creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Master's Thesis
A} Sl

High performance Organic Photodiode with Wide
Linear Dynamic Range: The Role of Crystalline
Orientation

.

Hyunki Ko(al & 7] & $ %)

Department of

Energy Science & Engineering

DGIST

2021



Master's Thesis
A} B9l

High performance Organic Photodiode with Wide
Linear Dynamic Range: The Role of Crystalline
Orientation

Hyunki Ko(al & 7] & $ %)

Department of

Energy Science & Engineering

DGIST

2021



High performance Organic Photodiode with Wide
Linear Dynamic Range: The Role of Crystalline
Orientation

Advisor: Professor Jongmin Choi
Co-advisor: Professor Chiyoung Park

by

Hyunki Ko
Department of Energy Science & Engineering

DGIST

A thesis submitted to the faculty of DGIST in partial fulfillment of the
requirements for the degree of Master of Science in the Department of Energy
Science & Engineering. The study was conducted in accordance with Code of
Research Ethics?

11. 03. 2020

Approved by
Professor Jongmin Choi (signature)
(Advisor)
Professor Chiyoung Park (signature)

(Co-Advisor)

! Declaration of Ethical Conduct in Research: I, as a graduate student of DGIST, hereby declare that | have not committed
any acts that may damage the credibility of my research. These include, but are not limited to: falsification, thesis written by
someone else, distortion of research findings or Iﬁ)laglarlsm. I affirm that my thesis contains honest conclusions based on my
own careful research under the guidance of my thesis advisor.



High performance Organic Photodiode with Wide
Linear Dynamic Range: The Role of Crystalline
Orientation

Hyunki Ko

Accepted in partial fulfillment of the requirements for the degree of Master of
Science.

11. 16. 2020

Head of Committee Prof. Jongmin Choi  (signature)
Committee Member Prof. Chiyoung Park (signature)

Committee Member Prof. Ju Hyuck Lee  (signature)



MS/ES 32 & 7], Hyunki Ko. High performance Organic Photodiode with Wide Linear Dynamic
201900000 Range: The Role of Crystalline Orientation. Department of Energy Science & Engineering.
2020. 70p. Advisors Prof. Jongmin Choi, Co-Advisors Prof. Chiyoung Park

ABSTRACT

A new polymeric semiconductor, which can effectively extend linear dynamic ranges (LDRs) of organ-
ic photodiodes (OPDs), was developed. Copolymers based on alkylthio-substituted benzo[1,2-b:4,5-
b’]dithiophene (BDT) are synthesized in conjunction with fluorinated terthiophene (BDT-Th-3T) or alkylter-
thiophene (BDT-Th-3AT). When deposited onto an ITO/polyethylenimine ethoxylated (PEIE) substrate, both
copolymer thin films render apparent face-on orientations as indicated in two-dimensional grazing incidence
X-ray diffraction (2D-GIXD) results, and especially among them, BDT-Th-3T thin films show much im-
proved crystalline properties. This is because the molecular structure of BDT-Th-3T shows a higher molecular
planarity induced by non-covalent intramolecular interaction and small steric hindrance, which are proved
from UV-Vis-NIR absorption and Raman spectroscopy studies, respectively. BDT-Th-3T polymers effective-
ly maintain their crystalline properties when are blended with non-fullerene acceptors and form a bulk hetero-
junction (BHJ) of a percolating network composed of face-on-oriented donors and acceptors, which is favora-
ble for charge carrier transports in a vertical direction of the device. As a result, the optimized OPD shows a
high specific detectivity over 1013 jones and an unprecedentedly wide LDR of 232 dB. It is demonstrated that
the wide LDR is originated from high charge transporting property of the polymer, which induces a high satu-

ration photocurrent of BHJ.

