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Section S1. Method

Process description for NiOg,.meamp

The NiOgymeamp Pprocess had been adapted from the recent work of Phung et al. N, N'-di-tert-
butylacetamidinato)Nickel(ll) (Ni(*Bu-MeAMD),) from STREM chemicals (99.999% metal purity) and water are
used as the precursor and co-reactant respectively. The Ni(tBu-MeAMD), bubbler is kept at 90°C and an argon
flow of 100 sccm through the bubbler is used for delivery at a temperature of 125°C. The chamber temperature
is set at 120°C and the deposition is carried out at a table temperature of 150°C. One NiO ALD cycle consisted
of 4 s Ni(*‘Bu-MeAMD), dose, 20 s precursor purge using Ar, 50 ms H,0 dose, and 60 s H,0 purge by Ar. A GPC
of ~ 0.044 nm/cycle is observed at the saturation condition.

Process description for NiOyecp

The NiOpecp process had been adopted from the process developed by Koushik et al. consisting of a 4 s bis-
methylcyclopentadienyl-nickel (Ni(MeCp),) (Sigma-Aldrich, 97% purity) precursor dose, followed by 3 s
precursor purge using Ar, 3 s O, plasma co-reactant exposure and lastly, a 1 s Ar purge. The Ni(MeCp), bubbler
is kept at 55 °C and an argon carrier gas is used for the delivery via a delivery line heated to 75 °C.

Process development of Al: NiOg,_pmeamp

The ALD process of Al:NiOg,.meamp, developed in this work, is carried out using a supercycle approach. Here,
‘m’ cycles of NiO are followed by the aluminium incorporation step and lastly end with another ‘m’ cycles of
NiO, as shown in Fig. S1. This is repeated for ‘N’ (here, N=2) supercycles to get a film thickness of around 10-
12 nm.

In this work, we have used dimethyl aluminium isopropoxide (DMAI) as the Al precursor instead of the
commonly used trimethyl aluminium (TMA). TMA has a very high growth per cycle (GPC) of ~1.1 A/cycle,!
compared to NiO (~0.44 A/cycle) making it hard to control the Al incorporation in the NiO film. Moreover,
Baker et al. and Hossain et al. observed an enhanced growth of Al,O3; on NiO, using TMA, resulting in a Ni-
deficient or Al-rich film.23 On the other hand, the GPC of Al,O; using DMAI is lower (~0.8 A/cycle 1) because
the bulkier isopropoxide ligand provides steric hindrance to the chemisorption of the precursor, making it
easier to control the incorporation of Al in the film.*>
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Figure S1. Schematic of supercycles of the Al: NiOgy_veamp ALD process using sequential precursor dosing approach for
the aluminium incorporation.

DMAI from Dockweiler Chemicals GmbH ( 299.9999 metal purity) is used here and the bubbler and delivery
line temperature are kept at a temperature of 50°C and 70°C, respectively. The Al incorporation in the NiO film
is carried out by the sequential precursor dosing strategy (A->B->0) consisting of a DMAI dose for 60 ms
sequentially after Ni(*‘Bu-MeAMD), and it is followed by a 5 s Ar purge and a 50 ms H,0 water co-reactant step.
The bulky ligands of Ni(*Bu-MeAMD), precursor block some of the active sites for chemisorption of DMAI which
helps in further controlling the Al incorporation of the film.
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The cycle ratio of NiO to Al,05 (‘2m:1’) is varied to lower the resistivity of the doped NiO film as shown in Fig.
. Doping NiO with Al creates shallow acceptor levels near the valence band maximum (VBM) reducing the
resistivity.®? The lowest resistivity is obtained for a NiO to Al cycle ratio of 135 and is used for the Al:NiOg,.meavd
HTL in this work.
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Figure S2. Resistivity variation as a function of the change in cycle ratio NiO:Al,0s.
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Section S2. NiO characterization

Table S1. Elemental composition of NiOgy.meamp, Al:NiOgymeamp and NiOpyec, as determined by RBS and ERD (for
hydrogen). The carbon concentration is extracted from XPS and is expressed in terms of C/ (Ni+O+C) (%).

