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ABSTRACT: Nitrogen doping is a commonly employed and
effective strategy to achieve p-type ZnO films. A detailed
understanding of the ZnO film growth behavior resulting in
epitaxy is essential for elucidating the doping mechanism. In this
study, ZnO films are grown on nonpolar (1010) ZnO substrates
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kinetics, surface morphology, and chemical structure of the films
are thus investigated through in situ reflection high-energy electron
diffraction, in-system scanning tunneling microscopy, and ex situ
synchrotron-based X-ray absorption spectroscopy. Well-ordered
“stripe-like” structures are observed on the surface of the N-free
ZnO films that evolve into “corn-like” nanostructures upon nitrogen addition and further transform into a “particle-like” morphology
as the N, /O, partial pressure ratio increases. Several nitrogen species, including N,, NO, NO,, and N, O, are expected to exist during
the growth process, with NO and NO, molecules suggested to predominantly adsorb onto (1010) ZnO surfaces, where N—Zn
bonds are likely to form. A pathway for this chemical structural change is proposed. This work aims to explore whether the supply of
nitrogen during PA-MBE growth results in the incorporation of nitrogen into the ZnO lattice and whether this can be considered a
doping mechanism. Hence, this work might contribute to a better understanding of nitrogen incorporation, potentially realizing (and

deliberately optimizing the) p-type doping of ZnO films.
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1. INTRODUCTION elements such as N, P, As, and Sb.*™’ Among these elements,
nitrogen (N) stands out as one of the most promising
candidates for p-type doping, not only because of its similar
atomic radius but also due to its valence 2p energy levels and
electronegativity, which are the closest to those of oxygen (O),
especially compared to other group V dopants, and thereby is
anticipated to substitute O (Nitrogen on a O site - N) as an
acceptor.® While hybrid functional calculations reveal that N,
in N-doped ZnO possesses a high ionization energy of 1.3 eV,’
suggesting that the observed p-type conductivity”'® in the
compound may not be solely due to N, but more likely
involves other N-containing complexes. Calculations suggest
that N-related defect complexes, like Ny combined with a Zn
vacancy (Np-Vy,), act as shallow acceptors and that p-type
conductivity can be achieved through the formation of N, -V,

Over the past few decades, zinc oxide (ZnO) has been
regarded as a promising material to fabricate ultraviolet (UV)
light emitters because of its large exciton binding energy of 60
meV and wide direct band gap of 3.37 eV at room
temperature.’ Reliably obtaining reproducible p-type-doped
ZnO films is a prerequisite for realizing these kinds of devices,
but it remains a significant challenge. To address this issue,
strategies for p-type doping of ZnO are mainly classified into
three types: (1) replacing Zn in the ZnO lattice with group IA
elements; (2) substituting O sites in the ZnO lattice with
group VA elements; and (3) employing a codoping approach
involving both group IA and group VA elements.” The radius
of group IA elements is often smaller than that of the Zn atom,
making interstitial-site defects inevitable during film prepara-
tion, which easily leads to compensation of the generated

holes. In the codoping method, the growth process and Received: March 31, 2025
mechanisms of doping are often quite complex. Therefore, Revised:  June 7, 2025
achieving reproducible p-type ZnO remains challenging, Accepted:  June 11, 2025

although recent studies have demonstrated some progress Published: July S, 2025

through carefully designed doping strategies.” The second
strategy has been applied by many groups introducing VA

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.5c02932

v ACS PUbl ications 39639 ACS Omega 2025, 10, 3963939648


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hua+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Regan+G.+Wilks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tzung-En+Hsieh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanli+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufeng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huahan+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huahan+Zhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihui+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin-Cheng+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcus+Ba%CC%88r"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junyong+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui-Qiong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.5c02932&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/35?ref=pdf
https://pubs.acs.org/toc/acsodf/10/35?ref=pdf
https://pubs.acs.org/toc/acsodf/10/35?ref=pdf
https://pubs.acs.org/toc/acsodf/10/35?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.5c02932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

which then transforms into Ng-Vy,-derived defect com-
plexes.'' This suggests that the behavior of N in ZnO is
quite complex. As N has a different number of valence
electrons than the Zn and O atoms in the host lattice, when
nitrogen is incorporated into ZnO films, it also inevitably alters
the surface morphology. A previous study has reported such
morphology changes induced by N incorporation, primarily
focusing on polar ZnO surfaces, and also demonstrated that in-
system scanning tunneling microscopy (STM) is an effective
technique for providing high-resolution observations to
elucidate the mechanisms behind these N-induced changes."”