Keywords: organic photodiode, linear dynamic range, optoelectronic device, thin film, mobility
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I. Introduction

Organic image sensors based on organic semiconductors have a lot of advantages compared with Si im-
age sensors because high absorption coefficients of organic semiconductors enable organic photodiodes (OPDs)
to form a very thin active layer in the range of 100-1000 nm.* Such thin active layers significantly reduce an
optical path when the OPD is introduced as a pixel in the image sensor and thus, remarkably suppresses an opti-
cal crosstalk phenomenon between neighboring pixels.>7” Therefore, tremendous research efforts have been de-
voted to enhancing the performance of OPDs by designing new diode architectures or developing new semi-
conductors and hole- and electron-blocking layers, resulting in high specific detectivity values, the figure-of-
merits for OPDs, of over 10%° Jones. Nevertheless, the inherently low charge carrier mobility of organic semi-
conductors compared to Si materials inevitably often leads to a low linear dynamic range (LDR) of the OPDs.8
The LDR is the light intensity range where the responsivity is maintained as a constant, and it can be calculated
by
LDR = 2010810 Uimax /Jmin ) O 2010810 (Bnax /Prin ) (1)
where jmax/jmin @and Pmax/Pmin are the maximum and minimum values of detectable photocurrent and incident light
intensity, respectively. A wide LDR means that the OPD exhibits a constant photoelectric conversion efficiency
over a wide range of incident light intensities. For example, if the LDR is sufficiently wide, a clear image with-
out bloom or dark spots can be captured from dark nights to sunny days. Unfortunately, OPDs suffer from a
limited LDR (< 200 dB), which is apparently narrower than that of Si-PDs (~240 dB).>° This is because of the

correlation between charge carrier mobility and maximum current measurable from OPD, expressed as follows:

gpsosz

jmax ~ T (2)

Here, ¢p is the relative permittivity of the polymer, x is the mobility of the slower charge carrier, and d, is the
thickness of the polymer layer.** Therefore, maximum measurable light power density which is in linear relation
with photocurrent is also limited by low charge carrier mobility of organic semiconductors, especially in a verti-
cal direction (typically reported as 10-° to 103 cm? V- s1). As a result, most OPDs show saturation behavior in
dynamic range at the power density of ~0.01 W cm2.1%-18 Therefore, the key to enhance the LDR of OPDs is to
increase the vertical mobility of its constituting organic semiconductors.

The charge carrier mobilities of organic semiconductors can be increased by improving interconnected
charge carrier pathways in the material aggregates.® Therefore, the key for designing high-mobility polymers is
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to minimize unfavorable molecular disordering within the aggregates by enhancing effective regular short-range
intermolecular aggregation. Therefore, it is speculated that a high level of backbone coplanarity is an important
design principle in realizing a high charge carrier mobility for polymer semiconductors; in fact, recent studies
indicated that a 2D-like planar backbone typically leads to better crystalline perfectness and thus, a high charge
carrier mobility.° The planarity of backbones can be ensured by a minimal steric overlap between the substitu-
ents on the adjacent carbon atoms. Non-covalent interactions induced by fluorine substitution, such as F---H,
F---S, and F---m, can also exert molecular planarity and strong crystalline properties of fluorinated polymers in a
thin film.2%-23 In addition, because polymeric semiconductors must be mixed with acceptor molecules in OPD
applications, the formation of successful percolation pathways for both charge carriers is another primary re-
quirement for a high charge carrier mobility.?+2°

In this regard, a 4,8-bis(thiophen-2-yl)benzo[1,2-b:4,5-b" ]dithiophene (BDT-Th) moiety is the most appro-
priate candidate for conjugated polymers as it can simultaneously satisfy forming 2D-like molecular structures
and percolating networks with electron-accepting molecules such as 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-indaceno[1,2-b:5,6-
b’]dithiophene (ITIC).?® A fluorinated terthiophene moiety is strategically introduced in the repeating unit to
maximize intermolecular -7 interactions. Furthermore, the 2D-like planarity of BDT-Th can lead to strong van
der Waals interactions between the rigid backbone and substrate surface, resulting in a preferential face-on ori-
entation of the polymers.2% 2731 Therefore, in this study, we designed and synthesized BDT-Th-based copoly-
mers in conjunction with fluorinated terthiophene units, where BDT-Th-3AT has an alkyl side chain in the ter-
thiophene unit and BDT-Th-3T does not. This could affect the miscibility of the polymer with the acceptor, and
we can fine-tune the BHJ morphology. We introduced ITIC as an acceptor considering its complementary ab-
sorption to polymers, good thermal stability, suitable energy levels, and planar molecular geometry. Co-facial n-
7 interactions of 2D-like BDT-polymers may guide 2D-like ITIC molecules to adopt a similarly oriented align-
ment, thus leading to a BHJ morphology consisting of both face-on oriented donor and acceptor molecules.
From UV-Vis-NIR absorption and Raman spectroscopy studies, we demonstrated that both polymers have ap-
parent coplanar geometry, while the 2D-like feature is more highlighted in BDT-Th-3T. The microcrystalline
information of the polymers was studied using two-dimensional grazing incidence X-ray diffraction (2D-GIXD),
revealing that the synthesized polymers had a self-assembled preferential face-on orientation with a low
paracrystalline disorder even after blending with ITIC. With the 2D-crystalline properties, the percolation net-

