SHORT COMMUNICATION

Journal of Semiconductors
(2021) 42, 090501
doi: 10.1088/1674-4926/42/9/090501

JOS

Investigating the reason for high FF from ternary organic solar

cells

Dangqin Li' ¥, Yihan Zeng' ¥, Zeng Chen3, Shifeng Leng* Zuo Xiao%, Qifan XueS$, Tianyu Hao* Meng Lv',
Hongbo Wu?, Lina Lin', Jianming Yang', Zaifei Ma’, Jinquan Chen', Rong Huang', Feng Liu#, Haiming Zhu3,
Xianjie Liu8, Liming Ding> t, Mats Fahlmané, and Qinye Bao' 26t

1School of Physics and Electronic Science, East China Normal University, Shanghai 200241, China

2Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China

3Department of Chemistry, Zhejiang University, Hangzhou 310027, China

4School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200025, China

5Center for Excellence in Nanoscience (CAS), Key Laboratory of Nanosystem and Hierarchical Fabrication (CAS), National Center for

Nanoscience and Technology, Beijing 100190, China

6State Key Laboratory of Luminescent Materials and Devices, South China University of Technology, Guangzhou 510640, China

’Center for Advanced Low-Dimension Materials, Donghua University, Shanghai 201620, China

8Laboratory of Organic Electronics, ITN, Linkdping University, SE-60174, Norrkdping, Sweden

Citation: D Q Li, Y H Zeng, Z Chen, S F Leng, Z Xiao, Q F Xue, T Y Hao, M Lv, H B Wu, L N Lin, J M Yang, Z F Ma, J Q Chen, R Huang, F
Liu, HM Zhu, X J Liu, L M Ding, M Fahlman, and Q Y Bao, Investigating the reason for high FF from ternary organic solar cells[J]. J.
Semicond., 2021, 42(9), 090501. http://doi.org/10.1088/1674-4926/42/9/090501

SUPPORTING INFORMATION

Materials

The active materials PM6 and Y6 were purchased from
Solarmar Materials Inc. EH-IDTBR was supplied by Derthon Op-
toeletronic Material Science Technology Co., Ltd. Poly-(3,4-
ethylenedioxythiophene):poly-(styrenesulphonicacid)
(PEDOT:PSS) (Clevios PVP Al 4083) was obtained from H.C. Star-
ck Germany. Aurum (Au) and silver (Ag) were purchased from
Alfa Aesar Co., Ltd. All materials were used as received.

Device fabrication and measurements

The organic solar cell devices were fabricated with a con-
ventional configuration of ITO/PEDOT:PSS/active layer/PFN-
Br/Ag. The indium tin oxide (ITO)-glass substrates were sequen-
tially washed by Decon dilution solution, deionized water, acet-
one, absolute ethyl alcohol and isopropy! alcohol using ultra-
sonic process for each 20 min, respectively. Before preparing
the device, the ITO substrates were treated by UV-ozone for
20 min. The PEDOT:PSS was spin-coated at 4000 rpm for 30 s
on the cleaned ITO substrate and annealed at 150 °C for 20
min in air. The PEDOT:PSS/ITO substrates were transferred in-
to an Ny-filled glove box for preparing the photoactive layer.
The PM6:Y6 blend and PM6:EH-IDTBR blend solutions were pre-
pared using chloroform solvent. The concentration of PM6 in
the blend solution is 6.5 mg/mL (donor : accept = 1 : 1.2 by
weight), with 0.75% chloronaphthalene (CN) by volume as ad-
ditive, and stirred for 4 h. The ternary blends were obtained
by adjusting the doping ratio of EH-IDTBR in acceptors, which
are 0, 5%, 10%, 20%, 30%, 50%, 80%, and 100% by weight.
The binary and ternary active layers were obtained by spin-
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coated on PEDOT:PSS with the thickness of 110 nm, and then
annealed at 80 °C for 8 min. After that, the PFN-Br (0.5
mg/mL in methanol) was spin-coated on the top of active lay-
ers at 3000 rpm for 30 s to form an electron transporting lay-
er. Finally, the Ag (100 nm) electrode was thermally depos-
ited with a shadow mask with the device area of 0.05 cm? at
thepressureof10-4Pa.Thecurrentdensity-voltagecharacteristics
of the solar cells were performed in a glove box filled with
nitrogen at room temperature using a programmable
Keithley 2400 source measurement unit under simulated
solar light of AM 1.5 G (SS-F5-3A, Enlitech). The light intens-
ity was determined by the standardized mono-silicon cell
(SRC-2020, Enlitech) at 100 mW/cm?, calibrated by the Na-
tional Renewable Energy Laboratory (NREL). The forward scan
was adopted to test the J-V curves, and the scan step is 0.02 V
and the delay time is 1 ms. The scan mode is sweep. The ex-
ternal quantum efficiency (EQE) spectra were obtained by a
photo-modulation spectroscopic setup (Newport monochro-
mator). A calibrated silicon detector (PRL-12, Newport, USA)
with known photo response was utilized as a reference.

