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Abstract

A Sn?* based oxide, ilmenite SnTiOs, is investigated as a potential p-type oxide. Due
to Sn?" chemistry, ilmenite SnTiO3 shows dispersive valence band with a wide band gap
of 2.4 €V and high hole mobility of ~60 cm?/(V-s). Thermodynamics study confirms its
phase stability and synthesizability. Defect calculation demonstrates its high hole
dopability. Further band alignment calculation shows its shallow valence band edge
suitable for metal contact. Amorphous phase SnTiOj; is revealed to be a high mobility
hole-dopable oxide. The results suggest ilmenite and amorphous SnTiO; is an
experimentally realizable p-type oxide promising for future oxide electronics.
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1. Introduction

Oxide semiconductors, due to their atmospheric stability, ease of synthesis, and wide band gap,
have been widely used as semiconducting channel materials and transparent conducting oxide
electrodes in various electronic and optoelectronic devices.!* Recently, they have been proposed
as the back-end-of-line (BEOL) compatible transistor channel materials for implementing vertical
CMOS technology.>’7 Until now most available oxide semiconductors are n-type oxides, for
instance, In,03, ITO, and IGZO, whereas their p-type counterparts remain scarce. This dominance
of n-type oxides is because of the fundamental electronic structures associated with oxides: the top
valence bands in typical oxides are dominated by deep-lying (8-9 eV below the vacuum level) and
localized oxygen-2p orbitals which result in limited hole mobility and hole doping.® ® Over the
last decade, substantial research works have been reported on searching for high mobility and hole
dopable p-type oxides to expand p-type oxides materials library for future realization of
complementary n-type and p-type oxide electronics.”-!?

In our recent works, the main strategy of designing p-type oxides with high performance, i.e., high
hole mobility and good hole dopability, is to alleviate the dominance of O-2p orbital at the valence
band edge (VBE) by introducing additional shallower and more extended orbital states above O-
2p orbital.® 2 Such occupied orbital states should be compatible with O-2p in terms of both energy
position and symmetry to maximize the orbital hybridization. A previous work has identified three
groups of orbitals that can achieve this strategy: (i) d orbitals from transition metals, (ii) lone-pair
s orbitals from post transition metals, and (iii) p orbitals from non-oxygen anions.!! Historically,
p-type oxide searches are concentrated on transition metal-based oxides such as Cu,O, CuAlO,
and NiO.!315 Later, p-type oxide studies are shifted to lone-pair s orbital oxides when Hosono
reported SnO p-channel transistor.'® Starting from early 2010s, high-throughput materials
screening has identified more p-type oxide materials space including Sn?*, Bi**, T1'*, Sb3*, and
Pb%*, etc.! Non-oxygen anion p-orbital based p-type oxides are still in the early stage of
investigation and only a few of them from this group have been theoretically identified (e.g.,
LaCuOSe'!, ZrOS'%) while experimentally not yet demonstrated.

In our previous work, we have focused on Sn?" chemistry and searched for Sn>" based p-type
oxides where the orbital hybridization between Sn-5s and O-2p at the valence band edge (VBE)
drives a light hole effective mass.® This search has led to the identification of several promising p-
type oxides including Ta,SnO¢ and SnTiOs.® While we have performed experimental
demonstration of Ta,SnOg as a p-type oxide!”, little attention has been given to SnTiO;. In this
work, we present a systematic investigation on SnTiO; potential for p-type oxide. SnTiO3 occurs
in two distinct polymorphs: perovskite and ilmenite. Our previous work has revealed that ilmenite
SnTiOs is the more stable polymorph.® Recent work reporting a successful synthesis of ilmenite
SnTiO; demonstrates that SnTiOs is an experimental achievable p-type oxide.!3 1* We study the p-
type oxide performance of SnTiO; by examining its phase stability, carrier mobility, and p-doping
dopability in both ilmenite and amorphous phases. Our results show that SnTiO; possess a decent
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hole mobility and high p-type dopability, which can serve as an experimental realizable p-type
oxide for future oxide electronics.

I1. Computational methods

All theoretical calculations reported in this work were carried out by using density functional
theory (DFT) based first principles calculations, as implemented in Vienna Ab initio Simulation
Package (VASP). Projector augmented wave (PAW) method?® and plane wave basis set were used.
For electron exchange-correlation interaction, hybrid function of Heyd—Scuseria—Ernzerhof (HSE)
type?! was employed. A cutoff energy of 520 eV was adopted throughout all calculations. For
electronic structure calculation, primitive cell was used with a 6x6x6 Gamma-centered k-point
mesh grid for Brillouin zone sampling. The criterion for self-consistent electronic minimization is
total energy converging at 10 eV. For band alignment calculation, slab model was used to
determine the valence band edge position relative to the vacuum level.?? 23 Chemical potential
phase diagram was calculated based on DFT-determined formation energy. Detailed procedure of
generating chemical potential map can be found in Ref [°]. Defect computation was based on
supercell to minimize the interaction between charged defects and their periodic images. Energy
correction was performed by using Freysoldt scheme?, as implemented in the PyCDT package.?’

