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Doped Nickel Oxide Carrier-Selective Contact
for Silicon Solar Cells: A Computational Study

Md. Anower Hossain, Tian Zhang, Yahya Zakaria, Daniel Lambert, Patrick A Burr, Sergey N
Rashkeev, Amir Abdallah, and Bram Hoex

Abstract—Transition metal oxides such as MoQOs3, WO3,
V205 and NiO have shown potential as hole-selective
passivating contact for silicon (Si) solar cells. Among them,
NiO is a notoriously poor hole-conducting semiconductor.
Doping of metal oxides with multivalent metal cations is an
effective method to modify their electronic properties
because dopant-induced favorable defect states play crucial
for charge carrier transport in device applications. We use
first-principles density functional theory (DFT) to identify
suitable metal cations that favorably affect the hole-
conducting properties of NiO. We identify Al, Mg and Zn
as suitable dopants for NiO, improving ohmic contact
properties with c¢-Si. Subsequently, Al-doped NiO
(ALNiyO) films were synthesized onto c-Si using an atomic
layer deposition supercycle approach. The ALNiyO films
showed a contact resistivity of 41.6 - 113 mQ c¢m? with c-Si
after annealing at 200-300 °C, in contrast to undoped NiO
where no ohmic contact could be formed. This in-depth
computational study followed by the experimental synthesis
of ALNiyO films remove a critical barrier for the future
applications of NiO based carrier-selective passivating
contacts for c-Si and other types of solar cells, as well as
providing a path for the optimization of other functional
materials.

Index Terms—Density functional theory (DFT), Nickel oxide
(NiO), p-type conductivity, Passivation contact, Si photovoltaics,
Density of states (DOS)

I. INTRODUCTION

Transition metal oxides (TMOs) are low-cost, earth-
abundant semiconducting materials, which are important for a
wide range of applications, such as water splitting,[1] gas
sensing,[2] solar cells,[3-7] electrocatalysis,[8] energy
storage,[9] and electrochromic displays.[10] TMOs may
contain inherent, intrinsic vacancies and interstitial defects and
extrinsic impurity-related defects, which significantly affect
their electronic and optical properties. Therefore, extensive
efforts have been taken to study defects in the TMOs to identify
favorable combinations of defects and impurities that can
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significantly improve the final device performance. TMOs with
a large work function and shallow defect states close to their
conduction band (CB) or valence band (VB) are needed for an
efficient collection of photogenerated charge carriers from
crystalline silicon (c-Si). For NiO, shallow defect states at the
VB are required as it is an appealing hole-collector due to its
small band offset with the ¢-Si VB.[11]

Stoichiometric NiO is a Mott-Hubbard insulator[12] with an
extremely low electrical conductivity ( <107* Q! cm™) at room
temperature.[13] However, a typical NiO film is non-
stoichiometric and contains nickel vacancies (Vi), which are
charge compensated by holes localized at Ni sites (Ni**) when
the film is grown in excess oxygen conditions. These intrinsic
defects make NiO a p-type semiconducting material with a hole
mobility of 1.15x10° m? V-'s.[14] The reasonable hole
conductivity combined with a relatively large bandgap of 3.4 —
4 eV,[3] makes NiO a favorable hole-transporting material for
perovskite,[6, 15] quantum-dot,[7] and silicon solar cells.[4]
However, both a poor material conductivity plus intricate defect
chemistry at the NiO/c-Si interface limit the power conversion
efficiency of NiO-based silicon solar cells.

It is well known that the incorporation of extrinsic defects
can change the electronic properties of semiconductors. It has
been shown that substitutional Li, Na, and K on Ni-sites
significantly increase the hole concentration in NiO as all of
these atoms are all monovalent in contrast to Ni, which is
typically divalent. In the case of Li, which has a similar ionic radius
(0.76 A) compared to Ni** (0.69 A), the increased concentration
of trivalent Ni thereby further enhances the NiO p-type
conductivity (up to 11.2 S.em™), work function (up to 5.04 eV)
as well as the hole concentrations (up to 6.13 x 10?").[16]
However, Li-doped NiO is shown to have a low charge carrier
mobility of 5103 m? V! s7![16] and its integration in an n-type c-
Si heterojunction solar cell only resulted in a modest champion
efficiency of 6.3%.[17] Incorporation of Na and K improves the
p-type conductivity of NiO film with resistivity values of
11.57 Qcem and 23.7 Q cm, respectively, along with high
transparency in the visible light region of the solar spectrum and
an increased carrier concentration of 3x10'® - 7.18x10!° ¢m™
compared to undoped NiO films.[18, 19] However, the carrier
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mobility of the K-doped NiO films is affected by the relatively
large ionic radii of K* (1.3 A) compared to Ni*" (0.69 A).
Despite the enhancement of electrical properties, the use of
alkaline metals doped NiO films in solar cells has not yet been
reported.

The incorporation of Cu, Zn and Al into the NiOyx has been
reported to enhance charge carrier concentrations and
consequently the electrical conductivity of NiO.[4, 20] A
significant increase of carrier concentration and bandgap
narrowing were reported for sputtered Al-doped NiO films by
Nandy et al.,[21]; however, a theoretical study is needed for a
better understanding of the doped material. Yang ef al.[4]
showed that doping of NiO with Cu increased its work function
from 4.34 eV for pure NiO to 4.58 eV, its carrier concentrations
up to 1x10" cm, and conductivity up to ~50 S cm™! for 27.1
at% Cu-doped NiO. Silicon solar cells with a Cu-doped NiO
hole collector had a significantly lower series resistance (Ry)
and saturation current density (Jy) than their counterparts with
undoped NiO resulting in a champion efficiency of 9.1%.[4]
These promising results suggest that even though various
groups have successfully altered the electronic properties of
NiO, there is still room for improvement to reach its full
potential in silicon solar cells. We recently demonstrated a
thermally stable Zn-doped NiO film with a low contact
resistance of ~20 mQcm? on c-Si, thus showing NiO-based
passivity's potential hole-contacts for c-Si solar cells.[22]

