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Abstract

ZnO nanostructures have huge potential in a wide range of technologies, including
photocatalysis, optoelectronics, and energy harvesting. ZnO commonly exhibits the wurtzite
polymorphic phase (wz-Zn0), and one of the few inorganic materials where nanoscale structural
phase engineering has revealed alternative polymorphs. These structurally novel nanophases
also have properties (e.g. mechanical, electronic) that differ from those of wz-ZnO, and thus may
pave the way to new applications. Here we follow the strain-induced transformation between
the body centred cubic phase (BCT-ZnO) and the graphitic phase (g-Zn0O), which has been
experimentally demonstrated in ZnO nanowires. Using free-standing ZnO nanofilms a reference
nanosystem, we use density functional theory based calculations to follow the BCT-ZnO <> g-
ZnO phase transformation relative to systematic changes in in-plane biaxial strain and nanofilm
thickness. Tensile strain favours the BCT-ZnO phase, whereas compressive strain induces the
transformation to the g-ZnO phase. As the application of nanoscale ZnO usually take advantage

of its semiconducting nature, we mainly focus on the variance of the band gap and the character
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the band edges. Our work strongly features the use of Crystal Orbital Hamilton %895’(!? %(3‘5154’*{“%65282”5—‘
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(COHP) analysis, which helps provide a uniquely detailed understanding of this complex
nanosystem based on orbital overlap. We use this approach to reveal how strain and quantum
confinement (through nanofilm thickness) have distinct and significant effects the on the
structural and electronic properties of both BCT-ZnO and g-ZnO phases. The latter phase is
particularly interesting as it involves a subtle competition between two structural phases (the
layered-ZnO and hex-ZnO phases). These phases can be distinguished by their respective orbital
overlap characteristics which, in turn, can be finely tuned by strain and thickness. We propose
that the rich electronic properties of this nanosystem can be interpreted through a monolayer
superlattice model in which localised surface states and more spatially delocalised quantum
confined states compete. More generally our work illustrates how the intricate interplay of
strain, quantum confinement and structural phase transformations in an inorganic nanosystem

can be analysed and understood through use of COHP analysis of orbital overlap contributions.
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Nanoscale materials often exhibit different crystalline atomic orderings (i.e. polymorphs) to
those observed in the respective macroscopic solids.? The structures and properties of low
dimensional nanomaterials (e.g. nanofilms, nanowires) can also be tuned by mechanical strain.?
Combining size and strain thus provides a flexible approach for structural phase engineering of
nanomaterials in which emergent properties (e.g. mechanical, electronic) can lead to new
applications.? Here, we focus on zinc oxide (ZnO) which is highly amenable to nanostructuring®
and has huge potential in a wide range nanoscale applications (e.g. photocatalysis,
optoelectronics, energy harvesting).> ZnO is also one of the very few inorganic materials for
which nanoscale phase engineering has been experimentally demonstrated using both size® and
strain.” ZnO has thus become an archetypal system for theoretically predicting the viability of
new stable polymorphic phases by system size reduction8?1011121314 gnd/or by
nanostructuring.1>1617,18

The possibility of novel nano-stabilised structural phases in ZnO started with the theoretical
prediction of a so-called graphitic polymorph (g-ZnO) in unsupported nanofilms,® which was
subsequently confirmed in experiments on metal-supported ZnO nanofilms.® The g-ZnO phase
consists of a-b planar (ZnO);-based hexagonally ordered layers stacked in the c direction. We
note that unlike graphite, which has a staggered AB stacking of hexagonal layers, g-ZnO exhibits
an eclipsed AA stacking. For free-standing nanofilms, g-ZnO is predicted to be the most

energetically stable ZnO polymorph for stacks of up to three planar hexagonal layers (i.e. N < 3

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

layers). g-ZnO nanofilms have attracted interest with respect to possible chemical applications

(e.g. strain-thickness reactivity control,’*:?° CO, photoreduction?!). However, such studies rarely
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consider the possibility of transformations to other competing polymorphic phases.
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For nanofilms with N > 4, it becomes more energetically favourable for the layers in the g-
ZnO phase to slightly buckle and bond with one other. The different possible nanofilm
polymorphs available at this structural phase transformation can enumerated by systematically
varying the bonding patterns between stacked hexagonal layers while maintaining the AA
stacking of g-Zn0.° For four layers, the lowest energy polymorphs resulting from this search are
found to be a class of polytypes based on the body centred cubic phase (BCT-Zn0O).° This finding
is in line with other studies where the transformation from g-ZnO to BCT-ZnO in nanofilms with
N =4 - 16 has been calculated to be effectively barrierless at finite temperatures.31!

The BCT-ZnO phase is also predicted to be more stable than pristine wz-ZnO in c-oriented
freestanding nanofilms with N < 27.11 The relatively low stability of c-oriented wz-ZnO nanofilms

in this thickness range is due to the energetically costly electronic imbalance induced by the
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terminating (0001) and (0001) polar surfaces.’3?2 Calculations of nanofilms possessing pristife: it orire

