The characteristic orbital hybridization between an-
ions and ns’ cations provides some fascinating proper-
ties for realizing innovative electronic devices. Recently,
many appealing oxide semiconductors based on this
hybridization have been systematically predicted by
high-throughput computational screening [1]. Based on
the identification, several ns® cations such as Sn*" or
Bi** based oxides have been developed as p-type oxide
semiconductors [2-6]. The crucial design concept of
these materials is the delocalization of holes in their va-
lence band maximum (VBM) by the isotropic and broad
cation orbital, which results in dispersive band edges. In
order to prove this design concept, it is necessary to ob-
serve the dispersive valence band edges experimentally
and compare them with theoretical predictions.

Herein, we unveil the empirical band structure of
SnO film through angle-resolved photoemission spec-
troscopy (ARPES) measurements. SnO is a well-known
prototype material of the above state-of-the-art p-type
oxide semiconductors. Moreover, the hole mobility (M)
of SnO films has been greatly improved through precise
control of the growth conditions [7]. The observed high
Hnoe fOr the thin-film form is higher than the theoretically
expected value for the bulk form [8]. This suggests that
correct and precise elucidation of the actual electronic
structure in the thin-film form (not bulk) is crucial for de-
signing practical thin-film devices.
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and b display a summary of the ARPES

intensity plots with two different polarizations of incident
light along the I'-X-T" and I'-M-T" lines, respectively.
The uppermost valence band is clearly observed for
linear-horizontal (LH) polarization but hardly observed
for linear-vertical (LV) polarization. Based on dipole
transition selection rules for optical transitions [9],
the photoelectrons are only detected when the initial
state is symmetric and antisymmetric, with respect to
the symmetry operation, to the detection plane for LH
and LV polarizations, respectively. Because the point
group along the symmetric '-X (I'—M) line is C,y, the
bands with I'; and T, (I'; and I';) symmetries should be
observed for LH polarization, whereas the bands with
I'; and T, (I, and I';) symmetries should be observed
for LV polarization. According to our calculations the
uppermost valence band exhibits I', and ', symmetry
along the '-X and I'-M lines, respectively; therefore,
the observed polarization dichroism must be caused by
the dipole selection rule. Our calculation suggests that
the uppermost valence band near E, that is, the VBM,
mainly originates from the Sn 5s and O 2p, orbitals,
which are symmetric with respect to the detection plane.
Overall, the dispersion shapes and the polarization
properties of all bands can be qualitatively explained
by our calculation. However, a closer observation re-
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ARPES intensity plots of SnO film along a the '-X and b IT-M lines taken at hy = 158 eV with LH and LV polarized light. Calculated

band structures (solid lines) were superimposed. Reprinted with permission from Minohara et al. [14]. Copyright 2022 American Chemical

Society.
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Schematic image of distortion of the Sn-O pyramid structure of SnO film. Broken lines and symbols indicate the original positions in
the intralayer Sn-O plane. Adapted with permission from Minohara et al. [14]. Copyright 2022 American Chemical Society.

veals that the bandwidth of the uppermost valence
band is broader than that predicted through the cal-
culation, and the other valence bands are pushed
down to the higher binding energy side. The increase
in curvature near the VBM suggests a higher pp,. OW-
ing to the decrease in the effective mass compared
to that expected through the calculations for the bulk
form. Previous calculations indicated anti-bonding
Sn-O and Sn-Sn character for the uppermost valence
band [10, 11]. Therefore, the observed broadening in
the thin-film form could be caused by the enhance-
ment of hybridization between Sn 5s, 5p, and O 2p
orbitals potentially owing to the changes in the crys-
tal structure triggered by the lattice strain [12, 13].

In order to elucidate the possible changes in the
crystal structure, we focused on the long- and short-term
crystal structure of SnO film investigated using X-ray dif-
fraction and X-ray absorption spectroscopy (XAS). The
observed Bragg peaks of the SnO film showed shrink-
age and expansion of the out-of-plane and in-plane lat-
tice constant, respectively. In contrast, analysis of the
Sn K-edge extended X-ray absorption fine structure of
XAS revealed almost identical values for the Sn-O bond
length of SnO film and SnO powder (bulk). These re-
sults strongly suggest shrinkage of the interlayer Sn-Sn
bond and distortion of the Sn-O pyramid structure in the
SnO thin film ( ), which affects the electronic struc-
ture. Our findings demonstrate the importance of direct
and precise observation of the electronic characteristics
in thin-film form, and provide valuable insights into the
realization of actual thin-film devices [14].
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