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1. Abstract

Reverse Monte Carlo (RMC) modeling is a common method to derive atomic structure models of
materials from experimental diffraction data. However, conventional RMC modeling does not
impose energetic constraints and can produce non-physical local structures within the simulation
volume. Although previous strategies have introduced energetic constraints during RMC
modeling, these approaches have limitations in computational cost and physical accuracy. In this
work, we periodically introduce molecular statics (MS) energy minimizations during RMC
modeling in an iterative RMC-MS approach. We test this iterative RMC-MS approach using
diffraction data collected by in-operando high energy X-ray diffraction during atomic layer
deposition of ZnO as a sample case. For MS relaxations we employ ReaxFF pair potentials
previously established for ZnO. We find that RMC-MS and RMC provide equivalent agreement
with experimental data, but RMC-MS structures are on average 0.6 eV/atom lower in energy and
are more consistent with known ZnO atomic structure features. The iterative RMC-MS approach
we report can accommodate large systems with minimal additional computational burden beyond
a standard RMC simulation and can leverage established pair potentials for immediate application
to study a wide range of materials.

2. Introduction

In recent years, significant advancements in material synthesis and processing techniques have
allowed for the controlled fabrication of increasingly complex, finely-tuned materials. Knowledge
of the atomic configurations of these systems is paramount to understanding and optimizing the
physical properties for the desired application. One example of this can be found in semiconductor
devices, where the number and arrangement of defects in a semiconductor lattice is crucial to
device performance, and determination of the material structure is necessary to explain and predict
the physical properties.!> Characterization techniques like X-ray diffraction have matured in
parallel with materials synthesis techniques, allowing for the acquisition of more detailed
compositional and structural data.>> In general, experimental characterization provides only
salient structural features, and the local atom environments must be elucidated using simulation
techniques.®’ Atomic-scale modeling of the experimental data has accordingly become
increasingly challenging, requiring ever more detail and computational effort to produce
satisfactory results. It is thus necessary to implement new modeling procedures that accurately
capture the large-scale experimental observations, are consistent with thermodynamics, and
require little computational resources.
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Reverse Monte Carlo (RMC) simulation is one common method for deriving the structure of a
material from corresponding X-ray, neutron, and electron diffraction data. Based solely on simple
input structures and constraints, RMC can give valuable insight into large scale systems with
thousands of atoms at low computational cost. The ease of use has made it a popular choice for
modeling a wide range of systems and material phases, including amorphous and crystalline solids
as well as liquids.®>!! The accuracy of a RMC model is assumed to be purely statistical, meaning
that any configuration of a given system is considered valid provided it fits the experimental data.!?
As a result, simulations often result in non-unique and non-physical atom arrangements.®1%12 In
this sense, the simplicity of the RMC approach is also its biggest weakness.

To address the weaknesses of RMC models, one may include additional constraints during RMC
simulation steps to improve the physical accuracy of the resulting model. These constraints can be
energetic,!3 geometric,!* or others, for example using three-body correlations,'> or distance
window constraints.'® Among these options for physical constraints, the use of classical molecular
dynamics (MD) is appealing because it is low-computational cost and can describe the energetics
of atomic interactions for longer-range and complex coordination environments. On its own, MD
provides structures that are physically accurate, however MD structures are not expected to
conform to a specific structure measured experimentally unless the experimental data is used to
guide the MD model. This has motivated researchers to include aspects of both MD and RMC
modeling to establish structural models from experimental diffraction data. In its simplest
implementation, MD simulations can be used to generate an input structure closely resembles the
XRD data, followed by RMC manipulation to improve the fit. This type of RMC and MD
approach yields more energetically favorable configurations than RMC alone, but thermodynamic
control of the system is limited to the initial structure, and the error between simulated and
measured structures is often higher.!”-18

Several more sophisticated implementations of combined stochastic/MD methods have been
developed to resolve material structures with higher accuracy.!%12.15:1921 Of these, two prominent
examples are the empirical potential structure refinement (EPSR) and RMC_POT methods.!0:12:19
The EPSR technique involves iterative Monte Carlo steps with adjustment of an interatomic pair
potential until the model agrees with experiment and has been particularly successfully in fluid
simulations.!%2223  Unfortunately, this requires ‘biasing’ of the physics to fit the experiment,
meaning the pair potential is not necessarily consistent with known physics, and the solutions are
not unique.'>?*  Similarly, the RMC POT method introduces potential energy factors as
constraints and has shown improvements in physical accuracy, providing lower system energies
compared to standard RMC simulations.'*> The RMC_POT algorithm is limited to small systems
(< 100 atoms) with simple Lennard-Jones type interactions, however, and thus has not been used
in a wide range of applications.??

