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In the field of atomically thin 2D materials, oxides are relatively unexplored in spite of the large
number of layered oxide structures amenable to exfoliation. There is an increasing interest in ultra-
thin film oxide nanostructures from applied points of view. In this perspective paper, recent progress
in understanding the fundamental properties of 2D oxides is discussed. Two families of 2D oxides
are considered: (1) van der Waals bonded layered materials in which the transition metal is in its
highest valence state (represented by V205 and MoOs) and (2) layered materials with ionic bonding
between positive alkali cation layers and negatively charged transition metal oxide layers (LiCoO2).
The chemical exfoliation process and its combinaton with mechanical exfoliation are presented for
the latter. Structural phase stability of the resulting nanoflakes, the role of cation size and the
importance of defects in oxides are discussed. Effects of two-dimensionality on phonons, electronic
band structures and electronic screening are placed in the context of what is known on other 2D
materials, such as transition metal dichalcogenides. Electronic structure is discussed at the level of
many-body-perturbation theory using the quasiparticle self-consistent GW method, the accuracy of
which is critically evaluated including effects of electron-hole interactions on screening and electron-
phonon coupling. The predicted occurence of a two-dimensional electron gas on Li covered surfaces
of LiCoO2 and its relation to topological aspects of the band structure and bonding is presented as
an example of the essential role of the surface in ultrathin materials. Finally, some case studies of
the electronic transport and the use of these oxides in nanoscale field effect transistors are presented.

I. INTRODUCTION: WHY 2D OXIDES?

In the rapidly growing “Flatland” [I] of 2D atomically
thin materials, oxides are still newcomers. After the No-
bel prize was awarded to Novoselov and Geim for the
discovery of the remarkable properties of graphene,[2]
several new elemental 2D materials have been studied:
black phosphoros,[3] antimonene and arsenene,[4], 5] ger-
manene and silicene[6]. Transition metal dichalcogenides
(TMDC) rapidly gained interests because of their re-
markable valleytronic properties|[7] and the presence of
a gap allowing field effect transistors[8] to be fabricated
to make use of the high-mobilities encountered in 2D
materials. But in spite of the large number of oxides
that occur in layered crystal structures and thus might
be promising candidates for exfoliation, 2D oxides have
not yet been widely studied, especially from the point
of view of their fundamental properties and prospects

* |Corresponding author: alp.sehirlioglu@case.edu

for electronic devices. Oxides constitute a broad fam-
ily of materials with a wide range of potential applica-
tions, from catalysis to electronic, photonic, ferroelectric,
magnetic and multiferroic functionalities. Understanding
structure-property relations in free-standing, supported,
and confined two-dimensional ceramics or “ceramic flat-
lands” has been identified as one of the challenges for fu-
ture work in ceramics by a recent National Science Foun-
dation workshop.[9]

Nonetheless, over the last decade, there have been
many reviews on 2D oxides either as the main focus or as
a part of a more general nano-materials focused review
papers or books. One of the earlier reviews of nanosheets
of oxides and hydroxides focused on synthesis, properties
— especially photon-induced behavior - and their assem-
bly, was published in 2010 by Ma et al. [I1], followed
by a second review [I2] as a part of a special issue on
“2D Nanomaterials beyond Graphene” in 2015. Around
the same time (2011) another review by Mas-Balleste et
al. [I3] also emphasized the importance and variety of
2D oxides. A more recent focused review on 2D oxides
can be found in 2019 paper of Hinterding et al. [I4] in-
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Fig. 1: a) 2D projection of VoOj5 structure, showing the zig-zag chains within the layer, b) Side view of NaVOs,
showing the layered structure and the location of intercalating alkali atoms (yellow) in the corresponding bronzes,
reproduced from Phys. Rev. B 92, 125133 (2015), Copyright 2015 American Physical Society; ¢) Double layer
structure of a-MoO3 showing some of the Mo-O bond lengths in A.

troducing compositions, synthesis, microstructures and
applications and in a 2018 paper of Uppuluri et al. [15]
specifically related to the soft-chemistry of exfoliation. In
2012, different morphologies of nanosheets were reviewed
for Li ion storage by Liu et al. [16], summarizing nano-
porous, sandwich-like, wave-like, flower-like nanosheets
etc. Use of 2D-oxides as dielectric building blocks was
reviewed by Osada et al. [17] in 2012. The review of lig-
uid exfoliation of layered materials by Nicolosi et al. in
2013 while not focusing on oxides, included examples of
exfoliation of oxides to form nanosheets.[I8] A perspec-
tive on use of 2D nanosheets in hybrid systems, including
oxides, was published in 2014 by Kim et al. [I9] and was
reviewed by Lee et al. in 2018[20]. Another review es-
pecially focused on variety of applications was published
by Kalantar-zadeh[21]. Other reviews and sections of
books that introduce processing, and energy conversion
and storage have been published over the years by ten
Elshof et al. [22], Tan et al. [23], Xiong et al. [24], Mah-
mood et al. [25] and Pang et al. [26]. There has also been
a lot of recent focus on the catalytic and environmental
applications as reviewed by Haque et al. [27], Heard et
al. [28], Zhang et al. [29], Safarpour et al. [30]. Other ap-
plications of interest include sensors as reviewed by Sha-
vanova et al. [31], Lee et al. [20], Dral and ten Elshhof[32].
While not specifically on oxides, as a part of the review
of 2D nanomaterials some information can also be found
in the review papers by Tan et al. [23], Jo et al. [33],
and Yang et al. [34] Besides exfoliation, either mechan-
ical or chemical, other routes to formation of 2D ultra-
thin films or few-layer systems have been explored using
atomic layer deposition (ALD), and so on. An overview
of 2D-oxdide synthesis methods and studies was recently
reviewed by Yang et al. .[35]. Yang et al. [36] studied the
formation of 2D oxide nanosheets of CoO with nanopar-
ticles as intermediate step. Xiao et al. reviewed layered
cathode oxide materials for Na based battery materials.

[37] Barcaro et al. focused on ultrathin oxide layers grown
on top of metals and their structural motifs.[3§]

From the above brief overview of the review literature
it is clear that most papers had an application oriented
perspective. In the present perspective paper we take
mostly a fundamental science point of view on the exfoli-
ation process, the phase stability of 2D oxide nanosheets,
their vibrational and electronic properties that distin-
guish them from their bulk layered parent materials and
how the above affect their electrical transport.

While a layered structure is a good starting point for
fabricating 2D-oxides, the nature of the interlayer bond-
ing is crucial for the success of exfoliating. Two impor-
tant classes of oxides can be distinguished. Oxides like
V505, MoOg3 have layered crystals structures in which
the layers are neutral and the interlayer interactions are
weak dispersive van der Waals interactions. In these ox-
ides, typically the transition metal is in its highest va-
lence state and perfectly balances the oxygen ion charges.
V505 has an additional interest in that 1D-chains occur
inside the layers and endow the material with properties
in between 1D and 2D. This is illustrated in Fig. As
will be detailed in Sec. this leads to a high
degree of in-plane anisotropy in electronic transport[39].
Successful mechanical exfoliation using the “scotch-tape”
method has recently been accomplished and led to a start
of the exploration of this compound in 2D form. More
recently chemical exfolation as also been reported in lit-
erature and has led to atomicall thin bilayers. [40]

Orthorhombic a-MoOg [41] also has double layer char-
acter with oxygens bonded to a single Mo sticking out
from the double layer on either side and leading to weak
interlayer interactions. See Fig. [Ik. However, as the
distance between layers is increased, for example by in-
serting HoO molecules, its properties can be modified. [41]
A monoclinic form is known in which the layers are just
slided slightly over each other laterally compared to the
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orthorhombic form and this gives an indication that the
properties could be modulated by subtle changes in the
interlayer interactons. Ultrathin layers of MoOs have
been successfully exfoliated and high mobilities have been
reported by some authors.[42]

The properties of these layered materials, which
in their pure form are fairly wide gap insulators,
are strongly modified by defects, such as oxygen
vacancies[43H45] or by intercalation with alkali or alka-
line earth atoms. This leads essentially to doping of the
lowest conduction bands of the insulator with electrons
and turns them into n-doped semiconductors. However,
this also forms the basis for novel magnetic properties.
In particular in V5Oj5 intercalation with Na in the exact
ratio of 1:1 forms the new compound NaVsO5 which is
antiferromagnetic.[46] The structure of NaV2Oj is shown
in Fig. [Ib. This is because a-V505 has a narrow split-off
conduction band separated from the higher conduction
bands by a small gap, which becomes half-filled when
doped with one Na per V2O5 unit.[47] This leads to the
formation of a magnetic moment, splitting the band in
up and down spin, and subsequently an antiferromag-
netic coupling between moments along the direction of
the 1D chains. Besides this antiferromagnetic structure,
another phase transition, originally described as a spin-
Peierls transition occurs at low temperature but may in
fact, be a combination of charge disproportionation and
spin-Peierls transition.[48] This system received a lot of
attention in bulk form but ultrathin or monolayer thick
variants of it could offer a much finer control of the Na or
other intercalation content to further control and manip-
ulate these interesting magnetic phase transitions. The
intercalated forms of both V505 and MoOs are known
as bronzes.[49, 50] These materials have multiple appli-
cations in the field of catalysis, are potential hosts for
ions such as Li[51} 52] and Mg[53] in battery applications
and are also electrochromic.[54] Their color and optical
properties can be modified by an applied voltage.

In this perspective paper, we will use both MoO3 and
V505 as representative examples of these van der Waals
bonded oxides. Their mechanical exfolation by means
of the Scotch-tape method is fairly standard and does
not require further discussion. We compare their phonon
properties and how they are influenced by the monolayer-
ing in Sec. [VI] The electronic band structure of these ox-
ides is relatively well understood at the density functional
theory level but surprisingly, many-body-theory pertur-
bation theory such as the GW method which should
describe their electronic structure even more accurately
tends to overestimate the gaps. This is an impediment
to address the change in gap in their monolayer forms
because GW self-energy effects are known to have long-
range effects in 2D materials. We discuss our progress in
this respect in Sec. [VII} Their transport properties are
discussed in Sec. [VIIIL

On the other hand, many more oxides are essentially a
layered arrangement of different cations in a close packed
oxygen lattice, one of them a transition metal and the

other a highly electropositive ion such as alkaline ions,
Li, Na, K. In these materials, the nature of the bonding
is such that the alkali atom donates its electron to the
transition metal oxide layer. We then have electrostatic
bonding between negative transition metal oxide layers
and the positive Li ion layer. The prototypical exam-
ples of this type of bonding are LiCoOs and NaCoOs.
The former is the other main material discussed in this
perspective paper. Exfoliation of these materials is not
as straightforward but has recently become possible ex-
ploiting chemical ion replacement reactions. These are
described in some detail in Sec. [l The stability of the
resulting nanoflake materials under annealing is discussed
in Sec. [[ITl A combination of chemical and mechanical ex-
folation provides a promising route toward large area 2D
mono or few layer thin forms of these materials. [55] [56]
An important question that is not yet fully answered is
how much residual compensation by alkali ions remains
in operation and how it modifies the LiCoxOs nanosheet
properties. In LiCoOs, the additional electron supplied
by the Li is precisely what is needed to give the Co a
Co3* formal valence state with a d® configuration which
is stabilized by filling the lower energy to, bands in an oc-
tahedral environment leading to a low spin stable state.
This illustrates the subtle interplay between structure
and electronic configuration. Removing part of the Li
however, now leads initially to a p-type semiconductor
but with potential Co*T localized ions if the Li-vacancies
are ordered. The magnetic moments of this d® configu-
ration now come also into play.

