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Experimental Section

1. Materials and Chemicals

Lead iodide (Pbl,, 99.999%, metal basis), cesium iodide (Csl, 99.99%), and lead chloride (PbCl,, 99.998%
metal basis) were purchased from Alfa-Aesar. Formamidinium iodide (FAI) was purchased from
Greatcell Solar. Fullerene (Cso, 99.9%) was purchased from Acros Organics. Bathocuproine (BCP) (99.5%)
was purchased from Sigma-Aldrich. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) was
purchased from Xi‘an Polymer Light Technology. Unless stated otherwise, all other materials and
solvents were purchased from Sigma-Aldrich. In this work, all materials were used as received without
further purification.

2. Perovskite and Film Fabrication

Substrate Cleaning

Indium-doped tin oxide (ITO) coated glass (Biotain, 30x30x1.1 mm, 10~15 ohm/sq) was used as the
substrate. The substrates were cleaned in a series of ultrasonic baths using industrial detergent
Decon90 (1% vol in deionized water), deionized water, acetone, and isopropyl alcohol (each step for 5
minutes). After ultrasonic cleaning, the substrates were dried with nitrogen gas, and the substrates
were then placed in the UV-Ozone for 10 minutes.

Hole Transport Layers

SpiroTTB was vacuum-deposited in the thermal evaporator chamber to 5 nm at 0.1 A/s. The rate was
controlled using a gold-plated quartz crystal microbalance (QCM). The as-prepared substrate was
ready to use.

PTAA was dissolved in toluene with the concentration of 2 mg/mL. 100 ul solution was dynamically
deposited onto a substrate at a speed of 6000 rpm for 30 s. After spin-coating, the substrate was
annealed at 100 °C for 10 minutes. After cooling down to room temperature, the substrate was ready
to use.

Spiro-OMeTAD (Lumtec) was dissolved in Chlorobenzene at a concentration of 85 mg/mL, with added
lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) dissolved in 1-Butanol at a concentration of 170
mg/mL, and tert-butylpiridine (tBP) at a concentration of 33 uL/mL. The solution was then spin-coated
dynamically at 2000 rpm for 45 s. Before depositing the final electrode, the films were kept in a
desiccator overnight to oxidise the spiro-OMeTAD.

Electron Transport Layers

Ceo Was vacuum-deposited in the thermal evaporator chamber to 25 nm at 0.1 A/s. BCP was vacuum
deposited in the thermal evaporator chamber to 5 nm at 0.1 A/s. The as-prepared substrate was ready
to use.

200 pL SnO; colloidal solution (diluted to 2.5 weight %) was deposited by static spin-coating at 3000
rpm for 30 s (1000 rpm ramp), followed by annealing at 150°C for 30 min in ambient air.

Ultrathin Perovskite Thin Films (ultra-thin MHP)

Pbl,, Csl, and PbCl, were co-evaporated with the molar ratio of Csl: Pbl,: PbCl, = 0.1: 0.8: 0.39 in a
custom-built thermal evaporator chamber to deposit 9 nm films. Without breaking the vacuum, 9 nm
FAl was evaporated on top of inorganic films. All ultrathin-MHP samples were annealed in an N,
glovebox at 135 °C for 2 minutes. After cooling down to room temperature, ultra-thin MHP films were
ready to use.

Perovskite Thin Films

FAI, Pbl,, Csl, and PbCl, were co-evaporated with the molar ratio of FAI: Csl: Pbl,: PbCl; =0.9: 0.1: 0.8:
0.39in a custom-built thermal evaporator chamber to deposit 630 nm films with the final compositions
of FA09Cs0.1PblsClx. During the evaporation, the pressure was typically < 5 x 10®® mbar. The source
rates were kept constant using gold-plated quartz microbalances (QCM) and PID-loop-control software.
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The sublimation rate of the precursors was controlled using QCMs adjacent to the crucible. Unless
specified otherwise, all samples were annealed in an N, glovebox at 150 °C for 5 minutes and at 135 °C
for 25 minutes. After cooling down to room temperature, films were ready to use. We evaporated
PbCl, with the molar ratio of 39%, while kept Pbl, at 80% of the molar ratio.

