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Abstract

Nickel oxide (NiO) is a commonly used contact material for a variety of thin-film

optoelectronic technologies based on organic or hybrid materials. In such setups, in-

terfaces play a crucial role as they can reduce, if not kill, the device performances by

bringing additional traps or energy barriers hindering charge carriers extraction from

the active layer. Here, we computationally examine a prototype halide perovskite ar-

chitecture, NiO/MAPbI3 (MA = CH3NH+
3 ), which has shown excellent photovoltaic

performance and in particular a large open-circuit voltage. We show that efficient hole

collection is only achieved when considering the role of vacancies induced by standard

material deposition techniques. Specifically, Ni vacancies lead to nearly perfect valence

band energy level alignment between the active layer and the contact material. Finally,

we show how Li doping greatly improves the performances of the device and further

propose alternative dopants. Our results suggest the high tunability of NiO interfaces

for the design of optimized optoelectronic devices far beyond halide perovskites.
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Introduction

Tuning interface energetics in thin film optoelectronic devices is of paramount importance.

In such devices, the photo-active material is typically sandwiched between charge collec-

tion layers, which are referred to as electron transport layer (ETL) and hole transport layer

(HTL). Poorly matched and designed interfaces can lead to energy level and dielectric mis-

matches along with traps causing undesired charge carriers recombination that may overall

reduce the performances of the photo-active layer.1,2 Hence, their selection and optimization

play an essential role in the performance of optoelectronic devices.2–4 Among HTL materials,

the inorganic transition metal-oxide nickel oxide (NiO), is an attractive technological and

relatively inexpensive solution including low-cost solution process deposition techniques.5

Its adoption in photovoltaics was triggered by the pioneering works of He et al.6 and Irwin

et al.7 in dye-sensitized solar cells (DSSC) and organic photovoltaic (OPV) devices, respec-

tively. Moreover, NiO finds extensive applications as a transparent conductive oxide,8 in

water splitting9 and batteries.10 The interest for NiO in these diversified fields takes root

from its wide band gap (> 3.6 eV), p-type conduction and magnetic and optical refraction

properties.

Recently, some of those features were exploited in the context of hybrid organic-inorganic

perovskites (HOP) based optoelectronic devices. These studies have been motivated by the

power conversion efficiency of HOP-based photovoltaics, which nowadays competes with

that of silicon solar cells.11 In particular, HOP solar cells exhibit attractive photovoltaic

performances when NiO is used as a HTL in stable large-area architectures or monolithic

HOP/silicon tandem devices.12–16 The improved performance was attributed to the near

ideal valence band energy alignment between NiO and, for instance, methylammonium (MA

= CH3NH+
3 ) lead iodide MAPbI3.17,18 Besides, the experimental measurements point to

an increased photovoltaic power conversion efficiency when NiO is doped with Li.18 Few

theoretical works describe the interface of halide perovskites with TiO2,19 even fewer deal

with other HTL.20 As a consequence, the fundamental understanding of the origin of such a
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near ideal alignment between NiO and MAPbI3 with and without Li doping is lacking.

Here, we study an archetypal interface through first-principle calculations based on den-

sity functional theory (DFT) by examining in detail NiO junctions with the prototypical HOP

material, MAPbI3. Considering the defect-free interface, we find that the high-frequency di-

electric constant profile across the interface presents a low dielectric contrast between the

two materials, which benefits hole extraction. However, our results show that the valence

band energy level alignment between pristine NiO and MAPbI3 materials is not favourable

for hole extraction. In contrast, we show a significant change in the valence band energetics

of NiO due to native Ni vacancies appearing in the material deposition. This is consistent

with ultraviolet photoelectron spectroscopy (UPS) experiments. Therefore, we demonstrate

that the widely accepted view of near ideal experimental valence band energy level alignment

between NiO and MAPbI3 is related to these Ni vacancies. Finally, we show that Li doping

improves the level alignment and propose Cs and Rb as alternative dopants of NiO to fur-

ther tune its interfacial energetics. The methodology developed in this report will be directly

transferable to the understanding of other types of interfaces including various perovskites,

conventional semiconductors, and alternative carrier transport layer materials.

