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Chiral Opto-Electronic Functionalities via DNA-Organic Semiconductor Complex

Moon Jong Han!, Hee Seong Yun®, Yongjoon Cho®, Minkyu Kim', Changduk Yang®, Viadimir

Tsukruk!”, and Dong Ki Yoon®*>*

We fabricate the bio-organic field-effect transistor (BOFET) with the DNA-perylene
diimide (PDI) complex, showing unusual chiroptical and electrical functionalities. DNA
is used as the chirality-inducing scaffold and charge-injection layer. The shear-oriented
film of the DNA-PDI complex shows how large-area periodic molecular orientation and
charge transport are related, generating drastically different optoelectronic properties at
each DNA/PDI concentration. Resultant BOFET reveals chiral structures with high
electron mobility, photoresponsivity, and photosensitivity, reaching 3.97 cm? V- 571, 1.18
A W, and 7.76 x 103, respectively. Interestingly, the BOFET enables the definitive
response to the handedness of circularly polarized light. We suggest our work can be a
cornerstone for the natural chirality and anisotropy of DNA material and the electron
conductivity of organic semiconducting molecules to be mutually used in the unique

chiro-optoelectronic functions as added ability to traditional OFET.
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For the next generation of the internet of thing (IoT) based on large-scale production and
ultimate commercialization, it is required to demonstrate “green” solvent-soluble organic
semiconductors for electronics like organic field-effect transistors (OFETs) and organic
phototransistors (OPTs) with high-performance and multi-functionalities. It is also valuable for
facilitating different prospective applications in optoelectronics, biomedical sensing, and
wearable electronics!™. To date, significant progress of organic semiconductors (OSCs) based
on the halogenated and aromatic hydrocarbon solvents has been achieved by molecule design*°,
crystal engineering®’ and film fabrication techniques®'?. However, there are still challenging
research topics in the self-assembly process, and localized aggregation of sustainable OSCs
such as conjugated polymers and supramolecules during evaporation of green solvents, which
is essential to control the molecular orientation and the resultant optoelectrical properties. The
molecular ordering and orientation control the charge carrier mobility of OSC films and
interfaces among OSC, source/drain, and the dielectric layer'*"'>. The solution-processed
organic thin films are mainly sensitive to the fabrication conditions such as solvent-evaporation
rate'® and liquid surface tension!”!8. Nevertheless, it remains challenging to control the

evaporation of solvents and phase aggregation, which can deteriorate device performance'®*.

Generally, it is well known that the inter-and intramolecular organization of OSCs
directly governs the charge carrier transport to minimize the domain boundaries and defect
generation while ensuring in-plane n-n stacking to avoid the undesired charge scattering or
trapping®!'. Thus, various solution-processable methods have been suggested to induce the
ordered and oriented structures® by facilitating meniscus-guided shearing®, off-center spin-
coating®, mechanical rubbing methods!!, and the use of confined fluid flow on pre-engraved
substrates?*?>. Especially liquid crystalline (LC) materials are considered for fabrication of

long-range orientation and zigzag-like chiral morphologies with added functionalities under
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controlled shearing conditions=~", which can be critical in the scaffold to fabricate the large-

area well-ordered and orient OSCs.

The host-guest co-assembly of different kinds of components can generate various
intriguing molecular organizations to enhance optoelectronic functionalities®'. Significantly,
the chiral host molecule or structure can guide and modulate the ordering and orientation of
guest materials in a chiral-induced manner, which are not easily obtained using traditional

3234 So, various chiral biological materials such as DNA3° MI3

synthetic materials
bacteriophage®®, cellulose®’, chitin® have been studied to control the guest molecule chiral
organization. The zigzag-like structures were formed from alternately oriented DNA chains
with wall-defects in the lyotropic LC phase during drying DNA droplets**#. It results from the
competition between the radial dilative stress near the contact line of the droplet and DNA
elasticity, revealing periodic undulations as deformed zigzag patterns.’**® However, this
technique could only control the local DNA structures at the edge of the droplet with irregular

periodicity on large scale. Therefore it was hard to get the highly ordered domains extending

across macroscopic thin films critical for device performance.