III. Results and discussion

Stable SnTiO; phase adopts the structure similar to FeTiO; ilmenite (rhombohedral space group,
R3, #148). The lattice parameters for the ilmenite SnTiO; unit cell are @ = b = 5.0713 A, ¢ =
21.8803 A, a = = 90°, and y =120°. The crystal structure and lattice constants are in consistent
with recent experimental measurement.!® 26In terms of atomic arrangement, edge-sharing
connected TiO4 polyhedra forms continuous planar network with top and bottom O layers capped
by Sn atoms (Fig. 1a). SnTiOj; layers are stacked in an ABC manner, but other stack orders are
also reported in experimental work.!® This layered structure, with Sn-Sn 5s orbital lone-pair
interaction between adjacent layers, are nearly identical to that of SnO.

Ilmenite SnTiO; has an indirect band gap of 2.40 eV by HSE with the valence band edge (VBE)
at I" point (Fig. 1b). This band gap is appropriate for BEOL transistor application. Originating from
the Sn?* chemistry, the top valence band shows a strong dispersion and light effective hole masses
with m,* = 0.49 mq and m,"= 0.51 m,. The high band curvature and small effective hole mass along
vertical staking direction is unusual but coincide with that of SnO, where hole transport along
stacking direction is even more efficient than the in-plane direction.” 27 This suggest that Sn-Sn
lone pair interaction in ilmenite SnTiO;, similar to SnO, offers a hole transport channel across the
planes. Further electron-phonon coupling calculation reveals that the hole mobilities along in-
plane and out-of-plane directions are 68.9 and 64.8 cm?/(V-s), respectively. Such decent mobility
would be suitable for logic device application in vertical CMOS technology. Orbital projected
density of states (DOS) shows that both Sn-5s and O-2p orbitals comprise the VBE states, in
contrast to typical oxides where the VBM is almost completely contributed by O-2p orbitals.
Meanwhile, Ti-3d orbital dominates the conduction band edge (CBE) states as shown in Fig. Ic.
The band gap is therefore determined by the orbital energy difference between Ti-3d and
hybridized O-2p/Sn-5s.
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Figure 1. Crystal and electronic structure of ilmenite SnTiOs. (a) The atomic structure of ilmenite SnTiO; unit
cell. (b) HSE calculated band structure of ilmenite SnTiOs3. The band dispersion and effective hole mass along
x-axis is indicated. (c) Total DOS and orbital projected DOS for O-2p, Sn-5s, and Ti-3d in ilmenite SnTiO;.

The thermodynamical phase stability is an important figure-of-merit to consider as it determines
p-type oxide long-term stability and synthesizability. In this work we evaluate SnTiO; phase
stability from the chemical potential phase diagram.® Figure 2a plots the phase stability region of
ilmenite SnTiO3 in Sn-Ti chemical potential space. SnTiO; perovskite phase with ferroelectricity
does not appear in the phase diagram due to its metastable phase formation energy. This is
consistent with numerous reports that the perovskite phase is challenging to synthesize and often
it is resulted with the ilmenite phase.?%23-3% TImenite SnTiO3 occupies a small phase area, pointing
to its less robust phase stability when comparing to other oxides like SnO, and TiO,. This is due
to the fundamental issue of low stability Sn?* valence state. Similar situation also happens to SnO
with even narrower range of stability, Aus,. Chemical potential phase diagram also provides
information on materials synthesis condition. The elemental chemical potential depends on the
growth environment such as temperature, partial pressure, and precursor concentration. From the
phase diagram, a Sn-rich and Ti intermediate-rich condition is preferred for SnTiO; growth.
Overall, we expect that SnTiO3 could be synthesized and stably exist provided the elemental
chemical potential condition is satisfied. Experimentally, atomic layer deposition (ALD) and
molecular beam epitaxy (MBE) are the two possible methods to grow SnTiO; film. A reducing
growth environment and controlled Ti/Sn precursor ratio are suggested to obtain SnTiOj; ilmenite
phase.

