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Supplementary Figures
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Supplementary Figure 1. a, Reduced absorbance and photoluminescence spectra of the a-

6T thin film with mixed orientation. The intersection provides the optical gap (Eopx)'* which is

equal to 2.33 eV. b, Absorbance spectra of the same a-6T thin film measured at different

temperatures. No thermal artefacts were observed in this film when carrying out the absorption

measurement at higher temperatures.
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Supplementary Figure 2. Sensitively measured external quantum efficiency (SEQE) spectra

of devices employing a-6T with various buffer layers. No subgap absorption features are

observed, apart from the case with BPhen.
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Supplementary Figure 3. Distribution of optical field in two a-6T based homojunction solar
cells employing either BPhen, or Rubrene and BPhen between a-6T and the Ag contact.
Simulations were performed based on transfer matrix method and show that for both devices
the absorption of photons, relevant for the external quantum efficiency spectra shown in Figure
1 of the manuscript, occurs mostly in the bulk of a-6T close to the interface with ITO.
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Supplementary Figure 4. Spectroscopic characterisation comparing a-6T, rubrene, and o-
6T/rubrene films. a, Photoluminescence (PL) spectra for neat a-6T, neat rubrene and o-
6T/rubrene thin films following excitation at 450 nm. The PL of a-6T/rubrene resembles the
sum of that in the neat a-6T and neat rubrene. b, Transient absorption kinetics at 593 nm for
the neat a-6T and a-6T/rubrene thin films. These two kinetics decay with the same lifetime,
implying that the a-6T/rubrene interface has no effect in dissociating excitons and hence does
not lead to charge generation.
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Supplementary Figure 5. Comparing normalised transient absorption (TA) spectra with the
electroabsoption spectra measured independently for a-6 T homojunction solar cell device and

the first derivative of the absorbance of a-6T.
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Supplementary Figure 6. Transient absorption (TA) kinetics for the charges (probed at 780
nm) in a-6T thin film with mixed orientations. a, The sample was excited at various fluences
including 5, 10 and 20 pJ cm™ with a pump wavelength of 450 nm. The kinetics exhibit strong
dependence on the fluence. The higher the number of carriers excited, the faster the decay.
At 5 pJ cm, there is negligible bimolecular recombination. b, Fitting Analysis of bimolecular

recombination rate constants from the TA decay representing the bimolecular recombination

of charges. For a bimolecular recombination following the rate equation of% = —kn?, the

rate constant (k) can be extracted from the slope by plotting ﬁ against t as indicated in the

figure. The solid lines are the linear fitting to the raw data. In this case, the slope was fitted to
be 1.9 x 107t cm®s™ and 3.3 x 1071 cm®s™" respectively under pump fluences of 10 and 20

ud cm?2.



a 3 T T T T T T b T T T T T 7 T T
! 10}e —— Charge -
2 | . ~ Exciton
1 ‘ N © o8t
a ol 7 ‘ e é X
e
- 06}
S 13 e
é 2 ——05ps 1] T 04f EX e
—1ps I §
3 ——3ps i o
10 ps Z 02+ & B
-4 50 ps ' 0 000°° o :° % o o
1 o © 00 0 - 2 __oco 2 feppri e
5L | ! | | nsl 0.0 d} L L L TR - °e L ° Q
500 550 600 650 700 750 0 10 20 30 40 100 1,000
Wavelength (nm) Time (ps)

Supplementary Figure 7. Transient absorption characterisation for the a-6 -based
homojunction organic solar cells (HOSCs) with mixed orientations. a, Transient absorption
(TA) spectra for a-6T-based HOSC as a function of pump probe time delay. b, TA kinetics
extracted from 593 nm and 780 nm where the former represents excitons dynamics and the
latter represents the charge dynamics. The sample was measured under a pump excitation of

