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Thermal annealing is a critical post-processing step for improving NiOy thin films, which serve as hole transport
layers in high-efficiency inverted perovskite solar cells. Recent experimental studies highlight the importance of
annealing atmosphere, particularly oxygen and nitrogen partial pressures, but an atomistic understanding re-
mains limited. Here, we use density functional theory (DFT+U) with ab initio atomistic thermodynamics to
examine NiOx(001) surfaces under Oy/N3 environments. A key contribution of this work is the development of a
selective-fixation asymmetric slab energy (SFAE) method, which enables robust surface-free-energy evaluation
for asymmetric slab models and the construction of thermodynamically consistent surface phase diagrams over
broad temperature and chemical-potential conditions. Our results show that Oy-rich environments enhance the
p-type character of NiOy by stabilizing nickel vacancies and healing oxygen vacancies through chemisorption. In
contrast, N2 annealing does not produce reactive atomic nitrogen and therefore cannot generate substitutional N
defects. Residual physisorbed Oz and N2 species are weakly bound and desorb readily, enabling clean surface
preparation after defect healing. This study provides atomic-level insight into NiOy stability under realistic
annealing conditions and offers practical guidance for tuning surface properties through controlled oxygen
stoichiometry, while also establishing a theoretical basis for future catalytic studies.

1. Introduction

Perovskite solar cells (PSCs) have rapidly achieved high power
conversion efficiencies (PCEs), with the conventional n-i-p architecture
featuring TiO; as the electron transport layer (ETL) and spiro-OMeTAD
as the hole transport layer (HTL) being the most widely adopted design
[1-3]. However, this structure typically relies on high-temperature
processing of mesoporous TiO3, which hinders scalable and low-cost
fabrication. In contrast, the p-i-n configuration offers a simpler,
low-temperature process, but often at the cost of reduced efficiency. To
improve the stability and performance of p-i-n PSCs, inorganic HTLs
have been explored as alternatives to organic materials such as PEDOT:
PSS, which suffer from degradation due to acidity [4]. Among these,
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nickel oxide (NiOy) stands out due to its high transparency, wide
bandgap, outstanding hole selectivity, low cost, and excellent chemical
and thermal stability [4,5].

The surface chemistry of NiOx is highly complex due to the coexis-
tence of multiple nickel oxidation states, including Ni**, Ni®*, and
higher-valent Ni species [6]. While stoichiometric NiO containing only
Ni2* is intrinsically insulating, the electrical conductivity of
non-stoichiometric NiOx is strongly influenced by nickel and oxygen
vacancies (Vyj and V) as well as their interstitial counterparts [7]. In
particular, Vy; defects enhance p-type conductivity by generating
Ni®*-associated hole states [7]. However, excessive concentrations of
Vni and Ni®* can trigger surface redox reactions, ultimately compro-
mising the stability of perovskite solar cells (PSCs) [6,8].
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Given these sensitivities, controlling the optimal concentration of
surface defects through tuning the oxygen partial pressure during NiOx
film deposition and post-annealing remains a critical—yet unre-
solved—challenge [9-11]. Notably, the literature reports conflicting
trends. For example, Zhao et al. identified 30% O4 at 400 °C as the
optimal Oy/(02+N>) ratio and annealing temperature for maximizing
PCE [12]. In contrast, Seok et al. reported that NiOy films sputtered in
pure Ar yield superior device performance [10], while Haider et al.
found that oxygen-deficient conditions enhance conductivity and per-
formance [9]. These discrepancies highlight the need for a deeper
atomistic understanding of how oxygen and nitrogen environments
regulate NiOy surface defects and, consequently, device behavior.

In this work, we integrate DFT with ab initio atomistic thermody-
namics to investigate the interaction between O3 and N gases with NiOy
surfaces during thermal annealing and how these interactions impact
the electronic properties of NiOy. We systematically explore the stability
of nickel vacancies, oxygen vacancy healing, and nitrogen adsorption on
NiOy surfaces. While the Reuter and Scheffler formalism [13,14] is the
conventional framework for constructing surface phase diagrams as
functions of temperature and chemical potentials, it is not directly
applicable to asymmetric slab models without additional corrections
[15]. To address this limitation, we developed a new approach—the
Selective Fixation Asymmetric Slab Energy (SFAE) method—which
reformulates the surface free energy calculation to enable accurate and
efficient treatment of asymmetric surfaces. Our results show that Oy
adsorption promotes Ni-vacancy formation and effectively heals oxygen
vacancies, thereby enhancing the intrinsic p-type character of NiOy.
Although substitutional nitrogen would introduce acceptor states near
the valence band maximum, our analysis demonstrates that thermal
annealing in Ny cannot supply the reactive atomic nitrogen required for
such incorporation. These insights provide a fundamental basis for
tuning NiOy surface properties through controlled oxygen stoichiom-
etry, with direct implications for optimizing NiOx-based hole-transport
layers in perovskite solar cells and for guiding future catalytic studies.

2. Computational methodology

In this work, we restrict our analysis to neutral defects. Although
NiOy is a p-type oxide, the formation energies of defects such as Vy; can
depend on the Fermi level and vary across different charge states.
Calculating charged defects in slab geometries presents significant
challenges. These include the need for compensating background
charges, artificial electrostatic interactions across the vacuum region,
and the difficulty of assigning a well-defined charge state to a surface-
localized defect. Without specialized correction schemes, these issues
can introduce substantial uncertainty into the energetics of charged
defects. By focusing on neutral defects, we obtain a consistent and robust
baseline for evaluating thermodynamic trends in nickel and oxygen
vacancies under the gas chemical potentials relevant to this study. This
approach provides a foundational framework, and a comprehensive
treatment of charged defects—together with experimental vali-
dation—will be pursued in future work.

2.1. Computational details for bulk NiO

To establish a reliable computational setup, we conducted conver-
gence tests with particular focus on selecting the Hubbard U parameter
by benchmarking against experimental values for the lattice constant,
band gap [16], and magnetic moment per Ni site [17,18]. All calcula-
tions were performed using the Quantum ESPRESSO package [19]. As
detailed in Supporting Information (Section 1), our tests indicate that
the revised Perdew-Burke-Ernzerhof functional for solids (PBEsol) [20,
21] combined with the projector augmented wave (PAW) method and a
Hubbard U of 6 eV with spin polarization enabled provides the best
agreement with experiments while maintaining computational
efficiency.
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For total energy self-consistent field (SCF) and density of states non-
self-consistent field (NSCF) calculations, we used the tetrahedron
method with Blochl corrections [22]. Structural relaxations were per-
formed with Gaussian smearing (0.01 Ry) and Davidson iterative diag-
onalization. Convergence thresholds were set at 7.35 x 10~* Ry/Bohr
(0.02 eV/A) for atomic forces and 1.50 x 107> Ry for ionic energy
minimization. The SCF energy convergence was set to 1.00 x 107® Ry for
structural relaxation and tightened to 1.00 x 1078 Ry for the initial SCF
steps preceding NSCF calculations. Brillouin zone integrations employed
Monkhorst-Pack (MP) k-point grids [23] of (3 x 3 x 1), (4 x 4 x 1), and
(8 x 8 x 1) for relaxation, SCF, and NSCF steps, respectively, corre-
sponding to k-point spacing of ~0.3 and ~0.2 AL, Plane-wave cutoffs
were set at 80 Ry for wavefunctions and 800 Ry for charge density and
potential.