The polarity has a crucial impact on the optical and electrical
properties of ZnO films."”~"> ZnO epitaxial films and their
heterostructures are typically grown along the c-axis ({0001)
direction), resulting in spontaneous polarization due to
alternating zinc and oxygen ion layers, which lack inversion
symmetry. Additionally, piezoelectric polarization arises from
lattice mismatch-induced strain in ZnO-based heteroepitaxial
structures. Together, these polarization effects create strong
internal electric fields, which negatively impact device
performance. These fields separate electron and hole wave
functions, reducing the internal quantum efficiency of
optoelectronic devices like light-emitting diodes (LEDs) and
laser diodes (LDs)."® In contrast, ZnO films epitaxially grown
on nonpolar planes (a-plane or m-plane), whose surfaces are
parallel to the c-axis and possess equal numbers of zinc and
oxygen atoms, effectively eliminate the polarization effects seen
in c-axis growth. This makes them highly promising for
improving the performance of ZnO-based devices.'” Nonpolar
ZnO thin films and heterostructures have garnered significant
attention.'®"” Initially, nonpolar ZnO heterostructures were
grown on sapphire substrates, resulting in high defect densities
that limited luminescence efficiency, but this was later
improved by using nonpolar ZnO substrates, which enabled
higher-quality quantum well structures.””*" So far, studies on
nitrogen doping in the homoepitaxial growth of nonpolar ZnO
have not resulted in reliable p-type doping, despite the effective
incorporation of nitrogen.””** This suggests that as with polar
ZnO, the mechanisms underlying nitrogen doping in nonpolar
ZnO are quite complex. Nitrogen doping during the epitaxial
process of nonpolar ZnO likely influences the growth behavior
and morphology, as noted in the case of polar ZnO. These
changes may, in turn, be interpreted as an indication that
nitrogen indeed is incorporated as a dopant, which may
potentially provide insights into the doping mechanisms. Our
research group has previously conducted extensive research on
the electronic structure of nonpolar ZnO and found that
nitrogen incorporation induces significant variations in the
electronic structure.”* However, studies on the atomic-level
surface morphology and growth mode of nonpolar N-doped
ZnO remain limited.

In this work, (1010) ZnO films were grown by plasma-
assisted molecular beam epitaxy (PA-MBE). The growth mode
and atomic-level surface morphology of the films were
characterized by in situ reflection high-energy electron
diffraction (RHEED) and in-system scanning tunneling
microscopy (STM). In undoped ZnO, a stable (1010) surface,
characterized by stripe patterns parallel to the c-axis with step-
edge features, was successfully obtained. Upon the introduc-
tion of N during ZnO growth, changes in the atomic step
structure and surface topology were observed and compared
with those of the N-free film. In addition, the effects of
increasing nitrogen levels on the growth mode and surface

