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Experimental Section

Materials
PTzBI-Si and N2200 were synthesised according to procedures reported in the literature.! 2-
MeTHF, THF, CPME and DBE are purchased from Sigma-Aldrich without further

purification.

Fabrication of Polymer Solar Cells
Indium tin oxide (ITO)-coated glass substrates were successively cleaned by sonication in
detergent, deionised water, acetone, and isopropyl alcohol and dried in an oven at 75 °C for 6
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h prior to use. The substrates were then exposed to oxygen plasma for 1 min and spin coated
with PEDOT:PSS (Clevios P VP Al 4083) at 3000 rpm for 30 s. The coated substrates were
annealed at 150 °C on a hot plate for 20 min in air to produce 40-nm thin films. After
annealing, they were transferred to a glove box under N atmosphere. For 2-MeTHF
processed all-PSCs, the total concentration of PTzBI-Si and N2200 was fixed at 6 mg mL?,
and the blend films were obtained by spin coating solutions of the polymers in MeTHF
containing DBE (0.5 vol %); to obtain active layer of PTzBI-Si:N2200 with higher
thicknesses of 130, 160, 230, and 350 nm, we kept a higher constant total concentration of
PTzBI-Si and N2200 of 6 mg mL™! and employed varied rotating speed of 3000, 1800, 1000,
and 600 rpm, respectively. For THF processed all-PSCs, the total concentration of PTzBI-Si
and N2200 was fixed at 12 mg mL™%, and the blend films were obtained by spin coating
solutions of the polymers in THF containing DBE (0.5 vol %); to obtain active layer of
PTzBI-Si:N2200 with higher thicknesses of 130, 160, 230, and 350 nm, we kept a higher
constant total concentration of PTzBI-Si and N2200 of 12 mg mL™' and employed varied
rotating speed of 4000, 2500, 1000, and 600 rpm, respectively. For CPME processed all-PSCs,
the total concentration of PTzBI-Si and N2200 was fixed at 9 mg mL™, and the blend films
were obtained by spin coating solutions of the polymers in CPME containing DBE (0.5
vol %); to obtain active layer of PTzBI-Si:N2200 with higher thicknesses of 130, 160, 230,
and 350 nm, we kept a higher constant total concentration of PTzBI-Si and N2200 of 9 mg
mL" and employed varied rotating speed of 3000, 2000, 1200, and 600 rpm, respectively. For
CB processed all-PSCs, the total concentration of PTzBI-Si and N2200 was fixed at 10.5 mg
mL™?, and after spin-coating the solution at 700 rpm for 90 s, the robust film with thickness of
about 130 nm was obtained. For DCB processed all-PSCs, the total concentration of PTzBI-Si
and N2200 was fixed at 13 mg mL %, and after spin-coating the solution at 700 rpm for 120 s,
the robust film with thickness of about 130 nm was obtained. For CF processed all-PSCs, the

total concentration of PTzBI-Si and N2200 was fixed at 7.5 mg mL™%, and after spin-coating
2



the solution at 900 rpm for 30 s, the robust film with thickness of about 130 nm was obtained.
The photoactive layers were then thermally annealed at 110 °C for 10 min, followed by spin
coating of a 5-nm layer of PENDI-Br at 2000 rpm for 30 s to serve as the cathode interface. A
100-nm argentum (Ag) layer was then thermally deposited onto the active layer through a
shadow mask in a vacuum chamber with a base pressure of 2x107° mbar. The effective area of

the devices (0.04 cm?) was determined by the shadow mask.

