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ABSTRACT: During the explosion of research on two-dimensional (2D) van
der Waals crystals over the past couple decades, synthesis has steadily advanced
to include epitaxial films but always with the low-energy plane of the 2D material
parallel to the surface of the substrate. Here, we report epitaxial synthesis of a 2D
van der Waals crystal, SnO, in which the layers are aligned perpendicular to the
surface. This accomplishment is particularly important for SnO, a top candidate
p-type transparent conducting oxide, because the crystallographic direction with
the highest hole mobility lies in the plane of the film where it could be utilized in
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a transistor. We find that the discontinuous nanowire morphology of the films
prevents fabrication of useful devices, but nonetheless, this discovery represents a milestone in the fields of 2D materials synthesis

and p-type oxides.

B INTRODUCTION

In the field of oxide electronics, few discoveries would be more
disruptive than the demonstration of a scalable, high-mobility
p-type oxide for thin-film transistors. > While there are
demonstrations of n-channel oxide devices with high mobility
using numerous materials," '’ the complementary p-channel
oxide devices lag behind due to various challenges. Most
notably, p-type oxides with high hole mobility are rare because
the top of the valence band is often dominated by oxygen 2p
orbitals in metal oxides. These orbitals are relatively localized
compared to the metal orbitals that make up the bottom of the
conduction band, meaning that the effective mass of holes at
the valence band edge tends to be much higher than those of
electrons at the conduction band edge.11 Metal suboxides (e.g.,
Cu,0,"”7'° $n0,"7** and NiO*~’) represent many of the
most promising p-type oxides because they have filled metal
orbitals with relatively high energy that can hybridize with
oxygen 2p orbitals to increase the dispersion of the valence
band, reducing the hole effective mass. Furthermore, these
phases can often accommodate an excess of oxygen enabling p-
type conductivity without extrinsic dopants. > Nevertheless,
suboxides have a relatively small range of oxygen chemical
potentials for which they are thermodynamically stable. For
example, when trying to synthesize Cu,O, if the oxygen
chemical potential is too low, Cu metal will form, and if the
oxygen chemical potential is too high, Cu will be over oxidized
to CuO. This challenge contrasts with prominent n-type
oxides, such as In,0j, for which highly oxidizing conditions
can be employed without fear of over-oxidation, simplifying
the synthesis.

Even within the relatively narrow range of oxygen chemical
potentials for which p-type suboxides are stable, spontaneous
formation of compensating defects can prevent the formation
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of mobile holes. For example, oxygen vacancies are often low-
energy defects that can trap would-be holes preventing p-type
conduction, and such compensating defects become increas-
ingly favorable as more holes are introduced, which can result
in their spontaneous formation at useful carrier concen-
trations.”'>** 7" Another major challenge is interfacial traps
that pin the Fermi energy. These can cause films with
promising hole mobilities by Hall measurements to become
useless for electric devices.'> These challenges, and others,
have stymied the discovery of useful p-type oxides, hampering
the development of transparent electronics”* and a low-power
analogue of complementary metal oxide semiconductor
technology at back-end-of-the-line temperatures for transis-
tors.*”

One of the most promising p-type oxides is SnO. In this
material, filled Sn Ss orbitals hybridize with O 2p orbitals to
form the top of the valence band, resulting in much more
dispersion, meaning a lower effective mass and a higher
mobility. Furthermore, unlike many candidate p-type oxides for
which appreciable hole doping has proven difficult or
impossible due to spontaneous formation of compensating
defects"'#**73! or interfacial tralps,12 holes with mobility >5
cm?/(Vs) have been demonstrated in SnO using an electric
field effect, intrinsic, and extrinsic dopzints.17_24 Using field
effect, hole mobilities as high as 10.8 cm?/(V's) have been
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measured in nanocrystalline SnO with processing temperatures
<200 °C.*° Hall effect measurements have revealed room-
temperature hole mobilities as high as 30 cm?/(V-s) in bulk,
polycrystalhne SnO” and as high as 21 cm?/(V's) in epitaxial
Sn0.”* One possible explanation for the superior hole mobility
in polycrystalline SnO is that all demonstrated epitaxial SnO
films are (001)-oriented.'”*"**** Hu et al. calculate the hole

