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lxO hole transport layer for silicon
solar cells
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and S. N. Rashkeeva

NiO alloyed with aluminum, Ni1�xAlxO, is analyzed in terms of its stoichiometry, electronic and transport

properties, as well as interfacial band alignment with Si to evaluate its potential use as a hole transport

layer (HTL) in p–i–n type solar cells. The analysis is based on component material and slab structural

simulations, as well as simulated and measured angle-resolved valence-band photoemission

spectroscopy (PES) data, in order to reveal the best suitable stoichiometry. It is concluded that the

ionization energy from the highest occupied states tends to increase with Al content as the simulated

work function grows from 4.1 eV for pure NiO to 4.7 eV for heavily alloyed Al0.50Ni0.50O. The electronic

structure as a function of the interface design between crystalline silicon and the transport layer is used

to assess the band lineup and its correlation with the discontinuity of the affinities. The affinity rule is

tested by evaluating the workfunctions of the component layers and justified best for a particular Ni-

enriched interface design. Technology Computer-Aided Design (TCAD) device simulations show, that

the band offset between oxide and crystalline silicon remains within the range of values to sustain

a staggering alignment – a condition suitable for effective charge separation, similar to a situation in

a tunneling diode. The self-energy of the hole carriers is estimated by contrasting simulated and

measured photoemission data, which in the case of non-annealed Al-rich samples is shown to be an

order of magnitude higher due to the disorder effects. The work functions derived from the measured

PES data for the epitaxially grown oxide films with nearly identical alloy stoichiometry correlate well with

the simulated values. The findings suggest that the optimal HTL is formed by starting with a pure Ni

layer, followed by a graded doping AlxNi1�xO, with x high at contact/oxide interface and low at the

oxide/semiconductor.
1 Introduction

Metal oxides have their functionality determined by a relatively
large set of parameters such as lattice, spin, charge and orbital
degrees of freedom. Alloying NiO with Cu was shown to increase
the hole dopant level associated with Cu+ sites and a conversion
efficiency as high as 6.3% was reported for a heterojunction
solar cell featuring Cu doped NiO as an HTL.1 Epitaxially grown
semiconductors such as Co-doped NiO with suitable electron
affinity, band gap and near-the-top valence band density of
states has a high potential to serve as charge-selective transport
layers in perovskite photovoltaic (PV) cells with distributed
charge collectors,2 on one hand, and as highly effective elec-
trocatalysts for hydrogen evolution reaction with activity similar
to platinum,3 on the other hand. NiO alloyed with Zn and
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Atomic Layer Deposition (ALD)-grown on c-Si demonstrates
a low contact resistance of 1.5 mU cm2, having a high potential
to serve as a HTL.4

It is also well known that passivation of the defect states (e.g.
dangling bonds) at the interface with the absorber, such as c-Si
and halide perovskite, is another factor adding to the advantage
of inserting a thin layer of the oxide between metallic contacts
and the absorber.5 However, in practice that a quality transport
layer has to fulll a set of conditions such as a band lineup
appropriate for high charge selectivity, reduced contact
Schottky barrier and low ohmic resistance, and in lesser extend
higher carrier mobility. Here the main focus is on the effects of
local stoichiometry rather than bulk characteristics on the tar-
geted physical properties of the alloy oxide as a part of hetero-
structure in the pertinent PV cell. Without extra measures, the
highest conversion efficiency in halide perovskite PV cells
doesn't get better than 15% using optimised pristine NiOx.6 In
another perovskite-based example, efficient NiOx HTL was
fabricated by oxidation of metal Ni lm, which delivers between
12 and 16% conversion efficiency depending on the annealing
conditions.7 The high impact of the growth morphology on the
RSC Adv., 2020, 10, 22377–22386 | 22377
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interface band alignment, defect structure and carrier mobility
indicates on even more options offered by alloying NiO with Al
in order to further optimize the PV cell based on c-Si absorber –
main subject of the current research.