work structure of the BDT-Th-3T BHJ film enables effective charge transport of holes and electrons in a vertical
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direction of the device, resulting in a high specific detectivity and an unprecedentedly high LDR of the OPD.



I1. Results and Discussion

Figure 1(a) shows the UV-Vis-NIR absorption spectra for the BDT-Th-3T and BDT-Th-3AT polymer so-
lutions in chloroform. The maximum absorption (Amax) for BDT-Th-3AT and BDT-Th-3T were located at ap-
proximately 450 and 560 nm, respectively. An interesting note is that BDT-Th-3T exhibited a significantly red-
shifted absorption profile compared with BDT-Th-3AT, which implies that BDT-Th-3T formed aggregates in the
solution. In other words, BDT-Th-3AT has much better solubility owing to further introduced alkyl groups in

the thiophene.
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Figure 1. (a-b) Normalized UV-Vis-NIR absorption spectra of the BDT-Th-3T, BDT-Th-3AT, ITIC in (a) solu-
tion and (b) thin film state. (c-d) Peak fitting to Raman spectra (532-nm excitation) for neat thin films of (c)
BDT-Th-3T and (d) BDT-Th-3AT. In both cases, intensities were normalized with respect to the 1465 cm™ peak
intensity. The deconvolved peaks using the Gaussian function are added for the reader’s convenience.

Figure 1(b) summarizes their corresponding thin film absorption spectra without thermal annealing. The ab-
sorption spectrum of BDT-Th-3AT demonstrated a prominent red shift in the absorption maximum with re-
spect to the solution spectrum, while BDT-Th-3T exhibited only a negligible red shift with the same Amax be-
tween the solution and spin-coated film.3? This result also supports the observation that BDT-Th-3T has a
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strong aggregation of the polymer chains in the solution.’® Another important difference between the two pol-
ymers is that only BDT-Th-3T exhibited both distinct 0-0 and 0-1 vibronic features, which is indicative of the
rearrangement of the polymer backbone for better crystalline ordering.?0 Collectively, these results indicate
that BDT-Th-3T has better crystalline ordering both in solution and solid phases, presumably owing to a more
planar backbone conformation originating from a lower steric hindrance and non-covalent interactions within
the terthiophene unit. In addition, considering the complementary absorption properties of ITIC, we could ex-
pect panchromatic absorption spectra when blending these polymers with ITIC. To get further insight into the
effect of the molecular structure on the backbone planarity of polymers, we conducted Raman spectroscopy

analysis under a 532 nm laser excitation.

Table 1. Deconvolved Raman Peak Position and Assignment of Each Peak Shown in Figure 1.