2.2. Computational details for surface slabs

We employed an asymmetric NiO(001) slab model with a large
vacuum region to minimize dipole effects in surface energy calculations.
Convergence tests for slab thickness and vacuum spacing were per-
formed (see Supporting Information, Section 2). The results indicate that
a model with five atomic layers and a 20 A vacuum, as illustrated in
Fig. 1 (left), reproduces key properties of thicker slabs (nine layers,
20-30 A vacuum). Using a 15 A vacuum yields a surface free energy
error of less than 6 x 10~ eV/A? and less than 2 x 107> eV/A2 compared
to the nine-layer slab. From k-point convergence tests, we adopted MP
grids of 3 x 3 x 1 (0.4 A1) for relaxation, 4 x 4 x 1 (0.3 A™!) for SCF,
and 8 x 8 x 1 (0.15 A’l) for NSCF calculations.

To mimic NiO thin films, the bottom three atomic layers were fixed
to simulate the bulk, while the top two were fully relaxed. The NiO(001)
surface was selected due to its prevalence as the dominant facet [24-27].
We evaluated three representative adsorption sites (Fig. 1, right): Ni
sites (i), bridging Ni/hollow sites (ii), and O sites (iii). Dispersion in-
teractions were included via the DFT-D3 van der Waals correction [28],
ensuring accurate treatment of physisorption, especially for inert mol-
ecules like Ny. The correction was also applied to O, adsorption for
consistency.

3. Theory

In this section, we described the use of ab initio atomistic thermo-
dynamics to determine the influence of ambient gas on nickel oxide film
annealing by evaluating the surface free energy (v**”) of different sur-
face phases. This section was divided into two subsections: Section 3.1,
deriving the standard method’s equations of the NiO surface system, and
Section 3.2, introducing our SFAE method.

3.1. Ab initio thermodynamics for NiO surface in Oz and N3
environments

We modeled the thermal annealing of NiO films as surface equilibria
with Oy and Ny gas reservoirs, allowing atomic exchange at fixed tem-
perature (T) and pressure (P). To determine the stability of a surface, we
follow the scheme proposed by Reuter and Scheffler [13,14], which is
referred to as the standard method. The surface free energy at temper-
ature T and partial pressures Pg, and Py,, denoted as y™*/ (T, Py, ,Py,), is
given by

1
7" (T,Po,,Py,) = 24 (G — Nniftyi (T) — Nopio (T, Po,) — Nupy(T, Pn,)],
1)

where G{% is the Gibbs free energy of the slab, including the two-
equivalent surface with the area A, and Ny;, No, N, pnis Ho, and py
are the number and the chemical potential of Ni, O, and N atoms/species
in the system, respectively. The concepts of constrained thermodynamic
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Fig. 1. Slab model of NiO(001) used in this study (left). Three representative adsorption sites are considered: (i) the Ni site, (ii) the bridging Ni/hollow site, and (iii)

the O site (right).

equilibrium were employed in this derivative to integrate the thermo-
dynamic formalism with density functional theory at the atomic level. In
Eq. (1), the chemical potentials of Ni and O are related through Gibbs
free energy per formula unit of bulk NiO (g8ik),

Fini + Ho = &gy - 2

Additionally, the surrounding O, and Ny gas reservoirs are also
constrained by an equilibrium. The chemical potential of O and N can be
considered in terms of the difference (Ap) between Gibbs free energy
and the DFT total energy at 0 K, under the thermodynamic equilibrium
constraint, as follows:

A”O(T’ Poz) = l’lO(Ta POz) 7Etom7 (3)
and
A:“N(T7 PNz) = ﬂN(T7 PNz) - Etva @

where the atomic total energies of ES' and EY' are calculated from Oy
and Ny molecules by E§'=ES./2 and EY' = Ey'/2, respectively.
Inserting Eqs. (2)—(4) into Eq. (1) expresses in DFT total energies com-
bined with chemical potential and Gibbs free energies:

1
7" (T,Po,,Py,) = 24 [Gio — Nnignio — (No — Nw)EG' — NyER
— (No — Nwi)Ap,(T, Po,) — NnApuy(T, Py,) 6)

The difference between the Gibbs free energies of the slab and the
Gibbs free energies per formula unit of bulk can be replaced by corre-
sponding total energies, with the reason that the vibrational energy and
entropy contributions to this difference of Gibbs free energies are
negligible and cancel each other out [14,29]. Resulting in the surface
free energy at a specific temperature and partial pressure, expressed as a
linear function of the environmental gases in Appand Apy space,

1
7" (T,Po,, Py,) = 24 (i — NniEyio — (No — Nwi)Eg' — NyEy!
— (No — Nyi)Apo(T, Po,) — NnAuy(T, Py,) ()
The variation of the chemical potentials in Eq. (6) was determined by
the condition of thermodynamic equilibrium. Their dependence on

temperature (T) and pressure (P), relative to a reference state (Auj) at
standard pressure (P°), is given by:

1 P,
ST Poy) = (T.) + gTin (72 ). %
and

1 P
Au(T.P) = ML) + gaTln (52 ). ®

where P° = latm, kg is the Boltzmann constant, and Auj(T,P°) and
Apy(T,P°) are the chemical potentials at the reference states. In our
work, the enthalpy changes and entropy used to calculate the chemical
potentials at the reference state are taken from the CRC Handbook of
Chemistry and Physics thermochemical tables [30]. Our calculated
chemical potentials at the reference state (atmospheric pressure P°) are
shown in Table 1. Calculation details were discussed in the Supporting
Information, Section 3.

3.2. Selective fixation asymmetric slab energy (SFAE) method

We propose the SFAE method to calculate the surface free energy of
an asymmetric slab model, which contains a bulk-like bottom region and
a surface-active top region. This method builds upon the standard
approach for symmetric slabs and incorporates the central conceptual
idea introduced by the simultaneous equation method of Stuart and
Sohlberg [15]. Their study demonstrated that the two terminations of an
asymmetric slab can be separated into individual surface energy con-
tributions through a least squares construction. This methodology en-
ables us to extract surface free energy specifically from the
surface-active top region, as illustrated in the light grey region in

Table 1
Reference chemical potential differences, Aup,(T,P°) and Aul(T,P°) over the
temperature range considered in this study.