The extreme case of CoOg layers is potentially a highly
interesting systems because the triangular lattice of Co
spins is then highly frustrated and has been speculated
to be a candidate for the elusive spin-liquid state. [57, 58]
Remarkably, superconductivity has been claimed to oc-
cur in CoOs layers,[59] not in isolated exfoliated form,
but when the layers are spaced by inserting a suffi-
cient amount of water molecules inside the Na layer of
Na,CoQOs. To what extent such a complex system repre-
sents isolated 2D behavior of CoOs is not clear. However,
while this provides a strong motivation to pursue exfoli-
ation of this system, we are still a long way from perfect
control over this form of CoO5. Numerous open questions
start to emerge from the exfoliation experiments carried
out by our group. How much remaining Li or other al-
kali ions remain attached to the layers as a result of the
chemical exfoliation and repricipitation route? How do
they influence the properties? How stable are the layers
toward annealing treatments, which may be required to
make electrical contact to them? Furthermore, how are
the very surfaces of CoOs covered with Li different from
the bulk. Our initial findings on these questions are dis-
cussed in later sections. We discuss the effect of cation
size on layered oxides of the LiCoOs type with differ-
ent cations replacing Li in Sec. [V] as a way to increase
the distance between the layers and approach monolayer
physics. We also include H in this study because of its
role in the exfoliation process. We return to the band
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Fig. 2: Steps of chemical exfoliation of CoO9 nanosheets.

structure of LiCoOz in Sec. [VII]in the context of how
GW theory applies to it and how we currently under-
stand its optical properties. The surprising prediction
of a surface two-dimensional gas (2DEG) on LiCoO2 Li
terminated nanostructures is discussed in Sec. [VII Bl and
its transport properties are presented in Sec. [VIII] along
with those of MoOs and V50Os5.

1I. CHEMICAL EXFOLIATION OF Li,CoO;
NANOSIZE FLAKES

The exfoliation of layered transition metal oxides
(TMOs) has been relatively well studied, dating back
to the 1990s and 2000s beginning with the exfoliation
of layered titanates and manganates.[60} 61] Since then,
several layered TMOs have been exfoliated using a soft-
chemical exfoliation method.[1I] It was not until 2009
that the exfoliation of lithium cobalt oxide (LCO) was
first reported (Kim et al. [62]). Since then only a few
groups have reported further on this topic[55l 56, 62-
[72] (many coming from our research group[55, 56}, [63H65]
leaving the exfoliation of LCO relatively underexplored.

This soft-chemical exfoliation method can be described
as a two-step acid-base reaction which swells and ex-
foliates layered TMOs to form two-dimensional TMO
nanosheets which can eventually also be reprecipitated.
See Fig First, the layered transition metal oxide is
treated with a protic acid to replace the alkali metal
ions with protons in the interlayer. Second, this protic
powder is subsequently reacted with a hydroxide bearing
bulky molecule (e.g. tetramethylammonium hydroxide
(TMAOH), tetrabutylammonium hydroxide (TBAOH))

to swell and exfoliate the layered structure into two-
dimensional transition metal oxide nanosheets. While
this method can be generalized for numerous layered
TMOs, many factors that promote exfoliation are inher-
ent to the properties of the layered TMO in combination
with each subsequent chemical treatment that is utilized.
In consequence, it is important to investigate and under-
stand the material at each stage of the exfoliation pro-
cess.

In the case of the exfoliation of LCO, reaction with
protic acid solutions differ when compared to other more
well-studied transition metal oxides.[64] For instance,
many layered TMOs can undergo complete alkali metal
extraction and proton replacement while others, such
as LCO, cannot.[62, 64, [65] [73] In other words, alkali
metal and proton concentrations in the powder vary de-
pending on the protic acid treatment applied (e.g. acid
composition, reaction duration, acid concentration, solu-
tion refreshment). Moreover, when LCO is treated with
high acid concentration solutions (e.g. 12 M hydrochloric
acid), the powder completely dissolves into ionic species.
This instability is also reported at lower concentrations
(e.g. 0.1 M HCI - 3 M HCI) and plays a role in changing
LCOs surface morphology, stoichiometry, cobalt and oxy-
gen valence, and defect concentration. Due to the varying
effect acid treatments have on LCO, exfoliation using a
bulky hydroxide-bearing molecule (i.e. NR4OH, where R
= Methyl, Ethyl, Butyl) can have mixed results.[65] For
example, the concentration of NR4OH needed to promote
the highest degree of exfoliation has been demonstrated
to be dependent on acid treatment conditions. Further-
more, the degree to which exfoliation occurs is depen-
dent on the ionic radius of the swelling molecule, with
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TMAOH proving most effective. While several factors
can affect the swelling and exfoliation behavior of LCO,
the most important of one is proton concentration in pro-
tic LCO. If this can be effectively quantified, the swelling
and exfoliation behaviors of LCO can be understood as
well as other layered TMOs.

Along with the traditional soft-chemical exfoliation
of LCO, other exfoliation and dispersion methods have
been developed to more effectively utilize cobalt oxide
nanosheets. These methods were created to avoid the
destructive nature of the reagent required to promote
exfoliation, TMAOH, which is highly caustic, a known
etchant and developer of photoresist limiting the main
applications of cobalt oxide nanosheets to electrophoretic
deposition.[62] First, excess TMAOH can be removed
from solution, through a solvent exchange after isolating
cobalt oxide nanosheets from solution using high-speed
centrifugation. The nanosheets can then be redispersed
in water or another compatible solvent allowing for their
use in non-aqueous applications. Second, cobalt oxide
nanosheets can be precipitated/restacked from solution
using salts. This opens the door, in effect, to synthesize
oxide materials that are thermodynamically metastable
(e.g. M,CoOs9, where M is K, Ca, Al, etc. and found
in the interstice of the layered structure). Finally, large
and ultrathin cobalt oxide nanosheets in pH neutral solu-
tions can be produced through washing the larger semi-
exfoliated LCO particles (which are typically discarded
as waste) initially isolated via low-speed centrifugation.
These methods have allowed for a more versatile platform
of the use of cobalt oxide nanosheets.

Although not statistically robust since the character-
ization is done using atomic force microscopy (AFM)
and transmission electron microscopy (TEM), the cobalt
oxide nanosheets produced using traditional exfoliation
method have been demostrated to be a maximum of 0.4
pmx0.4 pm in lateral size.[62], 67, [7T], [72] Moreover, there
is little to no detail on the structure and properties of
these cobalt oxide nanosheets making the process of mod-
eling and understanding their fundamental properties a
difficult task. New exfoliation methods have increased
the size of cobalt oxide nanosheets and have allowed for
advanced microscopic and electrical measurements to be
performed advancing our knowledge of the structure and
stability of these materials.[55] [56]

III. STRUCTURAL PROPERTIES AND PHASE
CHANGES UPON ANNEALING

From the many years long interest in Li,CoO4 as a
battery material, it is well known that variations in Li
content play an important role.[r4H76] As the system is
delithiated, at special simple fractional concentratons of
Li vacancies, such as ¢ = 1/3, ¢ = 1/2, x = 2/3 or-
dering of the vacancies may occur.[(7] Also besides the
layered R3m structure other forms of LiCoO, with a dis-
ordered or partially disordered arrangement of the Li and

Fig. 3: Superposition of bright (grey) and dark field im-
age (red) of a strong 220 diffraction peak characteristic
of the rocksalt domains of a LiCoOs nanoflake after an-
nearling to 350°C showing that rocksalt domains occur
primarily at the rim of the flake.

Co atoms are known to occur at higher temperatures due
to interdiffusion of the layers. A spinel type structure oc-
curs with both Li and Co in octahedral sites while the
tetrahedral sites can stay empty [78, [79] and a fully dis-
ordered rocksalt structure in which Li and Co randomly
occupy octahedral sites has also been reported.

An important open question is to what extent the R3m
structure is stable in ultrathin nanosheets as function of
temperature and Li composition. A detailed electron mi-
croscopy study was recently reported by our group for
Li; CoO3 nanosheets with x =~ 0.37 obtained by the chem-
ical exfoliation route explained in Sec. [T and as function
of annealing temperature. [56] The important findings are
that as function of increasing temperature, a gradual dis-
ordering of the Li and Co atoms occurs. Initially the
structure of these nanosheets was found to consist of a
mixture of R3m and C2/m regions where the latter cor-
responds to a slight distortion of the R3m structure re-
lated to the lower Li content. Above 200°C the P2/m
structure related diffraction spots became evident and
this indicates that around this temperature an ordering
of the Li vacancies is facilitated. At even higher temper-
ature of 250°C the spinel-type structure starts to appear,
indicative of disordering of Li and Co from their layered
arrangement. Eventually above 350°C, a fully disordered
rocksalt structure was found.

The accompanying changes in electronic properties
were investigated via electron loss spectroscopy in var-
ious energy ranges, the O-K edge, the Co-Ly/L3 edges
and the low energy interband transition range up to the
plasmon energy range. These provide information on the
degree of O-Co hybridization, the Co effective valence
and so on. The results were interpreted with the help
of first-principles simulations of these spectra. The main
conclusions of this study were that in the first temper-
ature increase, the O-2p-Co-3d hybridization is increas-
ing but then drops precipitously as the more disordered
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phases come into play. In fact, a more detailed analysis
of the O-K spectra, indicated that the different shape
of the spectrum at the highest temperatures could only
be explained by the pure rocksalt CoO phase. This indi-
cates a loss of Li from those regions. Subsequently, it was
found that those regions were predominantly located at
the edges of the nanoflake samples. This is documented
here in Fig. [3] The bright domains in the dark field image
taken from the strong 220 reflection locate the rocksalt
domains, which are primarily found at the edges of the
flake. This suggests a gradual transitions from spinel to
disordered rocksalt by loss of Li from the edges of the
flakes.

From the Co Ls/Ls ratio it was concluded that the
Co valence initially increased, indicative of formation of
some CoT particularly near the Li-vacancies when these
become ordered, but formation of Co?* at the higher
temperatures. The low energy loss spectra were found
to be in good agreement with a direct calculation of
the loss spectrum in the form of the imaginary part of
the inverse of the dielectric function for small scattering
vector q and also reproduced well the plasmon region.
The lowest energy transitions near 2-3 eV correspond to
transitions from the occupied t»4 to the empty e, bands
of Co-d electrons in their octahedral environment. The
higher transitions, near 7 eV were found to come from
transitions from deeper valence bands with a more domi-
nant O-2p character to the same lowest conduction band
rather than transitions from the top of the valence band
to higher Co-4s or Li-2s like states, which, in fact, occur
at significantly higher energy.

The changes in structure, in particular when forms of
CoO with signficiant amounts of Co?t are present were
found to also be accompanied by a drop in conductiv-
ity. This seems reasonable because first of all disor-
der leads to increased scattering but secondly in those
phases the low spin optimal filling of the Co-d bands for
an octahedral environment are in competition with other
electron configurations which carry a net magnetic mo-
ment and exhibit a strongly correlated electronic struc-
ture. In Ref. [56] this disordered paramagnetic state
of CoO was modeled by means of a special quasirandom
structure (SQS) model with random placement of up spin
and down spin magnetic moments following the recently
proposed polymorphous band structure approach [80] for
such correlated systems and using the DFT+U approach.
In essence this replaces the dynamic time dependent fluc-
tuations of the spins by spatial fluctuations.

The important take-away message from this study
is that at elevated temperatures, important structural
changes can occur in nanoflakes, their structure does not
remain uniform and significant deviations from the low
spin LiCoO; band structure can occur.