BDT-Th-3T [cm™1] BDT-Th-3AT [cm™1] description
A 1421 1414 C-C stretching mode in ring of thiophene
B 1436 1423 C=C stretching of thiophene(delocalized)
C 1465 1465 C=C stretching of thiophene(localized)
D 1502 1501 C=C fused thiophene in the BDT
E 1530 1534 BDT phenyl stretch

As shown in Figure 1(c-d), we collected peaks between 1350 and 1600 cm-!. Because the obtained Raman
peaks were too close to be distinguished from each other, we deconvolved each peak using a Gaussian function.
All the fitted peaks of both polymers were observed at a similar Raman shift because they had the same conju-
gated backbone structure except for the side alkyl chain. Kim et al. reported the Raman spectra peak assign-
ments of BDT and thiophene conjugated polymer using DFT geometry optimization results.33-3¢ Based on refer-
ences, we can assign peak A, corresponding to 1421 and 1415 cm-1, to a C-C bond in the thiophene rings. Both
peaks B and C, between 1423-1470 cm™1, can be assigned to C=C stretching of thiophene rings on the BDT; B
and C correspond to more delocalized and localized m- electrons, respectively. The peaks D and E, located at
1501-1502 and 1530-1534 cm™, respectively, can be assigned to the C=C fused thiophene in the BDT and the
stretching mode of the phenyl ring conjugated with the BDT unit, respectively. While overall spectrum features
are very similar between the both polymers, a distinct difference is observed in the relative peak intensities of
B and C. Evidently, BDT-Th-3T had a relatively higher peak intensity of B compared with C, indicating the ex-

istence of a higher portion of delocalized C=C stretching of thiophene, which can also be interpreted as a more
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ordered phase in BDT-Th-3T.35 By contrast, an inversed relative peak intensity of B and C is observed for BDT-

Th-3AT, implying that localized C=C stretching prevails, or a more disordered phase occurs in this alkylated

polymer. The Raman analysis result suggests that the excited state molecular orbital in BDT-Th-3T is more

delocalized on the thiophene units, which implies an increased planarity of the BDT-Th-3T compared with

BDT-Th-3AT.
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Figure 2. (a) Two-dimensional grazing incidence X-ray diffraction (2D-GIXD) pattern images and (b) their
corresponding line-cut profiles of in-plane and out-of-plane directions for BDT-Th-3T:ITIC (1:1 and 1:1.5,
wt:wt) blend films and BDT-Th-3AT:ITIC (1:1 and 1:1.5, wt:wt) blend films. The left sides correspond to as-
cast films and the right sides correspond to annealed (140 °C) films. The BDT-Th-3T:ITIC (1:1) films exhibit a
dominant increase in the intensity of (010) peak, which represents the n-n stacking in face-on direction.

Table 2. Comparison, Based on 2D-GIXD, of Polymer Packing Parameters of The Neat Polymer and Blend

Films.

film
3AT
3T
3AT/ITIC (1:1)a
3AT/ITIC (1:1) b
3AT/ITIC (1:1.5) ¢
3AT/ITIC (1:1.5)®
3T/ITIC (1:1) @
3T/ITIC (1:1)
3T/ITIC (1:1.5)a
3T/ITIC (1:1.5) b

doo10) [A]
3.89
3.70
3.87
3.86
3.93
3.89
3.68
3.70
3.65
3.75

qo[A]
1.613
1.696
1.622
1.629
1.597
1.616
1.705
1.700
1.721
1.676

Aq
0.2026
0.1519
0.2237
0.3190
0.9651
0.4229
0.1678
0.1202
0.1801
0.2071

3As-cast thin films. PThin films with thermal annealing at 140 °C for 10 min.

g(o10) [%]
14.14
11.94
14.88
17.66
31.02
20.41
12.52
10.61
12.91
14.03



We conducted 2D-GIXD analysis to elucidate the microstructure and crystallinity of the neat polymers
and their blend films with ITIC and the obtained diffraction images and line-cut profiles are shown in Figure 2
and Figure S3, respectively. All the extracted crystalline parameters are summarized in Table 2. As indicated in
Figure S3, BDT-Th-3T without the alkyl chains on the terthiophene has smaller lamellar and co-facial m-n
stacking distances of 23.48 and 3.70 A as revealed by the (001) and (010) peak, respectively, compared with
those of BDT-Th-3AT (25.08 and 3.89 A, respectively) with a linear alkyl chain. For the polymer blend films
without thermal annealing, 2D-GIXD showed similar diffraction patterns to those for the neat polymer films,
implying that the addition of ITIC did not change the crystalline packing properties of the polymers. On the
other hand, after thermal annealing treatment at 140 °C, 1:1 and 1:1.5 (wt:wt) BDT-Th-3T:ITIC blend films ex-
hibited a significantly improved face-on orientation with a significant increase of the (010) peak intensity
along the out-of-plane direction. Such change of the polymer crystalline orientation to the preferential face-on
orientation is important because it can facilitate vertical charge transport in the OPD device. Interestingly, such
a dramatic change of crystalline orientation was not observed from the BDT-Th-3AT blend film. To quantitative
estimation of the crystallinity of the polymer films, we calculated the paracrystalline disorder (g) of the (010)