4
as-cut polar surfaces will attempt to compensate this imbalance by internal charge transfer from

one polar surface to another leading to spurious surface metallisation.'? This is a relatively
inefficient stabilization mechanism and clean (i.e. ligand-free) ZnO polar surfaces are instead
experimentally observed to structurally reconstruct to achieve stabilization.?3?* Increasing the
stability of polar wz-ZnO nanofilms by surface reconstruction lowers the thickness at which the
stability crossover to BCT-ZnO occurs to between 14-16 layers.® For c-oriented wz-ZnO nanofilms
that are thinner than this threshold, it is more effective to stabilize the system via a phase
transformation of the whole nanofilm to a non-polar structure. For the thinnest nanofilms this
transformation is found to be spontaneous, with pristine wz-ZnO nanofilms with directly relaxing
to the g-ZnO structure for N < 4 and to BCT-ZnO for N = 5-6 layers.!! Thicker wz-ZnO nanofilms
layers with approximately N = 7-16 are metastable in 0 K calculations, but are likely to be
thermally or mechanically susceptible to phase transformations to more stable non-polar phases
such as BCT-ZnO. In principle, there are some non-polar nanofilm structures that are
theoretically predicted to be slightly energetically more stable than BCT-ZnO at 0 K, for the
thickness range N = 7-16. However, the transformations to such structures from BCT-ZnO have
relatively high associated barriers.3 As such, the relatively easier transitions between g-ZnO/wz-
ZnO and BCT-ZnO are likely to dominate in ZnO nanomaterials for moderate temperatures
and/or mechanically induced phase transformations.

The favoured wz-ZnO phase in macroscopic systems has a relatively high density. Thus,
accessing lower density polymorphs, such as g-ZnO and BCT-ZnO, from wz-ZnO by mechanical
means implies the need of significant negative pressures (i.e. tensile strain).?>?’ The inherent
favorability of BCT-ZnO and g-ZnO in nanosized systems and the easier application of
uniaxial/biaxial tensile stress in low dimensional nanostructures (e.g. 1D nanowires, 2D
nanofilms) thus open opportunities for stress-induced phase control. We also note that with
decreasing size, nanomaterials also tend to have fewer structural defect and are thus less
susceptible to structural failure under stress.?® Experimentally, uniaxially stressed wz-ZnO
nanowires, are indeed found to display a reversible phase transformations between BCT-ZnO
and g-ZnO (hex-ZnO), where the BCT-ZnO phase is predicted to become dominant.’
Computational modelling studies have also studied similar phase transformations to BCT-ZnO in
nanowire systems, induced by either uniaxial strain?® or bending.3® Reversible phase
transformations between wz-ZnO and BCT-ZnO phases have also been experimentally observed
in the outer few layers of non-polar surfaces of wz-ZnO nano-islands.3!

Considering the technological potential of nano-ZnO and the experimentally confirmed

nanoscale stabilisation and structural interconversion of g-ZnO and BCT-ZnO polymorphs, it is

NR05206D
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important to understand the properties of this phase-reversible nanosystem. Here, "‘.!8‘1'@1591}5%%‘%4’*&;552282”5
a systematic study of how the g-ZnO <> BCT-ZnO phase transformation can be engineered by
both biaxial strain and thickness in ZnO nanofilms. We specifically focus on how the electronic
structure varies during these size/strain-induced structural changes. By carefully analysing the
respective roles of orbital overlap and quantum confinement, we show that this phase-tunable

semiconductor nanofilm system allows for highly controllable band gaps and band edges which

could open the door to new applications.

Models and Computational Details

We consider isolated periodic slab models to represent free-standing nanofilms of both g-ZnO
and BCT-ZnO. This choice avoids the fact that the differing basal plane symmetries of g-ZnO and
BCT-ZnO tends to inhibit their phase interconversion when epitaxially supported.3?33 N-layer
(hereon abbreviated to NL) slab models with N = 3-6, 8, 10, 12, 14, 16 were considered. For both
polymorphs p(2x2) supercells were used, where each layer is composed of four Zn and four O
atoms. To avoid spurious inter-slab interactions, models were isolated in the direction normal
to the slab surface by a periodic vacuum spacing of 10 A.

For few-layer g-Zn0Q, the interaction between aligned hexagonal layers is non-bonded,
as in graphite. However, a very similar phase has been reported with bonded interactions
between layers.? Although these two forms of g-ZnO are often conflated in the literature, herein

we highlight their distinct properties and how they can be revealed and controlled during phase

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

transformations. When required, we distinguish the g-ZnO form with non-bonded layers as the

layered phase (layered-Zn0Q) and the more strongly bound version as the hexagonal phase (hex-

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:42:32 PM.

Zn0). The models of all considered phases are shown in figure 1.

(cc)

To calculate the optimized structures and properties of the three phases, periodic density
functional theory (DFT) based calculations were carried out using the Perdew-Burke-Ernzerhof
(PBE)3* functional by means of the VASP code.3>3¢ We note that the PBE functional has been
previously shown to be reliable for evaluating pressure-induced phase transitions between ZnO
polymorphs.37-3° The underestimation of electronic band gaps when using the PBE functional is
approximately corrected using a fitted relation between band gap values as calculated using PBE
and an accurate many body GW method for a range of ZnO polymorphs.'® The projector
augmented wave approach?® was used to the describe the core electron density, with all d
electrons included for Zn atoms. The valence electron density was expanded in a plane wave
basis set with a cut-off energy of 500 eV. The Brillouin zone integration was sampled using a

3x3x1 Monkhorst-Pack k-grid.*! The threshold for the electronic convergence criterion was set
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to 10 eV, and geometry optimizations were considered converged when forces actin%glnlgﬁgggﬁg
were below 0.01 eV Al For calculating band structures, single point calculations of optimised
nanofilm structures were employed using a 9x9x1 Monkhorst-Pack k-grid. Convergence tests for
the chosen calculation parameters can be found in the Electronic Supplementary Information
(ESI).