Electrodes
100nm silver (Ag) contacts were thermally evaporated with shadow masks under high vacuum (<6x10°
6 torr) using a thermal evaporator (Nano 36, Kurt J. Lesker) placed in ambient environment.

3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken by a Hitachi S-4300 microscope using the
secondary electron detection mode, with 3 kV accelerating voltage and 10 YA emission current. The
thicknesses of the perovskite films shown in Table S2 were calculated by the mean thickness of 3
measurements across the cross-section SEM in Figure 1.

4. X-ray Diffraction Measurements

X-ray diffraction measurements (XRD) were measured using a Panalytical X-pert powder diffractometer.
The Cu-Ka X-ray source (A=1.54 A) was set to 40 kV voltage and 40 mA current. The XRD patterns were
corrected by shifting the 26-axis based on the ITO substrate reference peak at 26=30.3°. HighScore
Plus software was used to implement Rietveld refinement to extract lattice parameters.

5. Grazing Incidence Wide Angle X-ray Scattering Measurements

We performed the grazing incidence wide angle X-ray scattering (GIWAXS) measurements using a
Rigaku Smartlab X-ray diffractometer using the Cu-Ka X-ray source and a HyPix-3000 2D X-ray detector
in a Bragg-Brentano reflection geometry.

6. Absorption Spectra

Fourier Transform Infrared Measurements

Absorption spectra were carried out using a Bruker Vertex 80v Fourier-Transform Infrared (FTIR)
spectrometer with a near-infrared source, calcium fluoride beam splitter and a silicon diode detector.
ITO or quartz substrates were used as reference substrates here. The absorption coefficient (o) was
calculated using the following formula

a= %loglo (%), (Eg-S1)

where Ris the reflectance spectrum, T'is the transmittance spectrum, and d'is the film thickness.

Elliott Fitting
The absorption coefficient spectra were fitted by the Elliott’s model to obtain the optical bandgap (Ey),

exciton binding energy (Ep) and electronic sub-bandgap disorder (y). The Elliott’s model represents
the total absorption coefficient (a¢(E)) as a linear combination of the absorption coefficient from
bound excitons (agx(E)) and electron-hole continuum states (a(E)) for a direct semiconductor as
shown below? 2

a(E) = agx(E) + ac(E), (Eg-S2)

The contribution from agx(E) is expressed as

3/2
4nE,

con(B) = 57 5 (5 [, 2], o
where b, is a constant of proportionality that includes the electric dipole transition matrix element
between the valence and conduction band, [{¥.|P|¥,)|?> and nis a positive integer quantum number.
Eq-S3 describes a lines series at energies —Ej, /n? below E4 and their magnitudes are proportional
to —1/n3. The contribution from a.(E) is expressed as



Eg
E—Eg

b
ac(E) = ;0
1—exp<—2n Eg )
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coJDoS(E), (Eq-S4)

E-Eg

where the joint density of states (/DoS) is given by
1DoS(E) ={c0 [E—E,, forE > Ey (Eq-55)
0, otherwise
and the joint density of states constant (cg) is given by

o = (271r)2 (%)3/2 X2

(Eg-S6)

1

where u is the reduced effective mass of the electron-hole system, which is assumed to be 0.15 m,.3
The term in the square brackets in Eq-S4 is the Coulombic enhancement factor (£), which represents
the probability of an electron and a hole existing in the same space. The second term co'ljDoS(E)
represents the absorption coefficient of free electrons and holes in the absence of Coulombic
attraction, Qppee(E).

The linear combination of the contributions from the excitonic and continuum states as shown in Eg-
S2 is then convolved with a broadening function, which is written as

1
g(E) = E—FEpr (Eq-S7)
COS T

h

where y is assigned as the electronic sub-bandgap disorder, E, = E; when convolved with
ac(E) ,and E, isequal to the line series when convolved with agy (E). It is worth noting that y is
also attributed to an electron-phonon coupling in other literature but with the absence of temperature
dependence measurements, we mainly attribute the broadening to the degree of disorder.**

7. Photoluminescence Measurements

Steady-State Photoluminescence Measurements

A 470 nm diode laser (PicoHarp, LDH-D-C-470M) was used to illuminate the samples, on a continuous
wave with the intensity of 160 mW/cm?. The PL emitted by the samples was coupled into a grating
spectrometer (Princeton Instruments, SP-2558) and then directed onto a silicon iCCD (PI-MAX4,
Princeton Instruments). The samples were measured under air atmosphere.