T A(T.P) AR(T.P)
300 K —-0.27 —-0.25
400 K —0.38 —0.35
500 K -0.49 —-0.46
600 K —0.61 —-0.57
700 K —0.73 —0.68
800 K -0.85 -0.79
900 K —-0.97 —-0.91

1000 K —1.10 —1.03
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The simultaneous
equation method

Fig. 2. Schematic illustration of the three surface free energy calculation methods. The slab model is divided into a bulk-like region (dark gray, fixed NiO layers) and

a surface-active region (light gray, relaxed NiO layers).

Fig. 2 (left). This insight is valuable because it establishes that the en-
ergy of the surface-active termination can in principle be isolated from
the total slab energy. The SFAE method uses this insight in a simpler and
more efficient way by determining the energy contribution of the
bulk-like bottom region once and then removing it from the total surface
energy. The remaining energy therefore corresponds entirely to the
surface free energy of the top surface-active region. This provides a
direct and computationally economical alternative to solving the full set
of simultaneous equations—while retaining the same conceptual rigor.

In terms of computational cost, the difference is substantial. As
illustrated in Fig. 2 (right), To generate the surface energy contributions
of the top region A and the bottom region B using the simultaneous
equation method, four total energy calculations are required for each
surface model. These include the total energies of the slab before geo-
metric optimization, after full geometric optimization, with only region
A relaxed while region B is frozen, and with only region B relaxed while
region A is frozen. The lattice parameters remain fixed in all four cal-
culations. As a result, the cost of evaluating the surface energy of a single
asymmetric slab is multiplied by a factor of four.

In contrast, the SFAE method requires only a single converged slab
calculation for each surface phase once the bulk-like reference is
established, which significantly reduces computational effort and im-
proves numerical stability. Finally, we note that the SFAE method would
not be possible without the conceptual foundation provided by the
simultaneous equation method. The ability to simplify the calculation
relies entirely on the valuable evidence presented by Stuart and Sohl-
berg that the energies of the two slab terminations can indeed be treated
as fully separable quantities.

The methodology of the SFAE method is straightforward: to deter-
mine the surface free energy of the top surface region, we subtract the
bulk-like surface energy contribution from the total surface free energy
of the slab. This yields the surface free energy (y) corresponding to each
surface phase model, as described by the following equation:

1
=y =5 ©)

where vy is the cumulative surface free energy containing contributions
from both the top and bottom surfaces and y*¥ only representing the
bulk-like symmetric slab, obtained from an unrelaxed pristine slab. Both
v and y"* are calculated using Eq. (6) without the 1 factor. The value of
yb”lk is treated as a constant and used to subtract the bulk energy
contribution from each surface phase model.

Table 2 presents the bulk energy contributions and the correspond-
ing surface free energies of the asymmetric slab calculated using three
different approaches: the standard method, Stuart and Sohlberg’s

Table 2
The asymmetric surface free energy of the perfect NiO(001) surface from
different methods at the PBEsol+U level.

Methods Surface free energy (meVA~2)  Bulk surface free energy
(meVA~2)

Standard 61.72 61.72

SFAE 61.39 62.04

Simultaneous equation 61.40 62.04

References 54.20%, 59.00", 80.40°, 83.01¢ -

2 PBE+U [31] ¢ LDA+U [33].
b PBE+U [32] d LDA+U [34].

simultaneous equations method, and the SFAE method, yielding values
of 61.72, 62.04, and 62.04 meVA 2, respectively. Our SFAE results show
good agreement with the simultaneous equations method at the
PBEsol+U level and are consistent with previous theoretical studies [31,
32] when the differences in methodology are considered. Both Refer-
ence 31 and Reference 32 used the PBE+U functional, which is different
from the PBEsol+U functional employed in the present work. This dif-
ference in exchange and correlation treatment, together with the
well-known sensitivity of NiO surface energetics to the chosen value of
the Hubbard U parameter, explains the numerical range of their re-
ported surface energies, namely 54.2 and 59.0 meV/A?. Reference 31
also used a 2 x 1 surface model instead of the 1 x 1 model used in
Reference 32 and in our work, although this difference does not influ-
ence the final surface energy because the value is normalized by surface
area. The main variations arise from the different U values selected
according to each author’s assumptions. In contrast, the LDA+U results
reported in References 33 and 34 are not reliable because the LDA
functional significantly overbinds and underestimates lattice constants,
which leads to inaccurate surface and defect energetics. We provide our
Python code for calculating the asymmetric surface free energy using the
simultaneous equations method with implementation details in the
Supporting Information, Section 4.

The calculation of charged defects on the surface presents significant
methodological challenges and is not the focus of this work. The point
defect formation energy, AEj, in our work is calculated based on the
general formalism at the neutral charge defect on the NiO(001) surface.
Which can be simplified as

ARy = B, — By — > N 10
i

where E( ., and EG, ., are the total energies of the surface with and

without point defects, respectively. The integer Nj; indicates the number
of atom types i that have been removed (N; < 0) from or added (N; > 0)
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to the surface to create the defect and p; is the chemical potential of
atomic species i. Note that we align the negative and positive values of
the chemical potential with the processes of adding or removing atoms.
The higher the energy value, the less likely the defect will form spon-
taneously. We also use the concept of adsorption energy, AEg, to
measure how strongly an atom or molecule binds to a surface by
following the equation,

AEﬂd = Ei?z;erat/mo - (E;)frf + Eztzntt/mo) ) (11)
where Eg‘l’f,f at/mo 1S the total energy of the surface and the adsorbate atom

or molecule, Eggﬁf is the total energy of the surface without the adsorbate,

and Eg/mo is the total energy of the atom or molecule in isolation. A
negative energy value indicates that the adsorption process is
exothermic, which means that the adsorption is energetically favorable.
A positive energy value indicates an endothermic adsorption process;
energy is usually needed to bind the adsorbate to the surface, which is
unfavorable.

We investigated the nature of defects during NiO film preparation,
focusing on two primary point defects. The first is the Ni vacancy, which
is the dominant defect in NiO and responsible for its intrinsic p-type
semiconducting behavior. The second is the O vacancy, which may form
during synthesis. Interstitial defects are excluded from this study due to
their high formation energies [35]. To explore surface oxidation and
reduction processes, we considered the possible surface phases that can
arise within the full range from the O-poor limit to the O-rich limit under
varying oxygen gas pressures.

We calculated the formation energies of point defects for O-vacancy
(Vo) and Ni-vacancy (Vy;) on the NiO(001) surface (Table 3, Section 4),
which are 4.88 and 3.57 eV, respectively. In comparison, their formation
energies in bulk NiO are 4.40 and 1.18 eV, respectively [36]. These
results indicate that Ni-vacancies are energetically more readily formed
than O-vacancies in both bulk and surface NiO. However, Vy; formation
is more difficult on the surface due to the increased formation energy,
consistent with experimental findings that NiO is typically
metal-deficient [36].