NiO with an enhanced hole-conductivity and narrow VB
offset with p-Si is needed to improve carrier separation and
collection efficiency of NiO/c-Si heterojunction solar cells.
First-principles density functional theory (DFT) calculations, a
reliable theoretical tool that complements experiments by
materials properties prediction, were carried out to identify
potential dopants for increasing the conductivity of NiO. In this
work, we first present DFT calculations of NiO host lattice with
extrinsic W, Ta, Nb, Mo, Si, Sn, Ti, Sr, Zn, Al, Mg and Hf
dopants with a particular focus on their solubility and their
effect on the electronic and optical propertics. We show that
these metal dopants can change oxidation states with respect to
the host metal cation (Ni**) of NiO and Fermi level-dependent
electronic properties of the doped NiO. To the best of our
knowledge, a systematic DFT defect study on NiO doping has
not been reported to date. Subsequently, Al-doped NiO films of
selected film compositions were synthesized onto c-Si using an
atomic layer deposition (ALD) supercycle approach. The
ALNi,O films were found to have a low contact resistivity on
¢-Si contact in good agreement with the DFT calculations.

II. METHODOLOGY
A. Computational Details

The computational work was carried out by the first-
principles density functional theory (DFT) approach using the
projector augmented wave (PAW)[23] pseudopotentials as
implemented in the Vienna Ab-initio Simulation Package
(VASP).[24] For each element considered in this study, the
number of valence electrons in the pseudopotentials is shown
in parentheses: Ni (10), O (6), Zn (12), Al (3), Hf (12), Mg (8),
Mo (12), W (12), Nb (13), Si (4), Sn (14), Sr (10), Ta (11) and
Ti (12). The interaction between the valence electrons was first
described by the generalized gradient approximation (GGA) as
formulated in the Perdew-Burke-Ernzerhof (PBE) density

functional,[24] and selected calculations were repeated with the
hybrid functional of Heyd—Scuseria—Ernzerhof (HSE06).[25]
A kinetic energy cutoff of 520 eV was used throughout. This
yielded a total energy convergence within 1 meV, consistent
with previous work on TMOs.[22, 26, 27] Integration over the
Brillouin zone for the 2x2x2 NiO supercell (64 atoms) was
performed using a 5x5%5 k-point mesh generated by within the
Monkhorst-Pack scheme, with Gaussian smearing of 0.01
eV.[28] The electronic density of states (DOS) was computed
using the tetrahedron scheme, and all calculations were spin-
polarised because of the antiferromagnetic magnetic structure
of the bulk NiO.[29] The rotationally invariant on-site Coulomb
correction (GGA+U) was applied to the Ni 3d orbital using
Dudarev’s formalism,[30] with a U value of 5.3 eV, in line with
published values.[31]

Intrinsic vacancies of nickel (Vi) and oxygen (Vo), and
substitutional extrinsic dopants were considered. The defectless
supercell was fully relaxed (lattice parameters and atomic
positions) until the energy difference between ionic steps was
below 1x10° eV, and forces on all ions were less than 1 meV/A.
The electronic convergence criteria were set to 1x10® eV.
Defect calculations were performed at a constant volume (only
atomic positions were relaxed) to emulate better dilute
conditions. As shown in Table 1, most previous DFT studies
used 32-128 atoms NiO supercells, where the choice of
exchange-correlation functionals and k-points sampling were
varied. Therefore, the suitability of the chosen supercell size for
modelling point defects was verified by comparing the
formation energy of All\?i defects (charged and charge-neutral)
obtained from the 64-atom supercell with those of the 512
atoms NiO supercells. As shown in Table 2, the difference of
formation energy among these supercells was reasonably small,
confirming that the 64-atom supercells were adequate.[32] This
was a necessary compromise in computational intensity to
investigate the large set of dopants considered here in the
various charge states.

Table 1. Computational parameters used for DFT modeling of NiO as reported
in the literature.

Year  Level of theory No. of  k-points Ecuworr  Defects
atoms (eV) [Ref]
1999 LDA, PW91 64 4x4x4 400 Cu [33]
2007 PBE 64, 128 4x4x4, 400 Intrinsic [34]
2X2x2
2008 PBE+U(5.3e¢V) 64 5x5x5 500 Intrinsic [35]
2017 PBE 32 4x4x4 520 Fe [36]

Table 2. Formation energy of All\?i in 64 and 512 atoms NiO supercells at O-
rich conditions. The Fermi levels are referenced to Evgy of undefective
supercell for ¢ =0 and +1.

Size of supercells k-points ET (ALY (eV) ET(Aly) (eV)
2x2x2 (64 atoms) 5x5x5 1.11 -1.81
4x4x4 (512 atoms) Ix1x1 1.31 -1.96

The formation energy E' (Dl\?i) of charged intrinsic and
extrinsic defects in NiO were calculated following Eq (1),[26,
27, 37]

Ef(DG) = ED(q) — ERSS' + ¥ nip; + q(Eypwm + ) + A9 (1)

where ED, (q) represents the total energy of a defect
containing NiO supercell with charge ¢, the E[95¢ is the energy
of a perfect NiO supercell of the same size, n; and y; are the

number of atoms of a species i removed from or added to the



Page 3 of 37
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

oNOYTULT D WN =

supercell, and the corresponding chemical potential of the atom,
respectively. The electron chemical potential (p,.) represents
the Fermi level referenced to the valence band maximum
(Evem) of an undefective NiO crystal, where p, was varied from
0 to the calculated bandgap energy of NiO (3.2 eV). The last
term in Eq (1) represents the energy corrections needed for the
charged defects to counter the self-interaction originated from
the periodic boundary conditions of finite supercells. The
charge states of defects were set by removing or adding
electrons from the considered supercell. The Madelung
potential of the 64 and 512 atoms NiO supercells was calculated
to be 0.0585 eV and 0.0292 eV, respectively, using the DFT
calculated macroscopic static dielectric constant € = 5.79 which
is close to the experimental value of ¢ = 5.7.[38] This small
Madelung potential implies that the charge-charge self-
interaction is small. Nevertheless, we introduced an image-
charge correction to minimize the long-range Coulomb
interaction for the charged defects and its periodic image. We
utilized the Lany and Zunger correction,[39] calculated by non-
cubic adaptation code, DeFAP, as implemented by Hine and
Murphy, which is 0.65 times the Coulomb-only point charge
correction schemes to account for potential alignment,[40] to
the formation energy calculated using the 64 atom supercell.