In addition to EPSR and RMC POT, a select few studies have employed other techniques that
integrate aspects of MD and RMC in unique ways. One study employed a combination of ab initio
MD modeling and Monte Carlo (MC) modeling to generate a starting structure that was
subsequently refined using iterative steps of RMC and MC modeling.? While this iterative MD-
MC-RMC approach provided impressive results, the system dimensions were restricted due to the
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high computational cost of ab initio MD and MC steps, similar to the EPSR and RMC POT
methods described above. Another report introduced the force enhanced atomic refinement
(FEAR) algorithm, in which traditional weighting factors and rejection parameters employed in
stochastic modeling techniques are replaced with a force constraint based on electrostatic forces
between atoms.?> However, this study was restricted to 1536 atoms due to the high computational
cost of the force functions, and the software used in this study is not publicly available. Another
report applied statistical sampling of different MD quench temperatures to arrive at a starting
structure that most closely resembled their experimental data, and then employed hybrid RMC
with force constraints to optimize the starting structure determined from MD.?¢ Again, this study
was limited to a system size of ~600 atoms, and required many MD simulations to find a starting
structure that closely matched the experimental system. In general, prior reports combining MD
and RMC steps limit the number of atoms that can be used in a model system and employ
specialized software that is not readily available to the broader community.

In this work, we report on a new iterative approach combining RMC and molecular statics (MS)
relaxations using off-the-shelf open-source software packages, and demonstrate this iterative
approach for a system size of >20,000 atoms. Here we employ MS energy minimizations between
a set number of RMC translations. By periodically relaxing the structure, we effectively impose
an additional constraint throughout the simulation that can accommodate systems and potentials
of high complexity at low computational cost. The described combined RMC-MS technique
should thus simultaneously produce physical structures that correlate well with experimental
measurements with a wide range of application.

As a test material for benchmarking the RMC-MS approach, we employ zinc oxide (ZnO) grown
by atomic layer deposition (ALD). ALD has been studied for a wide range of applications
including photovoltaics,?’? catalysis,3%3! energy storage,3%33 and semiconductor devices,3* but
deriving the atomic assembly of ALD-grown materials is challenging because of their nanoscale
and disordered structures. Recent work from our group and others has established pair distribution
function (PDF) characterization and RMC modeling of ALD-grown materials to reveal new
physical insights into the atomic structure of these films.!!3338 However, as this work expands
and is used to guide subsequent studies,? it is critical to establish confidence in the physical
accuracy of these atomic structure models. In this context, we seek to examine (and improve) the
physical accuracy of atomic structures derived from RMC modeling. ALD-grown ZnO is
particularly well-suited for this study because bulk ALD ZnO exhibits long-range crystallinity with
a known structure, providing a valuable benchmark for atomic structure.*® Furthermore, the
implementation of in operando measurement of atomic structure during ALD growth reported
previously allows for the rapid generation of a large data set of ZnO diffraction data for analysis
and modeling.!!

3. Methods
3.1 In operando ALD/HE-XRD

High energy X-ray diffraction (HE-XRD) was performed in operando according to previously
established procedures.!! Briefly, a custom atomic layer deposition (ALD) reactor stage designed
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for powder HE-XRD was connected to a gas-handling system*! for delivery of ALD precursors.
The stage consisted of a polyimide capillary filled with hydroxyl-terminated CNT powder and
fixed within the X-ray beam path. The capillary was positioned within a small ALD reactor
chamber sealed with polyimide windows to facilitate transmission and allow for data acquisition
at diffraction angles up to 45°. HE-XRD measurements were done at 11-ID-C at APS using a
wavelength of 0.1173 A.

The stage chamber was kept at 150 °C and ~1 torr using nitrogen carrier gas during deposition and
diffraction measurement. ZnO was grown by sequential dosing of diethyl zinc (DEZ) and water*>-
44 separated by a nitrogen purge between each precursor using the following cycle timing: 10 s
DEZ dose, 120 s purge, 10 s water dose, 120 s purge. HE-XRD patterns were obtained by 72 repeat
measurements at 5 s exposure time after each reported ALD cycle, which were averaged before
analyzing. We caution that DEZ is pyrophoric and should be handled with care.