We report our studies of the surface electronic properties of
NiO and its alloys with Al using plane-wave based structural
relaxation followed by the multiple-scattering simulations of
the photo-excited electrons and holes. Particular focus is on the
band alignment between the oxide layer and Si substrate in the
context of the optimized carrier transport material used in p–i–
n silicon PV cells. The resistive properties between external Al
contact and AlxNi1�xO oxide strongly depend on the type and
concentration of the interface impurities. These impurities
affect the interface defect density Dit, which can release or
capture charge and thus alter the surface potential f0. All these
factors become the primary mechanism of the Fermi level
pinning and determine the Schottky barrier height roughly as
fSB � 1/2(EG � f0) for high enough Dit, and would follow the
difference between the work functions EW, i.e. fSB � fW,met �
fW,ox, in the limit of low Dit, with EG being the band gap in the
oxide.8 Since f0 quanties the lower acceptor states from the
higher donor states within the oxide gap, a higher acceptor
concentration generally leads to a higher f0 and thus to lower
barrier fSB. As the simulations show in the case of AlxNi1�xO,
a higher Al content implies higher acceptor concentration,
which therefore might lead to a higher surface potential and
hence smaller Schottky barrier and diminished Fermi energy
pinning, – a favorable situation for having a better ohmic
contact. Moreover, as a general rule of thumb, situations when
fW,met < fW,ox in case of metal–p-type semiconductor junction
are more benecial for having a better ohmic contact, since the
adverse effect of the space charge effect of the impurity states in
the gap on the band alignment is minimized. On the other
hand, the simulations demonstrate a signicant dependence of
the work function of the oxide on the Al content, with
a substantial impact on the band alignment between the oxide
and Si, which is the main focus of this work.

In order to reveal the effect of alloying between NiO and Al on
the selective carrier transport properties, the surface and bulk
electronic structures of AlxNi1�xO were also investigated in
terms of its angular resolved photoemission spectrum (ARPES)
response.

The approach allows a direct comparison between the
calculated photocurrent and angle-resolved photoemission (PE)
measurements. Previously, similar analysis of (001) LaCoO3

data offered direct evidence of the surface stoichiometry and
the presence of surface magnetism as deduced from the PE
measurements and simulations.9

The paper is organized as follows. Results of surface relaxa-
tion of the pristine NiO and AlNiO alloys are presented in
Section 2. The work function for various stoichiometries is
derived from the electrostatic potential averaged over the slab
and the vacuum regions. The photoemission spectra in UV
range of the photon energies were simulated within the
framework of the layer Green function multiple scattering
formalism.10 By contrasting theoretical data with those recorded
in the angle resolved photocurrent measurements, important
22378 | RSC Adv., 2020, 10, 22377–22386
features of the carriers such as lifetime and relative changes in
the effective density of states upon alloying were estimated.
Foundations of the so-called one-step photoemission theory are
briey discussed in Section 3, followed by Sections 4 and 5,
where the PE method was applied to pure NiO and its alloy with
Al, respectively. Surface magnetism, effective carrier lifetime
and effective density of states are considered in details. The
paper is summarized in Section 6.

2 Relaxation of AlxNiyO/c-Si
heterostructure: derivation of band
lineup

The affinity rule is known to be a simple and widely used in
device simulations approach to integrate a certain band lineup
at the heterojunction interfaces in order to capture the main
features of the carrier transport.11 It is based on the using the
values of the affinity discontinuity at an abrupt junction
between nondegenerated semiconductors for extrapolating
band diagram across the junction. For example, using 4.05 eV
for affinities of c-Si with a gap of 1.12 eV and 1.8 eV of nearly
stoichiometric NiO (ref. 12) with a gap of 3.6 eV results in
0.27 eV for the valence band offset, implying a barrier for holes
and defying the purpose of NiO as an HTL. We start here with
the derivation of the work function for the constituent materials
followed with the actual interfacial structure and band lineup in
order to adjust the affinity rule and facilitate the device
simulation.

2.1 Case of isolated constituent materials

The structural surface relaxation of NiO was obtained by using
an orthorhombic slab 4 stoichiometric units thick along the
normal to the surface with 2 � 2 � 4 surface unit cell which
accommodates antiferromagnetic ordering of AFM II type, as
well as a wide range of surface defects concentration due to non-
stoichiometric composition on the top. The approach involves
the plane wave basis as implemented within VASP-PAW code.13

The van der Waals interaction is included at all stages of the
simulations. The size of the vacuum was set to 4 stoichiometric
units along the stacking direction, i.e. around 16.8 Å and was
proven as large enough to avoid the spurious solutions.

