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Experimental Methods

General: IDIC, O-IDFBR, Y6 and IT-4F were purchased from Solarmer Materials.
Absorbance data were obtained using a Shimadzu UV-2550 UV-vis spectrophotometer.
Ambient photoemission spectroscopy (APS) was measured by an APS04 Air Photoemission
system (KP Technology) using a 2 mm gold tip in ambient conditions. The same equipment
was used for surface photovoltage (SPV) analysis of NFA/ZnO/ITO samples. SPV was
quantified as the changes in surface potential in dark and illuminated conditions using a white

bulb light source, with tunable intensity up to 1/5 Sun.

Device fabrication procedures and characterization: OPD devices were prepared with a
structure of glass/indium tin oxide (ITO)/ZnO/NFA/MoOx/Ag. Pre-patterned ITO on glass
substrates were cleaned by ultra-sonication with deionized water, acetone, and 2-propanol. The
substrates were then dried in an oven at 80 °C overnight. ZnO layer was prepared by sol—gel
method (dissolving zinc acetate in 2-methoxyethanol with 3 vol % ethanolamine solution).
After surface treatment of ITO by O2 plasma ashing, ZnO solution was coated on the ITO
substrates and thermally annealed at 190 °C for 20 minutes. IDIC, O-IDFBR, Y6 and IT-4F
solutions were prepared in chloroform (CF) with 10 mg/mL concentration and stirred overnight
at 40 °C prior to spin casting. After spin-coating the NFA layer on top of the ZnO substrates,
the samples were brought into a high vacuum chamber (~10° Torr), and MoOx (10 nm) and
Ag (100 nm) was deposited sequentially by thermal evaporation. Device area was 6.0 mm?.
Measurements were conducted outside the glovebox, and the devices were stored in a nitrogen
filled chamber. Solar simulator was used for 1 Sun measurement which intensity was calibrated
at 100 mW cm with a standard silicon photodiode. Light intensities were modulated using
neutral density filters. Current density-voltage (J-V) characteristics were measured with a
Keithley 2400 source measurement unit. The photocurrent transients were obtained with a
DAQ card connected to a Tektronix TDS3032B Oscilloscope. External quantum efficiency
(EQE) was measured using an EQE system of a tungsten halogen lamp coupled with a grating
spectrometer (CS260-RG-4-MT-D). PL spectra were measured by a Renishaw inVia Raman
microscope in backscattering configuration, with a 514 nm laser (Argon, Titanium Sapphire
lasers). The samples were kept under nitrogen in a custom-designed chamber to reduce
degradation effects. Laser spot diameter was of the order of 10 um, 25% defocused on the

sample, and diffracted light was separated by a diffraction grid (300 lines/mm). A Si reference
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sample was used for spectrometer calibration. Optimized acquisition parameters (laser power,
exposure time, measurement accumulation number) were kept consistent for the same
experiments. Accuracy was improved by checking the reproducibility of spectra over multiple
positions on the surface. PL was also measured on encapsulated devices applying reverse bias
to the electrodes using a Keithley 2400 or Agilent voltage source. Time-correlated single
photon counting (TCSPC) on thin films (on quartz) or solutions was measured in air by a
photoluminescence spectrometer (FLS1000, Edinburgh Instruments), following sample
excitation by lasers of different wavelengths (405 nm for O-IDTBR and 800 nm for Y6).

Lifetimes are extracted by multi-exponential fitting using FAST software.

