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Supplementary Figures 1-17
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Supplementary Fig. 1 Schematic illustration for the determination of vacuum level shifts
(AVL), or work function changes (AWF) at Au/Donor(D)/Acceptor(A) heterojunction
interfaces by using ultraviolet photoelectron spectroscopy (UPS). UPS spectra are usually
plotted as function of binding energy referenced to the Fermi level (EF= 0 eV). The energy of
secondary-electron cutoff (Ecutofr) iS used to determine the VL or WF of each layer (WF = hv —
Ecutoff). lonization potential (IP) of each film is derived from the energy difference between the
valence band (Evg) edge and VL.



Supplementary Fig. 2 Molecular structures of four model materials: donors (PBDB-T, PM6)
and acceptors (ITIC, IT4F).
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Supplementary Fig. 3 UPS spectra of neat donor films (PM6 or PBDB-T spin-coated on UVO-
treated Au) and quasi-bilayer D-A films of ITIC or IT4F on PBDB-T or PM6 (PBDB-T/ITIC,
PBDB-T/IT4F, PM6/ITIC, PM6/IT4F) in which the work function shifts between the neat
donor layer and D-A bilayer (AWF) and their respective HOMO levels are labeled in the spectra.
WFs of quasi-bilayer D-A films increase 0.60—0.71 eV compared to those of their respective
neat donor films.
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Supplementary Fig. 4 Angular dependence of C K-edge NEXAFS spectra in total electron
yield (TEY) detection mode for four model material films (PBDB-T, PM6, ITIC, IT4F) made
from spin-coating (SC) or Langmuir-Schafer (LS) methods, with X-ray beam at 90° (normal
incident), 20° (grazing incident) related to the sample surface.
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Supplementary Fig. 5 Top row: surface pressure versus mean monomeric area (Mma)
isotherm (P-A-isotherm) of PBDB-T, PM6, ITIC, IT4F spread from solution on water surface,
whose mean monomeric area (Mma") determined from this isotherm is 63, 84, 68, 69 A2,
respectively. Middle row: topography image of the LS monolayer film measured by AFM, and
cross-section analysis along the scratch on film. The thickness (d) of the PBDB-T, PM6, ITIC,
and IT4F monolayer is about 2.71, 2.87, 3.34 and 2.84 nm. Bottom row: root mean square
roughness (Rms) of PBDB-T, PM6, ITIC, and IT4F monolayer film in 20 um x 20 um scale,
and the roughness is 0.938, 0.762, 0.453 and 1.850 nm, respectively.
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Supplementary Fig. 6 UPS spectra of D-A planar bilayer heterojunctions presented in a layer-
by-layer manner. Ecytoff is the secondary-electron cutoff. E¥y is the energy of valence band (VB)
edge referenced to the Fermi level. EY®¢ is the energy of vacuum (Vac) level referenced to the
Fermi level, which is equivalent to the work function (WF) of the sample.
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Supplementary Fig. 7 Energy level evolution during the monolayer-by-monolayer deposition
process of planar D-A heterojunction. Vacuum level and HOMO level (both are referenced to
Er) of each monolayer are mapped versus the monolayer numbers (top axis) or the
corresponding film thickness (bottom axis, presented by taking 3 nm as the average thickness
of a monolayer). The left and right panel show the energy level evolutions in Au/D/A and
AlOx/A/D films, respectively.
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Supplementary Fig. 8 Pinning energies of donors (PM6, PBDB-T) and non-fullerene acceptors
(ITIC, IT4F) determined by the dependences of the work function of films coated on substrates
via solution process (WFore/isug) on the work function of bare substrate (WFsug). Eict+:
positive pinning energy; Eict-: negative pinning energy.

10



—AU-UVO
e AU-UVO/PBDB-T
s AU-UVO/PBDB-T/ITIC

PEDOT:PSS

PEDOT:PSS/PBDB-T
PEDOT:PSS/PBDB-T/ITIC

Normalized Intensity

— AU-UVO
e AU-UVO/PBDB-T
s AU-UVO/PBDB-T/IT4F

0000 PEDOT:PSS

PEDOT:PSS/PBDB-T
PEDOT:PSS/PBDB-T/IT4F

Normalized Intensity

Normalized Intensity

........ Onm
v e T P 1 | S PO P P PO s rer IS PP | TS PO PP PR 1 | P e
2018161412 108 6 4 2 1 0 -1 -2 2018161412 108 6 4 2 1 0 -1 -2
Binding Energy (eV) Binding Energy (eV)
— Au-UVO — Au-UVO
e AU-UVO/PME e AU-UVO/PMB
e AL-UVO/PMB/ITIC Au-UVO/PMB/IT4F
----- PEDOT-PSS ++ses PEDOT:PSS
----- PEDOT-PSS/PM6 ++s+2 PEDOT:PSS/PMB
----- PEDOT-PSS/PMB/ITIC <+++« PEDOT:PSS/PM8/IT4F
7]
[
B!
£
©
(0]
N
©
£
(o]
=z
rr e e T IE PRI T | IR PP PO PRI | I I I A v ey wu RS PUTE T | IS PP PP PO PO 1 | A A v I