Time-Resolved Photoluminescence Measurements

A 470 nm picosecond pulsed diode laser (PicoHarp, LDH-D-C-470M) operated at 1MHz, with the
fluence of 60 nJ/cm? was used to measure the samples in air. The PL emitted by the samples was
collected by a photon-counting detector (PDM series from MPD) and the timing was controlled using
a PicoHarp300 event timer.

Trap-Assisted Recombination Fitting

The photoluminescence decays for FAqsCso.1Pbls«Clx perovskite films deposited with and without an
ultra-thin MHP layer, labelled UT and Ctrl respectively, were fitted using a stretched exponential that
can be expressed in the form of

t

—(5B
It) = Ipe & 2

(Eq-S8)
where /(t) is the time dependent PL intensity, /y is the initial PL intensity, ¢ is time, 7 is the

characteristic lifetime, and fis the distribution parameter. Based on the characteristic lifetime and
distribution parameter, we can calculate the average lifetime 7., in the form of



¢ 1
Tavg = %F(E), (Eq-S9)

1 ® g _
F(E) = J, x(1=P)/Be=x(y, (Eg-S10)

and the monomolecular recombination rate k7 can be calculated by the following equation

k= ——5 (Eq-S11)

2Tapg’

8. Optical-Pump-Teraherz-Probe Spectroscopy

The optical-pump-terahertz-probe (OPTP) spectroscopy was taken to measure the mobility and bi-
molecular recombination rate in Ctrl and UT films on z-cut quartz. An amplified laser system (Spectra
Physics, MaiTai-Empower-Spotfire) with a central wavelength 800 nm, 35 fs pulse duration and 5kHz
repetition rate was split into THz beam, pump beam and gate beam. The THz radiation was generated
by a spintronic emitter based on inverse spin hall effect. The electro-optic sampling with a Imm-thick
ZnTe (110) crystal, a Wollaston prism and a pair of balanced photodiodes were used to detect the pulse.
The THz pulse was measured in transmission geometry. The pump beam was generated at 400 nm by
a B-barium-borate (BBO) crystal. The samples were photoexcited as various fluences ranging from 2.38
to 38.75 w/cm? under vacuum (<102 mbar).

Mobility Fitting

The effective charge-carrier mobility was extracted from the OPTP data using the method illustrated
previously by Wehrenfennig et al.” The sheet photoconductivity AS of a thin film between two media
of refractive indices ny and ng with its thickness much smaller than the THz wavelength can be
expressed as

AS = —egc(ny + ng) (A?T) (Eg-S12)

where €, isthe vacuum permittivity, c isthe speed oflightand AT /T isthe ratio of photo-induced
change in the THz electric field to the transmitted THz electric field in the dark. In this study, ny is
the refractive index of a z-cut quartz, which is 2.13 and ng is the refractive index of vacuum which is
1.

Deriving the charge-carrier mobility u from AS requires the knowledge of the number of photo-
excited charge-carriers N, which can be calculated as

EA
N = ¢-=(1 = Rpump — Tpump), (Eq-513)

where ¢ is the photon-to-charge branching ratio, E is the energy obtained in an optical excitation
pulse with wavelength A, h is the Planck’s constant, Rpymp and T,yum, are the reflected and
transmitted fractions of the pump beam. Then, u can be calculated with
ASA
u=—"2= (Eq-S14)

where Asr is the effective area of the overlap of optical pump and THz probe pulse considering the
Gaussian beam profiles and e is the elementary charge. By using the above equations, the effective
mobility f = @u is expressed as

- _ Aefrhe AT i
pu = —€oc(a + np) EAe(1~Rpump—Tpump) ( T ) (Eq-515)

In this work, we assume ¢ = 1 given that the exciton binding energies are low and free charge-
carriers are mostly generated right after excitation.® The charge-carrier mobility obtained here is the
sum of electron and hole mobilities and they cannot be separated.
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To obtain ¢u, AT /T attime zero against E was plotted and a linear function was fitted based on Eg-
S15 up to the point where nonlinear processes were not observed. Then, ¢u was obtained from the
gradient.