Transient absorption spectroscopy: Helios spectrometer (Spectra Physics, Newport Corp.)
was used to measure the broadband pump-probe femtosecond TAS and kinetics for thin film
samples. Ultrafast laser pulses (800 nm, 100 fs duration) were generated by a 1 kHz Ti:sapphire
regenerative amplifier (Solstice, Spectra Physics, Newport Corp.). One portion of the 800 nm
pulse was directed to an optical parametric amplifier (TOPAS Prime, Spectra-Physics) and a
frequency mixer (Niruvis, Light Conversion) to tune the visible pump pulses at various
wavelengths. The pump pulses were modulated at a frequency of 500 Hz by a mechanical
chopper. The rest of the 800 nm pulse was routed onto a mechanical delay stage with a 6 ns
time window and directed through a non-linear sapphire crystal (sapphire for the visible region
and YAG for the NIR region) to generate a white light probe ranging for the visible region
from 400 to 1600 nm. The probe pulse was split into two by a neutral density filter. One portion
of the probe pulse served as the reference and was directly sent to the fiber-optic coupled
multichannel spectrometers (CCD and InGaAs sensors). The rest of the probe pulse together
with the pump pulse were focused onto the same spot on the samples with a beam size of
around 0.5 mm? before sending it to the spectrometer. To compensate the fluctuations, the
measured spectrum was normalized to the reference spectrum and averaged for several scans
to achieve a good signal-to-noise ratio. Data analysis was performed with the commercialized

Surface Xplorer software.

Simulation: Optimized packing structures of face-on and edge-on were obtained by DFT
calculations for 4 molecules placed in a cell with periodic boundary conditions. The DFT
calculations were carried out using Vienna ab initio simulation package (VASP)!~> under the

conditions of flexible cell (the shape and size of cell can be changed during the structure
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optimization). The interface morphology between face-on and edge-on packings was generated
from the crystal structures®’ and the morphology was relaxed through energy minimization
with the molecular dynamics (MD) force field using Desmond package (Schrodinger, LLC,
NY, USA)3. Here, we employed optimized potentials for liquid simulations (OPLS) as the force
field which is widely used for MD simulation of organic molecules. The dimer structures
extracted from the face-on packing structures and the interface between face-on and edge-on
packings which was obtained by the DFT and MD energy minimization as explained above.
The electronic excited state (S1 — S4) of the dimer structures were calculated by time-dependent
DFT (TD-DFT) using Jaguar package (Schrodinger, LLC, NY, USA)’ with basis sets of
b3lyp/6-31G**.
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107  Supplementary Figure 1. Ambient photoemission spectra to determine HOMO level of NFA
108  neat films. Measured HOMO levels are -5.92, -5.91, -5.91, -5.70, and -5.91 eV for O-IDFBR,
109 IDIC, Y6, and IT-4F films, respectively.
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113 Supplementary Figure 2. Bias external quantum efficiency (EQE) spectra for a, IDIC and b,
114 IT-4F OPDs.
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Supplementary Figure 3. Normalized EQE spectra of a, O-IDFBR, b, IDIC, ¢, Y6 and d, IT-

119  4F OPDs with applying reverse bias from 0 to -5 V.
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123 Supplementary Figure 4. Bias photoluminescence (PL) spectra of a, O-IDFBR and b, IT-4F
124  OPDs.
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128  Supplementary Figure 5. Normalized PL spectra of a, O-IDFBR, b, IDIC, ¢, Y6 and d, IT-4F
129  OPDs with applying reverse bias from 0 to -5 V.
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Supplementary Figure 7. Absorption spectra of a, O-IDFBR and b, Y6 in solution (indicated
to the concentration) and film states.
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144 Supplementary Figure 8. a, Transient absorption spectra of O-IDFBR neat film with energy
145  density of 5 uJ cm excited at 380 nm. b, Transient absorption spectra of Y6 neat film with
146 energy density of 5 pJ cm? excited at 750 nm. Probed kinetics at 1060 and 930 nm for O-
147  IDFBR and Y6, respectively, are shown in Fig.4.
148
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Supplementary Figure 9. Global analyses results for the TA data for O-IDFBR in Figure 8.
All data could be fitted to one component; inclusion of a second component in the fit did not
resolve a kinetically distinguishable species. Deconvoluted a, spectra and b, kinetics for O-

IDFBR solution. Deconvoluted ¢, spectra and d, kinetics for O-IDFBR film.
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Supplementary Figure 10. Global analyses results for the TA data for Y6 in Figure 8. For
solution Y6, the data could be fitted to one component; inclusion of a second component in the
fit did not resolve a kinetically distinguishable species. For Y6, two components were required

to fit the data, as shown. Deconvoluted a, spectra and b, kinetics for Y6 solution. Deconvoluted

