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Interfacial electronic states of misfit heterostructure between hexagonal ZnO and cubic NiO
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The combination of materials with dissimilar symmetries can induce a large amount of stress at the interfacial
layer of films, thereby promoting the appearance of novel properties in related devices. The study of the
interfacial state is critical for determining the inner mechanism. In this work, the misfit heterostructure between
cubic NiO films and wurtzite ZnO is investigated. A NiO film grown using molecular beam epitaxy on a ZnO
substrate shows a highly (100)-oriented texture featuring three domains with a rotation angle of 30 °, which
is in agreement with first principles calculations. Misfit-induced dislocations and lattice distortions within the
interfacial layers of the NiO film give rise to interfacial electronic states, which are different from those in bulk;
these electronic states are analyzed by in situ synchrotron-based x-ray photoelectron spectroscopy, ultraviolet
photoelectron spectroscopy, x-ray absorption spectroscopy, and ex situ electron energy loss spectroscopy. Addi-
tionally, the origin of these interfacial states is discussed. This work aims to provide insights for the integration
of semiconducting hexagonal ZnO with other functional materials that have a cubic symmetry. Additionally, we
investigate the integration of photon and electron-based techniques to explore the interfacial states of complex
interfaces, which is an important aspect of material science.
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I. INTRODUCTION

An interfacial electronic structure plays an essential role in
modern device fabrications that involve oxide heteroepitaxy
because the interfacial electronic structure greatly influences
the stability and functions of fabricated devices. Epitaxial
interfaces with polar and nonpolar planes have also generated
considerable interest because they possess a range of desir-
able properties for functional devices [1–6]. With dissimilar
lattice structures, novel physical phenomena appear at their
interface. The stark effect of the polar semiconductor GaN
can be decreased by coupling with a cubic substrate, which
results in improved quantum efficiency [7]. Bera reported a
versatile light-switchable resistive switching memory based
on the highly tunable on and off states of a ZnO/NSTO
heterojunction with a high and persistent photoconductivity
[2]. An interface comprised of such dissimilar materials ex-
hibits a wide range of interesting structural, electronic, and
magnetic properties due to the competition of stabilization
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mechanisms within the interior of the interfacial layer. The
system of a NiO/ZnO heterostructure is studied in this work.
Wurtzite ZnO possesses a wide band gap of 3.37 eV and a
large exciton binding energy of 60 meV at room temperature,
as well as being highly transparent in the visible region;
these properties make it appropriate for modern functional
devices, such as light-emitting diodes (LEDs), detectors, and
optical sensors in the ultraviolet region [8–11]. In contrast,
stable p-type ZnO thin films have not been very success-
ful because of their self-compensation that is caused by a
large concentration of background n-type carriers [12,13];
this self-compensation is one of the vital issues to be re-
solved before promoting their applications in next generation
electronics. Therefore, stable p-type oxide-based materials,
such as NiO, have been studied. As a p-type oxide with
a high stability and reproducibility, cubic NiO has stable
chemical properties, a wide band gap of 3.7 eV, and ex-
cellent electrical, optical, and magnetic properties, thereby
making it a suitable alternative for p-type ZnO. Indeed,
a number of p-NiO/n-ZnO heterojunction-based optoelec-
tronic devices, such as ultraviolet detectors and LEDs, have
been fabricated [14–18]. Some studies have investigated the
band offset of NiO/ZnO heterojunctions [19–21], but a more
detailed exploration of the interfacial electronic structure
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of NiO/ZnO heterojunctions is the motivation behind this
work.

To probe the interfacial states, photon and electron
techniques are combined in this work, i.e., in situ synchrotron-
based photon techniques are combined with electron tech-
niques to fully explore the interfacial atomic and electronic
structure between hexagonal ZnO and cubic NiO. In situ
photoelectron spectroscopy (PES), including x-ray photo-
electric spectroscopy (XPS) and ultraviolet photoemission
spectroscopy (UPS), can measure the emergent phenomena at
the interface that is controlled by the electronic states local-
ized at the buried interfacial layers by obtaining the electronic
states of the core level and valence band [21–24]. In addi-
tion, the spatial electronic structure of the conduction band
can be obtained by polarization-dependent x-ray absorption
spectroscopy (XAS) [25,26]. To directly visualize the ionic
displacement with a high spatial resolution to corroborate the
x-ray spectroscopy results, electron microscopy is also em-
ployed in the interfacial studies [6,22,27–34]. Combined with
electron energy loss spectroscopy (EELS), atomic resolution
scanning transmission electron microscopy (STEM) provides
information on the local electronic structure around an atomic
column irradiated by the incident electron probe, which is
usually used to probe the interfacial electronic state, such as
the metal valence states, holes in the hybridized p-d band,
and interfacial dislocations, including oxygen vacancies and
lattice distortions [28,35]. As a cross-section probe method,
STEM and EELS can provide the evolution process from
the interface to the bulk material. In this work, the crystal

structure of the NiO film is measured by x-ray diffraction
(XRD), and the results of ϕ-scan XRD provide the epitaxial
relationship of the heterostructure.