The Al0.5Ni0.5O (001) alloy was simulated within 2 � 2 � 6
supercell, with 2 � 2 in-plane cells used for better spin relaxa-
tion, followed by vacuum, the relaxed structure is shown in
Fig. 1. Due to shorter 1.9 Å bonds between Al and O versus 2.2 Å
for Ni–O bonds, the surface-region slab undergoes a substantial
relaxation, with Al atoms dipped toward the bulk. There is some
0.3 mB spin polarization on the surface Ni sites, and relatively
large 1.7 mB on the surface low-charge O sites coupled to the
surface Al atoms, designated as O2 sites in Fig. 2. These trends
are to be compared to the case of pristine NiO. The layer-
resolved density of states (LDOS) for AFM II conguration of
NiO is demonstrated in Fig. 3, where a considerable distinction
between surface and bulk states of Ni is to be noticed. The
distinction is due to the differences in the local magnetic
polarization, with about 1.2 mB on the surface versus 0.6 mB in
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Ball and stick model of the Al0.5Ni0.5O (001), near surface
region. (Top panel) Fully relaxed, (Bottom) initial structure before
relaxation. Small red balls stand for oxygen, large blue balls for Al, and
gray balls for Ni.

Fig. 2 Al0.5Ni0.5O compound, surface and bulk layer resolved density
of d-states, Ni site, p-states, O sites, and p-states, Al site. Two different
O sites are shown to emphasize the very distinct spin states.
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the bulk. In case of Al0.5Ni0.5O, the oxygen 2p states are now
more dispersed over binding energy scale, dominating the
region between 8 and 3 eV. Thus, the Al atoms push away the O
states from the Fermi level toward higher binding energies and
contribute to the states within the original gap, conrming the
trend towards higher metallicity at higher Al concentration.
This overcompensating trend toward higher donor states was
emphasized earlier in the context of electrochromic lms of
AlNiO,14 where the concentration of Al was as high as 10%. In
our case of 50% the trend is obviously even stronger. However,
p-type doping mechanism is dominating in the limit of lower
2.5% Al content conrmed earlier15 in DFT simulations. One
quick conclusion is that substitutional Al serves as p-dopant at
Al concentrations as low as few percents and becomes over-
compensated by donor states at higher Al content. In the bulk,
the local moment on Ni sites is signicantly reduced as
compared to the case of the pristine NiO. The reasoning behind
is likely due to larger intersite exchange interaction in presence
of Al ions thanks to itinerant electrons, which competes with
This journal is © The Royal Society of Chemistry 2020
the onsite exchange and leads to diminishing the associated
local Ni-centered spin moment. A parallel in trends can be
made to Ni1�xAlx alloys where it was found that increase of Al
concentration from 0.22 to 0.28 leads to a substantial drop in
Ni-centered moment from 0.40 bohr to 0.18 bohr magnetons,16

which correlates with the density of states at the Fermi level.
Also, O1 and O2 atoms even in the bulk have different

coordination: O1 is coordinated by 4 Ni and 2 Al atoms, whereas
O2 sees 2 Ni and 4 Al atoms as nearest neighbors.

That would explain a signicant effect of higher Al coordi-
nation on O states, shiing O2 states toward higher binding
energies by approximately 2 eV as compared to those of O1
atoms. Overall, the valence band states, which are of mostly 2p
character, were broadened by 2 eV as a result of alloying with Al.
These conclusions are easy to infer by comparing the electronic
structure of the alloy to the case of pristine NiO, shown in Fig. 3.

