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Abstract
We present a density functional theory (DFT) investigation of the crystallographic stability and formation energetics 
of ultrathin ZnO films on Ag(111), Ag(001), and Pt(001) metal substrates. DFT calculations using the Vienna Ab Initio 
Simulation Package (VASP) with the Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional and Grimme D2 
dispersion correction predict that the ZnO film structure is governed jointly by the substrate surface symmetry and the 
film/substrate lattice mismatch. The relative formation energy per unit area systematically favors wurtzite (O-terminated, 
Eₚₒₓ℀/A = −83.6 meV/Å²) on Ag(111) and zinc-blende (O-terminated, Eₚₒₓ℀/A = −160.4 meV/Å²) on Pt(001). These 
findings are in quantitative agreement with experimental observations from HRTEM and LEED, establishing clear 
design rules for engineering ZnO phase selection via substrate choice.
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1. Introduction
A significant amount of research has been done on ZnO 
nanostructures because they could be useful as a material in many 
areas, such as solar cells, light-emitting diodes, photocatalysis, gas 
sensors, catalysis, laser diodes, varistors, and sensors [1-9]. It is 
well known that ZnO is an n-type semiconductor with a significant 
band gap of about 3.37 eV and a large exciton binding energy of 
about 60 meV at room temperature [10-15]. There are, however, 
some problems with using these methods for ZnO nanoparticles. 
These include high temperatures, precise gas concentrations, 
dangerous chemicals, and expensive tools [16-24].

Thin oxide films grown on metal supports are a model system 
for exploring structural and electronic properties at the nanoscale 
[25-36]. ZnO thin films in particular have attracted significant 
interest due to their versatile properties a wide band gap (3.37 eV), 
high exciton binding energy (60 meV), piezoelectric behavior, 
and catalytic activity which make them promising for sensors, 
transducers, optoelectronic devices, and heterogeneous catalysis.

The structural polymorphism of ZnO is well documented. Under 

ambient conditions, ZnO adopts the wurtzite structure with a 
hexagonal lattice (a = 3.25 Å, c = 5.21 Å) and ionic character 
arising from Zn in tetrahedral coordination. A zinc-blende phase 
has been stabilized in thin films on cubic substrates, while the 
rock-salt phase appears under pressures above ~10 GPa For 
ultrathin films on metal supports, an additional graphitic-like (flat, 
sp²-bonded) phase can emerge [37-50].

The influence of the metal substrate on the ZnO film structure 
has been studied extensively for Pt(111), Ag(111), Au(111), and 
Cu(111) surfaces.²Ⱨ¹⁰Ⱨ¹¹ Recent DFT+U calculations for ZnO 
on Cu(111) revealed a transition from graphitic to wurtzite-like 
structure beginning at 5 layers, driven by charge transfer from the 
metal to the oxide. However, the comparative role of substrate 
symmetry (hexagonal vs square) versus lattice mismatch in 
determining ZnO film structure remains incompletely understood. 
In this work, we present systematic DFT calculations of ZnO 
relative formation energies on Ag (111), Ag (001), and Pt (001) 
substrates, spanning both wurtzite and zinc-blende structural 
candidates. Our results, validated against companion HRTEM and 
LEED measurements, provide a predictive framework for phase 
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engineering of ZnO ultrathin films.

2. Computational Methods
Density functional theory (DFT) calculations were performed 
using the Vienna Ab Initio Simulation Package (VASP).¹⁶Ⱨ¹⁷ 
The projector-augmented wave (PAW)¹⁸Ⱨ¹⁹ method was used 
to describe the interactions between nuclei and core electrons. 
The valence electrons treated explicitly were: Zn (3d, 4s), O (2s, 
2p), Ag (4d, 5s), and Pt (5d, 6s). The Perdew-Burke-Ernzerhof 
(PBE) approximation was employed for the exchange-correlation 
functional. Dispersion forces were included via Grimme's D2 
method.

The reciprocal space sampling was performed on a 2 × 2 × 1 
Γ-centered k-point mesh. A 400 eV plane-wave cutoff energy 
was used, chosen to ensure well-converged calculations with 

negligible Pulay forces. Selected convergence tests using a 600 eV 
cutoff showed variations of only ~3 meV/Å² in relative formation 
energies, confirming the adequacy of the 400 eV value. Electronic 
energy convergence was achieved to within 10⁻⁶ eV, and ionic 
relaxation was stopped when all forces were below 0.01 eV/Å 
under the conjugate-gradient algorithm.

