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Materials and Methods

PTB7-Th (also named as PCE10) was purchased from 1-Material Inc. [6,6]-Phenyl-C71-
butyric acid methyl ester (PC71BM) was purchased from American Dye Source, Inc.
PBDB-T, O6T-4F were synthesized according to previous reports (37,40). ZnO
nanoparticles were synthesized following the literature (47). 1,8-diiodooctane (DIO) and
MoOs were purchased from Alfa-Aesar. Isopropanol (IPA) and chlorobenzene (CB) were
purchased from Sigma-Aldrich. PFN-Br, i.e. poly[(9,9-bis{30-[N,N-dimethyl]-N-ethyl-
ammonium]propyl}-2,7-fluorene)-alt-1,4 phenylene]dibromide was purchased from
Luminescence Technology Corp. PDINO (perylene diimide functionalized with amino N-
oxide) was purchased from SunaTech Inc. All other materials were purchased and used as
received.

Measurements and instruments

The 'H and '3C nuclear magnetic resonance (NMR) spectra were taken on a Bruker AV400
Spectrometer. Matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry were performed on a Bruker Autoflex III instrument. The
thermogravimetric analysis (TGA) was carried out on a NETZSCH STA 409PC instrument
under purified nitrogen gas flow. UV-Vis spectra was obtained with a JASCO V-570
spectrophotometer. Cyclic voltammetry (CV) experiments were performed with a LK98B
II Microcomputer-based Electrochemical Analyzer in dichloromethane solutions. All
measurements were carried out at room temperature with a conventional three-electrode
configuration employing a glassy carbon electrode as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode, and a Pt wire as the counter electrode.
Tetrabutyl ammonium phosphorus hexafluoride (n-BusNPFs, 0.1 M) in dichloromethane
was used as the supporting electrolyte, and the scan rate was 100 mV/s. The highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels were calculated from the onset oxidation potential and the onset reduction
potential, using the equation Enomo = - (4.80+Eox®™"), ELumo = - (4.80+E"™),

The current density-voltage (J-V) curves of fabricated devices were obtained by a Keithley
2400 source-measure unit. The photocurrent was measured under AM 1.5G illumination
at 100 mW/cm? irradiation using a Enli SS-F5-3A solar simulator, calibrated with a
standard Si solar cell (made by Enli Technology Co., Ltd., Taiwan, and calibrated report
can be traced to NREL). The thickness of the active layers in the photovoltaic devices was
measured under a Veeco Dektak 150 profilometer. The EQE spectrum was measured using
a QE-R Solar Cell Spectral Response Measurement System (Enli Technology Co., Ltd.,
Taiwan). To measure the rear and front cell , light bias obtained by 550 nm low-pass optical
filters and 850 nm high-pass were selected to excite (saturate) the front and rear cells,
respectively. Electrical biases of 0.7 and 0.9 V were applied on the tandem OSCs to
measure the front and rear subcells, respectively (34). The mismatch factor M values of
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both subcells under the solar simulator are calculated according to the referenece and the
values are around 1 (1.007 for the front cell and 1.066 for the rear cell) (42).

Svnthesis of F-M (Scheme S1) (32)

1 F-M

Scheme S1. Synthetic route of F-M.

The reaction and manipulation were carried out under argon atmosphere with use of
standard Schlenk techniques. The intermediate compound 1 was prepared according to the
literature (43).

A solution of compound 1 (120 mg, 0.11 mmol) and Me-INCN (112 mg, 0.54 mmol) in
dry CHCI3 (25 mL) was degassed three times and then 0.2 mL pyridine was added under
the protection of argon. After stirring for 24 h at the room temperature, the mixture was
poured into CH30OH (100 mL) and filtered to remove the impurities. The crude product was
purified by column chromatography using chloroform as eluent to obtain the target
molecule F-M as a black-blue solid (80 mg, 49.3%) (Scheme S1). 'H NMR (400 MHz,
CDCl): 6 8.96 (s, 2H), 8.57 (d, 1H), 8.50 (s, 1H), 7.82 (d, 1H), 7.71 (s, 3H), 7.69 (s, 2H),
7.61 (d, 2H), 7.56 (m, 2H), 2.57(d, 6H), 2.07 (m, 8H), 1.96 (m, 4H), 1.13 (m, 72H), 0.79
(m, 18H). *C NMR (100 MHz, CDCl3): & 188.49, 188.13, 161.51, 161.40, 161.01, 160.97,
156.61, 156.24, 152.25, 146.47, 146.05, 142.34, 140.36, 140.28, 138.30, 137.96, 137.61,
137.33, 136.67, 135.82, 135.31, 134.83, 125.59, 125.18, 123.95, 123.53, 121.78, 121.72,
116.07, 115.14, 115.08, 115.00, 114.45, 67.97, 67.44, 54.65, 54.19, 40.41, 39.17, 31.77,
31.73, 29.97, 29.93, 29.71, 29.28, 29.20, 24.47, 23.90, 22.60, 22.57, 22.10, 14.04. MS
(MALDI-TOF): m/z [M+H]" calcd for Co9H122N402S2, 1463.903; found, 1463.908 (6).