In order to extract the work function, the method of partial
relaxation was applied here to a slab/vacuum conguration
where the bottom and top layers are forced to stay identical
during the relaxation process. This was used to eliminate the
RSC Adv., 2020, 10, 22377–22386 | 22379
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Fig. 3 NiO AFMII, surface and bulk layer resolved density of d-states,
Ni site, and p-states, O site. Spinmajority and spin minority states are in
upper and lower halves, respectively.
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electrostatic bias across the slab, which also attens the vacuum
potential and thus allows for easy extraction of the work func-
tion as a difference between the vacuum level and the Fermi
energy, the latter dened as the energy of the topmost occupied
state. The quality of ordering can easily be assessed from the
pair distribution function, illustrated in Fig. 4. Obviously, the
correlation length drops below 3 Å as oxygen atoms get re-
distributed swarming more around Al atoms. The coordina-
tion around Al is close to Al2O3 stoichiometry, when the
concentration of Al increased to above 25%. Besides, a higher Al
content leads to a contamination of the band gap with states
close not only to the top of the valence band, but also to the
bottom of the conduction band. Thus the introduction of Al
results in both p- and n-doping, which, on account of the vacant
Ni serving as the major source of holes, is still suitable for the
layer to serve as an HTL at the junction with c-Si thanks to the
Fig. 4 Pair distribution function for NiO and samplesQ, R, S, as derived
from the partially relaxed slab simulations.

22380 | RSC Adv., 2020, 10, 22377–22386
oxide's potential barrier for electrons. In the case of pristine
NiO, the long-range ordering is still pretty high as compared to
the case of Al alloys, which however is not the case for ALD
grown NiO, as will be seen from the UPS analysis. That level of
disorder impacts the mean collision time and hence mobility,
as well as life time due to increased concentration of the
recombination centers, – both are expected to be minor factors
for the conversion efficiency if the oxide is sufficiently thin.

The simulated work function values for NiO and its Al alloys,
Al0.08Ni0.92O (S1), Al0.16Ni0.84O (S2) and Al0.25Ni0.75O (S3), along
with ALD-grown samples Al0.25Ni0.75O (Q), Al0.33Ni0.67O (R),
Al0.50Ni0.50O (S), are summarized in Table 1, where GGA is
combined with a local Coulomb repulsion U ¼ 6 eV for the
Hubbard parameter. The alloys S1, S2, S3 can roughly be
considered as theoretical counterparts of the ALD grown Q, R, S
samples, respectively.
2.2 Case of AlxNiyO/c-Si slab

In order to address the issues involved in band offset derivation
and see whether the situation is bulk or rather interface
specic,17 it is natural to have both constituent component
materials in the same simulation. By doing so in a framework of
a slab, one potentially eliminates the problem of the individual
reference points, however a detailed analysis of the average
potential across the interface is required to assess the issues
related to the nite thickness of the slab.18 To this point, the Si-
(111) surface was considered as more suitable for building an
ordered interface with NiO due to a more optimal lattice
matching, thus excluding effects of strain on the band lineup
and the energy gap. Also, anticipating a higher work function
for Al-enriched NiO which is detrimental for the charge selec-
tivity, the Al-alloying was implemented a few layers away from
the c-Si interface. Besides, as it turns out, adding Al to the
interface with c-Si leads to a higher level of structural disorder
upon relaxation. The system in question was designed as
follows: 4 layers of c-Si with a (111) orientation as the stacking
direction, followed by 3 layers NiO(111) with an O-rich interface,
and three more cases of Al substituting Ni in the topmost NiO
layer, in three different stoichiometries. The work function is
generally known to depend on the type of the surface face, but
in case of a high level of disorder the effect is expected to be
accordingly smeared and so obtained results are considered as
universally applicable to other surfaces, particularly to (001) as
Table 1 Work function for NiO and its Al alloys (see text). The shown
are simulated data for S1, S2, S3, as well as data determined from UPS
measurements for ALD-grown NiO, and Q, R, S samples

Sample EW, eV (theory)
EW, eV
(UPS data)

Si 4.53 4.6–4.85
NiO 4.07 4.51
S1, Q 4.12 (S1) 4.68 (Q)
S2, R 4.44 (S2) 4.87 (R)
S3, S 4.61 (S3) 4.89 (S)

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Conversion efficiency Eff and fill factor FF versus the band offset
between c-Si and the oxide EV(Si)–EV(NiO), as determined from the
TCAD simulations20 of the PV cell.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

11
:3

0:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
more practical as well. An example of the relaxed NiO/c-Si slab
with O-rich interface is illustrated in Fig. 5. Another simulated
slab stoichiometry is S1/c-Si (not shown).

