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Supplementary Figure 1 | Molecular structure of the donor polymer (PBDB-T-2F).
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Supplementary Figure 2 | Absorption spectra and cyclic voltammetry (CV) measurements. (a)
Absorption spectra of the pristine PBDB-T-2F, Y6, and PBDB-T-2F:Y6 blend films. (b) CV and
energy levels (the insert) of PBDB-T-2F and Y6 films on ITO glass in 0.1 mol L™ BusNPF in
acetonitrile at a scan rate of 100 mV s,
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Supplementary Figure 3 | OSC photovoltaic performance. (a) J-V curves and (b) EQE and IQE

spectra of the Y6 based device.



e
B
o

.\' EQEmax
- - Emﬁr'@al line @ Literature (<50%)
eeees Lower limit @ Literature (50-60%)
. @ Literature (60-70%) 1
-{) Literature (70-80%)
O\ Y6 systems (80-90%)
S

e
w
o

_ “.. 50 20
.
. @ ‘24 @1
110,12
0.25F 6 @13 1\007
8@ ..
0.20} 99 10

Non-radiative Vgc losses (V)
S

11 12 13 1.4 15 16 17 18 198 2.0
EQE band edge (eV)

Supplementary Figure 4 | Summary of the OSCs with low Non-radiative Voc losses (< 0.30
eV). AVoc, nr versus EQE band edges for reported NFA OSCs (see Supplementary Table 3 for
details) and the systems in the present work, together with EQEmax values. The empirical and
lower limit lines are extracted from reference?.



Top view Side view

Supplementary Figure 5 | Single-crystal structures of Y6. Top (left) and side (right) views of
minimum repeat unit.
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Supplementary Figure 6 | Molecular structure of the IDT-based NFAs. a, IT-4F and b, ITIC-
2Cl-y.



One layer Two layers
Supplementary Figure 7 | Crystal structure of Y6 with (a) one layer and (b) two layer.
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Supplementary Figure 8 | SCLC electron and hole mobility. Dark J-V and JY2-V plots for
single-electron (a, b) and single-hole (c, d) devices based on pristine Y6 (~100 nm) film.
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Supplementary Figure 9 | Exciton decay dynamics. a. Time-resolved photoluminescence decay
of the pristine Y6, IT-4F, and ITIC films. b. Transient absorption signal of the exciton versus
time in the pristine Y6, IT-4F, and ITIC films pumped at ~ 600 nm, and probed by integrating
between 840-870, 750-780, and 725-755 nm, respectively. c and d. TA spectra and signal of the
PBDB-T-2F:Y6 blend films excited at 860 nm.
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Supplementary Figure 10 | EQEg. spectra of the OSC based on PBDB-T-2F:Y6 system.
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Supplementary Figure 11 | SCLC electron and hole mobilities. Dark J-V and J¥>-V plots for
single-electron (a, b) and single-hole (c, d) devices based on the Y6 binary and ternary films
(~100 nm).
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Supplementary Figure 12 | Device performance of the Y6 ternary OSC. (a) J-V curve of the Y6
ternary device (20% PC7:BM). The inset shows the variation of normalized PCE of this ternary
device with testing time under continuous illumination of a LED light (from 360 to 960 nm) in air
with encapsulation. (b) EQE spectrum of the Y6 ternary device (20% PC7:BM) (the integrated Jsc
from the EQE spectrum is 25.4 mA/cm?, with an error < 5% compared to the Jsc obtained from
the J-V scan in Supplementary Table 6).
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Supplementary Figure 13 | Voltage loss analysis. (a) Normalized EL, ¢EL/¢bb, EQEftps, and
(b) EQEEL spectra for the PBDB-T-2F:Y6:20% PC-:BM ternary device.
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Hen-Hsin Wu

Enli Technology Co. Ltd.

1F., No.96, Luke 5th Rd., Luzhu Dist.
Kaohsiung City 821, Taiwan

Comments
Current vs. voltage was measured using our asymptotic Pmax method and using our standard |V sweep method.