Ultraviolet photoelectron spectroscopy (UPS)

UPS was performed in an ultrahigh vacuum system includ-
ing a sample analysis chamber with the base pressure of 2 x
1070 mbar to characterize the vertical ionization potential
and the work function. UPS was recorded (Scienta-3000) us-
ing a He-discharge lamp with Hel 21.22 eV as excitation
source with a resolution of 0.05 eV. The energies of Integer
Charge Transfer stares energies were deduced from the work
functions of the neat organic films coated on the different sub-
strates with a broad range of the work function.

UV-vis absorption

The Shimadzu spectrometer model UV-1800 was used to
obtain the UV-vis absorption spectrum of active layer films
on the quartz plates at room temperature.

Steady state photoluminescence (PL) and time-


http://dx.doi.org/10.1088/1674-4926/42/9/090501
mailto:ding@nanoctr.cn
mailto:qybao@clpm.ecnu.edu.cn

2 Journal of Semiconductors doi: 10.1088/1674-4926/42/9/090501

resolved photoluminescence (TRPL)

PL and TRPL spectra were obtained by the time resolved
absorption spectral analysis system, which consist of DTC
UNIT M12977-01 (HAMAMATSU, Japan) and a picosecond
light pulser C10196 (HAMAMATSU, Japan).

Transient absorption spectroscopy (TAS)

For femtosecond fs-TAS, the fundamental output from
Yb:KGW laser (1030 nm, 220 fs Gaussian fit, 100 kHz, Light
Conversion Ltd) was separated to two light beam. One was in-
troduced to NOPA (ORPHEUS-N, Light Conversion Ltd) to gen-
erate a certain wavelength for pump beam (here we use 725
nm), the other was focused onto a YAG plate to produce
white light continuum as probe beam. The pump and probe
overlapped on the sample at a small angle less than 10°. The
transmitted probe light from sample was collected by a lin-
ear charge-coupled device (CCD) array.

Space charge limited current measurement
Space charge limited current (SCLC) measurement was ap-
plied to determine the electron and hole mobilities using the
electron-only device ITO/ZnO/active layer/PFN-Br/Ag and
hole-only device ITO/PEDOT:PSS/active layer/Au, respectively.
The mobility (1) was calculated by fitting the SCLC with the
Motto-Gurney law!':
9 3
J= gusrso(VZ/L ). (S1)
where J is the current density, &, is the permittivity of free

space, & is the relative permittivity of the materials, Vis the ap-
plied voltage, and L is the active layer thickness.

