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1. METHODS

Materials and Synthesis

PBDB-T, (5-bromo-3-fluorothiophen-2-yl)tri(propan-2-yl)silane (1), 1,3-bis(5-bromo-4-
fluorothiophen-2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[ 1,2-c:4,5-c'|bisthiophene-4,8-dione ),
PFBDB-T, P4AFBDB-T and C8-ITIC were synthesized according to literature procedures 2.

Device Preparation and Characterization

All devices were fabricated in the inverse architecture on pre-patterned ITO covered glass
substrates. After cleaning, ZnO was deposited from a zinc acetate anhydrous solution
(110mg/ml in 2-methoxyethanol with 30HL ethanolamine per 1mL) by spin coating at
4000rpm, followed by annealing at 200 degrees. All blends were dissolved in chlorobenzene
at a ratio of 1:1.25 D:A, and a concentration of 20mg/ml, and were stirred overnight at 50
degrees.. Blends were spin cast at spin speeds of 1500-2000rpm in a nitrogen atmosphere, and
were soft-annealed at 80 degrees for 10 minutes after spin coating. The thickness of the active
layers are around 80-100nm. To complete the devices, MoO; (10nm) and silver (100nm) were
evaporated through shadow masks to yield devices with an area of 5Smm?.

External Quantum Efficiency Measurements

EQE measurements were carried out using a grating spectrometer (CS260-RG-4-MT-D) to
create monochromatic light from a tungsten halogen light source. The light was chopped at
300Hz, and a Stanford Research System SR380 lock-in amplifier was used to detect the
photocurrent. Long pass filters at 610, 780, 850 and 1000nm were used to filter out scattered
light from the monochromator. The spectra were calibrated using a Silicon photodiode.

Electroluminescence and Photoluminescence Measurements

EL and PL spectra were recorded using a Shamrock 303 spectrograph combined with a iDUS
InGaAs array detector which was cooled to -90°C. The obtained EL intensity spectra were
calibrated with the spectrum from a calibrated Halogen lamp. A 473nm diode laser was used
as the excitation source for PL spectra, which were measured using the same spectrograph and
detector system as for EL measurements at the open-circuit voltage of the devices.

Drift-diffusion model.

A one-dimensional drift diffusion model was implemented to simulate the results using
MATLAB’s built-in partial differential equation solver for parabolic and elliptic equations
(pdepe). The full details can be found in the reference . 3. This model was used to simulate
TPV, J-V characteristics and the delayed charge extraction measurements. For all the
simulations we fixed the carrier densities at the boundaries to be the same as that of the
transport layers in equilibrium.

TPQ and TPV was simulated using a symmetric model to allow the cell to be at open circuit
conditions as described in Calado et al. 3 The laser length and light intensity were varied to
keep the cell in the small perturbation regime, where the transient open circuit voltage did not
exceed 30 mV. We used a uniform generation profile throughout the active layer of the device
to simulate the bias light.

Optoelectronic characterization. (setup)

The TPV and TPQ experiment were carried in nitrogen atmosphere. Variable, continuous
intensity illumination was provided using a ring of 1W white umiled LEDs incident on the



ITO side of the device. For the TPV experiment, once the device output reached a steady
state, the device was perturbed using a single diffuse pulse from aPhoxX 638-150 - laser
diode whose intensity was adjusted for every background light bias to assure that the system is
on the small perturbation regime. The resulting voltage transient AV(t) (AV<<Vc) was
measured at the contacts using a DPO 5104B Tektronix digital phosphor oscilloscope. The
1 MQ input impedance of the oscilloscope was used to hold the device at open-circuit
throughout the measurement. Output transients were fitted to a single exponential function
to obtain the time constant of the voltage decay. For the TPQ experiment, the cell was
switch from open circuit to short circuit condition using a MOS-FET (ZVN4306A) that was
controlled using a AFG3102C Tektronic pulse generator, the same signal from the pulse
generator was used to control a MOS-FET (ZVN4306A) that switched off the LED ring. The
current from the device was measured using the DPO 5104B Tektronix digital phosphor
oscilloscope with a 46  ohm resistance. The excess current was measured by subtracting the
signal without a laser pulse, and the delay time between the laser pulse and the switch to short
circuit was assured using the two output of the pulse generator.

J-V characterization:

Current-Voltage characteristics were measured using a Keithley 236 source-measure unit
under AM1.5 solar irradiation (Oriel 300W solar simulator) at an intensity of 100mWcm-2.
All electrical measurements were carried out in a nitrogen atmosphere.

General Experimental Details: Transient Absorption Spectroscopy
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Figure S 1 Simplified schematic of the Transient Absorption spectrometer employed in this paper.

A diagram of the ultrafast transient absorption setup is provided in Fig. S4. The primary light
source employed in this setup is a Ti:sapphire regenerative amplifier (Solstice, SpectraPhysics
Inc.) operating at a repetition rate of 1 kHz, with a nominal temporal FWHM of c.a. 100 fs. A
combination OPA/Frequency mixer (TOPAS, Light Conversion Inc.) is employed to create
pump pulses in the 300—800 nm region. Ultra-broadband NIR (850—1450 nm) and visible
(450—800 nm) probe pulses were created via bulk supercontinuum generation, respectively
employing either a yttrium aluminium garnet (YAG) or sapphire crystal, respectively. The
pump pulse was modulated at a frequency of 500 Hz using a mechanical chopper synchronised
to the output of the primary light source. To introduce time resolution, the probe pulse was
delayed by means of a mechanical delay stages. The pump and probe pulses were



independently focused onto the sample using a glass lens and spherical focusing mirror,
respectively. The spot diameter of both the pump and probe pulses was approximately 500 pm
at the surface of the sample. Prior to arrival of the probe at the sample, a ‘reference’ replica
pulse was obtained using a variable reflective neutral density filter. Both probe pulse replicas
were thereafter collimated and passed to a spectrograph, where their spectra were taken and
stored. The resulting 2D maps were then processed using the SurfaceXplorer package (Ultrafast
Systems Inc.) as well as home-built analysis software.