450 nm with a fluence of 20 pyJ cm? in a reflectance geometry.
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Supplementary Figure 8. Transient absorption kinetics for the excitons (probed at 593 nm)
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in a-6T thin film with mixed orientations. The sample was excited at various fluences including
5, 10 and 20 pJ cm? with a pump wavelength of 450 nm. The kinetics exhibit minor
dependence on the fluence when it is below 10 puJ cm™. A low excitation fluence (5 pyJ cm™?)

was employed to avoid the exciton-exciton annihilation and non-linear effects.
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Supplementary Figure 9. Normalised transient absorption kinetics comparison for the
excitons in a-6T thin film with device. The kinetics for excitons probed at 593 nm show a similar

half-lifetime in both samples. Both samples were excited at 10 pJ cm™.
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Supplementary Figure 10. Transient absorption spectroscopy characterisation for the o-6T
thin film in the near-Infrared region. a, TA spectra as a function of pump-probe time delay. b,
TA kinetics probed at 990-1100 nm. The solid line represents the mono-exponential fitting
which gives a lifetime of 58 ps. The sample was excited at 450 nm with an excitation fluence

of 10 pJ cm™.
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Supplementary Figure 11. Peak shapes extracted from the GIWAXS 2D images of the
samples prepared at elevated temperatures, room temperature and on Cul, showing standing,
mixed and lying molecular orientations, respectively. The profiles were extracted from peaks
below the horizon, to minimize peak broadening effects stemming from sample size, as only
scattering from the very end of the thin film contributes to those peaks. a, b, In- and out-of-
plane profile of the (-4 1 1) peak for the sample prepared at elevated temperature exhibiting
standing molecular orientations. ¢, d, In- and out-of-plane profile of the (-4 1 1) peak for the
sample prepared at room temperature. This peak originates from the standing crystallites in
the film with mixed orientations. e, f, Radial cut of the (0 -2 0) peak originating from the lying
molecules in the Cul and the room temperature sample. Radial cuts were performed for e and

d, because of the arching of the peaks originating from the lying molecules. The crystallite size



was calculated from the FWHM value by the Scherrer formula, Dy, = 21K/Agpk, Where Agpy

is the FWHM value of the specific peak and K ~ 0.9 the Scherrer constant.’

Supplementary Figure 12. Rendering of the o-6T standing/lying interface employed in
electronic structure calculations. The sample counts 264 standing and 288 lying molecules.
The blue frame shows the simulation box with periodic boundary conditions applied along the

x and y directions.
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Supplementary Figure 13. Gap-tuning of the range-separation parameter o of the density
functional ®B97X. The optimal ®=0.141 bohr™ (vertical line) corresponds to the value for which
the Kohn-Sham HOMO-LUMO gap equals the difference between the ionization potential (IP)
and the electron affinity (EA) obtained from total energy differences between neutral
molecules and ions (ASCF). We note that the same value of ® permits also the matching of
Kohn-Sham levels with IP and EA. These gas-phase DFT calculations employed the cc-pVTZ

basis set.
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Supplementary Figure 14. Electrostatic energies of a hole in the standing and lying domain
as a function of the relative in-plane orientations of the two subsystems, showing that the
interface energetics is approximately independent on this structural parameter. These results
were obtained with a non-polarizable point charge model. The right sketch illustrates the
simulation sample setup: Two disk-shaped crystalline supercells (30 nm radius) of the laying
and standing molecules were built as described in Supplementary Note 1 and placed at 4 A
distance from each other. One subsystem was then axially rotated by an angle 6. These

structures were employed in electrostatic calculations without further structural relaxation.
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Supplementary Figure 15. Left: Quasiparticle energy levels from embedded (QM/MM) GW
calculations for different size of the QM subsystem, i.e. “1+1” and “3+3”. Occupied and
unoccupied levels are plot as black and gray circles, respectively. In the “3+3” system one can
notice the formation of states manifolds due to charge delocalization effects. Right: Rendering
of the frontier molecular orbitals of the “1+1” system that can be identified as the HOMO and
LUMO levels of standing and lying molecules. The levels of standing and lying molecules are
offset by 0.4 eV as a result of intermolecular electrostatic interactions. The orbitals of the “3+3”
system (not shown) are consistent with those of the smaller one, with a highest-occupied