4. Results & discussion

To reduce the complexity of analyzing the effects of O, and N partial
pressures on the nickel oxide surface, we divide our investigation into
three parts. In Section 4.1, we first examine the surface phase diagram of
nickel oxide in an O, environment at 600 and 800 K, which are within
the typical annealing temperature range, followed by 300 and 400 K (see
the Supporting Information, Section 5) to represent the cooling and
room temperature conditions. Section 4.2 then explores the influence of
N3, gas, using the Og background condition as a reference while varying

Table 3
Summary of point defect formation energies (AEp) and adsorption energies
(AEyy) for O and O species on NiO/NiO,(001) surfaces.

Category Phase Description Energy Energy
Type (eV)
Defect (P1) Vo on NiO(001) surface AE¢ 4.88
Formation
(P2) Vy; on NiO(001) surface AEf 3.57
(P3) Vy; with adsorbed O, at a AEf 3.21
neighboring Ni site
(P4) Bridging Vo (Vo,br) AEy -1.20
O Adsorption (P5) Vo-healed surface (O filling a V) AEqq -4.88
(Ovo)
0O, Adsorption (P6) Oy, with a bridging O at Ni sites AEqq -3.67
(Oyo+Obr)
(P7) O, adsorbed on Ni site of perfect AEqq -1.03
surface (Ox@Ni)
(P8) O, adsorbed on Ni site adjacent AEqq -1.40

to Vni (0O2@Ni-Vyi)
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the N partial pressure. In Section 4.3, we investigate the combined ef-
fect of both O, and N partial pressures on the surface phase behavior.
Finally, Section 4.4 contextualizes our findings within the existing
literature and highlights key outlooks for future investigation.

4.1. Surface phase diagram in Oz environment

We constructed three foundational surface models: perfect, O-va-
cancy (Vo), and Ni-vacancy (Vi) NiO(001) surfaces. Using the periodic
adsorption sites labeled in Fig. 1 (right), we evaluated all plausible
adsorption positions for oxygen species on the NiO/NiOx(001) surfaces.
From here, we identified eight representative surface phases, summa-
rized in Table 3, along with their formation and adsorption energies.

The surface phase diagram of NiO/NiOx(001) in an Oy atmosphere
was constructed using our SFAE method by expressing the surface free
energy of each configuration as a linear function of Ay, (T, Po,), con-
strained within the O-poor and O-rich limits (—3.30 < Ay, (T,Po,) < 0;
see Supporting Information, Section 6). Plotting these free energies at a
given temperature and pressure allows identification of the lowest-
energy surface and the corresponding phase boundaries.

Some phase boundaries appear at oxygen partial pressures far
outside experimentally accessible conditions. These transitions are
included only for thermodynamic completeness. For practical interpre-
tation, the experimentally relevant phases are those within typical lab-
oratory oxygen pressures, approximately 10®to 1 atm.

The surface phase diagrams of the base cases—perfect, V-, and Vy;-
NiO(001) surfaces—were drawn in Figs. 3-5. Fig. 3a—c show the phase
transitions originating from the perfect NiO(001) surface under
increasing O, partial pressure. Two notable transitions occur near the O-
rich limit. The first transition appears at App ~ -0.52 eV, corresponding
to O, partial pressures of approximately 2.40 x 107, 6.42 x 1075, 2.53
x 10%, and 6.69 x 10* atm at 300, 400, 600, and 800 K, respectively. At

O, Pressure at 800 K (atm)
d) 101102 106 103
1 1 1 1
O, Pressure at 600 K (atm)
10-610° 104 10%°

1 1 1 1
T .
704 ||
— 1
& 60 A 1
I 1
<L soq |1
> 1
g 404 |}
~ 30 4 1 — = 0-poor
= : +ax+ O-rich
A 20 A 1 I Perfect surface
104 i B 0,@Ni
1 B O,@Ni-Vi
0 ! 1 1 1 1 T

-35 -30 -25 -20 -15 -1.0 -0.5 0.0 0.5
Apo (eV)

Fig. 3. Relaxed atomic structures of (a) perfect surface, (b) O, adsorbed on a Ni
site (P7), and (c) O, adsorbed on the Ni site adjacent to Vy; (P8). Gray and red
atoms represent Ni and O, respectively. (d) Surface free energy as a function of
Apo. Dashed and dotted lines indicate the O-poor and O-rich limits, respec-
tively. The top axes show corresponding O, pressures at 600 and 800 K.
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d) 1014 10-8 10-1 10 1010

1 1 1 1 1

O, Pressure at 600 K (atm)
10-22 104 10-% 10! 10%°

1 L 1 1 l
150 -

r?‘ 1254 _4
< 1

S 1004

¢ ]

LE, [ 1 == 0-poor
5 504 | - O-rich
BN 1 Vo

25 - : Opr@Ni
1 E O,@Ni-Vyi
0 ! T 1

1 T 1 1
-35 -3.0 -25 -2.0 -15 -1.0 -0.5 0.0 0.5
Auo (eV)

Fig. 4. Relaxed atomic structures of representative surface phases: (a) Vo
surface (P1), (b) Vo-healed surface with a bridging O atom adsorbed on a Ni site
(P6), and (c) O, adsorbed on the Ni site adjacent to Vy; (P8). Gray and red
atoms represent Ni and O, respectively. (d) Surface free energy as a function of
Apo. Dashed and dotted lines, respectively, indicate the O-poor and O-rich
limits. The top axes show corresponding O, pressures at 600 and 800 K.

this point, the system transitions from the perfect surface phase (gray
region in Fig. 3d) to phase P7 (red region), where an Oz molecule ad-
sorbs onto a surface Ni site with an adsorption energy of —-0.93 eV. A
second transition occurs at App ~ —0.21 eV (corresponding to 3.31 x
10% 4.59 x 104, 9.37 x 105, and 1.79 x 10® atm at 300, 400, 600, and
800 K), which is an unrealistic phase transition from phase P7 into phase
P8 (blue region). While the comparison of the formation energy of Vy;
suggests that O, adsorption promotes Vy; formation by lowering the Vy;
formation energy by 0.36 eV, from 3.57 to 3.21 eV. These findings align
with experimental observations reporting that excess Oy environments
increase Vy; concentrations, improving electrical and interfacial prop-
erties in photovoltaic devices [12].