Device Fabrication and Optimization

First, the single junction front and rear cells were optimized. For PBDB-T:F-M based
single junction cells, the detailed optimization results (through a normal device structure
with different donor:acceptor ratio, additive, concentration and spin speed) are shown in
Table. S2-Table. S6. Then PBDB-T:F-M based device with an inverted structure was
fabricated using the above optimized active layers parameters. The PTB7-Th:O6T-
4F:PC71BM or PTB7-Th:O6T-4F based single junction cells optimization followed the
literatures (4, 37). The tandem solar cells were optimized through changing the thickness
of interconnection layer and active layers of the front and rear cell and the results are shown
in the Table. S7-Table. S13.



Fabrication of the single junction devices

The normal structure device of PBDB-T:F-M was fabricated with the structure of
ITO/PEDOT:PSS (Clevios PVP Al 4083) /PBDB-T:F-M/PDINO/AI (32). First, A thin
layer (20 nm) of PEDOT:PSS was spin cast on top of pre-cleaned ITO substrates and
annealed in air at 150 °C for 15 min. The substrates were then transferred into an Ar-filled
glove box. Then the blend solution of PBDB-T:F-M (1:1 w/w) (10 mg/mL, from a
chlorobenzene (CB) with 0.2% DIO) was spin-coated with different spin speeds. After that,
about 5 nm PDINO (dissolved in methanol with the concentration of 1 mg/mL) layer (44)
was spin-coated on the top of the active layer. Finally, a layer of Al with thickness of 80
nm was deposited under under 2x10 Pa.

The inverted structure device of PBDB-T:F-M was fabricated with device architecture of
ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/Ag. A thick layer of ZnO was deposited by
spin-coating a ZnO precursor on top of pre-cleaned ITO substrates at 4000 rpm for 40s
followed by annealing at 200°C for 1 h in air. Subsequently, a thin layer of PFN-Br was
spin-coated on ZnO for improving the interfacial properties (45). The substrates were then
transferred into an Ar-filled glove box.Then the blend solution of PBDB-T:F-M (1:1 w/w)
(10 mg/mL,from CB with 0.2% DIO) was spin-coated at 1000 rpm for 40 s to form the
active layer. The modified PEDOT:PSS layer (Clevious P VP Al 4083 diluted with equal
volume of isopropyl alcohol and 0.3 wt% of Zonyl FSN) (ca. 50 nm) was then spin-coated.
After thermally annealed at 120°C for 10 min, an Ag layer (70 nm) were then deposited by
vacuum evaporation under 2x10 Pa through a shadow mask.

For PTB7-Th:O6T-4F:PC71BM or PTB7-Th:O6T-4F based device, the device architecture
was ITO/ZnO/active layer/MoOs/Ag. The active layer was spin-coated at 1600 rpm for 40
s from CB solution (7.2 mg/mL, 1% DIO by volume) with weight ratio of PTB7-Th:O6T-
4F:PC7:1BM at 1:1.05:0.45 or 2200 rpm for 40 s from CB solution (9 mg/mL, 1% DIO by
volume) with weight ratio of PTB7-Th:06T-4F at 1:1. A MoOs layer (6 nm) and an Ag
layer (70 nm) were then deposited on the active layer by vacuum evaporation under 2x10"
4 Pa (4).

Fabrication of the tandem devices

The tandem devices were fabricated with an architecture of ITO/ZnO/PFN-Br/PBDB-T:F-
M/M-PEDOT/ZnO/ (PTB7-Th:06T-4F:PC71BM or PTB7-Th:06T-4F) /MoOs/Ag. The
PBDB-T:F-M active layers were fabricated via the same process as the single cells with
different thicknesses. Subsequently, the M-PEDOT layer (ca. 50 nm) was spin-coated on
top of the active layer of the front subcell, followed by annealing at 120°C for 10 min, and
then ZnO nanoparticles layer (ca.15 nm) was spin-coated and annealed at 120°C for 10 min
in glove box.Then, the PTB7-Th:O6T-4F:PC7:1BM or PTB7-Th:06T-4F active layers were

4



fabricated via the same process as the single cells with different thicknesses. A MoO3 layer
(ca.6 nm) and an Ag layer (ca.70 nm) were then deposited on the active layer by vacuum
evaporation under 2x10* Pa. The effective areas of cells were ~4 mm? defined by shallow
masks. Devices with larger size active area were also farbicated and studied and the results
are shown in Table S14.