(lowest-unoccupied) manifold of states delocalized over standing (lying) molecules.
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Supplementary Figure 16. Left: Comparison of the BSE/GW/MM absorption spectrum
calculated for the “1+1” and “3+3” system, illustrating the effects of exciton and charge
delocalization over several molecules. The bars colour quantifies the weight of inter-domain
charge-transfer (CT) states in each excitation. Right: Electron-hole density plots of the 3
lowest-energy singlet excitations (S,) for the “1+1” system. S1 and S; corresponds to Frenkel
excitons localized on the standing and lying molecule, respectively. Sz is an inter-domain CT

state.
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Supplementary Figure 17. Electron-hole density plots of singlet excitations calculated for the

“3+3” system. States below 2.7 eV corresponds to Frenkel and inter-domain charge-transfer
(CT) excitations with variable mixing proportions (see e.g. Sg, S10, S12). Excitations above 2.7
eV comprise intra-domain CT states (see e.g. Sis, S19) and higher-energy Frenkel excitons
(see e.g. Sx). Continues in Supplementary Figures 18, 19.
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Supplementary Figure 18. Electron-hole density plots of singlet excitations calculated for
the “3+3” system. Follow-up from Supplementary Figure 17.
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Supplementary Figure 19. Electron-hole density plots of singlet excitations calculated for

the “3+3” system. Follow-up from Supplementary Figures 17, 18.



Supplementary Tables

Supplementary Table 1. Summary of the energy level values (for the lowest unoccupied and

highest occupied molecular orbitals, LUMO and HOMO, respectively) of a-6T and the other

buffer layer (BL) materials used in the investigated organic solar cells of this work. Values are

based on literature and references are included in each case. Notwithstanding the dispersion

of the values, the LUMO values of BL materials are in the range of those of a-6T.

LUMO HOMO
Material (eV) (eV) References
a-6T (a-sexithiophene) 26-31 |51-54 |3
BPhen (Bathophenanthroline) 29-30 [62-6.7 |*°
Rubrene (5,6,11,12-Tetraphenyltetracene) 3.2 5.4 8
C545T (10-(2-Benzothiazolyl)-2,3,6,7-tetrahydro-
1,1,7,7-tetramethyl-1H,5H,11H
(1)benzopyropyrano(6,7-8-1,j) quinolizin-11-one) |28-3.1 |55-56 |’
DBzA (9,10-Bis[4-(6-Methylbenzothiazol-2-yl)
phenyl] anthracene) 2.8 57 8
TCTA (Tris(4-carbazoyl-9-ylphenyl) amine) 2.3 57 1
TBPe (2,5,8,11-Tetra-tert-butylperylene) 2.7 5.4 12
TPBA (9,9,10,10' tetraphenyl-2 ,2° bianthracene) | 2.8 5.8 8
TPBI (2,2',2-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-
H-benzimidazole)) 27-28 |62-67 |58




Supplementary Table 2. Energy and voltage losses in the devices employing a-6T and
various buffer layers. The voltage at the radiative limit (Viaq) is calculated based on the EQE
spectra of the devices shown in Supplementary Figure 2, using the method outlined in ref. 16.
The non-radiative voltage losses (AVionrad) are estimated by subtracting the open-circuit
voltage of the devices (Voc) from V.q. The total energy losses are estimated by subtracting
the Voc from the optical gap (Eg) of a-6T (2.33 eV). The lowest energy losses (0.72 eV) are

observed for the device with rubrene, which provides the highest Voc (1.61 V).