IV. IMPORTANCE OF DEFECTS

The direct effect of having 2D nanosheets is the greater
surface to volume ratio achieved, and since the surface
can be considerably different from the bulk it affects
the concentration of ions with different valence, satu-
ration, and coordination number, as well as the struc-
ture to decrease the surface energy, all to increase the
stability.[81] [82] The defect concentrations and the re-
lated formation energy can change significantly and a
minor type of point defect can become a dominant one
or defect complexes can take over an isolated defect.[83]
In addition, within the 2D material the behavior can
be heterogeneous with edges behaving differently than
the surface[84H86] or due to processing steps or post-
processing treatment as was introduced earlier for an-
nealed CoOg nanosheets (Sec. . Since the perfor-
mance of many nanomaterials strongly depends on the
defect structure (e.g., vacancies, polarons etc.), and since
processing techniques strongly affect the type, quantity
and the distribution of defects, their characterization and
control are critical and also a challenge.

The control of defect structures and defect structures
themselves are a function of processing. Top-down ap-
proaches show promise in scaling-up for future produc-
tion if a wide use of these nanosheets is targeted with in-
expensive processing costs, and in obtaining nanosheets
with large lateral sizes with lower structural defects
needed for real devices without significant fabrication
challenges. Although, top-down approaches limit the
number of materials and systems that can be used (to
layered structures), we are still far from realizing the full
potential of them. There are also more recent techniques
(i.e., adaptive ionic layer epitaxy - AILE)[R7] being de-
veloped to increase the lateral size of nanosheets during
bottom-up processing which also opens up the material
space to non-layered structures.

Even in bulk, most oxides gain function due to their de-
fect structures and chemically doped compositions with
compensating electronic and ionic defects are used, in-
stead of chemically pure and pristine compositions.[88]
89] Such defect engineering also applies to 2D oxides.
When it comes to doping, in top-down approaches,
compositions are most commonly designed at the bulk
form that is exfoliated, however post-processing expo-
sure to ions and solutions can also be used to exchange
ions,[90H92] while more flexibility exists for bottom-
up approaches. A doped composition that retains the
same layered structure can go through similar processing
steps for isolation of 2D nanosheets. While such pro-
cessing techniques can create similar nanosheets, dop-
ing elements can result in different defect structures.
For example, Lithium cobalt oxide (LiCoOs, LCO)
and its relative, lithium nickel manganese cobalt oxide
(LiNiy ;3Mny 5Co0; 302, NMC), are both layered tran-
sition metal oxides (TMOs) utilized primarily as the
active cathode for the Li-ion battery industry.[93, [94]
NMC can also be exfoliated to form two-dimensional
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Fig. 4: (Left) XPS results for as-received LiCoOg (LCO) and 1M HCI treated LCO showing the removal of Li and the
shift in Co-3p peak. (Right) XPS results for as-received Li(Ni,Mn,Co)O2 (NMC) and 1M HCI treated NMC showing
the removal of Li and the shift in Ni-3p peak. Co and Mn peaks do not change with treatment.

(2D) nanosheets using the same chemical treatments as
described in Sec. [[Il However, how the material reacts
to these chemical actions may vary. For instance, ob-
servable shifts in the binding energies of the transition
metals of both transition metal oxides suggest a change
in the oxidation state due to acid treatment as was dis-
cussed above in detail for LCO but differences lie in the
binding energy shift behavior of each transition metal
within LCO and NMC. LCO consists of only one tran-
sition metal (cobalt) therefore, cobalt shifts in binding
energy. On the other hand, NMC consists of three transi-
tion metals (nickel, manganese, and cobalt) of which only
nickel shifts in binding energy, Fig. ] Both cobalt and
manganese remain in a similar chemical bonding state
before and after acid treatment, suggesting that nickel is
the primary charge balancing ion associated with NMC
after this chemical treatment. This also emphasizes that
the change in the oxidation state of Co does not occur in
the presence of Ni.

We can categorize the defects on the nanosheets into
two: (i) defects that are similar to those of the surface
defects in bulk materials such as changed coordination,
buckling of the bonds, or presence of unsaturated atoms
etc. and (ii) defects that form during processing due to
the chemistry used such as preferential etching of cations.
One can consider a third category for the surface defects
as exfoliated nanosheets tend to have single termination
while bulk termination can vary locally. The first cate-
gory can be treated as the “pristine” nanosheet, and the
changes in behavior compared to bulk can be sorted un-
der the effect of increased surface to volume ratio. For ex-
ample, in pristine SnOy, nanosheet morphology accesses
a larger number of four-coordinated surface Sn and two-
coordinated surface O (rather than six and three, respec-
tively, in the bulk) which form active sites for CO adsorp-
tion and subsequent oxidation.[95] Although it should be

noted that, in this case, changes to the electronic struc-
ture in the confined structure (i.e, formation of increased
density of states at the valence or conduction band edge),
for example in comparison to nano-particles with the
same surface area to volume ratio, results in additional
factors that affect the efficiency of the reaction by pro-
viding enhanced charge carrier densities and fast ionic
diffusion paths. In Co30y4, surface Co ions have lower
coordination, in a similar fashion to other oxides such as
MgO and TiOs, thus the nanosheet form accesses a larger
percentage of such Co ions.[86] [06] Lowered coordination
can lead to more active sites in relationship to the envi-
ronment. In the nanosheet form, higher density of states
near the conduction band edge and higher charge concen-
tration occurs in comparison to the bulk form. However,
increasing the surface area does not always guarantee in-
creased performance metric, as exemplified for catalytic
activity of K4NbgOq7.[97]

The second category is processing specific. Even when
the same technique is used (i.e., protonation and exfolia-
tion of LiCoOy with HCl and TMAOH, respectively), the
defect chemistry can change with a change in a processing
parameter such as molarity of HCl. The purpose of HCI1
treatment is exchange of Lit ions with HT. However, the
solution shows the presence of Co?* ions as characterized
by UV-Vis. While some of that Co in the solution is due
to dissolution of the formula units of LiCoO5 as discussed
in Sec[ll] the quantification of the Li remaining in the
powder and Co ions in the solution indicates leaching of
Co ions into the solution beyond dissolution resulting in
Co-vacancy defects in the structure to be exfoliated.[64]
While the molarity and type of the acid used as well as
the reaction time has an effect on the yield of exfoliation,
they also vary the defect structure of the powders and
thus can yield nanosheets with varying defect concentra-
tions (here specifically Co-vacancies).[63], 64]
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Many times, oxygen stoichiometry drives most per-
formance characteristics and is generally achieved by
post processing treatments of top-down processed oxide
nanosheets; Hy plasma treatment, UV radiation, and vac-
uum annealing.[98] In bottom-up approaches they can
also be introduced during processing (e.g., sol-gel pro-
cessing of TiO2_4)[99]. Even the difference between air
and pure Osg, both of which are oxidizing atmospheres,
can change the oxygen vacancy concentration both in
bottom-up approaches[100] and during phase transfor-
mation of existing nanosheets.[I01] As we have shown
for CoOy nanosheets, however, as summarized in Sec.
[T} the changes in stoichiometry can be associated with
changes in ordering as well as crystal structure. One
also has to also consider that similar defects on the sur-
face behave differently compared to bulk components.
For example, in TiO5, oxygen vacancies are compensated
with two Ti%* cations which are symmetrically situated
around the oxygen vacancies in bulk, while an asymmet-
ric configuration occurs on the surface due to the presence
of dangling bonds. This results in formation of one and
two in-gap states, respectively.[I02] Similar surface sensi-
tivity due to vacancies exist in all materials; oxides[103],
selenides[I04], nitrides[105], etc., however, in 2D mate-
rials the increased surface to volume ratio results in the
dominant nature of the surface defects in the overall per-
formance of the material. As noted before for SnO5 with
increasing density of states at the valence band edge in
the 2D morphology, changes to the electronic structure,
even if they do not have an effect in the mechanism, can
have an effect on the efficiency and yield of the related
reaction. [95]

The importance of the oxygen vacancies in 2D ox-
ide nanosheets can be exemplified by observations in
materials systems such as TiOs, ZnO, Co30y4, InyOs3.
Formation of disorder, and presence of oxygen vacan-
cies and Ti®t cations on the surface in TiOs nanoma-
terials have been shown to increase visible and near-IR
absorption, improved photocatalytic degradation of or-
ganic molecules, photoactivated reduction of COs, and
Hs evolution from water.[82, [[06-110] Both the forma-
tion of defects and their related effects in performance
are a function of crystallography, as formation energies
of defects vary with the bonding environment and thus
crystal planes. For example, for TiO,, formation energy
for oxygen vacancy is much lower in the {101} planes.
The anisotropy of the surface energies of crystallographic
planes can also affect their reactivity.[95] Reduction of
TiO2 nanoparticles to TiOs_4, may result in formation
of oxygen vacancies (Vo) coupled with Ti3* /Ti** with
a ratio of 1 : 2. However, it is also possible that so-
called Magneli phases form with formula Ti, O, —1.[111]
The presence of such vacancies results in in-gap states
that increase absorption of visible light. Presence of
surface oxygen vacancies can also act as trapping sites
for electrons, effectively separating the photo-generated
electrons and thus, limit recombination.[112] Crystallog-
raphy can also play an important role in separation of

photoexcited electrons and holes, as they can transfer
to different facets, critical in many applications related
to catalysis.[95] In ZnO, oxygen vacancies, in a similar
fashion, activated COg reduction by providing an elec-
tron transfer. However, it was also shown that increas-
ing oxygen vacancy concentration increased the activity
of ZnO due to the enhanced binding strength of CO2 to
the surface and not due to the increase in the number of
active sites.[98] In materials such as CozO,, nanosheets
can have oxygens with different coordination characteris-
tics. Thus, the vacancy formation and its effects in per-
formance can vary based on the type of oxygen site that
becomes vacant.[96] Oxygen vacancies, especially those
near the surface, in InoO3 nanosheets result in increased
DOS both near CBM and VBM which both decreases the
energy needed to excite electrons (due to DOS) as well
as decrease the probability of recombination before the
utilization of the photoelectron (due to position).[81]
The defects can be engineered for specific applications,
such as providing active sites or increasing the binding
energy for certain molecules.[113] However, it can also
lead to stabilization of adsorption of unwanted molecules
that limit the targeted surface interactions.[I14] In ad-
dition, in the case of more than one type of oxygen site
(based on its coordination), one type can preferentially
be recovered by different molecules over the others. [115]

V. THE ROLE OF THE CATION SIZE

An interesting question is whether the 2D properties
of a metal oxide layer can be already ascertained with-
out exfoliation but simply by spacing the layers further
apart by increasing the size of the intercalation ions. Al-
though LiCoOs is not strictly an intercalated compound
because the Li constitutes an integral part of the bond-
ing mechanism, we pursued this idea computationally by
investigating the properties of ACoOy with A being Li,
Na, K, Rb, Cs and H. H is included because the first
step in the exfoliation process is in fact, replacing Li by
H. At the same time, this study reveals some aspects
of the role of the size of the intercalating A-ion in the
exfoliation process.

Our initial study started from the R3m structure of
LiCoOs keeping the lateral in-plane lattice constant fixed
and simply replaced Li by various other ions and relaxing
the interplanar distance. The densities of states resulting
from this procedure are shown in Fig. We can see
that not much change occurs when replacing Li by Na.
Even replacing Li by Na, Rb, Cs, the gap between the
a4 valence band and e, conduction band remains intact.
However, one may notice a new band at lower energy
below the VBM and this then seems to push up the 3,
and O-2p derived bands. Further inspection of the partial
densities of states, reveals that these are related to the K-
3p, Rb-4p and Cs-5p semicore orbitals. Such a large band
width for semicore orbitals is unrealistic and is due to the
fact that we did not allow the in-plane lattice constant
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Fig. 5: Density of states in ACoO,; with A =
H,Li,Na, K, Rb,Cs in R3m structure with in-plane lat-
tice constant frozen at that of LiCoOs and interplaner
distances relaxed. The red arrows indicate the semicore
bands which are unphysically broadened and shifted up
due to the unreasonable lateral proximity of the large A
atoms.

to relax in this calculation. However, if we allow the
in-plane lattice constant to expand, then the integrity
of the CoOs layer becomes questionable. This suggests,
that there is limitation to this procedure to expand the
interlayer distance. In fact, a little bit of database search
in the Materials Project (MP) database,[I16] shows that
for K, CoO, the R3m like structure is only reported for
x = 0.5 but not for x = 1.