For each slab the in-plane cell parameters were constrained at range of fixed values to model a
range of in-plane biaxial strains between -10% (i.e. compression) and +10% (i.e. tension). For each
strain the coordinates of all atoms and the out-of-plane c-parameter of the supercell were

allowed to fully relax without symmetry constraints.

N=3,...,16 BCT-ZnO
; : : : d=>2.26A J—
N=3,..,8 | b T layered-ZnO
‘ __ g.ZnO
d<2.25A *
N=3,..,16 ; hex-ZnO
/'/ ]

Figure 1. Atomic positions for 2 layers of the: BCT-ZnO (upper) and the layered- and hex- forms
of g-ZnO (lower). Grey lines indicate the boundary of the periodic simulation cell (left: in-plane
view, right: c-axis view) The listed numbers of layers (N) for each case indicates the thickness
range for which the respective structure could be stabilised for some range of in-plane strain.
Atom colour key: Zn — grey, O —red.

To analyse the bonding in the studied polymorphs, we employed COHP (Crystal Orbital
Hamilton Population) analysis**#3 as implemented in the LOBSTER code.** This methodology
partitions the energy of electronic bands into contributions from overlapping orbitals.
Specifically, for orbitals centred on neighbouring atoms, COHP provides a quantitative measure
of energy-lowering bonding (negative) contributions and energy-raising antibonding (positive)

contributions. Note that energetically neutral non-bonding makes a zero COHP contribution.
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Consequently, energy-resolved COHP analyses provide a way to interpret band strDu&t%?Ossg‘ﬁgfl\ff%zgggs
terms of local chemical interactions.

For a more detailed analysis of chemical bonding, the COHP approach can be
directionally resolved whereby the energy of a given band is decomposed into individual
contributions from each k-point. The resulting kCOHP analysis mathematically distinguishes

between on-site and off-site contributions in the following way:

Egc = Z COHpk (1),
n
Ex= COHPél;—site + COHPi)l}f—site (2),
COHPk .= Z COHpik 3),
ngyn;
COHPX.. o= Z COHPk 4),
ni nj

where COHPX gre the individual k-dependent COHP contributions. The on-site term corresponds
to intra-atomic interactions, such as the classical electron-electron and electron-ion interaction.
The off-site term originates from the interatomic interactions between pairs of atoms in a given
solid-state structure. The off-site term is assigned to be negative when the interaction between
atoms is bonding and tends to stabilize the corresponding band. Conversely, a positive value
corresponds to band-destabilising antibonding interactions. When considering mechanical
strain, we expect that decreasing the distance between bonded atoms will decrease (increase)
the energy of the corresponding band for bonding (antibonding) interactions, and vice versa.

Since non-bonding states have an overlap integral of zero, they are invariable under strain.*>

Results and Discussion

Using the above-described slab models we systematically vary the nanofilm thickness and in-
plane strain. For all considered thicknesses, a polymorphic g-ZnO <> BCT-ZnO phase
transformation is also observed within the range of in-plane strain considered. Below, we follow
how these three interacting factors lead to complex changes in energetic stability, structure,

electronic properties and reactivity.

Structure and energetics

In Figure 2 we plot the calculated relative energy of the in-plane strained ZnO nanofilms of
varying thickness with respect to the energy of bulk BCT-ZnO. For each thickness we define zero

strain at the point of minimum energy on each relative energy curve which, all cases,
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corresponds to the fully relaxed BCT-ZnO phase. With increasing nanofilm thickness, 5%91%%\3@
progressively shift to lower energies indicating an expected stabilisation towards the
corresponding bulk phase. For in-plane compression until -8% the BCT-ZnO phase remains
structurally stable for all nanofilm thicknesses. Upon in-plane biaxial tension the BCT-ZnO phase
is susceptible to a phase transformation to the g-ZnO phase. We note that there is no obvious
sign of a differentiation between the layered- and hex- forms of the g-ZnO phase in the relative
energy curves. For the thinnest 3L BCT-ZnO slab, we find that the transformation to g-ZnO can
be achieved with +1.3% strain. However, with increasing thickness the strain required to induce
the transformation increases to approximately +5.5% for the thickest 16L nanofilm. This change
is in-line with the increasing energy difference between the BCT-ZnO and g-ZnO phases with
increasing thickness. Apart from the thinnest 3L nanofilm, the strain-induced BCT-ZnO - g-ZnO
transformation for thicker nanofilms leads to an increasingly positively strained g-ZnO phase
with respect to its minimum energy on an extrapolated energy versus strain curve. This implies
that it would be difficult to stabilise fully relaxed g-ZnO nanofilms due to their mechanical
instability to transform into the BCT-phase. We note that systematic computational exploration
of biaxially strained nanofilms can be used to search for such instabilities and thus find new
polymorphic phases in a simulated mechanical annealing approach.*®