3.2 Pair Distribution Function
The pair distribution function G(7) is defined as

Z[Wijgij(r)] — 1] 1)

i,j

G(r) =4nrpg

where pj is the atomic number density, g;;(7) is the partial pair distribution for each i/ pair, and w;;
is weight factor related to the component mole fractions and X-ray scattering factors.”® G(r) can
be obtained from the Fourier transform of the structure factor S(Q), resulting in Eqn. 2,

2
6= [es@-1snende @

where S(Q) is determined from 2-D diffraction data and Q is the photon momentum.*’

2-D HE-XRD diffraction data was calibrated and integrated into 1-D diffraction scans using
GSASIIL#® Pair distribution functions (PDF’s) were generated from HE-XRD diffraction data after
every 5 ALD cycles using the pdfgetx3 package.’ The diffraction pattern of the uncoated CNT
substrate was used as a background. S(Q) was integrated from Q,,;,= 0.8 A1 to Opx = 22.2 A1,

3.3 RMC Modeling

RMC calculations were performed using the fullrmc package.*® Starting atomic coordinates were
generated using repeating units of hexagonal ZnO (HM space group P6;mc186) positioned in a
cube of 64.4 A edge length. Simulations were run for 10 million attempted structural perturbations,
i.e. perturbations that reduce the mean square error (MSE) between the experimental and model
PDF. For each ALD growth cycle, the starting simulations box contained 21,952 total atoms
(10,976 Zn and 10,976 O), however, 100 atom removal steps were implemented every 1 million
translations using the AtomsRemovesGenerator implemented in fullrmce, in which 100 Zn and/or
O atom eliminations were attempted, the PDF was updated, and the MSE recalculated. If the atom
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removal improved the MSE, the change was accepted, and translations continued as described.
Over 10 million attempted translation steps, a total of 1,000 atom removal steps were attempted,
which corresponds to 9% of each of the Zn and O atoms present in the starting structure. RMC
modeling requires setting a minimum approach distance (r) for each set of pairs in the box, which
are presented in Table 1. Additionally, the coordination number (CN) for Zn-O pairs was
constrained to a value between 3 and 5 (inclusive) for pairs separated by 1.5 to 2.5 A.

Table 1: Minimum Pair Distance

Constraints
Pair Zn-Zn 0-0 Zn-0
r (A) 2.5 1.2 1.7

3.4 Molecular Statics Simulations

Molecular Statics (MS) relaxations were done with LAMMPS software using a reactive
force field (ReaxFF) potential developed by Tainter et al.**>° Briefly, ReaxFF defines the covalent
interactions of the system in terms of a bond order BO’, which is a function of interatomic
separation r; and is separated into single (o), double (), and triple (z7) bond terms (Eqn. 3).4%5152

BO';= BO'Y+ BO'S+ BO'T"  (3)

The bond energy has the form of a Morse potential, with fitting parameters p; determined by DFT
calculations (Eqn. 4). Defining E,,,, solely as a function of the bond order allows bonds to form
or break during the simulation and ensures that all covalent terms disappear as 7;; increases beyond
the energy minimum.’!’ A more detailed explanation of ReaxFF potentials can be found in
references 43 and 45.31-33

Epona = — D2BOGexp|p:(1— (BOG)™)| - DZBOG — DFBOT"  (4)

Force minimization was accomplished via the conjugate gradient method at constant N and T.
Following adjustment of atomic coordinates, an external pressure was applied to the simulation
box, allowing the system to contract or expand during the relaxation before updating the energy.
Simulations were run sequentially in this fashion until the energy converged to a minimum
precision of 10 eV for the total system energy between successive calculations.