K, obtained from fits to THz photoconductivity transients
The recombination dynamics in a perovskite semiconductor may be governed by first, second and third
order processes as shown in the following rate equation

28 = —kun(®) - ken(t)? — ksn(6)?, (Eq-S16)

where k; is the first order non-radiative trap-assisted recombination rate, k, is the second order
radiative recombination rate constant and k5 is the third order Auger recombination rate constant.
k, is taken from the TCSPC measurements as shown in Table S5. k5 is set as 1072° cm®s~! as
obtained from literature® because the effect of k3 becomes significant only when n > 108cm=3.
Eg-S16 is first solved in terms of the experimentally observed quantity x(t) = AT /T, which is the
photoinduced change in THz transmission. n(t) is proportional to x(t) with the following
relationship

n(t): = 1C " x(t)!, (Eq-S17)

where i is the recombination order, ¢ is the photon-to-charge branching ratio, C = 7,/x(0) is
the proportionality factor between the absorbed photon density, x(0) and the initial photon density,
7y as shown below

Eda(d)

Mo =
0 hc Aegff

1- RPump)v (Eq-S18)

where d is the thickness of each sample. By substituting Eq-S17 into Eg-S16, Eq-S16 is rewritten as
dx(t)
Tdr = _knonradx(t) - C¢Rradx(t)2 - CZ¢ZRAugerx(t)3x (ECI'S]-Q)

The numerical solutions to this ODE are fitted globally to the decays using the least squares method

across all fluences in order to extract @k,. Giventhat 0 < ¢ < 1, the values presented for k, inthe

main text are underestimated compared to the true intrinsic values.

In order to account for an initially spatially varying charge-carrier density (due to absorption following
the Beer-Lambert law), the fitting algorithm takes into account an exponentially decaying charge-
carrier profile created by the pump beam. This is done by dividing the sample into 30 equally thick
slices and computing the decay function for each of these individually.

9. Device Measurements

Current Density-Voltage Characteristics

The current density-voltage (J-V) characteristics for perovskite solar cells were measured in air using a
Keithley 2400 source meter under approximately 100 mW/cm? of AM1.5G irradiation generated by an
ABET Sun 2000 Class A simulator. Before the device measurement, the intensity of the solar simulator
was automatically measured by a KG5 filtered silicon reference cell (certified by Fraunhofer ISE) to
calibrate the accurate power conversion efficiency (PCE). The illuminated active area was 0.25 cm?
defined by black anodized metal masks. The J-V curves were taken from 1.2 V to -0.2 V and followed
by the forward scan (from -0.2 V to 1.2 V), at a scan rate of 0.013 V/s in each direction. We measured
16 devices for each group to get the device performance statistic results, as shown in Figure 4a.

External Quantum Efficiency

The external quantum efficiency (EQE) of devices was measured using a Fourier transform
photocurrent spectrometer in the FTIR setup mentioned in section 6. The active area of devices (0.25
cm?) was illuminated by a tungsten halogen lamp. The accurate EQE value was calibrated by a Newport-
calibrated reference silicon solar cell of a known EQE.

The short-circuit current from the EQE measurement was determined by the overlap integral of the

7



AM1.5 photon flux with the EQE.*°

Urbach Energy

Urbach energy (E.) measurements were taken on the EQE setup, using a near-infrared source and a
780 nm low-pass filter, such that the band edge could be taken at a high sensitivity. E, was obtained
by using the single exponential to fit to the data in the band edge region.



Supporting Data and Discussion

1. Evaporation Parameters

Figure S1 Simplified scheme of the four-source thermal co-evaporation method implemented in this
study. Two QCMs close to the substrate are shuttered QCM (left) and open QCM (right).