Note that EW for NiO(111) is higher than that for NiO(001),
which usually is expected for the direction of higher packing
factor. With that in mind, the values for S1, S2, S3 can be scaled
down by roughly 0.8 eV for the (001) orientation, what would
bring the numbers close to those reported in Table 1. The
results of the slab simulations are discussed in the next
subsection, where they are used along with the isolated mate-
rials data in order to show how to adjust the affinity rule and
provide the right band lineup in the evaluation of the pertinent
device efficiency.

2.3 Effect of the interface dipole on the band lineup and
optimized stoichiometry

A self-consistent surface or interface approach is a more accu-
rate and reliable method for establishing affinity discontinu-
ities and work functions. There is a certain range of the band
alignment discontinuity suitable for transport in p–i–n PV
cells19 in general. Fig. 6 illustrates the device-simulated
conversion efficiency and ll factor versus the variations of
EV(Si)–EV(NiO), for a c-Si/NiO PV cell with distributed back
contact and NiO as a back hole transport layer. A quick list of
the TCAD parameters is as follows, from illuminated side
towards the back contact: 200 nm of c-Si, with its top 5 nm layer
dopped with Nd ¼ 1020 cm�3 and the rest with Np ¼ 1016 cm�3,
followed by 2 nm thick layer of NiO dopped with Np¼ 1020 cm�3

and attached to the back contact. The ordinary physical models
such as defect-concentration-dependent Shockley–Read–Hall
(SRH) and Auger mechanisms for recombination, as well as
thermionic emission and tunneling around the oxide and
contact, have been included to account for major recombina-
tion mechanisms. No further TCAD details are provided here in
order to stay within the scope of the work and focus instead on
main trends. The curves in Fig. 6 clearly emphasize the edge-
like behavior of the performance when the valence states of
NiO drop by more than 0.1 eV below the valence states of c-Si
Fig. 5 Ball and stick model of relaxed NiO/c-Si(111), O-rich interface
region. Small red balls stand for O, blue balls are for Si, gray balls are for
Ni.

This journal is © The Royal Society of Chemistry 2020
(negative band offset in Fig. 6). The sudden drop of the ll
factor can be attributed to an increase of the series resistance
and hence transport as being critically sensitive to the band
lineup. There is also deterioration of the cell performance in the
opposite limit of valence states of NiO oating above those of Si,
due to the diminishing charge separation capability of the
oxide.

The actual derivation of the electronic structure at the
interface is quite demanding as it requires the large-scale
computations. Here, an attempt is made to test the widely
accepted affinity rule used for aligning the bands at hetero-
junctions, thus determining the band alignment within two
approaches – the computationally less demanding case of iso-
lated constituent layers and the case of a slab approach which
involves all the component layers. The latter can be assessed
straight from the partial density of states (DOS), as illustrated in
Fig. 8, where Si-projected valence states are singled out from the
total DOS. As shown, there are two situations considered here, –
Ni-rich interface (NRI) between c-Si and the oxide, with its
structure illustrated in Fig. 7, and O-rich interface (ORI), with its
structure depicted earlier in Fig. 5.

The main distinction is due to the different alignment of the
valence states: in the case of NRI, the valence states of Si and
NiO are aligned at around 0 eV, whereas there is an offset of
roughly 0.4 eV between valence state edges in the case of ORI.
The results are somewhat expected, considering the fact that Ni
and Si atoms have a similar electronegativity. Alternatively,
effects of the interface charge transfer effects21 can also be
revealed by analyzing the average electrostatic potentials
plotted for the entire slab in Fig. 8, two bottom panels, for both
RSC Adv., 2020, 10, 22377–22386 | 22381
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Fig. 7 Ball and stick model of relaxed/NiO/Ni/c-Si(111), Ni-rich inter-
face. Small red balls stand for O, blue balls are for Si, gray balls are for
Ni.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

11
:3

0:
10

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
cases of Ni-rich and O-rich interface between Si and Ni oxide,
respectively.