II. RESULTS

A. Epitaxial relationship of the interfaces

Figure 1(a) shows the XRD patterns of the NiO films
grown on ZnO (0001), with two featured peaks at approx-
imately 34.4 and 43.4 °, corresponding to ZnO (0002) and
NiO (002), respectively. The peak of NiO (002) is clearly
wider than that of ZnO (0002), and the widening of the NiO
diffraction peak may be the combination of the finite thickness
(∼60 nm) and multiple oriented domains of the NiO epilayer.
To determine the epitaxial relationship, ϕ-scan XRD was per-
formed, as shown in Fig. 1(b). There are six {1-101} peaks
separated by 60 ° in the ZnO ϕ scan (χ = 61.6◦ and 2θ =
36.3◦), which is consistent with the sixfold [0001] symmetry
of the ZnO crystal. For NiO, four {111} peaks separated by
90 ° are expected in the ϕ scan with χ = 54.7◦ and 2θ = 37.3◦
based on its fourfold [001] symmetry. The 12 {111} peaks in
the ϕ scan can therefore be divided into three sets of {111}
peaks with each set corresponding to an orientation domain
that consists of four {111} peaks. Figure 1(c) shows the re-
lationship among the three NiO domains and ZnO substrate
in the reciprocal space of the [001]NiO/[0001]ZnO projection
based on the ϕ scan in Fig. 1(b). From the above, we conclude
the following as the relationship among the NiO domains and
ZnO substrate:

(110)NiO-I ‖ (10 − 10)ZnO, (−110)NiO-I ‖ (−12 − 10)ZnO, [001]NiO-I ‖ [0001]ZnO, (1)

(110)NiO-II ‖ (01 − 10)ZnO, (−110)NiO-II ‖ (−2110)ZnO, [001]NiO-II ‖ [0001]ZnO, (2)

(110)NiO-III ‖ (−1100)ZnO, (−110)NiO-III ‖ (−1 − 120)ZnO, [001]NiO-III ‖ [0001]ZnO, (3)

where the subscripts ZnO, NiO-I, NiO-II, and NiO-III rep-
resent the ZnO substrate and domains I, II, and III of NiO,
respectively.

The observation of three NiO domains is consistent with
the six degrees of symmetry along [0001] of the ZnO sub-
strate. Four NiO {110} are equivalent and are the same as
six ZnO{1-100}. Therefore, there will be equal probability
for NiO to align one of its four {110} to be parallel to
one of the six ZnO {1-100}, resulting in the formation of
NRD-independent NiO domains with NRD = lcm(n,m)

m , where
NRD is the number of rotational domains expected in the
grown epilayer; n denotes the Cn rotational symmetry of the
substrate crystal with rotation angles �i = 2π/n; m denotes
the Cm rotational symmetry of the epilayer crystal with ro-
tation angles � j = 2π/m; and lcm (n, m) = k/(i/n + j/m)
is the least common multiple of n and m, where i, j, and
k are integers [36]. In our case, the hexagonal bulk ZnO
and cubic-structured NiO films have rotational symmetries
of C6 (n = 6) and C4 (m = 4), respectively, and lcm(6, 4) =
12. Therefore, NRD = 12/4 = 3, i.e., three rotational do-
mains are expected in the cubic NiO epilayer grown on the

hexagonal ZnO substrate, which is exactly what our results
show.

To characterize the interfacial structure, we performed
high-resolution transmission electron microscopy (HRTEM)
and scanning transmission electron microscopy (STEM) stud-
ies on the film. As shown in Fig. S1 of the Supplemental Mate-
rial, the total thickness of the NiO film is approximately 60 nm
[37]. Figures 2(a) and 2(b) shows the STEM images acquired
by a high-angle annular dark field (HAADF) detector and
viewed along the substrate (a) [−12−10] and (b) [−1100] di-
rections, respectively. The bright contrast dots on the left and
right correspond to Ni and Zn atoms, respectively. O atoms
are invisible due to their low atomic number. The interface be-
tween the NiO film and ZnO substrate is sharp. The NiO film
consists of domains with a domain size of approximately 4–10
nm in the ab plane and tens of nanometers along the c direc-
tion (nanorod shape). The domain in the middle part, outlined
by white dashed lines in Fig. 2(a), shows a centered-rectangle
atomic arrangement, which is consistent with the NiO[−110]
projection [Fig. 2(c)]. The fast Fourier transform (FFT) (inset)
of the image confirms this as it can be indexed as the (−110)*
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FIG. 1. (a) XRD data shown in a log scale for the grown NiO
thin films that show the [001]-oriented texture. The thickness of the
NiO films is estimated to be 60 nm from the HRTEM results. (b)
High-resolution 0–360 ° ϕ scan of the (001) NiO film (red line) on
the (0001) ZnO substrate (black line). The χ and 2θ for NiO are
54.7 and 37.3 °, respectively, and those for ZnO are 61.6 and 36.3 °
for ZnO, respectively. The six peaks in the ZnO ϕ scan (black line)
can be indexed as six symmetry related {1-101}. The twelve peaks
in NiO ϕ-scan (red line) can be indexed as three sets of {111}, with
each set having four symmetry-related {111} peaks. The subscripts
ZnO, NiO-I, NiO-II, and NiO-III represent the ZnO substrate and
domains I, II, and III of NiO, respectively. (c) The [001] projection of
three NiO orientation domains and the [0001] projection of the ZnO
substrate. The red, green, and blue arrows represent projections of
reciprocal 〈111〉∗ vectors (or the normal of the corresponding {111}
plane) of the NiO-I, NiO-II, and NiO-III domains, respectively. The
six black arrows represent the six projections of reciprocal 〈10-11〉∗

vectors (or the normal of the corresponding {10-11} plane) of the
ZnO substrate. The red, green, and blue squares along with the black
hexagon represent the (001) plane of the NiO-I, NiO-II, NiO-III
domains and the (0001) ZnO plane, respectively.

pattern of rocksalt NiO. The relationship between this domain
and the substrate ZnO is the same as that between NiO-I and
ZnO, which was determined by the ϕ-scan XRD pattern [see
Fig. 1(b)]. We notice that along this direction, the NiO-II
and NiO-III domains are viewed along the high index zone,
e.g., [4,15,0] for NiO-II and [15,4,0] for NiO-III, in which
the projected distances among the atoms along the vertical
direction are too close to be resolved [see the bottom-left part
of Fig. 2(e)]. In this case, a streaklike pattern is formed with
a spacing of approximately 0.21 nm. We have also simulated
the STEM-HAADF image with the beam along the NiO [140]
direction, which is just 0.9 ° off the [4,15,0] direction (Fig. S2
[37]). The simulation agrees with the observation very well.
We further notice that the images viewed along all 〈4, 15, 0〉,
e.g., [4,15,0] and [15,4,0], are the same due to the cubic
symmetry of NiO. Thus, the domains with streaky patterns
are either the NiO-II or NiO-III domains in Fig. 2(a). When
viewed along the [−1100]ZnO direction by tilting the sample
30 ° around the [0001]ZnO axis, the NiO-III domain is in the
[110]NiO-III zone and exhibits a centered-rectangular atomic
arrangement, as shown in the middle part of the domain in
Fig. 2(b). In this case, the NiO-I and NiO-II domains are

