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Materials and Methods

Materials

Unless otherwise stated, all materials were purchased from Sigma-Aldrich or Alfa
Aesar and used as received. Spiro-OMeTAD was purchased from Borun Chemicals and
used as received.

Perovskite precursor synthesis:

Formamidinium iodide (FAI) and formamidinium bromide (FABr) were
synthesised by dissolving formamidinium acetate powder in a 1.5x molar excess of
57%w/w hydroiodic acid (HI), or 48% w/w hydrobromic acid (for FABr). After addition
of acid the solution was left stirring for 10 minutes at 50°C. Upon drying at 100°C for 2h,
a yellow-white powder is formed. This was then washed three times with diethyl ether.
The power was later dissolved in ethanol heated at 80°C to obtain a supersaturate
solution. Once fully dissolved, the solution is then placed in a refrigerator for overnight
recrystallization. The recrystallization process forms white needle-like crystals. The
powder is later washed with diethyl ether three times. Finally, the powder is dried
overnight in a vacuum oven at 50°C.

Perovskite precursor solution mixture

For XRD and optical measurements, we formed two series of films ranging from
neat | to neat Br; one with FA as the only cation and one with 83% FA and 17% Cs. To
form each specific composition ranging from neat Br to neat I, two separate precursor
solutions were made: FAPbI; and FAPbBr3, for the FA series. Two additional precursor
solutions were made: FAqg3Cso17Pbls and FAqg3Cso.17PbBr3, for the FA/Cs series. All
solutions were dissolved in anhydrous N,N-dimethylformamide (DMF) to obtain a
stoichiometric solution with desired composition using precursor salts: FAI, FABr, Csl,
CsBr, Pbly, PbBry. 31.7ul of 57%w/w hydroiodic acid (HI) and 18.8ul of 48%w/w
hydrobromic acid (HBr) was added to 1ml of 0.55M precursor solutions for both
solutions. To form the FA(s3Cs017Pb(losBros)s “optimized precursor solution
composition” used for the device fabrication, FAI, Csl, PbBr, and Pbl, were dissolved in
DMF to obtain a stoichiometric solution with desired composition and a molar
concentration of 0.95M. 54.7ul of HI and 27.3ul of HBr was added to 1ml of 0.95M
precursor solutions. After the addition of the acids, the solution was stirred for 72 hours
under a nitrogen atmosphere.

Perovskite solar cell fabrication

The precursor perovskite solution was spin-coated in a nitrogen-filled glovebox at
2000rpm for 45s, on a substrate pre-heated at 70°C. The films were dried inside a N,
glovebox on a hot plate at a temperature of 70°C for 1 minute. The films were then
annealed in an oven in an air atmosphere at 185°C for 90 minutes.

Hole-transporting layer fabrication
The electron-blocking layer was deposited with a 96mg/ml of 2,2°,7,7’-tetrakis-
(N,N-di-p-methoxyphenylamine)9,9’-spirobifluorene  (spiro-OMeTAD) solution in




chlorobenzene. Additives of 32ul of lithium bis(trifluoromethanesulfonyl)imide
(170mg/ml 1-butanol solution) per 1ml of spiro-OMeTAD solution and 10ul of 4-tert-
butylpyridine per 1ml of spiro-OMeTAD solution. Spin-coating was carried out in a
nitrogen-filled glovebox at 2000rpm for 60s.

Electrode
A 120nm silver electrode was thermally evaporated under vacuum of ~10~° Torr, at
a rate of 0.2 nm-s ™,

Device characterization

The current density—voltage (J-V) curves were measured (2400 Series SourceMeter,
Keithley Instruments) under simulated AM 1.5 sunlight at 100 mWcm™ irradiance
generated by an Abet Class AAB sun 2000 simulator, with the intensity calibrated with
an NREL calibrated KG5 filtered Si reference cell. The mismatch factor was calculated to
be less than 1%. The active area of the solar cell is 0.0919 cm™. The forward J-V scans
were measured from forward bias (FB) to short circuit (SC) and the backward scans were
from short circuit to forward bias, both at a scan rate of 0.38V s™. A stabilization time of
5s at forward bias of 1.4 V under illumination was done prior to scanning. The EQE was
measured using Fourier transform photocurrent spectroscopy. The EQE was measured in
short-circuit (Jsc) configuration following a 1.4V prebias for 20s, using a simulated air-
mass (AM) 1.5 100 mW cm-2 sun light as illumination source.