Since the vacuum levels are well aligned in all situations and
thus the effect of the dipole eld is moderated, there is a good
chance the valence states are being aligned self-consistently in
accord with the “mid-gap” energy EB,21 which separates valence
band states from conduction states in the gap. Summarizing,
the slab simulations reveal a dipole layer associated with the
interface between c-Si and the AlNiO oxide, which electrostati-
cally introduces a band offset detrimental to the charge selec-
tivity. Thus, the affinity rule needs to be modied accordingly. A
locally variable stoichiometry design implying Ni-rich junction
is suggested as a countermeasure to eliminate the polarization
eld and achieve a band lineup suitable for hole transport and
efficiency as high as 21%.
Fig. 8 DOS of NixOy/c-Si(111), total (gray) and Si-site resolved, and the
average electrostatic potential through the slab. Ni-rich interface is
shown in the topmost, whereas O-rich interface between c-Si and
nickel oxide is depicted in the panel below. Red, green and blue lines
stand for the partial s-, p-, and d-orbital DOS. Positions of the valence
state edges are marked with vertical red bars and outlined with an
ellipse. Two bottom panels are for the potentials of Ni-rich and O-rich
slabs, respectively.
3 Photoionization studies: theoretical
multiple-scattering approach including
self-energy-induced state gap

A theoretical evaluation of the photo-induced current is done
within a so-called one-step angular resolved PE method, based
on the multiple scattering of the photo-excited carriers (see ref.
10 and references therein). The method delivers the layer and
quasi-momentum kk resolved density of states, which are ob-
tained using the relativistic multiple-scattering formalism
based on the Green function approach. It uses the self-
consistent atomic potentials generated by Linear Muffin-Tin
Orbitals (LMTO) method aer the atoms are structurally
relaxed within the VASP-PAW method as described above. A
separate treatment of the photoexcited electron and hole
dynamics inside the truncated solid is achieved in terms of their
self-energy using the atomic potentials within the multiple-
scattering formalism and the technique of the Dyson equa-
tions for the retarded layer Green function. The life-time effects
22382 | RSC Adv., 2020, 10, 22377–22386
are accounted for by the imaginary part of the self-energy (
P

).
For the upper states,

P
has been set to �2 eV, as suggested by

low-energy electron diffraction (LEED) experience (cf. ref. 22,
chapter 4). For occupied states, an energy-dependent functionP ¼ P

occ(1 � E/EF)
a was used in the evaluation of the photo-

emission spectra, which however needs to be adjusted to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Self-energy sketch as used in layer multiple scattering method
to simulate the effect of the state overdamping while PE simulations in
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measured data and is therefore a quantity best determined
a posteriori. Currently, a linear dependence with a¼ 1 was used,
which has been shown to be a reasonable approximation in
general (cf. e.g. ref. 23). The real part of the self-energy is
uniform for both hole and electron states, i.e., no corrections to
the Kohn–Sham eigen-states have been considered. As a conse-
quence, the gap-associated problems persist. The electrostatic
effect due to the surface image potential is modeled by a barrier
in the form of step function positioned at 1/3 of the lattice
parameter above the surface, which position otherwise needs to
be re-adjusted a posteriori if there is a well dened outstanding
surface state. No such state could be identied so far, although
the surface effects are denitely the main focus of the present
PE investigation.

In the derivation of the layer and kk-resolved density of
states, the self-energy was set to a uniform 0.1 eV for all states to
keep states equally distinguishable at all energies to ease the
analysis. However, a larger value of 0.3 eV for the imaginary part
of the self-energy of the occupied states was used in order to
match the rather broader features of the measured PE spectra.
No further renement of the self-energy dependence on the
state energy was pursued at this point in order to keep the
interpretation as feasible as possible.

To address the usual problem of the Local Density Approxi-
mation (LDA)-caused aw leading to an under-estimated energy
gap, the state-dependent local self-energy was designed such
that the states around the Fermi level are over-damped within
a range of the predened energies. Currently, Im

P
(E) is

approximated as

Im
P

(E) ¼ Im
P

0(1 + x2N)�1 + Im
P

1, (1)

where xh2
|E � EF|

G
The expression given by eqn (1) is in the

form of maximally at binomial suggested to serve as a band
stop within the gap energy range G around the Fermi level EF.
The atness is determined by the power N¼ 1, 2,. – the higher
the power the sharper the walls of the band stop range.
Currently, Im

P
0 is set to �10 eV within the gap, N¼ 1, and G¼

3.6 eV in order to secure 3.6 eV of the gap size at the half-width
of Im

P
(E) maximum. In the context of the photoemission

simulations, this gap-inducing self energy approach will be
coined as GSE. Outside the gap, the slow E-dependent part
Im