FIG. 2. (a),(b) Cross-section STEM-HAADF images with beams
along the (a) [−12−10] and (b) [−1100] directions of the ZnO
substrate. The white dots on the left and right correspond to Ni and
Zn atoms, respectively. O atoms are invisible due to their low atomic
number. The insets are the corresponding FFTs of the images. (c),(f)
Magnified images from the area outlined by the (c) red and (f) yellow
squares in (a) and (b). There is another dislocation in the area marked
by a green square. (d),(g) Inverse FFT images of the same area in
(c) and (f) by applying an aperture with the (d) 220NiO-I/20-20ZnO

and (g) 2-20NiO-III/11-20ZnO spots of the corresponding FFT (inset)
of the STEM-HAADF image in (a) and (b). Dislocations are clearly
seen and marked with a T. (e) Projection of NiO [−110] (top) and
[−1−40] (bottom) along with ZnO [−12−10]. (h) Projection of NiO
[110] (top) and [−4−10] (bottom) along with ZnO [1–100].

in the high-index zone ([−15, 4, 0]NiO-I and [−4, 15, 0]NiO-II)
and show streaklike patterns in the image. The relationship
observed by STEM images among the NiO domains and ZnO
is therefore consistent with the ϕ-scan XRD results.

To verify the equivalence of the three rotational domains
that are observed in the experiment with an angle of 30 °,
we perform first principles calculations on three rotational
models, as shown in Figs. 3(a)–3(c). In the three rotational
models, the orientation of the NiO component is fixed. From
the corresponding local crystal structures of the top ZnO layer
[Figs. 3(d)–3(f)], we can find that model 1 (model 3) can be
achieved by a 30 ° counterclockwise (clockwise) rotation of
the ZnO component from model 2. Two cases of the inter-
facial structure are considered, i.e., without [Fig. 3(g)] and
with [Fig. 3(h)] two hexagonal NiO buffer layers embedded
at the NiO/ZnO interface. Without and with the hexagonal
NiO buffer layers, the formation energy of the three rotational
models can be defined as

Eform = E (NiO/ZnO) − E (ZnO)wurzite − E (NiO)rocksalt and

Eform = E (NiO/ZnO) − E (ZnO)wurzite − E (NiO)rocksalt

− E (NiO)wurzite,

respectively, where E (NiO/ZnO), E (ZnO)wurzite,
E (NiO)rocksalt, and E (NiO)wurzite are the total energy of
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FIG. 3. (a)–(c) The top views of the crystal structures of the three
rotational models. The orientations of NiO and ZnO are marked by a
black quadrilateral, and blue, red, and green hexagons. (d)–(f) Cor-
responding local crystal structures of the top ZnO layer. In the three
rotational models, the orientation of the NiO component is fixed,
and model 1 (model 3) can be achieved by a 30 ° counterclockwise
(clockwise) rotation of the ZnO component from model 2. (g),(h)
Side views of the crystal structures of the NiO/ZnO superlattice mod-
els without and with the hexagonal NiO buffer layer, respectively.
The large blue and gray balls and the small red balls represent the
Zn, Ni, and O atoms, respectively. The large purple balls represent
Ni atoms in the hexagonal NiO buffer layer. (i) Formation energy of
the three rotational models with/without the hexagonal NiO buffer
layer.

the NiO/ZnO superlattice, wurtzite ZnO, rocksalt NiO, and
wurtzite NiO, respectively.

As seen from Fig. 3(i), the formation energy difference
among the three models without hexagonal NiO buffer layers
is less than 4 meV/atom, indicating that the three rotational
models are equivalent. Furthermore, the formation energy dif-
ference among the three models with hexagonal NiO buffer
layers remains less than 4 meV/atom. Both the symmetry
of the crystal structure and the formation energy verify the
equivalence of the three rotational domains.

Lattice coupling between the film and substrate. The d
spacings of NiO (002) and (220) are measured to be 2.08 ±
0.01 and 1.48 ± 0.01 Å, respectively, from the NiO 002 and
220 spots in the FFT results of the image containing both NiO
and ZnO, e.g., the insets in Figs. 2(a) and 2(b) with ZnO 0002,
20-20, and 11-20 as references. These are basically the same
as the corresponding d spacing of the bulk NiO, indicating
a fully relaxed NiO thin film. The lattice mismatch between
the film and the substrate is therefore calculated to be 5%
along the [10-10]ZnO direction and 9.2% along the [11-20]ZnO

direction. To exam the dislocations expected to accommodate

FIG. 4. Panels (a) and (b) are inverse FFT images ob-
tained by applying an aperture with the 220NiO-I/20-20ZnO and
2-20NiO-III/11-20ZnO spots of the FFT in the STEM-HAADF image
in Figs. 2(a) and 2(b), respectively. Horizontal fringes with spacing
of approximately 1.48 Å for the NiO-I domain and 1.41 Å for ZnO in
(a) and 1.48 Å for the NiO-III domain and 1.63 Å for ZnO in (b). One
dislocation is present in (a), while six dislocations with a spacing of
approximately 1.6 nm are seen in (b) and as marked with a T. Panels
(c) and (d) are the in-plane strain (εxx ) maps of the interfaces with
x along ZnO [11–20] and the enlarged view from the marked area
in (c).