The chemical potential (¢;) of Ni, O, and extrinsic metal
cations were calculated using the literature method.[26, 37]
This method assumes that the transition metal dopants are in
thermodynamic equilibrium with a reservoir of TMO when they
are synthesized under O-rich conditions, which is the case for
most NiO films. Commonly, the chemical potential of the
defective species is calculated through DFT simulations of their
oxide. However, these metal oxides often require an additional
U parameter of a different value from that used to simulate the
dopant in NiO, which causes a problem in comparing the
formation energy across different phases. Instead, the chemical
potential can be written in terms of the Gibbs free energy of
formation of the respective binary metal oxide (MxOy) in the
standard growth conditions (T° = 298.15 K, and p03 = 1 atm),
as follows:

MyO
AGE ™ (03, T%) = Hwyo,s) = XHm(s) — 5 Ho, (03, T°) (2)

where () is obtained from the DFT calculation of the
parent metal crystal (e.g., fcc Ni), and the Gibbs free energy
AG]vaXoy(pOO,TO) was taken from the standard free energy
tables.[41] Compared to a gaseous phase, the dependence of a
solid phase on temperature and partial pressure can be
considered negligible. The chemical potential of the
constituents M and O must be equal to the chemical potential of
M, Oy; therefore, it can be written as follows:

HMy0y(s) = XHM(My0y) T YHoMy0y) 3)

When the M, 0, is in thermodynamic equilibrium with the
environment, then the oxygen chemical potential at a
temperature (7) and oxygen partial pressure (pO,) can be
written as

1
Hoyo,) (P02, T) = > o, g (P02, T) “4)

From the equation (3) and (4), the yy at T and pO, can be
written as:

1
Hm(myo0,) P02, T) = ;(#Mxoy(s) - %#Oz(g) (pOZ,T)> (%)
Combining the equation (2) and (5), the uy in M0y (s) can be
written as:

1( . MyO
Hu(my0,) (P02, T) = ;(AGf Y03, T%) + xpys) +

%”Oz(g) (p03,T°) — %#Oz(g) (PO, T)) (6)
where, the fig, g at a nonstandard condition T and pO, is
obtained from the rigid-dumbbell ideal gas model.[26, 42, 43]

This approach ensures the consistency of the y; of constituent
elements for subsequent defect formation energy calculations.

B. Synthesis of the ternary Al:Ni,O by ALD

The ALNi,O films were synthesized by ALD onto single-side
polished 500 um thick Czochralski (Cz) Si wafers and double-
side polished 180 pm thick 2.0 Q cm p-type Cz Si wafers for
material characterization and contact resistivity measurements,
respectively. The c-Si wafers were cleaned using a standard
Radio Corporation of America (RCA) cleaning with or without
a final dip in 2% w/v HF solution to either remove or
intentionally leave the native SiO» layer onto c¢-Si prior to the
deposition of ALNi,O films. The ultrathin native SiO» resulting
from the RCA process acts as a nucleation site for the initial
growth of the TMOs. The AlNi,O was deposited using the
ALD supercycle approach considering the growth rate per cycle
(GPC) of the constituent involved oxides.?*?* For example, to
deposit the Al-doped NiO, bis-(N,N'-di-t-butylacetamidinato)
nickel (II) (NiAMD), trimethyl aluminum (TMA) and H,O
were used as precursors for Ni, Al and O, respectively, at a
deposition temperature of 150 °C. Based on the GPC of NiO
and AL,Os, the ALD super-cycles was varied to obtain different
Al content into the ternary NiO. An Al,O; to NiO cycle ratios
of 1:50, 1:25 and 1:10 were used to achieve different Al
concentrations into the films.

The deposited films were characterized by spectroscopic
ellipsometry (SE), X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), time-of-flight
secondary ion mass spectrometry (ToF-SIMS), transmission
electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), and contact resistance measurements. The
XPS measurements were conducted using Escalab 250Xi, and
spectra were analyzed using the Avantage software. The hole
selectivity was evaluated by using the Cox and Strack method,
where Pd/Ag bilayer was deposited by e-beam and thermal
evaporation, respectively. The thermal stability of the contact
was measured by annealing the samples in a rapid thermal
process system (RTP-600xp) in a 5000 sccm N, atmosphere for
10 min at different temperatures of 180 — 400 °C.

III. RESULTS AND DISCUSSION
A. Structural properties of pure NiO

Localized d-electrons of transition metal cations result in a
large local magnetic moment and magnetic ordering. At room
temperature, NiO has the sodium chloride (NaCl)-type crystal
structure with the space group of Fm3m where atoms are
arranged in octahedral coordination and exhibits spin
polarization with antiferromagnetic (AFM) ordering on the Ni
sublattice, up to the Néel temperature of 523 K.[44] Two AFM
structures, called AFM-I and AFM-II, following the
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nomenclature of previous studies [45] were considered (Figure
1). Magnetic moments in the AFM-II structure were alternated
across neighboring (111) planes. Of the two structures
considered, the AFM-II resulted in the lowest energy in the
DFT calculations, in agreement with the literature.[34, 46]
Therefore, all further calculations were conducted considering
the AFM-II NiO magnetic structure. A slight distortion of the
cubic crystal lattice was also observed due to the AFM
arrangement of the spin on the Ni atoms, leading to a
rhombohedral lattice. This distortion is also consistent with the
published literature.[46]

(a) AFM-I

DFT: ¢ (Zn-IAl)-doped NiO

Figure 1. Magnetic ordering of a pristine NiO 2x2x2 supercell with (a) AFM-
I and (b) AFM-II configurations. The translucent blue and green planes
represent planes of atoms with the same spin; these are along the (100) and
(111) planes for AFM-I and AFM-II, respectively.