2. MODEL PARAMETERS:

Based on the principle of detailed balance we can calculate the radiative dark saturation

current using 45
Jorad = qu(ha)) * ¢y, (hw,T =300 K)dhw#(S1)

where A(hw) is the absorptance of the film, 7@ the energy of the photon (% is the reduced

Planck constant, and @ the frequency of the photon) and Pvb the blackbody spectrum at
temperature T. Using equation 1, we can calculate the population density at equilibrium of
both the CT ([CT], ) and lowest exciton state ([LE],) considering that the recombination of the

photoexcited species only occurs through the CT or LE states using:

]O,rad =q*p.* ([CT]O * Kreg;l:ad + [LE]O *K e ) * d#(SZ)

rec,rad

CT LE
Krecradzand Krecrad are the radiative rate constants of the CT and LE respectively, d

where
is the thickness of the device, q is the elementary electronic charge and p. the emission
probability. p. can be calculated using the absorption coefficient and the absorptivity of the
film and the refractive index (n) 4. [CT], and [LE], are considered to follow Boltzmann

statistics for the population of the states ¢, therefore

(€Tl AGy - Gy
= - #(S3
N N

Where AGy and AGcy are the free energies of the transition from the ground state to the
LE and CT state, respectively. 9¢T.LE is the degeneracy ratio of CT to LE states 7; ks is the
Boltzmann constant. Using the population of the states at equilibrium and the recombination
rate constant from the states (kr)e(c =K re)g,r +K reﬁnr , where X is either CT or LE), we can calculate

the dark saturation current

rec rec

Jo=aq* ([CT1g * kg + [LE]g * ki) * d.#(S4)

Moreover, we can calculate the maximum short circuit current density under 1 sun

condition using:

]sc,max = fA(hw) * ¢AM 1,5(flw)dhw #(S5)



Where Pam 15 is the Air Mass 1.5 photon flux in units [mA cm? eV-]. Using equation [1-5] we

kgT
—log

|4

oc,rad —

can calculate the radiative voltage limit (

AV
losses (

ocnr

kBT (]O,rad
log

q

Jo )) and an estimate open circuit voltage (Vo =Vocra

]sc,max

)

Jorad "), the non-radiative voltage

V d_AV

ocnr) 8,

Table S 1 Example of model optical and state input parameter and the different model outputs.

Input Parameter Value/ Unit
Difference in the static dipole moment (|1A#]) 10 Debye
Oscillator strength (fOSC) 1x10°
i High frequency reorganisation energy ('117) 0.13 eV
For each excited
state Low frequency reorganisation energy (Al) 0.lev
Vibrational mode harmonic oscillator energy 0.15eV
(hQ)
Free energy of the transition (AG) 1.65eV
refractive index (1) 1.5
The ratio of CT states (gCT,LE) 0.01
Device as a
CT state and S; coupling (Vsy ct) 20 meV
whole
Effective density of LE states 810¥%cm3
Thickness of the device (d) 10° cm
Model Output Dependency

For each excited

Non radiative recombination rate constant

K N

recnr

foso lv')lll hQ, AG, |A[Z|)

Radiative recombination rate constant

N N
Krec,r = fkrec,r(hw) dhw

f(fosc' lv'll' th AG’ |A/Z|)

state
S >
Emission spectra (krec.r(hw)) F ose A”’Al, hQ, AG, |Au)
Population Density at equilibrium [S]o Jorag =4 *Pe* ([CT]y * Kref,:ad + [LE], * KrecL,E
Absorptivity (A(hw)) A(hw) =1 -exp (- 2da,(hw)).
Absorption coefficient (%abs(h®)) fFose ot 1O AG |AW], VEwd Gerp™)
Radiative voltage Limit (Voc,rad) _ kT I Jscmax
Vac,rad - T 0g ] )
Device as a 0,rad
whole Radiative dark saturation current (jormd) Joraa = qJ A(hw) * ¢pp(hw)dhw

Maximum short circuit current under AM 1.5 (

] sc,max)

Jseamax = qJ A(hw) * ¢ 43y 1 5(hw)dhw

Dark saturation current (]0)

Jo=q* ([CT]y* kL + [LE]y * kEE) x d

rec rec




Non-radiative voltage losses (AVoc.nr)

]O,rad
AV e = kgT log( i )
0

Table S 2 Kinetic model parameter, the rate constant for the different processes, with a distinction between the free input
parameter and the dependent rate constants.

Kinetic model parameters
Free Input Parameters
Parameter Symbol Example Value / Unit
Exciton dissociation to CT state kLi;-iT 10 st
CT dissociation to free charge
. g kCZi‘,i(SJS 1011 g1
carrier
Reformation rate constant CS,CT
B~ 10! cm3st
from CS to CT for
Dependent parameters
Parameter Symbol Dependency
) A kCT,EX [Ex]
Exciton reformation rate from KCTLE trans _ 0
CT state trans KEECT (€T,
A X X E Ex _ E; Ex
Exciton recombination rate | k.. Kyoe = Kroor T Kroomr
constant
. T CT _ 7 CT T
CT recombination rate k.. Rroe =Kroer + Kreonr
constant

Table S 3 Example device parameter for the drift diffusion parameter

. Electron
Symbo Hole transfer Intrinsic
Parameter name transfer
| layer layer layer
Input device parameter
Dielectric constant & 3 3 3
n-type acceptor density N, 0 0 4107 ¢m=3
p-type donor density Np 4107 ¢cm=3 0 0
Thickness 100 nm d 100 nm
Electron mobility He 10 3em® "1~ 10" *em?v s 10 cm?v s 1
Hole mobility ey 10em?v - 1s71 107 *em®v-1s 10 3em?v-1s
Effective DOS in the conduction and NCB, 19 -3 19  _3 19  _3
2107 cm 2107 cm 2107 cm
valence bands Nyg
Electron affinity Dy 0 0 0
Measurement parameters
Uniform Generation rate under 1 sun G 0 Jscmax 0
Light intensity & qd
lonisation Potential D, ®jp == E¢s == 2 kpTlog (Ncp/my)
intrinsic charge carrier density n; BT «nf = [CT]o * kgl




Fit Pristine steady state and transient photoluminescence spectra to get
the lowest exciton parameters. (section 5 of the Sl)

v

Use EL, PL and EQE spectra as well as the voltage losses measurement to
get the lowest exciton parameters. (section 7 of the Sl)

v

Fix a set of device properties that are the same for all the devices in the
series.

v

Estimate the rate of backformation of the CT state to reproduce the
effective charge carrier lifetime under 1 sun.

v

Use the ultrafast GSB dynamics to get the rate constant of LE dissociation
and CT dissociation. (section 9 of the Sl)

v

Check if the simulated charge carrier lifetime under 1 sun illumination is
like the experimental results. (section 11.2)

o |

Diagram S1 Workflow used to estimate the different parameters of the model.



3. STEADY STATE ABSORPTION AND ENERGY LEVELS OF THE
MATERIALS

Table S 4 Energy levels of materials obtained by cyclic voltammetry and air photoemission spectroscopy. All values are
in eV from ref ?

HOMO LUMO HOMO
Material Eg.p (EQE) (CV) (CV) (APS)
PBDB-T 1.83 -5.33 -3.29 -4.77
PFBDB-T 1.78 -5.47 -3.46 -4.85
PAFBDB-T 1.83 -5.63 -3.52 -4.95
C8-ITIC 1.53 -5.63 -3.91
Pure Components Blends with C-ITIC
1.0 1 C8-ITIC 104 —=— PBDB-T
= —=—PBDB-T < —e— PBDB-T-F,
Sl B
\zol 0.6 \zol 0.6
% 0.4 4 % 0.4
< <
0.2+ 0.2
0.0 T T ? T T 0.0 T T T T =
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure S 2 Normalised absorption spectra of films of the pristine donor and acceptor species (A), and blends (B).