structure were also investigated. The chemical environment of
the nitrogen present in the sample was tentatively charac-
terized using synchrotron-based X-ray absorption spectroscopy
(XAS), indeed suggesting an incorporation of (some) nitrogen
into the ZnO lattice. This study investigates the growth
behavior and morphological changes induced by nitrogen
introduction in nonpolar ZnO films with the aim of exploring
potential nitrogen doping behaviors. It also seeks to advance
the development of N-incorporated p-type ZnO and its
potential applications in optoelectronic and semiconductor
devices.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation. Single-crystal (1010) ZnO
substrates were used for the growth of ZnO films. The sample
preparation involved five main steps: substrate cleaning,
substrate annealing, buffer layer deposition, buffer layer
annealing, and film growth. First, the substrates underwent
ultrasonic cleaning with acetone, ethanol, and deionized water
before being transferred to an MBE system. Next, upon
transfer to the growth chamber, the substrates were annealed at
300 °C in an O, atmosphere at a pressure of 5 X 10™° mbar for
1 h, with O, plasma (99.999% purity, generating atomic
oxygen species, purchased from Linde Gas Co., Ltd., Xiamen,
China) activated at a power of 250 W. This treatment aims to
clean the substrate surface, improve its structure, and optimize
its chemical state for better film growth. Following this
treatment, a homoepitaxial deposition of a ZnO buffer layer
was carried out at 350 °C for 10 min, using a solid Zn source
(99.9999% purity) and an O, plasma source. During the
deposition of ZnO buffer layer, Zn was supplied by evaporating
elemental Zn from a Knudsen cell, while oxygen was provided
in the form of active oxygen radicals from an RF radical cell
using a power of 250 W, maintaining the oxygen partial
pressure at S X 107> mbar. The purpose of this step is to
improve the crystalline quality, ensure minimal lattice
mismatch, and provide a smoother surface for final film
deposition. Subsequently, the samples underwent a second
annealing step under an oxygen pressure of § X 107> mbar and
a O, plasma source power of 250 W at 560 °C for 0.5 h. These
conditions were used for substrate preparation and buffer layer
deposition prior to the film growth of typical sets of ZnO
samples. In the final step, one sample was grown using only the
O, plasma and a Zn source, with an oxygen partial pressure of
1 X 107> mbar and plasma power of 250 W; designated as
nondoped ZnO. For the other two samples, N, was introduced
during the growth process. Specifically, an N, plasma source
(99.999% purity, generating atomic nitrogen species, pur-
chased from Linde Gas Co., Ltd., Xiamen, China) with RF
power was used alongside the O, source, with N,/O, pressure
ratios of 5:1 and 9:1, respectively, designated as ZnO with low
N and high N content. The N, plasma power was set at 300 W,
operating in parallel with the O, plasma, which was set at 250
W. For all samples, the growth time was 1.5 h, with a constant
Zn beam flux from the Knudsen cell maintained at 360 °C.
The substrate temperature was consistently held at 500 °C
throughout the growth.

2.2. Sample Characterization. RHEED was employed to
examine the surface structure of both the ZnO substrate prior
to deposition and the ZnO films after deposition. RHEED
offers the advantage of real-time, nondestructive monitoring
during MBE. In the RHEED setup, a high-energy electron
beam (with energy typically between 10 and SO keV) is

https://doi.org/10.1021/acsomega.5c02932
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Figure 1. (a) RHEED patterns along the (1120) direction from the (1010) ZnO substrate; (b) RHEED patterns along the (1120) direction from
the nondoped sample; (c) RHEED patterns along the (1120) direction from the low-N sample. (d) Large-scale STM image (400 X 400 nm?) of
the nondoped ZnO film; (e) small-scale STM image (100 X 100 nm*) of the nondoped ZnO film; (f) profile plot along the line in (e); (g) three-
dimensional atomic model of the nondoped ZnO film; (h) large-scale STM image (600 X 600 nm?) of the low-N ZnO film; (i) small-scale STM
image (190 X 190 nm?) of the low-N ZnO film; (j) profile plot along the line in (i).

generated by an electron gun and directed toward the sample
surface at a grazing incidence angle of approximately 1-3°.
The electron beam’s acceleration voltage, supplied by the
UHV-MBE control power supply, is continuously adjustable
within the range of 0—20 kV, while the beam current can be
adjusted within the range of 0—2.0 A. In our setup, the
acceleration voltage is set to 15 kV, and the filament current is
adjusted to 1.5 A. Due to the grazing incidence and the weak
inelastic scattering at this energy level, the primary interaction
is elastic scattering, and the resulting diffraction pattern is
projected onto a phosphor screen. The diffraction patterns,
such as streaks or spots, provide real-time insights into the

surface morphology and crystal structure of the sample. When
the surface is well ordered, the RHEED pattern appears sharp,
often revealing Kikuchi lines. Conversely, as the surface
becomes rougher, the streaks in the diffraction pattern
transition into broader diffraction spots.