Here, we start from monitoring the initial co-evaporation process. To accomplish this, we introduce
one shuttered quartz crystal microbalance (QCM) in close proximity to the substrate position within
the evaporator (as shown in Figure S1). By simultaneously opening the shuttered QCM and substrate
shutters, the rate changes observed on the shuttered QCM can accurately reflect the actual deposition
process occurring on the substrate. During the initial stages of the evaporation, we have observed that
it takes a certain length of time for the rate to stabilize on a bare shuttered QCM (Figure S2a). Given
previous knowledge that substrate types hugely influence the formed perovskite, we pre-coated the
shuttered QCMs with some typical CTLs to reflect more accurately the growth of the perovskite on
device relevant layers (Figure S2a). Here, we find that perovskites co-evaporated on CTLs need a longer
stabilization time. The single-source evaporation is run to exclude that the observed stabilization time
is caused by any single precursor (Figure S2b).
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Figure S2 The substrate rate of initial co-evaporation process recorded by the QCMs. QCM shutter and
substrate shutter are opened simultaneously at Time = 0s. (a) The initial process of FA9Cso.1Pblz«Clx
co-evaporated on the open QCM, bare QCM (shuttered QCM without pre-coating), Ceo pre-coated
shuttered QCM and spiroTTB pre-coated shuttered QCM. (b) The initial process of FAl and Pbl, single
source deposited on the open QCM and bare shuttered QCM. (c) The initial process of FA.Cs;«Pbls-Cl
co-evaporated on the open QCM, ultra-thin MHP pre-coated shuttered QCM, Pbl, pre-coated
shuttered QCM and bare shuttered QCM. (d) The initial process of FAqsCso.1Pbls«Clx co-evaporated on
the open QCM, ultra-thin MHP pre-coated shuttered QCM, Pbl, pre-coated s-QCM and ultra-thin MHP-
spiroTTB pre-coated shuttered QCM.
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Table S1 Tooling factor of FAIl on different substrates.

Tooling factor of FAI
onITO 0.1135
on PTAA 0.0686
on spiroTTB 0.1054
on Poly-TPD 0.1359
on Ceo 0.1215
on NiOy 0.0695
on Sn0O; 0.0767
on Pbl, 0.1411
on ultra-thin MHP | 0.1373

The tooling factor in the co-evaporation is termed as the ratio of the actual thickness of materials
deposited on the substrate to the thickness displayed on the substrate QCM sensor. In the co-
evaporation, the tooling factor is used to correct the real evaporation rate of precursors and therefore
precisely control the film stoichiometry.
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Figure S3 Top-view scanning electron microscopy images of the 4 nm (a) and 9 nm (b) Pbl, deposited
on ITO. Note that the 4-nm film is not thick enough to produce the continuous conformal Pbl; layer. In
contrast at 9-nm films are continuous and conformal.
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2. Characterization of the templating layers

spiroTTB

Figure S4 Top-view scanning electron microscopy images of the ultra-thin templating layers deposited

on spiroTTB, NiOx, SnO,, Cso and PTAA, respectively.

templating layer on spiroTTB

)

9]
N
‘© on NiOy

5 WMNM
o
£ on SnO:2
Py
«
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£
o ﬁ
>< H on PTAA

1 30

26()

Figure S5 X-ray diffraction of the ultra-thin templating layers deposited on spiroTTB, NiOx, SnO>, Cso

and PTAA, respectively.

1.4 1.5 1.6 1.7 1.8
Energy (eV)

Absorption Coeff. (10* cm™1)

Figure S6 Absorption coefficient of the ultra-thin templating layers deposited on spiroTTB, NiOy, SnO5,
Ceso and PTAA, respectively. Note that the dynamic range and accuracy of the absolute value of the
absorption coefficient are limited for these measurements owing to the ultrathin films being extremely thin
(~15nm).
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Figure S7 Perovskite film characterization. Top-view SEM images of Ctrl (a to e) and UT (f to j) films on
spiroTTB, NiOx, SnO,, Ceo and PTAA.

Table S2 Average thicknesses of Ctrl and UT films obtained from the cross-section SEM.

Ctrl Thickness (hm) UT Thickness (nm)

On spiroTTB 826.3+1.6 808.6+10.6
On NiOy 847.8+13.1 808.1+20.3
On Sn0O; 796.9112.4 807.8+4.9
On Ceo 767.8+13.9 803.1+8.2
On PTAA 837.619.8 802.0+4.9
On Textured Si  888.3+2.5 807.8+9.7

14



4. Absorption Measurements
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Figure S8 The absorption coefficient values of Ctrl and UT films on spiroTTB (a and b), NiOx (c and d),
Sn0; (e and f), Ceo (g and h) and PTAA (i and j). x and o symbols are experiment results. Solid lines are
the Elliott fitting results.
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Table S3 Parameters extracted from Elliott fits to the absorption onsets of Ctrl and UT films on different
substrates. E; representing the optical bandgap, Es representing the exciton binding energy, y
representing the electron-phonon coupling, and Amp representing the amplitude of the spectrum.