Device structure Voc (V) Vrag (V) AVion-rad Eqy (_e\c};/ oc
ITO/0-6T / BPhen / Ag 1.25 1.58 0.33 1.08
ITO / a-6T / Rubrene / BPhen /

1.61 1.87 0.26 0.72
Ag
ITO / a-6T / C545T / BPhen /

1.46 1.89 0.40 0.87
Ag
ITO/a-6T/DBzA/BPhen/Ag 1.57 1.88 0.31 0.76
ITO/a-6T/TCTA/BPhen/Ag 157 1.88 0.31 0.76
ITO/a-6T/TPBA/BPhen/Ag 1.61 1.88 0.27 0.72
ITO/0-6T/ TBPe / BPhen/Ag 1.41 1.88 0.47 0.92

ITO/a-6T / TPBI/BPhen/Ag 1.50 1.88 0.38 0.83




Supplementary Table 3. Coulomb binding (Es) energy and total energy (Een=IP-EA+Es) of
classical electron-hole (e-h) configurations, with charges localized on different molecules in
the standing (S) or in the lying (L) domain. E, was calculated with the charge response model,
as the screened interaction between the electron and the hole sitting on neighboring
molecules, while solid-state IP and EA come from embedded GW calculations for the “1+1”
system. The table reports the mean values over all molecular pairs (within 5 A intermolecular

atom-atom distance), the corresponding standard deviations are in the 30-40 meV range.

S'S LL SN L*S

Eo (V) | -0.68| -064| -044| -0.44

Een (eV) 2.61 2.65 243 3.27

Supplementary Table 4. Energies of frontier energy levels (and gap) of a gas-phase a-6T
molecule (eV units) obtained at the Kohn-Sham (K-S) level, and from quasiparticle single-
iteration (GoW)) and self-consistent (on eigenvalues, evGW) GW calculations. All calculations
are based on K-S orbitals obtained with the gap-tuned ®B97X functional and the cc-pVTZ
basis. GoW), results were obtained by correcting only HOMO and LUMO levels. evGW levels
were obtained by correcting 8 occupied and 8 unoccupied levels. These results show that a
minimal GoW), scheme, used in conjunction with a gap-tuned functional, ensures an accuracy
comparable to much more expensive evGW calculations, allowing a reliable description on

large systems (up to 264 atoms).

K-S GoWo evGW

LUMO+2 0.508 0.734 0.797

LUMO+1 -0.240 -0.014 0.053
LUMO -0.861 -0.635 -0.580
gap 5.244 5.739 5.805
HOMO -6.105 -6.374 -6.385
HOMO-1 -6.802 -7.072 -7.103

HOMO-2 -7.722 -7.991 -8.005




Supplementary Table 5. Bethe-Salpeter equation lowest-energy singlet excitation (S+) of a
gas-phase a-6T molecule obtained with different quasiparticle levels, and for different
dimensions of the occupied-to-virtual transition space, build with the occupied (unoccupied)
levels within the specified cutoff energy from the HOMO (LUMO).

QP levels | Cutoff (eV) | Energy (eV) | fosc

evGW 25 2.871 2.143
evGW 15 2.933 2.130
GoWo 25 2.824 2.095
GoWo 15 2.883 2.083
GoWo 10 2.940 2.083

Supplementary Table 6. Embedded Bethe-Salpeter equation results for the “1+1” system for
different dimensions of the occupied-to-virtual transition space, build with the occupied
(unoccupied) levels within the specified cutoff energy from the HOMO (LUMO). The table
reports the energy and the oscillator strength (between parentheses) of the three lowest-

energy excitations (see Supplementary Figure 16).

Cutoff (eV) Sq Sy Ss3

10.0 2.374 (1.8772) | 2.400 (1.7231) | 2.571 (0.0011)

15.0 2.417 (1.8388) | 2.448 (1.6978) | 2.571 (0.0018)




Supplementary Table 7. Device statistics for the solar cells shown in this work. The devices
have been processed by thermal evaporation in vacuum, which is known for its high
reproducibility. The reproducibility of the results was tested by fabricating four devices in each
case, and from two different batches of a-6T. The data shown in Table 1 of the main text,

correspond to the best device (highlighted in bold in the table below) among the four.