The in-system STM measurements were conducted using an
ultrahigh-vacaum (UHV) system equipped with a room-
temperature STM (Omicron STM-1), operating at a base
pressure of 2 X 107! mbar to ensure stable conditions for
high-resolution surface characterization. After the growth of all
samples was completed, they were immediately transferred
under ultrahigh vacuum to the STM chamber without

https://doi.org/10.1021/acsomega.5c02932
ACS Omega 2025, 10, 39639—-39648


https://pubs.acs.org/doi/10.1021/acsomega.5c02932?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c02932?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c02932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

exposure to air, where STM measurements were conducted.
All images were acquired at room temperature using constant
current mode, providing critical insights into the growth
behavior and surface characteristics of the ZnO samples.

XAS measurements of the ZnO sample with high N content
at the N K-edge were performed at Beamline 8.0.1 of the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory, using the SALSA endstation.”> XAS spectra were
recorded in bulk-sensitive partial fluorescence yield (PFY)
mode utilizing SALSA’s high-transmission X-ray spectrome-
ter’® recording the N K-edge emission. The XAS data was
normalized by the incident photon flux measured using a clean
gold mesh placed upstream. The photon energy was calibrated
by measuring the N K-edge XAS spectra of N, gas as a
standard. Prior to the measurement, the sample was briefly
exposed to ambient conditions during the sample mounting
process.

3. RESULTS AND DISCUSSION

3.1. Nitrogen-Induced Surface Morphology Trans-
formation in (1010) ZnO Films. Figure la—c displays the in
situ RHEED patterns captured along the (1120) azimuth of the
single-crystalline (1010) ZnO substrate, nondoped ZnO film,
and the low-N ZnO film, respectively. The bright streaks in
Figure la indicate a flat surface on the ZnO substrate after
annealing. After 1.5 h of ZnO film growth (corresponding to a
thickness of about 150 nm), the RHEED patterns for both the
nondoped and low-N films remain streaky with little change, as
seen in Figure 1b,c, closely resembling the pattern of the
substrate. This suggests that the film surfaces for these samples
remain relatively flat, further indicating the high quality of the
films grown homoepitaxially on the (1010) substrate.

To explore the impact of nitrogen incorporation on the
growth behavior and morphology, we investigate the samples
by in-system STM, i.e.,, sample preparation and characterization
were done in one interconnected vacuum system. Figure 1d,e
shows STM images of the nondoped sample at low(er) and
high(er) magnification. The nondoped film displays stripes
along the c-axis, very similar to horizontally and uniformly
arranged ZnO nanowires. This observation suggests that ZnO
grows much faster along the c-axis than along other directions,
which can be attributed to two factors: (I) the surface energy
of the polar plane is larger than those of other surfaces,”” ™
making adatoms easier to form O—Zn bonds on the (0001)
surface than on the other surfaces; (II) the diffusion length
(barrier) along the (0001) direction is larger (smaller) than
that along (1210) direction.’”*" The profile line in Figure 1f
along the (1210) azimuth, indicated as a deep green line in
Figure le, reveals that the width of the bright stripes is about
16 nm, which equals to about 50 times the lattice constant
along (1210), and the depth of the stripes is about 1.68 nm,
i.e, approximately 3 times the vicinal step height (~0.56 nm),
as labeled by the red double arrows in Figure 1f. This result
suggests that the vicinal step height corresponds to the height
of a single atomic layer (\/ 3az,0 ~ 0.56 nm). Additionally, the
observed maximum mean peak-to-valley height (~1.68 nm)
suggests minimal surface roughness, in agreement with the
RHEED results. With the edges of the stripes aligned along the
c-axis and exhibiting atomic steps, as shown in Figure 1f, the
growth is likely occurring in a step-flow mode. This step-flow
growth mode has also been observed in O-polar ZnO to
stabilize the surface.'” In studies of nonpolar ZnO, such surface
morphology with anisotropic stripe patterns has been