Fabrication and Characterisation of Charge-Only Devices

The hole mobility was measured in a hole-only device with the configuration of
ITO/PEDOT:PSS/active layer/Ag. The electron mobility was measured in an electron-only
device with the configuration of 1TO/ZnO/active layer/PFNDI-Br/Ag. The ZnO sol-gel is
obtained from stirring the solution of 1.0 g Zn(CH3C0O0)2:2H20 in 10 mL ethylene glycol
monomethyl ether and 275 pL ethylenediamine at 60 °C for 12 h. For 2-MeTHF processed
all-PSCs, the total concentration of PTzBI-Si and N2200 was fixed at 6 mg mL™%, and the
blend films were obtained by spin coating solutions of the polymers in MeTHF containing
DBE (0.5 vol %); to obtain active layer of PTzBI-Si:N2200 with higher thicknesses of 130,
160, 230, and 350 nm, we kept a higher constant total concentration of PTzBI-Si and N2200
of 6 mg mL"' and employed varied rotating speed of 3000, 1800, 1000, and 600 rpm,
respectively. For THF processed all-PSCs, the total concentration of PTzBI-Si and N2200 was
fixed at 12 mg mL™, and the blend films were obtained by spin coating solutions of the
polymers in THF containing DBE (0.5 vol %); to obtain active layer of PTzBI-Si:N2200 with
higher thicknesses of 130, 160, 230, and 350 nm, we kept a higher constant total
concentration of PTzBI-Si and N2200 of 12 mg mL™! and employed varied rotating speed of
4000, 2500, 1000, and 600 rpm, respectively. For CPME processed all-PSCs, the total
concentration of PTzBI-Si and N2200 was fixed at 9 mg mL™%, and the blend films were

obtained by spin coating solutions of the polymers in CPME containing DBE (0.5 vol %); to
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obtain active layer of PTzBI-Si:N2200 with higher thicknesses of 130, 160, 230, and 350 nm,
we kept a higher constant total concentration of PTzBI-Si and N2200 of 9 mg mL™! and
employed varied rotating speed of 3000, 2000, 1200, and 600 rpm, respectively. The mobility
1 was determined by fitting the dark current to the model of a single-carrier SCLC, which is
described by Equation (1):

J= (9/8)eoeru Vert 2103, 1)
where J is the current density, u is the charge (hole or electron) mobility at zero field, &o is the
permittivity of free space, & is the relative permittivity of the material, d is the thickness of the
active layer, and Ve is the effective voltage (V—Vyi). The charge (hole or electron) mobility

was calculated from the y intercept of the J-V curves.

Instruments and Characterisation

The absorption spectra of the film and solution samples were measured using a UV-vis
spectrophotometer (HP 8453, photodiode array type) in the wavelength range of 300-1000
nm. PL spectra were recorded on a Jobin-Yvon FluoroMax-4 spectrofluorometer. The current
density—voltage (J-V) characteristics were measured using a computer-controlled Keithley
2400 SourceMeter under 1 sun irradiation from an AM 1.5 G solar simulator (Taiwan,
Enlitech, SS-F5). The EQE spectra were measured using a commercial EQE system (Taiwan,

Enlitech, QE-R3011).

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

GIWAXS characterization of the thin films was performed at beamline 7.3.3 of Advanced
Light Source, Lawrence Berkeley National Laboratory (LBNL). The X-ray beam energy was
10 keV. The sample to detector distance was ~280 mm calibrated with AgB and the incidence
angle was 0.160 normalized by a photodiode. All the GIWAXS signals were recorded in

Helium atmosphere with exposure time of 5 s per image using a 2D charge-coupled device
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(CCD) detector (Pilatus 2M) with a pixel size of 0.172 mm by 0.172 mm. Thin film samples

were spin-coated on PEDOT:PSS/silicon wafer substrates.

Resonant soft X-ray scattering (R-SoXS)

RSoXS was performed at beamline 11.0.1.2 of Advanced Light Source, LBNL. Sample
preparation was the same as that of GIWAXS samples. The thin films were floated in
deionized water and transferred on silicon nitrile (Si3N4) windows, and subsequently the
samples were loaded onto a holder. After the films were dried in air, the holder was
transferred into the vacuum chamber for RSoXS. The beam energy was screened ranging
from 280 to 290 eV, with a 10 s exposure time per energy. The scattering patterns were
collected in vacuum using Princeton Instrument PI-MTE CCD camera with a pixel size of
0.027 mm by 0.027 mm. RSoXS data of each sample were recorded at two sample-to-CCD

distance of 50 and 150 mm.

Table S1. Polymer solubility test at different temperatures with certain concentrations in

CPME.