Light intensity dependence of photovoltaic parameter

In order to investigate the dependence of the J-J" measurements under different light
intensities, a neutral density sieve was used to modulate the light intensity, and a standard
Si solar cell was used to calibrate the light intensity.

As shown in fig. S8, the light intensity dependence of Jsc, Voc and FF of the tandem cells
shows similar behavior to those reported high performance single-junction devices, i.e. the
fact that the Js is proportional to illuminated light intensity, indicating there is no
substantial space charge buildup occured in the tandem device and the interconnecting
layer (15), and the FF increases to 76.8% under the lower light intensity, which is attributed
to lower bimolecular recombination of the active layer, and the Vo increases with
increasing the light intensity. Clearly, it’s indicating that the two subcells performed well
and an optimal interconnection layer is achieved (46).

Optical simulations

The optical model was preformed based on the Transfer Matrix Formalism model (TMM)
and the results are shown in Fig 3C. The refractive index (n) and extinction coefficient (k)
spectra of each layer in the devices were measured using a JJA. WOOLAM Co. V-VASE
ellipsometer (VB-400 Control Module).

With the measured refractive index (n) and extinction coefficient (k) of all the concerned
layers employed in the tandem devices, Fig. 3C displays the simulation results of the
dependence of tandem cell Jsc versus the thicknesses of the two active layers. Based on the
optical simulation, the best Jsc would be reached when the thicknesses of the optimized
front and rear subcell active layers are around 200 and 120 nm, respectively. With these
results and that from the single-junction cell evaluation above, a series of tandem devices
were fabricated and studied with different subcells thickness. The thickness of the front
subcell active layer was tuned from 120 to 180 nm while keeping the active layer thickness
of the rear subcell to be 110 nm. Similarly, the thickness of rear subcell was evaluated in
the range from 90 to 110 nm. The detailed photovoltaic parameters are summarized in
Table 1 and fig. S8. The tandem devices all showed a Voc of ~ 1.64 V, approximately equal
to the sum of individual Voc of the subcells, indicating an optimal interconnecting layer
with negligible potential loss and good ohmic contact (20), while the Jsc and FF depended
on the thickness of the subcells. For example, when the active layer thickness of the rear
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subcell was fixed to 110 nm, the Vo of the tandem cells had negligible change with
increasing the thickness of the front cell from 120 to 180 nm, but the Jsc showed a maximum
value of 14.35 mA/cm? at 150 nm, together with a FF as high as 73.7%. Further increasing
the thickness from 150 nm, the Jic has a slight decrease, but the FF* decreased significantly.
On the other hand, when the active layer thickness of the front subcell was fixed to 150 nm
and the rear cell thickness changed from 90 to 125 nm, the tandem devices achieved both
a maximum Jsc of 14.35 mA/cm? and FF of 73.7% at the 110 nm thickness. Overall, the
devices all give excellent performance with PCEs above 15% and a remarkable PCE of
17.36%, with Vec of 1.642 V, Jsc of 14.35 mA/cm? and FF of 73.7% is achieved under the
optimal conditions.

While over 17% PCE has been achieved here under AM 1.5G, there are still significant
potential to achieve much higher performance for tandem OPV device from the perspective
of both theory and the state of the art results, where better front and rear subcell active
materials with wide and infrared absorption with high and matching EQE response should
be the focus in future works.

The semi-empirical model analysis

For the semi-expirical analysis based on a 2-terminal monolithic tandem cell with two

subcells in series, the fundamental assumptions are made as follows:

1) The interconnection layer is assumed to be an ideal fully transparent intermediate layer
with a loss-free recombination of charge carriers.

2) An internal quantum efficiency (IQE) of 100% is considered for the whole absorption
wavelengths (47).

3) EQE is assumed to be same in the whole absorption range with given values 65-85%,
which are the state of art results reported in the literature (24, 48).

4) It is assumed that there is no absorption overlap between the two subcells. That is , all
photons with energy higher than Eg 1 ( = 1240/Aonset, front cell) are absorbed by the front
cell, and that with energy between Eg 1 and Eg.2 ( = 1240/Aonset, rear cell) could be absorbed
by the rear cell. The tandem cell Jic, wndem 1s half of integrated photocurrent from 300
nm to the rear cell absorption onset (Aonset, rear cell ) With a given EQE value. The
integrated photocurrent of the front cell is assumed to be equal to that of the rear cell
for the best performed tandem cell gonvered by Kirchhoff’s law.

5) The Voc of the tandem cell is the sum that of each subcell.

6) The subcells have FF with values of 65%-80%, which is consistent with the most
reported ones in literatures (25).