2018161412 10 8 6 4 2
Binding Energy (eV)

10 -1

11

-2 2018161412 10 8 6 4 2

1 0 1 -2

Binding Energy (eV)



— AlOX
= AIOX/ITIC
s AIOX/ITIC/PBDB-T

----- ZnO/ITIC
----- ZnO/ITIC/PBDB-T

Normalized Intensity

Lisaloaaleaadollalay

plass

e

— AlOX
w—— AlOX/IT4F
=== AlOx/IT4F/PBDB-T

----- ZnO/T4F
----- ZnO/TAF/PBDB-T

Normalized Intensity

0nm

' T T

—— o -
| e e e | AT

2018161412 10 8 6 4

210 -1-2

Binding Energy (eV)

2018161412 10 8 6 4 2 1 0 -1 -2

Binding Energy (eV)

e A\ |O'%
e AIOX/ITIC
e AIOX/I TIC/PME
..... Zno

----- ZnO/TIC
----- ZnO/ITIC/IPM6

Normalized Intensity

alaay

.
'l

— AlO%
e AIOX/IT4F
e AIOX/IT4F/PMB
..... Zn0

----- ZnO/IT4F
----- ZnO/ITAF/PME

Normalized Intensity

2018161412 10 8 6 4

210-1-2 2018161412 10 8 6 4 2 1 0 -1 -2

Binding Energy (eV)

Binding Energy (eV)

Supplementary Fig. 9 UPS spectra of substrates, substrate/D, substrate/A, substrate/D/A,
substrate/A/D films. Substrate/D/A bilayer films are prepared by Spin-coating/Spin-coating
(SC/SC) method, and Substrate/A/D films are prepared by Spin-coating/Surface-spreading
(SC/SS) method. The error bar of the film thickness is £10 nm.
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Supplementary Fig. 11 Normalized reduced EQEpv and reduced electroluminescence (EL)
spectra (solid lines) of the four blend devices: PBDB-T:ITIC, PBDB-T:IT4F, PM6:ITIC, and
PMG6:1T4F. Ect values are given by the crossing point between their corresponding fitting lines.
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Supplementary Fig. 12 Estimated ELA for D-A interfaces of four model materials (ITIC, IT4F,
PBDB-T, PM6) according to ICT model.
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Supplementary Fig. 13 Energy levels measured from neat materials, where HOMOs are all
measured by UPS in lab, and LUMOs are obtained from literatures either from IPES method
(PM6, IEICO, IEICO-4F, Y6, ITIC, IT4F, PC70BM, Ceo),*® or from CV method (P3HT,
PBDB-T, D18, PFO, Y11). " LUMO of TQL1 is obtained by the combination of IP and the
optical gap.*2
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Supplementary Fig. 15 Rendering of the electrostatic potential on molecular surface for D
units of PBDBT (BDT-T) and PM6 (BDT-TF), A units of ITIC (IC) and IT4F (IC-2F).
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Supplementary Fig. 16 Electrostatic potential induced dipole calculation for D-A units with
face-on/face-on orientation in the designated y direction (Dy). The n-n stacking space of 3.5 A
is adopted. The dipole unit is shown in Debye (D).

Supplementary Fig. 17 The electron/hole density distributions at interfaces of four D-A unit
pairs at ground states. Hole and electron densities are presented in red and blue, receptively.
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Supplementary Tables 1-8

Supplementary Table 1 Orientation determination of films from NEXAFS.

Films Angular dependence of peak intensity Orientation suggested
from NEXAFS
Shoulder peak Main peak
(284.4 eV) (285 eV)
PBDB-T-SC | No angular No angular No preferential orientation
dependence dependence or tilted roughly at magic
angle (= 54.7°)
PBDB-T-LS | Intensity (90°) > Intensity (90°) > Preferential edge-on
Intensity (20°) Intensity (20°) orientation
PM6-SC No angular No angular No preferential orientation
dependence dependence or tilted roughly at magic
angle (= 54.7°)
PM6-LS Intensity (90°) > Intensity (90°) > Preferential edge-on
Intensity (20°) Intensity (20°) orientation
ITIC-SC Intensity (20°) > No angular Preferential face-on
Intensity (90°) dependence orientation (based on
planar conformation
assumption)
ITIC-LS Intensity (90°) > Intensity (90°) > Preferential edge-on
Intensity (20°) Intensity (20°) orientation
IT4F-SC Intensity (20°) > No angular Preferential face-on
Intensity (90°) dependence orientation but more
disordered (based on
planar conformation
assumption)
IT4F-LS No angular No angular No preferential orientation
dependence dependence or tilted roughly at magic