The lowest energy structure of KCoO, has a I4 space
group with Co in tetrahedral coordination and the tetra-
hedra are connected in hexagonal rings. Another layered
form with layers formed by square pyramidal CoOs units
is found in MP[IT6] with space group P4/mmm. This
structure has a significantly lower volume per formula
unit and is thus a phase that could possibly be stabi-
lized under high pressure. These various structures are
illustrated in Figl6]

For Rb and Cs, the structures are three dimensional
with a Fd3m space group. Both consist of two interpen-
etrating diamond lattices of Rb (Cs) and CoOy tetra-
hedra. The CoQ4 tetrahedral units are corner sharing.

Subsequently, we performed fully relaxed calculations

of both the R3m and P4/nmm for LiCoOz, and replacing
Li by H, Na, K and Cs. The results in Fig. [7] show that
the R3m structure has lower energy for Li and Na but
the P4/nmm structure has lower energy in the K and Cs
case, and surprisingly also for H. According to MP,[116]
the P4/nmm structure itself is 0.488 eV/atom higher
than the I4 structure, which means 1.95 eV /formula
unit. Thus the R3m structure is unstable by more than
2 eV /formula unit relative to its ground state I4 struc-
ture for KCoO4y. The situation becomes worse for even
larger alkali cations. The result for H is somewhat sur-
prising as the R3m structure is listed as ground state
structure in MP.[I16] It can however by rationalized by
the H forming an OH bond with just apical O of the
CoQOj5 pyramid instead of being shared equally between
two CoOq layers. Other forms with more pronounced
OH bonds are found in MP. As far as the process of hy-
drogenation in the first step of the exfoliation procedure
is concerned, these calculations suggest that the process
is not as simple as just replacing Li by H because then
H would not have formed a simple OH bond but would
be required to stay halfway in between the layers. How-
ever, Sec. [VITB| shows that beyond a certain distance
between the layers even Li would undergo a symmetry
breaking and associate with one CoOs layer. We may
expect the same for H if the distance between the layers
is kept higher perhaps because of the aqueous environ-
ment. HsO molecules inserted between the layer may
play a critical role in keeping the layers sufficiently apart
so that Li and H associate with one CoO; layer instead
of two. The critical role of the presence of HO is not yet
fully understood but is also found in the experimental
studies as function of solvent.[65]

It is thus clear that the layered R3m structure is only
stable for relatively small alkali ions Li and Na. This may
explain to some extent why inserting large organic TMA
ions breaks the structure apart and exfoliation occurs. It
also would appear that only a fraction of the Li can be
replaced by TMA ions.

Finally what about the initial step of H replacement?
In this case we find a metallic band structure. Essentially,
the H forms energy levels within the ty4-¢, gap, which
broaden into a band. This can be explained by the lower
energy position of the H-1s state compared to the Li-2s.
In other words, H is not as electropositive.

VI. 2D EFFECTS ON PHONONS: V.05 AND
MOO3

From earlier studies of 2D materials such as TMDC
it is clear that the reduction in dimensionality can have
important effects on phonons. First of all the acoustic
modes show flexural modes which have a long wave dis-
persion proportional to ¢ while in 3D the phonon fre-
quencies behave w « ¢. But optical modes in TMDC
such as MoSsy have also been found to show either red or
blue shifts.[117] In this case it was found that the out-of-
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Fig. 6: Crystal structures of (a) R3m LiCoOs, (b) P4/nmm KCoOa, (c) I4m KCoOs, (d) Fd3m RbCoOs, blue
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Fig. 7: Total energy difference per formula unit between
pyramidal coordination P4/nmm and octahdedral coor-
dination R3m layered structures ACoQ, for A being H,
Li, Na, K, Cs.

plane, A;,, mode, which becomes A; in the monolayer
undergoes a red shift, while the in-plane £3, mode which
becomes E’ in the monolayer undergoes a blue shift.
These shifts are of the order of a 2-4 cm™! or about 0.5
% of the mode frequency and have both been observed
experimentally and explained theoretically. A redshift
might be expected for modes normal to the plane consid-
ering that removing the interlayer interactions, however

weak, should reduce the stiffness of the system and thus
decrease the mode frequency. However, for an in-plane
mode one would expect less of an effect of the interplanar
force constants because these would be shear forces. In
any case, the blue shift seemed most puzzling but was
explained by the effects of reduced screening in 2D on
the long-range dipolar force constants.

Similar effects have been found to occur for VoO5 [118]
but with a more interesting twist. In fact, the out-of
plane modes related to the bond stretch of the vanadyl-
oxygen vanadium bond, schematically shown in Fig.
were found to undergo a blue shift in the monolayer com-
pared to the bulk. Fig. [9 shows the a1, and b;y; Ra-
man active mode shifts from bulk to monolayer in V5Os5.
Applying a similar analysis to that of Molina-Sanchez
and Wirtz [I17] it was found that the applicable long-
range force constant was in fact decreased instead of in-
creased because not only the dielectric constants (shown
in Fig were reduced in the monolayer but also the
relevant Born effective charges were reduced by a similar
factor. See Fig. [T1] for the Born charges, note that for
the vanadyl oxygen only the zz component is large be-
cause it is bonded in the z direction while for the bridge
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Fig. 9: Phonon mode shifts between bulk and monolayer
V505. Figure reproduced with permission from Phys.
Rev. B 89, 045109 (2014). Copyright 2014, American
Physical Society.

oxygen only the xx component is large because they are
bonded only in the x and for the chain oxygen, both xx
and yy are sizable because these oxygens are bonded in
x and y directions. However, one can also see that the V
xx and yy components are not much changed while the
zz component is reduced by almost a factor 3. Since the
dipolar force constants are proportional to the product of
the Born charges of the two atoms involved in the bond
stretch and inversely proportional to the in-plane dielec-
tric constant, the long-range force constant is reduced.
So, why was a blue shift obtained? The other difference
with the MoS, case is that here a V-O bond stretch is
at play rather than a Mo-Mo bond stretch in the plane.
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Fig. 10: High frequency dielectric constants of V,Oj5 in
bulk and monolayer.

Born effective charges in V,04

6 T T |
4 XX _
o ) — |
A ™ ] | ]
4 |
—~ -6 |
2o — | | -
$ 4F v -
202k i
ERUs e — [E— R
5 et
g4 3
20— | | —
gz D ) E
1= E
o - D - - e
2F E
3 | I I I B
v Ovanadyl Ochain Obridge

Fig. 11: Born effective charges in bulk an monolayer
V205, data from [118],

Thus the Born charges have opposite sign and this results
in the long-range force constant having opposite sign to
the short-range force constant. The latter barely changes
and so the net result of a decreased long-range force con-
stant is less opposition to the short-range force constant.
The latter then becomes dominant in the monolayer and
explained the blue shift. Some other modes in VoO5 were
also found to have red-shifts and although a detailed an-
alytical insight is only possible for some of the simpler
mode patterns, these effects still remain as predictions.
Although thin V205 layers (down to about ~ 10 nm or
20 layers) have been exfoliated,[39] the monolayer limit
has not yet been achieved, so that these predictions re-
main to be confirmed by experiment. Very recently, a
chemical exfolation study of VoO5 by Reshma et al. [40]
reported bilayer VoOs5. It confirms the blue shift of sev-
eral vibrational modes, in particular the high-frequency
A1y mode, in qualitative agreement with the theoretical
predictions. It also predicted a significant increas in band
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gap from 2.39 eV in bulk to 3.72 eV in the bilayer to be
discussed in the next section.

More recently, we have also studied such shifts on vi-
brational modes in MoOs.[I19] Again, the story turns out
to be a bit different than in V5,O5. The most interest-
ing modes to analyze again involve a bond stretch of the
short Mo-O® bond, which occur at about 1000 cm~!.
The same analysis of the dipolar force-constants apply
and lead to a net but small increase of the force constant
directly between Mo and the O(?) bonded to it. However,
in contrast to VoOs5, the geometry of the layers leads to a
stronger interlayer O2)-O®)" interactions between these
O in adjacent layers. They just happen to be closer to
each other laterally and hence there remains a larger in-
terlayer force in bulk. This effect turns out to dominate
the blue shift tendency arising from the Born charge and
dielectric constant reductions, and thus, ultimately lead
to a red-shift. In absolute value this shift is nonetheless
larger than in MoS,, it is about 14 ecm~! or 1.3 % and
should thus be easy to observe by Raman spectroscopy.

In summary of this discussion, changes in screening
and Born effective charges which related to the polariz-
ability of the bonds in 2D were found in various 2D ma-
terials to lead to interesting shifts in phonon frequencies
but the detailed application of these ideas is rather subtle
and requires a detailed analysis of the force constants. It
also shows that in the bulk of these layered materials, the
interlayer forces, even when weak still affect vibrational
modes.

Another general effect of the dimensionality on infrared
active phonons was pointed out by Sohier et al. [I20]. In
2D the long-range limit of the in-plane dielectric func-
tion [121] e2p(q)) = em+7erslq)| (with reps the effective
screening length) becomes only the &,, of the surrounding
medium. This is a clear dimensionality effect: the field
screening is dominated by the electric field lines that go
through the medium outside instead of inside the 2D ma-
terial. On the other hand at short distance (large |qj])
the screening becomes proportional to |q|. This then af-
fects the LO-TO splitting in a qualitative manner. First
of all the Coulomb interacton in 2D is 27/|q| instead of
47/|q|* in 3D. Secondly the essential dependence of the
screening on wave vector implies that the LO-TO split-
ting will go to zero for q — 0. In practice, there is a
small region of order 1/r.s; where the LO-TO splitting
increases linearly with [q)|. These effects may manifest
themselves more strongly in 2D oxides where the ionic
nature of the bonding leads to relatively low electronic
(high-frequency) dielectric screening to begin with.

Apart from these specific 2D related changes in phonon
modes, vibrational spectra, specifically Raman spec-
troscopy has been found useful as a characterization tool
for 2D nanoflakes. The in-plane anisotropy of the modes
can be used to determine the crystal axes of a nanoflake
in cases where XRD would be difficult to carry out.
This method was used for example by Sucharitakul et
al. [39) to determine that the long axis of the rectangu-
lar nanoflakes obtained by mechanical exfoliation corre-
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sponded to the direction of the chains in the structure.

We should also point out that electron-phonon cou-
pling has been found to play an important role in V505
and leads to the formation of self-trapped polarons. [43l-
45] The transport is therefore of polaron hopping na-
ture. Finally, the anisotropy of the phonons in both
V205 and MoOg leads to fairly wide frequency ranges
where the dielectric function in the mid-infrared range is
positive in one direction and negative in another. They
are therefore natural hyperbolic materials in this fre-
quency range and this holds promise for interesting opti-
cal applications. [122] [123]

VII. 2D EFFECTS ON ELECTRONIC
STRUCTURE

A. Accuracy of GW-methods for layered oxides

Dimensional effects on electronic structure are well
known to be important. The basic model of quantum
confinement goes back to the quantum mechanics text-
book example of a particle in a potential well. Discrete
bound states occur in the well and the separation between
the levels increases as the the potential well becomes nar-
rower, essentially oc 1/w? for an infinite square well with
width w. This already formed the basis for the use of
semiconductor heterostructures long before the advent of
2D materials. On the other hand, for 2D few layer mate-
rials, which are usually obtained from a weakly interact-
ing layered material to begin with, it is not so obvious
why breaking those weak interactions would strongly af-
fect the electronic structure of the layer itself. One would
expect that the confinement effects are already present
in the layer even if we have a stack of such weakly inter-
acting layers.