Results and discussion

NiO and MAPbI3 bulk materials NiO is a prototype transition metal oxide that has

been extensively scrutinized over the years.21–24 The localized Ni 3d electrons make it a highly

correlated system, whose theoretical description fails in the local density approximation

(LDA) or the generalized gradient approximation (GGA) of DFT.25 Hence, we adopted the

so-called LDA+U (or GGA+U) method26,27 by applying a Hubbard-like correction term U

to Ni 3d orbitals within the SIESTA code (see Supporting Information, SI).28,29 In previous

works, the method has been successful in describing the magnetic properties of NiO and

results in a band gap that is in a fair agreement with experiment.26,27 In our case, we found
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that an effective U value (Ueff) of 6.0 eV was well suited to capture the main features of

the electronic structure of NiO and is consistently used across the different calculations for

comparison. We note that this value falls within the accepted range of appropriate U values

reported for NiO in the literature.27,30 The detailed description of the electronic structure

of NiO and the selection of Ueff can be found in the SI (Text S1). Briefly, the electronic

band gap of NiO corresponds to a charge transfer type excitation (Text S2, SI) and the

calculated magnetic moment of Ni (1.77 µB) is in excellent agreement with the experimental

value (∼1.7 µB).31 Moreover, the computed relaxed lattice constant (a = 4.25 Å) presents

less than 2% error as compared to the experimental structure (a = 4.167 Å).32

The MAPbI3 perovskite and its alloys, involving formamidinium cations and mixed

cations/halides, have so far produced the most efficient solar cells.33,34 Structurally, MAPbI3

forms a 3-dimensional lattice where corner-shared PbI2−6 octahedra extend in all directions

with MA cation tumbling around the center of the cubo-octahedra. Over the past years,

impressive chemical and materials engineering of HOP have been carried out not only to in-

crease their efficiencies but also to improve their stabilities and photophysical properties.2,16

Here, we use its orthorhombic phase with well-defined positions of MA in order to avoid the

issue of the dynamical disorder of the latter in the tetragonal and cubic structures.35 This

low-temperature phase has been extensively studied and DFT-based calculations provide a

correct description of the main electronic features, in particular, the direct bandgap at Γ

point (Figure S2, SI). Let us note that, because of the presence of the heavy atom Pb, the

correct treatment of MAPbI3 should include spin-orbit coupling (SOC). However, the impact

of SOC on valence band states is negligible (Figure S2, SI), thus it is reasonable to neglect

SOC in our DFT calculations focusing on the NiO/MAPbI3 interface for hole extraction only

(spin polarization, however, is included).

NiO/MAPbI3 pristine interface Considering the experimentally observed (100) surface

of NiO and corresponding lattice parameters,31,32 the MAPbI3 (010) surface affords appro-
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priate lattice matching for a NiO/MAPbI3 interface (Table S3, SI). The resulting lateral

lattice mismatch between MAPbI3 and NiO is less than 3%. Details related to the interface

construction can be found in Text S3 (SI).

To combine NiO and MAPbI3 at the interface, we terminated MAPbI3 by MAI (Figure 1a)

as suggested by STM measurements36 and reported to be the favourable termination using

DFT.37 The interface relaxes such that iodine atoms point towards nickel atoms (Figure 1b)

with a Ni-I bond length of about 2.87 Å, in good agreement with bulk Ni-I bond distance of

2.78 Å in hexagonal R-3m NiI2.38 The resulting band structure (Figure 1c) shows a direct

band gap at Γ point. The wavefunction plot of the valence band maximum (VBM) at Γ

point reveals an anti-bonding hybridization between Pb(6s)-I(5p) states only (Figure 1d),

whereas the same band shows NiO states at the in-plane Mxy point. Stated differently,

hole wavefunctions are localized inside the perovskite at Γ point while they are delocalized

between both the perovskite and NiO at Mxy point. The presence of I states at Mxy point is

consistent with Ni-I bond formation and shows an efficient coupling between MAPbI3 and

NiO.