extensively observed,””*” but atomic-level step edges have
rarely been reported. The observed surface structure,
characterized by a horizontally and uniformly arranged small
nanowire-type topography and low surface roughness, suggests
that achieving high-quality films is more feasible along the
[1010] orientation compared to the [0001] orientation, as
indicated in Figure 1d. Based on the above analysis,
corresponding 3D atomic models for the observed surface
structure of the horizontally arrayed wire-type topography can
be constructed, as illustrated in Figure 1g. Notably, for the low-
N ZnO film, the parallel stripe arrays disintegrate and develop
pronounced wrinkling, transforming into a “corn-like”
nanostructure with staggered patterns, as shown in Figure
1h,i. Additionally, the width and depth of the stripes increase,
measuring approximately 35 nm in width and 6.5 nm in depth,
as shown by the profile line in Figure 1j.

These observations indicate that the surface morphology
undergoes a clear topological transformation with nitrogen
incorporation. For nondoped ZnO films, the surface is
dominated by parallel stripes along the c-axis, reflecting an
anisotropic growth mode. As nitrogen is introduced, these
stripes interconnect and gradually merge for the low-N ZnO
sample, indicating a shift in surface topology, likely due to the
disruption of anisotropic adatom growth. It should also be
noted that the edges of the merged stripes no longer exhibit
atomic step characteristics, as shown in Figure 1j. In summary,
the in-system STM images indicate that nitrogen introduction
significantly impacts the growth dynamics and topological
surface morphology of (1010) ZnO films.

Underneath these nitrogen-induced changes must lie
important mechanisms related to the behavior of N
incorporation. In the nonpolar case, the changes in atomic
step kinetics and surface morphology have been demonstrated
to result from the incorporation of nitrogen.'” That study
confirms the successful incorporation of N into the ZnO lattice
and hence can be considered to be indicative of N doping.
Furthermore, it has been suggested that this doping primarily
occurs at step edges and provides a path for producing V,, —
N defect complexes, which are considered shallow accept-
ors.>® Turning to our case, although we lack direct evidence for
the incorporation of nitrogen into the ZnO lattice, the
significant changes in atomic step kinetics and topological
morphology strongly suggest the interaction of nitrogen with
the Zn and the O atoms. If nitrogen (or related species) was
introduced without interaction with the ZnO lattice or solely
adsorbed onto the surface during the ZnO PA-MBE deposition
process, the impact on growth modes and surface topology
would be minimal and could not explain the observed
morphological changes. The stripe interconnection and
disruption of anisotropic growth rates indicate that nitrogen
likely interacts chemically with the lattice, altering the surface
energy and adatom mobility. Thus, nitrogen incorporation or
strong surface interaction is likely responsible for these
transformations.

3.2. Effect of Increased Nitrogen Level on Growth
Mode of (1010) ZnO Films and Nitrogen Chemical
Structure. By repeating the growth procedure, another sample
was fabricated with the N, to O, partial pressure ratio
increased from S:1 to 9:1, which is referred to as the high-N
ZnO sample. Building on the significant changes induced by
nitrogen introduction with the growth kinetics and topological
morphology details already described, we proceeded with
attempts to further increase the nitrogen levels in the ZnO

https://doi.org/10.1021/acsomega.5c02932
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Figure 2. (a) RHEED patterns along the (1120) direction from the high-N ZnO sample. (b) Large-scale (600 X 600 nm?) STM images of high-N
ZnO film; (c) small-scale (300 X 300 nm*) STM images of high-N ZnO film; (d) profile plot along the line in (c). (e) Experimental N K-edge X-
ray absorption spectrum for the high-N ZnO sample, compared with reference spectra for N, and NO obtained from the gas phase core excitation
database® and additional reference spectra for NO,** and N,O>° reported in the literature.