Asymptotic Method

Asymptotic scans are measured by holding the cell at a set of voltages near Vmax until the current reaches an
asymptotic level for each voltage. The voltage vs. asymptotic current data is then applied to our standard Pmax
derivation algorithm.

Standard Sweep

Fast scans from forward to reverse and from reverse to forward before and after the asymptotic Pmax measurement
indicated that this device was not susceptible to some commonly seen measurement artifacts for OPV.
Consequently, we have included standard IV sweeps in this data compilation.

Data Collected By:

National Renewable Energy Laboratory
Solar Cell/Module Performance Group
15013 Denver West Parkway

Golden, CO 80401-3305

Photvoltaic Cell Data Compilation Issue date Page 1
Printed: 11/26/2018
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South China University of Technology

OPV Cell
Device ID: Y-OPV-01_middle Device Temperature: 25.0 + 3.5 °C
Nov 15, 2018 17:26 Device Area: 0.04113 + 0.4% cm”
Spectrum: ASTM G173 global Irradiance: 1000.0 W/m’
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South China University of Technology

OPV Cell
Device ID: Y-OPV-01_middle Device Temperature: 25.0 + 1.5 °C
Nov 15, 2018 17:51 Device Area: 004113 cm”™ + 04 %
Spectrum: ASTM G173 global Irradiance: 1000.0 W/m®
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Forward to reverse, using standard method.
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Supplementary Figure 14 | Certification report from NREL. EQE spectrum, J-V curve tested by
using the asymptotic method and standard methods (forward to reverse and reverse to forward).
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Supplementary Figure 15 | Morphology characterization. Two-dimensional GIWAXS patterns
(left) and profiles (right) of theY6 ternary blend films.
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Supplementary Table 1 | Photovoltaic performance of the Y6 based devices.

Device® Voc Egonset Jsc FF PCE VOItage EQEmax,
[V]a (eV)b [mA cm'z]a [%]a [%]a loss acceptor
(V) (%)
PBDB-T-2F:Y6 0.824).01 1.35 25.94).2 73.33#.4 15.7#.1 0.53 84

aStatistical data obtained from 10 independent devices under AM 1.5 G illumination at 100 mW
cm 2, PEqp®™et = 1240/ Aonset Was determined from the onset of EQE spectra (Supplementary Fig.
3b). “The voltage loss was calculated by subtracting Voc from Eop®™®/q. 9The device architecture
is ITO/ZnO/Ceo-SAM/Active layers/MoOz/Ag.
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Supplementary Table 2 | Quantification of voltage losses in the Y6 based device.

Device Eoptedge Voc, rad AVoc, rad Voc EoptEdge/q - AVoc, nr
(ev)® (V)° (V)° V) Voc (V) (%
PBDB-T-2F:Y6 1.49 1.09 0.40 0.82 0.67 0.27

3Eqp®% was determined from the intersection of the EQE edge and the local EQE maximum
(Supplementary Fig. 3b)%. ®Voc, rad Was calculated from EL and FTPS measurements (Fig. 4b) by

using the following equation: Voc, ras=kT/q In(Jsc/Jo, rad+1), WhereJdo, rad = q fooo EQE®,,,dE 3. AVoc,
rad = Eoptedge — VOC, rad. dAVOC, nr = VOC, rad — Voc.
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Supplementary Table 3 | Summary of NFA OSC systems with a non-radiative voltage loss <