The GGA+U calculated lattice parameters, Ni-O bond
lengths, local magnetic moments, and bandgap energies of NiO
are listed in Table 3. The relaxed lattice parameter for the bulk
AFM-II NiO structure was found to be 4.18 A, which matched
well with an experimental lattice of 4.17 A,[31] and with
previous DFT studies. The calculated Ni-O bond length of 2.09
A and local magnetic moment on Ni atom of 1.69 uB for the
pristine NiO are also in good agreement with experimental DFT
literature.[47] The calculated bandgap of 3.2 eV for the pristine
NiO is smaller than its experimental counterpart of 3.6 —4.3 eV,
which is not unexpected as semi-local DFT often
underestimates the bandgap of metal oxides,[48] and is
corrected when a hybrid functional is used instead (4.6 eV, from
our HSEO6 calculations). As shown in Table 3, the structural
properties of NiO from GGA+U calculations with an

appropriate U parameter were comparable to data obtained
from the HSEQ6 hybrid calculations.

Table 3. DFT calculated data compared to the experimental lattice parameter,
bandgap, and local magnetic moment on Ni atoms for a perfect NiO with AFM-
1I structure.

Lattice | Bandgap Ni-O Ni Ref.
(A) (eV) bond magnetic
length moment
A) (uB)
This work 3.20 2.09 1.69
GGA+U 4.18
(5.3)
This work 4.18 4.60 2.09 1.65
HSE06
GGA+U 4.20 3.20 1.69 [31, 34,
(5.3) 36]
GGA+U 4.19 3.53 1.67 [34]
(5.3)
GGA+U 4.19 3.10 1.69 [35]
(5.3)
HSE06 4.18 4.10 1.66 [31]
Experiment 4.17 3.60 1.64-1.9 [49, 50]

B. Intrinsic defects properties of pure NiO

The electronic density of states (DOS) of a pristine 64 atoms
NiO supercell, presented in Figure 2(a), shows that the VB
predominantly consisted of O 2p and Ni-3d states and reflected
the covalent bonding nature originated from significant
hybridization between the Ni 3d and O 2p orbitals. However, as
shown in Figure 2(b), the O 2p contribution dominated the
VBM, confirming its charge-transfer and Mott-Hubbard type
characteristics. A wide VB of 6.9 eV was observed, as well as
a CB dominated by the Ni-3d states, both of which agree with
the literature.[33][34] As the p-type characteristics of NiO is
resulting from its non-stoichiometry, the DFT calculations were
first focused on intrinsic Vni and Vo defects to reveal the
electronic properties of NiO. Interstitial defects of Ni and O are
unlikely to form spontaneously because of the high defect
formation energies originated from the densely packed NaCl-
type structure.[35] The band structure also reveals the indirect
bandgap,[51], where the bandgap was determined by the
highest VB states and the lowest CB states resulting from O 2p
states and Ni 3d states, respectively.

The transition level diagram (Figure 3) shows the formation
energies of intrinsic Vo and Vy; at various charge states under
O-rich conditions. Excess oxygen in NiO is accommodated
chiefly by nickel vacancies (Vy;),[52] charge-compensated by
holes, resulting in a p-type conductivity at higher pO,.[52] As
shown in Figure 3, the formation energy of Vo ranges between
525 — 6.52 eV. V3’ is more stable at low Fermi levels,
transitioning to Vg at Er = 0.12 eV and then charge-neutral
oxygen vacancy (V) at E,=1.15 eV. While V3" and V{ defects
are expected to experimentally form at low Fermi energies
(<1.15 eV), the V§ can only be stable at high Fermi energies
(Figure 3). It is worth to point out that irrespective of charge
states, all Vo are highly unfavourable and experimentally least
expected to be observed under the O-rich conditions.
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Figure 2. Calculated (GGA+U) electronic structure of pristine NiO. (a) Spin-
polarised total and species-projected DOS where the dashed vertical line
indicates the Fermi energy. (b) corresponding band structure.

As shown in Figure 3, Vy; was the predominant intrinsic
defect under O-rich conditions. At Fermi levels above 1 eV, Vi
was fully charged Vy;.[53-55] However, the neutral (Vy;) and
+1 charge states Vy; were stable up to 0.32 €V and 1.05 eV with
respect to the VBM, respectively (Figure 3). The slightly lower
VR formation energies of 0.32 eV compared to previously
reported (0.48 eV),[48] was believed to arise from the size of
supercell and choice of using Gibbs free energy at standard
conditions to calculate the chemical potential of constituent
elements nickel and oxygen. The negative energies for Vy; and
Vyi defect formation indicate that these native defects are easier
to form compared to the charge-neutral Vy; in identical growth
conditions. The formation energies are particularly sensitive to
the DFT description of O, gas molecules, sometimes used to
define the chemical potential for O. Therefore, we used the
standard Gibbs free energies of formation of NiO to calculate
chemical potential and consequently the formation energy of
the defect species in NiO. This reduces the sensitivity of the
results on the DFT simulation parameters.[26, 42]

Fermi energy (eV)

Figure 3. Transition level diagram shows calculated formation energies of
intrinsic defects as a function of Fermi energy within the bandgap of NiO at O-
rich growth condition. The oxygen chemical potential was -2.58 eV (i.e.
standard conditions of 298.15 K and pO, = 0.2 atm). The lowest energy charge
states at the Fermi level are labeled, and filled circles indicate the transition
levels.

As the growth of materials depends on the deposition
conditions, the intrinsic defects, Vo (Figure 4a) and Vx; (Figure
4b) were first considered. The DOS of pure NiO shows no
defect states within the bandgap (Figure 2a). However, the
intrinsic Vo and Vi induce defect states within the NiO
bandgap and their position changes with defect charge. The V§
in NiO leads to the formation of two defect levels resulted from
the structural geometry optimization: a filled defect state at 1
eV above the VBM and another empty defect level 0.3 eV
below the conduction band minimum (CBM), indicating a
donor-type electronic structure. The electrons around Vg can be
excited to the CB. The dominating defect states close to the
CBM originate from the Ni 3d orbital, and the one close to the
VBM is contributed mainly by O-2p orbital contribution. These
impurity states result from dangling bonds of Ni, which are a
coordinating oxygen vacancy site. A singularly charged oxygen
vacancy, V|, appeared spin-polarized with the splitting of both
defect states, and only the lowest state occupied, and empty
deep defect bands at 0.8 eV above Fermi level in spin-up states
is deep trap states while two shallow defects levels with spin-
up and spin-down states were observed close to the CB edge.
The empty defect bands for the V)" defects were close to the
CBM. However, as suggested by the formation energy (Figure
3) it was unstable at a high Fermi level under the O-rich
condition.