Cat% Ni | o | & | H Ni:O thickness
(from XPS) (atoms/ nm,.,?) (nm)
(from RBS)
NiOg, meamp 5+1% 1009 + 20 1071+ 43 - 263+8 | 0.94+0.04 25+1
Al:NiOg, pmeamp 5+1% 383+8 435+ 13 7.5+0.3 141+7 | 0.88+0.03 ~11
NiOwecp ~1% 1288 + 26 1339+ 50 - 184+18 | 0.96 +0.04 23+1

A larger detector and a longer measurement time was used to detect the amount of Al dopant accurately. The
ALD NiO films contain carbon and negligible nitrogen impurities in the bulk of the film. The carbon detected in
all the NiO films by RBS is less than 100 atoms/ nm? and this quantification involves huge uncertainty. Depth
profile from XPS reveals that the undoped and Al:NiOg,.meamp films contain higher carbon impurity, nearly 5%,
most certainly linked to the presence of unremoved ligands from the precursors.
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Figure S3. (a) Ni2p XPS spectra of NiOgy.meamp, Al:NiOgy-meamp and NiOpecp, Normalised to the highest intensity. The
main features of nickel in its +2 oxidation state is at 854 eV. The peak at 856 eV corresponds to nickel in its +3 state and
non-local screening.” The broad features at higher binding energy (~861 eV, ~864 eV and ~866eV) are due to shake-up
processes (satellites) of NiO, following the assignment reported in the literature.® (b) O 1s XPS spectra of NiOgy.meamp,
Al:NiOgy.meamp and NiOpecp Normalised to the highest intensity. The main features at ~529 eV and ~531 eV indicate the
presence of Ni-O bonds and the hydroxyl groups respectively.®
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Figure S4. Transmittance of the 3 different NiO deposited on glass/ ITO substrates.
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Figure S5. X-ray diffraction pattern of NiOgy.meamp, Al:NiOgy-meamn, @nd NiOpecp. All ALD NiO display a rock salt (face-
centered cubic) crystallographic phase with peaks at around 37.1°, 43.3°, 62.8°, and 75.3° corresponding to the (111),
(200), (220) and (311) crystal planes respectively.1® No additional peaks are present due to the introduction of Al in the
NiO lattice. The (111) orientation has alternating planes of O2- and Ni2+ ions resulting in a polar surface, whereas the
(200) surface is non-polar due to the presence of both 02- and Ni2+ ions present alternating in the single plane.!?
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Figure S6(a-b). UPS spectra of NiOgymeamp, Al:NiOgy.meamp and PAALD NiO. The ionisation energy (I.E.) and work
function (W.F.) of the different NiO are mentioned in the inset.

Charge carrier transport in NiO

As-deposited NiO primarily has Ni?* vacancies (formation energy, AE; = -0.19 eV).!2 The slightly non-
stoichiometric O-rich or Ni-deficient films result in the formation of Ni3*. The presence of excess oxygen or Ni
vacancy (denoted as ‘Ni,” in Kroger- Vink notation) in the lattice leads to the oxidation of two Ni%*ions to Ni3*
ions to maintain electroneutrality, as shown in equation 1.13:1415 The Ni3* jon acts as acceptor i.e. it can accept
a 2p e from a nearby O? ion or a 3d e” from an adjacent Ni2* ion thereby creating a hole and resulting in the p-
type conductivity of NiO.16

1/ 0, + 2N2* 5 Ni +0%" +2NB3Y
272 v (1)

Hence, an increase in the Ni3*-to-Ni%* ratio indicates an increase in the charge (hole) carrier concentration
which in turn lowers the resistivity of NiO.17 Creation of Ni3* induces defect states in the band gap of NiO close
to the valence band thereby decreasing the energy gap between the work function (WF) and the VBM (Eygy-
Eve).?

