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nic state between hexagonal ZnO
and cubic NiO

Yii Yat Chan,a Zi Cheng Teya and Hui-Qiong Wang *ab

The interface of two dissimilar materials gives rise to a myriad of interesting structural, magnetic, and

electronic properties that may be utilized to produce novel materials with unique characteristics and

functions. In particular, growing a cubic oxide film on top of a hexagonal oxide substrate results in such

unique properties due to the conflict of their respective stabilization mechanisms within the interface

layer. This study aims to elucidate the electronic properties of the interface between hexagonal ZnO and

cubic NiO by analyzing the interface electronic states within epitaxial NiO films grown on ZnO

substrates, expressed in the form of ultraviolet photoemission spectroscopy (UPS) for valence band

structure and X-ray absorption spectroscopy (XAS) spectra for conduction band structure. This is

accomplished through a modeling approach in which the film, substrate, and interface signals are

assumed to be related to each other by a set of mathematical equations, and then rearranging and

modulating the equations to obtain unique UPS and XAS spectra that depict the interface electronic states.
Introduction

In the ever-evolving sector of device fabrication, there is
continuing need for a deeper understanding of how different
materials interact. One point of scrutiny is the interface
between two or more different functional materials. Hetero-
epitaxy between dissimilar materials give rise to a variety of
fascinating properties due to the conict of stabilization
mechanisms within the interfacial layers.1 Such interfaces oen
exhibit structural, optical, magnetic, and electronic properties
that are different relative to their individual counterparts, and
there exists considerable interest in regards to how these
properties may be exploited to realize material combinations
that perform synergistically in real-life applications such as
catalysis, plasmonics, and electronics.2,3

The interface electronic states of a NiO/ZnO heterostructure
is studied in this work. ZnO is hexagonal wurtzite, and exhibits
a bandgap of 3.37 eV and exciton binding energy of 60 meV at
room temperature. It is suitable for a multitude of modern
functional devices such as detectors, optical sensors, light-
emitting diodes (LEDs).4–7 ZnO nanolms are also expected to
be promising thermoelectrics8 and catalysts for efficient
hydrogen reaction.9 However, stable p-type ZnO thin lms
exhibit self-compensation due to a large concentration of
background n-type carriers.10,11 Alternative p-type oxides such as
NiO have been studied. Cubic NiO has high stability and
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reproducibility, with stable chemical properties, a bandgap of
3.7 eV, and exceptional optical, magnetic, and electrical prop-
erties. As such, it is seen as a suitable alternative to p-type ZnO.1

Furthermore, several p-NiO/n-ZnO heterojunction-based opto-
electronic devices such as LEDs and ultraviolet detectors have
been fabricated.12–16 Studies on the interfacial electronic struc-
ture such as the band offset of NiO/ZnO heterojunctions have
been conducted,17–19 yet there is still a need to further elucidate
the intrinsic electronic properties at the NiO–ZnO interface. A
prominent way of studying heterojunction interfaces is via
growth of epitaxial thin lms, where the growth process is
carefully controlled and monitored, with various measurement
techniques being used at set intervals throughout the growth
process to record and study interesting properties.1,20–24

To date, detailed study of the electronic structure within
nanoscale thin lms have mostly been conducted via surface-
sensitive techniques such as ultraviolet photoelectron spec-
troscopy (UPS), X-ray absorption spectroscopy (XAS), and X-ray
photoelectron spectroscopy (XPS). Despite their established
reliability, these methods are not optimal when it comes to
examining the electronic states at heterojunction interfaces,
due to limitations of their electron mean free paths and diffi-
culty in decoupling the electronic states of the interface from
that of other non-interface phases. Electron microscopy tech-
niques such as electron energy loss spectroscopy (EELS) and
scanning transmission electron microscopy (STEM) can be
useful in probing the functional interfaces of thin lms, but are
nevertheless expensive and time-consuming to conduct.25

One interesting method that addresses some of these issues
has been proposed in the study of Wang et al.,20 which uses
a mathematical model to simulate and extract the interface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electronic states from the UPS spectra of a CoO/Fe3O4 hetero-
structure. It rst assumes that the density of states in a theo-
retical perfect epitaxial lm is completely independent of its
substrate, i.e. the UPS spectra consists of the superposition of
only the signal from the substrate and bulk lm, and no
interfacial states are present. If the experimental spectra exhibit
any major deviation from these theoretical spectra, then unique
interfacial states are inferred to exist. The interfacial states can
then be found by solving for a set of equations that relate
multiple key parameters, including the substrate, lm, and
interface states.