The chemical potential diagram is also necessarily for defect calculation as the defect formation
energy depends on the chemical potential. Defects, especially hole-compensating defects, needs
to be evaluated for accessing the hole dopability for p-type oxides. Oxides with spontaneous
formed hole-compensating defects could not be p-type dopable. Figure 2b presents the calculated
defect formation energy for both intrinsic defects and some possible extrinsic p-type dopants. The
chemical potential used for defect calculation is oxygen rich condition (most favorable for p-type
doping). Such condition corresponds to the boundary region in the phase diagram (red dot in
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Figure 2a) where the oxygen chemical potential reaches the maximum. For oxygen rich condition,
SnTiO; show no hole-compensating native defects as the oxygen vacancy presents sizable
formation energy even at the limit of degenerating doping level (Fermi level approaching to the
valence band edge). For a typical oxide, the anion vacancy (oxygen vacancy) is the potential hole-
killer and cation vacancy is the possible electron-killer. The energy range over which both anion
vacancy and cation vacancy are not spontaneously formed is the dopable energy range (Figure
2b). The dopability energy range is also called Fermi level pining energy because the Fermi level
cannot be shifted beyond this range. For ilmenite SnTiO3, its doping energy range covering the
valence band edge suggests that it can be highly hole doped. We also calculated the effective
density of states at VBM to estimate the maximum achievable hole doping concentration in SnTiOs.
The calculated value is about 8.85x10'® cm™ based on the Ref [31], which is high enough for
SnTiO3 to be a good semiconductor. We next consider possible p-dopants in SnTiO;. We
investigate N substituting for O, K for Sn, and Sc for Ti as those dopants have comparable atomic
size the one less valence electron than their respective host atoms. In Figure 2b, N replacing for
O (No) and Sc for Ti (Scr;) present accessible formation energy as well as shallow enough charge
transition level. This suggests that No and Scr; will be electrically active and donate holes in
SnTiO;. We thus suggest N and Sc as the acceptors for achieving hole doping SnTiOs.
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Figure 2. (a) Phase stability diagram of ilmenite SnTiO; calculated from first principles in terms of Sn-Ti
chemical potential map. The green region of Sn-Ti chemical potentials indicates where ilmenite SnTiO; is
thermodynamically stable. The oxygen-rich condition is indicated by a red dot. (b) Calculated formation energies
of native defects and possible extrinsic p-dopants versus Fermi level in SnTiOs. The doping energy range is
indicated by the horizontal arrowed line. Defect charge states are indicated. Valence band edge is shifted to 0
eV. VBE and CBE are indicated by vertical dashed lines.

The band alignment, i.e., VBE position relative to the vacuum level is determined by a slab model
calculation. The bulk phase was firstly calculated to obtain the energy difference between the VBE
and a core reference level (O-1s level in this work). A slab model was then calculated to obtain
the energy difference between vacuum level and reference level. Two energy differences were
then used to get the VBE position. It is found that the thickness of the slab model does not influence
the calculated vacuum level and core reference level. For the slab model, two end surfaces must
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be symmetric to obtain a flab potential level in the vacuum region. Figure 3a plots the planar
averaged electrostatic potential of ilmenite SnTiO;(100) slab. The ionization potential (energy
difference between VBE and vacuum level) is determined to be ~ 4.3 eV, which is quite shallow
comparing with most other oxides (Figure 3b). The calculated ionization potential of SnTiO; is
well consistent with recent work by Diehl et. al.! The shallow VBE is due to the Sn-5s orbital
hybridizing with O-2p and raising the VBE position. The calculated VBE of SnTiOs is very close
to that of SnO (-4.0 eV), consistent with our atomic and electronic structure analysis that Sn-Sn
lone pair interaction dominates the VBE states.

Valence band position is an important figure-of-merit for p-type oxides as it determines whether a
p-type oxide is hole-dopable or not. Previous works by Robertson et. al.>? have generalized the
correlation of native defects-limited p-type dopability to VBE position: n-type dopability requires
deep conduction band edge (CBE below -4.5 eV, Figure 3b) and p-type dopability necessitates
shallow VBE (VBE above -6.8 ¢V). A small ionization potential of 4.3 eV means the valence band
of SnTiOj; is well above the p-doping limit, suggesting its high p-type dopability. The shallow
VBE position in SnTiOj3 also implies that it could form low Schottky barrier height with contact

metals, leading to better contact performance for device application.
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Figure 3. (a) Planar-averaged electrostatic potential of ilmenite SnTiO;(100) surface slab. Oxygen 1s core orbital
energy level is used as common reference level for band alignment. Atomic structure of SnTiO3(100) surface
slab is shown as an insert. Band edges (CBE/VBE) and O-1s core level are indicated. (b) Calculated band
alignment of SnTiOj; referenced to the vacuum level, together with other known p-type and n-type oxides. Band
alignment for amorphous SnTiOj; is also included (see next section). The dopable region is shaded with magenta
color. The conduction and valence band edges should be located within this region for n-type and p-type
dopability, respectively.