peak in the out-of-plane direction.3” The paracrystalline disorder in the out-of-plane direction is given by

Aq
2mqq

810) = (3)

where 4q is the width of the diffraction peak and qo is the center point of the peak. The calculated paracrystal-
line disorder parameters of the annealed BDT-Th-3T:ITIC are 10.61 and 14.03 for the 1:1 and 1:1.5 blend rati-
os, respectively. Notably, much higher crystalline disorder parameters of 17.66 and 20.41 were observed from
the annealed BDT-Th-3AT:ITIC for the 1:1 and 1:1.5 blend ratios, respectively. The strong face-on orientation
with a low paracrystalline disorder observed from the BDT-Th-3T polymer can be due to more planar back-
bone geometry of the polymer as demonstrated by the UV-Vis-NIR and Raman spectroscopy studies. The well-
delocalized m-electrons of BDT-Th-3T would initiate efficient face-to-face interactions with co-facial m-
electrons of PEIE in the OPD device, which leading to long-range-ordered face-on orientations of the poly-
mers.3839 It is expected that the intermolecular interactions of the planar BDT-Th-3T polymer with the planar
ITIC induce a preferential face-on orientation of ITIC in the blend film and this may form an optimal environ-
ment of nanoscale percolating pathways for effective hole and electron transports. Actually, GIXD in Figure 2
gives some important clues on this synergetic contribution. GIXD data of neat ITIC as-cast film summarized in
Figure S3 showed double diffraction peaks at 0.32 A1 and 0.42 A-lin the in-plane direction which can be as-

cribed to polymorph structure originated from a long alkyl chain of ITIC.0 Among those, a peak at 0.42 A1 be-
-7-



came more dominant (100) peak of ITIC when blended with polymer as can be seen in Figure 2. Interestingly,
when annealed, these (100) peaks of ITIC along with in-plane direction became much sharper especially in the
case of BDT-Th-3T blend films compared to those of BDT-Th-3AT, which implies that a preferential face-on

orientation of polymer can induce simultaneous face-on orientation of ITIC.
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Figure 3. (a) Energy level diagram of the constituting layers of the suggested organic photodiodes (OPDs). The
dipole introduced by depositing a thin layer of PEIE reduces the work function of 1TO, thus facilitating charge
transfer and improving the photocurrent. The highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) levels of the BDT-Th-3T and BDT-Th-3AT thin films were calculated by using
ultraphotoelectron spectroscopy (UPS) data and optical band gap from thin film absorption spectra. (b) UPS
spectra of BDT-Th-3T and BDT-Th-3AT thin films. The HOMO levels are determined by Ecuor Which is de-
fined as the high-binding energy cutoff and Egnset Which is the HOMO level.

We studied OPD properties of the polymers with a diode architecture of ITO/PEIE/BDT-Th-3T or BDT-
Th-3AT:ITIC/MoO3/Ag. The energy level of each layer in the device was noted from either the measurements in
this study (for polymer semiconductors) or the reported results. The energy level of each polymer was ana-
lyzed using ultraviolet photoelectron spectroscopy (UPS) combined with UV-Vis-NIR absorption spectroscopy.
From the UPS spectra in Figure 3(b), the HOMO level of each polymer can be estimated from the secondary cut-
off energy. The estimated HOMO levels of BDT-Th-3T and BDT-Th-3AT were 5.47 and 5.49 eV, respectively. In
addition, the work function values of both polymers were estimated from the HOMO regions in Figure 3 by
measuring the energy distance between the Fermi and HOMO levels. From the onset energy of the HOMO re-
gion, the energy distance values between HOMO and work function of both polymers were estimated to be
~0.5 eV, which is typical for p-type conjugated polymer semiconductors. Therefore, as summarized in Figure

3(a), both polymers can form well-defined donor-acceptor junction. PEIE and MoO3s were optimized as electron

transporting (hole blocking) and hole transporting (electron blocking) layers, respectively.