This study employs a similar method to extract the interface
states of a NiO/ZnO heterostructure from the existing UPS
spectra, and also extends the method to the XAS spectra that
have not been applied to previously. The experimental data used
are based on the report by Li et al.,1 in which the UPS and XAS
spectra were obtained throughout the growth of NiO lms with
different thickness on the ZnO substrate along the [0001]
direction. The study inferred the existence of interface states in
the valence band via analysis of the UPS spectra, but the inter-
face states were not thoroughly quantied and studied in detail.
On the other hand, no similar analysis was done toward the XAS
spectra to account for the interface states in the conduction
band. Therefore, this study aims to unravel the interface elec-
tronic states of the NiO/ZnO system by employing the modeling
technique from Wang et al.20 to simulate and extract the inter-
face states within the valence and conduction band, based on
the UPS and XAS spectra from the report by Li et al.,1 respec-
tively. Furthermore, we attempt to determine the extent of the
contribution of both substrate and lm to the interface states by
proposing a few variants for the models with interface states
and determining the most optimal thickness for both substrate
and lm that are contributed to the interface structure,
respectively.
Methodology

The experimental UPS and XAS spectra of the NiO/ZnO are
extracted from the report by Li et al.1 The NiO lms were
epitaxially grown on a ZnO substrate using molecular beam
epitaxy (MBE), and the structural and electronic properties of
the lm were characterized using X-ray diffraction (XRD), elec-
tron energy loss spectroscopy (EELS), scanning transmission
electron microscopy (STEM), UPS, and XAS. UPS and XAS are
surface-sensitive techniques,25,26 which makes it difficult to
directly investigate the embedded interface electronic states.
However, it is possible to characterize the interfacial electronics
states by observing and analyzing the spectral trends
throughout the NiO lm growth, assuming layer-by-layer
growth. Next, we attempt to use modeling techniques on the
NiO/ZnO system to evaluate two assumptions, i.e. the system is
either with or without interfacial electronic states.
UPS modeling without interface states

Given that a UPS spectrometer probes the lm down to a few
monolayers below the surface of a sample, the resulting UPS
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum of any ultrathin lm grown on a substrate will be
a superposition of emissions from the lm, substrate, and any
interfacial states that may be present in between, with each
parameter weighted by electron escape depths. A model of
a UPS spectrum without interfacial states, expressed as the
spectral intensity I as a function of lm thickness d, is con-
structed using the formula,

IðdÞ ¼ IZnO0 exp

�
�d

l

�
þ INiO

0

�
1� exp

�
�d

l

��
(1)

where IZnO0 and the INiO0 are the bulk UPS spectra of the ZnO
substrate and NiO lm, respectively; d is the lm thickness
grown on the substrate, and l is the inelastic mean free path.
Any discrepancy between the measured and model spectra are
assumed to be a result of interface electronic states. Hence, the
difference between each experimental spectrum and its corre-
sponding model spectrum is obtained.
UPS modeling with interfacial electronic states

We rst gauge the presence of interfacial electronic states and
determine the extent of their inuence across the NiO/ZnO
interface. This is done by taking the sequential UPS spectrum
with each interval of NiO lm deposition to separate out the
electronic structure of each NiO layer by subtracting the signal
contributed by the background, ZnO substrate, and NiO layers
underneath from the experimental spectrum of a particular
interval of time during which NiO is being deposited. The
sequential UPS spectrum at each time interval is obtained via
the formula,

I(j−i)th = Ij − Ii exp(−d(j−i)th/l) (2)

where Ij denotes the spectral intensity of a j nm-thick sample,
and Ii denotes the intensity of a i nm-thick sample. I(j−i)

yields the intensity of the topmost layer of (j − i) nm thickness
at any given time, obtained by subtracting the Ii from Ij,
corrected for attenuation due to the (j − i)th layer with
thickness d(j−i)th and the electron escape depth, hence the
coefficient exp(−d(j−i)th/l).