7) In the discussion as follows, the optical gap of the subcell Eg (= 1240/Aonset) is defined
as the narrower optical gaps of the donor-acceptor couples . Note, for the fullerene
based devices, the absorption onset is considered to be that of the donor materials. For
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the fullerene-free based devices, it referred to be that of material, either donor or
acceptor, whichever has a narrower bandgap (23).

Based on above assumptions, the three photovoltaice parameters Voc, Jic and FF of a 2-

terminal monolithic tandem cell are obtained as follows:

1) For a rear cell with absorption onset 41, the Jsc of the tandem cell could be obtained
from equation 1 (Eq. 1).

o tnieom =5 Loo - E(2) EQE(2)-d = j Eu) EQE(2)-d2 (1)

where E(4) is the spectral irradiance in AM 1.5G, 41 and A2 are the absorption onset of rear
and front cell, 4 is Planck's constant, c is the speed of light and ¢ is the elementary charge.
From the above assumption, the absorption onset (42) of a matched front cell could be
determined from Eq. 2 under AM 1.5G light illumination.

J. . o= -E(A)-EQE(A)d A = j ‘1’1 -E(A)-EQE(A)-dA )

sc, front sc rear L 00 h

2) The Voc of the subcells is determined by the following Eqgs. 3 and 4 (23).

1 1 1240

VOC, front — _( g lms ) = ( Eluss ) (3)
q 4,
1 1 1240

VOC, rear g (Eg - Elm‘s ) = (T - /oss) (4)

Herein, the front and rear cell are considered to have the same FEloss for the calculation
simplication. The Eloss are assumed to be 0.4-0.8 eV according to overall reported values
(26). The Voc of the tandem cell is given by Eq. 5

1 1240 1 240
Voc, tandem Voc, front T Voc, rear —( +— loss) Q)
q ﬂz X1

So for the tandem solar cells, the PCE can be calculated from the Eq. 6 under AM 1.5G
light illumination.



PCE (%) =V, -J_-FF /P

zl(@+@_2lgm).l.r‘ ﬁ.E(ﬂ).EQE(ﬂ).dg.FF/EH
q AZ ﬂ'l 2 300 hc

(6)

Fig. S2 shows PCEs of a 2-T monolithic tandem solar cell versus EQE and absorption onset
of rear cell with assuming the Eioss of each subcell in the range of 0.4-0.8 eV and FF of
0.65-0.80.

Fig. S3 shows PCEs of 2-T monolithic tandem solar cells versus Eloss and absorption onset
of rear cell with assuming EQE with values of 65%-85% and FF of 0.65-0.80.

As 11g.S2G shows that, a PCE of ~ 20% could be reached if the Aonset, rear cell is up to 1100
nm with an average EQE of 75%, FF being 0.75 and a typical Eloss of 0.6 eV, which is
consistent with other theoretical analysis (/6). Clearly, these values could likely be
obtained in reality as most of these parameters have been already achieved for various OPV
materials and devices (3, 4, 24-26), particularly when considering the wide diversity of
organic/polymeric materials including the recent significant development of small
molecules/oligomer A-D-A type donors (14, 28, 29) and acceptors (3, 16).

With fixed FF and EQE, PCEs of the tandem devices are determined by Eloss and absorption
onset of rear cell as shown in fig.S3. Importantly, from these modelling results shown in
Fig.1C and fig. S3, FEloss seems to make a bigger impact on the overall PCEs. Also, with
Eloss increasing, the absorption onset of rear cell (Aonset, rear cell) With the PCEmax has a
tendency to blue shift. With a certain FF and EQE: 1) when Eloss= 0.4 €V, the PCEmax of
~25.0% was obtained when Aonset, rea cell =1070-1200 nm (Fig. 1C); 2) when Eloss= 0.5 €V,
the PCEmax of ~22.6% was obtained when Aonset, rear cell =1060-1125 nm (Fig. 1C); 3) when
Eloss=0.6 eV, the PCEmax 0f 20.2% was obtained for Aonset, rear cell =1030-1100 nm (Fig. 1C);
4) when Eloss= 0.7 €V, the PCEmax of 17.8% was obtained at a large range for Aonset, rear cell
=900-1100 nm (Fig. 1C); 5) while when Eioss= 0.8 €V, the PCEmax of 15.8% was obtained
for Aonset, rear cell = 900-945 nm (Fig. 1C). When Aonset, rear cell increasing further, the PCEmax
gradually decreases. Based on these, for tandem OPV devices, the optimal absorption onset
of the rear cell is somewhat blueshifted compared with that ~1127 nm from SQ studies
(25), probably due to the large non-radiative voltage losses result in large Eloss for OPV

(26).