Yet, graphene is clearly different from graphite in the
sense that the 7 electrons now form a Dirac cone with
linear band dispersion and even bilayer graphene is es-
sentially distinct from single layer graphene in that a
gap can open. For transition metal dichalcogenides such
as MoSy it was found early in the development of 2D
materials, that the nature of the gap can change from
indirect to direct when going from bulk to few layer or
monolayer systems. This is because specific states in k-
space have different deformation potential and react less
or more strongly to the interlayer spacing depending on
their atomic orbital composition, which may point more
in-plane or out-of-plane. To discover such effects, reliable
prediction of the electronic structure is a prerequisite.

It is well known that band gaps are typically underes-
timated by local or semilocal exchange-correlation func-
tionals in density functional theory. The quasiparticle
self-consistent GW method (QSGW),[124], 125] on the
other hand provides accurate results for most materi-
als, including all tetrahedral semiconductors. However,
how well this approach works for often more strongly
correlated transition metal oxides is not yet clear. We
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here briefly discuss the essential concepts of the QSGW
method before we discuss how it applies to the oxide ma-
terials of interestin in this paper.

In Hedin’s [120, [127] GW approximation to the dy-
namical self-energy in many-body-perturbation theory, G
stands for the one-electron Green’s function and the self-
energy 2(1,2) =iG(1,2)W(1+,2) where 1 = {r;,01,t1}
is a shorthand for position, spin and time of the particle
labeled 1.

In the most prevalent implementation of the GW
method, the GOW?O approximation, the quasiparticle ex-
citation energy equation,

[H® — (1)l () + / S (e, B J(r) = Entoa(r),
1)

is solved by first-order perturbation theory starting from
the independent particle Kohn-Sham Schrodinger equa-
tion

H0¢n(r) = €n¢n(r)7 (2)

by assuming ¥, =~ ¢, and calculating the one par-
ticle Green’s funcion G° and polarizaton P°(1,2) =
—iG°(1,2)G%(2,1) and hence screened Coulomb energy
WO(1,2) = v(1,2) + [d(3,4)v(1,3)P°(3,4)W°(3,4), or
symbolically W = [1 — vP]~'v = ¢~ v, using the Kohn-
Sham ¢,, and €,. Essentially, the self-energy ¥(r,r’, E,,)
replaces the exchange-correlation potential vg.(r). In
self-consistent GW theory, one would need so solve the
equations G = G° + GG, W = v + vPW, along with
the definitions of ¥ = iGW and P = —iGG consistently.
Here we have dropped the variable dependencies for sim-
plicity, which however hides that these are in fact inte-
gral equations, which in practice are solved by means of
a basis set expansion and after transforming to the Bloch
function k-space and energy domain.

On the other hand, in the QSGW method, one rec-
ognizes that perturbation theory works best if the per-
turbation is small, in other words when the ¥ is in
some sense close to v,.. One thus adds X — v?, to the
H° Hamiltonian, with the energy-independent, Hermi-
tian 3;; = 1Re{%;;(e;) + Xij(€;)} and iterates this to
self-consistency. Here the ¥ is represented by a matrix
in the basis of the H° eigenstates. The result is that
the QSGW method becomes independent of the start-
ing H® approximation, which is then usually taken to
be the LDA or GGA. Typically QSGW slightly overes-
timates the gap and this has been largely attributed to
the lack of electron-hole interactions in the calculation of
the screened Coulomb interaction W in the standardly
used random phase approximation (RPA). The upshot is
that with a small and systematic correction for the un-
derscreening, i.e. only including 80 % of the X, the quasi-
particle energies agree typically with experiment within
~ 0.1 eV. This 80% rule or 0.8% approximation can be
further justified[I28] or avoided by including the ladder
diagrams, which represent electron-hole interactions in
the calculation of W within the Bethe-Salpeter-equation
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(BSE) approach,[129] or via a detour to time-dependent
density functional theory (TDDFT) using an appropri-
ate kernel [130, [I31] but this is still significantly more
computationally demanding.

Having explained the methodology briefly, and refer-
ring the reader to the literature quoted above for de-
tails, we now ask ourselves how well does this approach
work for the layered oxides we are interested in and how
do they work of few-layer 2D systems? Surprisingly, in
V505 we found that the band gap in the more advanced
QSGW method strongly overestimates the gap. While
the lowest direct gap is 2.0 eV in LDA, the correspond-
ing QSGW gap is 4.45 eV (3.96 €V in 0.8%), much larger
than the experimental value of 2.35 eV. The direct gap
at I' is 2.30 eV and the lowest indirect gap is 1.73 eV.
Given that the experimental value extracted from optical
absorption most likely corresponds to the lowest direct
gap, the LDA, while still underestimating, comes actu-
ally closer to the experiment than the QSGW method.

Turning now to the monolayer, we find that the LDA
gap only moderately increases in the monolayer com-
pared to the bulk by about 0.5 eV and this is mainly
due to the reduced dispersion of the bands along the di-
rection perpendicular to the layers, in other words, as
expected from eliminating the interlayer hopping inter-
actions. However, the QSGW gap increase signficantly
and, moreover, was found to converge very slowly with
the size of the vacuum region, separating the monolayers
in the periodic boundary condition method used, even for
2D systems. In fact, the gap then converges as 1/L with
L the size of the vacuum region and a gap as large as
7.66 eV was obtained by extrapolating to L — oo. Very
recently, an increase in optical band gap measured by the
Tauc method was reported for bilayer VoO5 compared to
bulk by 1.33 eV.[40] This is larger than predicted by LDA
but still significantly smaller than predicted by QSGW.

Clearly, this presents a challenging problem to our
understanding of the 2D materials electronic structure
because even for the bulk, there is a large discrep-
ancy. From studies of other 2D materials,[I32] it is al-
ready well known that such a large change of the gap
in monolayers compared to bulk results from the long-
range character of the self-energy ¥(r,r’, E) in insula-
tors and again from the strong changes in screeening in
2D [121] that were already mentioned above in the con-
text of phonons. In other words, this leads to an in-
crease in W. However, it should be realized that these
2D effects relate to the quasiparticle gap or fundamen-
tal gap EJP = I — A, defined as the difference between
the ionization potential I = E(N — 1) — E(N) and elec-
tron affinity A = E(N) — E(N + 1). This type of gap
is in principle measured by taking the difference between
inverse photoemission (IPES), or Bremsthralung isochro-
mat spectroscopy (BIS) and photoemission spectroscopy
(PES) onsets and measures one-particle addition or re-
moval energies. These are the excitation energies consid-
ered by many-body-theory when creating or destroying
a particle from the many-electron system. However, in
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optical absorption, one creates a two-particle excitation
or an electron-hole pair and the interaction between the
two, which is the excitonic effect can lower the excita-
tion energy. The reduced screening in 2D compared to
3D increased W. This increases the GW self-energy and
hence the one-particle gap but W also enters the exciton
binding energy and hence, the exciton binding energy is
increased. These two affects largely cancel each other
out.

However, clearly in oxides such as V5Os5, we need to
first understand the origin of the QSGW gap overesti-
mate in the bulk before we can attempt to understand
the monolayer. So, first, inverse photoemission and pho-
toemission experiments by Meyer et al. [I33] show that
the quasiparticle gap is about 2.8+£0.5 eV. This is sub-
stantially higher than the optical absorption onset of 2.35
eV but still far from the QSGW gap. Two main rea-
sons come to mind for the origin of this overestimate,
the underscreening by the RPA or lack of electron-hole
interactions or electron-phonon coupling band gap renor-
malization effects.

In Ref. 47 we pursued the hypothesis that electron-
phonon coupling would be responsible for the discrep-
ancy. In fact, Botti and Marques [I34] had proposed
that for polar materials one should take the ionic dis-
placements or relaxation into account in the screening of
W in the long-wavelength limit. They called this a lattice
polarization correction (LPC). In a material with strong
LO-TO splittings this substantially increases the static
dielectric constant compared to the high-frequency (elec-
tron only screening) dielectric constant because of the
generalized Lyddane-Sachs-Teller equation

co(q—0) H ("%)2 (3)

exc(@a—0) L \wiy /) 7
which relates the dielectric screening increase to the vi-
brational modes m. We thus used a correction factor
o = €5/€0 for W and hence X, where we averaged in
some way over the different directions. This led to an es-
timate of a correction factor of 0.38 which then brought
the optical absorption gap down to 2.6 eV which seemed
reasonable.

However, this assumed that the correction factor to
apply for all wavevectors whereas according to the Botti-
Marques approach it should only be applied in the q — 0
limit. Now in the GW method the self-energy evalua-
tion in reciprocal space and energy rather than time do-
main, requires a convolution between W(q,w) and the
Green’s function G(q,w) and the singularity of W(q,w)
for g — 0 requires a special treatment of the neighbor-
hood of q = 0. This is done by the off-set I' method
described in Refs[I25] 135, and [136l Thus by replacing
the macroscopic electronic-only dielectric constant by the
one including lattice polarization for just q = 0, one ap-
proximately takes into account this LPC. However, the
correction then depends on how large a region around
q = 0 this correction represents, in other words on the
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Fig. 12: Imaginary part of the dielectric function of
LiCoO5 calculated at the RPA and BSE levels based on
QSGW(TI)

integration mesh. For V5Oj this was reported in Bhan-
dari’s thesis[137] and showed that using a well-converged
k-mesh for which the QSGW method is converged, the
correction amounted only to —0.15 eV for the indirect
gap and —0.21 eV for the lowest direct gap. So, this
effect cannot explain the discrepancy with experiment.
Furthermore, this could still overestimate the correction.
In fact, to properly apply the Botti-Marques LPC, one
needs to apply it in g-space over a region set by the
inverse of the polaron length scale ap = \/h/2wpom*
which also involves the effective mass of the correspond-
ing band edge.[I38] This then amounts to the classi-
cal Frohlich polaronic zero-point-motion correction apart
from a factor two which arises in our model from the fact
that we limited the integration of the polaron correction
to 1/ap whereas traditionally it is extended to infinity.
This factor two is still under dispute, for example a re-
cent paper evaluated the Frohlich contribution more com-
pletely and arrives at estimates of this zero-point motion
correction to the gap about a factor two larger than ours
for various materials.[139)

So, at any rate, electron-phonon coupling seems not
to be the primary reason for the gap overestimate in
V205 by QSGW. Although polaron formation may be
expected to occur given the very flat bands, this would
primarily affect luminescence but not optical absorption
because the polaron takes some time to form. We thus
need to return to the electron-hole interactions and the
BSE approach. Unfortunately, evaluating the electron-
hole effects on W has still not been possible for V505
because of the demanding nature of these calculations
for a system with as many as 14 atoms per unit cell.

Meanwhile we found that similar problems plague
other oxides, notably LiCoOy. The GGA gap in this case
is found to be 0.87 eV while QSGW gives a gap of 4.125
eV. Now in this case, the smaller unit cell size allowed us
to fully apply the recently developed BSE approach by
Cunningham et al. [129]. By that we mean that the BSE
is applied not only to the calculation of the macroscopic
optical dielectric function, in other words in the limit
q — 0 but at all q in the Brillouin zone. This allows
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us, first of all, to re-evalute the QSGW gap with a mod-
ified W. We call this QSGW (I") because it is equivalent
to including a vertex (I') correction to W. This yields a
quasiparticle gap of 3.76 eV. However, examining now the
dielectric function in the q — 0 limit, we find that the
lowest peaks in absorption are excitonic in nature and
yield an exciton gap of only 1.4 €V in agreement with
the best experimental determinations of the absorption
onset (Fig. . Further details of this recent work can
be found in Radha et al. [I40] This clearly shows that
in LiCoO; the optical absorption onset corresponds to
strong Frenkel excitons and is significantly different from
the quasiparticle gap. The exciton binding energy is of
order 2.3 eV.