the lattice mismatch, horizontal fringe images were obtained
by applying an aperture in the 220NiO-I/20-20ZnO and
2-20NiO-III/11-20ZnO spots of the FFT in the STEM-HAADF
images (Fig. 2). There are “T” type dislocations in the
NiO film at the interfacial layers, which point in opposite
directions, as shown in Figs. 2(d) and 2(g). This dislocation
is caused by the difference in the horizontal fringe spacings
of NiO and ZnO, i.e., approximately 1.48 Å for the NiO-I
domain and 1.41 Å for the ZnO substrate [Fig. 4(a)], as well
as 1.48 Å for the NiO-III domain and 1.63 Å for the ZnO
substrate [Fig. 4(b)]. One dislocation is present in Fig. 4(a),
while six dislocations with a spacing of approximately 1.6 nm
are seen in Fig. 4(b), and these dislocations are marked with a
“T”. From the fringe images, the dislocation Burger’s vector
is determined to be 1

4 〈110〉. The spacing of the dislocations
is therefore calculated to be 2.96 nm along [10-10]ZnO and
1.63 nm along [11-20]ZnO, which is consistent with the
dislocations observed in the fringe images.

The strain mapping of εxx [Fig. 4(c), x along [11–20]]
shows large, interconnected areas of weak, strained areas.
Deep valleys (blue) are the highly compressed region with
a compressive strain of εxx

∼= −0.15, whereas sharp peaks
(yellow) are the highly stretched region with a tensile strain
of εxx

∼= 0.15. The enlarged view of the area marked by the
white rectangle in Fig. 4(c) is displayed in Fig. 4(d). In this
enlarged image, the yellow and blue lines mark the negative
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FIG. 5. (a) STEM-HAADF survey image with a beam along the [−12−10] direction of the ZnO substrate. The rectangle marks the area
for the EELS spectrum image. (b) Simultaneously, acquired STEM-HAADF image during the acquisition of the 2D EELS spectrum image.
(c) Ni L3,2 edges (dots) by averaging vertically in the EELS spectrum image at several positions indicated by the vertical lines of the same
color in (b). The solid lines are refined curves using a combination of asymmetric Gaussian and Lorentzian functions. (d) Refined Ni L3 edge
energy as a function of position. The Ni L3 energy drops at the interface.

and positive strains, respectively. Thus, in the NiO film close
to the interface, the strain displaced in the strain map for
the εxx component is considered to be caused by the misfit
between the overlayer and the substrate. This strain is peri-
odically released through the formation of dislocations at the
interface, as indicated by the yellow arrows in Fig. 4(c). Fur-
thermore, these dislocations are uniformly distributed along
the interface.

B. Electronic structure at the interfaces

1. Conduction band structure at the interface

We studied the electronic structure at the interfaces by
first performing STEM-EELS analyses, which are very useful
for investigating the electronic structures at the nanometer
scale with a high spatial resolution, especially at interfaces
where the charge distribution changes locally within several
nanoscales [6,31,32,38]. The Ni L3,2 and O K edge spectra
correspond to transitions from Ni 2p to Ni 3d and from O
1s to O 2p, respectively. We focused on the fine structure
of the Ni L and O K edge spectra because they are both
sensitive to the hybridized 3d8 band of NiO [39]. As shown
in Fig. 5, when viewed along the ZnO [−12−10] direction, a
two-dimensional (2D) EELS spectrum image with Ni L3 and
L2 edges was acquired across the interface, and this is marked
by the red rectangle in Fig. 5(a). The energy of the EELS spec-
tra was calibrated by the simultaneously acquired zero loss
spectra. To improve the signal-to-noise ratio, the 2D spectrum
image was averaged vertically to a 1D spectrum image across
the interface. Figure 5(c) shows the spectra at several posi-
tions, and the color of these data are the same as the vertical
guide lines in Fig. 5(b). The numbers in Fig. 5(c) denote the
distance to the left of the rectangle, which means the bottom
black spectrum that originates from the NiO bulk and the up-
permost brown spectrum that originates from the NiO layers
at the interface. The solid lines are refined curves using a com-
bination of asymmetric Gaussian and Lorentzian functions (as
shown in Supplemental Material Eq. (1) [37]). Figure 5(d)

shows the refined Ni L3 peak energy as a function of the posi-
tion. The peak shape broadens at the interface. As electrons at
the Ni 2p level are ejected into the empty/unoccupied valence
states, the energy loss reflects the distribution of the unfilled
states. Additionally, this broadening effect indicates that there
are changes in the NiO electronic structure at the interface,
e.g., lattice distortions caused by the interfacial strain exist in
the NiO overlayer at the interface, which contributes to the
broadening of the peak.

Figure 6(b) is the STEM-HAADF survey image with a
beam along the [−12−10] direction of the ZnO substrate.
The red line across the interface marks the scan line (position
from 0 to 17 nm). A 1D EELS image of the O K and Ni L
edges was acquired along the red line, indicated in Fig. 6(b),
that ran across the interfacial region shown in Fig. 6(a). The
sharp termination of the Ni L edges indicates a sharp interface.
In the upper part of Fig. 6(c), the O K edges, obtained by
vertically averaging the spectra marked by the black and red
rectangles in Fig. 6(a), originate from NiO and ZnO, respec-
tively [6,39]. In the lower part of Fig. 6(c), the black and red
circles, representing the percentage of NiO and ZnO, change
as a function of position (from NiO to ZnO), as calculated
from the black and red rectangles in Fig. 6(a); the results are
based on a multiple linear least square (MLLS) fitting with
the reference spectra on top. An example of MLLS fitting for
the NiO/ZnO interface is shown in Fig. S3 [37]. The blue
line shows the simultaneously acquired STEM-HAADF im-
age intensity during the acquisition of the 1D EELS spectrum
image. A decrease in the oxygen content of the interfacial lay-
ers (∼1.7 nm) can be distinguished, which indicates oxygen
defects in the interfacial layers of NiO.