Here, we report the sheared-oriented perylene diimide (PDI)-DNA complex thin film
obtained by the shearing method, showing how molecular orientation and charge transport are
collectively controlled near the contact line (Fig. la). The well-ordered and oriented
supramolecular structures are formed with high electron mobility and photosensitivity by
facilitating the versatility of DNA as a chiral template and charge-injection layer. The resultant
organized thin film of the DNA-PDI complex can be used to fabricate bio-organic field-effect
transistor (BOFET), showing the electric response to the handedness of circularly polarized
light as a new added functionality. The functional convergence between the natural chirality of

DNA and the electron conductivity of OSC facilitates the novel chiro-electro-optical response,
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which can be widely used in nature abundant chiral biological materials.

Experimental Approaches

Commercially available DNA materials from salmon sperm and the synthesized N,N'-
di(propanoic acid)-perylene-3,4,9,10-tetracarboxylic diimide (PA-PTCDI) (denoted by PDI)
are prepared as the host and guest materials (Fig. 1, see Methods)*!. The appropriate miscibility
of DNA and PDI in the water is important to achieve a homogeneous solution and guarantee
the shearing-aligned films onto the substrate. The phosphate groups on the DNA chains and
carboxylic groups within the PDI molecules make DNA-PDI complex dissolve in water,
showing the random dispersion or the isotropic phase (Figure 1b)***°. For the systematic
studies of the resultant molecular orientation, DNA (0.5, 1, and 2 mg) is added to the aqueous
PDI solution (10 mg/ mL; 100% in weight ratio) to make PDI (95.2 %) + DNA (4.8 %), PDI
(90.9 %) + DNA (9.1 %), and PDI (83.3 %) + DNA (16.7 %) solutions. The mixed solutions
are magnetically stirred at 20 °C for 12 hrs. After filtering through a syringe filter, the solution
is placed between two glass substrates, where the top substrate is treated with tridecafluoro-
1,1,2,2,-tetrahydrooctyltrichlorosilane (FOTS) self-assembled monolayer (Fig. 1b). DNA-PDI
thin films are fabricated by the solution shearing process, as reported before (Fig. 1a)'®. The
pulling speed of the top substrate is fixed at 30 um/s to control the molecular orientation during
solvent evaporation, generating zigzag-like structures depending on DNA concentration

(Figure 1c).

Periodic Molecular Orientation by Shearing Coating
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The different molecular orientations by solution shearing depending on DNA concentration are
directly observed by polarized optical microscopy (POM) and atomic force microscopy (AFM)
(Fig. 2). The meniscus-guided self-assembly of the DNA-PDI complex at the air-liquid-solid
triplet contact line generates variously oriented microfibrils?®*?. For pristine PDI film (Fig. 2a),
the resultant local domains with random orientation to the shearing direction (red arrows in Fig.
2) are visualized by POM and AFM measurements due to the less ordered PDIs. Note that the

t*! which is confirmed

PDImolecules are not well ordered without DNA template or nonsolven
by the weak linear dichroism of the PDI film under a single linear polarizer. The sheared neat
PDI film reveals no change in transmittance upon sample rotation; POM results presented an

almost dark image regardless of the rotation angle, confirming this, although some oriented

tendency can be observed in the AFM micrograph.

On the contrary, the sheared films of the DNA-PDI mixed solutions exhibit clear linear
dichroism (Figure 2b—d). The transition dipole moment along the long axis of the conjugated
small molecule is perpendicular to the shearing direction. These results strongly suggest that
the DNA template enhances the ordering of PDI aggregates into the oriented microfibrils that
have good interconnectivity between domains (Figure 2b—d). To confirm the orientation of the
DNA-PDI aggregates, the first-order retardation plate (A = 530 nm) is inserted between the
sample and the analyzer. Color changes are observed due to the retardation of the light after
passing each sample and the retardation plate. When the optic axis of the positive birefringent
materials is parallel to the two crossed polarizers, a magenta color appears. Cyan or yellow
color appears when the optic axis is parallel or perpendicular to the slow axis of the retardation
plate, respectively. DNA and PDI molecules stack perpendicular to the long axis of the
columnar aggregates, indicating negative birefringence, which results in the opposite trend

of color changes with the retardation plate, e.g., yellow to cyan and cyan to yellow at each
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condition®®. From the POM measurement, we hypothesize that the DNA molecules aligned
parallel to the shearing direction by confirming the yellowish or blueish color appearance by

rotating samples with crossed polarizers and the retardation plate?*-°.