¢, spectra and d, kinetics for Y6 film.
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164  Supplementary Figure 11. Excitation light intensity dependent TCSPC kinetics for film of a,
165  O-IDFBR (excitation A = 405 nm, probe A = 625 nm) and b, Y6 (excitation A = 800 nm, probe
166 A =900 nm). Light intensity is indicated as percentage of maximum laser intensity (with a
167  photon flux of around 10'? photons/sec).
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Supplementary Figure 13. Photocurrent transients with reverse bias from 0 to -5 V for a, O-
IDFBR, b, IDIC and ¢, IT-4F OPD devices, respectively. Similar to the bias EQE trends, the
rate of current increment is dependent on applied bias on molecule structure, with less increase
in O-IDFBR and IDIC devices (below 1 mA cm™ even at -5 V) and greater increase in Y6 and
IT-4F devices (close to 4 mA cm™ at -5 V).
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184  Supplementary Fig. 14. Normalized photocurrents of IDIC and IT-4F OPDs measured at -5
185 'V bias condition (/=1 kHz). Red (633 nm) LEDs are used as an excitation light source.
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Supplementary Figure 15. a, Electrostatic maps of a monomer of O-IDFBR, IDIC, Y6 and
IT-4F molecules. b, Calculated electrostatic potential (ESP) along the backbone of NFAs. It
should be noted that Y6 has an additional benefit in terms of possibility of intermolecular
interactions due to its five building blocks (i.e., A-D-A-D-A) and its 3D-shaped structure!'®.
Conversely, IDIC shows a relatively high ESP separation, but its linear backbone and small
dimensions (only =26.5 A compared to >30 A for IT-4F) limit its overlapping with neighboring

molecules.
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Supplementary Figure 17. Electron and hole density plots of 4 lowest-energy singlet excited

states (S1 to S4) of two Y6 molecules with face-on packing.
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216 Supplementary Figure 18. Electron and hole density plots of 4 lowest-energy singlet excited
217  states (S1 to S4) of orthogonally packed two Y6 molecules (see Supplementary Fig. 19 for
218  details).
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Supplementary Figure 19. Orthogonally packed two Y6 molecules (used in Supplementary

Fig. 18) is extracted from the interface of face-on and edge-on packings.
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231 Supplementary Figure 20. Schematic images showing molecular packing in NFA films
232  affected by molecular structure (twisted vs. planar) and strengths of intermolecular interaction

233 either weak or strong.
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Experimental evidence of CTE states and free charge generation

The generation of CTE states in single NFA systems is also confirmed by the surface
photovoltage (SPV) measurement (Supplementary Fig. 21)!1:12, SPV signals detected under
weak light intensity illumination for IDIC and Y6 indicating existence of CTE states possibly
followed by free charge generation even without applying external electric field. CTE states
formed in IDIC and Y6 neat films can be separable into free charge carriers further by external
electric field. Despite closely packed n-m stacking in IDIC film, charge generation and
extraction properties under reverse bias differ from those of Y6. This is attributed to much
lower Q in IDIC, inducing no energetic offset between crystallites. As for O-IDFBR, due to
the absence of CTE characteristics, electric field induced charge generation efficiency cannot
be comparable to the other NFAs.

We further compare EQE spectra with 2 types of Y6 devices; mostly face-on vs. mixed
(face-on & edge-on) molecular orientation of Y6. To fabricate those devices, we referred a
paper which shows a facile control of molecular orientation by changing solvents — CF for
mostly face-on and CB for the mixed orientations!3. As expected, Y6 device with the mixed
orientation exhibits higher EQE compared to that of the mostly face-on Y6 device
(Supplementary Fig. 22). This is clear evidence of efficient CTE states followed by free
charge generation, enabled by high Qx and differently oriented crystallites in NFA films.

S25



255

256
10 _
_ Light ON
o\
=2 -10-
£
> -20-
o
o
_30_
0.23 mW cm2
IDIC
-40 1 — V6
0 50 100 150 200 250
557 Time (s)

258  Supplementary Figure 21. Surface photovoltage signal for IDIC and Y6 films under low light
259  illumination, showing the changes in contact potential difference between light and dark
260 conditions between a Kelvin probe and the sample surface. Sample structure is

261 Glass/ITO/ZnO/NFAs.
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266  Supplementary Figure 22. EQE spectra of Y6 devices with different molecular orientations.
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268  Supplementary Table 1. Summary of device parameters of NFA OPDs at -3 V of reverse
269  Dbias applied.