Fig. 4 presents the surface phase transitions originating from the Vo
surface (P1) as the O partial pressure increases. Two major transitions
are observed within the examined range of Apo. The first transition
occurs at App ~ -1.84 eV, corresponding to Oy partial pressures of
approximately 1.05 x 102, 6.15 x 1072, 5.29 x 102!, and 6.55 x
107" atm at 300, 400, 600, and 800 K, respectively. At this point, the
system evolves from phase P1 (Fig. 4a and d, yellow region) to phase P6
(Fig. 4b and d, orange region). This transition proceeds via two distinct
steps: (i) one oxygen atom from the Oy molecule fills the original va-
cancy, and (ii) the second oxygen atom remains adsorbed at a bridging
Ni site. Step (i), the vacancy-healing process, is highly exothermic (-4.88
eV), while the adsorbed O atom in step (ii) is relatively unstable, with an
associated Vo formation energy of -1.20 eV, suggesting that it may
desorb or migrate under thermal excitation. As a result, the net energy
change associated with this process is —3.67 eV. This transition indicates
that very low concentrations of O partial pressure are enough to heal O-
vacancy on the surface. The second transition is observed at App ~ -1.22
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Fig. 5. Relaxed atomic structures of representative surface phases: (a) Vy;
surface (P2), and (b) O, adsorbed on the Ni site adjacent to Vy; (P8). Gray and
red atoms represent Ni and O, respectively. (c) Surface free energy as a function
of Apo. Dashed and dotted lines, respectively, indicate the O-poor and O-rich
limits. The top axes show corresponding O, pressures at 600 and 800 K.

eV, which corresponds to Oy partial pressures of 6.12 x 1072, 2.30 x
10721, 1.27 x 1071, and 4.01 x 107 atm at 300, 400, 600, and 800 K,
respectively. Here, phase P6 transitions into phase P8 (Fig. 4c and d,
blue region), the same final phase reached from the perfect NiO(001)
surface under O-rich conditions, as shown in Fig. 3c. This convergence
suggests that further increases in Oy partial pressure favor the adsorp-
tion of an additional Oy molecule, which promotes Vy; formation and
reflects a thermodynamically preferred pathway for Ni-deficiency under
oxidizing conditions.

Fig. 5 presents the surface phase transitions originating from the Vy;-
NiO(001) surface (P2) as the Oy partial pressure increases. A single
major phase transition is observed near the O-rich limit at App ~ -0.7
eV, corresponding to O, partial pressures of approximately 1.25 x 10713,
1.25 x 107,1.82 x 107}, and 2.95 x 10% atm at 300, 400, 600, and 800
K, respectively. At this point, the surface transforms from phase P2
(Fig. 5a and c, light blue region) to phase P8 (Fig. 5b and ¢, dark blue
region). In this configuration, an O, molecule strongly adsorbs onto a
surface Ni site adjacent to the Vy;, with an adsorption energy of —-1.40
eV. Compared to the corresponding adsorption on the perfect NiO sur-
face (-1.03 eV), the nearby Ni vacancy enhances the binding strength by
0.37 eV. This result highlights the increased chemical reactivity of Vy;
sites toward oxygen species, reinforcing their role in promoting p-type
conductivity in nickel oxide.

To investigate how surface defects and oxygen exposure influence
the electronic properties of NiO/NiOx(001), we computed the atom-
projected density of states (PDOS) for three representative surface ter-
minations: perfect, Vo, and Vy; surfaces with and without O, adsorption,
as shown in Fig. 6. For the ideal NiO(001) surface (Fig. 6a), the valence
band maximum (VBM) is dominated by O 2p states, and the conduction
band minimum (CBM) by Ni 3d states. The Fermi level lies at the top of
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Fig. 6. Atom-projected density of states (PDOS) for six representative NiO/NiO,(001) surface phases: (a) perfect surface, (b) Vo surface (P1), and (c) Vy; surface (P2);
and their corresponding Oz-adsorbed counterparts (d) O, on Ni site (P7), (e) bridging O on Ni site (P6), and (f) O, on Ni site adjacent to the Vy; (P8). Positive and

negative DOS values indicate spin-up and spin-down states, respectively.

the valence band, consistent with the known p-type semiconducting
nature of NiO. This band structure agrees with bulk NiO and previous
theoretical and experimental findings [36,37]. Upon adsorption of an Oz
molecule (Phase P7, Fig. 6d), the O 2p states from the O, interact with
the surface O and Ni states, leading to the formation of localized hy-
bridized states between 1.65 and 2.0 eV. These changes indicate charge
transfer from the NiO(001) surface to the O molecule, consistent with
the computed relative adsorption energy. Additionally, a sharp unoc-
cupied state just above the Fermi level corresponds to the characteristic
orbital of molecular O,. Despite these interactions, the overall band gap
of the system remains largely preserved.

When a Vg is introduced in NiO (phase P1, Fig. 6b), it results in a
localized defect state near the middle of the band gap. This state is fully
occupied, with the Fermi level pinned at its top edge. As such, it rep-
resents a deep, neutral defect level rather than a shallow donor. It may
act as a trap-assisted recombination center under photoexcitation or
charge transfer at the NiOy/perovskite interface. After O, adsorption on
the Vg surface (Fig. 6e), one oxygen atom fills the vacancy while the
other bridges adjacent Ni atoms (phase P6). The 2p states of the bridging
O strongly hybridize with the valence band, indicating restoration of the
lattice oxygen and the formation of deep gap states. These states may
function as acceptor-like trap states or serve as active sites for surface
chemical reactions.

The Vy; surface (phase P2, Fig. 6¢) exhibits a significantly modified
electronic structure compared to the perfect NiO(001) surface. The
removal of surface Ni atoms results in unpaired O 2p electrons, leading
to a downward shift of the valence band maximum (VBM) and the
appearance of shallow, broad-gap states approximately 2.58-3.28 eV
below the conduction band minimum (CBM), consistent with previous
reports on bulk vacancy defects [36,37]. Additionally, there appear
additional tail states near the VBM, acting as acceptor-like levels that
facilitate hole doping and thereby enhancing the p-type conductivity of
NiO. Following O, adsorption near the Vy; site (phase P8), in Fig. 6f,
sharp and narrow peaks appear at 1.86-2.10 eV above the Fermi level,
originating from the orbitals of the molecular O,. These highly localized
states, with little broadening, indicate minimal hybridization with the
substrate and suggest that O, retains its molecular character. These

features resemble those observed in the perfect surface case (Fig. 6d),
indicating that the adjacent Vy; does not significantly alter the electronic
interaction between O and the surface. The preservation of
molecular-like O, states and the absence of strong hybridization suggest
a physisorbed or weakly chemisorbed configuration. However, the
presence of the Ni vacancy still modifies the nearby electronic envi-
ronment, as evidenced by broader changes in the valence band and
enhanced spin asymmetry in the Ni 3d and O 2p states, which may in-
fluence surface reactivity under external stimuli.

Overall, these PDOS results support the thermodynamic and ener-
getic trends observed earlier. Surface-adsorbed O facilitates Ni vacancy
formation, leading to electronic structure modifications that strengthen
catalytic activity and p-type characteristics. In contrast, O vacancies
introduce trap states that reduce hole concentration, but these can be
mitigated through O or Op-driven vacancy healing. Perfect surfaces
exhibit only weak interactions with Oj, retaining their electronic
structure with minimal perturbation upon adsorption.