0.3 V and different Eop*®® and EQEmax.

Eopt®o®

AVOC, nr

EQEmax

Number Device (eV) V) (%) Ref.
1 BDT-ffBx-DT:PDI6 1.86 0.27 52 4
2 BDT-ffBx-DT:PDI4 1.85 0.29 55 4
3 BDT-ffBx-DT:SFPDI 1.85 0.20 47 4
4 PffBT4T-2DT:IDTBR 1.76 0.27 76 5
5 PffBT4T-2DT.FBR 1.76 0.29 58 )
6 PBQ-QF:IEICO-4F 1.38 0.25 70 6
7 PvBDTTAZ:O-IDTBR 1.76 0.25 71 6
8 PTB7-Th:IEICO 1.49 0.23 47 6
9 PDCBT-2F:IT-M 1.73 0.21 50 6
10 P3TEA:SF-PDI2 1.76 0.26 66 7
11 PBDB-T:Y2 1.46 0.26 73 8
12 PBDB-T-2F.Y6 1.49 0.27 85 This work
13 PBDB-T-2F:Y6:PC71BM 1.49 0.25 85 This work
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Supplementary Table 4 | Electronic couplings (V) and charge-transfer rates (k) of the molecular
pairs extracted from the Y6 crystal for hole and electron transport. The molecular pairs are
depicted in Fig. 1b in the main text.

Vhole Khole-transfer Velectron Kelectron-transfer
lcm™ [meV] (s1) /cm™ [meV] (s1)
Y6: pair 1 142 [18] 1.5x10%2 652 [81] 3.9x10%
Y6: pair 2 17 [2] 2.110% -175 [-22] 2.8>10%
Y6: pair 3 600 [74] 2.6x10% 549 [68] 2.8x10%
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Supplementary Table 5 | Exciton couplings in the first singlet excited state (S1) of the
molecular pairs extracted from the Y6 and IT-4F crystals. The molecular pairs are depicted in
Fig. 1b in the main text.

Exciton Coupling

/cmt [meV]
Y6: pair 1 403 [50]
Y6: pair 2 -460 [-57]
Y6: pair 3 355 [44]

26



Supplementary Table 6 | Summary of hole and electron mobilities of the blend films evaluated
by SCLC method.

Blend films E('legﬁrgr?]zm\f’_f’is'_if)y (ﬂ')ﬂ'ir?:zo\b/i_'ﬂtsﬁ)
PBDB-T-2F:Y6 0.75 1.4
PBDB-T-2F:Y6:10%PC7,BM 10 20
PBDB-T-2F:Y6:20%PC7,BM 27 3.4
PBDB-T-2F:Y6:30%PC,BM 24 26
PBDB-T-2F:PC1,BM 74 27
PBDB-T-2F:IT-4F 26 5.6
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Supplementary Table 7 | Photovoltaic performance? of the PBDB-T-2F:Y6:PC71BM based
devices® as a function of weight ratios.

PBDB-T-2F:Y6:PC71BM Voc (V) Jo(MACcm?)  FF (%) PCE (%)
1:1.2:0 0.8240.01 25.940.2 73.340.4 157401
1:1.08:0.12 (10%) 0.8340.01 25.940.2 746403  16.040.2
1:0.96:0.24 (20%) 0.8340.00 26.040.2 75.940.6  16.340.2
1:0.84:0.36 (30%) 0.84:40.00 25.140.2 73.540.8 155402
1:0:1.2 0.8940.01 12.940.1 59.1415  6.740.2

aStatistical data obtained from 10 independent devices under AM 1.5 G illumination at 200 mW
cm2.PThe device architecture is ITO/ZnO/Cgo-SAM/active layer/MoOs/Ag.
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Supplementary Table 8 | Quantification of voltage losses in the PBDB-T-2F:Y6:20% PC7.BM
ternary device.

Device Eoptecjge Voc, rad AVoc, rad Voc EoptEdge/q —Voc AVoc, nr
(ev)? (V)° (V) V) V) (V)
Ternary 1.50 eV 1.08 V 042V 0.83V 0.67 eV 0.25V

3E ™% was determined from the intersection of the EQE edge and the local EQE maximum.
bVoc, rad Was calculated from EL and FTPS measurements (Supplementary Fig. 13a) by using the

following equation: Voc, ras=KT/q In(Jsc/Jo, raa+1), wheredo, rad = q fooo EQE®},dE. ¢ AVoc, rad =
Eoptedge —Voc, rad- dAVOC, nr = Voc, rad — Voc.
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