More evidence for DNA-templated PDI aggregates emerged in the solution-sheared
films is demonstrated by the angular distribution map derived from the corresponding AFM

height images using GTFiber.*

By comparing the average director from the angular
distribution for each film condition at a constant shearing speed, it is determined that the DNA-
PDI aggregates are oriented perpendicular to the shearing direction as the DNA concentration
increases, in which the overall molecular orientation order parameter is 0.43, 0.07, 0.55, and
0.80 (see Methods) for PDI (100 %), PDI + DNA (95.2: 4.8 %), PDI + DNA (90.9: 9.1 %), and
PDI + DNA (83.3: 16.7 %), respectively. 0.43 for PDI (100 %) looks weird to show an even
higher value compared to PDI + DNA (95.2: 4.8 %)’s 0.007. Still, AFM topographic image

itself shows irregular textures, and the order parameter (S) based on the UV-vis spectroscopy

reveals the optically-related orientation at large-scale (Fig. S1).*
§=(A—AD/(A +24))

A, and A; correspond to the light absorption parallel or perpendicular to the long axis of the
conjugated PDI molecule, respectively. S of each concentration condition is 0.0033, 0.085, 0.28,
and 0.46 for PDI (100 %), PDI + DNA (95.2: 4.8 %), PDI + DNA (90.9: 9.1 %), and PDI +

DNA (83.3: 16.7 %), respectively.

Specifically, the zigzag-like structures result from DNA molecules exhibit two or one
axes to the horizontal axis with deviation angle depending on the degree of dilative stress (Fig.
2b-d). The two axes exist in angle between 48.5° and 131° for PDI (95.2 %) + DNA (4.8 %),

30° and 150° PDI (90.9 %) + DNA (9.1 %). Their deviation angles are varied from 18° to 21°

7
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and from 15° to 16°, respectively. For PDI (83.3 %) + DNA (16.7 %), the deviation angles are

~ 30° to the horizontal axis, exhibiting deformed zigzag-like conformation.

In order to understand the origin of periodic patterns generated in Fig. 2, changes in
the orientation of DNA-PDI complexes are investigated by POM using a retardation plate
following the evaporation process with magnified images (Fig. S2 and S3). It was reported that
the DNA droplet sample showed randomly oriented small yellow and blue domains, regardless
of the evaporation of water without the shearing process*’. On the other hand, a mechanically
sheared DNA-PDI film reveals the generation of wavy structures as the water evaporates.
During the evaporation of water, the contact angle (o) of a contact line decreases gradually to
induce depinning and receding the CL when o reaches at 2°~4°37. The retraction of the CL and
an increase of local density of the DNA-PDI complex in the more condensed state induces
dilative stress near the CL, which can be relaxed to form the undulated DNA-PDI®. The
deformation of the DNA-PDI complex is described by considering elastic free energy of DNA

chains?’6,

Kl =N\ 2 KZ — =\ 2 K3 — =\ 2 E app
= — ' —_— . X —_— X X _——
f > (V-n)* + > (n-(Vxn))*+ > mMx (Vxn))*+ > apg

The first three terms are the Frank elastic terms, in which K, K>, and K3 are elastic constants
for splay, twist, and bend deformations, respectively. The last term is a free energy cost for the
locally dilated DNA chains, where dp,, is a variation of the local DNA density, pg is the

average DNA density, and £ is elastic compressibility induced by dilative stress.

It is well-known that the DNA chain is regarded as a semi-flexible chain in terms of
elastic behavior, where the splay deformation hardly occurs because there are fewer free-ends

available to fill the splay-induced gaps, resulting in K1 >> K>, K3*’. The twist term, K>, is also
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suppressed with increasing the DNA contour length®’. Therefore, the gained energy from the
last term by receding CL should be relaxed by bend deformation, resulting in periodic twisted

hierarchical structures at PDI (90.9 %) + DNA (9.1 %) condition.

