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Materials and synthesis

PTB7-Th-2F were synthesized in our previous work, Y6, BDT and F-TT were
purchased from Derthon Optoelectronic Materials Science Technology Co LTD
(Shenzhen, China). The synthetic processes of oligomer small molecules XY-1 was
provided in Figure S1. The synthesis of XY-1 is as follows:

(1) BDT (184.48mg, 0.3mmol), THF(4.0ml) in nitrogen atmosphere in a 50 ml double-
necked flask with condenser. Mix the mixture for 0.5h at -73°C.

(2) Add drop by drop the n-BuLi (0.14ml, 0.36mmol) into the above reactions,
continue the reaction for 30 min at -73°C.

(3) After the reaction, it was activated in air for 2 hours, then put it into the low-
temperature reaction tank again, and after a few minutes, 0.3ml of trimethyltin chloride
was added and reacted at -73 °C for 2h. After that, water was added for separation, and
the target product was obtained by rotary steaming.

(4) The above product is sucked into a 50ml double-necked glass reaction flask with a
rubber head dropper, F-TT (141.67mg, 0.3mmol) and Pd(PPH3), (27.73mg,
0.0024mmol) are added to the reaction flask, toluene is added to dissolve it in nitrogen
conditions and reacted at 110 °C for 4~5h, it is quenched with water, and then separated
for liquid treatment. After rotary steaming, the silica gel column was wet loaded and

the column was processed to obtain the final product-XY-1.

Measurements

Optical characterizations. UV-vis absorption spectra were recorded on an Agilent
series UV-Vis-NIR spectrophotometer. All film samples were spin-cast on quartz slice
substrates. The photoluminescence spectra (PL) were measured by photoluminescence

spectroscopy (Hitachi F-7000).

Electrochemical characterizations. Cyclic voltammetry (CV) was performed by a
Zahner IM6e electrochemical workstation, using Ag/AgCl as the reference electrode, a
Pt plate as the counter electrode, and a glassy carbon as the working electrode. Polymers
were drop-cast onto the electrode from chloroform solutions to form thin films. 0.1 mol

L-1 tetrabutylammonium hexafluorophosphate in anhydrous acetonitrile was used as



the supporting electrolyte. The scan rate was 0.05 V s''. The Egomo and Epymo are
calculated as referring to the eqs (1) and (2).

Enomo=-(Eox+4.4) eV (1),

Erumo=-(Ered+4.4) eV (2).

Surface energy characterization. The water contact angle images of neat films were

recorded by using a KRUSS DSA 100 instrument under atmospheric condition.

DSC measurements. DSC was measured by TA DSC Q2000 differential scanning
calorimeter, with the samples being heated to 300 °C and then cooled to 40 °C at a

heating/cooling rate of 10 °C/min.

AFM characterizations. The specimen for AFM measurements was prepared using
the same procedures for fabricating devices but without PDINO/Ag on top of the active

layer.

Device Fabrication and Characterizations.
(1) Opaque device fabrication

The device is fabricated with ITO/ PEDOT: PSS/active layer/PDINN/Ag tradition
structure. The ITO coated glass substrates were cleaned by ultrasound for 15 minutes
in sequence in water/detergent, water, acetone and isopropanol, and then treated in
ultraviolet ozone for 1400 seconds. The PEDOT: PSS solution was spin-coated on top
of the cleaned ITO-coated glass substrate and the PEDOT: PSS film thickness was
approximately 25 nm. After annealing at 150 °C for 20 min, then the substrates were
transferred into a glove box. For the solar cells based on a BC operating condition,
PTB7-Th-2F: Y6 :XY-1(1:2:0%, 1%, 2%, 5% and 10%, w/w/w) mixture was
dissolved in chloroform (CF) with a donor concentration of 5.33 mg/ml, and 1,8-

diiodooctane (DIO) and CN was added (volume ratio 0.25% and 0.25%, respectively).

The solution is stirred at 40°C for 10 hours and then spin-coated on the surface of

PEDOT:PSS layer in a glove box in nitrogen-based atmosphere (3000r 40s). After
annealing at 100 °C for 10 min. The PDINN was dissolved in methanol at 1 mg mL"!
and spin-coated on active layer at 3000 rpm for 30s. Finally, 90-nanometer thick Ag



layers were deposited on the active layer under high vacuum of ~3X10“Pa. The

overlapping area of cathode and anode was 4 square millimeters. J-J curves of devices
based on PTB7-Th-2F: Y6: different ratios of XY-1 were measured under the standard
AM 1.5G spectrum of 100 MW cm2.