Substrate Preparation

Devices were fabricated on fluorine-doped tin oxide (FTO) coated glass (Pilkington,
7Q o). Initially, FTO was removed at specific regions where the anode contact will be
deposited. This FTO etching was done using a 2M HCI and zinc powder. Substrates were
then cleaned sequentially in hallmanex detergent, acetone, isopropyl alcohol. The FTO
was then cleaned for 10 minutes using oxygen plasma. A hole-blocking layer was formed
by immersing the cleaned FTO substrate in a bath of 40mM SnCl, in aqueous solution for
30 minutes at 80°C (38). The substrates were immediately rinsed with two consecutive
deionized water baths and then sonicated for 10s in an ethanol bath. The substrates were
then dried with a nitrogen gun. A 7.5mg/ml of Phenyl-C60-butyric acid methyl ester
(PCBM) solution in chlorobenzene was then spin coated inside a N, glovebox onto the
SnO, compact layer at 2000 rpm for 45 seconds and annealed at 70°C for 10 minutes (39,
40).

Optical pump - THz probe spectroscopy

The optical-pump-THz-probe setup uses a Spectra Physics Ti:Sapphire regenerative
amplifier to generate 40 fs pulses at a center wavelength of 800 nm and a repetition rate
of 1.1kHz. Terahertz pulses were generated by optical rectification in a 450 um thick
GaP(110) single crystal and detected by electro-optic sampling in a ZnTe crystal (0.2mm
(110)-ZnTe on 3mm (100)-ZnTe). Pulses for optical excitation of the samples at 400nm
have been generated using a beta barium borat frequency doubling crystal. Optical
excitation was carried out from the substrate side of the film. The diameters of optical
pump and THz probe beams at the sample position were 3.6 mm and 2.4 mm (FWHM),




respectively. Measurements were performed with the entire THz beam path (including
emitter, detector and sample) in an evacuated chamber at a pressure of <107 bar.

Solar cell fabrication

The experimental details on the silicon cell fabrication can be found elsewhere (37).
Briefly, both-side random pyramid textured float zone n-type <100> oriented wafers with
4 inch diameter, ~250 um thickness, and a resistivity of 2-5 Q-cm were used. The wafers
were cleaned using the standard RCA process and the resulting oxides were removed by
dipping in diluted hydrofluoric acid immediately before a-Si:H deposition. Intrinsic a-
Si:H layers were deposited by standard PECVD processes using silane, SiHg4, as precursor
gas. The n-type and p-type doped a-Si:H layers were prepared by adding PH3 or B2H6 to
the precursor gas, respectively. On the front side of the wafer, 80 nm ITO was deposited
by RF magnetron sputter deposition from a ceramic target at room temperature. The back
contact was formed by sputtering 80 nm of aluminum doped zinc oxide (AZO) and 200
nm silver in a Leybold Optics A600V7 tool. The front side contact grid consists of a
stack of 10 nm Ti and 1500 nm Ag, thermally evaporated through a shadow mask.
Following this fabrication process, the cells were annealed at 160°C for 70 min in air.

Transparent electrode

A thin layer of ITO (Indium Tin Oxide) nanoparticles (<100nm), from ITO
dispersion in isopropanol, was spin coated on hole transport layer as the buffer layer to
protect the spiro-OMeTAD during ITO sputtering. Then a ~120-nm thick layer of ITO
was sputter coated on the buffer layer using a PVD 75 Kurt J. Lesker.
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Fig. S1 X-ray diffraction pattern (XRD) for the entire range of FAPDb(l(1.9Br)s
perovskites formed on fluorine-doped tin oxide (FTO) coated glass substrates when
annealed at 170°C for 10m, using a 0.55M solution. Peaks labelled with # are assigned
to the FTO substrate.