We then use a model that relates the NiO lm, ZnO
substrate, and interfacial states to one another via an equation.
This model builds upon eqn (1) by introducing two variables
that account for the interface states contributed by the substrate
and lm toward the experimental UPS spectra.

I exptðdÞ ¼ IZnO0 e
�

�
dþdis
l
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þ INiO

0

8><
>:1� e
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�
d�dif
l
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>;

þ I interface0 e
�

�
d�dif
l

�8><
>:1� e

�

�
disþdif

l

�9>=
>; (3)

where Iinterface0 is the interfacial state spectrum, dif is the thick-
ness of the lm-side interfacial layer, and dis is thickness of the
substrate-side interfacial layer. The interfacial state spectrum
can then be acquired by solving for Iinterface0 .
RSC Adv., 2024, 14, 17238–17244 | 17239
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Fig. 2 Two variants of Model A were inspected in this study. Apart
from dif, the values remain the same for the remaining parameters.
0.93 nmwas chosen as the dif in (a); 1.7 nm was chosen as the dif in (b).

Fig. 3 Two variants of Model B were inspected in this study. Apart
from dis and dif, the values remain the same for the remaining
parameters. The setup is similar to Fig. 2, albeit this time with the
inclusion of dis below the dif component that shares the same value
with dif i.e. (a) dis = dif = 0.93 nm, (b) dis = dif = 1.7 nm.
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I interface0 ¼
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(4)

Throughout the lm growth in the report by Li et al.,1 an
interfacial layer extending up to 1.7 nm was observed via
scanning transmission electron microscopy (STEM). We thus
consider two variants of the same model derived from eqn (4) –
one assumes that interface states are contributed solely by the
lm (Model A), i.e. dis = 0; the other assumes that both lm and
substrate equally contribute to the interfacial layer (Model B)
(Fig. 1).

Ideally for our model, the closer we get to the true value of dis
and/or dif, the smaller the variation of the interfacial state
spectrum determined from the experimental spectra across the
range of d that exhibits the possible presence of interface states.
We highlight this by investigating two variants for both Model A
and B. For Model A, one variant has its d set to 0.93 nm due to it
being the smallest thickness measured during lm growth in
the report by Li et al.1 The other has its d set to 1.7 nm due to the
formation of an interfacial layer observed in the report by Li
et al.1 that extends up to 1.7 nm (Fig. 2).

Next, we consider the possibility of interface states extending
to the ZnO substrate (Fig. 3). For simplicity, we assume that
dis = dif.

Assessment of model consistency via a similarity factor

For each model, interfacial state spectra were generated for d =

0.93 nm and d= 1.66 nm, respectively, due to these values being
within the connes of the thickness of the 1.7 nm interfacial
layer. Similarity testing for both spectra was conducted via
a reliability factor (R factor), dened as

R ¼
P
i

ðbi � aiÞ2
P�

bi
2 þ ai2

� (5)

where ai and bi are the interface signals for d = 0.93 nm and
1.66 nm, respectively. A lower R factor indicates greater
similarity.
Fig. 1 Two models to evaluate the interfacial states. Model A assumes
that only the film contributes to the interfacial states; Model B assumes
that both the film and substrate contribute to the interfacial states.

17240 | RSC Adv., 2024, 14, 17238–17244
All the steps above were repeated for the XAS spectra
extracted from the report by Li et al.1
Results and discussion
Ultraviolet photoelectron spectroscopy (UPS)

The experimental data in Fig. 4(a) were obtained from the report
by Li et al.1 The peaks of the experimental UPS spectrum of the
90min NiO lm exhibit similarities to that of single-crystal NiO in
the study of Mckay et al.,27 and is thus taken to be the bulk NiO
spectrum, INiOO . Similarly, the experimental UPS spectrum of the
ZnO (0001) substrate contains peaks similar to that of single-
crystal ZnO shown in the study of Solomon et al.,28 most notably
the Zn 3d and O 2p peaks. Hence, the ZnO spectrum is taken as
the bulk ZnO spectrum, IZnOO . Fig. 4(b)–(d) were successfully
reproduced using the corresponding equations, i.e. (b) was ob-
tained using eqn (1); (c) was obtained by subtracting (b) from (a);
(d) was obtained using eqn (2). According to Li et al.,1 the presence
of signicant dissimilarities between the experimental andmodel
spectra – in this case, the troughs in the spectra ranging from
1 min to 10 min in Fig. 4(c) – suggests the possible presence of
interfacial electronic states at the valence band due to the
discrepancy between experiment and model spectra.