For better understanding how to physically induce the BCT-ZnO and g-ZnO phase
transformation by applied tensile stress, we have calculated the in-plane biaxial modulus for the
5L nanofilm to be 138.5 GPa. This would imply that a tensile stress of 1.4 GPa would be needed
for each +1% of biaxial strain of the 5L BCT-ZnO nanofilm. This is comparable to the 5 - 15 GPa
of uniaxial tensile stress used in experiments on ZnO nanowires to induce BCT-ZnO phase

transformations with corresponding strains of approximately 2-5%.”
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grey line follows the strain/thickness conditions at the BCT-ZnO <> g-ZnO energetic stability
transition.
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In Figure 3 we follow how the c/a lattice parameter ratio varies with respect to in-plane
strain for selected representative nanofilm thicknesses of N = 5, 8, 12, 16. For the data
corresponding to the BCT-ZnO phase, the nanofilms show a monotonic linear decrease of their
¢/a ratio from an in-plane compression of -8% up until the tensile strain corresponding to the
transformation to the g-ZnO phase. At this point the c¢/a ratio abruptly decreases and then
continues to decrease linearly with a slightly shallower slope. Increasing the nanofilm thickness
results in a progressively steeper slopes of the linear trends in the c¢/a ratio for both phases. For
materials with a positive Poisson ratio, increasing the a and b parameters via in-plane tensile
strain will cause a corresponding reduction in the c-parameter, and vice versa. We note that, as
for the energetic stability (see Fig. 2), the strain/thickness-dependent tendencies of the c/a ratio

in the region of g-ZnO stability show no obvious signs of distinct hex-ZnO and layered-ZnO forms.
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Figure 3. Dependence of ¢/a ratio on in-plane strain for four selected nanofilm thicknesses. Solid
lines are guides to the eye and follow the calculated black datapoints. Blue lines follow
datapoints corresponding to the BCT-ZnO phase and orange lines follow datapoints
corresponding to the g-ZnO phase.

From an atomistic perspective, in-plane compression of the unstrained BCT-ZnO phase
tends to increase the buckling of the a-b layers while maintaining the bonding connectivity of
the BCT phase. However, in-plane tensile strain leads to more complex bonding changes. In
Figure 4 we examine the strain-induced structural response of the g-ZnO phase from a chemical
bonding perspective for the thinnest 3L system. Increasing tensile strain on the unstrained BCT-
ZnO phase will first tend to flatten the a-b layers favours the transition to the layered-ZnO. For
the 3L system this occurs at +1% strain where the average interlayer spacing has its maximum
of 2.43 A. At this point a COHP analysis of the Zn4s-02s bonding (see insets to Figure 4) shows
that the in-plane bonding contribution is larger than the out-of-plane bonding contribution.
Although increasing the in-plane strain increases the in-plane Zn-O bond distances and quickly
brings the layers closer together, the dominance of in-plane bonding over out-of-plane bonding
persists until a strain of +6%. Here, the interlayer spacing is reduced by 0.2 A to 2.25 A, at which

the out-of-plane bonding COHP contribution becomes equal to the respective in-plane

16L DOI: 10.1039/D4NR05206D
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contribution. Further increase in strain results in a more gradual linear decrease in theﬂ??&ﬁ%‘f%ﬁﬁ%ﬁé@?&”@
spacing where the out-of-plane bonding COHP contribution dominates indicating transition to
the hex-ZnO phase with interlayer Zn-O bonds. A similarly large difference in interlayer spacing
between relaxed 6L layered-ZnO films (2.37 A) and the bulk hex-ZnO phase (2.25 A) was reported
in ref. 47 (where both phases are referred to as the h-BN phase), where it is noted that this
structural response is inverse to that found in non-layered ZnO nanofilms. This behaviour also
suggests that out-of-plane uniaxial compression in the c-direction would also be a possible
means to control the BCT-ZnO ¢ layered-ZnO/hex-ZnO phase transformation in this system.
Indeed, several DFT studies have examined how uniaxial compression in the c-direction can
induce phase wz-ZnO -> g-ZnO transformations in the bulk*® and in nanowires.®*® For
progressively thicker nanofilms, the strain-induced BCT-ZnO - g-ZnO transformation occurs
when the g-ZnO phase is increasingly positively strained away from its most relaxed structure.

As such, the range of strain for which the layered-ZnO phase can be stabilised by tensile strain

rapidly reduces with nanofilm thickness.
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Figure 4. Dependence of average interlayer spacing on in-plane strain for the 3L system. The
inset plots show the characteristic in-plane (red) and out-of-plane (blue) bonding COHP
contributions for different strain regimes.
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(VBM) and the conduction band minimum (CBM) varies throughout a biaxial strain range of -8%
to +10% for all considered nanofilms. As noted above, the reported Eg,, values have been
corrected using a fitted linear relation between (underestimated) PBE-calculated gap values and
more accurate gap values calculated using many-body GW calculations.® Three different regions
can be clearly distinguished, each corresponding to a distinct ZnO phase. Starting from the most
in-plane compressed BCT-ZnO nanofilms at —8% biaxial strain, the Eg,,values range from 2.64 eV
for the thickest 16L nanofilm to 3.18 eV for the thinnest 3L nanofilm. Increasing the in-plane
lattice parameters leads to a near linear increase in the Eg, values up until the phase
transformation to the layered-ZnO. Just before this transition, the Eg,, values for the BCT-ZnO
nanofilms range from 3.26 eV (16L) to 4.01 eV (3L). Throughout their respective stable strain
regimes, all the BCT-ZnO nanofilms are found to possess a direct Eg,, at the I point in reciprocal

space.