angle (= 54.7°)
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Supplementary Table 2 Summary of the measured and calculated values for monolayer film
of four model materials by LS method. | (molecular length) and w (molecular width) are
measured from molecular coordinates in built molecule models. The calculated mean
monomeric area (Mma’car.) is the product of 1 (or w) with estimated n-r stacking distance. The
measured Mma“mea, is extrapolated at zero pressure by the red line of P-A-isotherm curve in
Supplementary Fig. 5. dca. (calculated monolayer film thickness) is estimated by adding 4 A
Van de Waals film-substrate distance to | (or w) of molecule or polymer segment. The measured
film thickness (dmea.) and root mean square roughness (Rms) are obtained from AFM.

T-T
Material I w stacking Mma'cas.  Mma‘mea  dea.  Omea  RMS
(A) (A)  distance (A?) (A?) (nm) (hm)  (nm)
A
60.4 1.91
PBDB-T 15.1 24.9 4 (99.6) 63 (2.89) 2.71 0.938
62.4 1.96
PM6 15.6 22.6 4 (90.4) 84 (2.66) 2.87 0.762
86.1 3.27
ITIC 28.7 23.8 3 (71.4) 68 (2.78) 3.34 0.453
87.3 3.31
IT4F 29.1 23.6 3 (70.8) 69 (2.76) 2.84 1.850

Supplementary Table 3 The average WF and IP values of neat multilayer films (Au/D, AIOyx/A)
or D-A multilayer films (Au/D/A, AlOx/A/D) calculated from the data points at equilibrium

region of Fig. 2 in the main text, and WF shifts at D-A interface AWFp/a (AWFpa = WFauwp/a

— WFauwp) or AWFap (AWFap = WFaloxiap — WFaioxia).

D/A Interfaces WFaup WFaupia [Paup Paunia AWFp/a
Au/PBDB-T/ITIC 4.30 4.75 4.89 5.78 +0.45
Au/PBDB-T/IT4F 441 4.89 4.87 5.87 +0.48

Au/PM6/ITIC 441 4.84 5.12 5.71 +0.43

Au/PM6/IT4F 4.54 4.97 4.94 5.90 +0.43

A/D Interfaces WFaiox/A WFaiox/AD [Paiowa  IPaioxap AWFaD

AlOY/ITIC/PBDB-T 4.37 421 5.72 4.84 —0.16
AlO/1T4AF/PBDB-T 4.52 4.39 5.77 4.85 —0.13
AIO/ITIC/PM6 4.34 4.29 5.62 5.03 —0.06
AlO/ITAF/PM6 4.56 4.37 5.77 5.00 —-0.19
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Supplementary Table 4 Comparison of the interface dipoles in D-A bilayer films on different
substrates. D (bottom phase)/A (top phase) bilayer films are prepared by Spin-coating/Spin-
coating (SC/SC) method, and A (bottom phase)/D (top phase) films are prepared by Spin-
coating/Surface-spreading (SC/SS) method.

Substrate Au AlOx PEDOT:PSS ZnO
D-A interfaces AWFp/a AWFap AWFp/a AWFap
PBDB-T:ITIC +0.60 —-0.33 +0.71 -0.27
PBDB-T:IT4F +0.65 -0.36 +0.57 -0.37

PM6:ITIC +0.60 -0.16 +0.62 -0.24
PM6:1T4F +0.71 -0.20 +0.54 -0.33

Supplementary Table 5 Summary of detailed photovoltaic parameters of the devices. Values
are averaged over ten devices.

PV

J.

Blend fegV) (mA S(:Cm_z) gz) I(/{)/C) IZEZ?
PBDB-T:ITIC 1.65 14.717 0.624 0.891 8.292
PM6:ITIC 1.64 14.262 0.616 1.000 8.787
PBDB-T:IT4F 1.56 17.587 0.666 0.690 8.077
PM6:IT4F 1.56 18.071 0.693 0.818 10.246
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Supplementary Table 6 Summary of the pinning energies of materials.

Materials Eier. (eV) Eicr (ev)
P3HT (SC) 4.14 -
TQ1 (SC) 4.29 -
PBDB-T (SC) 4.34 -
PM6 (SC) 4.50 -
D18 (SC) 4.60 -
PFO (SC) 5.07 -
IEICO (SC) : 4.24
IEICO-4F (SC) - 4.33
Y11 (SC) - 4.50
Y6 (SC) _ 4.46
ITIC (SC) 4.79 4.42
IT4F (SC) 5.02 4.55
PC0BM (SC) - 4.40
C,,(evaporation) - 4.42
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Supplementary Table 7 Interface dipoles measured in other organic-organic heterojunctions.