According to the assumption in eqn (4), the interfacial state
spectrum for a xed dis and dif should be identical within
a certain range of d, where d# 1.7 nm. Hence, error analysis via
R factor was used to quantify the similarity between the inter-
face signal at 1 and 2 min, i.e. when d = 0.93 nm and 1.66 nm,
respectively.1
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Experimental UPS spectra of NiO films of different thick-
nesses grown on ZnO (reproduced with permission from the report by
Li et al.1). The ZnO spectrum has been shifted to the right by 0.8 eV to
align its Zn 3d peak with the left peak of 1 min NiO deposition. The
inelastic Li–Henrich background has been subtracted from each
spectrum. (b) Model UPS spectra obtained via eqn (1). (c) Difference
spectra obtained by subtracting the model spectra from the experi-
mental spectra. (d) Sequential difference of each deposition interval
obtained using eqn (2).

Fig. 5 Two variants of Model A obtained using different dif values. (a)
Model A1, where dif= 0.93 nm; (b) Model A2, where dif= 1.7 nm. Model
A2 exhibits lower R factor, indicating higher similarity between the two
variants.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 shows that Model A2 has lower R factor than Model
A1, suggesting that the interface states extend up to 1.7 nm
toward the side of the interfacial layer, instead of merely 0.93
nm (Fig. 6 and 7). The average of the two curves of Model A2 is
Fig. 6 Comparison of the spectra for the ZnO substrate, the thickest
NiO film [both from Fig. 4(a)], and the interface electronic state from
Model A2.

Fig. 7 Two variants of Model B obtained using different dif and dis
values. (a) Model B1, where dis = dif = 0.93 nm; (b) Model B2, where dis
= dif = 1.7 nm. Model B2 exhibits lower R factor, indicating higher
similarity between the two variants.

Fig. 8 Comparison of the spectra for the ZnO substrate, the thickest
NiO film [both from Fig. 4(a)], and the interface electronic state from
Model B2.

RSC Adv., 2024, 14, 17238–17244 | 17241
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shown together with the UPS spectra of the ZnO substrate and
thickest NiO lm (Fig. 6). On the other hand, Fig. 8 shows that
Model B2 has lower R factor than Model B1, suggesting that the
interface states extend up to 1.7 nm on either side of the NiO–
ZnO interface. The average of the two curves of Model B2 is
shown together with the the UPS spectra of the ZnO substrate
and thickest NiO lm (Fig. 8). Between Models A2 and B2,
however, Model A2 has the lower R factor, indicating that our
model for UPS favors the assumption that interface states are
present only on the side of the NiO lm that extends up to
1.7 nm.
X-ray absorption spectroscopy (XAS)

The experimental data in Fig. 9(a) were obtained from the report
by Li et al.1 The experimental XAS spectrum of the 90 min NiO
lm is similar to the XAS spectra at O 1s threshold of NiO thin
lms in the study of Gutiérrez et al.,29 and is thus taken to be the
bulk NiO spectrum, INiOO . Similarly, the experimental XAS spec-
trum of the ZnO (0001) substrate appears similar to that of bulk
Fig. 9 (a) Experimental XAS spectra of NiO films of different thick-
nesses grown on ZnO (reproduced with permission from Li et al.1). (b)
Model XAS spectra obtained via eqn (1). (c) Difference spectra obtained
by subtracting the model spectra from the experimental spectra. (d)
Sequential difference of each deposition interval obtained using
eqn (2).

17242 | RSC Adv., 2024, 14, 17238–17244
ZnO in the study of Dong et al.30 Hence, the ZnO spectrum is
taken as the bulk ZnO spectrum, IZnOO . Fig. 9(b)–(d) were
produced using the corresponding equations, i.e. (b) was ob-
tained using eqn (1); (c) was obtained by subtracting (b) from
(a); (d) was obtained using eqn (2). Similar to the UPS section,
the troughs in the spectra ranging from 1 min to 10 min in
Fig. 9(c) suggests the possible presence of interfacial electronic
states at the valence band due to the discrepancy between
experiment and model spectra.
Fig. 10 Two variants of Model A obtained using different dif values. (a)
Model A1, where dif= 0.93 nm; (b) Model A2, where dif= 1.7 nm. Model
A2 exhibits lower R factor, indicating higher similarity between the two
variants.