Analogous to the EELS, XAS was measured at a syn-
chrotron, which is more sensitive to the surface states and is
able to provide information on the electronic states, combined
to study the atomic bonding and electronic structures at the
interface. Ni L3,2 edge absorption spectra were measured in
the total electron yield (TEY) mode, as shown in Fig. 7.
Figures 7(a) and 7(b) show the polarization-dependent Ni L3,2
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FIG. 6. (a) 1D EELS spectrum image for O K and Ni L3,2 edges
from the scan line shown in (b). (b) STEM-HAADF survey image
with a beam along the [−12−10] direction of the ZnO substrate.
(c) Upper part: O K edges by vertically averaging the spectra marked
by black and red rectangles in (a); the axis is labeled at the top. These
two spectra represent the O K edge in the NiO film and ZnO sub-
strate, respectively. The spectra are used as the reference spectra for
multiple linear least square (MLLS) fitting. Lower part: Percentage
contribution of the O K edge in the NiO film (black dots) and ZnO
(red dots) as a function of position [from NiO to ZnO, as indicated
by the red arrow in (b)] calculated from the EELS spectrum in (a),
which is based on the MLLS fitting with two reference O K spectra
at the top. The position is labeled at the bottom. The STEM-HAADF
image intensity simultaneously acquired during the EELS acquisition
is included as the blue line.

XAS spectra of NiO films at different deposition times. The
angle between the light and the sample surface is provided

by θ (θ = 90◦ means normal light incidence with an electric
field vector �E lying in the plane of the crystal). Two angles
were chosen, 20 ° and 90 °, which preferred the in-plane and
out-of-plane orientations, respectively. The spectra were first
normalized to I0, followed by the subtraction of the pre-edge
line background and then the peak intensity at 880 eV was
normalized to 1. The general line shape of the spectra is very
similar to that of thicker NiO films and bulk NiO [40]. The
Ni_L3 absorption edge is found to shift toward lower energy
for the interfacial layers. The shift of the absorption edge
means a decrease in the oxidation of NiO, which is the result
of oxygen defects at the interface [41,42]. There are satellite
peaks near the major peak, and the major peak in the Ni
L3 spectra is due to the transitions from 2p63d8 to 2p53d9,
while the satellite peaks near the major peak are derived from
the multiplet splitting effect, which results from the interplay
between the hybridization and Coulomb repulsion [43]. In
bulk NiO, the satellite peaks are the result of a mixture of
2p63d9L and 2p63d10L2 ground states (L denotes a hole in the
ligand for O atoms) [43,44] and multiple transition processes
of p-d and d-d transitions [45]. As seen in Figs. 7(a) and 7(b),
the satellite peak intensities at 1 min are much weaker than
those at 90 min, indicating a relatively weak hybridization
between Ni 3d and O 2p and a relatively weak correlation
among the Ni 3d electrons at the initial growth stages.

The integrated areas of the Ni_L3 peak for different deposi-
tion times at 20 ° (black square) and 90 ° (red circle) are shown
in Fig. 7(c), and the absorption intensity of Ni_L3 increases
when close to the interface. An increase in unoccupied states
is expected in the Ni 3d energy levels of the first few layers
of NiO, which will increase the intensity of absorption. With
increasing deposition time, a decreasing trend can be clearly
seen at both 20 and 90 °, indicating an increase in the absorp-
tion intensity when closer to the interface and a decrease in
the electron occupation of the Ni 3d energy levels. As shown
in Fig. 7(e), the relative intensity of 90 °/20 ° decreases when

FIG. 7. Panels (a) and (b) are experimental polarization-dependent Ni L3,2 XAS results of the NiO films at different deposition times. θ is
the angle between the light and the sample surface (θ = 90◦ means normal light incidence). Panels (c) and (d) are the integrated intensities of
the Ni L3 and L2 peaks for different deposition times at 20 ° (black square) and 90 ° (red circle), respectively. Panel (e) is the relative integrated
intensity ratio from the incident angles at 90 vs 20 ° as a function of the deposition time, which is calculated from the Ni L3 (black) and Ni
L2 edges (red), respectively. Panel (f) is the relative integrated intensity ratio from the absorption edges at Ni L3 versus L2 as a function of the
deposition time, which is calculated from the incident angles at 90 ° and 20 °, respectively.
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FIG. 8. Experimental O 1s XAS of NiO films at different depo-
sition times with incident angles of 20 ° (a) and 90 ° (b).

moving closer to the interface, which means an increase in the
electronic occupation of the xy plane relative to the z plane at
the interface. A similar phenomenon is also observed at the Ni
L2 edge.

The polarization-dependent O_K absorption spectra, as
shown in Fig. 8, also demonstrate the clear evaluation of
the conduction band structure as the thickness of the NiO
film increases. A new absorption peak originating from the
O 2p–Ni 3d hybridization arises at 532 eV when NiO is
deposited on the substrate. In addition, this absorption posi-
tion shifts to a higher energy value at the interfacial layers
(θ = 90◦), indicating that the charge transfer energy, which
is sensitive to the ion coordination of NiO, changes at the

interface [46]. From the STEM results, there exists a series of
dislocations at the interface, which can lead to the distortion of
the NiO crystal structure at the interface and further shift the
absorption edge in the O_K edges to a higher energy value at
90 °, while remaining nearly constant at 20 °. The peak at 532
eV broadens during the initial growth stage, indicating crystal
field splitting, which is consistent with previous reports [47].