Efficient charge separation in solar cell devices, and more generally semiconductor het-

erostructures, depends on the dielectric properties of the respective materials. If the paired

media have different dielectric constants, charge separation through the interface and the

subsequent carrier transport may be improved or frustrated depending on the extent of the

dielectric mismatch.1 In our NiO/MAPbI3 interface, we evaluated the dielectric constants

by considering the high-frequency component (ε∞) along the interface direction using a first-

principle based approach described elsewhere.39,40 Figure 2 shows the profile of ε∞ along

the interface through NiO and MAPbI3 layers. In their central bulk-like regions, both NiO

(ε∞ = 5.1) and MAPbI3 (ε∞ = 5.4) have values that are comparable to those calculated

for their bulk experimental structures (Figure S4, SI). The calculated values for NiO and

MAPbI3 are also in a good agreement with the experimentally measured values amount-

ing to 5.7 and 6.5, respectively.41,42 At the interface region, the dielectric constant shows
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Figure 1: Lattice structure and electronic properties of the NiO/MAPbI3 interface. a Model used
in our calculations and layer labels. b Favorable iodine positions at the interface with I atoms
pointing towards Ni in a bridge-like configuration. Here I, Ni, O, N, C and H atoms are depicted in
purple, light gray, red, blue, dark gray and pale pink colors, respectively. c Band structure of the
relaxed interface model with a direct bandgap at Γ point. The valence band maximum (VBM) at Γ
point is taken as the energy reference. Plain and dashed lines correspond to majority and minority
spins, respectively. d VBM Wavefunction at Γ and Mxy points. Hybridized MAPbI3 and NiO states
appear at Mxy point while MAPbI3 dominate at Γ point.

a local peak, which is, to some extent, related to the NiO interface states that hybridize

with those of MAPbI3, resulting in an interface dipole that we estimated to be about 2.0

Debye. Interestingly, the two dielectric constants (ε∞) are comparable indicative of a low

dielectric contrast/mismatch between MAPbI3 and NiO. This may hint to an efficient charge

separation across the interface due to possible reduced binding energy of holes as a result of

low dielectric mismatch.1 Noteworthy, in the actual room temperature solar cell operation,

low-frequency static dielectric constant (εs) also plays an important role and may represent

a dominant contribution in the response of charge carriers to the electric field.43 Effective εs

values ranging from 11−20 can be expected in MAPbI3 due to optical phonons and rotational

tumbling of organic cations,43,44 whereas this value amounts to 11.90 for NiO.41
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Figure 2: High-frequency dielectric constant profile of the NiO/MAPbI3 interface. The dielectric
mismatch is low, which points to efficient charge extraction at the interface. The inset shows the
corresponding position of the NiO/MAPbI3 slab.

For an efficient hole transmission from the perovskite layer to the hole transport material,

the VBM of the latter should be above that of the former. A parameter that quantifies the

shift between the VBM of the heterostructure materials is referred to as the valence band

offset (VBO). Here, it is defined as the difference between VBMNiO and VBMMAPbI3 from

their bulk-like layers.45 Therefore, positive values for VBO indicate that NiO states stand

higher in energy than the respective MAPbI3 states, an ideal situation for hole extraction.