Fig. 11 Comparison of the spectra for the ZnO substrate, the thickest
NiO film [both from Fig. 9(a)], and the interface electronic state from
Model A2.

Fig. 12 Two variants of Model B obtained using different dif and dis
values. (a) Model B1, where dis = dif = 0.93 nm; (b) Model B2, where dis
= dif = 1.7 nm. Model B2 exhibits lower R factor, indicating higher
similarity between the two variants.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparison of the spectra for the ZnO substrate, the thickest
NiO film [both from Fig. 9(a)], and the interface electronic state from
Model B2.
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Likewise, we conduct error analysis via R factor to quantify
the similarity between the interface signal when d = 0.93 nm
and 1.66 nm.

Fig. 10 shows that Model A2 has lower R factor than Model
A1, suggesting that the interface states extend up to 1.7 nm
toward the side of the interfacial layer (Fig. 11). The average of
the two curves of Model A2 is shown together with the XAS
spectra of the ZnO substrate and thickest NiO lm (Fig. 11). On
the other hand, Fig. 12 shows that Model B2 has lower R factor
than Model B1, suggesting that the interface states extend up to
1.7 nm on either side of the NiO–ZnO interface (Fig. 13). The
average of the two curves of Model B2 is shown together with the
XAS spectra of the ZnO substrate and thickest NiO lm (Fig. 13).
For XAS, Models A2 and B2 exhibit similar R factor, but, since
Model A2 for UPS exhibits the smallest R factor, Model A2 is
chosen to be the most feasible model for the UPS and XAS
modeling of the interfacial state spectra of a NiO–ZnO interface.
This is corroborated by the fact that a 1.7 nm interfacial layer
was observed in the report by Li et al.1 during lm growth.

Conclusions

The interface electronic states of a NiO epitaxial thin lm grown
on ZnO were modeled based on existing UPS and XAS spectra of
their respective bulk phases. Two models were proposed
(Models A and B), one that accounts for only lm contribution
to the interface states (Model A), and another that accounts for
both substrate and lm contribution (Model B). Two variants
for each model were constructed by varying the contributions of
substrate and lm accordingly, and similarity testing at 1 min
and 2 min lm growth was done for each model to test for
model consistency and error margin using a reliability factor (R
factor). It was observed that Model A2 exhibited the lowest R
factor for both UPS and XAS, and that this occurred when it was
assumed that only the NiO lm contributed to the interface
states that extended up to 1.7 nm, corroborated by the obser-
vation of an interfacial layer of similar thickness in the report by
Li et al.1 Therefore, we conclude that Model A2 is the most
© 2024 The Author(s). Published by the Royal Society of Chemistry
reliable model when used to model the interfacial electronic
states of an epitaxial thin lm system. This work demonstrates
the feasibility to extend the modelling methodology of interfa-
cial electronic states previously proposed by Wang et al.20 for
UPS spectra (probing the occupied states in the valence bands)
to XAS spectra (probing the unoccupied states in the conduction
bands). This approach of determining the interface structure
model and the interfacial electronic states through UPS and/or
XAS spectra may be extended to other types of interfaces as well,
and may be considered as a preliminary step in any attempt to
elucidate the interfacial electronic states of various other
heterostructures.

Local symmetry has been identied as a signicant factor in
various phenomena, including thermoelectric transport various
phenomena, e.g. thermoelectric transport,31 thermal rectica-
tion,32 and interfacial electronic states.33 Recent theoretical
work has shown the presence of two interfaces driven by local
symmetry in the (ZnO)n/(w-FeO)n superlattices.33 If such inter-
esting local-symmetry-induced interfaces can be realized
experimentally, the model proposed in this work will be well-
suited for examining interface properties. With the advance-
ment of characterization techniques,25,34–37 and the develop-
ment of materials informatics and machine learning,38 the
combination of our proposed model and big data in materials
science may contribute to the in-depth study of interfaces.
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