Upon the strain-induced phase transformation to the layered-ZnO phase the E,,, values
for each nanofilm sharply increase. This increase ranges from approximately +0.4 eV for the
thickest films to approximately +0.15 eV for the 3L nanofilm. Like the BCT-ZnO phase the
layered-ZnO phase has a direct band gap at the gamma point in reciprocal space. In the range of
strains for which different nanofilms exhibit a stable layered-ZnO phase, the Eg,, values are
relatively stable, with only small gap decreases with increasing positive strain. Further positive
strain leads to a transformation of all nanofilms to the hex-ZnO phase. It is found that the
layered-ZnO - hex-ZnO phase transformation is also linked to an electronic transition from a
direct to indirect band gap. The transformation to the hex-ZnO phase also marks a significant

increase in the rate of £,,, magnitude reduction with increasing in-plane tension.
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4.2 | layered-ZnO

Electronic band gap (eV)

Biaxial strain (%)

Figure 5. Variation of Eg,, versus biaxial strain. The PBE-calculated Eg,, values have been
corrected following the approach in ref. 18. The orange shaded area indicates the approximate
region of stability of the layered-ZnO phase.
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The transition from a direct (layered-ZnO) to an indirect gap (hex-ZnO) can be

(cc)

understood due to the strain-dependent competition between in-plane and out-of-plane Zn-O
antibonding bands in the two respective materials (see above). Each of these bands give rise to
two distinct O2p contributions to the VBM at k-points I and T. Competition between in-plane
and out-of-plane antibonding causes corresponding changes in the VBM and a shift between a
direct gap (layered-Zn0O) and an indirect band gap (hex-ZnO). In Figure 6, we show this situation
with bands calculated for the 5L nanofilm case. Here, the red band has its main contribution at
I from antibonding orbital overlap from in-plane Zn-O bonds. Conversely, at T, antibonding
overlap from out-of-plane Zn-O bonds are the major contributor to the green band. With an
increase of tensile biaxial strain, the in-plane Zn-O bond lengths are increased (reducing
antibonding overlap) which lowers the energy of the red band. At the same time, the interlayer

spacing decreases which shortens the out-of-plane Zn-O distances (see Fig. 4), which tends to
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sufficient in-plane strain, this tendency leads to a transition from a direct bandgap in the layered-
ZnO phase to an indirect gap in the hex-ZnO phase. During this transition, the CBM, which is
associated with isotropic Zn4s-02s antibonding, is stabilised more by the strain-induced increase
of in-plane Zn-0O separations than the destabilisation from the smaller decrease in interlayer
spacing. This CBM stabilization is the main reason for the decrease in Eg,, in the hex-ZnO phase

with increasing biaxial tension.

Starting from a relaxed flat ZnO monolayer, a direct a relatively large positive biaxial
strain (8%) has been predicted to be needed to induce a transition from a direct to an indirect
gap.”® Unlike in the presently reported nanofilms, the lack of interlayer interactions in
monolayers make the destabilisation of the out-of-plane antibonding states more difficult to
achieve. DFT calculations have also been used to study the effect of uniaxial out-of-plane tension
on the bulk hex-ZnO phase to induce a phase transformation to the layered phase with a
concomitant direct to indirect E,,, transition.* A related direct to indirect change in E,, has also
been reported in DFT studies of the uniaxial compression-induced wz-ZnO - hex-ZnO
transition.*®*° We note that this subtle transition has been confirmed with DFT calculations using
hybrid functionals,® which confirms that it is not related to the underestimation of E,,,

magnitudes by GGA functionals.

| Increasing biaxial strain >

In-plane
Znds-02s

antibonding |
|
&50 Out-of-plane
Zn4s-02s

A CBM
Direct 7.23 antibondin
E In-plane CBM 7.01
= P VBM Inditect
= | zn3d-p2p
5 . . ) 2 ¢ lv CBM
@ Nantibonding A i
- 12 /5 N80\ /130N, B
Ny \/
T r T r T r

Ph f i
layered-ZnO ase transformation hex-ZnO

. + electronic transition .
(+4% strain) € e((:i;:%) s?ttraei‘n; tio (+9% strain)

Figure 6. Calculated band structures during the strain-induced layered-ZnO - hex-ZnO phase
transformation of a 5L nanofilm. The three colours correspond to the three labelled dominant
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correspondingly coloured numbers indicate the energetic antibonding k-COHP contributions at
these k-points for each band.

In Figure 7 we provide an overview of how the relative energies of the CBM and VBM
vary with in-plane biaxial strain with respect to the unstrained case, for all considered nanofilm
thicknesses. Nanofilms of all thicknesses exhibit similar general trends with respect their strain-
response of CBM and VBM energies, whereby negative strain (i.e. in-plane compression) tends
to be destabilising, and positive strain (i.e. in-plane tension) tends to be stabilising. For the
negatively strained regime, where the BCT-ZnO polymorph is favoured, both the VBM and CBM
energies increase with increasing in-plane compression for all thicknesses. Here, the VBM is
always destabilised more than the CBM (i.e. blue bars higher than red bars in Fig. 7) which causes
the observed bandgap reduction compared to the corresponding unstrained case (see Fig. 5). In
BCT-ZnO the VBM is dominated by contributions from in-plane antibonding orbital overlap, as
also found for the layered-ZnO and hex-ZnO polymorphs (see above).

For the positively strained regime in which g-ZnO (i.e. layered-ZnO or hex-ZnO phases)
is favoured, for all thicknesses the energy of the CBM (red bars in Fig. 7) gradually decreases
with increasing strain. The energy of the VBM, however, is relatively less affected with respect
to the that of the corresponding unstrained system for all thicknesses. So, for g-ZnO, the

energetic stabilisation of the CBM at I with increasing biaxial in-plane tension is mainly

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

responsible for the observed strain-induced E,,, reduction (see Fig. 5).
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Figure 7. Variation of the energy of the VBM (blue bars) and CBM (red bars) with respect to in-
plane biaxial strain for all considered nanofilm thicknesses. The energy variation is taken with
respect to the VBM and CBM of the corresponding unstrained nanofilm for each thickness.