Active layer Thickness EQE R ] Jd , D*
[nm] [%] [A W] [A cm™] [Jones]
O-IDFBR 53 9.27 0.040 2.69x108 4.32x10""
IDIC 59 9.67 0.057 1.02x107 3.17x10"
Y6 53 22.1 0.151 9.51x10° 2.74x10"2
IT-4F 48 28.1 0.169 9.19x10° 3.11x10"

270
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271

272

Supplementary Table 2. Summarized figure of merits of reported OPD results

. Jd R D* Trise Tfall
Device structure (A om?) (A W) (Jones) (us) (us) Ref.
. -6 11 04549
ITO/ZnO/PTB7-Th:FO 9x10 0.45 2x10 ) (under pul 14
IC/ MoOs/Ag (-0.5 V) (-0.1V) (-0.1 V) sed Taser)
ITO/ZnO/PTB7-Th:CO 8x10°8 0.50 3.31x10" 10 10 s
1-4C1/MoO3/Ag -2 V) (-0.1 V) (-0.1 V) = =
ITO/PEIE/ PCDTBT:P  3.1x10'1° 0.32 3.21x10" 7.7 10.9 6
CeBM/ PEDOT:PSS (-2 V) (-2.0 V) -2 V) 2 V) 2V)
0.23
Ag(Au)/PEIE/ PBTTT 6x107 0.27 ~1013 ) (OV,under
:PCBM/Mo0Os/Ag (-0.5 V) (UA%) 0o V) pulsed
laser)
ITO/ZnO/PIF:IT-4F/M 107 0.23 6.9%101° ~1 ] 8
003/Ag -5 V) -8 V) -2) -2 V)

ITO/TiO2/poly-Ceo/Cy 3 12 ~1
7-T/MO-TPDMoOY ") ) ol v (OV,under 19
Au/MoO3 ) pulsed lase)
ITO/Lys/ PBDTT-DP  3.0x10° 0.12 1.03x10'4 0.289 0.432 20

P:PB7iBM/ MoOs/ Al -2 V) -2 V) (1 V) -1 V) -1V)
AI(Ca)/(Ca)/p-DTS(E | g 039 99%10"
BTTh)zPCrBM/ PE "', 05 V) 05 V) - - 21
DOT:PSS/ITO ‘ ' '
PAolg_DTI;IST(fg%BD%/T_ 3.1x10° 0.21 1.5x1013 0.43 0.31 )
PSSATO -2 V) -1 V) (-0.5 V) -1 V) -1V)
A BT I 2.1x10 0.45 5.6%10" 75 92 23
0 (2 V) (2 V) (2 V) (2 V) (-2V)
ITO/ ZnO/ PSBOTzT  7.1x1071° 0.31 2.04x1013 30 y
2-OEHRH/ MoOs/ Ag (-2 V) -2 V) -2 V) 0 V)
B e S T VA R
' /As (-2 V) 0 V) 0 V) (-2 V) (-2V)
ITO/HTL/D18/Y6/ETL 10° 0.5 1.39x1013 15 14 iy
/Al (-2 V) 0 V) (A% (A% 0V)
AVLiF/PNIR :ITIC/PE ~ 6.1x10° 0.11 ~10'2 51.7 148.1 ”
DOT :PSS/ITO (-0.5 V) (-0.5 V) (-0.5 V) (-0.5 V) (-0.5V)
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273 Supplementary Table 3. Summary of photo-response time for all NFA OPDs measured under
274 -5 V bias condition, comparing a time required for 80% change and 90% change of

275  photocurrent.

80% change (10% <—90%) 90% change (5% «—95%)

NFA Trise Trall Trise Thal

[ps] [ps] [ps] [ps]

O-IDFBR 11.7 10.9 14.9 26.0

IDIC 5.90 13.7 134 23.7

Y6 5.70 9.00 7.90 13.6

IT-4F 5.90 9.10 7.30 16.4
276
277
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