Transient photovoltage (TPV) and transient
photocurrent (TPC) measurement

TPV and TPC were adopted to gain the lifetime of carri-
ers and carrier density. The background illumination was
provided by a normal LED light source, and pulsed light was
provided by arbitrary wave generator (AFG322C, Tektronix).
The photovoltage traces were registered by the oscilloscope
(AFG322C, Tektronix). The data are analyzed and derived as fol-
lows:

Voltage decay in TPV acquired by using 1 MQ input imped-
ance of oscilloscope is given by the equation:

-t
AV = AVyexp (T) , (S2)
where tis carrier lifetime and A is the amplitude of TPV transi-
ent under different illumination condition.
TPV decay lifetime is found to follow an exponential de-
pendence on Vc:

(S3)

T = Tavexp(=BVoc),

Tay represents the decay-time prefactor.
Current decay in TPC acquired across a 50 Q resistor con-
nected to 1 MQ input impedance of oscilloscope is given by

Al = Alyexp (T:—t) , (S4)
pc

where Ty, is carrier extraction time and Al, is the amplitude
of TPC transient under different illumination condition

In TPC measurements, the total charges AQ generated by
the pulse laser can be calculated by integrating the transient
photocurrent over time

AQ= / Idt.

Combined with the TPV and TPC, differential capacit-
ance can be calculated by

(S5)

AQ
C= v (S6)
Corresponding differential capacitance values follow the
exponential dependence on the open-circuit voltage

(S7)

The charge carrier density (n) under certain illumination
condition is given by treating the device as a parallel-plate ca-
pacitor and integrating with respect to voltage

C = Coexp (-yVoc) + D.

1 Voc

n=m

Coexp (yV) dV, (S8)

00

where A represent the area of the device and L is the thick-
ness.

By using these parameters obtained, the TPV decay life-
time under different carrier densities follow a power law with
order A,

Tocn™. (S9)

Corresponding charge-carrier recombination follow the
rate equation
dn A+1
— o< —n

pm : (S10)

where A + 1 represents the reaction order of recombination.
The non-geminate recombination rate coefficient K. is ob-
tained as Knge = +

™m°

Highly sensitive EQE (sEQE) measurement

The halogen light source (LSH-75, Newport) passed
through the monochromator (CS260-RG-3-MC-A, Newport) to
form monochromatic light. The signals were finally collected
by the front-end current amplifier (SR570, Stanford) and
phase-locked amplifier (Newport), thus the sEQE spectrum
can be acquired. In this process, a corrected Si solar cell
(S1337-1010BR) served as a standard detector.

Electroluminescence (EL) measurement

EL spectrum measurement was conducted by direct-cur-
rent meter (PWS2326, Tectronix) to provide bias voltage for
device measurement, and the luminescence signal was collec-
ted by the fluorescence spectrometer (KYMERA-328I-B2,
Andor technology LTD).

EQE-EL measurement

The test system was composed of Keithley 2400 digital
source meter, Keithley 6482 picometers and a standard Si sol-
ar cell.

f —(Ecr + A= E)
EQE E) = , S11
PV,CT( ) E\/Wex ( AkgT ) ( )
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Fig. S1. Tauc plots for PM6, Y6 and EH-IDTBR films.
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Fig. S2. (a) UPS spectra of EH-IDTBR film on different substrates. (b) Energies of ICT states of EH-IDTBR film.
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Fig. S3. (Color online) (a) J-V curves of ternary cells with different EH-IDTBR contents; (b) the corresponding EQE curves.
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ANk T ) (812)

Integrated J,, (MA cm?)

EQEpy () oc EL () E 2exp (i) ,

(S13)

where T was absolute temperature, kg was Boltzmann's con-
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Fig. S5. FF and PCE distribution for PM6:Y6 and PM6:EH-IDTBR:Y6 cells.

stant and £ represented photon energy. For the fit paramet-
ers, Ect represented the free-energy difference between the
charge transfer complex (CTC) ground state and the CT ex-
cited state, and Ect energy can be quantified by the point of in-
tersection between CT absorption and emission. ) was the reor-
ganization energy associated with the CT absorption process,
and f was a measure of the strength of the donor-acceptor
coupling.

The total loss can be divided into charge extraction (E4 to
Ect) and recombination (Ect to Voc) losses. The recombina-
tion losses can be quantified using Eq. (S14), including the
contribution of radiative (AV,,) and non-radiative losses
(AVponrad)- Employing the Marcus fitting parameters 7, ), and
Ect, Which are extracted from Fig. 1(g) and Fig. S24 and sum-

marized in Table S6, the AV,,y can be quantified using Eq.
(S15). AV, rag can be directly evaluated according Eq. (S16) by
EQE;, measurements. The calculated value of AV, and
AVponrag for all our devices can be seen in Table S7. Con-
sequently, the total energy loss followed the expression in
Eq. (S17).