For typical growth conditions, NiO shows p-type
conductivity due to the presence of Vni, which is the
predominant and most stable defect under the O-rich
conditions. As shown in Figure 4b, the empty states created by
the Vn; were shallow and closer to the VB of c-Si, thereby
participating in hole conduction through these shallow states of
NiO. It is understood that the VJ; defects create dangling
oxygen bonds, which result in localized defect states. These trap
states were within a shallow defect level, approximately 0.3 eV
above the VBM of NiO, in close agreement with the
experiments by Flynn et al.,[56, 57] which showed that these
defects associated with Vy; are located at 0.4 eV above the
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VBM. Oxygen atoms around Vg and nickel atoms around V§
in their relaxed NiO structure were found to move outward by
8%, and inward by 3%, respectively (Figure S2).
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Figure 4. Calculated spin-polarized total and species-projected DOS plots of

NiO containing (a) an oxygen vacancy and (b) a nickel vacancy. The Fermi
level was set to zero.

C. Doping of NiO with metals

The electrical conductivity of TMOs can vary from
insulating to semiconducting to metallic based on their doping
asymmetry characteristics and capability to accommodate
various types of defects. Most TMOs suffer from insufficient
electrical conductivity for application in solar cells and
electrocatalysis. Incorporation of multivalent transition metal
cations could be a viable approach to transform NiO from
insulating to semi-metallic upon partially filling the d-orbital
and change of cation oxidation states. The changeable oxidation
states of metal dopants could result in favorable gap states
within NiO, creating pathways for charge transport, thus
enhancing the electrical conductivity of NiO. Knowing the
solubility limit of these metal cations in NiO is important for
obtaining a single-phase material with enhanced charge-carrier
dynamics.

As this study focuses on typical substitutional extrinsic
defects of commonly used atomic layer deposition (ALD) metal

precursors, the following dopants were considered, and their
effect on the electronic properties of NiO was predicted using
DFT calculations: W, Ta, Nb, Mo, Si, Sn, Ti, Sr, Zn, Al, Mg
and Hf. Eq (6) was used to calculate the chemical potential of
these dopants where Gibbs free energy at standard condition
was used for the respective stable metal oxides of WOs3, TaOs,
szOs, MOO3, SiOz, SHOZ, TiOz, SI’Oz, ZHO, A1203, MgO and
HfO,.[41] The transition level diagram (Figure 5) shows
formation energies of extrinsic defects at the most favorable
charge states at standard conditions of 298.15 K and pO, = 0.2
atm.

8F ow e 0
Ta Sr
Nb -@Zn
6k Mo -®Al
®-Si -@-Mg

--Sn -@-Hf

Defect formation energy (eV)

Fermi energy (eV)

Figure 5. The GGA+U calculated formation energies of substitutional extrinsic
defects as a function of Fermi energy within the bandgap of NiO at O-rich
growth condition. The VBM is set at 0 V. The lowest energy charge states at
the Fermi level are labelled in numbers, and filled circles indicate the charge
transition levels.

The synthesis and subsequent post-deposition temperature
and pO; have a significant impact on the stability of the final
structure of ternary NiO. Controlling the defects’ chemistry and
charge states of materials is crucial because it leads to potential
applications. For instance, increasing conductivity by
introducing shallow defect states is required for solar cells and
enhancing surface defects required for potential electrocatalyst
applications. As shown in Figure 5, the investigated extrinsic
defects are predicted to be often accommodated as charged
defects. For example, the charge-neutral state of Tay; defect
possesses a higher defect formation energy and is only stable at
a higher Fermi level compared to the charged defects of Tay;,
Tayi, and Tay; (equivalent to Ta cations in 5+, 4+ and 3+
oxidation states, respectively, on the Ni** lattice site).

Figure S1 shows the total spin-up DOS of all the doped NiO
supercells considered here and in all charged states (including
those that do not exhibit a stable regime in Figure 5). The total
spin-up DOS of the pristine NiO is also shown for comparison.
While most of the dilute dopants introduce bandgap defect
states (i.e., Tay;, Zny;, Alyi, Mgyi> HfN:, Tini, Wai'> Nbyi,
Moy, Sny;i, Siy; and Sry;), some of the substitution defects in
their fully charged valence state (i.e. Zny;, Aly;, Hfy;, Sny;, and
Sryi) do not create defect states in the bandgap. These dopant
defects in their lower charge states, however, show multiple
defect energy levels (i.e., Nby;, Wy, Taxi> Moy, Sixi> AlNis
HfY,), confirming that some of these defects could play some
roles in charge carriers transport pathways, provided that they
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are stable at relatively low Fermi energies. Some dopants,
including W, Mo, and Ta, exhibit positive formation energy at
all Fermi levels, implying that these are difficult to incorporate
into NiO. On the other hand, a few defects, such as Al, Sr Nb,
Si, Sn, Ti and Zn, exhibit negative formation energy when the
Fermi level is close to the VBM, indicating a high solubility at
Fermi energies. Singly charged Sry; is more easily
accommodated at a low Fermi level, but the neutral charge state
dominates most electron energies in NiO bandgap. The bandgap
energy also reduces with some elemental doping; for example,
Sr doping causes a decrease of NiO bandgap, consistent with
published data in the literature.[58] Aly; is the more easily
accommodated compared to Aly; for most of the fermi energy
range. Defects, such as Wyl, Tay;, and Moy, -exhibit
unfavorable formation energies compared to other defects, such
as Siy;, where q denotes the Fermi level-dependent charge
states. While the +4 and +3 charge states were expected for
Molgi, it appears that Mol\(}i only adopts a +2 and +1 charge state.