In contrast, negative values lead to an unfavourable interface for solar cell applications. Our

calculations imply the presence of MAPbI3 states above those of NiO (Figure 1c) pointing

to a valence band energy level alignment that is detrimental for hole collection. This is

confirmed by a layer resolved projected density of states (PDOS, Figure 3a). Indeed, from

the PDOS, one can extract the position of the VBM of the layers emulating the bulk of both

materials (NiL3 for NiO and PbL4 for MAPbI3, Figure 1a). In the case of the MAPbI3/NiO

interface, from the PDOS we obtain a VBO of about −0.41 eV between MAPbI3 and NiO

(Figure 3). We obtain a similar VBO (−0.36 eV) using the Hartree potential alignment46

(Text S4 and Figure S5, SI) showing that both the PDOS and the Hartree potential alignment

methods can be used to compute band offsets.45,47 Surprisingly, the sign of our calculated

VBO value seemingly contradicts the experimental findings, which point to an almost ideal

VBO (ranging from +0.0 to +0.4 eV) between MAPbI3 and NiO making the latter a suitable

material for hole extraction and transport.14,18,48,49
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Figure 3: Valence band alignment in the NiO/MAPbI3 pristine interface. a Layer-by-layer projected
density of states (PDOS) of the relaxed interface model affording valence band alignment from the
bulk-like parts of MAPbI3 and NiO. b The valence band offset (VBO) determined from the PDOS.
The computed VBO is not favourable for hole extraction.

Since this finding contrasts to experimental results, we checked that it was neither an

artifact of the choice of the starting orthorhombic structure nor the considered number of

layers in MAPbI3 or our computational approach. Firstly, we obtained similar results with

tetragonal MAPbI3 as the starting structure of the interface (Text S5 and Figure S6, SI)

and by increasing the number of layers in both MAPbI3 and NiO (Text S6 and Figure S7,

SI). Then, we recalculated the electronic structure using the GGA+U formalism in plane-

wave basis sets instead of localized basis sets (Text S7, SI). These new simulations lead

to a negative VBO of −0.53 eV, confirming the counterintuitive result. Hybrid functional

calculations (HSE0350 and HSE0651) also confirm the trend (VBO ≈ −0.70 eV). Thus, the

sign of VBO is not an artifact of the Hubbard correction approach (Text S8, SI).

While the DFT approach is not responsible for the sign of the VBO, it might be influenced

by the structural choices made in the construction of NiO/MAPbI3 interface. Indeed, despite

that STM experiments point to a MAI-termination in MAPbI3,36 PbI termination may not

be completely excluded as it is reported to be slightly more stable by other first-principles

simulations.52,53 To assess the possible effect of this termination on the electronic structure of
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the NiO/MAPbI3 interface model, we considered the same interface but with PbI termination

(Text S9 and Figure S11, SI). We find that the most stable configuration presents a VBO

shift of −0.15 eV with MAPbI3 states above those of NiO indicative of an unfavorable

alignment for hole collection. We note that in real thin films, several interface configurations

may co-exist depending on the deposition technique and conditions. This could eventually

lead to the formation of some metastable domains in the device, thus affecting the interfacial

energetics (Figure S12, SI). However, we hypothesize that the thermodynamics of the system

should make the favorable energy configurations to dominate.

Finally, considering the effect of substituting the cation in the perovskite layer, we also

inspected the energy level alignment of FAPbI3/NiO interface (Text S10, SI) with FA refer-

ring to Formamidinium (FA = CH(NH2)2). Here, we used the (001) surface of cubic FAPbI3

with FAI termination and lattice-matched it to NiO, the latter being the substrate. We

calculated a VBO of −0.15 eV with FAPbI3 states above those of NiO (Figure S13, SI).

As in MAPbI3, this VBO is not optimal for hole collection from FAPbI3 to NiO. However,

the absolute value of this shift is lower as compared to −0.41 eV obtained with MAPbI3.

Detailed information on this interface, the related discussion on the lower VBO with FAPbI3

and possible effects of mixed cation HOP on the properties of this interface can be found in

Text S10 (SI). In the end, all these results confirm a valence band energy level alignment that

is not in favour of efficient hole collection when considering defect-free interfaces of pristine

materials.

Hence, a legitimate question about the possible origin of this apparent contradiction

arises. Could it be related to the assumption of the defect-free NiO and MAPbI3 lattices in

our model? What is the role of doping in the experimentally reported VBO? In the following,

we aim to address these questions.