With this new insight, we expect that strong excitonic
effects will also be important in VoOs. In terms of the
bulk monolayer gap difference, we then expect, that sim-
ilar to MoSs and other TDC materials, the monolayer
effects on the optical gap will be moderate. As observed
for those materials, the increase in W due to reduced
screening affects both the quasiparticle gap and the exci-
ton binding energy in a similar fashion so that ultimately
they largely compensate each other.

B. Topological Surface States in LiCoO-

Thus far we have focused on QSGW effects on the
band gap of 2D materials related mostly to the different
nature of screening in 2D. However, in some materials,
2D effects can be more profound in altering the electronic
structure even at the much simpler semilocal density ap-
proximaton level. In topologically non-trivial materials
the bulk-boundary connection may lead to the existence
of topologically protected surface states which are par-
tially filled and hence metallic. Needless to say for an
ultrathin few-layer system, such effects are predominant
because they are almost all surface.

Unexpectedly, we found this to be the case in LiCoOs,
although this material has not been previously recognized
to be topolocially non-trivial. This is because the no-
tion of topology has recently been signficantly expanded
when considering crystalline symmetries instead of only
continuous symmetries such as time reversal, or particle-
hole symmetry. While such crystalline topological effects
are only weakly protected, we still found them to have
profound effects in the case of LiCoQOs in the R3m struc-
ture.

We discovered these effects somewhat serendipitously
by performing DFT calculations for a monolayer of
LiCoOa, inspired by the exfoliation experiments.[I41] In
other words, we considered a monolayer of CoO5 con-
sisting of the same connected CoOg octahedra as in the
R3m structure and with Li attached to one side. In-
triguingly what we found was that the Li-sp, orbital re-
lated bands, which in bulk occur at high energy above
the Fermi level, came down in energy and near I' formed
an occupied pocket below the Fermi level, which mani-
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fests itself in the formation of a two-dimensional electron
gas (2DEG) with an increased electron density on the Li
and floating above it, extending into the vacuum region.
Even more interesting, this electron gas was found to be
spin-polarized and accompanied by a corresponding hole
gas on the CoO; layer. Further calculations of systems
consisting of several layers and replacing Li by Na and
in various surface locations confirmed the robustness of
the effect. The surprising fact about this result is that
the bonding in LiCoO; is usually assumed to be purely
electrostatic with Li levels being so high that they do-
nate their electron entirely to the CoO4 layers. So, why
would the Li levels come down in energy at the surface?
The answer is that the covalent bonding between the Li
hybridized sp, orbitals and the two CoOs layers above
and below it in the bulk phase is non-trivial in character
and plays an important role.

We found that it can be related to the bonding in
the quadripartite Su-Schrieffer-Heeger (SSH4) 1D chain
model. To gain further insight, we modeled the CoO,
layer as just two sites with s orbitals. Within this model,
if the square of the interacton between Li and Co is
stronger than the product of the interactions between
Li-Li and Co-Co, the system is in a non-trivial topology,
characterized by a non-zero topological winding number.
This implies that if the Li-Co bond is broken at the edge,
or, alternatively phrased, if the unit cell is chosen so that
one of the Li-Co interactions is between one cell and the
next, then a metallic (i.e. half filled) edge state is re-
quired. However, while the original SSH4 model has chi-
ral or particle-hole symmetry, the energy difference be-
tween the on-site energies of Li and Co produces a gap in
this edge state and would still transfer the electrons to the
lower energy edge, in this case the CoQOs layer. In other
words, it is no longer topologically protected. The key to
why nevertheless some electrons remained with the Li lies
in the lateral interactions parallel to the surface. These
are stronger for the Li than for the CoOs and hence the
band broadening of the Li surface band allows it to over-
lap with the CoO4 surface derived surface band creating
a semimetallic situation with partial electron occupation
on the Li surface and hole occupation on the CoOs sur-
face. Crucial for this to be enabled is that the Li surface
concentration is sufficiently high to allow for sufficient
band width. Note that while the Li surface band center
lies higher in energy than the CoOs one, it still is sig-
nificantly lower in energy than in the bulk because the
topological effect brought it down. The spin-polarization
in this case results from the holes present in the CoO,
layer, which is equivalent to reduced Li concentration in
Li, CoO4 and, here, because of the proximity, also polar-
izes the Li-side 2DEG. The details of this study can be
found in Radha and Lambrecht [141]

The topological effect discussed above is not limited
to LiCoO, but occurs in other oxides with the R3m
structure. Fig. [I3] shows the Li related surface band
in LiCoOs, LiFeOs and LiNiOy monolayers. The bot-
tom part of Fig. shows the charge density associated
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Fig. 13: Comparison of LiCoO, with NiFeO, and LiNiO; monolayers of the R3m structure. The yellow shading
highlights the Li related surface states which are a result of the topological non-triviality. In both Fe and Co cases,
the resulting monolayer band structure is spin-polarized (as indicated by the difference between red and black lines)

while in LiNiOs it is not.

with Li in a LiCoO5 monolayer using the Bader charge
method.

The impact of this topology related surface 2DEG
formation goes beyond the isolated 2D monolayer. We
found subsequently that as the distance between CoOs
layers is expanded in a periodic system, there is a critical
transition where Li instead of staying at equal distance
from the two neighboring CoO4 layers, associates with
one layer. The system at this point transforms into a
set of non-interacting monolayers. Guided by the chem-
ical exfoliation procedures, one may envision that this
could be achieved by inserting large organic molecules in
between the layers or by inserting HoO molecules. As
discussed in Sec. [} the role of water molecules in the
process is not yet fully understood but appears to be
crucial to achieve successful exfoliation. In fact, such
a route to obtain essentially 2D physics within an ex-
tended periodic system has already been used in hydrated
NaCoOs. In this system, specifically in Na,CoQOs:yH5O,
(x ~ 0.35, y = 1.3) superconductivity has been discov-
ered at 4K.[59, [142] Remarkably we find that the required
tensile strain of the interlayer distance in NaCoOy where
the symmetry breaking transition to isolated monolayers
occurs, is much lower in the Na than the Li case and co-
incides closely with the distance obtained in the hydrated
layers were superconductivity occurs. We thus speculate
that the superconductivity may be related to the pres-

ence of either the electron or hole electron gases in this
system, which has thus far not been fully appreciated.

VIII. TRANSPORT IN 2D SYSTEMS
A. Tranport in V305
1. Highly Anisotropic In-Plane Transport in a-VaOs

The family of V-O compounds contains many species,
due to vanadium’s wide range of oxidation states from
2+ to 5+.[143HI45] Numerous forms have found use
in a range of applications, such as chemical sensors,
anti-reflection coatings, and oxidation catalysts.[T46HI50]
V205, the most stable member of the family, exists in a
variety of phases. In this perspective, we are concerned
with the a-phase, with all references on V505 from this
point pertaining to this phase. V5Os is a well-studied or-
thorhombic van der Waals “ladder” compound of space
group Pmmn.[I51] The reason for the name is apparent
from Fig. where connected double zigzag chains of
V-O propagate in the b direction and are connected by
“rungs” via a bridge oxygen in the a direction. Further-
more, it turns out that in NaV,Os the electrons located
on these V-O-V rungs in the lowest split-off conduction
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band with V-dg, orbital character have alternating spin
orientation along the ladder direction and play a key role
in its magnetic properties. There is also sufficient spac-
ing in between layers for ionic intercalation with group-I
and group-II elements, as demonstrated by Fig. for
sodium.

Much like MoOj3, the conductivity of V505 is largely
determined by the atomic composition and stoichiome-
try of the crystal. In its pristine state, VoOs is an in-
sulator, becoming natively conductive only when oxygen
is removed. The lattice consists of single, double, and
triply coordinated oxygen species, of which the singly
coordinated oxygen is most likely to leave in reducing
conditions. [43}, [45], [152] As oxygen bonds are broken, elec-
trons are donated to the lowest conduction band, which
is called the “split-oft” band in V5Os, increasing n-type
conductivity and mobility.[I53]

The mobility increase in V305 is surprisingly
anisotropic. Due to the larger orbital overlap in the
V-O chains in the b-direction than in the a-direction,
electrical conduction is greatly enhanced, resulting in a
strongly 1D transport.[39] Similarly, phonon-polariton
transport in V305 has also been found to be highly
anisotropic.[123]

Recently, exfoliation experiments on V3Ops crystals
were conducted by Sucharitakul et al. [39] Interestingly,
the mechanical exfoliation of these crystals led mostly to
rectangular nanoflakes with large aspect ratios. This is
related to the presence of the above mentioned 1D chains
within the layer. This means that the short side of each
flake is expected to be perpendicular to these chains be-
cause these chains are connected by a bridge oxygen while
the oxygen within the chain is bonded to three vanadi-
ums. (See Fig. [[}) Confirmation of this was obtained by
performing Raman spectroscopy. The A;, modes near
482 cm~! have a strong anisotropy in their Raman in-
tensity which allowed us to identify the chain direction
of the crystal relative to the long or short axis of the
nanoflakes. Flakes with thicknesses between 10 nm and
150 nm were obtained, which is still far from a mono-
layer system. The c-axis of V305 perpendicular to the
layers is only 4.8 A, so even the smallest flakes are still
approximately 20 layers thick. Contacts were made to
flakes of pum lateral size and showed a marked anisotropy
of the conductivity as measured by four probe van der
Pauw method Hall measurements in addition to measur-
ing sheet conductances. The ratio of the conductivity
along the chain versus perpendicular to the chain was
found to be as high as a factor of 10. Estimates of the con-
ductivity and conductivity ratio were performed within a
model based on in-plane acoustic phonon scattering us-
ing an approach previously used for MoO3[42] and gave
a satisfactory explanation of this anisotropy ratio. The
large anisotropy of conductivity within the layers has
previously been reported for bulk-sized samples[I54] but
was studied based on a variable range hopping conduc-
tion mechanism. However, the calculated conductivities
were of order 306 cm?/(Vs) along the chains while actual
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measurements gave much lower conductivities of order 7
cm?/(Vs). The calculated theoretical limits on the mo-
bility were comparable to those reported for MoOgs. This
indicates that there is much room for improvement of the
mobilities in nanoflake V5Os.

In V505 the conductivity is n-type and corresponds
to filling of the bottom of the split-off conduction band,
which primarily has dispersion along the chain direction.
Nonetheless, it is not only the lower mass in this direc-
tion that plays a role in the conductivity but also the
anisotropy in the deformation potentials and elastic con-
stants in the plane. The origin of the carriers could be
arising from the oxygen vacancies, such as vanadyl oxy-
gen vacancies or could arise from intercalating impurities,
such as Li and Na. The limitations in carrier concentra-
tion in V5Oj5 used in these nanoflake studies were limiting
the measurements and could be overcome by intentional
doping or intercalation in future studies. On the other
hand, the polaronic nature of the transport as recently
highlighted in Refsl44! and [45] may limit the transport
mobility.

2. P-type transport and Low Dimensional Scattering in
a-Nag.g6 V205

Another way in which the conductivity of VoO5 may
be impacted is via ionic intercalation, as in Fig. [[p. This
produces what are known as bronze phases, with docu-
mented studies for species such as Li, Cs, Na, K, among
others.[123] [155] 156] Li intecalation in V205 has been
extensively studied in the context of Li-battery cathodes
but leads to somewhat larger distortions of the lattice
than Na intercalation, related to formation of the ~-
form[I57] of V20s5.[62, 158, 159] Mg-intercalated VoO5
in the -form[I60] has also recently been considered as a
battery material.