The resulting OPD performances after thermal annealing at 140 °C are summarized in Figure 4. The J-V

characteristics of non-annealed devices are also summarized in Figure S4 and non-annealed devices showed



slightly lower performances compared with the corresponding devices after annealing due to decreased pho-

tocurrent. This result is in good agreement with the 2D-GIXD analyses.
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Figure 4. Performances of the optimized OPDs based on BDT-Th-3T:ITIC blend films with thermal treatment
at 140 °C. (a) J-V characteristics under the dark and illuminated (620-nm, 1.03x10* W c¢m™2) conditions, (b)
specific detectivity (D*), and (c) EQE spectra measured under —0.5 V. (d-f) The corresponding performances of
the optimized OPDs based BDT-Th-3AT:ITIC blend films. Both cases exhibited a better performance at the
blend ratio of 1:1 compared to that of 1:1.5.

The upper and lower panels correspond to BDT-Th-3T and BDT-Th-3AT, respectively. As shown in Figure 4(a)
and 4(d), both OPDs exhibited similarly low dark currents of approximately 102 A cm~2 at 0.5 V of reverse bias
to each other. However, the BDT-Th-3T:ITIC OPD showed much higher photocurrent particularly for the case
of the 1:1 blend ratio. This would be because of the decreased paracrystalline disorder and improved preferen-
tial face-on orientation of BDT-Th-3T as confirmed from the 2D-GIXD studies compared to that of BDT-Th-3AT
with bulky side alkyl chains. Based on the measured noise current spectrum of each device as shown in Figure

S5, specific detectivity spectra were obtained under 0.5 V of a reverse bias using the following equation

heinpise

where q is the elementary charge, A is the wavelength of the incident light, A is the photoactive area (0.09 cm?),

EQE is the external quantum efficiency, h is Planck’s constant, c is the speed of light, and inise is the noise cur-
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rent.! As summarized in Figure 4(b), the OPD with BDT-Th-3T:ITIC (1:1) exhibited extraordinary performance
with a peak D* of 1.4x1013 Jones at 740 nm. Such remarkable performance of BDT-Th-3T can be due to its low
paracrystalline disorder along with its preferential face-on orientation, which resulting in the percolation
pathways for effective charge transport in the ITIC blend film. As shown in Figure 4(c), the EQE of BDT-Th-3T
OPD reached a remarkably high value of 62 % at 625 nm, which is much higher than that of BDT-Th-3AT. We
measured LDR of the BDT-Th-3T OPD to analyze the effect of the molecular orientation and crystallinity driven
by the molecular conformation of the polymer on the dynamic response of OPDs of various light intensities
(Figure 5(a)). As estimated from Equation 2, efficient charge separation and collection at each electrode can
make a higher upper saturation current of the OPD, thus resulting in a wide LDR. Although thinner thickness of
the active layer can be another possible parameter which can enhance LDR according to equation (2), however,
as summarized in Figure S6, dark current started to increase exponentially as the active layer thickness be-
came below 300 nm, which should increase lower limit of LDR. As a result, we set 300 nm thickness of the ac-
tive layer as the optimal condition, which rendered a remarkably high saturation photocurrent of 5 mA at 0.1
W cm~2. Such high value has not been reported from previous OPD studies.!?1® The lower limit of the LDR can

be related to the noise-equivalent power (NEP) of the OPD.
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Figure 5. Linear dynamic range (LDR) plots of the optimized OPD measured under —0.5 V fabricated from (a)
BDT-Th-3T:ITIC (1:1) and (b) BDT-Th-3AT (1:1) illuminated by monochromatic light source and laser (650-
nm wavelength). Deviation from linearity was observed at 55 mW cm2 and 2.7 mW c¢cm2, which are the upper
limits of the LDRs. The lower limit of the LDR is NEP, which is a theoretical value calculated from the noise
current. As a result, the optimized OPD based on BDT-Th-3T showed the highest LDR value of 232 dB among
other OPDs.