(2) Semitransparent device fabrication

The device is fabricated with ITO/PEDOT: PSS/active layer/PDINN/Ag tradition
structure. The ITO coated glass substrates were cleaned by ultrasound for 15 minutes
in sequence in water/detergent, water, acetone and isopropanol, and then treated in
ultraviolet ozone for 1400 seconds. The PEDOT: PSS solution was spin-coated on top
of the cleaned ITO-coated glass substrate and the PEDOT: PSS film thickness was
approximately 25 nm. After annealing at 150 °C for 20 min, then the substrates were
transferred into a glove box. PTB7-Th-2F: Y6 :XY-1(1:2:0%, 1%, 2%, 5% and 10%,
w/w/w) mixture was dissolved in chloroform (CF) with a donor concentration of 5.33

mg/ml, and 1,8-diiodooctane (DIO) and CN was added (volume ratio 0.25% and 0.25%,

respectively). The solution is stirred at 40°C for 10 hours and then spin-coated on the

surface of PEDOT:PSS layer in a glove box in nitrogen-based atmosphere (3000r, 40s).
Finally, 15nm thickness Ag and layers were deposited on the active layer under high
vacuum of ~3x10*#Pa. Then, MoOs (35 nm) were evaporated onto the surface of Ag.
The overlapping area of cathode and anode was 4 square millimeters. J-V curves of ST-

OSC devices were measured under the standard AM 1.5G spectrum of 100 MW cm2.

Photon balance in ST-OSC. Apparently, photon balance (at every wavelength) must
be considered in reporting the performance of ST-OSC. The sum of absorption (A),
transmission (T) and reflection (R) of the device should be equal to 1 at every
wavelength. Owing to difficulties in measuring A directly, the minimum absorption can
be estimated from the EQE. Thus, the sum of EQE, T, and R should be less than unity

at every wavelength.
ED+TA)+RM) <1  EQ)+AR) +RW) <1 (Eq. S1)

AVT test. Firstly, we tested the power conversion efficiency (PCE) of the prepared

semi-transparent devices and selected the device with the best PCE under each



condition for immediate transmittance testing. After completing the tests, we recorded
the transmittance values corresponding to the wavelength range from 390nm to 740nm
in a table. The final average visible transmittance (AVT) value was then calculated
through weighted averaging.

Electron and Hole mobility measurements. Hole and electron mobilities were
measured using the space charge limited current (SCLC) method, with hole-only device
ITO/poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS)/ active
layer /MoO3/Ag for hole mobility measurement and the electron-only devices used a
diode configuration of ITO/ZnO/activel ayer/PDINO/AI by taking current-voltage
curve in the range of -5~5 V. The SCLC mobilities were calculated by MOTT-Gurney
equation, which is described by: J = 9gogulV? /8L , where J is the current density, L is
the film thickness of active layer, g, is the permittivity of free space (8.85%10"12 F m'!
), & 1s the relative dielectric constant of the transport medium, u is the hole or electron
mobility, V' is the internal voltage in the device and V = V,,,-V,-V};, where Vi 1s the
applied voltage to the device, V, is the voltage drop due to contact resistance and series
resistance across the electrodes, and V; is the built-in voltage due to the relative work

function difference of the two electrodes.

Detailed V},s measurements. Highly Sensitive EQE was measured by using an
integrated system (PECT-600, Enlitech), where the photocurrent was amplified and
modulated by a lock-in instrument. The-FTPS-spectra-were-calibrated by a germanium
detector. Electroluminescence (EL) quantum efficiency (EQEg;) measurements were
performed by applying external voltage/current sources through the-devices (REPS,
Enlitech). EQEg; measurements were carried out from 0 to 3 V. Details of optical Egy
determination. The EQE is interpreted as a superposition of distribution of step
functions with a step at Ey,, having a certain probability distribution. This probability
distribution can be obtained from the derivative dEQE/dE. The part where the

probability is greater than half of the maximum is integrated to get an average bandgap.

GIWAXS measurements. The GIWAXS measurement was carried out at the PLS-II
6A U-SAXS beamline of the Pohang Accelerator Laboratory in Korea. The X-rays

coming from the in-vacuum undulator (IVU) were monochromate (wavelength 1 =



1.10994 A) using a double crystal monochromator and focused both horizontally and
vertically (450 (H) x 60 (V) um2 in FWHM (@ the sample position) using K-B type
mirrors. The grazing incidence wide-angle X-ray scattering (GIWAXS) sample stage
was equipped with a 7-axis motorized stage for the fine alignment of the sample, and
the incidence angles of the X-ray beam were set to be 0.11°-0.13° for the neat and blend
films. The GIWAXS patterns were recorded with a 2D CCD detector (Rayonix SX165)
and an X-ray irradiation time within 100 s, depending on the saturation level of the
detector. Diffraction angles were calibrated using a sucrose standard (monoclinic, P21,
a=10.8631A, b =8.7044 A, ¢c=7.7624 A, and b=102.938 A) and the sample-to-detector

distance was ~231 mm.