D. Hybrid DFT calculations for doped NiO

At first, the GGA+U method was used to address the spurious
self-correlation of d and f electrons of transition metals,
resulting in incorrect DOS values. However, some
delocalization could still occur because of the lack of
universality of the GGA+U method.[59] In addition, a higher U
value could lead to the deterioration of other materials
properties. The wuse of hybrid functionals prevents
delocalization and produces more accurate electronic bandgap
and electronic states because they enable orbital dependent
nonlocal exchange correlation potential. However, it is
impractical to perform geometry relaxations for large
supercells. Because of computationally expensive hybrid
calculations, the scaled hybrid method [26] was used to
calculate DOS for the most promising defect states instead of a
full atomic relaxation using HSEQ6.

As shown in Figure 6, the HSE06 calculated defect formation
energies were different to those obtained with the GGA+U
approach, presented in Figure 5. The obvious difference is the
energy gap which is larger for the hybrid calculated NiO. While
a large U value applied to Ni in the GGA+U could result in
bandgap energies close to the experiments, Ni magnetic
moment and structural properties could be compromised when
a very large unphysical U parameter is used. In addition,
determining the relative energetic positions of dopant states
compared to the host lattice is problematic in the GGA+U
approach. For example, as shown in Figure 5, while Aly; is
stable up to 2.8 eV within the GGA+U calculated bandgap
energy of 3.2 eV; however, it is stable up to the Fermi energy
of 3.8 eV within the hybrid DFT calculated bandgap energy of
4.6 eV (Figure 7). Subsequently, a change in formation energies
of dopants at their various charge states aswas oberverd
between the GGA+U and hybrid DFT approaches. As the
hybrid approach results in more accurate bandgaps and
positions of dopant states, the hybrid approach was also used to
compare the dopants study with the GGA+U approach. The
thermodynamic transition level diagram shows that the
formation energies for Mg and Zn were low across the wide
range of Fermi energies in their charge-neutral states. The Tiy;
is dominant up to the Fermi energy of 2.4 eV while the Tiy; is

close to the conduction band, suggesting that the latter is a
donor defect. It also shows that W and Sn cannot be
incorporated into NiO because of high defect formation
energies.
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Figure 6. Hybrid DFT (HSE06) calculated formation energies of substitutional
defects as a function of Fermi energy within the bandgap of NiO at O-rich
growth condition.

The total DOS calculated using the hybrid method showed
that defects states created by Moy at 0.4 €V, 1.2 eV and 1.5 eV
for +2. +1 and neutral charge states, respectively, were closer
to the VBM [Figure 7(a)] compared to that of the GGA+U
[(Figure S1(a)] with values of 1.4 eV, 2.0 eV, and 2.2 eV,
confirming the qualitative difference between the formation
energies for the two approaches. As shown in Figure 7, doping
of NiO leads to the formation of several states in NiO bandgap,
where dopant-derived states often show a difference in the spin
up and spin down, which results in a magnetic moment. A
smaller Al-O bond length of 1.84 A was observed for Al-doped
NiO compared to the Ni-O bond length of 2.09 A for pure NiO
(Table 3), revealing that the Al at Ni site has a significant
influence on the lattice, which could originate from the different
valency of Al (+3) than the Ni (+2). The effective charge of a
substitutional Al at Ni site is positive, which electrostatically
attracts the negatively charged oxygen atoms, resulting in
relaxation of the structure with a smaller Al-O bond length
around the Al defect (Figure S3). The previous analysis using
GGA+U, presented in Figure S1(b), of Al-doped NiO showed
empty defect states in the bandgap for Aly; which were only
stable at very high Fermi levels. Al incorporation has been
reported to enhance the electrical conductivity of NiO.[4, 20,
21]

The HSEO06 results show that the charge-neutral Alg; dopant
leads to the formation of several states in the bandgap (close to
VB and in mid bandgap), both in agreement with the GGA+U
calculations shown in Figure S1(b). The Al results in defects
states in the bandgap of NiO created by 2+ oxidation state of
Al, which likely to occur only at high Fermi levels, as shown in
Figure S1(b). These dopant-derived DOS show a small excess
of spin-up over spin-down states and form the highest occupied
states, lying below the Fermi level of the Al-doped NiO. These
mid-gap states of Al act as Shockley-Read-Hall (SRH) carrier
recombination centres to trap photogenerated charge carriers
and are not expected in solar cell applications. The reduction of
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NiO bandgap upon Al doping could arise from unoccupied
dopant-induced states above the highest occupied state,
resulting in a narrow bandgap for the Al-doped NiO. The
unoccupied Ni 3d state at the bottom of the CB for the Alg;
suggest that Ni contributes to the gap states. However, Aly; is
stable as a positively charged Aly; for most of the Fermi levels
up to 2.8 eV, and results in defect levels close to the band edge.
In this regime, the defect states close to the CBM of NiO are
expected to work as a shallow donor defect because of the free
electron released to CB resulting from the replacement of Ni*
by AI’*. At higher concentrations, the defect-defect interactions
might create deep level defect states within the bandgap. This
is not investigated here as the simulations represent dilute
defects with an effective concentration of 3.12 at% dopants.
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Figure 7. HSE06 spin-polarised total DOS of the NiO with dopants in various
charged states (a, b). Total DOS of a pristine NiO is also provided for
comparison. As the core states are not affected by the presence of defects, all
energies are aligned to the O (s) core states of the pristine NiO structure.

The defects such as Hf, Ti, Mo, Si are expected to act as
donor defects at high Fermi energies, but the multivalent

dopants, such as Al, Si, Ti, Mo, Nb, and Hf create defect states

close to the NiO VB, are expected to act as a photogenerated
charge carrier transport pathway from c-Si to the contact in a c-
Si solar cell; thus, improving its charge collection efficiency.