4. JV CHARACTERISTIC RESULTS

Table S 5 Device performances and transient optical characterisation results:

Donor PBDB-T PFBDB-T P4A4FBDB-T
v, [V] 0.85 0.92 1.02
. [mAcm™ 2] 17 17.5 12.5
Device performances
FF 0.64 0.65 0.59
PCE (%) 8.12 10.26 7.42

10



5. LOWEST EXCITON PROPERTIES:

— Signal

- - - Fit with 2 exp
---=-Exp 1 contribution
-----Exp 2 contribution

— IRF

10000

1000 4

8C-ITIC

100 - - - Model Fit

Number of Photon collected
Normalised Photoluminescence

T

0 1 2 3 4 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Time [ps] Energy [eV]

Figure S 3 A) Time correlated single photon counting (TCSPC) signal of the photoluminescence decay of pristine 8C-ITIC on
a film measured at 950 nm and excited with a laser at 780 nm. The total model fit is a convolution of the IRF and a
biexponential decay. B) PL of 8C-ITIC, excited with a laser at 410nm and a fit for the exciton PL using the parameters in
table S6.

We measured the photoluminescence and transient photoluminescence of a film of
pristine 8C-ITIC. The time correlated photon counting (TCSPC) of the luminescence of the
film following an excitation with a laser pulse at 780 nm is shown in figure S2 a. The signal
was fitted using a convolution of the IRF (measured at the same wavelength and under similar

conditions) with a bi exponential decay function :

t t
Ay *exp(—r) +A4, *exp(—T).# (56)
1 2

The first exponential decay can be assigned to any process that occurs faster than the time

resolution of our setup, (it mainly controls the first fast drop in the signal). The second decay

can be assigned to the recombination of the exciton. The lifetime of the exciton is (*2 =~ 0.25ns )
1
K,=—=410"s""
which gives a recombination rate constant ( T2 ). Using the model for the

recombination of the exciton introduced in the main text, we choose the parameters of the LE
state to best reproduce the PL spectra of the device (Figure S2 b) and the lifetime of the exciton.
The parameters as well as the model results are shown in table S6. The difference in the static
dipole moment and the effective vibrational mode harmonic oscillator energy and the
oscillator strength are fixed to arbitrary values that are common for similar systems. Free
energy of the transition and the reorganisation energies are changed to best reproduce the

experimental results.

11



Table S 6 Parameters to model the LE state in the blends (i.e. the lowest excited state in 8C-ITIC) and the model calculate
recombination rate constant.

Input Parameter Value/ Unit

Difference in the static dipole moment (|AII|) 10 Debye

Oscillator strength (fDSC) 5
High frequency reorganisation energy (’117) 0.15eV
Model Parameters
Low frequency reorganisation energy (/11) 0.1ev
Vibrational mode harmonic oscillator energy (le) 0.15 eV
Free energy of the transition (AG) 1.63 eV
LE
Non radiative recombination rate constant Krecar 4.910%s*
Model results
Kreer = J kreer(hw) dho | 49108 s
Radiative recombination rate constant ’ ’

—©— PBDB-T/8C-ITIC PFBDB-T/8C-ITIC —4— PAFBDB-T/8C-ITIC  —li— 8C-ITIC

1 o 1 100
i &:‘)0 %D
i $ 4 10" 4
— ] T 102 4
L i A 8
B M £ 8 102 4
2 14 A © DEA
g I A g 1074 A A
S e ° o~ fA
D
= A 10 g &
Viy o
% 10 4
0,1 b & ‘ 0,14 |
T — T T T T T T L T T T T T T — 107 T T T T T T T i
1,0 1,2 1.4 1,6 1,8 1,0 1,2 1,4 1,6 1,8 1,0 1,2 1,4 1,6 1,8
Energy (V) Energy (eV) Energy (eV)

Figure S 4 Steady state optical properties of the blends and the pristine 8C-ITIC. a) Normalised electroluminescence spectra
of the three blend devices at an injection current of 100 mA cm-2, b) Normalised Photoluminescence spectra of the devices.
c) Normalised EQE of the three blends.
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6. SIMULATION OF PL AND EL IN THE SIMPLIFIED MODEL.

To simulate the luminescence of the devices under different conditions, we need to
estimate the population of the LE and CT states (considering they are the only excited states

that can recombine radiatively); and calculate

G o (0) = [CT] g * K, 5L (hw) + [LE] g * 25 () #(S7)

rec,r rec,r

CT]

The emission flux per energy of the device (units em™ 25t eV ™1 [CTlsum is the sum of the

population of CT state in the active layer ([CT]S”’” - f [CT]dx). To calculate ®em we need to
simulate the device under a specific applied electrical bias and light bias. For EL, the device is
held under dark and we apply a positive voltage bias. For the PL we first keep the device under
open circuit and under a specific light intensity. We can also simulate the EL and PL in a
simpler case, where we neglect the effect of transport and only simulate the kinetic model in a

oD approximation. The kinetic model in question would be :

trans rec

% = G - K'EETILE] + KETEECT] - KEE([LE) - [LE],)#(58)

T L) - kLI + BT mlIp) - KEL(CT] - [€T),) - KETAELCTIS9)
d
% = Gy + kgis[CT] = B ([ [p])

d[p]

—p =Gt kiis[CT] - B ([n[p])#(S10)

10/,

Where Cinj the generation of free charge replace 49x. This approximation is only valid when

we consider the device under low injection conditions, and that the impact of the field and

the charge distribution is negligible. In this case, the EL would be simulated by considering (

Ginj=1022 and G=0), and the PL in the case where ((ini=0 and G=1022).

13
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Figure S 5 a) Modelled EL at different injection current and considering the simplified case with no transport and a fixed

injection of the free charge carriers. B) Modelled PL using the full drift diffusion model at different light generation
intensities compared to both the experimental results for D0:A2 and the results of the simple model.
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Figure S 6 the interplay between the light generation and the electric injection and their impact on the modelled EL and



7. CT STATE PARAMETERS

Disclaimer: In the introduction of the model, we have introduced a set of free parameters
(more than 15 just for the first part of the model (figure 1 c)), and these free parameters can
impact the experimental results in similar ways 9. Considering that these parameters are hard
to accurately calculate for the systems studied '°, we rely on the experimental results as well as
a set of constraint for the choices of the free parameters. The parameters chosen in this study
are therefore not unique and are only valid considering our set of approximations and

assumptions.

Table S 7 CT state and optical parameters considered for the reproduction of the Experimental data of the series.