Role of vacancies Despite hybrid perovskites being referred to as "defect-tolerant",54–56

various defects are abundant in these materials and their role on the interfacial properties of
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Figure 4: Role of vacancies in the NiO/MAPbI3 interface. a, b, c Iodine (VI), oxygen (VO) and
nickel (VNi) vacancy models, respectively. d, e, f Corresponding calculated band structures. The
valence band maximum at Γ point is taken as the energy reference, a blue line marks the Fermi
level. Plain and dashed lines correspond to majority and minority spins, respectively. g, h, i
Corresponding computed valence band offsets. j Layer by layer projected density of states (PDOS)
of the interface model with VNi resulting in the VBO shown in i. Nickel vacancies produce a valence
band alignment favourable to hole extraction.

MAPbI3 remains elusive. While it is of great fundamental and technological interest, there

is no theoretical study of their effects on the electronic structure of NiO/MAPbI3 interface,

which we address in this section. To introduce defects and later dopants into the interface

model, we enlarge the defect-free cell in order to reduce the effects of spurious interactions,

originating from the periodic boundary conditions, on the computed properties (see Text S11,

SI). We consider the impact of different defects that could potentially influence the valence

band alignment: iodine vacancies (VI, Figure 4a), oxygen vacancies (VO, Figure 4b) and

nickel vacancies (VNi, Figure 4c). Furthermore, MA vacancies (VMA), Pb vacancies (VPb)

and Schottky-type defect MAI vacancies (VMAI) are presented in the SI (Text S11, SI).

Page 11 of 23

11

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



The band structure of VI (Figure 4d) shows a shallow defect level at the conduction band,

in agreement with previous results,57 while having negligible effect on the valence band. In

the case of VO, localized mid-gap trap states are formed. The analysis of the wavefunctions

shows that these states arise from Ni atoms in direct contact with the vacant oxygen site.

Such mid-gap states are a source of non-radiative recombinations detrimental to photovoltaic

performances. However, similar to VI, the presence of VO brings no change to the shape

of the valence bands. Both VI and VO barely affect the VBO of the interface model as

compared to the defect-free cell and we obtain a negative value of ca. −0.40 eV for the two

systems (Figure 4g,h).

Similarly, we calculate a VBO of ca. −0.31 eV for VMAI with the valence band barely

affected (Figure S15, SI). VMA and VPb at the interface region (PbL6) present a VBO of

−0.05 eV and −0.10 eV, respectively and the Fermi level is shifted to the valence bands

forming shallow acceptor states in agreement with previous reports (Figures S16-S19, SI).58,59

In the bulk-like region of MAPbI3 (PbL4), VBO of VMA and VPb become ca. −0.46 eV and

ca. −0.41 eV, respectively (Figures S17 and S19, SI). Hence with MAPbI3 related defects

along with VO, VBO remain essentially unfavorable for hole collection across NiO/MAPbI3

interface.

On the other hand, the presence of a VNi site at both the interface and bulk-like layers

(NiL1 and NiL3), is accompanied by the emergence of less dispersive bands (Figure 4f and

Figure S20, SI) that are localized on O atoms (2p states) around VNi and the next neighbor Ni

atoms (3d states). Noteworthy, it results in a large positive energy shift of the valence bands

related to NiO, which becomes almost equals to the VBM of the MAPbI3 (Figure 4f and

Figures S20-S22, SI). As a consequence, the VBO becomes almost vanishing (Figure 4i,j)

and the material system becomes p-type (Fermi energy crosses the valence states). The

latter result is in agreement with the valence band alignments given in the literature between

MAPbI3 and NiO.14,49 It is known that VNi makes NiO become a p-type semi-conductor,60,61

but its effect on the interfacial properties of MAPbI3 has not been assessed previously. This
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is an important point: It indicates that the presence of VNi in NiO with MAPbI3 is probably

at the origin of the measured near-ideal energy alignment between the two materials. This

is plausible considering the standard fabrication processes (sputtering, spin-coating etc.) of

NiO as this oxide is experimentally known to be generally Ni deficient.62

Experimental confirmation The reported experimental energy level alignments between

NiO and MAPbI3 generally, if not all, rely on the difference between the work functions (WF )

of NiO and the absolute valence band energy (AVBE) of MAPbI3. While the AVBE of ca.