AViag + AVionrad = Ect — €Voc, (814)
_ .lsch3C2

AViag = —KTin ( ). (S15)

AVionrag = —KTIn (EQEg ) (81 6)
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Morphology characterization

Atomic force microscopy (AFM) measurements were car-
ried out in the tapping mode (Mutimode 8, Bruker) at ambi-
ent condition. Transmission electron microscope (TEM) meas-
urements were conducted with a JEM-2100F microscope oper-
ated at 150 K. GIWAXS measurements were accomplished
with a Xeuss 2.0 SAXS/WAXS laboratory beamline using a Cu
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X-ray source (8.05 keV, 1.54 A) and a Pilatus3R 300K detector.
The incidence angle is 0.2°. The parameters of m—m stacking dis-
tance (d-spacing) and the crystal size of the domains can be
estimated by crystal coherence length (CCL), according to the

Scherrer equation!?!:

d-spacing = 27",

2n
CCL=0.9x m

(S18)

(S19)

Here, g is the location of the peak and FWHM is the half-
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width at the diffraction peak.

Femtosecond (fs) transient absorption (TA) spectroscopy
therefore is employed to probe the hole transfer dynamics in
the ternary and reference binary blends. A 725 nm
wavelength laser is applied to selectively excite the accept-
ors without pumping the donor. For the acceptor films, the
bleach peaks mainly appear at 830 nm for Y6 and EH-IDTBR
(5% w/w):Y6, 680 nm for EH-IDTBR (Fig. S10), corresponding
to the ground state bleach (GSB) and stimulated emission

(SE) of the absorption transition in the acceptors after photoex-
citationB 4., Figs. S11(a) and S11(b) display the 2D color plot
and a few representative TA spectra for the ternary PM6:EH-
IDTBR (5% w/w):Y6 film, respectively. The main bleach sig-
nals at 650-850 nm appear from the EH-IDTBR (5% w/w):Y6.
With the decay of the EH-IDTBR (5% w/w):Y6 bleach peaks, a
few clear bleach peaks emerge at 550-610 nm, which match
well with the absorption features of PM6. These GSBs in the
donor rise with the bleach decay process in the acceptors

D Q Li et al.: Investigating the reason for high FF from ternary organic solar cells
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(Fig. S11(c)), confirming the effective hole transfer process at
the donor/acceptor interfacel® €. The similar TA spectra and
hole transfer process can be observed in the reference two
binary PM6:Y6 and PM6:EH-IDTBR blends (Fig. S12). As shown

in Fig. S11(d) and Fig. S12(f), we select the representative kinet-
ics wavelength where the acceptors show no TA signal (Fig.
S10) to monitor rising kinetics of PM6. The hole-transfer rates
are fitted with bi-exponential functions with time constants

D Q Li et al.: Investigating the reason for high FF from ternary organic solar cells
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of 1, =119 fsand 1, , = 13.11 ps for the PM6:Y6 blend. The
former represents the ultrafast exciton dissociation at the
donor/acceptor interface, while the latter is assigned to the ex-
citon diffusion time towards interface before dissociation[s: 71,

D Q Li et al.: Investigating the reason for high FF from ternary organic solar cells

As a contrast, the ternary blend exhibits the faster transfer
rate with time constants of 1, , = 88 fs and 1, j, = 10.41 ps.
The trend in the hole transfer rate is consistent with the val-
ues of HOMO offsets. Introducing EH-IDTBR into the PM6:Y6



Journal of Semiconductors doi: 10.1088/1674-4926/42/9/090501 9

= PM6:Y6 1.19kgTlq
e PMB:Y6:EH-IDTBR  1.11kgT/q
A PM6:EH-IDTBR 1.35 kgT/q

912- T
/w

0.6 :
10
Light intensity (mW cm)

0.8+

100

Fig. 515. (a) Jsc—Piignt and (b) Vo —Piigh: plots for PM6:Y6, PM6:EH-IDTBR:Y6 and PM6:EH-IDTBR cells.