mobility tensor, u; of SnO at room temperature to be
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. =0 74 0 [+ meaning that the theoretical
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room-temperature in-plane hole mobility of (001)-oriented
SnO films (7.4 cm®/(V-s)) is drastically lower than that along
the ¢ axis (60 cm?/(V-s)) at room temperature.”> Minohara et
al.’>* report that this theoretical calculation underestimates the
room-temperature hole mobility that is experimentally
observed in (001)-oriented films.The measurements of
Monohara et al.’*3* reveal by angle-resolved photoemission
spectroscopy (ARPES) that the valence band is more
dispersive than that calculated in ref 22, resulting in
underestimation of the hole mobility by theory. Nevertheless,
these ARPES measurements confirm that the hole effective
mass along the ¢ axis is markedly lower than that in the (001)
plane,®* suggesting that the hole mobility is maximized along
the ¢ ax1s in qualitative agreement with theoretical
predictions.”” In a polycrystalline sample, some of the grains
are aligned with the high-mobility ¢ axis parallel to the current,
but all demonstrated epitaxial samples are (001)-ori-
ented,'”?"**3% the worst orientation imaginable.

Of course, to maximize in-plane mobility, SnO should be
grown epitaxially with the high-mobility ¢ axis in the plane of
the film, but no such synthesis has been reported despite
widespread interest in p-type SnO. In practice, a film with the
high-mobility ¢ axis lying in the plane is difficult to realize
because the litharge structure of SnO has weak van der Waals
bonding between layers in the (001) plane, meaning that a
(001)-oriented film has by far the lowest surface energy.”
While vertically aligned transition metal dichalcogenides with
random in-plane texturing have been demonstrated,’® an
epitaxial film of a van der Waals material with the layers aligned
perpendicular to the surface in a fixed orientation is completely
unprecedented. If possible, not only would such a film enable
measurement and utilization of previously inaccessible material
properties (e.g., SnO mobility along the ¢ axis), but a vertically
aligned 2D material would be a fascinating platform for
intercalation experiments.g'7

In this work, we demonstrate synthesis of epitaxial (110)-
oriented SnO by utilizing (101)-oriented rutile MgF,
substrates. Through epitaxial synthesis of this vertically aligned
van der Waals material, we successfully place the high-mobility
c axis in the plane of the film. While this orientation of SnO is
far more attractive in theory, the films are fairly insulating
because they self-assemble into a forest of epitaxial nanowires.
While we were unable to make use of (110)-oriented SnO to
fabricate high-mobility transistors, we hope that our work will
motivate further research to improve the morphology, study
intercalation,”” or use the nanowires to make epitaxial
composite films**~* to expose new properties.

B METHODS

Thin films of SnO were synthesized by molecular-beam epitaxy
(MBE) in a Veeco GEN10. SnO was supplied from an effusion cell
containing SnO, powder, from which SnO is the most volatile

species.”” The SnO, source was operated at a temperature of 965 °C,
which produced a molecular flux of approximately 3.5 X 10
molecules/(cm?es) at an angle of approximately 40° from the surface
normal. Growth was performed at a background chamber pressure of
1 X 107 Torr O, and using substrate temperatures ranging from 310
to 400 °C as measured by a thermocouple near but not in contact
with the substrate. X-ray diffraction (XRD) spectra were collected
with a Panalytical Empyrean diffractometer using Cu-K,; radiation,
and atomic force microscopy (AFM) was performed using an Asylum
Cipher ES Environmental AFM.

B RESULTS

As for many candidate p-type oxides, one challenge of
synthesizing SnO is isolating the intermediate oxidation state,
which has a limited range of stability (ie., suppressing
reduction to -Sn or oxidation to SnO,).*"** This problem
has previously been overcome by using the SnO molecular
beam generated by an Sn0O, source.””*""** From thermody-
namic calculations,” the molecular beam produced by heating
SnO, (or a two-phase mixture of SnO, (s) + Sn (1)) should be
99.9% SnO (g) molecules, and this has been observed
experimentally using mass spectrometry.”* By starting with
an SnO molecular beam, the phase has been kinetically
stabilized to grow (001)-oriented SnO films by MBE,”" and we
employ the same strategy here to grow (110)-oriented SnO
films.

To stabilize the (110) orientation of SnO, substrate
selection is essential. (001)-Oriented SnO will always have
lower surface energy than (110)-oriented SnO, so a substrate
that has exceptionally low interfacial energy with (110)-
oriented SnO is required. We draw inspiration from the
Ta,SnOy thoreaulite crystal structure comprised of alternating
Ta,05 and SnO layers (Figure 1a). As first noted by Katayama
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Figure 1. Crystal structure schematics of (a) Ta,SnOg, (b) SnO, and
(c) MgF,. Sn**, O*7, and F~ ions are depicted by purple, red, and
beige spheres, respectively. TaO4 and MgF octahedra are colored
brown and blue, respectively. The normal to the plane of the film and
the in-plane directions are specified for each material.