Post-simulation processing was done using Interactive Structural Analysis of Amorphous and
Crystalline Solids (ISAACS), Visual Molecular Dynamics (VMD), and Visualization for
Electronic and Structural Analysis (VESTA) software.*>¢ Bond distributions, CNs, and PDF’s
were calculated using ISAACS for all reported model structures. VESTA was used to generate
the atomic structure representations. LAMMPS, fullrmc, and the post-processing software all
require different data file formats (lammpstrj, pdb, and xyz, respectively). To accommodate the
various formatting requirements, scripts were written using the VMD module in python to convert
files to the necessary type before the corresponding analysis.
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4. Results and Discussion

A plot of G(r) vs. r gives the radial distribution of atom pairs separated by distance r relative to
the average total number of pairs in the system.!! Figure la, 1b, and lc show sample pair
distribution functions (PDFs) obtained from XRD overlayed with the simulated PDF’s for 5, 25,
and 45 ALD cycles, respectively. A peak in the PDF corresponds to a pair-density greater than
(positive) or less than (negative) the average pair-density at a given radius from the origin.®!!
Well-defined, periodic peaks in the PDF are thus indicative of repeating units in the structure and
are present at long range (» >5 A) order for 30 growth cycles and above. In Figure 1d, we plot a
heatmap representation of the PDF data for every ALD growth cycle from 1 ALD growth cycle up
to 50 ALD growth cycles. This corresponds to ZnO thicknesses of ~2 to ~100 A based on a steady-
state growth rate of ~2.0A/cycle for ZnO grown using DEZ and H,O at 150 °C.#**57 We observe
from this PDF data that the long-range order in ZnO increases with the number of ALD growth
cycles. We highlight this observation with a dashed grey line in Figure 1d. (Note that no periodic
peaks in the x-direction are evident to the bottom right of this grey line, and pronounced periodic
peaks are evident in the x-direction above this grey line.) The observation of long-range order at
a higher number of ALD growth cycles is consistent with previous reports for ALD growth of ZnO
showing the formation of crystalline ZnO with long-range order.*
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Figure 1: Sample total PDF for ZnO from HE-XRD data (black) and corresponding PDFs derived
from RMC simulations (red) following (a) 5, (b) 25, and (c) 45 ALD growth cycles. Panel (d)
shows the change in PDF peak intensity with the number of ALD cycles, where red indicates G(r)
> (0 and blue indicates G(r) <O.

RMC simulations produced structures with PDFs that agreed with the experimental PDFs within
an MSE of 4.5 for all sampled ALD growth cycles. The average molecular formula across all
simulations was Zng 990, indicating that the atom removal steps did not significantly affect the Zn
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to O atom ratio. While the RMC models produced the correct pair distribution function, the
predicted average bond length (Figure 2) is longer than the expected value of 1.8-2.0 A typical of
Zn0.#-3839 This discrepancy was observed for the full range of ALD growth cycles studied here
(1-50) and 1is especially pronounced < 25 ALD growth cycles. This could be explained by
interfacial effects. One might expect that at a low number of ALD cycles, surface/interface
chemistry dominates bond character, and the structure may differ from bulk ZnO. As the number
of growth cycles increases beyond 25, the average bond length approaches the ideal value of 2.0
A58 We observe a reverse trend for CN in Figure 2, where the CN deviates from the expected 4-
coordinate system of tetrahedral ZnO for longer growth times. These low values of CN are neither
consistent with known ZnO crystal structures nor with the expected coordination environment of
Zn from crystal field theory.’36%-61 We hypothesize that these seemingly incorrect CN values may
be due to non-physical artifacts arising from the rudimentary constraints employed during RMC
modeling (vide infra).}
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Figure 2: Average ZnO bond length and coordination number as predicted by RMC simulation
versus number of ALD ZnO growth cycles.

Because we expected that non-physical artifacts were driving the Zn-O CNs <4 as depicted in
Figure 2, we set out to remove non-physical artifacts using MS relaxation steps at various intervals
during RMC modeling. To evaluate whether these MS relaxation steps improved the outcome, we
compared RMC modeling of PDF data without MS relaxations against an alternating sequence of
RMC and MS relaxation (RMC-MS). Specifically, we introduced an MS energy minimization step
following each block of two million RMC translations until ten million total RMC translations
were achieved. We compared the resulting structural metrics against structures derived from ten
million total RMC translations in two million step intervals without MS relaxations. By
introducing MS relaxation steps, we expected to remove any non-physical local structure artifacts,
and arrive at a more physically realistic and accurate representation of the atomic structure of
ALD-grown ZnO. In Figure 3 we compare structural metrics derived from RMC and RMC-MS
modeling of diffraction data at 45 ALD ZnO growth cycles. We compare the MSE (Figure 3a),
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bond lengths (Figure 3b), CN (Figure 3c), and cohesive energy (E., Figure 3d), for these two
modeling approaches, following each of the five RMC cycles consisting of two million translation
steps. The cohesive energy E. is the difference in energy between an ideal gas of free atoms and
the solid state of the material.