−5.4 eV for MAPbI3 seems more consensual in the realm of reported data,63 the measured

WF for NiO largely depends on the processing conditions and NiO surface exposure.64 Re-

ported WF values fall between −5.0 eV to −5.6 eV,5,7,64–66 reaching as high as −6.2 eV to

−6.7 eV in pure NiO film deposited in-situ.64 For a purely processed NiO film, its WF can be

assumed to be close in value to its AVBE as its purity makes it stoichiometric with no defect.

Indeed, the measured UPS absolute valence band energy of −6.5 eV67,68 for NiO agrees well

with the WF of purely deposited NiO. Hence, using an AVBE of −6.2 eV to −6.5 eV for NiO

to align it with MAPbI3, the resulting VBO gives −0.8 eV to −1.1 eV, which is in a good

agreement with our prediction for the defect-free NiO/MAPbI3 interface model (Figure 3b).

Moreover, considering WF of NiO in air-exposed conditions (ca. −5.4 eV), with potential

defects like Ni vacancies,62 we recover the literature reported near-ideal valence band align-

ment between NiO and MAPbI3. This is in a good agreement with our predictions on the

role of Ni vacancies in turning NiO into a p-type material in the interface model. Therefore,

we believe that the experimentally reported deposited NiO films via sputtering/spin-coating

during HOP fabrication present dominant Ni vacancies,62 which appear to help the perfor-

mances of nickel-based perovskite solar cells. However, the appearance of the less-dispersive

mid-gap defect-like states due to the presence of VNi at the interface can alleviate the ef-

ficiency of hole carrier collection at the NiO/MAPbI3 interface. Since all the investigated

defects, except VNi, lead to a negative VBO, we postulate that increasing their concentration
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would only worsen the properties of this interface. Therefore, it is desirable to limit and/or

reduce their concentration inside the film while, at the same time, preserving an ideal energy

alignment. A practical strategy to achieve that goal is by doping, which is discussed in the

next section.

Role of doping Similar to other semiconductors, doping strategies have been used to fine-

tune the properties of NiO, notably using Li for improved p-conductivity69,70 and solar effi-

ciencies in perovskites.18,71 To bring more fundamental understanding to this improvement,

we study the effect of Li doping of NiO by considering the substitution in our simulation

cell of 2 Ni atoms, chosen as far from each other as possible, by 2 Li atoms (Figure 5a).

The doping is done at the interface region of NiO (NiL1, Figure 5b) in direct contact with

MAPbI3 and in the bulk-like region of NiO (NiL3, Figure 1c). Li doping at the interface-like

region is 1.5 eV (0.75 eV per Li atom) more favorable than in the bulk-like region. Hence, our

results indicate that the doped Li atoms would probably be distributed in NiO at the inter-

face region being in contact with MAPbI3. Nevertheless, the other configurations cannot be

completely excluded given the relatively low energy difference for the system size modeled.

The band structures of ‘Li at the interface’ (Figure 5d) and ‘Li in the bulk’ (Figure 5e)

region show that Li doping facilitates a p-type conduction, while no localized band is created

in the gap. The reorganization of the valence bands under the influence of Li, as shown by

the PDOS (Figures S23 and S24, SI), leads to an improved VBO value that becomes slightly

positive (+0.00 eV for Li at the ‘interface’ region and +0.05 eV at the ‘bulk’ one, Figure 5f,g).