As the concentration of DNA increases at a fixed concentration of PDI, a more
condensed DNA-PDI complex is compressed and accumulated near the contact line, which
is in line with the common phenomena of the high thickness of deposited films*®. Therefore,
the degree of compression/accumulation increases for PDI (83.3 %) + DNA (16.7 %) condition,
but the hydrodynamic effect decreases compared to the PDI (90.9 %) + DNA (9.1 %),
exhibiting the distinct perpendicular orientation of average aggregates axis to the shearing
direction as shown in Fig. 2. As increasing the pulling velocity (v = 150 um/s) in the solution
shearing process (Fig. S4), the hydrodynamic effect is relatively dominant during solvent
evaporation as internal flow increases The average axis of aggregates is parallel to the shearing

direction?".

Chiro-Optical Behavior of DNA-PDI Complex Supramolecular Structures

The optical properties of PDI and DNA-PDI complex in deionized (DI) water (1.0 x 10 M)
are measured by UV-vis spectroscopy to show a characteristic dimeric peak at 500 nm and a
shoulder close to 544 nm (Fig. 3a). The relative intensity between the vibronic 0 — 1 band in
them — m electronic transition (A¢-o/Ao.1 < 0.6) is the reversal of that of monomeric PDI (for
which Ag.o/Ao-1 > 1). Generally, PDIs self-organize into one-dimensional (1D) aggregates upon
adjustment of solution pH. The introduction of DNA (2 mg/ mL) to PDI is negligible on pH as

shown in the optical properties.

The solution-sheared films are prepared on the quartz to investigate the absorption

9
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spectra in PDI and DNA-PDI complex in the film (Fig. 3b). Compared to the absorption spectra
of solutions, there is a blue shift in the film's state and a Frank-Condon ratio Ao-1/Ao.o greater
than one is indicative of the strong and effective H-aggregation via cofacial n— m stacking
between the PDI cores. Additionally, the films exhibit two new bands at 515 nm and 580 nm
by increasing DNA concentration, implying anion- © interactions between the phosphates

group in DNA molecules and electron-deficient PDI core®.

Circular dichroism (CD) spectra are measured to investigate solution-shearing effects
on the chirality of DNA-PDI aggregates in both their monomeric and aggregated states. No CD
signals are observed above 300 nm using a solution of DNA, PDI, and DNA-PDI complex in
DI water at a 10# M (Fig. 3c). It indicates that chirality is not transferred from the molecular
chirality of DNA to the PDI core in the solution state. The solution-sheared DNA-PDI
aggregates exhibit strong CD peaks between 300 and 700 nm, displaying the cooperative
aggregation phenomenon-induced CD effect>®!. This indicates successful chiral inducement
and amplification from the molecular chirality of DNA to the nonchiral PDI molecules forming
DNA-PDI complex aggregates. The CD spectrum of DNA-PDI aggregates contains one main
negative peak at 450 nm, exhibiting a bisignated Cotton effect with a positive peak at 575 nm

and 590 nm as DNA concentration increases (Fig. 3d).

In the monomeric state, chirality originates from intramolecular interactions. After
self-assembling process, both intra- and intermolecular interactions contribute to the
supramolecular chirality of aggregates, which amplifies the intensity of the CD peaks”?. By
comparing the relative chirality of pristine PDI and DNA-PDI aggregates, we can conclude

that solution shearing greatly induces on the supramolecular chirality?’.

10
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Chiro-Electrical Properties of DNA-PDI Complex-based BOFETSs

To investigate the charge transport characteristics of solution sheared DNA-PDI film, bottom-
gate top-contact (BGTC) BOFETs are fabricated on SiO»-coated n-doped Si substrates, whose
channel width and length are 500 um and 50 um, respectively. (Fig. 4, see Methods) The gold

source/drain electrodes are thermally deposited perpendicular ( L) and parallel (Il) to the

shearing direction (Fig. 4a).