Fabrication Method SC/SC SC/SS  LS/LS LS/LS SC/LS SC/LS
D-A Interfaces AWFp/a AWFap AWFpa AWFap AWFpa AWFap
+0.36
PBDB-T:Y6 (crosslinked-  —0.41 +0.10 —0.20 +0.33 —0.05
SC/SC)
+0.39
PBDB-T:Y11 (crosslinked-  —0.34 +0.43 —-0.45 +0.66 —-0.15
SC/SC)
+0.16
PM6:Y6 (crosslinked-  —0.46 +0.27 —0.26 +0.35 -0.17
SC/SC)
+0.24
PM6:Y11 (crosslinked-  —0.29  +0.49 —-0.33 +0.45 —-0.25
SC/SC)
PBDB-T:IEICO +0.33 - - - - -
PBDB-T:IEICO-4F +0.39 - - - - -
PM6:1IEICO +0.10 - - - - -
PM6:1IEICO-4F +0.21 - - - - -
D18&:IEICO +0.06 - - - - -
D18:1T4F +0.56 - - - - -
P3HT:ITIC +0.58 ; ; _ +0.35 )
P3HT:IT4F +0.48 - - - - -
TQILITIC +0.71 ] ] ] ] )
TQ1:IT4F +0.70 - - - - -
PFO:ITIC ~0.01 ; ; ; +0.05 _
PFO:PC7,0BM +0.03 - - - - -
PBDB-T:PC70BM +0.26 - - - - -
PM6:PC70BM +0.20 - - - - -
—0.03
PBDB-T: +0.10 ] ] ] :
Coo (SClevaporation) (evapfsrz);\tlon/
PM6:C +0.01 ; ] ] ]
60 (SClevaporation)
P3HT:Ceo 0.28 - - - - -

(SC/evaporation)
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Supplementary Table 8 Estimated D-A interface dipole matrix according to ICT model.

Donor
P3HT TQ1 PBDB-T PMG6 D18 PFO
Acceptor

IEICO 0.1 0 0 0 0 0
IEICO-4F 0.19 0.04 0 0 0 0
Y11 0.36 0.21 0.16 0 0 0
Y6 0.32 0.17 0.12 0 0 0
ITIC 0.28 0.13 0.08 0 0 0
ITAF 041 0.26 0.21 0.05 0 0
PC7BM 0.26 0.11 0.06 0 0 0
Ceo 0.28 0.13 0.08 0 0 0
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Supplementary Note 1

In the C K-edge NEXAFS spectra of spin-coated (SC) ITIC or IT4F films (supplementary Fig.4),
the frontier structures from 284-286 eV are corresponded to the C 1s — C=C z* transitions,
and the shoulder structures at the lowest photo energy around 284.4 eV are corresponded to the
frontier edge of the LUMO structures of acceptors. Moreover, the frontier LUMO density of
states is believed to be dominated by the end groups of the acceptors (A part in the A-D-A
structure), as the DFT calculation indicated in several literatures.? Thus, the orientation of the
end groups in acceptors could be obtained from the spectral weight change of the shoulder peak
at 284.4 eV with changing the incident angle, though the main C=C n* transition peak at 285
eV do not give clear information.

From the NEXAFS spectra of ITIC-SC film, the end groups of ITIC show obvious face-on
orientation where the shoulder peak at 284.4 eV shows higher intensity at grazing incident angle
(20°), and lower intensity at normal incidence (90°). Furthermore, a near-planar configuration
between the end groups and core structure is the most probable conformation owing to the
alternating single-double bonds, so we think the average orientation of ITIC-SC film could be
inferred from the obvious angular dependance of the end groups. However, we do not believe
that the ITIC molecules present absolute planar configuration without any end-group rotations,
thus we describe the orientation of ITIC-SC film carefully as ‘preferentially face-on oriented’,
and the face-on orientation of ITIC films are also observed by another group.® Similar but a
little weaker angular dependence is observed on the NEXAFS spectra of IT4F-SC films. Thus
IT4F-SC films are also preferentially face-on oriented but more disordered.

In contrast, NEXAFS spectra of the LS films all show obvious edge-on orientation where the
frontier structures related to ©* states show lower intensity at grazing incident angle (20°), and
higher intensity at normal incidence (90°), except for that of the IT4F-LS film. No obvious
change of the spectral weight related to ©* states for the IT4F-LS film upon angle variation,
which can be assigned to either a fully amorphous LS film or to molecular chains that are
extended along the substrate surface tilted edge-on at roughly the magic angle (=~ 54.7°). Based
on the properties of LS technique and AFM results, the formation of an amorphous IT4F film
can be ruled out. Thus, the slightly less ordered tilted edge-on orientation is the most probable
for the IT4F-LS film.

The summary for the orientation determination from NEXAFS spectra can be seen in the
Supplementary Table 1.
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