sample and explore the corresponding impact. We observed
that the changes become more pronounced as the N,/O, ratio
increases. The RHEED pattern transitions from streaky to
spotty, as shown in Figure 2a for the high-N sample compared
with Figure la,b, indicating an increase in surface roughness.
This indicates that the growth mode has transitioned from 2D
to 3D. In addition, the topography changes again, as
demonstrated by the in-system STM images in Figure 2b,c.
In contrast to the previous trends seen in Figure 1d—j, where
the stripe patterns tended to merge, the morphology of the
high-N ZnO sample, as shown in Figure 2b,c, reveals a
disruption of the stripe continuity along the c-axis. The stripes
no longer merge but instead become increasingly discontin-
uous. From a topological morphology perspective, this suggests
a breakdown of the ordered pattern, resulting in a more
fragmented surface structure. This observation suggests that an

increase in the N level further roughens the film surface and
transitions the growth mode from 2D to 3D, which aligns with
the RHEED pattern observations. This change could be
attributed to nitrogen doping, which might introduce addi-
tional surface stress and disrupt the atomic arrangement along
the c-axis. As doping may introduce stress or affect atomic
mobility, further promoting three-dimensional island growth,
we infer that the increased partial pressure ratio of N, to O, in
our case may raise the doping levels and this further supports
the inference that nitrogen is indeed incorporated into the
lattice. Notably, the width and depth of the stripes increase
approximately to about 45 and 7 nm, respectively, as depicted
by the profile in Figure 1j. Interestingly, these values are quite
close to those of the low-N samples (35 and 6.5 nm), yet the
RHEED pattern shows a significant difference (Figures 1c and
2a). While the stripe dimensions remain similar, RHEED’s
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Figure 3. Atomic model of N source adsorptions and schematics of N source reactions. (a, b) Atomic models of three adsorption sites with the
lowest adsorption energy for NO and NO, on the Zn termination; (c) schematics for the change of the morphology induced by selected adsorption

and reaction of the N source during the epitaxy.

sensitivity to surface morphology reveals a shift from 2D
growth mode in the low-N case to 3D island growth mode in
the high-N sample. We think that the following reasons may
account for these observations: In the low-N ZnO sample, the
surface grows in a 2D mode, with stripes starting to merge,
maintaining a relatively flat surface and producing a smoother
RHEED pattern. In contrast, the high-N ZnO sample, despite
having similar stripe dimensions, undergoes a transition to 3D
growth, resulting in a grainier surface and more electron beam
scattering. This shift in growth mode and increased surface
roughness likely account for the significant differences in the
RHEED patterns, even with comparable dimensions. This
transition in growth mode, accompanied by increased surface
roughness, is likely responsible for the pronounced discrep-
ancies observed in the RHEED patterns, despite the
comparable stripe dimensions.