The representative transfer curves (Fig. 4b,c) are characterized for films based on the
various solutions condition, including PDI (100 %), PDI + DNA (95.2 : 4.8 %), PDI + DNA
(90.9 : 9.1 %), and PDI + DNA (83.3 : 16.7 %). The charge carrier mobility, lon/Iorr, and
threshold voltage (V) are calculated in the saturation region of the transfer curves (Table 1).
Neat PDI film in Figure 3a exhibits low charge carrier mobility of ~ 3.0 x 10 ¢cm? V' s ! and
the negligible difference in drain current for devices fabricated by shearing in the perpendicular
and parallel directions because of the less oriented PDI aggregates as discussed above (Fig. S1).
For the highly ordered and aligned DNA-PDI complex films, such as those obtained from the
PDI + DNA (83.3: 16.7 %) solution, the charge carrier mobility is relatively high and exhibits
distinctly different average values of 3.97 cm> V! s ™' and 0.16 cm? V! s™! with perpendicular
and parallel shearing directions, respectively. The highly oriented aggregates for the PDI +
DNA (90.9: 9.1 %) condition exhibits higher electrical anisotropy than the PDI + DNA (90.9:
9.1 %) case, which coincides with anisotropic optical properties extracted from the dichroism
and order parameters from POM and AFM images (Fig. 2 and Fig. S1). These systematic
results can support that the intermolecular charge transport of highly aligned nanofibrillar
structures oriented parallel with source/drain channel direction is more effective than when
their orientation is perpendicular to the channel direction. Note that intermolecular charge

transport via n—= stacking between the conjugated small molecule is faster than intramolecular
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charge transport along the long axis direction of the conjugated small molecule’*~*. The
representative output curves are measured for the films of the pristine PDI (100 %) and PDI +

DNA (83.3: 16.7 %) condition as well (Fig. 4d,e).

To further investigate the performance of sheared DNA-PDI complex films, contact
resistance (RcW) associated with the DNA-PDI aggregates/Au interface is analyzed by the
transmission line method (TLM) (Fig. S5). The total channel resistance (RoyW) is extracted
from the linear regime of the output curves at Vgs=+ 80 V. The RcWW results from the intercept
of the line fits for each channel length (50, 100, 150, 200 um) are reduced from 4.195 MQ cm
for neat PDI (100 %) film to 0.125 MQ cm for PDI + DNA (83.3: 16.7 %) film. The improved
charge carrier mobility derived from the decreased contact resistance measured in PDI + DNA
(83.3: 16.7 %) film suggests that DNA chains may serve as a charge injection layer at the
electrode/organic semiconductor interface, though the mechanism requires further
elucidation®-®. Conceivably, the interfacial dipoles induced by the phosphate groups present
on the DNA material facilitate charge injection at the electrode/organic semiconductor

interface, reducing the charge injection barrier.

The CD signal is detected at the 465 nm wavelength range in PDI + DNA (83.3:
16.7 %), which is comparable with the pristine PDI (100 %) condition. It corresponds to the
improvement of electrical properties under LEDs with electroluminescence emission peaks at
465 nm (1 mW cm intensity) for the PDI + DNA (83.3: 16.7 %) film, compared to the PDI
(100 %) film due to the effect of aggregates formation. Fig. Sa shows the transfer characteristics
of the sheared films under illumination with the gate voltage sweeping from — 20 V to 80 V
and a fixed drain voltage of 80 V, respectively. For the DNA-PDI film, the apparent increase
of Ips and negative shift of Vy, relative to the measured under dark conditions, is related to

photogenerated carriers compared to the pristine PDI film case.

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The DNA-PDI films exhibit larger domains than the pristine PDI film (Fig.2), leading
to the faster charge carrier transport and exciton dissociation/separation upon the light exposure.
The significant enhancement in photocurrent and the Vi shifts can be attributed to the
generation of photoexcited charge carriers and elimination of trap sites, leading to easier

exciton dissociation, exciton separation, and charge transport®’>°.