As a result, the optimized device of the BDT-Th-3T:ITIC blend exhibits an unprecedentedly wide LDR value of

232 dB, which is one of the highest values among the recently reported OPDs.11-18 On the other hand, an ordi-
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nary LDR of 181 dB was measured from the BDT-Th-3AT:ITIC blend OPD (Figure 5(b)), implying the im-
portance of the crystalline orientation and perfectness of LDRs. To study the charge carrier transport proper-
ties of both blend films along the vertical direction, we conducted space-charge limited current (SCLC) meas-
urements for both hole- and electron-only devices. As shown in Figure S7, electron mobilities of 2.39x10-> and

1.57x10-8 cm? V-1 s~ were calculated from BDT-Th-3T and BDT-Th-3AT, respectively, both of which were low-

er than their hole mobilities of 5.75x10-% and 1.31x10-* cm? V-1 571, respectively.!
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Figure 6. (a) The Bode plot of the optimized OPD (BDT-Th-3T:ITIC (1:1)) to determine —3 dB frequency point

under the illumination of red laser (650-nm wavelength, 9.74 mW cm™2). (b) Transient measurement results to

show the operating stability of the optimized OPD (BDT-Th-3T:ITIC (1:1)) in terms of both photocurrent and

dark current under modulated light signal (650-nm illumination pulsed at 1 Hz, 9.74 mW cm™2). Both measure-
ments were performed at —0.5 V.

Because a slower charge carrier is in charge of the saturation of the photocurrent at a high light intensity, it is
expected that the higher electron mobility of the BDT-Th-3T:ITIC blend film enabled such a wide LDR and high
specific detectivity. The planar backbone of BDT-Th-3T would induce co-facial interaction of the polymer chain
with PEIE, which resulting in a long-range-ordered face-on orientation of the polymer and ITIC. Consequently,
this induced effective percolating pathways for both holes and electrons in the bled film, which leading to high

OPD performances with a high saturation photocurrent which is essential for a wide LDR.

In the OPD, the rate of response to an external light signal is also very important. In Figure 6(a), the tem-
poral response of the optimized device based on BDT-Th-3T was investigated with increasing the frequency of
the external pulsed illumination. The -3 dB cut-off frequency was observed to be 12 kHz, which is a sufficiently

rapid value for most video applications.*? Theoretically, 3 dB frequency (f348) can be calculated by the equation

fads = f2 + fal (5)

where frand frc are the transit time-limited and RC-limited 3 dB frequencies, respectively.! Because slower car-

rier of the optimized OPD was electron with charge carrier mobility of 2.39x10-5 cm? V-1 s-1, we can calculate
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the transit time as 75.3 ps. From the dark J-V curve and geometric capacitance, the series resistance and capaci-
tance were calculated as 984 () cm?and 1.2 nF cm-?, respectively, resulting in 1.26 us of RC time. Because these
transit time and RC time correspond to 7.39 kHz and 131 kHz, respectively, we can guess temporal response of
the optimized OPD is transit time-limited. The operating lifetime of the optimized BDT-Th-3T OPD was tested
by continuously exposing the device to an external light pulse: a frequency of 1 Hz, light intensity of 9.74 mW
cm~2, and wavelength of 650 nm. As shown in Figure 6(b), the OPD exhibited relatively high operating stability
for an operation time of 24 h; there was only 10 % reduction in the photocurrent and the dark current was well

maintained from the initial performance.
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II1. Conclusion