In order to gather further information about the chemical
structure of nitrogen incorporated into ZnO, we performed
XAS experiments on the high-N ZnO sample next. The
measurements focused on the N K-edge, where we successfully
obtained a clear signal, confirming nitrogen to be present in the
sample, as shown in Figure 2e. The black star symbols and the
black solid curve represent the normalized experimental N K-
edge XAS data before and after smoothing (smoothing was
performed in Origin using a S-point weighted-adjacent-
average). We note that the XAS spectrum is dominated by
two strong peaks at approximately 400.1 eV (P;) and 403.9 eV
(P;) and one shoulder peak at the high photon energy side of
P1 at approximately 400.8 eV, labeled P,. Previous studies
suggest that during nitrogen-ion bombardment of ZnO, the
process (by breaking Zn—O bonds) may result in the
formation of Zn—N, —O, or Zn—N-O bonds. In our
experiment, N, and O, are dissociated by the plasma into
(reactive) nitrogen and oxygen atoms. During the growth
process, these reactive species may similarly interact with
surface zinc atoms, potentially forming N-related bonds,
including N—N, Zn—N, N—O, or Zn—N—-O bonds, as the
plasma provides a high-energy environment, allowing for a
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diverse and complex combination of nitrogen and oxygen
bonding with zinc. To attempt to identify and interpret the
observed peaks, the N K-edge core excitation spectra of N, and
NO?® along with N K-edge XAS spectra of NO,’* and N,0,*
are presented in Figure 2e for direct comparison. Note that
there could easily be a negative or positive shift in the photon
energy scale between the individual data sets. Considering this,
it is apparent that our spectral features P, and P, as well as P;
could to some extent indeed be explained by the presence of
N,, NO, NO,, and N,O (or a combination thereof) as well as
by the presence of NO and/or NO,, respectively. It is unclear
whether these gases have indeed been incorporated into the
ZnO film during the PA-MBE process or whether the
corresponding N—N or N,—O, bonds have been formed in
the film. However, it is clear that the spectral region below 400
eV and above 405 eV, i.e, the photon energy regime where
spectral features of Zn—N bonds and N—O bonds,”
respectively, are expected, cannot be explained by the spectral
signature of N,, NO, NO,, and N,O (or a superposition
thereof), which might be interpreted as the incorporation of
nitrogen into the ZnO lattice, which aligns with the
interpretation of the STM images. While the present study
does not explore the potential p-type conductivity of the
synthesized N-doped ZnO, this finding might also point at the
possibility of achieving p-type doping in such materials.

3.3. Possible Mechanisms of Nitrogen Incorporation
in (1010) ZnO Films. To explore the mechanisms underlying
these observations, we consider the adsorption behavior of
nitrogen species on ZnO films during growth. As mentioned
above, nitrogen is likely to reach the surface of the ZnO film in
various molecular forms, which subsequently interact with the
ZnO lattice, facilitating further chemical reactions. Considering
that previous theoretical studies have demonstrated that,
among various nitrogen-related dopant gases used during ZnO
growth, only NO and NO, are favorable from a chemical
potential perspective for supplying soluble, isolated nitrogen
that can readily be incorporated into the ZnO lattice,”>** and
given that N, exhibits exceptional stability, with a bond
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dissociation energy of 78,691.09 cm™,** which likely results in

minimal reactivity with O or Zn atoms, we hypothesize that
the most prominent nitrogen-containing species adsorbed on
the (1010) ZnO sample are NO and NO,. We specifically
focus on previous theoretical studies examining the adsorption
energies of these two species on ZnO surfaces. A literature
survey of previous density functional theory (DFT) studies
revealed that the lowest adsorption energies of NO and NO,
on various ZnO surfaces differ significantly. The results
consistently show that the adsorption energies on polar
surfaces are markedly lower than those on nonpolar surfaces,
indicating a stronger interaction on the polar facets. This trend
is reported across multiple studies, as summarized in Table S1.
These results indicate that the chemical states of nitrogen are
more reactive toward Zn or O adatoms on the c-plane surface,
which is consistent with findings reported in a previous
study.”* Kato et al. and Nakahara et al. have experimentally
shown that Zn termination enhances the quality of ZnO films
and facilitates N-doping.'”*' Therefore, we here focus
specifically on the interactions between N species and a Zn-
terminated ZnO surface. Figure 3ab illustrates the atomic
models of NO and NO, adsorbing on the Zn-terminated ZnO
and gives the adsorption energy at the different sites. Previous
theoretical studies’>" have investigated the most stable
adsorption sites for NO and NO, on ZnO surfaces,
considering several typical surface configurations. The results
indicate that the lowest energy adsorption sites for both NO
and NO, are located at the fcc sites, as indicated by the red
arrows in Figure 3ab, respectively. Based on the analysis
above, it can be inferred that NO and NO, prefer to adsorb at
the fcc sites of the (0001) ZnO surface even during the
epitaxial growth of a [1010] oriented film. When NO or NO,
adsorb at the fcc sites, these sites often become nucleation
points for new island formation due to their large negative
adsorption energies (about —1.48 eV for NO* and —3.14 eV
for NO,*). In this way, the significant differences observed in
both growth behavior and topological morphology due to the
introduction of N can be understood from two perspectives:
the growth rate and the nucleation process. First, NO or NO,
may saturate the dangling bonds and neutralize the excess
electrons caused by the built-in field along the c-axis, leading to
a reduction in the surface energy on the c-plane. As a result,
the preferential growth along the c-axis, which typically
promotes the formation of aligned wire-like morphologies,
becomes significantly diminished. At the same time, lateral
growth along the (1210) azimuth becomes more pronounced
due to the reduced growth along the c-axis, leading to an
increase in the width of the parallelly arrayed stripes, as shown
in Figure 1ij. Second, the newly nucleated islands generate
numerous wrinkles and disrupt the continuity of the arrayed
stripes, which may actually contribute to the changes in
topological morphology, as observed in the in situ STM images
in Figure 1h,i. The above analysis suggests that during growth
without N, nucleation in the [1010] orientation tends to form
elongated chain structures with heights of approximately 1-3
unit cells, as shown in the atomic model in Figure 1g. When N
is introduced, NO and NO, may predominantly adsorb at the
fcc sites, promoting the nucleation of new islands and
disrupting the parallel long chains as schematically illustrated
in Figure 3c. At a higher N,/O, ratio, the nucleated islands
likely further fragment the arrayed stripes, making them even
shorter, as seen in Figure 2b,c. Note that in the above analysis,
we do not discuss N atoms separately, as the N radicals