2.1. Slab Models
Fully relaxed DFT calculations were performed on coincidence 
ZnO/metal slabs. These slabs correspond to combinations of m × 
m metal surface unit cells and (m−1) × (m−1) freestanding ZnO 
unit cells, chosen to minimize the artificial strain at the interface. 
Four ZnO layers were used to model the thin film, while the metal 
substrate was represented by two layers fixed in bulk positions 
[25,33].
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Figure 2: Atomic distribution and distances within the wurtzite planes: (0001), (−2200), and (10−1 0); and zinc-blende planes: (001), 
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for the ZnO layer, where 3.4 Å and 2.89 Å are the experimental 
lattice parameters for wurtzite ZnO and Ag(111), respectively. 
Experimental in-plane lattice parameters were used as constraints 
throughout. The lateral reconstruction at the interface was 
introduced by hand to reduce the computational unit cell size and 
avoid Moiré supercells.

In the ZnO film grown on reconstructed Pt(001), the hexagonal 
surface reconstruction of Pt was not considered in the calculations, 
as the post-annealing procedure used to ensure crystallinity of the 
film likely lifts this reconstruction, a behavior already demonstrated 
for iron oxide thin films on the same surface [24,30].

2.2. Formation Energy
Relative formation energies per unit area were calculated according 
to:
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3. Results and Discussion
3.1. Crystallographic Phase Analysis
Figure 2 shows the atomic distribution within (0001), (−2200), 
and (10−1 0) planes for wurtzite and (001), (−220), (100), (111), 
(−211), and (−110) planes for zinc blende. The comparison of 
(0001) and (001) planes clearly evidence different atomic symmetry 
(hexagonal vs square) and interatomic distances between the two 
phases. Importantly, the wurtzite (0001) and zinc-blende (111) 

sections share nearly identical symmetry and interatomic distances 
(differing by only 0.01 Å), while (10−1 0) for wurtzite and (−110) 
for zinc blende show clearly different periodicities along the 
vertical axis: 5.31 Å and 8.02 Å, respectively. This degeneracy 
in the surface-accessible planes demonstrates why LEED alone 
cannot distinguish between wurtzite and zinc-blende phases 
in ZnO thin films, motivating the use of DFT formation energy 
calculations in conjunction with cross-sectional TEM.

3.2. Formation Energies: Wurtzite vs Zinc Blende
Table 1 summarizes the relative formation energies per unit area 
for all calculated ZnO/metal slab configurations. Several clear 
trends emerge from these results:
On Ag (111), the O-terminated wurtzite structure is the most 
stable (Eform ₒₓ℀/A = −83.6 meV/Å²), followed by O-terminated 
zinc blende (−74.7 meV/Å²) and Zn-terminated wurtzite (−30.0 
meV/Å²). The energy difference between O-terminated wurtzite 
and zinc blende is approximately 9 meV/Å², well above the 
numerical uncertainty of ~3 meV/Å². Over a representative 5.5 nm 
× 5.5 nm area such as that imaged in the HRTEM experiments, 
this energy difference amounts to approximately 30 eV — a 
thermodynamically significant value.

On Pt (001), the O-terminated zinc-blende structure is strongly 
preferred (Eform ₒₓ℀/A = −160.4 meV/Å²), more than three times 
more negative than the O-terminated wurtzite (−45.0 meV/Å²). 
This dramatic stabilization of zinc blende on the square-symmetric 
Pt (001) surface establishes that substrate geometry, not just 
composition, is the primary determinant of ZnO film structure. 
On Ag(001), the zinc-blende phase is also preferred (−107.5 meV/
Å² vs −67.0 meV/Å² for Zn-terminated wurtzite), reinforcing 
that square-symmetric substrates drive zinc-blende formation 
regardless of the specific metal.
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ZnO/metal Termination Eform/A [meV/Å²]
graphitic/Ag(111) O −31.5
wurtzite/Ag(111) O −83.6
wurtzite/Ag(111) Zn −30.0
wurtzite/Ag(001) Zn −67.0
wurtzite/Pt(001) O −45.0
zinc blende/Ag(111) O −74.7
zinc blende/Pt(001) O −160.4
zinc blende/Ag(001) O −107.5