2. Valence band structure at the interface

Figure 9 shows the core-level XPS at the different de-
position stages by a synchrotron light source (here, incident
light energy at 500 eV was chosen for the best resolution).
The detailed XPS spectra of Zn 3p for the studied NiO/ZnO
samples are shown in Fig. 9(a). The intensity of the main Zn
3p peak decreases with an increasing deposition time of NiO
due to the expected attenuation caused by the deposited NiO
layer. Following the procedure in Ref. [28], the attenuation of
the Zn 3p signal is used to determine the thickness (d) of the
deposited NiO layer according to the formula

d = − λ × ln
( I

I0

)
, (4)

where I0 and I are the spectral intensities of the Zn 3p substrate
line before and after the NiO deposition, respectively, and λ

is the inelastic mean free path (IMFP) of the Zn 3p photo-
electrons in NiO. This model assumes that the NiO layers
homogenously cover the smooth ZnO substrate because it
only gives a nominal (i.e., effective) thickness for NiO layers
in other morphologies (e.g., island formation). In our case, λ

is estimated to be 0.92 nm (using the IMFP values calculated

FIG. 9. (a) Synchrotron light source-excited Zn 3p XPS spectra of the cleaned ZnO substrate and NiO/ZnO samples with an incident light
energy of 720 eV, for which NiO layers have been deposited by MBE onto ZnO substrates with different deposition times (1–90 min). The
spectra are vertically offset for clarity. (b) Fits of the Zn 3p and Ni 3p XPS spectra of the cleaned ZnO substrate and the NiO/ZnO samples
grown for 1, 2, 3, 5, and 90 min. For easier comparison, the spectra and respective component fits are vertically offset. Each fit consists of
a Shirly background and multiple Voigt profiles to describe Ni 3p and Zn 3p. The residuals (i.e., the difference between data and fit) are
also shown. The XPS-derived NiO deposition rate is displayed in panel (c). Panel (d) shows the relative intensity of the ZnO substrate and
NiO epitaxial film vs the NiO thickness, which is calculated from the attenuation of the Zn 3p signals via formula (1). The solid curves are
calculated by I (Zn3p) = exp(−d/λ) and I (Ni3p) = 1 − exp(−d/λ), respectively, where d is the thickness of the NiO film (main text for
details). Panel (e) shows the positions of the Zn 3p3/2 and Ni 3p binding energies as a function of the NiO thickness.
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TABLE I. Equivalent thicknesses of the epitaxial layer vs the
deposition time.

Deposition time (min) Thickness of epitaxial layers (nm)

1 0.93
2 1.66
3 2.49
5 3.61

10 6.91
30 20.11
90 60.00

by the QUASES-IMFP-TPP2M code developed by Tougaard
[48,49]).

The feature Zn 3p peak can be decomposed into two sub-
peaks: one at 92.1 eV and the other at 89.2 eV. These two
peaks seem to entirely disappear after NiO growth for 5 min,
and instead, a small portion of the peak appears; this result
originates from the NiO satellite rather than the ZnO substrate
[50]. As shown in Fig. 9(b), both Zn 3p and Ni 3p are fitted by
Voigt (mixed Lorentzian-Gaussian) functions. The thickness
of the NiO epitaxial layer can be obtained by the intensity of
Zn 3p following the upper formula at the initial deposition
stage. However, XPS is surface sensitive, and 95% of the
information comes from a thickness less than 3λ, which is
∼2.76 nm. The deposition rate of NiO was derived by XPS
for thinner films (�5 mins) and by TEM (as shown in Fig. S1
[37]) for thicker films. The thickness of films with deposition
times of 10 and 30 min is estimated from this deposition rate
and is shown in Table I. The thickness values in the table
are equivalently estimated because the NiO films are not uni-
formly distributed on the surface of the substrate, especially
after only 1 min.

The satellite peak of NiO overlaps with Zn 3p and is sub-
tracted from the Zn 3p signals at the initial deposition stage.
Here, this effect is carefully removed by proportional deduc-
tion, i.e., we derive the ratio of this small peak to the main NiO
3p peak at 90 min, and then the same ratio is used for those
at 1, 2, 3, and 5 min. The relative intensities of the Zn3p and
Ni3p signals are expressed as Zn3p(Ni3p)/(Zn3p + Ni3p),
which shows an exponential attenuation with the increasing
thickness of NiO. As shown in Fig. 9(d), the black square
points and red circle points denote the results calculated
by the experimental data for ZnO and NiO, respectively;
the black and red curves are the fitted data by the func-
tions I (Zn3p) = exp(−d/λ) and I (Ni3p) = 1 − exp(−d/λ),
respectively, where d is the thickness of NiO and λ is the
IMFP, as mentioned above. The fitting results are in good
agreement with the calculated relative intensities, indicating
that the method used to calculate the film thickness and depo-
sition rate in this work is reasonable.

As shown in Fig. 9(e), after the growth of the NiO films, an
energy shift of 0.7 eV toward a lower binding energy occurs
at 1 min compared to the Zn 3p spectra of the ZnO substrate.
This result is attributed to interface-induced band bending,
with the bands of the ZnO substrate moving upward toward
the NiO/ZnO interface. A common mechanism is that binding
energy (BE) shifts are accompanied by charge transfers. A

FIG. 10. (a) Experimental UPS spectra of NiO films with differ-
ent thicknesses grown on ZnO. An inelastic Li-Henrich background
has been subtracted from the experimental spectra. Panel (b) shows
the UPS spectra using model 1 and calculated via Eq. (5) (the energy
position of Zn 3d at the ZnO substrate shifts by 0.8 eV to a lower
binding energy to align with the Zn 3d after the deposition of NiO).
Panel (c) shows the different spectra taken by subtracting the calcu-
lated spectra of model 1 from the measured spectra. Panel (d) shows
the sequential differences taken from (a) using Eq. (6). The intensity
has been normalized to have the same integrated area.

shift to a higher BE, i.e., 	BE > 0, indicates that an atom
with a large BE has a more positive or less negative effective
charge, while a shift to a low BE, i.e., 	BE < 0, indicates
that an ionized atom has a more electronic charge and its
effective charge is either less positive or more negative [51].
Adding an electron to the outermost valence shell leads to
a core-level BE shift to lower energy, which decreases the
potential felt by the core electron and leads to a shift in
the core-level energy [52]. Therefore, the shift in the Zn 3p
binding energy to a lower energy reveals the presence of more
electronic charge. The final state screening effect of the core
hole is also a remarkable effect to decrease the binding energy
of Zn 3p [51,53].