Quantum confinement

In addition to the strain-induced changes to E,,,, for all curves in Figure 5, we see that nanofilm

thickness also affects the magnitude of E,,. Specifically, Eg,, tends to be largest for the thinnest
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1 4

thinnest hex-ZnO films we see a small modulation of this general trend. Here, we find that the
Eqap magnitudes for the 4L and 6L nanofilms are slightly larger (<0.1 eV) than the corresponding
values for the respective 3L and 5L nanofilms. The cause of these small crossovers may be
related to the sensitivity of the indirect band gap edges to odd and even numbers of layers for
these very thin nanofilms. Generally, the E,,, versus thickness relation is also non-linear, where
the changes in the magnitude of Eg,, tend to be largest for thickness changes in the thinnest films
and vice versa. This is a clear sign of thickness-dependent quantum confinement (QC). The effect
of QC has been previously reported in DFT studies of fully relaxed BCT-ZnO and layered-ZnO
nanofilms.*47 Generally, the effects of QC are often crucial to take into account when using
electronic structure modelling to understand the properties of nanostructured materials for
applications (e.g. catalysts).>? To show the effect of QC throughout the strain-induced BCT-ZnO
-> g-Zn0 phase transformation, in Figure 8 we plot the Eg,, versus nanofilm thickness for: a) the
BCT-ZnO nanofilms at 0% strain, and b) the layered-ZnO nanofilms at 4% strain and the hex-ZnO
nanofilms for 6% strain. In each case we fit the thickness-dependence of the Eg,, values with
respect to an extrapolated bulk band gap value with an inverse power law (i.e A-d%, where d is
the distance between the outer layers of the nanofilm in the c direction and A and « are fitted
constants). All fits yielded a coefficient of determination (R?) of greater than 0.99. The magnitude
of the coefficient A is inversely related to the effective masses of the carriers in the VBM and
CBM (see Sl). In idealised particle-in-a-box models these AE,,, values should be proportional to
d2. In nanosystems that are modelled using DFT, fits of size-dependent AE,,, values are often
better fitted with a < 2 due to a more realistic account of the influence of the confining
surfaces.>®>* For unstrained BCT-ZnO we obtain a good fit to the calculated thickness-dependent
AEg,, values with a = 0.99, which is comparable with the fit to experimental data on QC in wz-
ZnO nanofilms extracted from ref. 55 with a = 1.05. The limiting reference E,,, value found from
the fitting for unstrained BCT-ZnO nanofilms (2.9 eV) lies between the E,,, of the optimised bulk
BCT-ZnO structure calculated with hybrid DFT calculations (2.26 eV) and many body GyW,
calculations (3.41 eV).>® Note that the reported E,,, values for all nanofilms are derived from
applying an approximate correction to PBE-calculated values.!® However, the limiting E,,, value
from the BCT-ZnO nanofilm fit is 0.33 eV lower than that obtained from a direct application of
the correction to the PBE-calculated Eg,, of bulk BCT-ZnO. This difference could suggest that the
bulk-derived correction is less accurate when applied to quantum confined ZnO nanosystems.
For the wz-ZnO system we employed the corresponding experimentally determined limiting Eg,,,
value of 3.3 eV for our fit. For the hex-ZnO phases we find an a value of 1.35 which is slightly

higher than for the BCT-ZnO fit, indicating a correspondingly greater sensitivity to QC. However,
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for the layered-ZnO phase the relatively low o value of 0.59 indicates that QC is aDrg‘glcOhlA%;g

effective E,,, modulator in this type of nanofilm.

1.2 0.8
a) b)
0.7 4
104 BCT-ZnO . 470
ayered-Zn
y=0.81x08 0.6 - v 0 0
= (0.54x0-5¢
0.8 4 / y = 0.54x
— 0.5
3 3
2 0.6 4 = 0.4 1
- wz-ZnO L<L”I:'
; 0.3
experiment
0.4 (exp ’ __) hex-ZnO
y=1.11x"" 02 4 y = 0.55x 1%
0.2 A
0.1 4
9] -
0.0 T T T T T T T 0.0 T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10
Thickness (nm) Thickness (nm)
4.2
C) A .
41 \b. ° L] .
e X . » Layered-ZnO
\: (direct gap)
39 4 o] o N L] *
LY . ° .
= 38 g 2% .
3 b,
- 3.7 4 b
2 o] O\\
w36 o 0 5 29 Ciy Increasing
as & ) quantum confinement /
= o é) R deacreasing thickness
o
44 o) hex-ZnO
33 o © (indirect gap)
32 : - - . T
2.20 2.24 2.28 2.32 2.36 2.40

Interlayer spacing (A)

Figure 8. Variance in AE,,, values with respect to: a) nanofilm thickness for the BCT-ZnO
nanofilms at 0% strain (all thicknesses) and experimentally prepared wz-ZnO nanofilms (from
ref. 55), b) nanofilm thickness for the layered-ZnO nanofilms at 4% strain (for 3L - 8L) and the
hex-ZnO nanofilms for 6% strain (for 6L - 16L), and c) interlayer spacing for the layered-ZnO and
hex-ZnO phases for a selected range of strains and thicknesses.