4.2. Surface phase diagram in N environment contribution

To understand the contribution of N3 gas to the surface stability of
NiO/NiOx(001), we constructed the surface phase diagram under a
background of fixed O partial pressure while systematically varying the
Ny chemical potential. This approach allows us to isolate the specific
effect of nitrogen species on surface thermodynamics.

Using the same three basis surface models, we evaluated the
adsorption and substitution behavior of nitrogen species on these sur-
faces. We first considered nitrogen substitution at surface oxygen va-
cancies (Vo) (Fig. 7b), motivated by experimental reports that N-doping
improves NiOx conductivity, particularly when introduced through
reactive nitrogen precursors such as guanidine nitrate [38]. However,
typical N-incorporation relies on processes generating reactive N spe-
cies, such as solution processing [38], reactive magnetron sputtering
[39], or RF sputtering in Ar-O2-N» plasma [40].

To assess ambient Ny doping during thermal annealing, which lacks
these reactive species, we examined N dissociation pathways on
NiOx(001), given its strong triple bond (gas-phase dissociation energy of
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Fig. 7. (a) NEB pathway and energy profile for Vp-assisted N, dissociation leading to the N-filled Vo (No) configuration, with the relaxed structure shown in (b) and
its atom-projected DOS in (c). Gray, red, and blue atoms represent Ni, O, and N, respectively. Panels (d—f) show the relaxed structures of the No@Ni, NO-N@Ni, and

N2@Ni-Vy; configurations, respectively.

9.76 eV [41]) compared to O5 (5.12 eV [42]).

DFT nudged elastic band (NEB) calculations reveal gas-phase disso-
ciation barriers of 6.03 eV for Oz and 10.77 eV for Nj, matching
experimental trends above. On the NiOy surface, direct N, dissociation
at Ni sites exceeds 13 eV (Figure S18), but Vp-assisted dissociation
lowers this to 4.74 eV (Fig. 7a). Despite the lower Vg-assisted barrier,
the total energy pathways favor Oz healing Vo (—4.87 eV net kinetic
barrier: Oz adsorption of —3.67 eV + Op, removal of —1.20 eV; see
Table 3, cases P4 and P6) over N2 doping (4.28 eV net kinetic barrier: N2
adsorption of —1.32 eV + dissociation of 4.74 eV + N removal of 0.86
eV; Fig. 7). These results demonstrate that ambient Ny cannot provide
atomic nitrogen, and therefore thermal annealing in N, does not result in
nitrogen doping. Instead, the role of inert N5 gas is primarily to influence
the O5 partial pressure and thereby tune the surface oxygen stoichiom-
etry [9].

As shown in the atom-projected DOS (Fig. 7¢), the N-filled Vo (Np)
configuration exhibits an electronic structure that is clearly different
from both the ideal surface and the O-filled vacancy. Specifically, the No
(magenta line) introduces a localized state around 2.33 eV above the
Fermi level, arising from hybridization with neighboring Ni and O
atoms. Unlike the perfect surface, where the valence band maximum is
primarily composed of O p orbitals (Fig. 6a), the Ng configuration shifts
the valence edge to be dominated by N p states.

Nitrogen incorporation as N*" substitutes 02 sites in the NiO lattice,
reducing Ni>" and increasing the concentration of Ni** to maintain
charge neutrality [38]. This mechanism enhances p-type hole transport,
analogous to the effect of Vyj-induced Ni®* formation. The PDOS
(Fig. 7¢) reveals that N-derived acceptor states lie ~0.5 eV above the
VBM, which at first glance appear to be “deep” hole traps. However,
transient absorption spectroscopy on NiO nanoparticles identifies
intrinsic Ni®* states at similar energies (0.3-0.5 eV above the VBM) as
beneficial surface hole reservoirs rather than detrimental traps [43].
Because these states exhibit slow recombination on the nanosecond
timescale, holes trapped in them can relax through Ni** intermediates
and subsequently reinject into neighboring Ni* sites. These surface
Ni** centers therefore act as transient storage sites that facilitate hole
hopping between NiO nanoparticles.

To determine the most reasonable and stable adsorption phases for
the Ny molecule, we select three relaxed configurations relevant to our
study. First, Ny adsorbs directly onto a Ni site (No@Ni, Fig. 7d). Second
is when one nitrogen atom adsorbs on a Ni site and the other fills an
adjacent Vo (No-N@Ni, Fig. 7d). Third is N, adsorption on a Ni site
adjacent to a Vi (N2@Ni-Vy;, Fig. 7e). The adsorption energies of these
cases are shown in Table 4.

A comparison of N3 and O3 adsorption on NiO/NiOy surfaces reveals
that O generally exhibits stronger chemisorption, particularly near Vy;
sites, as reflected by its substantially lower adsorption energies. In
contrast, Ny molecules tend to adsorb directly onto Ni sites rather than
bridge them like oxygen atoms, and their adsorption is typically weaker
due to nitrogen’s greater chemical stability.

Fig. 8 shows PDOS for the NiO/NiO4(001) surface in the three con-
figurations: No@Ni, No-N@Ni, and Ny@Ni-Vy;. In Fig. 8a, the adsorbed
No-related states (green line) appear as narrow, sharp peaks located
~4.3 eV above the Fermi level. These unbroadened features indicate
that the N, molecule retains much of its molecular character, with
negligible hybridization with surface Ni d or O p states. This behavior
reflects weak physical adsorption (physisorption), where van der Waals
interactions dominate, and charge transfer is minimal. No significant
modification of the electronic structure near the Fermi level occurs,
confirming the inert nature of N in this configuration.

In the Ny@Ni-Vy; configuration (Fig. 8c), a similar trend is observed.
The Ny PDOS shows localized states in the conduction band region,

Table 4
Summary of point defect formation and adsorption energies for N» molecule on
NiO/NiO4(001) surfaces.

Category Phase Description Energy Energy
Type (eV)
Defect Vni adjacent to Np-adsorbed site AEs 3.50
Formation

N, Adsorption No with N-on-Ni site (No-N@Ni) AEqq 4.43
N,-on-Ni site (No@Ni) AEqq -0.26
N,-on-Ni site adjacent to Vy; AEgq -0.33
(N2@Ni-Vni)
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Fig. 8. Atom-projected density of states for the three main studies of NiO/
NiO4(001): (a) No@Ni, (b) No-N@Ni, and (c) No@Ni-Vy;. Positive DOS corre-
sponds to spin-up states, while negative DOS represents spin-down states.

distinct from the surface Ni and O states. The presence of a Vy; does not
significantly enhance chemical interaction with Ny, although some weak
modulation of the nearby Ni d states can be seen. This suggests that the
presence of a Vy; slightly perturbs the electronic environment but does
not lead to substantial chemisorption or electronic reconstruction. In
contrast, No-N@Ni configuration (Fig. 8b) reveals a fundamentally
different interaction. In this configuration, the PDOS contributions from
the adsorbed N atom and Ng show broader features near the Fermi level
and valence band edge, indicating orbital hybridization. As in the iso-
lated Ng case in Fig. 7¢, the Np-induced acceptor states reside ~0.3 eV
above the valence band maximum. This condition is accompanied by
noticeable hybridization between N p, Ni d, and O p orbitals, particularly
in the range from 0 to 1.6 eV. The result is a moderate modification of
the valence band edge, with new states that could enhance hole con-
ductivity. Importantly, the No defect partially compensates for the deep
states introduced by the Vg (Fig. 6b), mitigating their recombination
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activity and restoring favorable p-type behavior. However, this config-
uration is unlikely to form during thermal annealing due to its high
formation energy of 4.43 eV.