Photoresponsivity (R) and photosensitivity (P) are critical factors used to evaluate the
performance of OPTs can be determined from their transfer characteristics (see Methods).REF
Phototransistors can utilize the gate effect to modulate R and P for practical applications. The
R and P values are calculated for the pristine PDI and DNA-PDI aggregates-based OPTs under
a light intensity of 1 mW cm™? (Fig. 5b). DNA-PDI complex films show good optical
performance with maximum P and R values of 7.66 x 10° and 1.18 A W', In contrast, the
pristine DNA-PDI films exhibit maximum P and R values of only 1.13 x 10'and 2.39 x 10* A
W-1, respectively. It might be explained by a relatively large interfacial area, and more intensive
interfacial charge trapping of DNA-PDI aggregates condition than that of the pristine PDI film.
The poor phototransistor performance of PDI films results from inefficient charge transport
because of the lack of n-w stacking. The maximum P of PDI/ DNA aggregates-based OPTs is
obtained at Vg = 0 V because the output current of an illuminated OPT (/jign/) consists of the
field-effect-induced current (Ieiq) and photocurrent whereas the output current in the dark (Zua«)
consists of Ifield only. When the transistor is turned off, Ieiq is very low, so the ratio Zignd/laar 18

high.

When the BOFET is turned on by applying a higher positive Vg, ljea can increase
significantly, leading to an increased dark current and a decreased liighi/laarc. Additionally, we
examine the chiro-electrical response of the pristine PDI and DNA-PDI complex-based OPTs

by manipulating the circularly polarized light (CPL) as schematically illustrated in the Fig. 5c.
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Under irradiation of CPL (A = 460 nm, 1 mW cm) with different polarizations such as right-
handed CPL (RCPL) and left-handed CPL (LCPL), the distinct real-time photocurrent signals
are recorded in Vg = 80 V and Vps = 80 V (Fig. 5d). The DNA-PDI complex-based OPTs
exhibit higher photocurrent under the RCPL illumination matching very well with the results
of CD spectra, originated from the induced zigzag-like supramolecular organization. At the
same time, the pristine PDI-based OFETs do not respond to the CPL due to nonchiral structure

and the resultant no CD spectral sensitivity.

Conclusion

In this work, we successfully explore the systematic study of the ordering and orientation of
semiconducting molecules by facilitating the DNA scaffold and evaporation-induced self-
assembly process. Different periodic zigzag-like chiral structures are demonstrated by varying
DNA concentration and pulling speed in the system. Dilative stress and
compression/accumulation phenomena near the CL during solvent evaporation enable to orient
the DNA/OSC complex, showing the unique chiroptical functionality, in which DNA chains
act as a scaffold and charge injection layer. In particular, the highly ordered and oriented chiral
structures of DNA-templated OSC exhibits electron mobility as high as 3.97 cm? V! s and
maximum P, R values of 7.66 x 10° and 1.18 A W', respectively, which is 3 orders of
magnitude higher compared to the condition of pristine PDI. Moreover, BOSET possess the
unique ability to provide added selective detection of CPL to facilitate additional functionality
and control. The pioneering approach presented here will provide opportunities for the nature-
abundant chiral biomaterials in chiroptical and optoelectronic applications for enhanced thin

film bio-electronical devices.
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Materials and Solution Processing: Water-soluble N,N'-di(propanoic acid)-perylene-3,4,9,10-

tetracarboxylic diimide (PA-PTCDI) was synthesized following the literature method.*! It was
dissolved in deionized water at 10 mg/ mL with further stirring for 12 h at 60 °C. Then, each
weights (1.5, 3, 7.5 mg) of DNA (deoxylibonucleic acid sodium salt from salmon tests, Sigma-
Aldrich) was dissolved in the PA-PTCDI solutions, resulting in PA-PTCDI (10 mg/ mL) +
DNA (0.5 mg/ mL), PA-PTCDI (10 mg/ mL) + DNA (1 mg/ mL), and PA-PTCDI (10 mg/mL)
+ DNA (2 mg/ mL) solutions for about 10 h, which were filtered through a 0.2 um syringe filter

of 0.2 um pore size.

