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Materials and Device Fabrication-

Material PTB7-Th was purchased from 1-material. PCBM and ICBA were purchased from
Solenne BV. All materials were used as received. An overall donor:acceptor ratio was fixed at
1:1.5 based on state-of-the-art devices. Six types of samples were made by changing the acceptor
ratio in the donor material, namely 0% A,, 10% A,, 30% A,, 60% A,, 80% A, and 100% A,. The
total concentration of the material is chosen 25 mg in 1 mL of chlorobenzene with 3 vol% of
DIO as additive. The device structure was chosen ITO/PEIE/BHJ/MoOs/Ag. For mobility
measurements, hole-only and electron-only devices were fabricated. The architecture for hole-
only device was ITO/PEDOT:PSS/BHJ/Au and for electron-only device was
ITO/PEIE/BHIJ/Ca/Al. The devices were measured by In-house solar simulator with the use of
AM1.5 filter and Keithley 2400 source meter. Bentham PVE300 which consists with Xenon and
quartz halogen lamp was used to perform the sensitive EQE measurements. The intensity of the

incident light was calibrated with the Si reference photodiode.

Ap:AjratioinD | Ve (V) Jsc (mA/cm?) FF (%) PCE (%)
100:0 0.80 16.1 65.57 8.47
90:10 0.81 15.5 63.2 7.94
70:30 .82 14.8 59.6 7.24
40:60 0.86 12.2 52.5 5.49
20:80 0.89 11.8 51.1 5.37
0:100 1.01 12 51.2 6.19




Table S1- Solar cell parameters for different A;:A; ratio in D.

Atomic Force Microscope-

The measurement was performed by Nanoscope IV multimode AFM from Veeco with Sum x Sum

window.
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Figure S1- Surface morphology images of a) D:A;, b) D:A:A, and, ¢) D:A, thin-films,

corresponding roughness (r) is mentioned in the inset.
Sensitive photo-current spectroscopy-

Reduced EQE is plotted in figure S2, also shows the charge transfer region that is fitted with the
equation S1 derived from the Marcus theory.! This equation provides the interfacial parameters
such as diagonal bandgap, that is, E¢r and the reorganization energy (4).

(Ecr+ A-E)?

EQE,..=
QEcr 4)KT
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Where 4 is the reorganization energy, Ecr is the diagonal bandgap, k is the Boltzmann constant

and T is the temperature.
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Figure S2- Reduced EQE spectrum, fitted with Marcus charge transfer equation S1 for different

Aj:A; ratio in D.



Population Occupancy in Gaussian Disorder model-

Calculation of p/Py:

The absorption length as a function of wavelength is given as:

Ao
As(D) )

A, =

where, A4; ¢ 1s the absorption length of donor and A is the donor absorption spectrum (measured
experimentally) as shown in Figure S4.

The absorption profile for the devices of thickness d is measured as:

The flux of photo generated holes is calculated by integrating the product of the solar spectrum

and the obtained absorption profile,

o1 fAMl.S(A).IQE.A(A)dA

d Ep@) S4

where, AM1.5 () (mW/m?) is the conventional solar spectrum, IQE (no unit) is Internal Quantum
Efficiency and £, (A) is the photon energy in (eV or in W-sec).

The free hole carrier concentration is then measured as:

where, 7 is the free carrier (hole) lifetime.
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Figure S3- Transient photo voltage decay for different A;:A; ratio in D for ternary BHJ OSCs,
fitted with single exponential to calculate the life time of charge carriers. Extracted parameter is

tabulated in Table S2.
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Figure S4- Thin film absorption spectrum of PTB7-Th (D), used in equation S6.



Temperature dependent mobility-
The explicit dependence of mobility on temperature can be described by the following

relation:

Ea o 2
- —C|—
7l

Where p, is the infinite temperature zero field mobility, E, is the activation energy (related to

polaronic disorder), ¢ is the width of the DOS (related to energetic disorder) and C quantifies the
relative contribution of energetic and polaronic disorder. Bissler considered a value of C = 0.44
reflected pure energetic disorder (£, = 0) 2and for a definite value of energetic disorder, Parris et
al. considered C=0.31 3. To measure E, by equation S6 for both holes and electrons,
temperature dependent J-J measurements were performed on single carrier devices (Figure S5)
with the measured J-JV curves fitted using space charge limited current (SCLC) model to obtain
the mobility values. The validity of equation S6 is confirmed by linear fit of the Poole-Frenkel

term with 1/T and 1/T? (Figure S6 and Figure S7).
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Figure S5- Temperature dependent dark J-V characteristics for hole-only a), b), ¢) and electron-
only d), e), f) for D:A;, D:A, and D:A:A; based devices, respectively and fitted with space charge

limited current model.*>

Table S1- Room temperature SCLC mobility extracted from Figure S5.