E. Experimental synthesis of Al-doped NiO by ALD

As shown in Figure 5 and Figure 6, the DFT analyses show
that Aly; is more stable than Al up to a Fermi energy of 2.7
eV for GGA+U and 3.8 eV for hybrid calculations. Figure S1
and Figure 7 show that the defect states introduced by Aly; are
close to the band edges. Therefore, these defect states of Al-
doped NiO could act as transport pathways of the
photogenerated charge carrier from c-Si to the metal contact,
suggesting potential conductivity improvements for the Al-
doped NiO films. Therefore, approximately 8.5 nm thick
ALNiyO films were synthesized by ALD. The electronic
structure and chemical composition of the ALNi,O films
deposited onto ¢-Si/SiO, substrate and the interface
composition in c-Si/SiO»/AlNiyO stack layers were analyzed
by XPS surface and depth profiling measurements,
respectively. Three ALNi,O films showed an increasing
concentration of Al with increasing ALOs cycles in the
AlO3:NiO ALD supercycles. The Al concentration in these
films was estimated to be higher than that of the ALL,O3:NiO
ALD supercycles ratios of 1:50, 1:25 and 1:10, resulting from
much higher growth per cycle of the Al,O3 than NiO during
growth by ALD (Table 4).[60]

Table 4. The atomic composition of the Al-doped NiO samples deposited by
ALD determined by XPS.

?chll?: Wper I Nizp [ Olsat | Al2s | Cls |
oo | @ | % @%) | (at%)

1:50 303 457 86 154 | AlyyNigsO
125 23 483 13.8 156 | AlynNigs,O
110 14.8 492 19.1 16.9 | Alg4NigsO

As shown in Table 4, XPS revealed the stochiometry of
AlxNiyO ﬁlms as A10A21Ni()‘750, A10A32Ni()‘520 and A10A44Ni()‘340
with increasing NiO supercycles. The deposited AlNiyO films
contain significantly more Al as would be expected from the
ALD supercycle ratio. This is due to a significantly lower
growth per cycle of NiO vs Al,O3; and some nucleation delay
for the deposition of ALD NiO. This was also reported by Baker
et al.[60] who reported a significantly higher uptake of Al than
Ni towards the formation of AlxNiyO from their binary Al>O;
and NiO ALD cycles, confirming a nickel deficient (Al-rich)
AlLNiyO films. The AlNi,O films showed the presence of two
types of bonded nickel ions (Figure 8a), such as Ni?* and Ni**
states, with the characteristic peak binding energies of 854.4 eV
and 855.7 eV,[10] respectively, suggesting the presence of NiO
and Ni;Os3 in the as-deposited Al\NiyO films. Luca et al.[61]
have shown that the formation energies for these oxides are
close, resulting in the decomposition of the Ni,Os into more
stable NiO based on the temperature and pressure. The presence
of Ni*" is an indirect indication of the presence of Vy; into the
NiO films because dangling bonds created by Vy; interact with
Ni 3d electrons and cause the loss of an electron from
neighboring Ni?* atoms. Therefore, to maintain charge
neutrality, two neighboring Ni?** are oxidized to Ni** resulting jp
the release of a hole into the VB. It is worth noting that Aly;
(AI*") would also act a charge-compensating species for Vyi,
suggesting that the addition of Al should reduce the amount of
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Ni** and increase the amount of Vyj. Therefore, AI** and Ni**
are competing defects, where the former one helps creating
more Vyji; thus, resulting in an increase of p-type conductivity
for higher concentration of Al as shown in contact performance
measurements on c-Si.
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Figure 8. (a) XPS spectra of the Ni 2p;, peaks of the Aly»1Nig 750, Aly3.Nig 520,
Alp44Nig340, and pure NiO films, which show a shift of the spectra towards
higher energy with the increase of Al content. (b) UPS spectra of the films. Inset

Figure shows the calculated work functions of the ALD deposited NiO and
AlNi,O films with different Al/(AI+Ni) ratio.

The deconvoluted O 1s spectra show a peak binding energy
(BE) of 529.9 eV corresponding to the presence of Ni** (NiO),
and the peak BE around 531.1 eV confirms lattice oxygen
associated with the Ni-O and Al-O bonds [Ni**, ALLO; and
AlO(OH)] (Figure S4). The peak binding energy 852.8 eV of
the Ni 2ps» spectra for the high Al-containing film can be
attributed to Ni® or weakly bonded Ni-O (Figure 8a). The peak
intensity increases with the increase of Al concentration, which
can also be attributed to Al-Ni bonding, suggesting that the Al-
doped NiO films are more oxidized compared to pure NiO. The
peak binding energy of 74.0 eV for Al 2pi,, and the absence of
the peak at 71.9 eV for metallic Al 2p (Figure S5) further
confirm the incorporation of A" into NiO.[21] The UPS
analyses (Figure 8b) show a shift in the valence band of NiO
with respect to the Fermi level, which could be explained by the
incorporation of an increasing concentration of AI** states in the
NiO films with the progressive Al incorporation. The work
functions of the pure NiO, Aly21Nig750, Alp3:Nips52O and
Alo.44Nig 340 films were measured to be 4.51, 4.68, 4.87 and

4.89 eV, respectively, suggesting an increase of p-type
characteristics upon Al incorporation. The work function of
NiO typically ranges from 4.4 — 5.6 eV depending on their
surface composition and crystalline orientation.[62]
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Figure 9. Shows (a) HAADF, and EDS maps of (b) Ni, (¢) O, (d) AL (e) Siand

(f) Pt, and (g) corresponding EDS elemental line scan of the c-

Si/SiOZ/A10_44Ni0_34O film.

The cross-sectional images of c-Si/Si02/Al44Nip340 film
were analyzed by HRTEM and EDS elemental mapping (Figure
9). The EDS mapping of the cross-sectional film shows the
elemental Ni, O and Al distribution in ¢-Si/Si02/Al.44Nig.340
sample. The EDS line spectra revealed detailed chemical
information across the film cross-section, for example, an
apparent increase in Ni signal below the O signal suggested the
diffusion of the Ni through the oxide layers towards the c-
Si/Si0O; interface. However, it is worth noting that the elemental
signals from EDS were strongly affected by the composition of
the films as for a given electron beam intensity, light elements
such as O, Al and Si emit less K, photons while heavy elements,
such as Zn and Ni emit more. Therefore, these films were
further investigated with ToF-SIMS and XPS depth profiling
measurements (Figure 9).