P
1(E) is set to � 0.3 eV for occupied states in order to

facilitate the comparative analysis. No temperature dependence
is assumed for the same reason. In other words, the state E life
time s(E) ¼ ħIm

P
(E)�1 vanishes within the gap and restores to

ħIm
P

1(E) outside the gap.
The expression for Im

P
(E) in eqn (1) is slightly different

from the one used before.9 It allows an easy analytical Kramers–
Kronig transformation using the residue theorem in order to
retrieve Re

P
(E):

Re
X

ðEÞ ¼ P
1

p

ðN
�N

dE
0
Im

X�
E

0
�.�

E
0 � E

�
: (2)

Thus, within the gap range, Re
P

(E) has a closed form
written for N ¼ 1, 2 as
This journal is © The Royal Society of Chemistry 2020
Re
X

ðEÞ ¼ �gNIm
X
0

x
1þ x2

1þ x2N
; (3)

where gN ¼ 1; 1=
ffiffiffiffiffiffiffið2Þp

for g1, g2, respectively. As a reminder,
the vacuum level is assumed as the energy reference in all layer
Green function (LGF) approach expressions. The sketch of the
self-energy in the LGF approach to simulate the effect of the
state overdamping for PE simulations in the region of the
insulating gap is depicted in Fig. 9. It has an expected energy
dependence with Re

P
(E) redistributing the state energies

around the gap, pushing those away from the mid-gap toward
the gap edges. The spatially uniform and state-dependent self-
energy serves as a non-hermitian part in the effective single-
quasi-particle Dyson equationh

capþmc2g0 þ 1̂vðrÞ þ g0sBðrÞ þ 1̂
X

ðEÞ
i
|ji ¼ E|ji; (4)

where standard spin matrices a, g0 are used in the Dirac
formulation of the wave equation, B stands for the exchange
part of the effective potential.
4 ARPES analysis of NiO (001)

The approach of LDA combined with the GSEmethod, modelled
in accord with eqn (2), is implemented here in order to simulate
the layer-resolved density of states and most importantly the
photo-current. The Im

P
is set to a relatively small value of

0.1 eV to emphasize the details of the electronic structure,
which actual magnitude of about 0.3 eV was established from
the PE data for the occupied states. As shown on Fig. 10, the
crystalline-phase measured24 and calculated PE spectra are in
a modest agreement in the range of binding energies up to 5 eV,
which is heavily dominated by 3d states of Ni both on the
surface and in the bulk. As mentioned above, the lifetime of the
valence state carriers in the crystalline sample is estimated at s
� ħ/0.3 eV � 0.310�14 s. On the other hand, our ALD-grown lm
measured PE spectra hints toward s � 10�15 s for the hole
lifetime, as the intensity maxima are much broader. The reason
the region of the electron band gap.

RSC Adv., 2020, 10, 22377–22386 | 22383
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Fig. 10 Normal emission data from the NiO (001) surface, kk ¼ 0.
Theory is plotted using bold lines. Experimental data24 shown in circles
are for crystalline sample.

Fig. 11 Normal emission simulated data from the Al0.5Ni0.5O (001)
surface, kk ¼ 0, bold black lines. The shown are also data measured at
21.0 eV of the photon energy for samples Q, R, S, as described in the
text.
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a broadening of a PE curve is considered as contributed mostly
by hole states is due to the fact the quasi-particles group
velocities along the stacking direction vt are much smaller that
those for nal states due to relatively narrow occupied d- and p-
states for binding energies at around 2 eV.25 The range of
binding energies higher than 5 eV, contributed mostly by 2p O
states, is challenging for a comparative analysis as no subtrac-
tion of the secondary electron emission in the measurements is
performed. However, since the ordinary single-particle Kohn–
Sham band description doesn't really apply to a strongly-
correlated system such as NiO,26 even aer taking into
account the electron–hole interaction using e.g. GW approxi-
mation,27,28 no derivation of the band dispersion is currently
pursued. Instead, the focus here is on the trends related to the
effects of the alloying, and the more appropriate Mott–Hubbard
picture involving the charge uctuations is replaced here
a posteriori with the GSE method to capture the essential
physics of both the excited and the ground states.