Input Parameter Value/ Unit
Difference in the static dipole moment (|Aﬁ|) 10 Debye
Oscillator strength (fOSC) 5x10*
For the CT state High frequency reorganisation energy (AV) 0.15ev
Low frequency reorganisation energy (’11) 0.15eVv
Vibrational mode harmonic oscillator energy (1) 0.15eV
Free energy of the transition (AG) [1.31,1.34,1.42] eV
refractive index () 1.5
The ratio of CT states (gCT,LE) 0.5
Device as a whole CT state and LE coupling (Vig,cr) 1 meV
Effective density of LE states (NLE) 810%cm
Thickness of the device (d) 10> cm

8. EFFECTIVE DENSITY OF STATES

In this section we review the effective density of the CT and LE states resultant from the
assumptions of the model. The value of Nig initially considered in the model was to ensure that
the absorption coefficient of the device is high enough (absorption coefficient around 2 105 cm-
! close to the band gap of the material).. In the model we calculate the population density of
the CT and LE states based on the reciprocity principle and the radiative recombination rate
constate for the two states (equation S2). We also consider that both the CT and LE state follow
a Boltzmann distribution and are in thermal equilibrium. The population density of CT and
LE states under a common chemical potential (¢) can be written as:

AGO,CT - ¢

MGy p-¢
kT ) and [LE] = N, gexp ( -

H)#(s 11)

[CT] = N rexp ( -
B

15



Where Ner and Vik are the effective density of states of the CT and LE state, respectively.

Considering that at equilibrium ¢ = 0; we can calculate Ner and Nie using the density of LE and

CT state at equilibrium ( [LE], and [CT],, respectively). This equation offers a different way of
calculating NiE that is independent of the one considered in the model. In a first instance we
consider that the energy of the states is equal to the free energy of the transition (AG0). The

back calculated V£ in this case agrees with the one considered in the model for the three

blends in the paper.

16



9. ULTRA FAST KINETICS

9.1.Transient absorption spectrum.
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9.2.Global analysis details.

Dynamics considered from the model and the differences between the three devices.

To analyse the transient absorption spectrum, we used the global analysis toolbox
developed by Van Wilderen et al. * considering: one species for the pristine acceptor with a
mono-exponential decay; Two species in sequence for the blends, where they both decay

monoexponentially, and the decay of the fast specie populates the slow one. The results of the
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Global analyse spectra are shown in figure S8 to accurately reproduce the fast and slow

transient absorption signal.

9.3.Modelling the GSB

The modelling of the GSB is done considering that the GSB signal is proportional to the
population of free charges and CT states in the active layer ([CT], [n] and [p]). The modelling
is done by considering the device in the dark and under open circuit condition. The open
circuit voltage in the drift diffusion model is insured using the approach developed by Calado
et al. using a symmetric device 312. After solving for the condition where the device is in the
dark and under open circuit condition, we solve the system considering that after 1 ps, a 0.2
ps laser pulse, generate LE state uniformly across the active layer with intensity equivalent to
1000 suns. After the laser pulse, the device is back in the dark and under open circuit
conditions. From the model we can extract the population density of the electrons, holes and
CT states in the active layer. We calculate the population densities by summing over the length

of the active layer and consider that to be equivalent to the signal of the GSB.

The GSB can also be simplified considering a reduced impact of the transport as discussed
in the EL and PL case section 5 of this document. We can just solve the kinetic model in
equations (S3-5) considering a small generation laser pulse. Figure S10 shows a comparison
between the two model and how they both agree well in the early times and only start differing

after 1 ns. We use the simple model for the initial fitting procedure.
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Figure S 10 Comparison of the model results considering the full drift diffusion simulation and the simple model without
transport.
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Table S 8 Kinetic model parameters Used to reproduce the GSB data, the only fitting parameters proper to the GSB
dynamics are the rate of dissociation of the LE and CT state.

kfpelns 1] 5 2
B T [em®s 1] 2101 13107 7.4 1010
KEDLE [ns =1 1.510°% 6.6 10 1.5 107
ks 5 5 5
K'ECT ns ™1 170 240 25
KCTES ns ™1 20 16 4.1

9.4.Perfect reproduction of the GSB; case of PFBDB-T:C8-ITIC

Considering the difference observed between the model considered in the paper and the
GSB data inferred from the global analysis (figure 5 in the main text). We discuss in this section

the impact of a perfect reproduction of the GSB data on the device performances.

First, we noticed that the dynamics of the GSB after the first rise in the case where the
reformation of the exciton is considerably slow compared to the other processes, is mainly
related to the dissociation ,recombination and reformation of the CT state. In order to best
reproduce the GSB data, we can adopt 2 different approaches, 1) reduce the CT recombination

rate constant or 2) increase the CT reformation rate constant.

For the first case we need to then modify the properties of the CT state (i.e. its energy and
reorganisation energies); the CT state properties are modified in a way to ensure that the
recombination rate constant is in the order of 20 ns which is an order of magnitude faster
than the one we used in the paper. The impact of changing the CT energy and its reorganisation
energy on the EL, PL and EQE is presented in figure S11. From Figure S11, the luminescence
and absorption properties of the device can be reproduced significantly well with the new
parameters. The fit to the GSB data is presented in figure S12, and as expected the new model
better reproduces the hole GSB signal. However, when we use the model parameters and
simulate the JVs, we find that the J is significantly lower, and this is due to the slow
dissociation rate constant that is needed to reproduce the GSB data. The open circuit and FF
for this case is higher than the one used in the model, this is related to the slower

recombination rate constant of the CT state and the slower reformation rate constant.

For the second case, we consider that the decay in the GSB is related to a fast reformation
of the CT state from the free charge carriers. For this case, the properties of the CT state are

similar to the one considered in the main text, but the reformation rate constant is considered
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to be 6 orders of magnitude higher to better reproduce the GSB decay (red line in figure S10).

The impact of this change is rather detrimental to the device performances, as the J,. and FF

drops significantly due to the high recombination rate of the free charge carries.
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Figure S 11 Experimental EL, PL and EQE of the PFBDB-T:C8-ITIC blend, and the results of the different model considered
for the reproduction of the experimental results. The case discussed in the main text considers the parameter in table S7
and the case of slow CT recombination in table S11.
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Figure S 12 GSB model and experimental results for the PFBDB-T:C8-ITIC blend with three different model as described in

the text.

Table S 9 Processes rate constants calculated and estimated for the three different models.

Krec,anT (S'

Model in the paper

Slow CT
recombination

Fast CT reformation

1)
4.810°

2.0108

4.810°

3.8104 1.210%° 1.5 10 2.0 101t
1.310% 1.5101 7107 2.3 101
3.8104 2105 1.5 10 2.0 101

Offset AG T (Ecr)
(eV) (eV)
0.29 1.34
0.31 1.32
0.29 1.34
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Table S 10 Device performance modelled for the three different models of PFBDB-T:C8-ITIC device.