Total Conc. Solubility ¢ Solubility ¢ Solubility ¢
Polymer
(mg mL™) (120 °C) (60 °C) (R.T. = 25°C)
PTzBI-Si 20 +++ +++ ++
N2200 10 +++ ++ ¢ +¢
PTzBI-Si:N2200
15 +++ +4+ ++ ¢

(1:0.5)

¢ +++ represents good solubility, ++ represents soluble but with high viscosity, + represents

forming nearly gel state;? ¢ stirred at 120 °C for 30 min and then cooled down to 60 °C or R.T.



Table S2. Photovoltaic parameters of all-PSCs with the active layers processed by various

solvent and solvent additives.

Corven Solvent Ve sc FF PCE
additive % (mA cm) (%) (%)

2-MeTHF N/A 0.87 15.8 71.1 9.8
0.5% DBE 0.86 15.7 72.5 9.8

0.5% DPE 0.84 15.1 71.9 9.2

THF N/A 0.89 11.7 61.9 6.5
0.5% DBE 0.85 13.6 63.4 7.4

0.5% DPE 0.86 13.4 63.1 7.2

CPME N/A 0.87 16.1 70.3 9.9
0.5% DBE 0.86 16.4 77.1 10.9

1% DBE 0.84 16.0 78.4 10.5

CB N/A 0.87 2.2 58.5 1.2
DCB N/A 0.87 2.1 61.5 1.1
CF N/A 0.86 9.1 64.7 5.1

Table S3. Photovoltaic parameters of all-PSCs thermal anneal (TA) for 10 min at different

temperature.
Thermal Voc sc FF PCE
Solvent . )
annealing V) (mA cm ) (%) (%)
2-MeTHF * 100 °C/10min 0.87 15.4 71.2 9.5
110 °C/10min 0.87 15.8 71.1 9.8
120 °C/10min 0.86 15.7 72.0 9.7
THF * 100 °C/10min 0.85 13.3 62.9 7.1
110 °C/10min 0.85 13.6 63.4 7.4
120 °C/10min 0.85 13.5 61.0 7.0
CPME * 100 °C/10min 0.86 16.7 75.0 10.7
110 °C/10min 0.86 16.4 77.1 10.9
120 °C/10min 0.85 16.0 76.7 10.4
aWith 0.5vol%DBE.
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Fig. S1. Normalized PCE of 2-MeTHF, THF and CPME processed all-PSCs blend films
treated with 80 °C (a) and illuminated under 1 sun irradiation in the glovebox for different

time.

Table S4. Photovoltaic parameters of 2-MeTHF processed all-PSCs with different thickness.

Solvent Thickness Ve Jsc . FF PCE

(nm) V) (mA cm ) (%) (%)

2-MeTHF ¢ 100 0.88 15.6 69.8 9.6
130 0.87 15.6 73.1 9.9

160 0.87 15.7 68.1 9.3

200 0.87 15.1 65.5 8.6

230 0.86 14.6 58.4 73

300 0.86 16.7 50.7 73

350 0.85 17.0 44.7 6.5

aWith 0.5v0l%DBE.
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Fig. S2. (a) J-V characteristics and (b) EQE spectra of 2-MeTHF processed all-PSCs with

different thickness.

Table S5. Photovoltaic parameters of THF processed all-PSCs with different thickness.

Thickness Ve sc FF PCE

Solvent 5
(nm) (V) (mA cm ) (%) (%)
THF 100 0.85 12.0 70.7 7.2
130 0.85 13.6 63.4 7.4
160 0.85 13.4 63.1 7.2
200 0.85 12.5 62.1 6.7
230 0.85 12.2 56.9 6.0
300 0.85 12.3 55.0 5.8
350 0.85 12.2 54.1 5.6

aWith 0.5vol%DBE.
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Fig. S3. (a) J-V characteristics and (b) EQE spectra of THF processed all-PSCs with different

thickness.

Table S6. Photovoltaic parameters of CPME processed all-PSCs with different thickness.