A low charge carrier mobility of organic semiconductors has been known to be one of the critical factors
which limit LDR of OPDs. In this study, we demonstrated that the narrow LDR of OPDs can be overcome by
developing a conjugated polymer that has highly ordered structures with a face-on orientation in a do-
nor:acceptor blend film. As indicated by Raman spectroscopy and 2D-GIXD studies, BDT-Th-3T achieved a
remarkably well-arranged face-on orientation with a low paracrystalline disorder even when blended with ITIC
due to its highly coplanar backbone geometry. This results in efficient n-electron delocalization on the polymer
backbone and thus, a high charge carrier mobility in the vertical direction of the OPD. Consequently, the result-
ing OPD with an optimized device architecture rendered a high specific detectivity of over 10 Jones, with a

wide detection range from 300 to 800 nm and an unprecedentedly wide LDR of 232 dB.
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IV. Experimental Section

4.1 Materials

Molybdenum oxide (MoOs3), polyethylenimine ethoxylated (PEIE), 2-methoxyethoanol, chloroform Mucasol,

acetone, and isopropanol were purchased from Sigma-Aldrich. 2,2'-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-

dihydrodithieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-b ]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-indene-

2,1(3H)-diylidene)]]bis[propanedinitrile]  (ITIC) was purchased from 1-Material and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS; Clevious P VP.Al 4083) aqueous solution was

supplied by Heraeus Holding GmbH. All chemicals were used as received without further purification processes.

4.2 Photodiode Fabrication

For the fabrication of OPDs, ITO-patterned glass substrates were cleaned with a series of sequential sonication
in Mucasol aqueous solution, distilled water, acetone, and isopropanol. After cleansing processes, the substrates
were treated with oxygen plasma to assess hydrophilic properties to the prepared 1TO substrate surfaces. The
PEIE solution diluted in 2-methoxyethanol with a concentration of 0.35-0.4 wt% was deposited onto the oxy-
gen-plasma-treated ITO substrates in ambient atmospheric conditions by spin-coating at 5000 rpm, followed by
the thermal treatment at 100 °C for 10 min, resulting in the film thickness of 5 nm. The BDT-Th-3T and BDT-
Th-3AT blend with ITIC ratio of 1:1 and 1:1.5 were dissolved in anhydrous chloroform for the panchromatic
absorption OPD, respectively. The blend solutions were spin-coated at 1000 rpm for 30 s on top of the PEIE
layers. MoO3/Ag electrodes were deposited onto the ITIC layers by performing sequential thermal evaporation

with evaporating rate below 0.5 A s,

4.3 Thin Film Characterization

UV-Vis-NIR absorption spectra were measured using an Agilent Technologies Cary 5000 spectrophotometer.
He | excitation source (21.2 eV) was used for UPS measurements. In the UPS experiments, a -5 V bias was
applied to the sample to further enhance the collection of the lowest kinetic energy of electrons. 2D-GIXD
measurements were performed using the PLS-1l1 3C and 4D beamline at the Pohang Accelerator Laboratory

(PAL) in Korea. All films were manufactured in the same manner that the devices were fabricated.
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4.4 Device Characterization

Dark and illuminated J—V characteristics, specific detectivity spectra and EQE spectra were obtained from the
combination of an Oriel Cornerstone 130 1/8 m monochromator and Keithley 2450 Sourcemeter, in control of
home-made LabView programs. The linear dynamic range was measured by using two different light sources
with various optical filters: a monochromator and a laser (650-nm wavelength) whose intensities were less than
103 uW cm™ and up to 55 mW cm2, respectively. For measuring noise current spectra, a Stanford Research
SR830 DSP lock-in amplifier was used in connection with the Keithley 2450 Sourcemeter and a Newport 75160
MHz—kHz Chopper Controller. A TDS5052 digital phosphor oscilloscope (Tektronix) with same laser source
was used for measuring —3 dB frequency. All photodiode measurements were performed in a nitrogen-filled

glovebox. The thickness of the films was measured by a profilometer (Dektak XT, Bruker).
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V. Supporting information
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Figure S1. CV curve of the BDT-Th-3T and BDT-Th-3AT.
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Figure S2. Comparison of Raman spectra for each polymer neat thin films.
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Table S1. UPS values for BDT-Th-3T and BDT-Th-3AT.

polymer cut-off onset homo level
BDT-Th-3T 16.08 0.35 5.47
BDT-Th-3AT 16.11 0.40 5.49
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