Vo _rad (V) Jsc (mA cm?)
Model in the paper 1.26 17.03 0.92 0.66 1.28
Slow CT recombination 1.26 6.17 0.98 0.76 1.34
Fast CT reformation 1.26 0.74 0.92 0.33 1.58

Table S 11 CT state properties modified for the slow CT recombination case.

Input Parameter Value/ Unit
Oscillator strength (fOSC) 3x10*
High frequency reorganisation energy (/1,,) 0.lev
For the CT state
Low frequency reorganisation energy (’11) 0.12ev
Free energy of the transition (AG) 1.32 eV
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10. CHARGE TRANSPORT MOBILITY ESTIMATED BY SPACE-CHARGE-
LIMITED CURRENT METHOD

1. Device fabrication and J-V measurements

The device structure for electron only device is ITO/ZnO(40nm)/Active
layer/BCP(10nm)/Ag(8onm), and for hole only device is ITO/PEDOT:PSS(40nm)/Active
layer/MoO3(1onm)/Ag(8onm). Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS) (Clevios PPVP AI 4083, H.C Starck Inc.) was spin-cast on the precleaned ITO
anode substrate and then dried in air at 150°C for 20 min, giving a thickness of 40 nm.
Bathocuproine (BCP) was evaporated using organic source in vacuum chamber with a
thickness of 10 nm. The processing conditions for active layer, ZnO, MoO3, and Ag follow the
same procedure of solar cell fabrication in the method section. All devices were measured with

a voltage range of -5 V to +5 V using Keithley 236 under dark.

2. Estimated band and effective mobilities using trap-limited transport model

Space charge limited current method has often been used to extract the mobilities of

organic solar cells. This method allows us to obtain mobility values via simply fitting the slope

log () _,

2 region of the experimental data following Mott-Gurney law, i.e. log (") . However, in

disorder semiconductor-based devices, Mott-Gurney law is no longer applicable as trap

limited transport plays a significant role.

Here we adapt the method of numerical fitting using drift-diffusion model coupled with
exponential tail states, which explicitly includes the effect of trap states and has been proved

to be useful for organic solar cells*'34. Shown in Figure S13 and Si14 are measured and

log (/)

simulated J-V and log(V) slope characteristics for electron- and hole-only devices,

respectively. As we can see that a slope of 2 is rarely seen in the devices measured, indicating

that Mott-Gurney law cannot be used in the analysis here.

In the fitting process, we aim to fit the current density under both negative and positive
bias for each device, which are indicated by the current density difference in the J-V curves.

We consider five fitting parameters as shown in Table S12, within which the trap-free mobility

. . o EUY . . exp
(Mnp), characteristic energy for exponential tail (En.p), and effective trap density (Un.p) are of

E U yexp .
np, and “ np are shown in Table S13. The

the most importance. The extracted values of #np,
results show that D2F:C8-ITIC blend presents the highest electron and hole (trap free)

mobility compared to DOF:C8-ITIC and D4F:C8-ITIC blends. In general, trap free mobility is
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less useful as in the operation condition the effective mobility is the one controlling charge

transport. And effective mobility is determined by the charge carrier density inside the devices.

Since we have measured the free charge carrier density at 1 sun condition using charge

extraction as presented in Figure 6 in the main text, we can estimate the effective mobility'5¢

(Yeff) at 1 sun condition using

Ny
ueff =1Ug *m, (512)

Where “0 is the trap free mobility, and ™t is the trapped charge density in the exponential
tail, given by'®
Ne\k, T/E

/
n, = UtEu(N—) b (513)
C,

The estimated values of effective electron and hole mobilities are shown in Table S13,
showing that D2F:C8-ITIC blend has higher effective mobilities than the other two blends,
especially in the case of hole transport, and the transport mobilities of DOF:C8-ITIC and
D4F:C8-ITIC blends are like each other. We note here that the FF and Jsc of DOF:C8-ITIC and
D4F:C8-ITIC blends are very similar (see Table S13), such differences on the effective hole
transport mobilities (close to one order of magnitude difference) are inconsistent with the
small device performance differences. Also, similar charge transport mobilities in DOF:C8-
ITIC and D4F:C8-ITIC blends again don’t agree with the difference on the FF and Jsc results
in OPV devices. This indicates that early time scale process plays a more important role than
charge transport processes. In addition, we have shown in the main text that the energetics
between CT and CS states seem to be more important than mobilities in determining the
reformation rate of CT excitons from free charges. Therefore, in the drift-diffusion modelling
we consider that electron and hole mobilities are identical in each blend to rule out the effect
of mobilities paying more attention on the early time scale processes, such as charge
generation, exciton dissociation, and CT state exciton dissociation, CT state reformation from

free charge carriers.
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Table S 12. Input parameters for drift diffusion modelling using gpvdm?’

Parameters Symbol Values Units
Temperature T 300 K
Relative dielectric constant €, 3 unitless
Effective density of states of free charges  N¢/Ny 1x102¢ m-3
Generation rate G 0 (dark) m3s?
Free to free charge recombination By, 105 m3 st
coefficient
LUMO electron capture cross section ol le-15 m?
LUMO hole capture cross section o le-20 m?
HOMO electron capture cross section JZ le-20 m?
HOMO hole capture cross section UZ le-15 m?
. Depending on the
Effective band gap E, pending eV
material
. . Depending on the
Active layer thickness L i P 8 nm
film
Cathode injection barrier Peat Fitting parameters eV
Anode injection barrier Pan Fitting parameters eV
ili - cm? Vs

Trap-Free Electron or hole Mobility Koy Fitting parameters |
Effective electron or hole trap density Uy Fitting parameters m?3eV!
Characteristic energy for electron or hole .-

&y E., Fitting parameters eV

exponential tail
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Table S 13 Extracted parameters using drift-diffusion modelling

Characteristic Effective
Trap-Free Effective electron cloctron

P t f lect Total t d it
arameters Electron Mobility trap density energy tor ? ec r_on otaltrap density mobility @1
exponential tail
sun
Symbol Uy, u&r EY N, Hoeff
Units cm? V-ist m3 eV! eV m-3 cm? V-ist
DOF:C8-ITIC-e 4.30E-04 3.50E+23 0.11 3.85E+22 3.73E-04
D2F:C8-ITIC-e 7.00E-04 2.70E+23 0.01 3.51E+21 7.00E-04
DA4F:.C8-ITIC-e 3.00E-04 2.00E+23 0.12 2.40E+22 2.42E-04
h teristi Effective hol
Trap-Free Hole Effective hole trap Characteristic . ecifnfe oe
Parameters e . energy for hole Total trap density  mobility @1
Mobility density . .
exponential tail sun
exp u
Symbol Uy, U=, E, N, Hpeff
Units cm? V-igt m3 eV-! eV m-3 cm? V-igt
DOF:C8-ITIC-h 8.10E-05 7.90E+23 0.09 7.11E+22 6.82E-05
D2F:C8-ITIC-h 5.60E-04 7.90E+23 0.05 3.95E+22 5.47E-04
DAF:C8-ITIC-h 2.50E-05 2.70E+23 0.06 1.62E+22 2.44E-05
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11. DEVICE MODEL RESULTS :

11.1. Parameter exploration

Using the kinetic model presented previously, we have explored the effect of the different
rate of transition between the states and other parameters on the Jsc, FF, Voc, lifetime of the
charge carriers and the TPV lifetime. The parameters explored as well as the properties of the
device considered are summarised in table S14. Here we used the model to simulate the

current voltage characteristic of the device to extract the Jsc, FF and Voc , and simulated the

TPQ and TPV measurement to extract the lifetime "¢ and *rrv.