The ToF-SIMS profiles show constituent elements Ni, O, and
Alin the c-S1/Si02/ALNi,O stack layers and their variation with
sputter time [Figure 10(a)] which was further verified by the
XPS depth profiling measurements [Figure 10(b)]. A similar
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trend was observed for the Aly,1Nig750 and Alg3:Nip5,0 films
(Figure S6). These results demonstrate a homogeneous
distribution of constituent elements across the film thickness.
The increase of Si intensity with sputter/etch time reveals a 1
nm thin SiO, layer, indicated by the shaded area, originated
from the RCA process prior to ALD. The ToF-SIMS profiles
indicate the presence of hydrogen resulting from incomplete
combustion of the ALD precursors.
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Figure 10. (a) ToF-SIMS elemental depth profiles of the Al 44Nig340 film as a
function of the sputtering time and (b) elemental quantification of the film by
XPS depth profiling. Based on the composition, the various layers of the sample
are indicated in the figure to assist the reader.

F. Contact performance of the ALNi,O films with c-Si

As mentioned in the introduction, undoped NiO does not
provide an ohmic contact on c-Si (Figure S7). A contact
resistivity (pc) with a minimum value of ~374 mQ cm? was
obtained for the as-deposited Alp4sNig340 film. This
significantly reduced contact resistivity compared to undoped
NiO is likely caused by the energy level of the shallow defects
of Aly; within the bandgap, as suggested by the DOS. Pure NiO
tends to crystallize at the ALD growth temperature of 150 °C,
often detrimental to the passivating contact performance.
Therefore, the films were subsequently annealed at 200-500 °C
using the rapid thermal annealing (RTA) process in N gas for
10 minutes. While the low Al-content films, Alp2:1Nip 750 and
Alp32Nip.520, did not show a significant improvement of the
contact resistivities (>500 mQ cm?) after the RTA treatment,
the Alo.44Nig 340 films did show a decrease in contact resistivity

with a p. value of 113 mQ cm? and 41.6 mQ c¢m? after 250 °C
and 300 °C annealing [Figure 11(b)], respectively. A rapid
increase of the carrier concentration and a decrease of NiO
resistivity were previously reported by a higher concentration
of A" dopants, which releases an electron in the CB of
NiO.[63] In addition, a higher concentration of Al reduces the
crystallinity of the Al-doped NiO films.[64] These results
suggest that the addition of Al in NiO keeps the film amorphous
at higher annealing temperatures, which is desirable for a low
contact performance. We previously demonstrated contact
resistivity values of 59.3 mQcm? and 21.5 mQcm? for c-
Si/Zng.62Nio 330 in the as-deposited state and after annealing at
200 °C, respectively, and the films were thermally stable up to
500 °C.[22]
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Figure 11. Dark /-V characteristics of p-type c-Si/Alj44Nip34O contacts (solid
lines) measured in the Cox and Strack structure (inset image) using (a) Pd/Ag
bilayer pads of 0.1 — 1 cm diameter circles, contact performance of c-
Si/Zn,6:Nig 330 (dotted lines) is also shown for comparison, and (b) post-
deposition annealing of the stack layer with 1 cm diameter Pd/Ag bilayer pad
at 180 — 400 °C, indicating a stable ohmic c¢-Si/Alj44Nig 340 contact, where RT
is room temperature.

The effect of Al incorporation into NiO and consequent
change of composition and contact performance of the films can
be attributed to the deficiency of Ni in the top layer of the as-
grown films as shown by the TEM EDS mapping and ToF-
SIMS and XPS depth profiles. In metal oxides, both anion and
cation deficiency increase conductivity, and the latter case has
been observed for the as-deposited samples. Here, the contact
performance of the c-Si/Si0»/AlNiyO stack improved because
of an increased conductivity of the AlxNiyO films. This shows
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that the improved contact performance of the doped NiO
originated from higher conductivity as an interfacial layer with
enhanced electrical conductivity plays a crucial role in
obtaining improved contact performance. The addition of more
Al tends to disrupt the crystallization of NiO, which would
otherwise be crystalline at the ALD growth conditions. The
crystallization step during the post-processing could be
responsible for the reduced contact resistivity of the low Al-
containing films. These results agree well with the enhanced
contact performance, as shown in Figure 12. After annealing at
temperatures higher than 400 °C, however, the films were
unstable, which could either result from the crystallization of
the deposited films or the release of hydrogen, affecting the
contact performance of the deposited materials.

IV. CONCLUSION

In this work, we first systematically investigated the effects of
intrinsic and extrinsic defects in NiO by density functional
theory (DFT) calculations and demonstrated how they result in
defect states within the bandgap and close to the valence band
of NiO. We used standard and hybrid DFT approaches to
investigate and obtain suitable dopants for NiO. It was shown
that intrinsic nickel vacancy defects are predominant and result
in p-type conductivity; however, their density is insufficient
high for an effective hole-contact with p-type c-Si. Guided by
the DFT calculations, Al-doped NiO films were deposited by
ALD and characterized before use as hole-selective contact
with c-Si and compared with Zn-doped NiO films. The bandgap
of the ALNi,O films was observed to reduce upon Al-
incorporation and demonstrated reasonably good ohmic contact
on a p-type c-Si substrate. The contact resistivity of the
Alp4sNip340 film was significantly reduced upon post-
deposition annealing of the films at 180—400 °C. The obtained
minimum contact resistivity value of 41.6 mQ cm? for p-type c-
Si/Alp.44Nig 340 is slightly higher than our previous work on c-
Si/Znge>2Nig 330 contact, which showed a minimum resistivity
value of 21.5 mQ cm?. The higher contact resistivity of c-
Si/Al.44Nio340 could arise from the trapping of holes in the
mid-bandgap states. Therefore, this work demonstrates the
potential of using doped NiO with Al, Zn, Ti, Mo, Nb and Hf
dopants for tailoring carrier selective contact properties of
crystalline silicon solar cells, which is crucial to obtain
improvement in charge carrier separation efficiency.
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