectiveness of the SISC
method, especially for precise patterning.’>%} For accurate image extraction, not only high
D* but also narrow distributions of responsivity among all the patterned pixels are essen-
tial.>* The responsivity of B-/G-/R-selective photodiodes were measured from each pixel of
the 8x4 pixel array, as summarized in Figure 7 (a), (b) and (c). Average responsivity of
0.24, 0.30 and 0.32 A W™! with standard deviations of 0.049, 0.060 and 0.049 A W' were

obtained for the B-/G-/R-selective photodiodes, respectively. The detectable light intensity

range and
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Figure 7. Responsivity distributions of the (a) B-/ (b) G-/ (¢) R-selective OIS pixels. The
statistical responsivities were 0.24 = 0.049, 0.30 + 0.060 and 0.32 + 0.049 A W! for B-/G-
/R-selective OIS pixels, respectively. (d) Graphically reconstructed ABC image captured
from OIS based on responsivities of each constituting B-/G-/R-selective OPDs when blue
(450 nm, 43.1 pW cm), green (550 nm, 33.6 uW cm) and red (650 nm, 31.7 pW cm™)
photons were illuminated through A-, B-, and C-shaped shadow mask.

operating speed of the OPD can be represented by the linear dynamic range (LDR) and 3-
dB bandwidth (f3as). These two parameters of OPDs are important for a wider application
range of the image sensor. f3as is defined as the point at which the response signal power is
3-dB relative to the response signal power under continuous wave modulation. 22327 LDR
.20, 25-28

is calculated by:

LDR = zulc.g“_fﬂ 2)

max
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Figure 8. (a) —3 dB cutoff frequency and (b) LDR of OPDs of the suggested B-/G-/R-
selective photodiode with F8T2/P3HT/PTB7 colloids.

where Imax and Imin are the maximum and minimum values of the measurable current, re-

spectively. f3ag of the optimized B-/G-/R-selective OPDs were determined > 20 kHz, and

the LDR of the optimized B-/G-/R-selective OPDs were determined > 75 dB at -0.01 V in

Figure 8. To further simulate the imaging application of OISs, we investigated the image-

capturing capability with differently-colored light sources as well as A, B, C-shaped pat-

terned masks. As shown in Figure. 3 (d), the color filter-free OIS pixel arrays were con-

structed as line-by-line combination of B-/G-/R-selective OPDs; the B-selective OPDs are

located at 1, 4 and 7 low, the G-selective OPDs are located at 2, 5 and 8 low, and the R-

selective OPDs are located at 3 and 6 low. Four different light sources of red (650 nm),



green (550 nm), and blue (450 nm) were illuminated to the prepared OIS via A, B, C-

shaped shadow masks, and the corresponding responsivity information from 32 pixels were

collected using a home-built jig and software, followed by reconstruction of the R/G/B col-

or intensity according to the measured responsivity. As clearly shown in Figure. 3 (d), we

could capture the A, B, C-shaped images thanks to the uniform dark current and responsiv-

ity of the fabricated SISC-based color filter-free, full color OIS.

II1. Conclusion

Polymer semiconductors are promising class of materials, which combine many of the

electrical properties of inorganic semiconductors with the mechanical flexibility and chemi-

cal processability of organic materials. However, these polymer semiconductors are gener-

ally mutually soluble with other organics, thus preventing the drawbacks of solution-based

deposition of complex patterned structures using standard photolithographic techniques. In

this work, we developed a new polymer patterning method, SISC, where a surfactant is the

key element for tuning the surface energy of films cast from water-borne colloids. Selective



removal of surfactant molecules from hydrophilic water-borne polymer colloids, which is

enabled by PrOH in this work, can lead to the recovery of the hydrophobic nature of poly-

mer semiconductors, and paves the way for high-precision patterning of polymer semicon-

ductors with water as a processing solvent. As a target application of the suggested SISC-

based polymer patterning, a full-color OIS was chosen because this requires lateral pattern-

ing of three different polymer components. The resulting patterned B-/G-/R-selective pho-

todiodes, with a pixel size of 100 pm % 100 pm, show narrow-band absorption spectra with

detectivity over 10'? Jones, enabling color filter-free OIS application. Thanks to the low

pixel-to-pixel deviation of the fabricated OIS consisting of 8 x 4 pixels of polymer OPDs,

its actual image capturing ability could be successfully demonstrated.