Material screening

Based on the equation of PCE= Jsc X Voc X FF/Pin (Where Js is the short-circuit current
density, Voc is the open circuit voltage, FF is the fill factor and Pi» is the power density of
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the incident light.), to achieve a best PCE under AM 1.5G, all the Js, Voc and FF need to
be maximized simultaneously. In this content, first, the active layers need have both as
wide absorption as possible and maximized Vo (meaning minimized Eloss). Also, there is a
trade-off between the maximized Jsc and Voc as the multiplication of these two factors
decide the eventual PCEs. Based on these and the equation of

oo = 3% L ' 2L E(A)x EQE(A)dA = j 9 E(A)x EQE(A)dA and
e, tandem = Voo ront T Voerear =5 (52 +152=2E,, ) (where E(2) is the spectral irradiance

in AM 1.5G, 41 and A2 are the absorption onset of rear and front cell, /4 is Planck's constant,
c is the speed of light and ¢ is the elementary charge) for tandem cell, the predicted best
PCEs should be obtained when the rear cell absorbs up to 1000~1100 nm (i.e. Eg of
1.13~1.24 eV for the rear layer active materials) as shown in Fig. 1. With this, based on
the experimental results of a wide range of compounds from literatures and our own testing
(3, 4, 16), PTB7-Th was selected as the donor and O6T-4F and PC71BM as the acceptors
for the materials of the rear cell (4), as this combination has absorption up to 1050 nm-
matching the absorption range above. Also, it has generally high EQE in the long
wavelength range (~720 -1050 nm) required for an optimal rear cell and thus a higher J.
of ~27.89 mA/cm? and an integrated current of 11.2 mA/cm? in the range of 720-1050 nm.
Note also the individual cell of this active material combination has a decent Voc of ~0.69
eV (with a small Eloss of 0.51 €V), and FF of ~ 69 %. With these data, as we indicated in
the original manuscript, this is probably the best so far available as rear cell active materials.

Then, the requirements for the front cell materials could be guided and selected based
on Fig 1B and S1 and equation of

=— E(/”L) EQE(A)dA = I qﬂ -E(1)-EQE(A)dA . Based on these, the

sc tandem 300 h

front cell requlred for the best performed tandem cell should have material’s absorption
edge at ~ 680-720 nm (i.e. Eg of 1.72-1.82 eV). From here, based on large literatures (3,
49) and our own results (32), the pair PBDB-T and F-M were selected as the front cell
materials (32), as this combination gave a higher Voc of ~0.94 V, and Jse of 15.96 mA/cm?
from 300 to 750 nm (close to the best 720 nm indicated above). Also, the single junction
cell of this combination has a high FF of 69%, which is also required to have overall higher
PCE for the entire tandem cell. While the Eloss for this combination is ~ 0.71 eV, still not
so small, and also with absorption somehow red-shifted to 750 nm compared with the best
(720 nm) suggested by the model analysis, but based on the requirements above (Eg of
~1.72 eV indicated by the model analysis, and also as high as possible FF' and EQE), this
is probably the best to match the selected rear device for high PCE of the entire tandem
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cell.

The impact of secondary acceptor PC71BM

As can be seen from fig. S11, the absorption in the long wavelength range (~900-1050 nm)
increased for the ternary system. More accurately, the ternary active layer (black plot) has
stronger absorption than the binary system (red one) without PC7:BM in the range of long
wavelength range. The stronger absorption in 900-1050 nm should be mainly due to the
morphology change due to the addition of PC7:1BM as discussed below.

The morphology for the active layers has been studied by using transmission electron
microscope (TEM) as earlier reported (4, 37). It has been observed that clearer nanofiber
structures were obtained in the ternary blend film. This means that better phase separation
should be generated after PC71BM addition, resulting in either larger domain size of the
acceptor or better packing between the acceptor molecules. Also, note binary blend film
gave a hole mobility (ur) of 6.82x10* cm? V! 57! and electron mobility (ue) of 3.91x107
cm? V' 5! (31), while the ternary blend film showed a u of 6.35x10%cm? V! s and pe
0f4.80 x10*cm? V! 57! (4), indicating a more balanced charge transportation due to a close
Un /e value in ternary system (decreased from 17 to 1.3). So both the improved absorption
in the long wavelength and balanced charge transportation should be the reasons for the
increased EQE and Js in the long wavelength range.
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Fig. S3. Predicted PCEs of 2-T monolithic tandem solar cells based on semi-empirical
analysis under AM1.5G. (A-D) PCEs versus Eloss and Aonset, rear cell With assuming the EQE
with value of 65%-80% and FF of 0.65 (A), 0.70 (B), 0.75 (C), 0.80 (D); (E-H) PCEs
versus Eloss and Aonset, rear cell With assumed EQE of 75% and FF of 0.65 (E), 0.70 (F), 0.75
(G), 0.80 (H).
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Test Results