Fabrication and optoelectronic measurement of BOFET: The bottom-gate top-contact

configuration of OFETs was fabricated on a heavily n-doped silicon wafer, in which a thermally
grown 300 nm thick SiO; acted as the gate dielectric layer. The substrates were cleaned
following sequential rinsing with acetone, ethanol, and deionized water for 15 min each in an
ultrasound cleaning bath. The OSC layers were shear-coated onto the precleaned substrates
with 30 um/s pulling speed, where the top slide glass was treated with tridecafluoro-1,1,2,2,-
tetrahydrooctyltrichlorosilane (FOTS) self-assembled monolayer. All the experiments were
performed at 40 °C. The Au source and drain electrodes (50 nm) was thermally evaporated
using a shadow mask. The current-voltage characteristics of the OFETs were measured within
a N»-filled glove box, by using a Keithley 4200A-SCS semiconductor parameter analyzer. The
charge carrier mobility (i) was calculated by using the following equation from the saturated

region in the transfer curve,

Ips = (WC;/2L)u(Vgs — Vth)2

where W and L refer to the channel width (50 pm) and length (500 pm), respectively. C;i is the

areal capacitance of the SiO» gate dielectric (1.04 x 1078 F cm™2), and Vi is threshold voltage.
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Vi was extracted via a linear fitting of — Ips versus Vg, which is based on the linear transfer

data.

Optoelectronic characterization was conducted by measuring the current—voltage
characteristics of the fabricated devices in the dark environment and under illumination
intensity (1 mW cm) using light-emitting diodes (LEDs) (Thorlab). Specifically, LEDs with
electroluminescence emission peaks at 465 nm were employed. The actual illumination optical
powers were calibrated by a Thorlabs 120 UV power sensors before the measurement.
Additionally, circularly polarized illumination (1 mW cm™) was generated from an LED lamp

through a linear polarizer and quarter-wave plate (Nikon).

Transfer characteristics under illumination were recorded using the experimental sequence of

dark, matched circularly polarized light, mismatched circularly polarized light, and then dark.

In order to investigate the performance of OPTs, photoresponsivity (R) and photoswitching
ratio (P) were calculated from transfer curves coupled with light illumination. The R and P

values are typically defined by the following equation,

R = Ipn __ Nignt—ldark
=2 =
Pinc Pinc

Iiight—ldark
p=—-4 2=
ldark

where I, is the photocurrent, Pi,c the incident illumination power, Zjin, the drain current under

illumination, and /4« the drain current in the dark condition.

UV—Vis Spectroscopy and CD Spectroscopy: The UV—vis spectra of solution and film states

were measured using a Shimadzu UV-3600. The pristine PA-PTCDI and PA-PTCDI/DNA
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blend films were deposited onto the glass substrates. Additionally, the CD spectra of solution

and films were collected using an Applied Photophysics Chirascan plus.

Polarized Optical Microscopy (POM): The optical textures of the films were obtained by POM

(LV100POL, Nikon, Tokyo, Japan) with a rotatable polarizer and analyzer and first-retardation

plate.

Atomic Force Microscopy: The AFM images of PDI and DNA-PDI films were measured using

the tapping mode with an SiN tip having a cantilever length of 115 um and a resonant frequency
of ~400 kHz (Bruker, Multimode-8) an ICON Dimension microscope (Bruker) operated in a
“light” tapping mode in the air.°® The scan rate was in the range of 0.5-1.0 Hz, and the
resolution of AFM images was either 512 X 512 or 1024 x 1024 pixels. AFM probes
(MikroMasch, HQ:XSC11/AL BS) were used with a tip radius of 8 nm and spring constant of

1.5-2.2 N m !. AFM images were analyzed using Bruker Nanoscope Analysis 2.0 software.

Surface aggregates Orientation: The software (GTFiber) compiles and reproduces the DNA-

PDI aggregates in the AFM images by a backbone of single-pixel width, and each of them was
labeled with an orientation value from 0 to 180° for analytical results of the orientation maps
in the insets of AFM images. The dispersion of the two-dimensional (2D) orientation
distribution corresponded to the orientational order parameter Syp, referred to as Herman’s

Orientation Factor.®'%? Theoretically, Sop is defined as

S,p = 2{cos?6,) — 1

where 6, is the angle between an individual fiber of each pixels and the AFM image’s overall
director, 1, which is selected as the average orientation of the population. Within the analysis,
Sop represents between 0 and 1; the expected value of cos? @ for a population of random

angles 0 is 0.5, yielding an S>p of 0 invariant to the selection of the director, and a perfectly
18



1 ordered population generated an (cos? 8,) of 1, yielding an Sop of 1. The average aggregates