In situ synchrotron radiation UPS was used to investigate
the electronic structure in the valence band. Figure 10(a)
shows the experimental UPS spectra of NiO at different de-
position stages with an incident photon energy of 36.2 eV. In
addition, the valence band was also measured with a photon
energy of 40.8 eV (the same excitation energy from He-ion
line radiation, which is commonly used in laboratory UPS)
for use in comparisons, and the main shapes of the spectra
at 40.8 eV are basically the same as that at 36.2 eV. Inelas-
tic scattering is accounted for by subtracting the Li-Henrich
background in Fig. 10(a) [54–56].

The main features of ZnO and NiO are located in the
energy range of 1–12 eV. Multiple characteristic peaks can
be seen in the valence band spectra for the ZnO substrate,
where the peak at 3.1–5 eV is mainly from O 2p, the peak at
7.5 eV comes from the hybridization of O 2p and Zn 3d4s;
additionally, the strong peak at 10.8 eV is attributed to Zn
3d . These features start to show changes after the deposition
of NiO (even after only 1 min). A visible shift appears for
Zn 3d , as well as for Zn 3p. The peak at 4 eV for ZnO is
mixed with other electronic states as NiO is deposited, and
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the NiO feature appears at 2 eV below the Fermi level; this
result comes from the hybridization between Ni 3d and O
2p, as reported in previous literature [57–60]. In this work,
the evolution behavior of the interfacial electronic states will
be discussed in detail by using mathematical models. Our
experimental spectra reveal clear differences at 1–5 eV below
the Fermi level for the NiO films after deposition times of
1–10 min, whereas the difference between the spectra taken at
30 and 90 min is negligible. From the experimental spectra,
the spectrum corresponding to 30 min is similar to that at 90
min, but a clear difference is observed at 1–5 eV below the
Fermi level for NiO films deposited from 1 to 10 min. Two
different models can be used to examine the interfacial density
of states from the experimental UPS spectra [24,55,56]:

I (d ) = IZnO
0 exp(−d/λ) + INiO

0 {1 − exp[(−d/λ)]}. (5)

Equation (5) can be applied to simulate model spectra
assuming the interface is abruptly sharp with no interfacial
state. Using the ZnO substrate and the 90-min NiO film as
the bulk signals for IZnO

0 and INiO
0 , respectively, the obtained

model spectra are shown in Fig. 10(b). Actually, after 3 min of
growth (2.97 nm thick), 95% of the signal from the epitaxial
layer and the contribution from the substrate can be ignored.
The incident photo energy in the UPS measurement is 36.2 eV,
and the probing depth is smaller than that in XPS, therefore
the value of λ is chosen to be 0.7 nm in this model. To compare
the difference between the experimental and model spectra,
model spectra were subtracted from the measured spectra of
the 1–10 min deposition times, as shown in Fig. 10(c); red
arrows are used to show major differences in the energy range
of 1–5 eV. For the NiO film with a deposition time of 1 min,
two different features of the Ni 3d state become evident at 2
and 3.7 eV, compared to that of bulk NiO. The peak at 2 eV
comes from Ni 3d , so the decrease in this peak means a charge
transfer at the interface with an electron transfer from NiO to
ZnO. The peak at 3.7 eV is the result of a nonlocal screening
effect in NiO, while this effect is greatly reduced for the 1-min
deposition because of the broken octahedral symmetry at the
interface [52,60,61]. The decrease in the 3.7-eV peak almost
disappears after 2 min of growth, but the intensity of the 2-eV
peak continues to decrease until 30 min of deposition.

The electronic states at the valence band for the NiO film
during the initial deposition stages are different from those of
the bulk NiO, and a constant change occurs as the thickness of
NiO increases. The development of the interfacial electronic
structure can be obtained by taking sequential differences of
the experimental UPS spectra as each additional overlayer is
deposited on ZnO using the following equation [55]:

I( j − i)th = I j − Iiexp(−d( j − i)th/λ), (6)

where Ii denotes the intensity of the sample that is i nm thick
(if the thickness of the epitaxy film is 0 nm, then it means
the substrate), I j denotes the intensity of the sample that is
j nm thick, I( j−i)th is the signal intensity generated from the
films of (j − i) in nm, and d( j−i)th denotes the thickness of
( j − i) in nm. Suppose an epilayer with a thickness of ( j − i)
nm is deposited after an i-nm NiO film has been deposited
on the substrate. The electronic structure of the ( j − i)th film
thickness I( j−i)th can then be determined by subtracting the
total intensity of Ii, which is corrected for the attenuation by

the thickness of the ( j − i)th overlayers d( j−i)th. The resultant
spectra of the NiO overlayers deposited after the first, second,
and third mins are shown in Fig. 10(d). For the deposition of
5–10 min, the thickness exceeds the electron mean free path
for UPS, hence the layer feature is nearly the same as that in
Fig. 10(a). A different state also appears with the interfacial
electronic structure at 1.5–5 eV, with relatively few electronic
states at the valence band maximum and a decrease in the
nonlocal screening effect compared to those of bulk NiO.
These observations are similar to those from the comparison
of the experimental and model spectra. In Fig. 10(d), there
is little difference in the spectral line as the deposition time
exceeds 2 min; thus, an interfacial state is confirmed at the
interface of NiO/ZnO, which extends up to ∼1.7 nm into
the NiO films. The most significant interfacial state originates
from the Ni-O hybridization of the Ni 3d electronic state and
the interfacial charge transfer between NiO and ZnO with the
electron transfer from NiO to ZnO.