E; (eV) Eg (meV) Y (meV) Amp (a.u.)

Ctrl uT Ctrl uT Ctrl uT Ctrl uT
On spiroTTB 1.59 1.59 6.3 6.2 19.8 18.5 78.0 78.9
On NiOy 1.58 1.59 7.0 7.6 20.5 22.0 78.7 71.5
On SnO; 1.60 1.59 7.5 7.5 22.9 23.1 71.4 72.6
On Ceo 1.57 1.59 7.1 7.8 21.4 21.7 78.8 70.5
On PTAA 1.57 1.59 5.2 8.2 19.5 23.3 76.6 70.4

16



5. Crystallinity and Orientation Characterization
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Figure S9 The XRD data (blue dots) fitted with a Rietveld fit (red line) and the difference (grey line) of
Ctrl films on 6 different substrates. Tick marks below the bottom difference line show the peaks of a-
phase perovskite. Pbl, and ITO peaks are marked with # and *, separately.
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Figure S10 The XRD data (blue dots) fitted with a Rietveld fit (red line) and the difference (grey line) of
UT films on 6 different substrates. Tick marks below the bottom difference line show the peaks of a-
phase perovskite. Pbl, and ITO peaks are marked with # and *, separately.
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Table S4 Intensity and full width half maximum (FWHM) of (200) peak of Ctrl and UT films on various
substrates.

Scattering X-ray intensity (arb. units) FWHM of (200) 26 peak (degree)

Ctrl ut Ctrl uT
On spiroTTB 4220.51 11987.63 0.1331 0.1227
On NiOy 17094.67 105002.70 0.1403 0.1061
On Sn0O; 879.00 8844.78 0.1397 0.1299
On Ceo 922.35 18436.99 0.1409 0.1105
On PTAA 2524.18 48903.79 0.0954 0.1185
On Textured Si 292.57 1491.93 0.2029 0.1345

2000 2000
1000 1000
0 0
2000 2000
1000 1000
0 0

Figure S11 GIWAXS results of Ctrl and UT films on quartz (a and b), and spiroTTB (c and d), respectively.
Figure 2c and 2d are replotted as Figure S7a and S7b for easier visualization.
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6. Recombination Studies in Films
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Figure S12 The optoelectronic properties of perovskite films. (a) Absorption coefficient and the
unnormalized PL spectra (excited by the 470 nm laser) of Ctrl and UT films. (b) OPTP photoconductivity
transients of Ctrl and UT films on quartz at various photoexcitation fluences. (c) PL dynamics of Ctrl
and UT films on quartz (805 nm emission), at fluence 60 nlJ/cm?, fitted by stretched exponential
without diffusion. The data is normalized to the value at 3 ns following the laser pulse allow for better

visualization.
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Figure S13 Unnormalized PL dynamics of Ctrl and UT films on quartz (805 nm emission), excited by the
470 nm laser at fluence 60 nJ/cm?.
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Table S5 Charge carrier mobility and second order recombination rate of Ctrl and UT films obtained
from the OPTP measurement.

THz mobility (cm? V1 s?) k> [102°] (cm3 s?)
Ctrl 46.56%2.15 1.41+0.01
uT 43.62+1.53 1.37+0.01

Table S6 First-order non-radiative trap-mediated recombination parameters of Ctrl and UT films.