C,H;
C,H,
CISn(CH;); ST F
-78°C R\
¢ Br
2
Pd(PPh;),
1 + :

Toluene 110°C

XY-1 (45%)

Fig. S1 The detailed synthesis process of XY-1.
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Fig. S2 The BDT unit removes the MS of one hydrogen atom.
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Fig. S4 MS of XY-1.



~=—=PTB7-Th-2F
—Y6
s PTB7-Th-2F:XY-1

Current/ (a.u.)

— e
M
-2 -1 0 1 2

Potential (V vs.Ag/AgCl)

Fig. S5 The cyclic voltammetry measurements of PTB7-Th-2F, Y6, XY-1 and
PTB7-Th-2F: 5%XY-1.
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Fig. S6 J—V curves of oligomer: Y6-based devices.
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Fig. S7 Photoluminescence (PL) spectra of the neat film of PTB7-Th-2F and the five
blend films of PTB7-Th-2F:Y6, PTB7-Th-2F:Y6(1% XY-1), PTB7-Th-2F:Y6(2%
XY-1), PTB7-Th-2F:Y6(5% XY-1) and PTB7-Th-2F:Y6(10% XY-1).
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Fig. S8 The hole transfer rates of films are determined by time-resolved PL decay

spectra.
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Fig. S9 Light intensity dependence of V.
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Fig. S10 Hole and Electron mobility of optimized devices measured by SCLC.
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Fig. S11 The EQE spectrum (dEQE/dE) of optimized devices of PTB7-Th-2F:Y6,
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Fig. S15 2D and 1D GIWAXS patterns of PTB7-Th-2F:Y6.
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Fig. S16. The original in-situ UV-Vis absorption curves of blend films with different

ratios of PTB7-Th-2F: Y6: XY-1.
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Fig. S17 Time evolution of acceptor peak positions of blend films.
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Table S1. PCE of opaque and semi-transparent OSCs reported in literatures with all-

narrow band gap BHJ systems.

Opaque OSCs Semi-transparent OSCs

Devices Reference
PCE (%) Voc(V) PCE (%) LUE (%)

PTB7-Th-2F: Y6: XY-

14.49 0.811 12.00 5.01 This work
1
PTB7-Th:H3 12.30 0.720 8.38 4.06 [1]
PCE10-BDT2F-0.8: 13.80 0.753 10.85 4.46 (2]
Y6
PTB7-Th: ATT-9 11.37 0.674 7.34 3.73 (3]
PTB7-Th: IEICO-4F 11.60 0.690 8.10 1.87 [4]
PTB7-Th: ATT-9 13.35 0.663 9.37 3.33 [5]
PTB7-Th: BZO-4C1 14.12 0.706 9.33 4.02 (6]
PTB7-Th: A078 13.40 0.760 11.60 2.90 [7]
PTB7-Th: PC;;BM 10.00 0.791 6.91 1.87 (8]
PTB7-Th:BT-CIC 11.60 0.710 7.20 3.20 9]
PCE10-2Cl: IT-4F 10.72 0.822 9.00 2.72 [10]

PTB7-Th: IEICO-4Cl1  10.30 0.727 7.47 2.38 [11]




Opaque OSCs

Semi-transparent OSCs

Devices Reference
PCE (%) Voc(V) PCE (%) LUE (%)

PTB7-Th: IEICS-4F 10.30 0.750 7.50 2.63 [12]
PTB7-Th:CO,8DFIC: 11.94 0.714 8.23 1.71 [13]
IEICO-4F
PTB7-Th: BDTThIT- 12.03 0.737 9.40 2.31 [14]
4F: IEICO-4F
PTB7-Th: FNIC2 13.00 0.741 9.51 1.94 [15]
PTB7-Th: FOIC 12.00 0.743 10.30 3.86 [16]
PCE-10: BT-CIC: TT- 11.70 0.690 8.20 3.67 [17]
FIC
PCE10: ICBA: Y8 12.86 0.742 10.46 2.78 [18]
PTB7-Th: ACS8 13.20 0.751 9.40 4.06 [19]
PTB7-Th:PC71BM: 12.32 0.753 9.67 4.87 [20]
FOIC
PTB7-Th: J71: IHIC 10.35 0.780 8.93 2.31 [21]




Table S2. Information from the top surface measured by water contact angle.

Surface energy
Contact (

Materials Blend film ¥ D-A (mN m™)
Water) (mN/m)
PTB7-Th-2F 106.18 19.32 PTB7-Th-2F:Y6 0.42
Y6 96.06 25.46 Y6: XY-1 0.31
PTB7-Th-2F: XY-
XY-1 104.79 20.15 0.0087

1

Table S3. Photovoltaic parameters of XY-1: Y6-based OSCs under AM 1.5G 100 mW

cm-2 illumination.