8000

X = 0|
# FTO
4000 | # #
N : L
8 A A A #
800 : =01
4000} # ) #
J " |
8 A A LLM A ;
800 : : : : =02
4000 # 4 #
#
8 #
800 : =03
4000} # ) #
#
#
8008 =04
4000 | l # 4 #
#
J A AALLA_J_J A A l #L
8008 : : : : : =
" x = 0.5
- #
5 4000 # #
O I I # I
) 8 J A A A A A #
800 : : : : : =06
#
4000 # #
| |
| J A e #
8008 : : : : -
x=0.7
4000} # # #
#
8 ~ J A LJ—.JLJ P L ;
800 : : : : : =08
4000 | # # H
J #
| A l #
8008 : =09
4000 | # # #
LLLJ L
L. :
8008 : : : = 1
4000 | # # #
i |
0 1 A L_,L i
10 20 30 40 50 60

20 (degrees)

Fig. S2 X-ray diffraction pattern (XRD) for the entire range of FA(g3Cso.17Pb(l(1-
xBrx)s perovskites formed on fluorine-doped tin oxide (FTO) coated glass
substrates when annealed at 170°C for 10m. This series were fabricated using a 0.4M,
with the exception of x = 0.9 and x = 1, which were fabricated with a 0.2M precursor
solution due to poor CsBr solubility in anhydrous N,N-dimethylformamide (DMF).Peaks
labelled with # are assigned to the FTO substrate.



Effect of cesium

We have fabricated and characterized a variety of mixed cation lead halide
perovskite to investigate the effect of cesium within this perovskite structure. In order to
obtain a ~1.75eV optical band gap with a formamidinium lead trihalide perovskite,
approximately 40% bromide and 60% iodide mixture is needed (13). As we illustrate in
Fig. S3, we fabricate thin-films via spin coating using a precursor solution with
composition FA1-CsxPb(lo6Bro.4)s, where x represents the cesium content. We observe
that the FAPb(lpsBro4)s composition appears yellowish and has an indistinct absorption
edge. As we show in Fig. S3A, a darkening of the film is observed as we substitute
formamidinium with cesium. This increase in absorption is confirmed in the absorbance
measurements shown in Fig. S3B. Estimation of the band gap from Tauc plots is
illustrated in Fig. S4. As we increase the Cs content, we notice a formation of a sharp
absorption onset, indicative of a more ordered crystalline perovskite material.
Furthermore, as we increase the Cs to FA ratio, we notice an increase in optical band gap
towards a higher energy level. Fig. S3B shows the relation between Cs incorporation and
optical band gap, where we observe a shift in optical band gap from 1.7 eV to 1.8 eV for
x = 0.05 to 0.5. Fig. S3C shows the steady-state PL spectra for Cs content varying from x
= 0.1 to 0.5. This range is ideal for fine-tuning of the optical band gap of the top-cell to
obtain perfect current matching with a c-Si bottom junction; the changes observed are
less extreme than the effect of halide substitution.

Cesium has a smaller ionic radius compared to formamidinium, thus, we expect
the lattice to contract as we introduce Cs into the lattice (41). A lattice contraction,
accompanied by an increase in the octahedral tilting angles (42), should result in an
increase in optical band gap, which in turn, causes a blue shift in the absorption onset (12,
13). Fig. S3D shows the X-ray diffraction pattern of a range of FA(1CsxPb(losBro.4)s
(shown in full in Fig. S5). We observe that as more Cs the (100) reflection intensity
gradually increases as we add cesium to the formamidinium lead mixed halide perovskite
structure. We also observe a contraction of the lattice upon increasing the cesium
fraction. This contraction appears to favour the formation of a single crystalline cubic
structure. As shown in Fig. S3E, the lattice contraction is consistent with the optical band
gap increase for compositions ranging from x = 0.1 to 0.5 Cs. Although we could
fabricate films with Cs composition of up to x = 0.75, these films where highly unstable
in air and quickly reverted back to a yellow phase within a matter of hours.
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Fig. S3Tunability of the FA(1.,CsxPb(losBro4)s perovskite system when annealed at
170°C using a 0.55M precursor solution. (A) Photograph of perovskite films with Cs
composition increasing from x = 0 to 0.2. (B) UV-Vis absorbance of perovskite films,
where x is varied from 0 to 0.5. (C) Steady-state photoluminescence spectra for Cs
content varying from X = 0.1 to 0.5. (D) X-ray diffraction (XRD) pattern of perovskite
material showing the formation of a single crystalline (100) cubic peak and its shift with
increasing Cs content from x = 0 to 0.75. (E) Optical band gap with cubic lattice
parameter as determined from XRD pattern and Tauc plot.
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Fig. S4 Tauc plot of FA(1.CsxPb(l6Bro.4)s assuming direct band gap and showing
determination of optical band gap from intercept.
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Fig. S5 X-ray diffraction pattern (XRD) for the full range of FA1)CsyPb(lo6Bro.4)s
perovskites formed on fluorine-doped tin oxide (FTO) coated glass substrates when
annealed at 170°C for 10m, using a 0.55M solution. Peaks labelled with # are
assigned to the FTO substrate.
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Fig. S8. Normalized photoluminescence (PL) measurement of the MAPb(lpsBro2)3
thin film, measured after 0, 5, 15, 30 and 60 minutes of light exposure using a power
density of ~3 mW cm™ and a wavelength of 550nnm as excitation source.
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Device Optimization
We fabricated a series of FA1.xCsx)Pb(lo.sBro.4)s planar heterojunction perovskite
solar cells with a cesium content ranging from x = 0 to 0.5. Although the crystallinity