et al,,” we see in Figure 1 that the SnO surface that bonds to
the Ta,Oj layers in Ta,SnOy is similar to the (110) surface of
pure SnO as indicated by the red boxes in Figure 1, and the
Ta,Oj layers are structurally similar to (101)-oriented rutile as
indicated by the black boxes in Figure 1. Combined, these
crystallographic observations of the Ta,SnOg4 phase suggest
that there is an unusually low interfacial energy between the
(101) rutile surface and (110) SnO surface. In fact, the lattice
mismatch between (110)-oriented SnO and (101)-oriented
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Figure 2. (a) XRD 6—26 scan of a SnO film grown at a substrate temperature of 330 °C with the inset of a higher resolution scan near the SnO 110
peak. (b) RHEED image collected along the [001] azimuth of SnO after growth of the same film. (c) ¢ scans of the MgF, 301 peak and the SnO
112 peak. (d) Normalized rocking curves (@ scans) of the MgF, 101 peak and the SnO 110 peak.

MgF, is reasonably low: 4.7% along the [001] direction of SnO
and —3.0% along the [110] direction of SnO. Thus, (101)-
oriented MgF, may be a viable substrate to seed growth of
(110)-oriented SnO, and in this orientation, the high-mobility
¢ axis of SnO lies in the plane of the film where it could
potentially be utilized for a high-mobility transistor.

In Figure 2, we show that synthesis of epitaxial (110)-
oriented SnO is possible on a (101)-oriented MgF, substrate.
The 6—20 scan in Figure 2a shows no other phases nor
orientations, and the high-resolution #—26 scan in the inset of
Figure 2a reveals Laue oscillations indicating high crystalline
quality and a film thickness of 39 nm. The reflection high-
energy electron diffraction (RHEED) image (Figure 2b)
confirms that the film is epitaxial, albeit quite rough as
evidenced by the pattern which more closely resembles
transmission electron diffraction than reflection electron
diffraction. Based on the #—26 scan in Figure 2a and the ¢
scan in Figure 2c, we see that the epitaxial relationship is as
expected based on the thoreaulite crystal structure: SnO (110)
| MgF, (101) and SnO [001] || MgF, [010]. Interestingly, the
rocking curve in Figure 2d suggests that part of the film has
high structural quality resulting in a rocking curve full width at
half maximum of 0.046° for the SnO 110 peak. Nonetheless,
the rocking curve also shows a broad background signal that
has a rocking curve full width at half maximum of ~1.2° (i.e., if

the sharp central peak is ignored). A reciprocal space map
(RSM) corroborates the coexistence of broad and sharp
diffraction features (Figure 4a). We also find that these (110)-
oriented SnO films are quite insulating, with a 2-point
resistance of ~2 MQ.

To get more insight into these observations, we investigate
the morphology of these (110)-oriented SnO films. Annular
dark-field scanning transmission electron microscopy (ADF-
STEM) and AFM (Figure 3a,c,d, respectively) reveal that SnO
self-assembles into a forest of low-symmetry nanowires rather
than a continuous film, explaining why the RHEED pattern
exhibits features of transmission electron diffraction rather than
reflective electron diffraction. The discontinuous morphology
also explains why the electrical resistance is so much higher
than those of previous reports of unintentionally doped SnO
grown by MBE.”" While the high resistance coupled with the
anisotropy of the films makes meaningful electrical character-
ization challenging, we do consistently observe higher
resistance along the ¢ axis of SnO than along the [110]
direction, which appears to contradict theoretical predictions
of the highest mobility being along the ¢ axis.”> Considering
the film nanostructure, however, leads us to interpret that the
low energy of the SnO (001) surface results in a higher density
of voids between SnO crystallites along this direction, which is
consistent with AFM (Figure 3c,d), and explains the higher
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Figure 3. (a) ADF-STEM image of the (110)-oriented SnO film grown at 370 °C. The MgF, substrate is at the bottom of the image. The inset
shows an atomic-resolution close-up of the SnO film. (b) XRD 6—26 scans of SnO films grown at substrate temperatures of 310, 330, and 370 °C
as well as one that was grown at a substrate temperature of 370 °C and then subsequently annealed in situ at a substrate temperature of 400 °C.
(c,d) AFM images of the (110)-oriented SnO films grown at (c) 330 °C and (d) 370 °C with the axes between the images indicating the

crystallographic axes of the epitaxial SnO film.

resistance along the [001] direction of SnO. Further STEM
imaging revealing a ~5 nm amorphous layer at the interface
between SnO and MgF, is provided in the Supplemental
Information (Figure S1).