CcT
kdis

kCT

The short circuit current depends strongly on the ratio "“rec as the generation of free charge

carriers is related to how fast the formed CT states can dissociate before recombining. Figure

kgis ks
o o <0.5
S15 shows the dependence of the simulated J,. on the ratio Krec, For Krec a large amount of

the photo-generated CT states recombines before generating free charges. This loss can is what

CT
kdis

> 0.5
CT
is referred to as geminate recombination '8. The loss in J. for Krec is strongly mobility

dependent, which suggest that these losses are related to the slow extraction and high non-

geminate recombination of free charge carriers. In what follow we will focus on the results
kS

‘?TS >0.5
where Krec to only consider cases where the generation of the free charge carrier is

reasonably high.
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Table S 14 Characteristic of the devices modelled for the CT-drift-diffusion model along with the different parameters
explored for the results in figure S15 and figure S16.

Parameter name Symbol Hole transfer Intrinsic layer Electron
layer transfer layer
Fixed device parameter
Band gap Ecs 13eV 13eV 1.3 eV
Built-in voltage Vi 1.1V
Dielectric constant & 3 3 3
n-type acceptor density N, 0 0 2.10Y cm =3
p-type donor density N 2.10" cm =3 0 0
Rate of LE dissociation KEECT 102571
Rate of LE recombination kEE 1010571
Thickness 300 nm 100 nm 300 nm
Variable device parameter
Electron mobility He 10 3em® 157! 1073010 °cm?V "1™ 10cm?v 17!
Hole mobility Hy 10em* -1t 107 3t010 5 em?v-1st 10 3em?v-1s7!
Free charge to CT staterate B/ 1077 t0 10" ¥ em3s~ !
constant
CT state recombination rate k5. 107 to 1011 571
constant
CT state dissociation to free  k“}%5 107 to 101 51

charge rate
Measurement parameters

Generation rate G.y 2510 em =351

Laser pulse length 0.2 us 0.2 us 0.2 us

Laser intensity 102 ¢em~3s~1  10%2cm 37! 102 cm 3571
Offset(Eg;-Ecr) 0.3eV
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Figure S 15 Results of the CT-Drift-Diffusion model exploration with the parameters in Error! Reference source not found..
K CT
rec

CT
Js is plotted against the ratio kdis . The generation rate is 4 times lower than 1 sun conditions considered in the main text.

CT pCS\CT
krecB f})r

CT
In figure S15, we plot the results for the FF, V., ‘01 and ‘7P against ks , which can
be considered as an effective second order recombination rate constant (B ff ). We also limit
kS
“>o0s
the results to the case where Xrec and FF > 0.4. The FF drops with increased

B and its

drop is mobility dependent. The effect of BT on the FF is similar to the effect of the

bimolecular recombination rate constant in a classical drift diffusion simulation. The

Beff

correlation between V. and in figure S16 is comparable to the effect of the bimolecular

recombination rate constant in a classical drift diffusion simulation. We find:

CT pCS\CT
krecB f))r NCBNVB

quczEcs—kBTln( T -

dis av

#(514)

Since in the simulation we kept Ncg, Nyg and G,, constant, according to equation 10 V.

is analogous to the one expected from the steady state equations: the FF drops with increased

BT and V,, is linear with the logii(B/7),
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Figure S 16 Results of the CT-Drift-Diffusion model exploration with the parameters in table S14. The characteristics FF,
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CT
Voo %Q and TTPV, are plotted against the ratio dis in figure a to d respectively.

Moving to the change of the time constants “e.1 and *rpv with BT For low values of B/
(<107 cm3s™), both e.1 and *Pv decay with increased B o independently of their mobility. For
higher B o , TPV becomes mobility dependent and shows a reversed correlation for low

mobility cases, whereas 01 decay with the same slope as the case for low BT,
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11.2. TPV and TPQ
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Figure S 17 (a) Lifetime of the free charge carrier estimated using transient photo-charge (TPQ) at different bias light

intensities and b) the photovoltage decay time constant (TTPV) measured using transient photo-voltage (TPV) at different
background light intensities.

The measured charge carrier lifetimes measured (“¢) using TPQ and the transient

photovoltage time constant (*77v) for the tree devices is presented in figure S17. The charge
carrier lifetime shows a clear decrease at all light intensities with increased fluorination of the
donor polymer. On the other hand, the TPV lifetime does not show any clear trend between
the three devices. The difference between the two-time constants is due to the limitations of
transient photovoltage technique to capture the lifetime of charge carriers in low mobility

material 2.

The change of “ewith light intensity is similar for the three devices, and show two different
regime: 1) a first regime where the time constant is slightly dependent on light intensity and
2) a second regime where the time constant is strongly affected by the light intensity. This
suggests that the dominant recombination mechanisms in these devices’ changes from a first

order process at low light intensity and a second order process for higher light intensity.
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11.3. Fixed device parameters:

Table S 15 Fixed device parameters used to simulate the devices in the series

Parameter name Hole transfer
layer
Dielectric constant & 3
n-type acceptor density N, 0
p-type donor density Np 4107 ¢m=3
Thickness 100 nm
Electron mobility M 10 3em?y-1s1
Hole mobility Ky, 10 cm?v-1s-1
Effective DOS in the conduction and valence Nep 210" ¢m ™3
bands Ny
Electron affinity Dpy 0

Intrinsic layer

3
0
0

d

310 *em?v-1s71

310 *em?y 1571

210 em 3

0

11.4. Key Model parameters changing along the series:

Table $16 Key model parameters that are changing along the series

Input parameters PBDB-T

B0 (cm3s?) 210"

KeGS (s?) 210

Free parameters kLﬁ'iiT 5 1.7 101
AGET (ev) 131
AGypcr(ev) 0.32
Ecs (eV) 119
S50
Krecmradls '] 710°
s 10

34

PFBDB-T
131010
1.6 10
2.4 101
1.34
0.29
1.28

0.06
510°

410%

Electron
transfer layer

3
410" em~3
0
100 nm

10 cm?V 1571

10 3em?v-1s71

210 em 3

P4FBDB-T
7.4 107
4.110°
2.510%

1.42
0.21
1.44

-0.02
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12. DEVICE PERFORMANCES
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Figure S 18 Summary of measured device performance at different light intensities and the model results.