In this perspective, we pay attention to sodium doping,
which has been utilized to influence magnetic ordering
and optical phonon polariton tuning. The ionic radius
of sodium is small enough that it minimally impacts the
lateral spacing of the crystal, only increasing the inter-
layer spacing in the stacking direction, while still donat-
ing electrons to the split-off band.[10, [161] 162] For this
reason, sodium intercalation is a preferential candidate to
examine changes to electronic transport without signifi-
cantly affecting crystal symmetry. Recently, this dopant
was investigated by our collaboration. P-type conduc-
tion was observed in few-layer flakes of Nag ggV20O5. Us-
ing the scotch-tape mechanical exfoliation method, few-
layer flakes were isolated, followed by subsequent depo-
sition of electrical contacts in a 2-probe FET configu-
ration. Similar thickness flakes of undoped V205 were
also characterized simultaneously for comparison, as in
Figure . Positive/negative transconductance slopes
for V505/Nag.96V20s5 were observed, indicating a ma-
jority carrier of electrons/holes, respectively. Perform-
ing a linear regression, carrier mobility can be extracted.
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Fig. 14: Field-effect gate response for V505 and
Na0.96V205.

During our investigation, sodium-doped V505 mobility
was observed to diminish in magnitude as flake thickness
decreased, in contrast to our observations for undoped
V205 flakes across the same thickness range. While a
more thorough investigation of this behavior is required,
we offer the speculation that sodium presence, or possi-
bly absence, at the surface of the exfoliated Nag.g6V20O5
flakes may play a role, locally scattering charge carriers
and inhibiting conduction in thinner system.

Surprisingly, of the experimental characterization
which has been performed on electrical transport in
NaV,05 systems in the past, there is only a single
mention of p-type conductivity by Carpy et al.[46] who
obtained this result from thermoelectric measurement.
However, the subject does not appear to have received
attention as a focus in an experimental transport capac-
ity as of yet.[46] [163-165] Given the contact resistance
that accompanies a 2-probe configuration, the mobility
extracted in our study of both systems is a few orders
smaller than was observed in Sucharitakul et al. [39)
Even so, we expect that this p-type mobility in NaV,05
may be engineered to more significant magnitudes by
controlling sodium stoichiometry.

Whereas oxygen deficiency in V205 donates electrons
to the split-off band and leads to n-type conduction,
sodium intercalation, with one Na ion per V505, leads
to a splitting of the split-off band into spin-up and spin-
down components, where charge donated by sodium fills
the lower of these two bands. This half filling is di-
rectly linked to antiferromagnetic ordering observed in
NaV50s5, and is examined in detail by Lambrecht and
Bhandari.[I0, [I66] In the case of partial doping (that is,
for Na, V205, < 1.0), the filling of the lower split-
off band is incomplete, and results in a small fraction
of empty acceptor states, leading to p-type transport.
It follows that a greater deficit of Na should result in
a greater p-type conduction, which should be limited
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only by the instability of the a-phase of Na,V,05 be-
yond x < 0.7.[I61] Given the novelty of p-type transition
metal oxides and their utility in the semiconducting in-
dustry, continued investigation of Na,V505 at various
stages of intercalation may lead to fruitful applications
of this compound.

B. Transport in MoOs3
1. Doping and Transport in MoOs

Transition metal oxides (TMOs) are often over-
looked as candidates for the conducting component in
2D transistor applications because of their large na-
tive insulating behavior. However, these oxides offer
a wide range of applications after minimal modifica-
tion. MoO3 has demonstrated its usefulness as a multi-
functional material with its current uses ranging as an
electrochromic material[I67, [168], an optical and gas
sensor[169] [1I70], and a hole-injection layer for organic
photovoltaic cells. [I71], [172] Recently MoOs has also been
investigated for its applications in 2D field effect transis-
tors (FETSs) as both the conducting channel[173, [174] and
as the gate oxide dielectric material.[I75]

As mentioned in Sec. [ MoOs has an orthorhombic
a-phase which allows for simple mechanical exfoliation.
Specifically, -MoOg is composed of double-layers of dis-
torted MoOg octahedra bonded to adjacent layers via
weak van der Waals (vdW) forces, which allows for isola-
tion and study of 2D and few-layer systems. [I76] Intrinsic
a-MoOQOg has a large work function of > 6.9 eV and an
even deeper ionization energy of > 9 eV which leads to
a bandgap of ~3eV.[I77, [178]

Various methods of doping have been utilized to tune
the electrical properties of a-MoQOs, enabling exploration
of this oxide as a FET. For example, recently Crowley et
al. demonstrated that exposure to Hy gas at temper-
atures ranging from 275-400°C allowed for controllable
reduction to a substoichiometric a-MoO (3_g).[174] Char-
acteristics such as conductivity, field effect mobility, and
carrier concentration increased as a function of reduc-
tion temperature, and showed consistent n-type behav-
ior. Electron conduction in a-MoO3_) is indeed con-
sistent with theoretical predictions,[42] despite previous
accounts of hole-conduction in similar systems by other
groups. [179), [180]

Recently, the creation of oxygen vacancies via hy-
drogen doping has been used to purposefully tune
the conductivity and electron mobility of MoOs, mak-
ing it a more suitable and controllable candidate for
2D transistors.[I74] [I80, I81] For instance, Crowley et
al.[I74] demonstrated that exposure to Hy gas at tem-
peratures ranging from 275-400°C caused a reduction in
the MoOQg, forming a more conductive substoichiometric
MoO3_;). This study revealed that the conductivity,
field effect mobility, and carrier concentration increased
as a function of reduction temperature, and thus reduc-
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tion rate, and showed consistent n-type behavior of the
modified MoOs3.

Another method of transport enhancement under re-
cent investigation is via utilization of fluorine. Fluorina-
tion of @-MoOg3 has until recently only been examined
using first-principles methods, where F is predicted to
replace the doubly coordinated oxygen and facilitate Mg
diffusion throughout the lattice.[I82] Experimentally, F
exposure via dry-etching with SFg plasma was found to
impact n-type mobility in a similar manner as oxygen de-
ficiency, albeit to a lesser magnitude. Interestingly, this
effect was observed to be reversible upon annealing the
exposed flakes in an inert atmosphere, returning the a-
MoOs3 to an insulating state. F presence was observed
to impact the terminal oxygen in a-MoOs, suggesting
that fluorine may provide a means of engineering n-type
effects via surface interaction, without permanently im-
pacting oxide stoichiometry.

2. Opportunities for 2D MoQOs-based Transistors

Since a-MoOQj intrinsically has a band gap of ~3eV, it
seems natural to realize its function as a dielectric ma-
terial for 2D semiconductor devices. In a recent paper,
Holler et al.[I75] demonstrated that MoOs can act as the
top-gating material in layered 2D semiconductor FETs.
This was motivated by experimental claims of thin-film
MoOs3 having a large dielectric constant.[I83HI8G] some
reporting a low-frequency « as high as ~200.[183] In their
study, they fabricated MoQOg single crystal parallel-plate
capacitors and measured the 90 degrees out-of-phase ac
current to calculate a dielectric constant x approximately
35 near 0Hz, (figure ), which is approximately ten
times greater than that of SiOs and also greater than
other comparable non-vdW high-x oxides such as ZrOq
and HfO,.[I87THI90] This high value of the static di-
electric constant differs significantly from the calculated
values[I19] for pure insulating a-MoOj including phonon
contributions, which are 27, 13 and 7 along b, ¢, a in the
standard Pnma setting of the spacegroup. This indicates
an extrinsic origin related to the non-zero conductivity
in these samples.

WSes /MoO3 heterostructures were fabricated by exfo-
liation via the adhesive tape method and then transferred
onto a 300nm Si/Sit" substrate. The MoO3 was care-
fully stacked onto the WSey via a polydimethylsiloxane
(PDMS) stamp. The source and drain electrodes in ad-
dition to the top-gate were fabricated via electron-beam
lithography, as seen in figure [[Bp. As presented in fig-
ure [I5k, MoOj3 proves to be capable of properly gating
the WSey device, sweeping the gate voltage from -10V
to +10V. The electron field effect mobility, upgr, was
calculated to be 1.62 cm?V~!'s™! and can be improved
by increasing the surface area coverage of of the top gate
material with respect to uncovered WSes. The device
exhibits an on/off ratio of approximately 10% and a sub-
threshold swing of approximately 2.2V /dec.
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Due to its deep work function and relative band align-
ment, the MoOjs top-gate was also shown to induce
holes in the WSey layer, allowing for another option
to control and modify the properties of the conducting
channel.[I97), 192] This comparison was performed us-
ing the SiO5 back-gate before and after the MoOj3 layer
was stacked. The device illustrates a threshold shift
AVp = 47V, indicating a shift towards more p-type be-
havior, in addition to a clear p-type response at negative
gate voltages (see figure [L5{).

MoOg3 has proven itself to be an interesting candidate
for many 2D transistor applications. It has been shown
that hydrogen doping of MoOj3 consistently resulted in n-
type semiconducting characteristics, and it was observed
that MoOgs reduces much more readily than previously
reported. This was confirmed via measurements of con-
ductivity, mobility, and carrier concentration for multiple
annealing temperatures in a hydrogen forming gas. Also,
the effects of fluorine doping were observed with MoOs:
it has been shown that F presence likely impacts certain
oxygen species, such as replacement of the doubly coor-
dinated oxygen, or can adsorb on the surface. Lastly, in
contrast to studying its conductive properties, intrinsic,
undoped MoQj3 displays a large dielectric constant at DC
and low-frequency measurements and a-phase MoOg3 has
been demonstrated to work as the gate oxide dielectric
material for 2D semiconductor FETs. The culmination
of these studies have validated that MoQOg is worth con-
tinued research due to its expressive multi-functionality
and potential applications.

C. Transport in 2D LiCoO2; Nanosystems

LiCoO2 (LCO) belongs to the rhombohedral space
group R3m with trigonal layer symmetry, with alter-
nately stacked LiOg and CoOg octahedra in the c-
direction.[193, [194] Typically, this material is charac-
terized in its bulk form (> 0.lmm thickness) as sin-
gle crystals or compressed polycrystalline pellets, due
to the strong cohesion between layers from electrostatic
stabilization. LCO is often studied as a processed pow-
der, or obtained through ion replacement methods from
NaCo003.[195] Delithiation studies use chemical or elec-
trochemical (EC) methods[T96HI99] to examine the ef-
fects of partial lithium loss. As already mentioned in Sec.
[ in its stoichiometric form, LCO is insulating, where all
electrons are paired and cobalt is in the low-spin config-
uration of Co3*+.[200] As the oxide is delithiated, it loses
an electron with each lithium ion, forcing the surround-
ing lattice to compensate the charge loss. While this
is often referred to as the formation of Co*T ioms, it is
not evident whether localized Co** ions actually form or
whether the holes are distributed in extended states as
in a p-type semiconductor. Wolverton and Zunger [77]
noted that the net charge in a sphere around Co actu-
ally barely changes upon delithiation and the different
nominal valence is rather accomodated by changes in the
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WSes,. Parts of this Figure are Reproduced with permission from Advanced Electronic Materials 6, 2000635 (2020).
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degree of covalency of the O-Co bonds. As mentioned
in Sec. [[I] the highest average Co valence deduced from
electron loss spectroscopy of the Lo/ L3 edges is only 3.3
for Lig 37C004.[56] Thus, delithiation in Li,CoO4 leads
to both increased p-type conductivity via thermally acti-
vated hopping conduction[20T], 202] as well as the emer-
gence of an overall magnetic moment.[T51], [196], 203] As
delithiation continues, conduction transitions from an in-
sulating variable-range hopping to a classical metallic
conduction, with a transition typically observed around
the z = 0.75 — 0.9 range.[201] 203H205] However, a low
carrier concentration, coupled with a variety of scatter-
ing mechanisms (such as lithium vacancies) results in low
mobility and a small magnitude of current.[202]