appears to increase up to compositions containing x = 0.4 of Cs, device efficiency did not
follow. As illustrated in Fig. S11A, we observed a significant increase in maximum
power conversion (PCE) with x = 0.1 of Cs, compared to x = 0 Cs content. However, we
observed a reduction in PCE as we approach the x = 0.5 Cs content. This loss in
efficiency is induced by a drop in fill factor (FF), which appears to be associated with a
rise in series resistance (shown in Fig. S11B). We obtained the highest PCEs for a cesium
fraction of x = 0.17. As a result, we fixed the cation and halide precursor solution mixture
to obtain a precursor composition of FA.g3CSp.17Pb(lo.6Bro.4)s.
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Fig. S14. Current—voltage characteristics of devices, measured using an active area
and masked aperture of 0.715 cm?, under simulated air-mass (AM) 1.5, 109 mW cm’
2 sun light using a 0.38V/s scan rate and photocurrent density and power conversion
efficiency as a function of time held at maximum power voltage obtained for the
optimized precursor solution composition of FApg3Cso17Pb(losBros)s. (A) J-V
characteristics of FTO/SnO,/PCBM/perovskite/Spiro-OMeTAD/Ag architecture. (B)
Photocurrent density and power conversion efficiency measured over 1 minute.

We calculated the achievable Voc in the radiative limit with the optoelectronic
reciprocity relation theory introduced by Rau et al.(36). The short-circuit photocurrent
(Jsc) is derived by integrating the photovoltaic external quantum efficiency (EQEpy)
multiplied with the photon flux of the solar spectrum (®am1.5) Over all photon energies as:

IJsc =q fEQEPV (E)®ppy15(E)AE

Furthermore, in the dark, all absorbed photons from the environment (assumed photon
flux from a black body at 300K ®gg) are reemitted due to energy conservation. Fig. S15
shows the calculated photon flux of a black body at 300K compared to the photon flux
from the solar spectrum at AM1.5. Following Shockley’s diode law, under a given bias
voltage the probability of the reemission can be described by Fermi-Dirac statistics and
approximated with a Boltzmann term. The dark saturation current can then be described
by the electroluminescence external quantum efficiency (EQEg,) and the EQEpy of the
device:

av_
Jo(V) = %EELJ EQEpy (E)Ppp(E)dE (ekBT _ 1)

Combining both currents leads to the current-voltage relationship J(V) = Jsc — Jo (V). If
we set J = 0 and solve the equation for voltage, we end up with the Voc:

kgT  (Jsc
Voo = 2 In (— + 1)
o¢ q Jo

In the radiative limit, we assume zero non-radiative recombination and can therefore set
EQEg. =1, to get the V¢ in the radiative limit:

VOC,rad =

kgT <f EQEpy (E)®4p15(E)AE n 1)
q J EQEpy (E)®pp(E)dE
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