Therefore, Li doping recovers an ideal valence energy alignment obtained with VNi while

suppressing the presence of non-dispersive mid-gap states. Since dopants are not always

evenly distributed in the materials, we also consider a model in which the 2 substituted Ni

atoms are only separated by one O atom (Figures S23 and S24, SI). This configuration could

be viewed as a well controlled NiO doped system with a high concentration of Li in a confined

region of the material. Energetically, the original ‘spread’ model is 0.3 eV (0.15 eV per Li
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Figure 5: Role of Li doping in the NiO/MAPbI3 interface. a LixNi1−xO models with dopants
spread across a NiO layer. b ‘Interface’ model where the doped layer is at the interface. c ‘Bulk’
model where the dopants are placed in the bulk-like layer. Calculated band structures of the d
‘interface’ and e ‘bulk’ models. The valence band maximum at the Γ point is taken as the energy
reference, a blue line marks the Fermi level. Plain and dashed lines correspond to majority and
minority spins, respectively. f, g Corresponding computed valence band offsets. Both situations
lead to a favorable hole extraction.

atom) more favorable than the clustered one at both the interface-like and bulk-like regions.

We notice that VBO shift increases when Li atoms are clustered in a confined space resulting

in +0.31 eV and +0.26 eV values at the interface-like and bulk-like regions, respectively. We

also examined the effect of increased dopant concentration by substituting 4 Ni atoms by

Li atoms, bringing the concentration to 5%. Again, we examined configurations where Li

atoms are ‘clustered’ in one layer and spread across two NiO layers (Figure S25, SI). Here,

VBO varies from +0.21 eV when Li atoms are"clustered" to +0.15 eV when they are ‘spread’

(Figure S25, SI). This suggests that 5% Li content in NiO should improve the conversion

efficiency of the HOP device as a result of increased open circuit voltage.
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The calculated improved energy level alignment of NiO doped Li with MAPbI3 is in

agreement with the enhanced efficiency of LiNiOx/MAPbI3 devices as compared to undoped

NiO.18,71 The PDOS of the different systems with Li doping shows that the introduction of

Li pushes NiO states to the same energy level or above those of MAPbI3 while reinforcing

their hybridization at the valence band maximum (Figures S26, SI). At the same time, Li

states remain about 0.5 eV below (Figure S26, SI). The net effect results in a doped NiO

being a better hole transport layer.

Interestingly, we obtained an increased VBO (≥ 0.00 eV) of NiO/MAPbI3 heterostructure

when NiO is doped with Rb and Cs atoms (Figures S27 and S28, SI). As with Li, their

insertion into NiO enhances the hybridization between MAPbI3 and the HTL. With Rb

doping, we calculated a VBO of +0.46 eV (Figure S27, SI). For Cs, we calculated a VBO

of +0.41 eV (Figure S28, SI). The large atomic size of Rb and Cs induces more structural

relaxation at the interface causing an increase of VBO. Given that Cs and Rb are already

adopted as cations in mixed-cation 3D HOP,16,33 they may be considered as alternative

dopants of NiO in the search of optimizing the efficiency of MAPbI3 solar devices.

Conclusions

In summary, we demonstrate the role of native defects and doping on the energetics and

charge carrier extraction for devices based on NiO interfaces. Our computed valence band

offsets are consistent with experimental UPS absolute valence band energies of NiO. More-

over, our analysis clarifies the experimentally reported ideal valence band alignment between

MAPbI3 and NiO, which is related to the intrinsic Ni vacancies of the hole transporting ma-

terial. The appearance of these dominant Ni-vacancies is commensurate with experimental

report on standard NiO processing conditions.62 Furthermore, we highlight the effect of Li

doping in NiO to reach improved energy alignment of the perovskite-NiO interface foster-

ing enhanced hole extraction. Hence, we propose alternatives to Li doping of NiO such

as Cs or Rb to further fine-tune the NiO interfacial energetics. Additionally, we highlight
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the importance of the dielectric mismatch. For instance, the dielectric properties related to

the high-frequency component of the interface indicate a low dielectric mismatch between

MAPbI3 and NiO, which benefits hole collection. The combined results bring together a

holistic picture on the interfacial properties of NiO. Our findings open avenues for the opti-

mization of thin-film devices based on NiO contacts, and help the reader to adopt relevant

theoretical strategies to model the properties of heterostructures.
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