T (ns) B Tavg (NS) k1 [10°] (s™)
Ctrl 214.35 0.94 220.50 =2.27
UT 268.56 0.96 273.48 =1.83
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7. Device Optimization and Analysis
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Figure S14 Statistical results of UT devices with the perovskite thickness of 510nm, 630nm, and 780nm,
respectively.
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Figure S15 Steady-state results of Ctrl and UT devices. (a) Statistical steady-state efficiency (SPO)
results. (b) Stabilized current density at maximum power point (Jueer). Previous studies have shown
that measurements of SPO and Jwper can be more representative indicators of the true device efficiency
since device kept at the constant bias is closer to the operation of a solar cell under load.*
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Figure S16 Evolution of SPOs of unencapsulated cells aged at 85°C in the dark N, atmosphere (three
cells for each condition). The absorber layers are FAosCso.1Pbls«Clx perovskite films with and without
an ultra-thin MHP layer, labelled UT and Ctrl respectively. The device structure is ITO/spiroTTB/control
or templated MHP films/Ceo/Bathocuproine (BCP)/Au.
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Figure S17 X-ray diffraction patterns of perovskite films aged at 85°C in the dark N, atmosphere. The
absorber layers are FAqoCso.1Pbls<Clx perovskite films deposited on ITO/spiroTTB substrates with and
without an ultra-thin MHP layer, labelled UT and Ctrl respectively. The Cu-Ka X-ray source (A=1.54 A)
was set to 40 kV voltage and 40 mA current. The XRD patterns were corrected by shifting the 28-axis
based on the ITO substrate reference peak at 26=30.3°.
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Figure S18 The Urbach energy extracted from the tail of EQE spectra of (a) Ctrl and (b) UT devices.
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Figure S19 Bandgap values of Ctrl (a) and UT (b) devices extracted from the first derivative of the EQE
(grey dashed lines) band edge as a function of photon energy.
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Figure S20 Statistical results of both p-i-n and n-i-p devices made by depositing Ctrl and UT films on
organic (PTAA and Ceo) and inorganic (SnO,) substrates.
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Figure S21 J-V characteristics and corresponding device architecture. (a) Ctrl and UT p-i-n devices with
the HTL of PTAA. Ctrl and UT n-i-p devices with the ETL of SnO, (b) and Ceo (c).
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Table S7 Performance parameters for n-i-p solar cells fabricated from FAq.oCso.1Pbl3<Clx perovskite films with

and without an ultra-thin MHP layer, labelled UT and Ctrl, measured under 1 sun simulated AM1.5G solar

illumination. The values given in this table represent scans from reverse bias to short-circuit conditions at

a scan rate of 0.013 V/s.

Device Jse (MA cm2) Voc (V) PCE (%) FF SPO (%)
Sn0,/Ctrl (champion) 21.5 1.07 15.9 0.69 13.6
Sn0,/Ctrl (average) 21.1+0.1 1.05+0.02 14.0+0.8  0.63%0.03 12.5+0.7
SnO,/UT (champion)  22.2 1.12 18.6 0.75 17.2
Sn0,/UT (average) 21.9+0.1 1.11+0.01 17.5+#0.4  0.7240.01 16.2+0.5
Ceo/Ctrl (champion) 21.2 1.08 16.1 0.70 16.1
Ceo/Ctrl (average) 21.2+0.1 1.07+0.01 15.6#0.1  0.69%0.01 15.5+0.1
Ceo/UT (champion) 22.5 1.05 17.1 0.72 16.9
Ceo/UT (average) 22.4+0.1 1.06£0.01 16.6%0.2 0.70£0.01 16.3+0.2
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Figure S22 Statistical results of champion p-i-n devices with the HTL of spiroTTB and n-i-p devices with
the ETLs of SnO, and Ceo made in the same batch.

Table S8 Champion p-i-n and n-i-p device performance parameters for solar cells fabricated from UT
films measured under 1 sun simulated AM1.5G solar illumination. The values given in this table
represent scans from reverse bias to short-circuit conditions.

Device Jse (MA cm) Vo (V) PCE (%) FF SPO (%)
spiroTTB/UT 22.8 1.06 19.8 0.82 19.8
Sn0,/UT 22.7 1.10 19.0 0.76 17.8
Ceo/UT 22.6 1.08 18.8 0.77 18.6
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Figure S23 Statistical results of Ctrl and UT device parameters. The absorber layers are FAg9Cso.1Pbls
perovskite films with and without an ultra-thin MHP layer, labelled UT and Ctrl respectively. The device
structure is ITO/PTAA/control or templated MHP films/Cso/Bathocuproine (BCP)/Ag. The statistical results

are taken from a total 7 pixels for each type.
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