Materials Batch | Device | Jsc (MAcm?) | Voc (V) | FF (%) | PCE (%)

1 1.33 1.25 41.4 0.7

2 1.32 1.25 41.0 0.7

A 3 1.33 1.25 41.3 0.7

0.6T/BPhen 4 1.31 1.25 411 0.7
1 1.28 1.25 44 1 0.7

2 1.26 1.25 43.7 0.7

5 3 1.26 1.25 43.8 0.7

4 1.25 1.25 442 0.7

1 3.55 1.57 394 2.2

2 3.56 1.56 39.7 2.2

A 3 3.53 1.56 39.6 2.2

6T TCTA 4 3.49 1.57 39.1 2.1
1 3.45 1.57 38.6 2.1

2 3.50 1.56 38.1 2.1

5 3 3.51 1.57 38.2 2.1

4 3.48 1.57 384 2.1

1 3.00 1.41 42.5 1.8

2 3.02 1.41 42.0 1.8

A 3 3.03 1.41 42 .1 1.8

4-6T/TBPe 4 3.00 1.41 41.9 1.8
1 2.98 1.41 41.9 1.8

2 3.03 1.41 414 1.8

5 3 3.05 1.41 41.6 1.8

4 3.01 1.41 41.8 1.8

1 3.82 1.46 34.7 1.9

0-6T/C545T A 2 3.80 1.48 33.6 1.9
3 3.79 1.46 33.5 1.8

4 3.81 1.46 33.3 1.8




1 3.64 1.46 33.1 1.8

2 3.66 1.46 32.9 1.8

3 3.70 1.47 32.4 1.8

4 3.69 1.46 33.4 1.8

1 3.27 1.56 40.6 2.1

2 3.33 1.57 39.9 21

3 3.27 1.57 39.8 20

4-6T/DBZA 4 3.33 1.56 39.4 20
1 3.25 1.56 39.4 20

2 3.32 1.57 39.1 20

3 3.29 1.57 38.9 20

4 3.27 1.57 38.5 20

1 3.45 1.50 33.3 1.6

2 3.43 1.48 32.9 1.6

3 3.44 1.50 33.0 1.6

o.6T/TPEBI 4 3.41 1.47 33.6 1.6
1 3.33 1.50 32.7 1.6

2 3.29 1.49 32.9 1.6

3 3.25 1.48 33.4 1.5

4 3.30 1.50 33.1 1.6

1 3.61 1.61 47.0 2.8

2 3.58 1.60 45.5 2.7

3 3.62 1.61 45.6 2.8

4 3.63 1.58 46.3 2.7

a-6T/TPBA 1 3.59 1.61 45.5 2.7
2 3.55 1.60 45.2 2.7

3 3.52 1.61 46.1 2.7

4 3.50 1.61 45.9 2.7

1 3.79 1.61 50.3 29

2 3.80 1.61 50.2 2.9

1-6T/Rubrene 3 3.78 1.61 50.4 29
4 3.75 1.61 50.1 2.8

1 3.62 1.61 49.8 2.8

2 3.65 1.61 49.5 2.8




3.66 1.61 48.7 2.8
4 3.63 1.61 48.6 2.8

Supplementary Notes
Supplementary Note 1: Simulation of the a-6T standing/lying interface.

The interface morphology has been built from the experimental crystal structure of the “high-
temperature” a-6T polymorph.'® The standing and lying subsystems were obtained by cutting
the crystal along the (0 0 1) and (-1 0 2) planes. The two slabs were assembled face to face
as shown in Supplementary Figure 12, as to obtain a sample with an in-plane lattice mismatch

lower than 2.2%.

This initial sample has been relaxed with classical simulations based on a force field that has
been developed and validated in a previous work.” A first molecular dynamics (MD)
equilibration at 300 K and 1 atm (NPT ensemble, 3D periodic boundary conditions) has been
run for 10 ns to relax atomic positions and cell parameters. Periodic boundary conditions along
the z direction were then switched off and atomic coordinates were force-field optimized to
remove the effect of thermal motion. Simulations and minimization were performed with the
NAMD software."®

The quantum sub-system of hybrid quantum/classical (QM/MM) calculations was further
optimized at the density functional theory (DFT) level, as to remedy possible inaccuracies of
the force field, especially in the description of intramolecular degrees of freedom, that may
affect the energetics of electronic excitations. Geometry optimizations were performed at the
PBE-D3/def2-SVP level,' accounting for the contribution of the MM environment (whose
coordinates were kept frozen). QM-MM interactions have been modelled with the same atomic
charges and van der Waals parameters adopted in force field simulations. The QM/MM

optimization was performed with the ORCA code.?