Solvent Thickness Voc Jsc B} FF PCE
(nm) V) (mA cm ) (%) (%)
CPME " 100 0.85 16.0 77.3 10.5
130 0.86 16.5 77.9 10.9
160 0.86 16.0 76.7 10.4
200 0.86 15.7 73.4 9.9
230 0.86 15.9 71.3 9.7
300 0.84 16.8 68.0 9.5
350 0.84 18.6 58.0 9.1
aWith 0.5vol%DBE.
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Fig. S4. (a) J-V characteristics and (b) EQE spectra of CPME processed all-PSCs with

different thickness.
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Fig. S5. SCLC hole and electron mobility for PTzBI-Si (a) and N2200 (b); hole mobility and

electron mobility versus thickness characteristics for PTzBI-Si (c) and N2200 (d).
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Table S7. SCLC electron (hole) mobility measurements for PTzBI-Si and N2200 with

different thickness.

a M, K, Thickness

Polymer (cm? Vs (cm? Vit (nm)

PTzBI-Si 3.52x1073 / ~150

6.73x1073 / ~220

1.57x107? / ~310

2.21x10? / ~400

N2200 / 1.98x1073 ~150

/ 2.01x1073 ~220

/ 2.13x1073 ~310

/ 2.06x107 ~360

& All of the blend films are treated with 110 °C for 10 min.
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Fig. S6. SCLC hole and electron mobility for 2-MeTHF (a, d), THF (b, ) and CPME (c, f)

processed devices with different thickness.
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Table S8. SCLC electron (hole) mobility measurements for 2-MeTHF, THF and CPME

processed devices with different thickness.

My, M, Thickness
Solvent w1,
(cm? Vs (cm? Vs (nm)
2-MeTHF 1.29x1073 0.32x107 4.03 ~130
1.88x107 0.30x10° 6.27 ~160
2.68x107 0.31x10° 8.65 ~230
3.04x1073 0.34x107 8.94 ~340
THF 0.96x107 0.25x107 3.84 ~130
1.38x107 0.21x10° 6.57 ~160
1.91x107 0.20x10° 9.55 ~230
2.12x107 0.18x10° 11.78 ~340
CPME 2.34x107 0.65%107 3.60 ~130
2.65%107 0.66x107 4.02 ~160
3.76x107 0.73x10 5.15 ~230
3.91x1073 0.75%107 521 ~340

a All of the blend films are treated with 110 °C for 10 min.

Charge generation, recombination and extraction

To investigate the photoinduced carrier generation and charge collection behavior of 2-
MeTHF, THF and CPME processed all-PSCs, we plotted the dependence of the photocurrent
density (Jpn) on the effective voltage (Ves) under illumination at 100 mW c¢cm 2 on a double-
logarithmic scale (Fig. S7a). The photocurrent density (Jpn) is defined by Jon = JL — Jp, where
Ju and Jp stand for the current densities measured under illumination and in the dark,
respectively. The effective voltage (Verr) is defined as Vegr = Voi — Vappl, Where Vi is the voltage

when J,, = 0 (the built-in voltage) and Vappi is the applied voltage.®* As depicted in Fig. S7a,
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Jph increased linearly when Vesr was below 0.2 V and tended to saturate at a sufficiently high
Vetr above 2 'V, suggesting that sweep out all of the generated carriers to the electrodes at an
effective voltage above 2 V. Therefore, the maximum photoinduced carrier generation rate
Gmax can be calculated from the equation Gmax = Jsat/(q-L), where g is the elementary charge
and L is the active-layer thickness, and the charge collection capacity Pc can be calculated
using the equation Pc = Jpn/Jsar. As shown in Table S9 (in the ESI), the CPME processed all-

PSCs simultaneously exhibited the highest values of Gmax (8.73X10*7 m™ s™') and Pc

(0.986), indicating that the device possessed good carrier generation and collection ability and
thus high Jsc values.