The observed QC effect is found to be due to an increase in the energy of the CBM when
the nanofilm thickness decreases. Conversely, the VBM is found to be hardly affected by changes
in nanofilm thickness. This contrasting behaviour is in-line with the difference in the effective
masses of excited electrons (in the CBM) and holes (in the VBM) in these systems. With a lower
effective mass, the respective charge carriers become more mobile (delocalised) and are thus
more susceptible to the effects of spatial confinement. Likewise, charge carriers with a higher
effective mass are less affected by QC. Generally, wz-ZnO systems are known to have relatively
light electrons and heavy holes.>” We thus expect that thickness-induced QC should have a
significantly stronger effect on energy of the CBM than on the energy of the VBM in these

nanofilms as confirmed in Fig. 9. We note that a similar effect has been reported in DFT

calculations of group IlI-V semiconductor nanofilms.>® Nanoporosity is also known to affect the
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CBM much more than the VBM in Zn0.!® For BCT-ZnO the QC-induced Eg,, variation s coptrary,
to that induced by in-plane strain, which is mainly due to relatively large changes in energy of
the VBM. However, for g-ZnO both QC and strain mainly affect the CBM which dominates the

observed Eg,, variations.
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Figure 9. Variance in CBM and VBM energies with respect to nanofilm thickness for BCT-ZnO

nanofilms with 0% in-plane biaxial strain and hex-ZnO nanofilms with 6% in-plane biaxial strain.

Combining QC and biaxial strain

To gain more detailed insight into the combined roles of QC and in-plane strain on the electronic
structure of our considered nanofilms, we have analysed how the atoms in individual layers
contribute to the VBM and CBM. Specifically, we have extracted the k-COHP contributions of all
atoms in each layer to the VBM and CBM for three nanofilm thicknesses (5L, 10L, and 16L) and
for a range of in-plane biaxial strains. In Fig. 10, we compare how the summed atomic k-COHP
contributions to the VBM for each layer varies for these three nanofilm thicknesses for -10%,
0%, and +3% in-plane biaxial strains. For these combinations of strain and thickness the BCT-ZnO
phase is dominant. Clearly, in all cases, the VBM contributions are dominated by Zn and O atoms
in the outermost surface layers of the nanofilms with relatively small contributions from atoms
from inner layers. With respect to changes in thickness for fixed strains the percentage of the

contributions to the VBM from the surface layer atoms is almost constant. As such, the energy
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of these localised VBM surface states should not significantly depend on thickness, \AD/gicll'a Rsl =

line with their relative insensitivity to QC (see Fig. 9).5>%0 For a fixed thickness, increasing in-
plane strain from -10% to 0% tends to slightly reduce the VBM contributions in the outermost
layers. These outermost surface layer contributions correspond to in-plane antibonding
contributions and the reduction in such contributions in consistent with the decrease in the VBM
energy for BCT-ZnO films in this strain range (see Fig. 7). Going from 0% to +3% strain some
increase in contributions from atoms in sub-surface layers are also seen. These sub-surface
contributions are likely linked with the emergence of out-of-plane antibonding contributions to
the VBM which we find during the strain-induced layered-ZnO to hex-ZnO transformation (see

Fig. 6).
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Figure 10. Per-layer summed atomic k-COHP contributions to the VBM of 5L, 10L and 16L
nanofilms (top to bottom) and -10%, 0% and +3% in-plane biaxial strains (left to right).
Contributions are expressed as a percent of the total absolute contribution. The x-axes follow
the order of the layers in the out-of-plane z direction from one outermost layer (Out.) toward
the innermost layer (Inn.) and to the other outermost layer (Out.). In each case the nanofilm
thickness in provided in nm.
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In Fig. 11, we compare how the summed atomic k-COHP contributions to the CBM for
each layer varies for the three nanofilm thicknesses for increasing tensile in-plane biaxial strains.
For most of these systems the hex-ZnO phase is favoured, apart from the +4% strained 5L
nanofilm, for which the layered-ZnO phase is more energetically stable. For this case, the in-
plane contributions to the CBM involving unoccupied Zn4s and O2s orbitals are much larger than
the respective out-of-plane contributions. In the absence of significant interlayer interactions all
layers are essentially independent and the k-COHP analysis in Figure 11 shows that the
contribution for each layer is very similar. This situation is gradually changes with increases in
thickness and/or biaxial strain but means that the CBM for the layered phase is less susceptible
to QC (see Fig. 8). With increased in-plane biaxial tension (to +9% and +14%), the layers in the
5L system are forced to be closer together. This causes a phase transformation to the hex-ZnO
polymorph and an increase in out-of-plane anti-bonding Zn4s-02s contributions to the CBM.
Antibonding interactions are less destabilising in situations of reduced orbital overlap and thus
their k-COHP contributions are dominant for the outer layers of the highly strained 5L system.

Increasing the thickness, for the highest +16% strained 10L and 16L hex-ZnO nanofilms,
we find a similar situation to the more strained hex-ZnO 5L systems, where a near surface anti-
bonding Zn4s-02s contributions dominate the CBM. For lower biaxial strains, however, we see
the emergence of a similar distinct pattern of k-COHP contributions to the CBM for both the 10L

and 16L systems. For the +11% strained systems we still see the Zn4s-O2s antibonding

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

contributions but together with a set of contributions which increase from the outermost layers

to the innermost layer. For the +6% strained systems, these latter contributions dominate, and
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surface contributions are the lowest. The k-COHP analysis shows that these contributions come