® ®
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Figure 3: Comparison of structural metrics derived from RMC and RMC-MS with MS relaxation
every two million RMC iterations for 45 ALD growth cycles including (a) MSE between
experimental and simulated PDF, (b) average Zn-O bond length, (¢) average Zn-O CN, and (d)
cohesive energy per atom. All reported values were obtained immediately following the RMC
steps except for the “energy minimum”, which was obtained immediately following the MS step
and prior to subsequent RMC-MS.

The results presented in Figure 3 reveal several interesting outcomes. First, somewhat
surprisingly, relaxing the ZnO structure to its lowest energy state using MS relaxations between
RMC cycles does not substantially increase the MSE in Figure 3a, but in fact in this instance
reduces the MSE relative to RMC-only calculations for >3 RMC-MS loops. This suggests that the
use of RMC modeling alone may produce nonphysical local structure environments that become
trapped within the structure over the course of the RMC modeling and prevent improvement in the
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model structure overall. Incorporating MS allows the structure to break out of these non-physical
local atomic structure arrangements and access atomic structures that are more consistent with the
experimental data (lower MSE). Second, incorporating MS between RMC translation cycles
improves agreement of the calculated bond length (Figure 3b) and CN (Figure 3c) with reported
literature.’® Crystalline ZnO is expected to have a Zn-O first-coordination-sphere pair distance of
~2.0 A, and exhibit tetrahedral Zn-O coordination (CN=4).405 RMC-only modeling yields an
average Zn-O bond length of 2.07 A and an average Zn-O CN of 3.70. These values are 4% larger,
and 8% smaller than the maximum expected values, respectively. RMC-MS modeling yields an
average Zn-O bond length of 2.01 A and an average Zn-O CN of 4.03. These values within 0.5%
and 0.8% of the expected values, respectively. Lastly, and perhaps most interesting, is the
observation that including MS relaxations reduces the cohesive energy of the resulting model
structures as depicted in Figure 3d. After 3 RMC-MS loops, the cohesive energy is -4.50 eV/atom
vs. -4.13 eV/atom using RMC only, corresponding to 8% lower energy. Following 5 RMC-MS
loops, the cohesive energy is 0.56 eV/atom lower than the value obtained using the same number
of RMC translation steps without MS relaxation. This highlights that RMC-only modeling
introduces non-physical local structures that increase the overall energy of the system, and that
inserting MS relaxations into the RMC modeling process removes these non-physical local
structures and produces more energetically favorable and physically-relevant structures. It should
be emphasized that the choice of pair potential function is crucial to obtaining physically accurate
structures. For comparison, we implemented the scheme in Figure 3 using a Tersoff®? potential
(not shown) in place of the ReaxFF potential and obtained a final bond length of 2.08 A, a CN of
2.9, and E. of -2.5 eV/atom. In terms of these structural metrics, RMC-only modeling more closely
captures the expected structural metrics than the use of a simplistic (Tersoff) potential within the
iterative RMC-MS approach.

We note that if the RMC-MS iteration process ends on an MS step, the system relaxes into more
thermodynamically preferred state, but one that is not consistent with experimental observations.
The blue trace in Figure 3d reflects the results from ending in a MS step. Although this leads to a
0.46 eV/atom lower energy, the MSE for the structure ending on an MS step after five RMC-MS
loops is 24.5% -- a factor of ~6 larger than the MSE of 4.2% from ending on an RMC step. Because
of this, each RMC-MS simulation ends in an RMC step. We also note that the decrease in cohesive
energy using RMC-MS relative to RMC-only arises in part from changes in the total cell volume
during the MS relaxation, which is not implemented in the RMC modeling. However, this is not
the only factor driving a decrease in cohesive energy. In Figure 3d, the cohesive energy for the
first two RMC-MS loops is equivalent to the cohesive energy for the first two RMC-only loops. If
the volume change from MS relaxation alone significantly impacted the cohesive energy, the
cohesive energy with no volume change (RMC-only) would be expected to be substantially
different from the cohesive energy with a volume change (RMC-MS)—even on the first and
second modeling loops. Based on this, we expect that the difference in cohesive energy between
RMC and RMC-MS modeling arises because of non-physical local structure artifacts in the RMC
model structures, which are removed upon MS relaxation.