The charge transfer properties of 2-MeTHF, THF and CPME processed all-PSCs were
examined by measuring the photoluminescence (PL) spectra of PTzBI-Si:N2200 blend films
excited at both 550 and 740 nm.®> The PL emissions from PTzBI-Si (excited at 550 nm) and
N2200 (excited at 740 nm) were quenched more completely in the CPME processed all-PSCs
than that in the 2-MeTHF and THF processed all-PSCs (Fig. S7b), indicating the more
effective charge carrier dissociation of the generated excitons in this device. Due to the
limited exciton diffusion length, efficient PL quenching in the CPME processed all-PSCs also
implies that donor (PTzBI-Si) and acceptor polymers (N2200) are mixed on the sub-10 nm
length scale.® The Jsc versus light intensity (Pignt) characteristics were measured for 2-
MeTHF, THF and CPME processed all-PSCs to investigate the charge recombination
dynamics in the photoactive layer, and the relevant plots and parameters are shown in Fig.
S7¢. For organic solar cells, it is well established that the power-law dependence of Jsc on the
illumination intensity can generally be expressed as Jsc & (Piight)®, where Piignt is the light
intensity and S is the exponential factor, which is close to unity when bimolecular
recombination is weak in the device.”® The extracted S value was 0.99 for CPME processed
all-PSCs (while 0.94 and 0.90 for 2-MeTHF and THF processed all-PSCs, respectively),

suggesting that the bimolecular recombination was weaker in CPME processed all-PSCs than
13



that in 2-MeTHF and THF processed all-PSCs. This observation was consistent with the high
FF values (>77%) of the corresponding all-PSCs. It is well known that the Voc depends on the
natural logarithm of Pigne provided the slope value with units of k7/g, where k is the
Boltzmann constant, 7" is temperature, and ¢ is the elementary charge. A slope of kT/q is
expected for bimolecular recombination, whereas a strong dependence of Voc on the light
intensity (2kT/q) is characteristic of monomolecular or trap-assisted recombination.® As
shown in Fig. S7d, the observed slopes of the 2-MeTHF, THF and CPME processed all-PSCs
were 1.46, 1.64 and 1.39 £kT/q, respectively, indicating that the other recombination
mechanisms (except for bimolecular recombination) such as monomolecular or trap-assisted
recombination are effectively suppressed in CPME processed all-PSCs. The FF—Pjigi
characteristics are plotted in Fig. S7e. In the low-Piign regime, the CPME processed all-PSCs
exhibited higher FF than 2-MeTHF and THF processed all-PSCs, indicating weaker
bimolecular recombination in this device.

Fig. S7f shows the dark J-V curves for 2-MeTHF, THF and CPME processed all-PSCs.
Fitting the dark J-V curves by a one-diode equivalent circuit,'® the diode ideality factor n was
calculated to be 1.74, 1.79 and 1.67 for 2-MeTHF, THF and CPME processed all-PSCs,
respectively. The lower ideality factor of CPME processed all-PSCs is considered to originate
from weaker recombination induced by defect states. Moreover, according to the J-V
characteristics measured in the dark (Table S10, ESI), the CPME processed all-PSCs
exhibited a much lower series resistance (Rs = 1.10 Q cm?) and comparably high parallel
device resistance (Rp = 5.83x10* Q cm?) than those of 2-MeTHF (Rs = 2.37 Q cm? and Rp =
6.91x10* Q cm?) and THF (Rs = 2.44 Q cm? and R, = 3.79x10* Q cm?) processed all-PSCs.
We also calculated the FF including the series and parallel resistance losses (FFsp) using the
equivalent circuit model,'**2 and obtained values were 71.61%, 64.14% and 76.20% for 2-
MeTHF, THF and CPME processed all-PSCs, respectively (Table S11, ESI). These

calculated FF values are in good agreement with that obtained from the J-V plots.
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Fig. S7. (a) Jon—Vesr curves, (b) PL spectra, (c-e) Jsc, Voc and FF versus light intensity (Piignt)
characteristics, (f) dark J-V curves and corresponding ideality factors (fitted by a one-diode

equivalent circuit) for 2-MeTHF, THF and CPME processed all-PSCs.

Table S9. Relevant parameters obtained from Jpn—Vefr CUrves.

b
S 1 ta Jph Jsat Gmax P b L
olven 2 2 3 - c
(mAem’) (mAem)  (m s) (nm)
2
2-MeTHF 15.46 16.10 8.27x10 ’ 0.960 ~130
2
THF 13.88 14.47 7.43%10 ’ 0.959 ~130
27
CPME 16.76 17.01 8.73x10 0.986 ~130

2 All of the blend films treated with 110 °C for 10 min ; ® At the condition of Vet = Vo - Vappl

(Vappr = 0, under short-circuit condition).
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Table S10. Series resistance (Rs), shunt resistance (Rp), and the simulated ideality factor n for

2-MeTHF, THF and CPME processed devices obtained from dark J-V characteristics.