No:2017DMCS00062 Page 4 of 4
Clause Test item(s) Unit Technical requirements Results V?rdlcF
Pass/Fail
At STC (cell temperature: 25 C,
T _— irradiance: 1000W/m*, standard
chmracteristig solar spectral irradiance
1 i - ——- |distribution corresponds to | --——- -
rﬁ-;;,uremen 1EC60904-3), measure the current-
voltage characteristics of the
cell with the variation of load
1 822n11rcu1t voltage, T - 1. 640 —
Short-circuit y
1.2 current, Isc mA [ 0. 3630
1.3 Maximun-power, Pmax o |- 0. 4366 S
Maximun-power -
1.4 voltage, Vmp A . 1. 360
= [Maximun-power -
Lo current, Imp . ([ 0.3210
1.6 Fill factor, F.F. (%) | ———- 73::88 -—
L7 Calculate conversion | |- =0 e,
: efficiency
Ly SR o e B X 100% 17. 29 e -
efficiency, n (%) 1000W/ 1 X S jf
S is determined by the aperture
; ’ , |size of the mask attached to the —
1.7.2 |Area,§ o front side of the tested cell, the 002525
mask is provided by the customer.

1# - Current-voltage characteristic at STC

00002 7

EER
000035 ;
[

Currentwithlight|A]

a
=
=1
a
2
tr
I

i

00 02 0.8 o6 0.8 1.0 12 14 15 18
Forwardvoltagelv]

Remark: 1. The sample is emerging cell, and there is no general test standard at present. The test
method is agreed with the customer after negotiation, which is based on IEC 60904-1:2006 and customer
requirements.

2. Customer requirements:

(1) A crystalline silicon solar cell is used as reference cell for the test.

(2) Scanning direction: From Isc to Uoc .

(3) The sample is tested at non electrically stable state

Fig. S9. Original images of the OSC certificate results by the National Center of
Supervision & Inspection on Solar Photovoltaic Products Quality of China (CPVT).
The tandem device is measured with a mask of 2.525 mm?. The tandem device offers a
PCE of 17.29%.
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Fig. S10. Histogram of PCE counts for 84 independent cells with a standard deviation of
0.29%.
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Fig. S11. Photovoltaic performance of the single and tandem devices. (A) EQE curves
of the single-junction devices based on PTB7-Th:O6T-4F and PTB7-Th:O6T-4F:PC71BM
with an architecture of ITO/ZnO/active layer/MoOs/Ag. (B) EQE of the optimized tandem
devices with PTB7-Th:O6T-4F:PC71BM as rear cell and PTB7-Th:06T-4F as rear cell. (C)
Normalized absorption spectra of PTB7-Th:06T-4F (1:1) and PTB7-Th:O6T-4F:PC7:BM
(1:1.05:0.45) films.
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Fig. S13. Stability of the tandem devices. The device performance degraded about 4%
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Tables

Table S1. The photovoltaic performance of the single-junction devices based on
PBDB-T:F-M and PTB7-Th:06T-4F:PC7BM under illumination of AM 1.5 G, 100
mW/cm?2.*

Active layer Voe (V) Jse(mA/cm?)  FF (%) PCE (%)
0.934+0.005 15.86£0.12  69.2+0.5  10.25+0.14
PBDB-T:F-M”
(0.938) (15.96) (69.8) (10.45)
0.703+0.005 25.50+0. .9+0. 11.59+0.2
T ThO6T AR 5504038  65.9+0.5 59+0.27
(0.705) (25.63) (66.3) (11.93)
0.689+0.004 27.98£0.35  68.6£0.6  13.22+0.23
PBT7-Th:06T4F:PC71BM¢
7 (0.691) (27.60) (69.7) (13.29)

“The average values are obtained from over 50 devices for each single junction device, and
the best PCEs are provided in parentheses. “The device architecture is ITO/ZnO/PFN-
Br/active layer/M-PEDOT/Ag. “The device architecture is [ITO/ZnO/active layer/MoOs3/Ag.

Table S2. Optimization of D/A ratio for PBDB-T:F-M conventional solar cells under
illumination of AM 1.5 G, 100 mW/cm?.*

D/A ratio Voe (V) Jye (mA/cm?) FF (%) PCE (%)
1:0.5 0.950 13.56 62.7 8.08
1:0.8 0.964 14.79 63.1 9.00

1:1 0.970 14.85 65.0 9.36
1:1.2 0.981 14.23 64.2 8.96
1:1.5 0.973 14.38 61.6 8.62

“The device architecture is ITO/PEDOT:PSS/PBDB-T:F-M/PDINO/Al; D=10 mg/mL in
CB with 0.5 vol% DIO; 1500 rpm for 40 s. “The average values are obtained from over 10
devices.
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Table S3. Optimization of different additive for PBDB-T:F-M conventional solar cells
under illumination of AM 1.5 G, 100 mW/cm?.*

Additives Voe (V) Jse MA/cm?)  FF (%) PCE (%)’
no 0.990 14.46 67.2 9.62
I-methylnaphthalene 0.975 14.41 54.5 7.66
1,5-Naphthalenedithiol 0.991 14.80 62.8 9.21
Naphthalene 0.988 13.98 66.1 9.13
DIO 0.992 14.94 67.0 9.93

“The device architecture is ITO/PEDOT:PSS/PBDB-T:F-M/PDINO/AI; D:A=1:1; D=10
mg/mL in CB with 0.5 vol% additive; 1500 rpm for 40 s. *The average values are obtained
from over 10 devices.