The measured FF for the PFBDB-T blend is accurately reproduced, but for the PBDB-T
blend it is lower than the simulated one and for the P4FBDB-T blend slightly higher than the
simulated value. The mismatch between the experimental and simulated FF could be
explained by properties of the device that could not be estimated accurately using the
experimental measurement used in the study such as: the charge carrier mobilities and the
properties of the transport layer impacting the charge carrier injection and extraction

properties of the device 1019,

13. MARCUS RATE FOR THE DISSOCIATION RATES OF EXCITON AND
CT STATES.

We can use Marcus rate constant formula to describe the dissociation of the excitons or

the dissociation of the CT state 2°. The rate constant can be written as

_27t2 1

ky=—-t ex
M7 dake, T T

(_(A—AG)Z

42k, T ) (515)

Where fel is the electronic coupling between the initial and final state, 4 the reorganisation
energy of the transition, 7 the Planck constant, T the temperature and kg the Boltzmann’s
constant. AG is the difference in free energy between the initial state and the final state. We use
this formula to fit the change in the dissociation rates of the LE and the CT state along the
series with the electronic coupling and reorganisation energy as fitting parameters. The results

of the fit and the model results are presented in table S17.
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Table S 17 dissociation rate constant used in the model, and the one calculated using Marcus formula. For the LE to CT
dissociation t; =30 meV and A=0.54 eV. For the CT to CS dissociation te =4 meV and A=110 mev.

Polymer AG pcr  Model Marcus  AGeres  Model Marcus
LE,CT LE,CT CT,CS CT,CS
(meV)  Kdis (s1) Kdis (s-1)  (MV) Kogis (oq) Kdis (51
PBDB-T 320 1.7 10" 2.110% 120 2.110% 1.9 10%
PFBDB-T 290 2.4 104 1.7 101t 60 1.6 10%° 1.510%°
PAFBDB-T 210 2.510% 7.6 10%° -20 4.110° 4.510°

"V’ AGecr —O-AGgres —A- AGLE,CS‘

0

450 -
-50 Po 400-|

* > PBDB-T|
D, 2 350 |

-100 4 M £ P4FBDB-T v
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-150 - o Model Parameters g 250 4

~V~ AGg cr-AG g or(Do) E 200 4 X

200 4 " —O- AGer cs-AGcr cs(Do) 3
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(AG g cs-AG £ c5(Dy)) 100 - /O

Experimental results

— 8- IP-IP(D,) 504
a0 @ - ®- HOMO-HOMO(D,) LS
T | 50

T T T T T
565 560 555 -550 -545 540 535 -5.30 495 490 485 4,80 475
HOMO energy [eV] lonisation Potential from APS [eV]

Change in the Free energy difference
compared to the D, blend [meV]
Free enel

Figure S 19 Comparison of the impact of changing the HOMO energy of the donor on the free energy difference between
the excited stated in the model. lonisation potential of the donor taken from ref 2. The HOMO energies are estimated
from Cyclic voltammetry measurement, and the IP is measured using air photoelectron spectroscopy (APS).

14. REFORMATION RATE CONSTANT AND LANGEVIN ENCOUNTER
RATE CONSTANT.

The reformation rate constant of CT state from free charge carrier (B C;?)C;T) could be

approached by the encounter probability in the Langevin recombination framework as has
q(ke + Hp)

been done by Burke et al. 2. In this framework ? “For can be approached by ¢+ . We

use this formula to back calculate the average charge carrier mobility needed to ensure

cser A(ke T 1)

for —

€€ for each of the devices studied (Table Si11). Using the mobility
extracted from the Langevin model significantly reduces the PCE of the devices as
compared to the experimental results. This suggest that the rate of CT reformation

cannot be explained by an encounter probability, but the energetics of the interface
CS,CT

has an effect on it. From the results of this work, it seems that £ for increases with

CS,CT

reduced energy offset between the HOMO of the donor and the HOMO of the acceptor. B for

is also found to reduce with reduced AEcrcs .
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For the P4FBDB-T blend, ? “or is almost 3 times higher than that estimated using
q(e + 1y

ce 1g-1

. e 2717 -
r . For an average charge carrier mobility of 3 104 cm’V ,

_ -10 . 3.-1 .
ky =25710"""cm’s ™" This means that for this blend with the parameters considered the

Langevin reduction factor is >1. Now we discuss the case where the encounter

e ) cs,cT ' .
probability is a limiting process (i.e. B for < Kv). To reproduce the same device properties
CT RCS\CT
krecB f>)r
kST . . i
we need to ensure that dis  is constant (as it controls the lifetime of the free charge
) BESCT . . kCT kT
carrier), therefore to reduce © for we would need to either increase “rec or reduce "dis.
cT
Increasing krec could be achieved by adapting the reorganisation energy of the CT state,

cT
however it would increase the voltage losses of the device. On the other hand, reducing kdis

will change the early time dynamics and reduce the J. of the device. This means that is it not

cs,cT i
easy how we can uphold the restriction B*or < ki rather we can reconsider the value of the
mobility or the dielectric constant considered in this model. Moreover, the enhanced
recombination as compared to the Langevin rate constant is not unique to this study and has

been related to the disorder and energetic distribution in the blend 22.

Table S 18 Charge carrier mobility estimated using a Langevin encounter probability description for the reformation of CT
states from free charge carriers.

Polymer AGLE,(;T AGCT,CS Model 4 Model Bcf;ff Langevin H (
(meV) (meV) (cmZV “1s- 1) (cm3s?) em®v-1s- 1)
PBDB-T 320 120 310* 2101 2.510°
PFBDB-T 290 60 310* 1.3107%0 1.510*
PAFBDB-T 210 -20 310* 7.4 10710 8.6 10*
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Current Density (mAcm™)

Figure S 20 Modelled JV for the PBDB-T:C8-ITIC blend with the parameters presented in table S6 (LE state properties),
table S7 (CT state properties), table S8 (kinetic model rate constants) and table S15 (device properties). The measured
experimental result is presented with open circles. The Two model results consider either the charge carrier mobility

2v,-1.-1
considered in this work ( 3 104 ¢ V='s ), and the one estimated in the Langevin recombination framework for this
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Figure S 21 plot summarising the free parameters considered to reproduce the three blend considered in the case study

107

10—11

CT reformation rate constant (cm®s™)

and their dependence on the energy offset between the CT and LE state.
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15. IMPROVING THE EFFICIENCY OF LOW OFFSET BLENDS.

We have found that reducing the offset between the HOMO of the donor and the HOMO
of the acceptor affects different processes in the devices (dissociation of the CT and LE state

and the reformation of the CT state from free charges). To improve the efficiency of the lowest
K CT.CS

offset system we propose to increase the CT state dissociation rate constant (" dis ). This

could be achieved by increasing the electronic coupling between the charge separated and the

CT,CS

CT state or a reduced reorganisation energy between the two states. When increasing ™ dis |

cT CS,CT, 2
CT)okgis =B

we need to ensure that ! for i, to ensure that the equilibrium is respected.