These findings highlight the critical role of atomic nitrogen rather
than molecular N, in modifying the electronic structure of NiOy surfaces.
While molecular Ny adsorption shows minimal interaction, atomic ni-
trogen can chemically bond at Vj sites, without causing noticeable lat-
tice distortion. However, effective nitrogen incorporation requires
methods that generate reactive atomic nitrogen [38-40,44]. This finding
provides a valuable strategy for engineering the surface properties of
NiOy in electronic and photovoltaic applications.

We further performed adsorption studies under O-rich and O-poor
conditions to study the phase changes under specific oxygen conditions.
For the NiO/NiOx(001) surface in an Ny environment, Apy can theo-
retically decrease without bound®. However, we defined a practical
range constrained by oxygen:3.3 eV < App < 0; nitrogen: Apy < 0), we
limit Apy to —3.3 eV, aligning with the O-poor limit. Notably, no phase
change occurs below App = -2.0 eV in an O, environment.

In Fig. 9, dots and solid lines represent adsorption phases under O-
rich and O-poor conditions, respectively. The brown line corresponds to
molecular N5 adsorption on a perfect NiO(001) surface, which is largely
insensitive to the Oy partial pressure, indicating a weak interaction with
minimal competition from oxygen. In contrast, the magenta line (No-
N@Ni) shows increasing surface free energy under O-rich conditions,
suggesting that this configuration becomes less stable as oxygen com-
petes to occupy the same vacancy sites. This reduced stability reflects a
reduced tendency for nitrogen incorporation via defect healing in high-
oxygen environments. The green line (N2@Ni-Vy;) exhibits the opposite
behavior: Ny adsorption becomes more favorable with increasing oxy-
gen potential, as indicated by decreasing surface free energy. This
phenomenon could be due to an indirect stabilization effect where O-
rich conditions enhance local Vy; structures that favor No adsorption.
Finally, the violet line (Np) becomes significantly less favorable under
O-rich conditions due to strong competition from oxygen, which prefers
to occupy its native lattice sites and suppress nitrogen incorporation.

We summarize the key findings from Fig. 9 as follows: under O-poor
conditions, the most stable phase at high N2 concentration is the N2-on-
Ni configuration, whereas under O-rich conditions, molecular N
adsorption on both perfect and Ni-deficient surfaces (brown and green
lines) remains energetically comparable, indicating that these phys-
isorbed states dominate when oxygen competes for vacancy sites.

N, Pressure at 800 K (atm)
108 10° 107 1016

1 1 1 1
N, Pressure at 600 K (atm)
10715 10-4 10° 10%7

700 1 II : 1 1 :
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Fig. 9. Surface phase diagram of N, adsorption on the NiO/NiO4(001) surface
under O-rich and O-poor conditions. Dots and solid lines represent NiO/NiOx
phases at the O-rich and O-poor limits, respectively.
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These results emphasize the interplay between O, and Ny partial
pressures in stabilizing or suppressing different nitrogen adsorption
configurations. For effective nitrogen doping or defect passivation in
NiOyx, maintaining an O-poor atmosphere is crucial, particularly when
aiming to introduce nitrogen into oxygen vacancies or form chemically
bonded N-O complexes.

4.3. Surface phase diagram in (Auo,Apn) space

In this section, we extend our investigation into a coupled O, and Ny
environment by constructing a comprehensive surface phase diagram of
the NiO/NiOx(001) surface. Unlike in previous sections, where only a
single gas environment was considered or one species was treated as a
fixed reference, this section’s analysis captures the full thermodynamic
interplay between App and Apy. Fig. 10 presents the surface free en-
ergies of ten representative surface configurations in the App and Apy
space. This three-dimensional phase diagram offers a more complete
understanding of the phase stability and transformation pathways of
NiO/NiO(001) surfaces under varying O, and N3 conditions, providing
a useful guide for surface engineering strategies such as post-deposition
annealing or doping.

Based on the surface free energies in Fig. 10, the resulting surface
phase diagram is plotted in Fig. 11, where the lower limits of App and
App have been adjusted to -0.7 eV and —0.3 eV, respectively. This two-
dimensional surface phase diagram is constructed by selecting only the
lowest energy phase for each (App, Apy) grid point. To simplify the
analysis, we exclude minor phases that appear at phase boundaries due
to their transient and unstable nature. Four dominant surface phases are
identified and analyzed in terms of their dependence on oxygen and
nitrogen chemical potentials: No@Ni-Vy; (green), No@Ni (brown), Vy;
(light blue), and O2@Ni-Vy; (blue). The distinct regions indicate the
thermodynamically favored phases, with corresponding Oy and Ny
partial pressure scales at 300 and 600 K (calculated via Egs. (7) and (8))
to facilitate translation to experimental conditions. The analysis covers
the typical annealing range of 300-800 K, with additional data provided
in Figures $12-S17 of the Supporting Information.

Fig. 11 summarizes the surface stability regions as functions of Apgp
and Apy. Under O-poor conditions (App < —0.47 eV), the N2@Ni-Vy;
configuration is the most stable, reflecting the strong preference of N2 to
bind at Ni-vacancy sites when oxygen is scarce. As Apy increases, the
surface shifts briefly to the N.@Ni phase, although this region is

N,@Ni
No-N@Ni

Ny @Ni-Vy;
Perfect surface

paoanoomna

Fig. 10. Surface free energies of the ten stable geometries as a function of Apo
and Apy. Colors indicate the corresponding surface phases: brown (N,@Ni),
magenta (No-N@Ni), green (No@Ni-Vy;), grey (perfect surface), yellow (Vop),
light blue (Vy;), red (O>@Ni), orange (O,), blue (O,@Ni-Vy;), and violet (No).

10

Surfaces and Interfaces 88 (2026) 109055

thermodynamically narrow. In the intermediate region (—0.47 eV < Apo
< —0.20 eV), the bare Vy; surface is thermodynamically favored. At
higher oxygen chemical potential difference (App > —0.20 eV), the
0O:@Ni-Vy; phase becomes dominant, with O: strongly stabilizing Ni
vacancies.