Oxide semiconductors for BEOL applications will assume amorphous phases due to low synthesis
temperature. Therefore, it would be important to investigate the semiconducting performance of
amorphous phase SnTiO; (a-SnTiO3). Ab-initio molecular dynamics was performed to generate
the atomic structure of a-SnTiO3 by using the melt-quench method.??-33-34 Figure 4a shows one
representative structural model of a-SnTiO;, together with different element pair radial distribution
functions (RDF). The RDF of Sn-O and Ti-O pairs exhibit an initial sharp peak suggesting a
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chemically short-range ordered system. For all pairs, the second order peaks are significantly
broadened and oscillations of g(r) damp out at distances greater than 5 A, indicating the loss of
long-range order and confirming the validity of the generated a-SnTiO;. In terms of carrier
transport, the amorphous structure disorders cause tail states in the electronic band structure and
localization of electron wavefunction, which leads to a reduced mobility. To quantify the degree
of electron localization, we have calculated the inverse participation ratio (IPR) which is defined
as IPR = NXZ|y(r)|*/(Z|y(r;)|?)?,3 where i is lattice site, N is the total number of lattice sites, and
w(r;) is the electron wavefunction at site i. More localized state will have a larger IPR value. Figure
4b shows the calculated electronic density of states (DOS) and IPR for each of energy state in a-
SnTiO3. Comparing with crystalline SnTiO; (¢-SnTiO3), no obvious gap states appear in a-SnTiOs.
A mobility gap of 2.4 eV in a-SnTiOs is determined which is close to the crystalline phase band
gap. In a previous work, a method was developed to predict an amorphous phase mobility model
using IPR.*3 Based on this modelling method, the estimated hole mobility for a-SnTiOs stands at
29.2 ¢cm?/Vs which is a decent value compared to currently investigated p-type oxides where
mobility values typically range from 0.01~5 cm?/Vs.!# Similar to ¢-SnTiO3, the band alignment of
a-SnTiO; is determined by using slab model and the calculated VBE position is ~ 4.9 eV below
the vacuum level (Figure 4¢). The VBE position, though deeper than ¢-SnTiO; (~ 4.3 eV below
the vacuum level), is located within the p-dopable range suggesting its p-type dopability. Shallow
VBE would also allow a low Schottky barrier with contact metals. The intrinsic hole compensating
defect Vg is further calculated to verify its p-type dopability. Figure 4d shows the formation
energy of three representative O atoms with different coordination numbers (CN). In amorphous
phase where each atom is unique, it is not feasible to access the vacancy formation energies of all
O atoms. Here we use coordination number to group O atoms and investigate the formation
energies of O vacancy from each CN group. In a-SnTiO;, CN of O atom can be 2, 3, or 4. From
Figure 4d, V, from three CN groups all exhibit positive formation energies even when Fermi level
approaches to the VBE. This indicates that Vy will not form spontaneously at high p-doping
condition. The above results show that a-SnTiOs; is experimentally realizable high-mobility hole
dopable p-type oxide.
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Figure 4. (a) Partial radial radial distribution function of O-Sn, Ti-O, and Sn-Ti pairs. A representative
amorphous structure of SnTiO;3 generated by melt-quench method is shown as an insert. (b) Electronic density
of states (DOS) and inverse participation ratio (IPR) of a-SnTiO3;. The DOS of ¢-SnTiOj; is also plotted for
comparison. (c) Planar-averaged electrostatic potential of a-SnTiO3(001) surface slab. Oxygen 1s core orbital
energy level is used as common reference level for band alignment. The ionization potential (IP) is illustrated as
the energy difference between vacuum level and VBE. Atomic structure of a-SnTiO3(001) surface slab is shown
as an insert. (d) Calculated Vo formation energy versus Fermi level in a-SnTiO;. Valence band edge is shifted
to 0 eV. Three representative oxygen atoms with different CN are selected to investigate Vo formation energy
in a-SnTiO;. VBM and CBM are indicated by vertical lines.

IV. Conclusion

In conclusion, we have systematically investigated ilmenite and amorphous SnTiO; for p-type
oxide application. As a Sn*" based oxide, SnTiOj; has Sn-55s/O-2p orbital hybridization at its VBE
states, which is the origin of high hole mobility. Electronic structure analysis shows that it has a
wide band gap of 2.4 eV and high crystalline hole mobility of 68.9 and 64.8 cm?/(V-s) along in-
plane and out-of-plane directions. Furthermore, the hole mobility of a-SnTiOj; is predicted to be
high, 29.2 cm?/(V-s). The wide band gap and high hole mobility render SnTiO5 great promise for
logic device application. Phase stability calculation reveals SnTiOj; is a slightly robust phase but
can be synthesized and stably exist given the suitable environment. Defect computation shows
ilmenite SnTiO; can achieve high hole doping condition without spontaneous formed hole-killers.
SnTiO; also presents a shallow VBE and can achieve good Ohmic contact to metals. These results

Page 8 of 10



Page 9 of 10

Journal of Materials Chemistry C

suggest ilmenite and amorphous SnTiOj; is a promising experimentally realizable p-type oxide for
future oxide electronics.
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