Table S4. Optimization of DIO content for PBDB-T:F-M conventional solar cells
under illumination of AM 1.5 G, 100 mW/cm?.*

DIO (vol%) Ve (V) Jse (mA/cm?) FF (%) PCE (%)’
None 0.986 14.33 67.5 9.54
0.1 0.983 15.24 67.2 10.07
0.3 0.986 14.86 70.0 10.26
0.5 0.979 14.36 68.3 9.60
1 0.971 12.94 65.3 8.20

“The device architecture is ITO/PEDOT:PSS/PBDB-T:F-M/PDINO/AI; D:A=1:1; D=10
mg/mL in CB with DIO; 1500 rpm for 40 s. *The average values are obtained from over
10 devices.

Table S5. Optimization of different concentration for PBDB-T:F-M conventional
solar cells under illumination of AM 1.5 G, 100 mW/cm?2.*

Concentration (mg/mL) Voe (V) Jse (mA/cm?) FF (%) PCE (%)*

20 0.996 14.28 70.7 10.06
22 0.987 14.35 69.9 9.90
24 0.982 14.47 69.4 9.86

“The device architecture is ITO/PEDOT:PSS/PBDB-T:F-M/PDINO/AI; D:A=1:1 in CB
with 0.2% DIO; 1500 rpm for 40 s. “The average values are obtained from over 10 devices.
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Table S6. Optimization of different spin speed for PBDB-T:F-M inverted solar cells
under illumination of AM 1.5 G, 100 mW/cm?.*

Spin speed (rpm) Voe (V) Jsc (mA/cm?) FF (%) PCE (%)°
1000 0.938 15.96 69.8 10.45
1200 0.942 15.47 70.2 10.23
1500 0.940 14.91 72.2 10.12
2000 0.938 14.32 73.5 9.87

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/Ag; D:A=1:1,
D=10 mg/mL in CB with 0.2% DIO. °The average values are obtained from over 10 devices.

Table S7. Photovoltaic performance of the tandem solar cells with the different
concentration of ZnO NPs under illumination of AM 1.5 G, 100 mW/cm?2.*

ZnO NPs (mg/mL) Voe (V) Jsc (mA/cm?) FF (%) PCE (%)?
6 1.641 13.97 69.4 15.91
8 1.640 13.99 69.9 16.04
10 1.641 14.11 70.6 16.35
12 1.638 14.15 70.4 16.32
15 1.640 13.78 72.0 16.27
20 1.637 13.64 72.4 16.17

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoO3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:06T-4F:PC71BM (1:1.05:0.45), PTB7-Th=7.2 mg/mL
with 1% DIO, 1600 rpm; ZnO Sol-Gel:10 mg/mL with spin speed of 3000 rpm; PFN-Br:

1 mg/mL with 5000 rpm, the spin speed of M-PEDOT and ZnO NPs is 4000 rpm and 3000
rpm; The average values are obtained from over 15 devices.
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Table S8. Photovoltaic performance of the tandem solar cells with the different spin
speed of ZnO NPs under illumination of AM 1.5 G, 100 mW/cm?.“

Spin speed (rpm) Voe (V) Jsc (mA/cm?) FF (%) PCE (%)°
2000 1.638 14.20 71.3 16.58
3000 1.639 14.01 71.5 16.42
4000 1.641 13.97 71.2 16.32
5000 1.641 13.80 71.1 16.10

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71BM/MoO3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:06T-4F:PC71BM (1: 1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO, 1600 rpm; ZnO Sol-Gel:10 mg/mL with spin speed of 3000 rpm; PFN-
Br: Img/mL with 5000 rpm, the spin speed of M-PEDOT is 4000 rpm and the concentration
of ZnO NPs is 12 mg/mL; The average values are obtained from over 15 devices.