. . kCT BESCT . . kCT n
Therefore, we can either increase both "dis and ” for (case 1) , or increasing “dis and i (we can

N gand N

increase "i by increasing vB) (case 2).

15.1.  Case 1:increasing both ks and B7or .

f=4
kel
® —
] & 5
=4
g §
S 0,8 4 < 0
8 E k§e=10°s"
5 2 5
Q 06 2
S S 10
iy o -
b o c
L 044 o g 15
T g 0og @ /7o S
§ o CT. 10 o-1
S s -20 kge=510"s
’ o Signal at 590 nm )
., — - - - GA decay of the slow signal 25
0,01 T T T T -30 T T T T T T T
10° 10’ 102 10° 0,0 0,2 04 06 08 1,0 12 14
Time after the Pump [ps] Voltage [V]

Figure S 22 GSB dynamics of the modelled P4FBDB-T blend with different CT state dissociation rate constant. B) modelled
JV of the P4BDB-T:C8-ITIC blend with different dissociation rate constants of the CT states.

kCT

In this first case, when increasing “dis we improve the charge generation efficiency. Since

CS'CT . . . . . . . [
B*or is increased simultaneously the device performance does not increase significantly due

to a reduced FF. Table S15 summarises these results.

Table S 19 Device performances under 1 sun illumination, for the case where the dissociation rate constant and the
reformation rate constants are changed simultaneously. The rest of the device parameters are the same for the P4FBDB-
T:8C-ITIC in the main paper.

10° 1010 6.33 1.02 0.64 4.11
210° 41010 10.15 1.02 0.58 5.96
5 10° 10° 13.56 1.02 0.53 7.38
100 210° 15.79 1.02 0.51 8.21

3 10%° 510° 16.95 1.02 0.50 8.62
5 10%° 8 10° 17.51 1.03 0.50 9.00
10t 210% 17.86 1.03 0.50 9.12
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15.2. Case 2 : increasing both kiis and ™

o K§l=51010¢"

0.8
kGe=107s™
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Figure S 23 GSB dynamics of the modelled P4FBDB-T blend with different CT state dissociation rate constant. B) modelled
JV of the PABDB-T:C8-ITIC blend with different dissociation rate constants of the CT states.

CT,CS

In this case we increase the rate of dissociation ~ dis and simultaneously

NCB'

increase Nvs, Since the reformation rate constant is kept constant, the FF of the

devices is increased with increased dissociation rate of the CT state. This is because the

CT p,CS\CT
krecB f))r

CT;CS
FF is affected by the ratio ( K gis ). In this case the device can reach up to 13.4 % PCE,

due to both an increase in J,. and the FF.

Table S 20 Device performances under 1 sun illumination, for the case where the dissociation rate constant andNCB’NVB

are changed simultaneously. The rest of the device parameters are the same for the P4FBDB-T:8C-ITIC in the main paper.

kC(?j‘,igs (sY) B C;Z)L;T (cm3s?) NegNvs (em2)
10° 7 1010 10%° 6.45 1.02 0.54 3.55
210° 7 1010 1.4 107 10.16 1.03 0.54 5.58
510° 7 1010 2.2 10% 13.75 1.03 0.56 7.85
100 7 1010 3.310% 16.42 1.03 0.60 10.04
310 7 1010 510%° 18.04 1.03 0.65 11.94
6 10° 7 1010 7.6 10%° 18.91 1.02 0.69 13.44

16. CASE WHERE THE CT TO CS STATE TRANSITION IS INDEPENDENT
OF THE ENERGY OFFSET.

In this study we have found that changing the HOMO or the ionisation potential of the
LECT
donor not only affects the LE to CT electron transfer process ( - dis ) but also the transition

KCT.CS Bes.cT . )
from the CT to CS (through both * dis and “ for ). In this section, we explore the case where
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we consider that changing the energetics of the donor impact both the CT and CS states

E

~AGY . . .
energies in a similar way, so that AGeres ~AGer — Ecs is constant. This assumption means

that the rate of CT dissociation and reformation are the same for all the blends.

CT,CS CS,CT
k4" and B'for are the same for all the

For this case we consider that the 2Gcrcs,
devices as the value estimated for the PBDB-T blend. Then the impact of the
fluorination of the donor on the CS state energy (Ecs) is kept the same as the one
inferred from the model above. This assumption and their impact on the different
parameters of the model are summarised in table S21. The other device parameters
are kept the same as in the main model used in the paper. Here we refer to the main
model it as the four free parameter model (or case 1), the model with fixed CT to CS

state transition as the model with fixed 2Gcres (or case 2). The rate of exciton

LE,CT
dissociation (k dis ) is calculated in this fixed 2Gcrcs case using the results of section

13 (using equation S15 and tg;=30 meV and 4=0.54 eV).

Table S 21 Parameter consider for the case where the CT to CS state transition is independent of the energy offset.

| | PBDBT PFBDB-T P4FBDB-T

B C}g;f;T (cm3s) 210 210 210
Fixed parameters k€IS (s) 5 i 5 S 5 1010
AGp cs(eV) 0.12 0.12 0.12
Free parameter Ecs(eV) 1.19 1.28 1.44

kLg'lgT (S-l) 1.7 1011 2.4 1011 2.5 1010
AGRy 1.31 1.39 1.55

Dependent AG (eV)

parameters LECT(eV) 0.32 0.24 0.08
krec,c;zwrad[s ) 1] 7109 2.510° 7.3 108
Kyoerqals ™1 3.5104 4.8 104 1.7 105
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The comparison of the GSB dynamics simulated with the two sets of parameters

(figure S24). show that the model with fixed AGcrcs has a slower rise for both PFBDB-T

and P4FBDB-T blends. Moreover, due to the low recombination rate constant of the

cT
CT state (krec.nrad), the GSB does shows a small drop as compared to the model with
the 4 free parameters. This shows that for we need to consider a change in the CT to

CS transition to accurately reproduce the experimental results.

When comparing the simulated luminescence and EQE spectra of the two sets of
parameters (figure S25), we find that the EL and EQE spectra for case 2 is blue shifted

as compared to both the experimental results and the spectra from case 1.
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Figure S 24 GSB dynamics simulated using he two models compared the experimental results probed at 590 nm.
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Figure S 25 Modelled and experimental EL, PL and EQE.

Finally for the device characteristics of the device, we find that if the CT to CS energy
offset was kept the same (case 2) the lowest offset device would have a considerably higher

PCE, mainly due to the strong increase in the V., without affecting the FF.
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—O— Simulation using 4 free parameters —— Simulation With fixed AG¢ g —— Experimental results
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Figure S 26 Experimental device characteristics at AM1.5 simulated light intensity compared to the model results using

the two sets of parameters.
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