The transition of LCO to a metallic phase is also ac-

companied by the phenomenon known as charge ordering,
which tends to occur in strongly correlated oxides, such
as magnetite and doped magnetite.[206, [207] The com-
monly accepted mechanism of charge ordering is such
that there is a repeating alternation of oxidation states
among the metal cation species in an ionic lattice, oc-
curring at low enough temperatures where charge fluc-
tuation due to ion diffusion is no longer energetically fa-
vorable. For LCO, as the ratio of Co**/Co%* increases,
charge is balanced among the surrounding Co sites for
each lithium vacancy to minimize energy, achieved via
localized lithium diffusion throughout the lattice. At low
enough temperature, lithium diffusion is halted, and the
Co network assumes a stable charge ordering. This co-
ordination can impact macroscopic characteristics, cre-
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ating anomalies or jumps in electrical resistance and
magnetic susceptibility when monitoring across the tran-
sition temperature. This has been observed in many
cases for LCO, with a documented transition at Ty =
150-175K, over a lithium content range of x =0.46-
0.78.[75, [195] [196] 199, 201, 203, 208-2T1] It has been
assumed that this ordering favors fractional lithium con-
tents of x = 2/3 and 1/2,[204] with calculations of an-
other minima in energy at & = 1/3, though this last
fraction has not been conclusively observed.[211]

Despite all of the previously detailed delithiation ef-
fects of LCO, this process is actually still not well-
understood. For example, while the insulator-metal tran-
sition is commonly observed in many studies, there is no
consensus on an exact value of lithium content required
for this change to occur, as is evident in the broad range
x reported above. Further, the charge ordering transition
T, is observed over large temperature ranges and lithium
concentrations, and has proven extremely difficult to pre-
dict. In a 2012 article, Yang et al. compend anomaly ob-
servations among 12 separate studies, comparing forms
of LCO and the deintercalation methods used.[I5I] Ob-
servations vary for multiple phases of LCO (compressed
powder pellets, single crystals, thin films), where multi-
ple approaches are used for preparation and delithiation
(chemical, EC-galvanostatic, EC-potentiostatic, ion ex-
change + chemical). The takeaway is that this anomaly
is observed in a variety of experimental conditions, yet
at times is not present when anticipated.

From our perspective, this ambiguity is in large part
due to most previous investigation taking place on bulk
systems using polycrystalline or compressed powders, in-
stead of few-layer, single-crystal LCO. With bulk sys-
tems, galvanostatic and chemical delithiation typically
occur radially inward, where outer layers delithiate to a
greater extent than do inner layers. The degree of delithi-
ation in such studies is typically assessed via measure-
ment of surface potential, which masks the radial inho-
mogeneity of Li distribution.[I51] In such cases, there is a
large degree of variability permitted, which may explain
the broad range of observations from previous studies.
If charge ordering effects in LCO are to be investigated
with any consistency, it becomes imperative to develop a
method for isolating thin single-crystal LCO flakes. The
dimensionality of such a mesoscopic systems is advanta-
geous in this pursuit, with flake areas large enough to
facilitate nanofabrication, yet small enough to minimize
any radial delithitaion effects.

As previously detailed in Sec[I] the methods for LCO
exfoliation first developed by Kim et al. have been im-
proved upon, investigating electrostatic bonding between
the transition metal oxide and alkali ion layers.[64], [65]
Chemical exfoliation of LCO powder leads to large,
swelled powder granules. Once dried, these can then
be mechanically exfoliated, producing 10-100nm thick
single-crystal flakes of LiCoOs. It is this step of following
chemical exfoliation by scotch-tape mechanical exfolia-
tion which has led to the largest lateral area single-crystal
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flakes of LiCoQOs yet observed. The size of these flakes en-
ables the use of 2D electrical characterization techniques,
such as 4-probe Hall measurements, to be utilized for
LiCoOs for the first time. Our exploratory investigation
has already provided much perspective between bulk and
2D transport, as well as some experimental insight on
the complex correlated effects and phenomena detailed
in section 5B.

In the 2D form, Li,CoO, flakes are able to be masked,
and metallic contacts deposited on the ends of the flake,
as in Figure [I6h. Perhaps the most obvious consequence
of few layer LCO is the contact energy barrier formation
for all tested conditions. Under a variety of metals and
materials, Li, CoOs nanoflakes exhibit a Schottky bar-
rier in their IV curve (Figure [[6b). When using divalent
metals for electrodes, a doping effect with increased cur-
rent magnitude is observed, seen here for the case of Ni.
This is anticipated, and detailed in full elsewhere. [55] [212]
The 2D LCO flakes of various lithium contents also re-
flect bulk transport characteristics, exhibiting lower re-
sistivity as delithiation increases, and an insulator-metal
transition below 2=0.79 (figure [16f). [55]

Further experimentation is required to deduce the ori-
gin of the persistent Schottky barrier in Figure [IGp.
However, it is interesting to note that our exfoliation
method discussed in Sec[[l] preferentially cleaves LCO
along lithium planes, potentially leaving at least a partial
exposed lithium layer on the surface of the flake. While
at present we have no direct experimental confirmation of
the Li termination of the surface or even less a qualitative
determination of how much Li remains on the surface, the
presence of Li on cleaved LCO single crystal surfaces has
been observed by Iwaya et al. [75]. The consequence of
a terminal lithium layer was the subject of discussion in
Sec. and [I41] where a 2DEG was predicted to
exist above the surface of the flake. We offer the spec-
ulation that if the electron gas were indeed present, it
would certainly pose a large energy barrier needing to
be overcome for hole-conduction between LCO and the
contacting metal to take place, which could explain qual-
itatively the Schottky barrier behavior observed here.

As was mentioned previously, a unique advantage of
using the delithiation technique presented in Sec. [[I]is the
low dimensionality of the resulting LCO flakes. In terms
of electrical characterization, a bulk system may con-
tain radial inhomogeneities of Li, spanning several hun-
dreds of microns between electrodes, whereas a single-
crystal nanoflake with a 5-10 micron conduction chan-
nel may have a higher likelihood of uniform Li distri-
bution. Indeed, inhomogeneous Li distributions in LCO
often lead to observation of a spinel phase, whereas our
own nanoflakes were observed to be in the more stable
C2/m phase as discussed in Sec. and [50]

The concept of charge ordering relies on Li ion dis-
tributions that are orderly enough to allow fluctuation
and settling into a repeating pattern at low temperature.
Curiously, to this effect, anomalies in the resistance-
temperature curves were observed in prepared batches of
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£=0.48 and 0.37 flakes which had been chemically delithi-
ated over a 3 day period (figure[L6{d). Samples which had
delithiated at a faster rate, over 1 day with stronger acid
concentration, did not possess charge ordering phenom-
ena despite having near-identical lithium content. Addi-
tionally, the anomalies in resistance for thin LCO flakes
were markedly larger in magnitude than most previous
bulk reports. In one case, a repeatable >1M() increase
in resistance was observed near Tg. It is possible that
the lower dimensionality of thin LCO flakes enables a
greater switching control on electrical current, where a
larger percentage of the conducting channel is influenced
by charge ordering effects than in bulk systems.

It is apparent that being able to study LCO in a
thin dimensionality is advantageous. In the initial ex-
plorational study, much insight has been gained on some
of the fundamental aspects of LCO, among other predic-
tions of a surface 2DEG finding its origin in topological
band structure effects by Radha et al.[141] as dicussed in
Sec. [VITB] Other observations which still bear repeating
and understanding, such as superconductivity in swollen
LCO, have the potential to benefit from this new ap-
proach, to further our understanding of such correlated
transition metal oxides.
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IX. CONCLUSION

In this perspective paper, we have focused on three lay-
ered oxide materials, VoO5, MoO3 and LiCoQOs, the first
two examples of van der Waals bonded oxides and the
latter exhibiting mostly ionic bonding between CoOj5 !
layers and Li*! layers. The former can be exfoliated by
means of mechanical exfoliation while the latter requires
chemical exfoliation techniques to obtain atomically thin
layers. By carrying out combined studies of their elec-
tronic, phonon and transport properties, insights were
gained in how such two-dimensionality affects these ox-
ide’s fundamental properties. The effects of phase transi-
tions and ordering were found to be important in LiCoOs.
As is always the case in oxides, point defects and their
distribution may play a major role in the further devel-
opment and control in such 2D oxides.

From the theory point of view, interesting effects were
predicted, for example phonon frequency shifts, related
to changes in 2D screening as well as the breaking of the
weak van der Waals bonds. The electronic structure of
oxides is a complex problem because even small changes
may result in strong correlation effects. For instance in
LiCoOs, partial delithiation can break the non-magnetic
band filling favored by perfect Li electron donation to
the CoOs layers resulting in a perfect d® configuration.
Such effects were observed to occur after annealing of the
LiCoO4 nanoflakes resulting in disordering of the remain-
ing Li and Co and formation of more correlated and lower
transport phases. It also leads to interesting magnetic
anomalies due to the formation of magnetic moments
upon delithiation, which had been previously observed
in bulk but appear to be more prominent in ultrathin
2D LiCoOs. In V505 and MoOg3 which are intrinsically
relatively wide gap insulators, n-type conduction can be
caused by oxygen vacancies or intentional intercalation
with alkali or alkaline-earth atoms donating their elec-
trons. This allows for the fabrication of nanoscale field
gate transistor structures and measurements of their in-
trinsic transport properties. However, the intricate band
structure of V505, which has 1D aspects related to the
occurrence of chains within the layers can also lead to
strong anisotropy of the conduction in the plane and in-
triguing magnetic effects. To fully understand how these
differ in 2D versions, where reduced screening plays a ma-
jor role, a better understanding of the electronic struc-
ture will be required as well as better control over defects
and further refinements of the exfoliation techniques to
obtain truly monolayer and large lateral area materials.

While standard DFT appears to provide reasonable
band gaps and band structures, the for most semiconduc-
tors almost perfectly reliable GW method failed to pre-
dict the correct band gaps in V4,05 as well as in LiCoO»
and the verdict is still out on MoQOg. It strongly overesti-
mates the gaps by several eV. In LiCoOs surprisingly, one
needs to invoke highly localized Frenkel type excitonic ef-
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fects to understand the nature of the optical band gap
and we expect that the same will be true in VoO5. Elec-
tron phonon coupling effects and in particular polaron
formation is also expected to play a major role because of
the large differences in static and high-frequency dielec-
tric constants and the rather flat valence and conduction
bands with high effective masses, which will tend to local-
ize carriers in self-trapped polarons at low temperature.
Since the self-energy that affects both one-particle spec-
tra and two particle (i.e. optical) spectra is long-range
both the fundamental quasiparticle gap and the optical
gap will be strongly affected by 2D induced changes in
screening. While realizing true monolayer 2D physics
in these oxides remains challenging, the atomically thin
nanostructures studied so far already hold surprises. The
interplay between theory and experiment is important.
The computational study of 2D Li-covered CoQOs layers
inspired by the exfoliation experiments revealed the pres-
ence of a spin-polarized 2DEG on their surface mediated
by the Li bands coming down in energy and this in turn
was shown to be evidence of at least partially covalent
bonding between Li and CoOs layers which has topolog-
ical consequences at the surface. In turn the bonding of
Li (or Na) to CoOs layers in bulk undergoes a symme-
try breaking transition when the layers are pulled apart
beyond a critical distance and may lead to essentially
a stack of monolayers still associated with Li or Na on
one side and a Li or Na free surface on the other side.
The presence of an electron gas formation under these
circumstances may shed important new light on the su-
perconductivity in hydrated (and hence layer expanded)
Na,CoQOs. Our detailed studies of the exfoliation pro-
cess itself as well as the effects of annealing reveals that
chemical exfoliation is a complex process with many still
to be fully understood aspects. Many dots remain to
be connected. As an outlook, we may expect much new
and interesting physics from oxide systems when they fi-
nally break into the world of 2D monolayer materials.
Their rich crystal structures and types of bonding and
spin-dependent and correlated electronic structure will
no doubt hold surprises for future research.
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