One can imagine several strategies to improve the
morphology of (110)-oriented SnO films to utilize the high-
mobility ¢ axis. A potential solution is to use a colder substrate
temperature to slow down surface diffusion and kinetically
prevent SnO from forming the islands that ultimately seed
nanowire growth. We find, however, that lowering the
substrate temperature to 310 °C (Figure 3b) results in a
mixture of (001)-oriented and (110)-oriented SnO, revealing
that if a discontinuous film is kinetically prevented, the system
responds by nucleating (001)-oriented SnO rather than
forming a continuous film of (110)-oriented SnO. While
virtually all incident SnO is desorbed above 400 °C, one could
imagine that in situ annealing of nanowires that are nucleated
at a substrate temperature of 370 °C may enable coarsening of
the SnO (110) nuclei into a continuous film. Unfortunately,
when such a film is annealed at 400 °C (Figure 3b), we
observe decomposition of the SnO film into a mixture of $-Sn,
Sn;0,, SnO, and SnO,, consistent with previous data on the

stability of SnO at elevated temperatures.*' Finally, one could
hope that islands would coalesce if the film is grown thick
enough, but we have not found this to be the case for film
thicknesses as high as 400 nm (see Figure S2).

The morphology observed throughout the (110)-oriented
SnO growth window is surprising because the exposed surface
area is significantly higher than that of a dense film. Because
(110)-oriented SnO nanowires can expose the low-energy
(001) surface of SnO, the excess surface energy of the
nanowire morphology is abnormally low for (110)-oriented
SnO compared to other material systems with more three-
dimensional bonding but still ought to be greater than that of a
fully dense film. Thus, surface energy arguments are
insufficient to fully explain the self-assembly of nanowires on
purely thermodynamic grounds. While it is reasonable to
expect that the out-of-plane growth rate, i.e., along the [110]
direction, is greater than the in-plane growth rate along the ¢
axis of SnO due to the higher surface energy of the (110)
plane, it remains difficult for us to account for the observation
that in-plane growth of SnO nuclei appears to stop completely
shortly after the growth begins. Despite careful consideration,
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Figure 4. Reciprocal space maps collected near (a) specular MgF, 101 peak and the SnO 110 peak, (b) MgF, 301 peak and the SnO 310 peak, and
(c) MgF, 222 peak and the SnO 222 peak. The Miller indices in the axes labels correspond to the SnO lattice (not the MgF, lattice), and the
expected peak positions for bulk (unstrained) SnO are indicated by red ’s.

our explanations remain speculative. We discuss some of these
speculative explanations below.

We consider that the nanowires may form to avoid the
energetic cost of misfit dislocations, but asymmetric RSMs
(Figure 4b,c) reveal that the film is not strained by the
substrate. We also consider that translationally offset SnO
nuclei may resist coalescence, but 5—10 nm gaps are
commonly observed between SnO nanowires in the STEM
image in Figure 3a and the AFM images in Figure 3c,d. This
distance would appear too large for the neighbor’s influence to
be felt, but such a mechanism cannot be ruled out. Finally, we
note that the SnO molecular beam is incident at 40° from the
surface normal of the rotating substrate, which we believe is an
important factor. As the SnO nuclei grow upward, they
increasingly shadow the exposed MgF, from the SnO
molecular beam, which further favors perpendicular growth
over lateral growth of the SnO nuclei. If the morphology does,
in fact, arise from the angle of incidence of the SnO beam, one
could attempt to supply an SnO molecular beam perpendicular
to the substrate, but this is difficult to accomplish in our
system.

B CONCLUSIONS

Our report of epitaxial (110)-oriented SnO is relevant to the p-
type oxide community as well as the field of 2D materials
synthesis. Even though SnO is considered among the most
promising p-type oxides, the authors are unaware of any
previous attempts to experimentally confirm predictions that
the ¢ axis has the highest mobility. While we were ultimately
unable to measure the mobility along the ¢ axis due to the
discontinuous morphology of our films, we hope that our
progress will motivate further research to improve the
morphology or use the nanowires as the backbone for a
composite film. Furthermore, our demonstration of an
epitaxial, vertically aligned 2D van der Waals crystal is
potentially generalizable to other 2D materials with the

litharge structure such as PbO or FeSe. In the case of
vertically aligned SnO, we aimed to study the electronic
properties perpendicular to the layers, but the orientation and
nanostructure of the observed films could also serve as a
platform for intercalation experiments or nanowire self-
assembly.

B ASSOCIATED CONTENT
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High-magnification STEM image of the film interface
and a cross-sectional scanning-electron microscopy
(SEM) image of a cleaved 400 nm thick, (110)-oriented
SnO film grown on MgF, (101) with further speculation
on the origin of the nanowire morphology (PDF)
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