5 ARPES analysis of Ni1�xAlxO (001)

The UV PE spectra of Al0.5Ni0.5O compound are in striking
contrast to the one of NiO, as is easily seen in Fig. 11. Due to
presence of trivalent Al, the electronic levels of O atoms are
22384 | RSC Adv., 2020, 10, 22377–22386
more exposed to the eld of the nucleus and as a result are
shied to higher binding energies. The PE spectra are now are
considerably wider and extend beyond 10 eV of the binding
energies versus 8 eV only in NiO.

The measured UV PE spectral data shown in Fig. 11, are
recorded for 21.5 eV incident photons produced by the helium-I
source lamp from samples Q, R and S. As mentioned above, the
valence states are broader by about 2 eV and extend to higher
binding energies up to 11 eV if Ni partially substituted by Al. The
distinctions between the simulated photocurrent spectra of
Al0.50Ni0.50O and NiO are easy to track by looking at Fig. 12,
where the emission intensity magnitudes are normalized per
same area and unit cell and computed for the same photon
energy of 21 eV. Substituting Ni with Al leads to a reduced
photoemission between 2 eV and 6 eV and makes the O
contribution spread over wider range of the binding energies
between 4 and 11 eV. To match the measured PE spectra, by an
order of magnitude higher self-energy Im

P¼�0.5 � (1� E/EF)
is used in case of Al alloy, as opposed to the case of NiO. Thus
derived self-energy for occupied states can serve as indirect
evidence of the hole lifetime being by an order of magnitude
smaller in Al alloys than in NiO, obviously related to the quality
of the atomic ordering. The TEM of all samples also conrms
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Normal PE data for NiO and Al0.5Ni0.5O, theory is plotted with
bold and dashed lines. The shown are also data measured at ħu ¼
21.0 eV: line with circles for NiO, and line with triangles for S-sample.
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essentially higher degree of the structural ordering in pure NiO
than in the Al alloys. Therefore, in the context of a potential
transport layer in a solar cell, the expected mobility of the hole
carriers in Al alloys is by an order of magnitude lower than in
NiO lightly-dopped with Al, which might impact the reverse
saturation current and deteriorate the open-circuit voltage of
the cell. However, even in its present realization, a simple
annealing at 300 �C of the Al alloy is shown to have lower
contact resistivity of 41.6 mU cm2 than that of NiO.

The fact that there is a good chance to have a disordered
combination of Al2O3 and NiO rather than substitutional alloy
with limited ordering assumed in simulations, is anticipated
given the ALD method currently used for the lm fabrication.
Moreover, pure Al2O3 has no discernible features between 2 and
6 eV.29,30 This observation indicates the presence of Ni3+ ions in
the Al alloy structure, which content grows as the concentration
of Al goes up. That the ratio Ni3+/Ni2+ for concentration strongly
depends on the Al content, was also conrmed by our XPS Ni
2p3/2 measurements.

6 Summary

NiO alloyed with aluminum, Ni1�xAlxO, was analyzed in terms
of its stoichiometry, electronic and transport properties, as well
as interfacial band alignment with Si considering its potential
use as a transport layer in p–i–n type solar cells. The analysis
was based on the component material and slab structural
simulations, as well as simulated andmeasured UV PES data, in
order to reveal the best suitable stoichiometry. It is concluded
that the ionization energy from the highest occupied states
tends to grow with Al content as the simulated work function
grows from 4.1 eV in pure NiO to 4.7 eV in heavily alloyed
Al0.50Ni0.50O. The affinity rule is tested by evaluating the work-
functions of the component layers and justied best for
a particular interface design – by adding Ni-enriching step to
the oxidation cycle. Contrasting the simulated and measured
UPS data allows the estimating the self-energy of the hole
carriers, which in case of non-annealed Al-rich samples is
shown to be by an order of magnitude higher due to the effects
of disorder. The work functions derived from the measured UPS
This journal is © The Royal Society of Chemistry 2020
data for the ALD grown oxide lms with nearly the same alloy
stoichiometry correlate well with the simulated values. The
ndings suggest Ni coating of the back of silicon rst, followed
by a graded doping AlxNi1�xO, with high Al content at contact/
oxide interface and low content at oxide/semiconductor, as the
best design for HTL.
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