= PM6:Y6 a=1.00
e PM6:Y6:EH-IDTBR o =1.00
104 4 PM6:EH-IDTBR a=0.99
(}I/'\
e
(&}
£
~ 14
3
<
0.1 T T
1 10 100
Light intensity (mW cm)
(a) 70 EH-IDTBR in accpetors
= 0% * 30%
609 o 5% <« s0%
—~ A 10% 80%
e 509 . 20% « 100%
o
o 404
e
£ 30-
w0
r'% 204
101 Electron-only
0 T T T T T
2.0 2.5 3.0 3.5 4.0
Vapp (V)

(b) 45

EH-IDTBR in accpetors

404 = 0% * 30%
- ° 5% <« 50%
< 1 4 10% 80%
g 3 20% e 100%
2 30
<
g/ 251
©
= 20+
154 Hole-only

20 25 30 35 40

Fig. 516. 25—V, plots for (a) the electron-only devices with a structure of ITO/ZnO/active layer/PFN-Br/Ag and (b) the hole-only devices with the

structure of ITO/PEDOT:PSS/active layer/Au.

N w ~ (¢, ]
L 1 L 1

Mobility (x10* cm? V' s7)

o

100

EH-IDTBR in acceptors (w/w %)

Fig. S17. The variation of u, u, and ue/u, along with EH-IDTBR contents.

blend increases the size of the donor/acceptor HOMO offset,
leading to the enhanced driving force with the faster hole
transfer, contributing to the enhanced J,. and FF in the tern-
ary OSCs. Although the PM6:EH-IDTBR blend has the largest
HOMO offset with the fastest hole transfer speed (Fig. S12(f)),
the signal intensity rapidly decreases from 10 to 100 ps,
which signifies the sharp recombination process and thus res-
ults in the poor device performance.

The charge carrier lifetime (7) is derived from TPV that cor-
responds to the different V. (Figs. S18(a)-S18(c)) by mono-ex-

ponential fitting of TPV decay and shows the linear depend-
ence on V, in semi-log plot® 9! (Fig. S19(a)). We find that the
introduction of EH-IDTBR (5% w/w) yields a longer lifetime
(t=6.54 us) under 1 sun illumination compared with the bin-
ary devices (t = 3.46 us for PM6:Y6, and 7 = 1.46 us for
PM6:EH-IDTBR). The charge carrier density (n) is extracted
from the differential capacitance approximation based on
both TPC and TPV results!'® 1] (Described in Experimental sec-
tion, and Figs. S18(d)-S18(f)). Besides, the devices follow a
power law: T = 1yn* (where 1, is the constant, A represents

D Q Li et al.: Investigating the reason for high FF from ternary organic solar cells
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Fig. S18. (a-c) TPV and (d-f) TPC spectra for PM6:Y6, PM6:EH-IDTBR:Y6 and PM6:EH-IDTBR cells under different light intensities.

the recombination exponent)'2 13, A recombination order
R= A+ 1 equal to 2 suggests dominant biomolecular recom-
bination processt'. The R of 1.99 for the optimal ternary
device means nearly an ideal (trap-free) bimolecular recombin-
ation, justified by the high FF of 79.22%. The R greater than 2
is normally attributed to the effect of trap-assisted recombina-
tion. For binary PM6:Y6 and PM6:EH-IDTBR devices, the R are
2.06 and 2.35, respectively, in line with the results of steady-
state dependence of V.. on light density (Fig. 1(f)). The non-
geminate recombination rate coefficient (K,qe) is defined by
1/1myn (where 1, is the charger carrier lifetime under corres-
ponding density)® 9. As shown in Fig. S19(d), the ternary
device has the lowest K,qe of 1.14 x 10717 m3/s, confirming
the suppressed recombination. As K¢, and charge mobility fol-
low the same dependence on n, the Langevin recombination
rate coefficient (K,) can be assessed by i (Ug + up)". The K
for the ternary and PM6:Y6 binary are 5.41 x 1076 and 4.86 x
10716 m3/s, respectively, as included in Fig. S19(d) for comparis-
on. The K4 of the optimized ternary device is smaller than
the K, indicating significantly reduced non-geminate recom-
bination loss.