(cc)

from bonding overlap of unoccupied Zn4s-Zn4s orbitals (see figure S1 in the ESI). In this pattern
of contributions, all layers have a significant contribution, and these contributions have a regular
layer-dependency. This implies that the role of each layer and how they interact with each other
needs to be considered when interpreting the how the CBM contributions are distributed
throughout these nanofilms. From our analysis above (see Figs. 8 and 9), we know that the CBM
in hex-ZnO nanofilms is strongly affected by QC, in line with its multi-layer spatially distributed
k-COHP contributions. The pattern of CBM contributions also implies that QC is felt progressively
more strongly going from outer layers to inner layers. This cumulative effect suggests that each
layer is incrementally contributing to the overall QC effect. We propose an interpretation of this
a situation from the perspective of a monolayer superlattice (i.e. a layered system of

intercoupled monolayer quantum wells). 5960
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Monolayer superlattices are typically composed of stacks of single Iae{S|
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semiconducting material, which are interleaved with layers of another material to modulate the
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Figure 11. Per-layer summed atomic k-COHP contributions to the CBM of nanofilms with 5L for
+4%, +9% and +14% in-plane biaxial strains and for 10L and 16L thicknesses and +6%, +11% and
+16% in-plane biaxial strains. The contributions per-layer are expressed as a percent of the total
absolute contribution. The x-axes follow the order of the layers in the out-of-plane z direction
from one outermost layer (Out.) toward the innermost layer (Inn.) and to the other outermost
layer (Out.). In each case the nanofilm thickness in provided in nm.

interactions between the semiconducting monolayers. In our case, the degree of biaxial strain

modulates the interactions between ZnO monolayers in the g-ZnO system. Taking the +6% 10L

case as an example, the CBM corresponds to a wavefunction (WF) that is dominated by

interlayer bonding interactions. Treating each ZnO monolayer as a quantum well leads to a

discretisation of the effect of QC on this WF. Starting from outside the system, where the WF

has its minimum value, it will increase when entering the first monolayer well. When moving to

the next monolayer the interlayer coupling will determine the degree of WF decay, and thus the
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magnitude of the WF in the next ZnO layer. When the decay is less than 100%, the WF @&%@Ff&g‘%fﬁggﬁgg
will increase in a step-wise layer-by-layer manner until the centre and then, by symmetry, will
decay again in the same manner to the farthest edge of the nanofilm. In this way, QC acts on the
fully nanofilm system but is modulated depending on the interlayer coupling. Such a discretised
WF for monolayer superlattice is schematically shown in Fig. 12a. These results show that hex-
ZnO can be thought of as a lateral monolayer superlattice in which in-plane biaxial strain can
significantly modulate the interlayer coupling. Upon increased biaxial strain there is a gradual
transition from Zn4s-Zn4s interlayer bonding overlap to anti-bonding Zn4s-02s overlap. Upon
the corresponding interior-to-surface shift in the character of the WF, transmission of QC to the
system is diminished (Fig. 12b,c). This shows that the electronic response of g-ZnO nanofilms
can be sensitively tuned by strain and thickness. In particular, the ability to shift between surface

states and QC-susceptible states could open up new application potential (e.g. sensing, catalysis,

optoelectronics).

+6% +11%

Re[¥(2)]

Out. Inn. Out.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Figure 12. Schematic representation of the approximate magnitude of the Zn4s- Zn4s bonding
(blue) and Zn4s-02s antibonding (red) contributions to a monolayer superlattice WF associated
with the CBM for the 10L hex-ZnO system for +6%, +11% and +16% in-plane biaxial strain (see
also Fig. 11). The x-axes follow the order of the layers in the out-of-plane z direction from one
outermost layer (Out.) toward the innermost layer (Inn.) and to the other outermost layer (Out.).
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Conclusions

We provide a detailed investigation of the structural and electronic properties of ZnO nanofilms
with thicknesses from 3L to 16L, for a wide range of compressive and tensile biaxial strains. This
parameter regime allows us to follow the experimentally confirmed strain-induced BCT-ZnO <>
g-Zn0 polymorphic phase transition. Our study is distinguished by its widespread application of
COHP-based analysis. Such an approach allows for an orbital level system characterisation and,
as far as we are aware, has not previously been applied to analyse nanoscale phase
transformations. For all considered film thicknesses and compressive strains the BCT-ZnO phase

is the most stable. With tensile biaxial strain the barrierless structural transformation to the g-
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ZnO polymorphic phase is favoured. Generally, with sufficient positive or negative blagé:?:llgtlrc%l D4NRCoe5zo6S

the Eg,, is reduced. Likewise, the increase in nanofilm thickness also leads to a E,,, decrease. Our
COHP-based analysis reveals several detailed insights into these structural and electronic
tendencies. Generally, our results highlight the intimate relation between structure, bonding
and electronic properties. We highlight, for example, that all three of these properties serve to
distinguish the quasi-2D layered-ZnO phase from the 3D hex-ZnO phase, both often collectively
referred to as the g-ZnO phase. For strains favouring the g-ZnO phase, variations in the CBM
drive the strain-related change in E,,,. However, for the BCT-ZnO dominated strain/thickness
regime, the VBM mainly determines the strain-dependent changes in Eg,,. With respect to
increases in thickness, for both BCT-ZnO and g-ZnO, the E,,,reduction is due to QC acting on the
CBM. We use layer-by-layer k-COHP-based analysis to reveal the detailed nature of the CBM and
VBM, thus elucidating their respective susceptibility to QC. This analysis shows that the CBM in
g-ZnO nanosystems can be sensitively tuned by strain and/or thickness between being
dominated by QC-resistant localised surface contributions or having a QC-dependent spatially-
distributed character. The competition between these two states can be rationalised from a
monolayer superlattice perspective. Here, the superlattice electronic state can be tuned by the
degree of strain/thickness-dependent interlayer interactions and their bonding or antibonding
character, rather than by fixed intervening barrier layers. This dramatic electronic tunability

could pave the way to a range of new applications (e.g. photocatalysis, optoelectronics, sensors).
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