Experimental Section

Materials

MeOH, EtOH, PrOH, BuOH, chloroform, zinc acetate dihydrate, 2-methoxyethanol, ethanolamine

and CTAB were purchased from Sigma-Aldrich. PTB7-Th and F8T2 were purchased from 1-Materials. P3HT

was purchased from Rieke. CYTOP was purchased from AGC Chemicals. Purchased materials were used



without further purification steps.

Water-borne colloids Preparation

The B-/G-/R-selective polymer semiconductors of 30 mg were dissolved in chloroform of 10 ml.

100 mg of CTAB was dissolved in deionized water of 30 ml and added to a solution of B-/G-/R-selective pol-

ymer semiconductors. The solution was stirred for 5 min and sonicated for 1 min with a Branson Model 8510

Ultrasonic Cleaner. This procedure was repeated until the color of the solution no longer changed. Finally,

chloroform was fully evaporated at 65 °C. To remove excess surfactant, the B-/G-/R-selective colloids solu-

tions were dialyzed with Standard RC Tubing (MWCO: 12-14 kD), overnight.

OPD Fabrication

For fabrication of color-selective OPDs, glass substrates with 100 pum sized ITO line-

pat-

tern were cleaned sequentially with detergent, deionized water, acetone and isopropanol by sonication and drie

d with nitrogen. Sol-gel based ZnO solution was prepared by adding 1g of zinc acetate dihydrate and

0.28 g of ethanolamine in 2-methoxyethanol and stirred at 600 rpm for 6 hr. The sol-gel based ZnO

solution was spin-coated onto the cleaned ITO substrate. Then CYTOP solution diluted by 1:3 vol%

to the given solvent was spin-coated at 1000 rpm to render film thickness of 100 nm. CYTOP laye



r was patterned by O-plasma etching with metal mask aligned with home-built aligner and optical m

icroscope (UM12 Microscope, Vitiny). After Or-plasma treatment with metal mask, the B-/G-/R-selecti

ve layers were fabricated by dip-coating. Excess ligands were removed by dipping in alcohol. Then,

MoOs; and Au were deposited through a shadow mask with 100 pm line-pattern using a thermal evapo

rator at the deposition rate of 0.5 A s°! and the vacuum pressure of ~107° Torr. T

he active layer of OPDs is defined as area between 100 pum sized ITO electrode and 100 pum sized gold electro

de.

OFET Fabrication

The active layer was deposited by spin-coating on an OTS-treated SiO/Si substrate with Au S/D pat-

tern. The resultant film was dipped in PrOH for 5 min and annealed at 200°C for 10 min. The channel W/L

ratio was 12 with a channel width of 600 pum, and a channel length of 50 um.

Device Characterization

UV-Vis-NIR absorption spectra of B-/G-/R-selective colloids films were measured using a U

V-Vis-NIR absorption spectrophotometer (Cary 5000 UV-Vis-NIR, Agilent). The image of B-/G-/R-sele

ctive colloids of the optimized photodiode was analyzed by high-resolution TEM (HF-3300, Hitachi).

AFM images of P3HT pattern as a fucntion of the times of the coating-then-washing process were a



cquired by using AFM (Park Systems, XE-150). FT-IR absorbance peaks were acquired using an FT-

IR spectrometer (FT/IR 4700, JASCO). The GIXD measurements were performed using the PLS-

II 3C and 9A U-

SAXS beamlines at the Pohang Accelerator Laboratory (PAL) in Korea. The transfer curve of organic field eff

ect transistors (OTFTs) were measured using Keithley 4200A-

SCS. Dark currents and responsivities of photodiodes were measured with Keithley 2400 sourcemeter and mo

nochromatic light from 150 W Xe arc lamp. To measure linear dynamic range and 3-

dB frequency, R/G/B lasers (650, 550, 450 nm) were additionally used with a TDS5052 digital phosphor o

scilloscope (Tektronix). Noise current was directly measured from SR830 Lock-in amplifier with home-

built LabView program.
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