This shows that the hole transport in NiO takes place from Ni3* to Ni?* sites. Therefore, the presence of Ni3*
sites at the interface doesn’t help in charge extraction as holes are transferred to the Ni3* sites.8
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Section S3. Device characterization
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Figure S7. EQE spectra of the different HTL-based devices

Table S2. Comparison of the integrated current from the EQE spectra (Jsc, eqe) With the Jsc of the measured devices

Jsc (mA/cm?) Integrated Jsc gqe (MA/cm?)
PTAA 21.2 21.4
NiOgu-meamp 20.9 20.2
Al:NiOgy.meamp 21.4 20.8
NiOwecp 19.2 195

— — — N
S~ (o)) oo o
1 1 1 1
o®®
1 1 1 1

Ideality factor

N
N
1
1

PTAA NiOBu—MeAMD AI:NiOBu—MeAMD NiOMeCp

N
o
1

Figure S8. Ideality factor of different HTL-based devices (with PEAI passivating the ETL/ perovskite interface), calculated
from the slope of the Vo vs. light intensity graph.
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Figure S9. Scanning electron microscopy (SEM) images and grain size distribution of perovskite on (a) PTAA, (b) NiOg,.

meamps (€) Al:NiOgy-meamp, and (d) NiOwmecp-
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Figure S10. XRD pattern of perovskite on different HTL measured after 1 month by (a) Bragg- Brentano mode and (b)

grazing incidence- XRD (GI-XRD) mode at an incidence angle of 1°.
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The incidence angle of 1° for the GI-XRD measurement is chosen based on the penetration depth so that only
the bulk of the perovskite is probed. The penetration depth of the X-ray is calculated from Lambert Beer’s law
using the energy of the X-ray used, attenuation coefficient and mass density of the perovskite. The mass
density is calculated from the chemical composition of the perovskite and the lattice parameter as derived
from the XRD pattern. The asymmetric peak broadening observed in the low-angle peaks is due to the axial
divergence of the incident beam and is a measurement artefact. The presence of Pbl, observed in this GI-XRD
measurement indicates that it is primarily formed in the bulk of the perovskite due to degradation upon
storage and exposure during the first measurement.
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Figure S11. The forward and reverse scanned JV curves of Al:NiOgy.meamp/ Me-4PACz-based devices before and after
light soaking showing the disappearance of the S-shape upon 3 minutes of light soaking.

Figure S12. Images of perovskite processed on top of (a) NiOavp/ Me-4PACz, (b) Al:NiOavp/ Me-4PACz, and (c) NiOwecp/
Me-4PACz (substrate placed on hotplate). The pixels are labelled with numbers in yellow.
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Section S4. SCAPS simulation of NiO HTL-based devices

Table S3. Parameters used for the HTL (NiO'° and PTAA?9), perovskite absorber 2122 and ETL (PCBM?23 and BCP?32%) in

the SCAPS simulation.

Parameter NiO Perovskite PCBM BCP
Thickness (nm) 11 450 40 5
Bandgap (eV) 3.3 1.57 2 3.5
Electron affinity (eV) 2.00 4.05 4.10 4.10
Relative dielectric permittivity 11.7 6.5 3.9 5.0
DOSs (cm?) 1.0*102 2.8*10% 1*102 2.2%10%
DOSyz (cm3) 2.8*%10%° 3.9*%10'8 1*¥10% 1.8*%10%
Electron mobility (cm?/Vs) 6*103 20 1*107? 1*10?
Hole mobility (cm?/Vs) 6*103 20 1*107? 1*10?
Uniform donor density (cm-3) - 1.3*10% 5*10% 1*10%°
Uniform acceptor density (cm3) 3*10% 1.3*10% - -

Both the acceptor and donor density in the perovskite absorber is 1.5*10' cm3. The radiative recombination
coefficient used for the charge carriers in the perovskite absorber is 10° cm3/s. The effect of NiO/ perovskite
trap density on the JV performance is found by varying it from 10° to 10> cm2. The trap densities in the PCBM/
perovskite and NiO/ perovskite interface are 108 and 10%° cm™ respectively.

The work function used for ITO (front contact) and copper (back contact) are 4.8 and 4.65 eV respectively. A
pre-defined transmittance filter is used for the ITO.
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Figure S13. Experimental vs simulated (from SCAPS) JV parameters at different light intensity to validate the SCAPS
model of the NiO-based PSC. The experimental data is based on the best performing devices from 2 different batches.
An uniform acceptor type trap density of 101° cm is used for the NiO/ perovskite interface.
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Figure S14. Vo of the proposed device as a function of the defect density in the NiO/ perovskite interface.
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