2 director was plotted in each orientation distribution as a centered black line segment.*
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Figures

(a) Shearing direction (SD) (b)

| ——

T IREraclion

H y.d—\:o/g@ 2{

Figure 1. Schematic illustration of evaporation-induced self-assembled DNA- PA-PTCDI
complex. (a) Thin-film fabrication by solution shearing process. Molecular configuration of
randomly oriented (b) solution and resultant zigzag-like oriented (c) thin film state by solution
shearing (inset: chemical interaction and suggested conformation between PA-PTCDI and

DNA).
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(a) (b) (c) (d)

PDI + DNA PDI + DNA PDI + DNA
(952 4.8 %) (90.9:9.1 %) (83.3:16.7 %)

PDI (10 mg/mL; 100 %)

Figure 2. POM images and AFM topographic images of the sheared DNA-PDI complex
films in each condition (a) PDI (10 mg/ mL; 100 %), (b) PDI (95.2 %) + DNA (4.8 %), (c)
PDI (90.9 %) + DNA (9.1 %), and (d) PDI (83.3 %) + DNA (16.7 %). The scale bars in the OM
and AFM images are 100 um and 1 pm, respectively. (inset: the radial axis and a diametrical
black line segment indicate the count of pixels of a given orientation the average orientation,

respectively, see Methods).
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Figure 3. Optical properties of DNA-PDI solution and their shear aligned condensed films.

(a) UV-vis spectra of PDI (10 mg/ mL; 100 %) and PDI + DNA (83.3 : 16.7 %) in solution. (b)

UV-vis spectra of PDI and PDI + DNA blends with different DNA concentrations, such as

100 %, 95.2 : 4.8 %, 90.9 : 9.1 %, and 83.3 : 16.7 %. (c) CD spectra of solution state of DNA

(2 mg/ mL), PDI (100 %), and PDI + DNA (83.3 : 16.7 %). (d) CD spectra of PDI and PDI +

DNA blends with different DNA concentrations (100 %, 95.2 : 4.8 %, 90.9 : 9.1 %, and 83.3 :

16.7 %).
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Figure 4. Opto-electrical characterization under different DNA concentrations. (a)
Schematic illustration of OTFTs based on PDI without DNA and with DNA (inset: parallel (]|
and perpendicular (1) direction to the shearing direction). Transfer characteristics of the
sheared films of DNA-PDI blends when the source (S) / drain (D) channel direction was (a)
parallel and (b) perpendicular to the shear direction. Representative output characteristics of

the sheared film based on PDI (100 %) and PDI + DNA (83.3: 16.7 %) concentration in case

23



1 of (c) parallel and (d) perpendicular case. The Vs range was from (d) 20 to 80 V with 10 V

2 steps.

24



Sample composition, PDI-DNA % Mobility (cm? V-1 s lon/lokr Vin (V)
Il (39 +12) x 103 ~ 104 15+ 35

PDI (10 mg/ mL; 100 %)
1 (3.0 £ 0.9) x 1073 ~ 104 13 £ 32
Il (2.1 £ 0.5)x 107 ~10° 6 +23

PDI + DNA (95.2 : 4.8 %)
1 4.1 +12) x 107 ~10° 825
Il (3.7 £ 1.1) x 107 ~ 10° 5127

PDI + DNA (90.9 : 9.1 %)
1 (1.2 £ 0.1) x 100 ~10° 5+26
Il (1.6 £ 0.5) x 107 ~ 104 4+22

PDI + DNA (83.3:16.7 %)
1 (4.0 £ 1.2) x 100 ~ 10° 0+28

Table 1. BOFET performance of sheared DNA-PDI films at different DNA

concentrations. Standard deviation is obtained from the 10 devices.
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Figure 5. Chiro-electrical behavior of BOFETs. (a) Ips—Ves characteristics of PDI and PDI
blended with DNA thin films in the dark and under monochromatic light illumination (A = 465
nm) and vacuum conditions (¥ps = 80 V) with (b) Photoresponsivity and photoswitching ratio.
(c) Schematic illustration of CPL-responsive DNA-PDI complex. (d) Real-time current signal

of PDI and DNA-PDI complex under CPL illumination (A = 465 nm).
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