Table 1: Termination and Relative Formation Energy per Area Unit for ZnO/Metal Slabs (m = 7)

3.3. Structural Details of the Predicted Phases
For ZnO wurtzite on Ag (111), the calculated O-terminated structure 
shows an interatomic distance of 2.65 Å along the (111) direction, 
while the Zn-terminated structure gives 2.55 Å. The O-terminated 
termination is identified as the most probable, consistent with both 
the lower formation energy and the atomic distribution observed in 
STEM images from the companion experimental study.

For ZnO zinc blende on Pt (001), the zinc-blende structure requires 
only a small in-plane lattice parameter stretch and modification 
of out-of-plane lattice parameters of up to 2%, accommodating 
the mismatch between the ZnO(111) plane (3.3 Å in-plane lattice 
parameter) and the Pt(001) surface (2.8 Å lattice parameter). The 
relative formation energy of zinc blende on Pt(001) (−160.4 ± 3.0 
meV/Å²) is substantially more negative than wurtzite (−45.0 ± 
3.0 meV/Å²), providing a clear theoretical prediction confirmed 
experimentally.

3.4. Role of Substrate Symmetry and Lattice Mismatch
Our systematic calculations allow us to decouple the effects of 
substrate symmetry and lattice mismatch on ZnO phase stability. 
The data in Table 1 demonstrate that: (i) hexagonal substrates (Ag 
(111)) favor wurtzite; (ii) square substrates (Ag (001), Pt (001)) 
favor zinc blende. This trend holds across substrates of different 
compositions (Ag vs Pt), indicating that surface symmetry is the 
dominant factor.

The lattice mismatch modulates the magnitude of the formation 
energy: the larger mismatch on Pt(001) correlates with the more 
negative zinc-blende formation energy (−160.4 meV/Å² vs −107.5 
meV/Å² on Ag(001)), suggesting that epitaxial strain energy can 
be released more effectively in the zinc-blende phase on Pt(001). 
The formation energies calculated for ZnO on Ag(111) are of 
comparable magnitude to previous DFT results: ~50 meV/Å² for 
ZnO wurtzite on Cu(111)¹ and 37−55 meV/Å² for ZnO bilayers on 
Cu(111), Ag(111), and Au(111).²⁸

Regarding in-plane atomic registry, our calculations show that the 
film/substrate lattice mismatch prevents a unique identification of 
preferential Zn atom sites (on-site, hollow, or interstitial) over the 
metal substrate unit cell. The in-plane section of the ZnO film over 
the silver substrate reveals a gradual change in relative position of 

Zn atoms with respect to substrate atoms across the coincidence 
unit cell — consistent with the absence of Moiré patterns in 
the LEED data and supporting the experimental in-plane lattice 
parameter constraints used in the model.

Our finding that zinc-blende ZnO can be stabilized solely by 
substrate symmetry extends the known range of systems in which 
this metastable phase occurs. Previously, zinc-blende ZnO had 
been observed only on GaAs substrates with ZnS buffer layers 
[1,2]. The capability to engineer the ZnO surface structure through 
substrate design is valuable for catalytic and optoelectronic 
applications.

4. Conclusions
DFT calculations using VASP with PBE exchange-correlation 
and Grimme D2 dispersion correction establish that the 
crystallographic phase of ZnO ultrathin films is determined by a 
combination of substrate surface symmetry and lattice mismatch. 
Hexagonal (111) substrates favor wurtzite (O-terminated, Eform/A 
= −83.6 meV/Å² on Ag(111)), while square-symmetric substrates 
favor zinc-blende (Eform/A = −160.4 meV/Å² on Pt(001)). The 
energy differences are thermodynamically significant (≥30 eV 
over nm-scale areas) and unambiguous relative to the numerical 
uncertainty of ~3 meV/Å². These predictions are fully consistent 
with HRTEM and LEED data from the companion experimental 
study and provide predictive design rules for engineering ZnO 
thin-film phase selection through substrate choice.
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