The root-mean-square roughnesses are slightly varied, in-
dicating that EH-IDTBR is finely mixed with the host PM6:Y6
blend. As seen from their phases images, the PM6:EH-IDTBR
(5% w/w):Y6 blend features a uniform fibrillar structure, simil-
ar with the PM6:Y6.

The Ej of the blend films calculated by the intersection
point of absorption and emission spectra are 1.415, 1.416 and
1.721 eV for PM6:Y6, PM6:EH-IDTBR:Y6 and PM6:EH-IDTBR,
respectively (Fig. S24). The Eqr is determined by fitting the
sub-gap absorption of highly sensitive EQE and EL'5]. AF 4
is inevitable in the devices, and the AE,.q of the ternary
device is close to the host binary PM6:Y6 device since there
is no additional gap states after introducing EH-IDTBR.
AE,on1aq is quantified by EQEg measurements, expressed as
—kTIn (EQEg, )6l
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Fig. S20. (Color online) (a—c) AFM height images and (d-f) phase images. (g—i) TEM images.
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Fig. S22. (Color online) (a—f) 2D GIWAXS patterns of the neat, binary and ternary films. (g—h) In-plane (red) and out-of-plane (black) profiles of the
2D data.
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Fig. S25. sEQE and EL spectra for (a) PM6:Y6 and (b) PM6:EH-IDTBR cells.

Table S1. Photovoltaic parameters of PM6:Y6-based ternary OSCs.

The third

VOC

JSC

FF

PCE

components V) (mA/cm?2) (%) (%) Ref.
Phl-Se:PM6:Y6 0.845 25.7 75.5 16.4 [17]
PM6:BTR:Y6 0.839 2538 76.7 16.6 [18]
PM6:DRTB-T-C4:Y6 ~ 0.85 24.79 81.3 17.13  [19]
PM6:J71:Y6 0.85 25.55 76 16.5 [20]
PM6:PDHP-Th:Y6 0.85 26.6 71.7 16.8 [21]
PM6:Y6:C8-DTC 0.873 26.5 75.61 1752 [22]
PM6:Y6:3TP3T-4F 0.85 259 749 16.7 [23]
PM6:Y6:BTP-M 0.875 26.56 7346 17.03 [24]
PMé6:Y6:1DIC 0.868 25.39 7492 1651 [25]
PM®6:1Y6:IN-4F 0.85 25.7 74.5 16.3 [26]
PMé6:Y6:ITCPTC 0.861 25.674 78.8 1742 [27]
PM6:Y6:MF1 0.853 25.68 7861 17.22 [28]
PM6:Y6:N2200 0.83 26.3 76 16.6 [29]
PM6:Y6:PC,,BM 0.861 25.1 77.2 16.7 [30]
PMé6:Y6:5Y3 0.855 25.51 78.2 17.07 [31]
M6:SM1:Y6 0.831 25.7 77.5 16.55 [32]
PM6:Y6:PCsBM 0.845 254 77 16.5 [33]
PM6:Y6:0-IDTBR 0.85 25.75 76 16.6 [34]
PM6:PM7:Y6 0.848 26.17 76.7 17.02 [35]
PMé6:53:Y6 0.856 25.86 79.17 1753 [36]
PM6:EH-IDTBR:Y6 0.853 26.03 79.22 17.59 ;I/-V}Z)I?k

viron Sci, 2020, 13,2115 blends for improved photostability in high-efficiency organic sol-

[32] Yan T, Ge J, Lei T, et al. 16.55% efficiency ternary organic solar ar cells. ACS Energy Lett, 2020, 5, 1371
cells enabled by incorporating a small molecular donor. J Mater  [35] Zhang M, Zhu L, Zhou G, et al. Single-layered organic photovolta-
Chem A, 2019, 7, 25894 icswith double cascading charge transport pathways: 18% efficien-
[33] YuR,YaoH, CuiY, et al. Improved charge transport and reduced cies. Nat Commun, 2021, 12,1

nonradiative energy loss enable over 16% efficiency in ternary
polymer solar cells. Adv Mater, 2019, 31, 1902302
[34] Gasparini N, Paleti S H K, Bertrandie J, et al. Exploiting ternary