Temperature affects the mapping between chemical potentials and
gas partial pressures. At higher temperatures, the same Apg corresponds
to higher Py,, shifting the experimentally accessible 1-atm line toward
more O-poor regions. Under realistic annealing conditions (107°-1 atm
of Py, ), the stable high-temperature phase is typically N2@Ni-Vy;. Upon
cooling to room temperature, the system enters the stability region of
the Vy; surface, consistent with reports that high-temperature annealing
promotes Ni-vacancy formation [12]. Under O-rich annealing, the sur-
face converges to the O@Ni-Vy; state, which remains stable upon
cooling due to its broad thermodynamic stability region.

We note that several phase boundaries occur at oxygen partial
pressures as low as 107>* atm. While these regions follow from the
thermodynamic formalism, they are not experimentally accessible and
should be interpreted only as limiting cases. The phases most relevant to
experiments are those stable between 107 and 1 atm, where our model
predicts transitions between N2@Ni-Vy;, Vi, and O2@Ni-Vy; depending
on oxygen stoichiometry.

These findings provide important guidance for the controlled engi-
neering of NiOy surfaces, especially in applications involving post-
deposition annealing, doping, or catalytic activation. The predomi-
nance of Vyj-related phases across wide ranges of App and Apy suggests
that defect-assisted adsorption processes are central to surface reac-
tivity. In particular, the enhanced stability of Ny and O, molecules near
Ni vacancies emphasizes the functional role of intrinsic defects in
modulating chemical interactions on the surface. Moreover, the ability
to selectively stabilize different surface phases by adjusting the O2/Ng
ratio and temperature presents a powerful strategy for engineering
surface electronic properties. For example, the Vy; phase is beneficial for
p-type conductivity, while molecular nitrogen incorporation near va-
cancies may tune surface dipoles or introduce shallow acceptor states,
relevant for photovoltaic or sensing applications.

4.4. Discussion and outlook

NiOx is a complex material system that may contain multiple nickel
oxide phases (NiO, NiOy, NiOOH) [45]. Here we focus on pure NiO to
establish a clear atomic-scale understanding of surface defects under
0O,/N5 environments. Experimentally, NiOy films exhibit a VBM of
~5.2-5.3 eV [9,46], close to MAPbI3 (~5.2 eV) [47]. Early NiOy/-
MAPbDI; devices therefore attempted to raise the NiOx VBM (via O-poor
annealing) to minimize the hole-injection barrier [9]. Our results,
however, show that if Vg are not healed by ambient oxygen, they reduce
p-type conductivity and introduce mid-gap trap states—explaining the
poorer fill factor and stability commonly observed in early MAPbIg
devices.

In modern, high-efficiency triple-cation perovskites, the perovskite
VBM is substantially deeper (5.3-5.7 eV) [48]. For such absorbers, NiOx
must instead have a deeper VBM to achieve favorable band offset and
suppress interfacial charge accumulation. To examine relative VBM
shifts among our NiO surface phases, we aligned the PDOS using the
deep O 2s state as a reference. A summary of the VBM shifts for all
configurations is presented in Fig. 12. We find that Vy;-containing sur-
faces—regardless of Ny or Oy adsorption—exhibit a downward VBM
shift of —0.04 to —1.4 eV. These trends are in excellent agreement with
experiments reporting VBM lowering under O-rich conditions (e.g.,
Haider et al. showed a 0.1 eV downward shift [9]) and PLD studies
where higher O partial pressure deepens the NiOyx VBM [11].

Although substitutional nitrogen produces acceptor and tail states
consistent with Ni®*-related surface states observed by D’ Amario et al.
[43], it unexpectedly raises the VBM by ~0.4 eV in our calcu-
lations—opposite to the downward trend reported by P. Zhou et al. [38].
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Fig. 11. Surface phase diagram of NiO/NiOx(001) in (Apo, Apn) space, highlighting four dominant surface phases across the range from O/N-poor to O/N-rich limits.
Additional axes provide corresponding pressure scales at 300 and 600 K. Small-phase coexistence near phase boundaries is considered negligible.
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Fig. 12. Valence band maximum (VBM) shift for various NiO surface configurations, including pristine surfaces, oxygen vacancies (Vo), nickel vacancies (Vyy), and
adsorbate-modified structures (O», No, and N5). Positive values indicate upward band-edge shifts, while negative values correspond to downward shifts.

Combined with our NEB results showing that N, cannot dissociate to
form N during annealing, this suggests that reported “N-doping effects”
likely stem from other NiOy phases (NiO3/NizO3) or from processing
additives such as guanidinium, consistent with recent findings [49].

While O-rich annealing deepens the VBM and increases hole con-
centration through Vy; formation, excessive Ni3t/Nitt species can
become chemically reactive toward perovskites, accelerating degrada-
tion [45]. Therefore, the optimal O2/Ny ratio must balance vacancy
healing, p-type enhancement, and interfacial chemical stability. For
MAPbI;, for instance, a ratio of O3/(0O2+N3) ~ 30% has been reported to
yield the best fill factor and device efficiency [12].

In summary, controlled oxygen stoichiometry is key not only for
tuning band alignment and hole extraction but also for preparing a
buried NiOy/perovskite interface that promotes large perovskite grains,
reduced trap density, and improved device stability. These insights
connect atomic-scale defect energetics directly to experimental trends in
power conversion efficiency, fill factor, and long-term stability.

11

5. Conclusions

In this study, we employed density functional theory combined with
ab initio atomistic thermodynamics to investigate the thermodynamic
stability of NiOyx (001) surfaces in Oy and Ny gas environments, condi-
tions relevant for post-deposition annealing in perovskite solar cells. A
key methodological advancement introduced here is the SFAE method,
which enables efficient and accurate surface free energy calculations for
asymmetric slab models, providing a robust alternative to the conven-
tional symmetric slab approach.

Our comprehensive surface phase diagrams reveal that oxygen-rich
environments promote the formation of Ni vacancies and facilitate the
healing of oxygen vacancies via Oy adsorption, enhancing p-type con-
ductivity in NiOy. While substitutional N at oxygen vacancy sites is
predicted to introduce acceptor-like states that could enhance hole
transport, our results demonstrate that thermal annealing in N, cannot
provide the reactive atomic nitrogen needed to form these defects.
Consequently, effective N incorporation must rely on processes that
supply activated nitrogen species, such as solution additives or plasma-
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or sputter-based methods. Importantly, molecular N, adsorption was
found to be weak and reversible, suggesting that only atomic nitrogen
species — not molecular N>—can meaningfully modify the electronic
structure of NiOy surfaces.

By systematically exploring the thermodynamic landscape as a
function of O3 and N5 chemical potentials, we identify optimal gas-phase
conditions and temperatures to stabilize desirable surface terminations.
These insights provide valuable guidelines for tailoring NiOy surface
chemistry during annealing, with direct implications for improving the
performance and stability of NiOy-based hole transport layers in inver-
ted perovskite solar cells. Furthermore, the methodology developed in
this work offers a general framework for surface phase prediction in
multicomponent gas environments and can be extended to other cata-
lytic or electronic oxide materials.
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