Active Layer Voc (V) Jsc (mA cm-2) FF (%) PCE (%)
Y6 0.394 0.202 26.39 0.020
Y6:1%XY-1 0.732 4.448 29.95 0.973
Y6:2% XY-1 0.741 4.536 32.68 1.095
Y6:5% XY-1 0.764 4.518 31.23 1.075

Y6:10% XY-1 0.773 4.327 27.99 0.932




Table S4. The parameters of exciton dissociation efficiency and charge collection
efficiency. And hole and electron mobilities of PTB7-Th-2F: XY-1: Y6 (D/A from

1:0:2 to 1:10%:2).

Devices Oligomer ny (em2 V-1 g1) ne (cm? V1571 n/Me
0 8.59x104 6.32x104 1.36
1%XY-1 8.67x10* 6.72x104 1.29
PTB7-Th-2F:

2%XY-1 9.03x10* 8.52x104 1.06

Y6: XY-1
5%XY-1 8.84x10* 7.43x104 1.19
10%XY-1 8.31x10* 5.69x104 1.46

Table SS. Detailed energy loss of opaque devices based on PTB7-Th-2F:Y6, PTB7-
Th-2F:Y6:2%XY-1, and PTB7-Th-2F:Y6:10%XY-1.

Eg ECT AECT VOCrad A Vnr A Vr Vloss
EQEgL
(eV) (V) (eV) V) (V) (V) (V)

active layer

PTB7-Th-2F:Y6 1.384 1.321 0.063 1.584x10°> 1.072 0.286 0.249 0.598

PTB7-Th-2F:Y6
(2% XY-1)
PTB7-Th-2F:Y6
(10% XY-1)

1.386  1.324 0.062 2.076x10°> 1.090 0.279 0.234 0.575

1.388 1.324 0.061 3.852x10° 1.086 0.263 0.238 0.562




Table S6. The location of (010) and (100) peaks, d-spacing, FWHM and CCL of the

blend films.
Out-of-Plane In-Plane
ni-n stacking cell axis (010) Unit cell long axis (100)
Devices
d-
d-spacing FWHM
FWHM . Coherence
Q Coherence spacing
R qA™)
B, length -1
A1 A) S gth(A) @A) (A length(A)
PTB7-Th-2F:Y6 1.709 3.675 0.359 17.493 0.213 29.484 0.104 60.385
PTB7-Th-2F: Y6
1.711 3.670 0.341 18.416 0.251 25.020 0.101 62.187
(1% XY-1)
PTB7-Th-2F: Y6
1.732 3.626 0.290 21.655 0.213 29.484 0.082 76.585
(2% XY-1)
PTB7-Th-2F: Y6
1.724 3.643 0.333 18.884 0.264 23.788 0.091 69.010
(5% XY-1)
PTB7-Th-2F: Y6
1.707 3.680 0.408 15.392 0.262 23.969 0.104 60.385

(10% XY-1)




Table S7. Detailed parameter on state-of-the-art ST-OSC devices without complex

optical engineering reported in the literature

Reference AVT (%) PCE (%) LUE (%)
[22] 28.85 11.74 3.39
[23] 33.8 8.1 2.74
[24] 20.98 12.58 2.64

50.09 8.38 4.06
[1]

18.47 12.2 2.25

27.9 8.22 2.29
[2] 41.08 10.85 4.46
[25] 40.4 10.1 4.00
[26] 25.9 13.15 3.41
[27] 37.31 11.71 4.37
[3] 50.8 7.34 3.73
[4] 23 8.1 1.84
[28] 30 11.3 3.39
[29] 30.52 11.68 3.56

[5] 35.5 9.37 3.33




Reference AVT (%) PCE (%) LUE (%)
[30] 222 14.0 3.11
[31] 223 12.01 2.68
[6] 43.08 9.33 4.02
[32] 42.98 11.10 4.77
[33] 50.05 10.01 5.01
[34] 23.69 13.38 3.17

36.57 12.25 4.48
35] 45.61 11.18 5.10

31.35 12.95 4.06
[36] 35.0 11.0 3.85
[37] 252 7.3 1.84
[19] 28.6 11.1 3.17
[38] 27.6 9.1 2.51
[39] 52 4.2 2.18
[21] 21.4 9.3 2.01
[40] 28.6 10.2 2.92
[41] 22.35 13.1 293
[42] 22.58 13.49 3.05




Reference AVT (%) PCE (%) LUE (%)
[43] 21.4 13 2.78
[44] 26.56 10.46 2.78
[45] 20.2 13.02 2.63
[11] 33 8.25 2.72
[46] 43.3 5.9 2.55
[47] 21.6 14.0 3.02

This work 41.76 12.0 5.01
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