Blend Wy (cm?V-ist) L (cm?V-lg )

D:A, 2.8x 104 2.6 x 103

D:A, 1.2x 104 2x10°
D:A:A, 2.1x10% 1.5x 107
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Figure S6- A linear behavior of Poole-Frenkel term (B) from SCLC fitting with 1/T for D:A;

(a,d), D:A; (b,e) and D:A;:A; (c,f) based single-carrier devices to show the validity of equation

S6. ¢
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Figure S7- A linear behavior of Poole-Frenkel term () from SCLC fitting with 1/T? for D:A,
(a,d), D:A; (b,e) and D:A;:A; (c,f) based single-carrier devices to show the validity of equation

S6.7
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Figure S8- Mobility is plotted against 1/T? for a), b) and 1/T for ¢), d) to determine the o (Ea=0)

and Ea (0=0) for D:A;, D:A; and D:A;:A; based system using eq" S6.
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Table S2- Parameter used in population occupancy in Gaussian disorder model along with

experimental V¢ to determine energetic disorder (o).

Parameter Value
Donor absorption length 50 nm
IQE 0.85
Device length 100 nm
DOS?® 1026 /m3
Life time
DA | ——mp  D:A, 1:1:1:1.5:1.9:1.7
0:10:30:60:80:100 % (us)
p/Po (calculated) 6.07x1073
Standard deviation 2.3x104
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Table S3- Estimation of energetic disorder (o) for D:A; and D:A,; blend solar cell calculated

from eq™ S6 by neglecting polaronic disorder (£,).

oy (E,z=0)/ meV or (E,;=0)/ meV
D:A, 63 78
D:A, 69 72
D:A:A, | 65 75

Grazing incidence wide-angle X-ray scattering (GIWAXS)-

Grazing-incidence wide-angle X-ray scattering (GIWAXS) experiments were conducted at the
SAXS/WAXS beamline at the Australian Synchrotron® using 15 keV photons, with the 2-
dimensional diffraction patterns collected by a Dectris Pilatus 2M detector. Images taken at the
critical angle were used for further data analysis, with the critical angle identified by scanning the
X-ray angle of incidence from 0° to 0.15° with intervals of 0.01°, as well as a separate
measurement at high angle 0.2°. Before starting the measurement on a fresh sample with the
predefined series of incident angles, the sample was leveled by iterating a beam alignment
procedure, which involves coarse height scan, tiling angle scan and fine height scan subsequently.
The X-ray exposure time was chosen as 1 s to maximize signal to noise ratio and in the same time
minimize beam damage. Gapless mode of Pilatus 2M detector was utilized to eliminate the blank
gap intrinsic to the detector. With the Pilatus 2D detector mounted within a vacuum flight tube,
the samples were kept in air during GIWAXS measurement. Silver behenate was used as the
diffraction standard to calibrate the physical dimension of detector-sample distance and beam

center position. Data analysis is performed in Igor pro with a customized code Nika.’
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Momentum Transfer
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Figure S9- Grazing incidence wide angle X-ray scattering (GIWAXS) profiles on a) D:A;, b)
D:A; and ¢) D:A;:A; (1:0.5:0.5). Line profiles for all the three samples extracted from scattering

profile d) in-plane and e) out-of-plane direction.

14



Table S4- Summary of key crystallographic parameters extracted from the GIWAXS data (Figure

S9) via peak fitting.
In-plane (100) Out-of-plane (010)
Blend q d | Area | FWHM | CL q d | Area | FWHM | CL
AN | A [@u) | A | @m) | A Y| A) | @u)| A | (@om)
0.001 | — ) ) 0.001 0.01 ) ) )
S T L B o PR e s
0.001 | — ’ ’ 0.006 0.01 ) ’
N e e Rl el R B B I el
0.001 | = ) ) ) 0.001 0.01 ) ) )
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Flow Chart-

In order to clarify this detailed model, a flow chart is prepared to guide the readers.

}

Parameters of D:A;:A,
Carrier concentration (abs. length, EQE,

Temp. dependent J-V in single
IQE, thickness)

carrier device: SCLC mobility

measurement p(T) Carrier lifetime (TPV) Support Studies
Structural studies (GIWAXS)
oy and o dervied from u(T) oy and o, term used in Population on D:A;; D:A, and D:A;:A,.
study while keeping E, term —> Occupancy in Gaussian Disorder Model <—— No significant change in
zero. to get E;, and E;, packing; almost no change

|

Vo = QFL splitting (E;, and Eg)

Figure S10- Flow chart of study on ternary alloy molecular semiconductors for photovoltaic.
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