produced by plasma are highly reactive and unstable, quickly
reacting with O or O, to form nitrogen oxides.

While the adsorption of NO and NO, provides a plausible
explanation for the observed morphological and kinetic
changes, it is important to distinguish between surface
adsorption and lattice incorporation. The former refers to
nitrogen species interacting with the outermost atomic layers
and influencing surface processes without entering the crystal
lattice,** whereas the latter involves nitrogen atoms being
incorporated into the crystal structure, for example by
substituting for oxygen, a process that has been theoretically
shown to generate shallow acceptor states and enable p-type
conductivity.* Our current analysis focuses on adsorption-
mediated surface interactions during growth, which we believe
contribute to nitrogen incorporation. A conclusive determi-
nation of nitrogen incorporation requires further chemical,
electrical, and structural characterization.

Combining the RHEED patterns, STM images, XAS results,
and adsorption behavior analysis, it is reasonable to expect that
the introduction of N during the growth of ZnO indeed leads
to the interaction of nitrogen with the ZnO lattice, indicating a
possibility for successful nitrogen doping. We propose a
potential pathway for N incorporation in ZnO via NO and
NO, molecules adsorbing onto (1010) ZnO surfaces, serving
as nitrogen source during ZnO growth and leading to nitrogen
incorporation through the formation of N-related defects.

4. CONCLUSIONS

In conclusion, we have explored the homoepitaxial growth of
ZnO thin films under varying N,/O, pressure ratios (including
a N-free case) using the PA-MBE method, aiming to
understand the effects of nitrogen introduction and investigate
potential doping behaviors. RHEED patterns reveal a
transition in growth mode from 2D to 3D upon nitrogen
introduction. In-system STM imaging reveals significant
changes in the morphology of ZnO films, which were initially
characterized by parallel “stripe-like” structures in the undoped
case, evolving into “corn-like” nanostructures upon nitrogen
introduction, and further transforming into a “particle-like”
morphology as the N,/O, partial pressure ratio increased.
Synchrotron-based N K-edge XAS experiments indicate
interactions between nitrogen species and the ZnO lattice. It
is proposed that NO and NO, molecules adsorb onto (1010)
ZnO surfaces, potentially serving as nitrogen sources. This
adsorption may lead to the formation of N-related defects,
facilitating nitrogen incorporation and the interaction of
nitrogen with the ZnO lattice, which contribute to the
observed changes in the morphology and growth behavior.
These findings provide insights into how nitrogen incorpo-
ration alters the surface morphology and growth behavior of
the ZnO films. Such modifications are likely to impact surface
quality and interface properties, which are essential for
improving carrier dynamics in ZnO-based photoelectronic
devices.
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