III. DISCUSSION

When a cubic NiO film is epitaxially grown on a wurtzite
ZnO substrate, a series of T type dislocations exist at the
interface of the nonpolar NiO and polar ZnO, and the misfit at
the interface is reported to be relaxed by forming dislocations
at this interface. From the EELS results, oxygen vacancies are
determined to be present at the interface, which is a com-
mon way to alleviate the misfit at the interface and promote
the formation of dislocations at the interface [22,33,34]. The
strain in the NiO epitaxial layers leads to NiO lattice distor-
tion around the center of the dislocations while the charge
distribution around the Ni sites is distorted by nonuniform
Ni-O bond lengths, which induces an interfacial electronic
structure. With lattice distortion at the interface, the crystal
field around the Ni atoms changes at the interface with a small
amount of conduction band splitting. As a result of the oxygen
defects and crystal field effects at the interface, the Ni L3 peak
broadens and shifts to a lower energy at the interface in the
EELS spectra and the absorption peak in the Ni_L3 edge shift
in the XAS spectra. Both the decrease in the satellite peak
intensity of the Ni L3 peak in XAS and the decrease in the
intensity of the valence band in UPS indicate the weakened
hybridization of Ni 3d and O 2p at the interface. Thus, oxy-
gen vacancies at the interface can decrease the hybridization
between Ni 3d and O 2p. Interfacial charge transfer is also
determined to occur in this system with an electron transfer
from NiO to ZnO, which leads to a shift in the binding energy
of core-level electrons.

IV. CONCLUSIONS

In conclusion, by analyzing the interfacial structure be-
tween NiO and ZnO, a cubic structure of NiO was grown
along the [001] direction on hexagonal ZnO (0001), even with
the existence of a large mismatch. Three rotational domains
with an angle of 30 ° were confirmed with the deposited NiO
films by phi-scan XRD. DFT and HRTEM were employed to
study the atomic interfacial structure. The evaluation of the
conduction band, valence band, and core-level structures at
the interface between the NiO films and ZnO substrate was
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investigated by in situ XAS and PES. Gradually different
interfaces were proposed by analyzing the evolution of the
UPS spectra from the initial deposition of NiO, and the inter-
facial valence band electronic states, which were identified by
comparing the experimental spectra to model spectra. Multi-
interfacial states were determined, including the weakening of
Ni-O hybridization, crystal field splitting effect in NiO, and
charge transfer at the interface. These interfacial electronic
states are closely related to the lattice coupling of interfacial
layers. This work demonstrates the possibility for integrating
functional materials between cubic and hexagonal structures
and serves as an example to thoroughly examine the inter-
facial electronic structure by combining electron and photon
techniques.

V. EXPERIMENTAL METHODS

Before the growth of NiO films, O-terminated ZnO
substrates were first cleaned ultrasonically in acetone and
subsequently in ethanol before being inserted into an
ultrahigh-vacuum system. The surfaces of the substrates were
bombarded for 1 h with 600 eV Ar+ ions to remove the
oxygen and carbon contaminations followed by 1 h of an-
nealing at 600 °C at an oxygen pressure of 1 × 10−5 torr.
With several cycles of bombardment and annealing, the ZnO
surface exhibited clear LEED patterns (not shown here) with-
out reconstruction. Ultrathin NiO overlayers were grown by
evaporating Ni on the ZnO surface at an oxygen pressure of
2 × 10−5torr and at room temperature; the samples were then
transferred to the analysis chamber for electronic structure
characterization by synchrotron-based XPS, UPS, and XAS
measurements. Such a process was carried out seven times
with accumulative deposition times of 1, 2, 3, 5, 10, 30, and
90 min. The growth of the NiO film and these in situ XPS,
UPS, and XAS measurements were carried out at beamline
4B9B of the Beijing Synchrotron Radiation Facility (BSRF),
and the crystal structure was examined by ex situ synchrotron
radiation XRD at beamline 1W1A of the BSRF. In situ XAS
spectra were collected with linearly polarized light (∼80%)
from the elliptical electromagnetic wiggler in the total elec-
tron yield (TEY) mode. In situ synchrotron-based XPS and
UPS were performed using incident energies of 500 and 36.2
eV, respectively, at an incident angle of 6.75 ° (normal de-
tection) to obtain spectra of the core levels (CLs) of Zn 3p
and Ni 3p and the valence band (VB) structures, respectively.
The instrument work function and incident energy were both
calibrated by the Au Fermi level, and all the spectra were
corrected by the Au 4 f or Au Fermi level. The deposition
rate of the NiO film was determined from XPS measurements,
after considering the XPS attenuation of the Zn 3p emission
line, combined with the thickness measurement by TEM. The

basic pressure of this ultrahigh vacuum system was less than
5 × 10−10 torr. Moreover, no other elemental contamination
needed to be considered during the growth and in situ mea-
surement process, from which the evolution of the electronic
structure was recorded from the substrate to the overlayer. In
addition, the structure of the NiO film as well as the epitaxial
relationship between the NiO overlayer and ZnO substrate
were characterized by ex situ synchrotron-based XRD (theta-
2 theta and phi scan) with λ = 0.514nm. STEM imaging
and EELS measurements at the interface of NiO(001)/ZnO
(0001) were performed using a double aberration-corrected
JEOL-ARM200CF microscope with a cold-field emission gun
operated at 200 kV. The microscope was equipped with JEOL
and Gatan HAADF detectors for incoherent HAADF (Z con-
trast) imaging and a Gatan GIF Quantum ER energy filter
with dual EELS for EELS. High-resolution TEM images were
examined using a JEOL2100F instrument. The focused ion
beam (FIB) in situ lift-out technique was used to prepare the
TEM thin-film samples.

VI. COMPUTATIONAL DETAILS

The theoretical calculations were performed using the
Quantum ESPRESSO package [62]. Ultrasoft pseudopotentials
[63] were used, and the exchange correlation was described
by the local-density approximation functional [64]. To cor-
rectly reproduce the electronic structures of the Ni-3d states,
the spin-polarized local-density approximation (LDA + U )
method was used, and the on-site Coulomb term U was cho-
sen to be 7.6 eV [65]. The kinetic-energy cutoff of plane
waves was set at 55 Ry. The mesh for k-point sampling was
2 × 3 × 1 for the superlattice models. The atomic positions
were fully relaxed until the force on every atom was less than
0.01 eV/Å. The stacking direction in the superlattice models
was along the z direction, hence only the lattice constant c was
fully relaxed.
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