[36] AnQ,WangJ,MaX, etal. Two compatible polymer donors contrib-
ute synergistically for ternary organic solar cells with 17.53% effi-

ciency. Energy Environ Sci, 2020, 13, 5039
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Table S2. Photovoltaic parameters of the cells with different EH-IDTBR contents.

EH-IDTBR in Voo e It FF PCE
acceptors (w/w) (V) (mA/cm?)  (mA/cm?) (%) (%)
0% 0.836 25.78 24.48 7715 16.63
5% 0.853 26.03 24.81 79.22 17.59
10% 0.855 26.00 25.01 7741 17.06
20% 0.867 25.82 24.60 75.54 16.91
30% 0.872 25.46 24.34 7345 16.30
50% 0.878 23.72 22.71 61.19 1274
80% 0954 7.34 6.98 3156 221
100% 1.18 9.92 9.47 57.75 6.75
Table S3. Parameters from the J,,— V. plots.

H Jsat JSC Jmax Jsc*/-/sat Jmax&/-lsat
Activelayer ((Da/em?) (mA/cm?) (mA/cm?) (%) (%)
PM6:Y6 26.60 25.78 23.76 96.92 89.32
PM6:EH-

IDTBR:Y6 26.82 26.03 2442 97.05 91.05
PM6:EH-
IDTBR 11.17 9.92 7.18 84.79 64.28

Jiat: The Jy, under condition of Vg =3 V.
Js": The Jy, under short-circuit conditions.
Jmax®: The Jp, under maximum power output conditions.

Table S4. Electron and hole mobilities of the blend films with different EH-IDTBR contents.

EH-IDTBR in

acceptors e (1074 cm2/(V's))  p (1074 cm2/(V's)) o/ by

(w/w9%)

0% 431 3.74 1.15

5% 4.54 4.43 1.03

10% 4.86 4.37 1.1

20% 4.08 3.59 1.14

30% 3.77 3.32 1.14

50% 1.16 2.70 0.43

80% 0.63 2.75 0.23

100% 4.22 2.95 1.43

Table S5. GIWAXS parameters.
Lamellae ni-m stacking

Blends q(A-12  d-spacing (A) FWHM (A-)e  CCL(A  q(A-)2  d-spacing (A) FWHM (A-1p CCL (A)
PM6:Y6 0.296 21.22 0.094 60.13 1.767 3.554 0.275 20.55
PM6:EH-IDTBR:Y6 0.296 21.22 0.072 78.50 1.774 3.540 0.258 21.91
PM6:EH-IDTBR 0.30 20.93 0.057 99.16 1.750 3.589 0.419 13.49

a Scattering peak position;® Half-width at diffraction peak;c Crystal coherence length.

Table S6. The parameters used to calculate energy loss.

Blend Jic (A/M?) Er(eV) A(eV) f(eV) Viag (MeV)

PM6:Y6 257.8 1.325 0.1192 0.0101 231

PM6:EH-IDTBR:Y6 260.3 1.334 0.1197 0.0144 240

PM6:EH-IDTBR 99.2 1.651 0.1782 0.0382 295

Table S7. Energy loss details.

BHJ blends Eg* (eV) Ecr (eV) Vo (V) Eq—eVoc (eV) Ey- Ecr (eV) Ecr—€eVo (eV) AE q(V)  AEonrad (€V)
PM6:Y6 1.415 1.325 0.836 0.579 0.09 0.489 0.231 0.250
PM6:EH-IDTBR:Y6 1416 1.334 0.853 0.563 0.082 0.481 0.240 0.233
PM6:EH-IDTBR 1.721 1.651 1.18 0.541 0.07 0.471 0.295 0.168

“E4 of the blend films were estimated from the intersection point of absorption and emission spectra.
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