Table S9. Photovoltaic performance of the tandem solar cells with the different spin
speed of M-PEDOT under illumination of AM 1.5 G, 100 mW/cm?.*

Spin speed (rpm) Voe (V) Jse (mA/cm?) FF (%) PCE (%)°
3000 1.645 14.18 70.7 16.49
4000 1.641 14.22 71.2 16.61
5000 1.645 14.29 71.4 16.78

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-Th:
O6T-4F:PC71BM/MoQ3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:06T-4F:PC71BM (1: 1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO, 1600 rpm; ZnO Sol-Gel:10 mg/mL with spin speed of 3000 rpm; PFN-Br:1
mg/mL with 5000 rpm, the concentration of ZnO NPs is 12 mg/mL with spin speed of 2000
rpm; The average values are obtained from over 15 devices.
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Table S10. Photovoltaic performance of the tandem solar cells with the different
concentration of ZnO Sol-Gel under illumination of AM 1.5 G, 100 mW/cm?.*

Concentration (mg/mL) Voe (V) Jsc (mA/cm?) FF (%) PCE (%)’
5 1.642 14.23 68.9 16.10
10 1.644 14.21 71.7 16.75
20 1.638 13.98 72.2 16.53
30 1.640 13.63 71.5 15.98
40 1.640 13.44 71.9 15.85

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoQO3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:06T-4F:PC71BM (1: 1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO, 1600 rpm; ZnO Sol-Gel with spin speed of 3000 rpm; PFN-Br:1 mg/mL
with 5000 rpm; M-PEDOT with a spin speed of 4000 rpm; the concentration of ZnO NPs
is 12 mg/mL with spin speed of 2000 rpm; The average values are obtained from over 15
devices.

Table S11. Photovoltaic performance of the tandem solar cells with the different spin
speed of ZnO Sol-Gel under illumination of AM 1.5 G, 100 mW/cm?.“

Spin speed (rpm) Voe (V) Jse (mA/cm?) FF (%) PCE (%)’
2000 1.642 14.12 71.4 16.55
3000 1.641 14.23 71.8 16.77
4000 1.639 14.17 71.2 16.54
5000 1.641 14.02 71.0 16.33

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoO3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:06T-4F:PC71BM (1: 1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO, 1600 rpm; ZnO Sol-Gel:10 mg/mL; PFN-Br:1 mg/mL with 5000 rpm; M-
PEDOT with a spin speed of 4000 rpm; the concentration of ZnO NPs is 12 mg/mL with
spin speed of 2000 rpm; The average values are obtained from over 15 devices.
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Table S12. Photovoltaic performance of the tandem solar cells with different spin
speed of rear cell under illumination of AM 1.5 G, 100 mW/cm?.*

Spin speed (rpm) Voe (V) Jse (mA/cm?) FF (%) PCE (%)’
1400 1.635 14.08 69.9 16.09
1600 1.636 14.32 72.1 16.89
2000 1.636 14.03 69.1 15.86

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoO3/Ag; *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:0O6T-4F:PC71BM (1:1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO; ZnO Sol-Gel:10 mg/mL with spin speed of 3000 rpm; PFN-Br:1 mg/mL
with 5000 rpm; M-PEDOT with a spin speed of 4000 rpm; the concentration of ZnO NPs
is 12 mg/mL with spin speed of 2000 rpm; The average values are obtained from over 15
devices.

Table S13. Photovoltaic performance of the tandem solar cells with different spin
speed of front cell under illumination of AM 1.5 G, 100 mW/cm?2.*

Spin speed (rpm) Voe (V) Jse (mA/cm?) FF (%) PCE (%)°
1000 1.636 14.32 72.1 16.89
1200 1.634 13.76 71.2 16.01
1500 1.646 13.11 73.0 15.75

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoO3/Ag *for the PBDB-T:F-M (1:1), PBDB-T=10 mg/mL with 0.2%
DIO, 1000 rpm; for the PTB7-Th:0O6T-4F:PC71BM (1:1.05:0.45), PTB7-Th =7.2 mg/mL
with 1% DIO,1600 rpm; ZnO Sol-Gel:10 mg/mL with spin speed of 3000 rpm; PFN-Br:1
mg/mL with 5000 rpm; M-PEDOT with a spin speed of 4000 rpm; the concentration of
ZnO NPs is 12 mg/mL with spin speed of 2000 rpm; The average values are obtained from
over 15 devices.
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Table S14. Average photovoltaic performance parameters for the optimized tandem
devices with different areas under illumination of AM 1.5 G, 100 mW/cm?.”

Area (mm?) Voe (V) Jsc (mA/cm?) FF (%) PCE (%)°

4 1.636+0.014 14.32+0.18 72.1+1.4 16.89+0.29
(1.642) (14.35) (73.7) (17.36)

10 1.636+0.016 13.37+0.07 73.2+0.71 16.04+£0.24
(1.639) (13.48) (73.6) (16.26)

106 1.637+0.017 12.96+0.29 65.5+0.66 13.90+0.57
(1.639) (13.17) (66.8) (14.42)

“The device architecture is ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT/ZnO/PTB7-
Th:06T-4F:PC71IBM/MoO3/Ag; *The best PCEs are provided in parentheses, and the
average values are based over 20 devices.
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