Supplementary Note 2: Electronic structure calculations details.

QM/MM calculations were performed for two different sizes of the QM subsystem, labelled
“1+1” (1 standing and 1 lying molecules, 88 QM atoms) and “3+3” (3 standing and 3 lying

molecules, 264 QM atoms).

QM/MM GW2' and Bethe-Salpeter equation (BSE)*? many-body electronic structure
calculations were performed with the FIESTA package. GW and BSE calculations employed
Kohn-Sham orbitals obtained with the specifically gap-tuned density functional ®B97X (gas
phase calculations gave an optimal ®=0.141 bohr”, see Supplementary Figure 13 for details)
and the cc-pVTZ basis set. All DFT calculations have been performed with the ORCA code.?
In many-body calculations, the universal Weigend Coulomb fitting set of functions® has been
adopted as auxiliary basis in the resolution of the identity (RI-V) scheme.?* Quasiparticle
energy levels were obtained with a single-iteration GoW, scheme with correction on HOMO
and LUMO levels only. BSE calculations were performed beyond the Tamm-Dancoff
approximation, considering an occupied-to-virtual transition space including the occupied
(unoccupied) levels within 10 eV from the HOMO (LUMO). We have explicitly checked that
these computational settings ensure an optimal balance between computational accuracy and
cost (see Supplementary Tables 4, 5, 6). Electron-hole density plots correspond to the hole-
averaged electron density and electron-averaged hole density computed from the two-body

BSE eigenstates.

In GW/BSE calculations, the MM polarizable crystalline environment has been described at
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the atomistic level with the charge response model®® as implemented in the MESCal code?®

Details on embedded GW and BSE calculations can be found in previous publications.?'??
Electrostatic embedding in the ground-state DFT calculation (providing the starting point for
the subsequent GW treatment) employed a slab geometry, including periodic replica in two
dimensions of the MM environment within a cutoff distance of 80 nm (~19 million MM atoms).
This ensures the convergence within 50 meV of the electrostatic potential within the QM
region. We have explicitly checked that the relative in-plane orientation between the lattices
of standing and lying molecules has a minimal effect on the charge carriers energy levels (see
Supplementary Figure 17). The reaction field matrix describing the dielectric screening of the
electronic excitations within the QM region by the MM environment*"?” has been evaluated
accounting for all MM molecules within a 4 nm distance from the center of the QM region. This
cutoff typically ensures the convergence of optical excitations (quasiparticle levels) within 10

meV (100 meV) with respect to an infinite bulk.



Supplementary Note 3: Relative energies of intra and inter-domain CT states.

In order to pinpoint the difference between intra and inter-domain CT states, Supplementary
Table 3 reports the energies of localized e-h pairs with charges located either in the same
domain or on the two sides of the boundary. These calculations show that intra-layer CT
states occur at an energy ~0.2 eV higher than inter-layer ones, as a result of the interplay
between the electrostatic landscape and the Coulomb binding energy. The binding energy of
intra-layer (S*S™ and L*L") e-h pairs is ~0.2 eV larger in magnitude than for inter-layer (S*L°
and L'S") ones, because of the smaller intermolecular distance. This energy difference
between intra- and inter-layer e-h configurations is, however, smaller in magnitude than the
0.4 eV offset determined by the electrostatic landscape, so that the lowest-energy
intermolecular e-h configurations correspond to inter-layer S*L" states. These calculations
show that CT excitons in a single domain would be significantly higher in energy, preventing
a possible hybridization with low-energy Frenkel molecular excitons, and more Coulombically

bound, hampering the charge separation process.
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