Device ( QFiSr;-z) ( QRCF;;_Z) n
2-MeTHF 2.37 6.91x10* 1.74
THF 244 3.79x10* 1.79
CPME 1.10 5.83x10* 1.67

2 Rs and Rp were were calculated around 2 V and 0 V, respectively, from the dark J-V
characteristics. ® n was estimated by fitting of a one diode replacement circuit for the dark J-V

characteristics.

Table S11. Calculated photovoltaic parameters for 2-MeTHF, THF and CPME processed

devices.
*a *a b b b
b R R b b
Device v S 5 P_2 2 r FFo FFS FFSP
. Qcm ) (Qcm ) ’ g (%) (%) (%)

2-MeTHF 19.11 4.08 1.53><103 0.075 28.87 80.17 73.53 71.61

THF 18.36 9.47 1_11><1()3 0.152 17.83 79.60 66.73 64.14

CPME 19.68 2.03 3_64><103 0.040 71.48 80.58  77.06 76.20

a Rs “and Rp ~ were obtained from illuminated J-V characteristics. ® According to an
equivalent circuit model reported by Kippelen et al., the upper-limit fill factor (FFo), Rs-only-
influenced fill factor (FFs), and both Rs- and Rp-influenced fill factor (FFsp ) can be
calculated as follows,

FFo = [Voc — In(Voc + 0.72)]/(Voc+1), (Rs = 1/Rp = 0)

FFs=FFo (1 —1.1r5)+0.19rs% (0<rs<0.4,1/r,=0)

FFsp = FFs [1— (Voo + 0.7)*FFs/(Voc* 1p)], (0 < 1s +1/ 1p < 0.4)
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Where voc = qVoc/nkT, q is the elementary charge, n is the ideality factor of the diode, and k is
the Boltzmann’s constant. rs and rp are normalized series and shunt resistance (rs = Rs

*Jsc/Voc, Ip = Rp* Jsc/Voc).
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Fig. S8. GIWAXS patterns of neat PTzBI-Si (a) and N2200 (b) films; one-dimensional

integrated scattering profiles for the corresponding films (c).
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Fig. S9. Fitting results and TSI of 1(q)g? [a.u.] versus to g [A™*] RSoXS profiles of blend films

processed with THF, 2-MeTHF, and CPME.

Table S12. Photovoltaic parameters of all-PSCs measured under AM1.5 Illumination at 100

mwW/cm?,
v L . " pCE
DA Solvent oc sC SC, EQE FF PCE_, max
-2 -2 0
V) (mAcm ) (mAcm ) (%) (%) (%)
2-MeTHF  0.80 14.6+0.4 14.1 51.9+0.8 5.94+0.2 6.1
PTB7-
2) THF 0.80 13.5+0.5 13.4 48.6£0.6 5.2+0.3 5.5
Th:N2200
CPME 0.80 14.8+0.5 14.5 57.5+£0.7 6.8+0.2 6.9
2-MeTHF  0.83 14.9+0.4 14.5 60.8+0.9 7.5£0.2 7.7
151:N2200 " THF 0.82  14.1+0.3 135 61308 69+02 7.1
CPME 0.83 15.6+0.4 15.3 67.74£0.5 8.4+0.2 8.6
2-MeTHF 0.84 15.4+0.5 15.0 68.5+0.5 8.9+£0.2 9.1
PTzBI:N2200
) THF 0.84 11.9+04 11.7 65.9+0.8 6.5+0.3 6.8
CPME 0.84 16.1+0.3 15.8 73.1£0.7 9.7£0.2 9.9

3 PTB7-Th:N2200 = 2:1 (wt:wt) without thermal annealing (TA). ® J51:N2200 = 2:1 (wt:wt)

treated with 110 °C for 10 min. ® PTzBI:N2200 = 2:1 (wt:wt) treated with 130 °C for 10 min.

9 Obtained from J-V measurements. © Obtained from the integration of EQE spectra. ” The

PCE values are obtained from 12 separate devices.
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