To confirm this understanding, we examine differences in local structure and local energy between
RMC and RMC-MS models. In Figure 4, we depict an example of the differences in local structure

9
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observed between RMC (Figure 4a) and RMC-MS (Figure 4b) modeling within a cube of 8 A side
length (from the origin) following the 5 modeling loops represented in Figure 3. These sample
structures are qualitatively different. The sample simulation volume from RMC-only modeling
(Figure 4a) includes over-coordinated Zn atoms (Figure 4a-1), clustering of O atoms (Figure 4a-
2), and under-coordinated O (Figure 4a-3). In contrast, the structure derived from RMC-MS
modeling (Figure 4b) depicts a structure that is closer to the expected crystal structure for ZnO,
with predominantly tetrahedrally coordinated Zn centers in repeating units with a relatively low
amount of disorder. We emphasize that the more ordered structure depicted in Figure 4b
corresponds to a lower MSE (Figure 3a), and has a (~1 eV/atom) lower cohesive energy for the
atoms shown than Figure 4a, indicating that this structure is both (a) more consistent with the
experimental PDF data and (b) more consistent with physical expectations. As such, it is a more
probable representation of the actual atomic structure in the physical sampled measured by HE-
XRD.

10
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Figure 4: A portion of the simulated ZnO atomic structure for 45 ALD growth cycles of ZnO.
Panel (a) shows the model generated by RMC; panel (b) shows the model using RMC-MS. Labels
1, 2, and 3 in panel (a) mark over-coordinated Zn, clustering of O atoms, and under-coordinated
O, respectively.

In Figure 5, we expand on the small region of local structure presented in Figure 4, and depict 3-
D representations showing high-energy atoms throughout the entire simulation volume for both
RMC (Figure 5a) and RMC-MS (Figure 5b) modeling approaches as well as ring size distributions
for each (Figure 5c-d). In Figure 5a-b, we isolate and depict only atoms having cohesive energy
values >-2 eV/atom and < 0 eV/atom, where the atom color represents the specific energy of each
of these high-energy atoms. We note that cohesive energies > 0 eV/atom were omitted for clarity
in this figure due to the small fraction of atoms having energy greater than this value (/~0.006 for
RMC and f=0.003 for RMC-MS). This allows us to visualize how prevalent high-energy local
structure regions are in the atomic models derived from each approach, and how these atoms are
distributed throughout the structure. We note that the RMC-MS relaxations allow for changes in
the total cell volume as well as atom removal and result in an extension of the dimensions of the
simulations box for this modeling. The number of atoms in the RMC structure with an energy >-
2 eV/atom is 8720, and the number of atoms in the RMC-MS structure with an energy >-2 eV/atom
is 6892. Dividing these numbers by the total number of atoms in each simulation, the fraction (f)
of atoms having an energy £ >-2 eV is 0.4 for the RMC model and 0.3 for the RMC-MS model.
This corresponds to a 33% increase in the number of high energy atoms using RMC-only modeling
relative to RMC-MS. These atoms with £ >-2 eV contribute 0.1 eV/atom of the overall ~0.6
eV/atom higher cohesive energy for the RMC structure. We also note that high energy atoms in
Figure 5a (RMC) appear to be randomly distributed throughout the simulation volume, whereas
high energy atoms in Figure 5Sb (RMC-MS) seem to appear as localized clusters. This clustering
of high-energy atoms is consistent with grain boundaries expected to form between nanocrystalline
domains in ZnO.*® The differences in high-energy atom fractions are reflected in the ring-size
distributions (Figure 5¢-d). Using Guttman’s ring definition,%* we expect ZnO grown by ALD to
be in the wurtzite phase and contain predominately 6-membered rings.5*° Indeed, we find that the
RMC-MS approach (Figure 5d) increases the fraction of 6-membered rings by 8% relative to RMC
(Figure 5c¢).

11
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Figure 5: Locations of high-energy atoms within the simulation domain for (a) RMC modeling
and (b) RMC-MS modeling and ring-size distributions for (¢) RMC modeling and (d) RMC-MS
modeling of ZnO at 45 ALD cycles.

From the above analysis, we conclude that the use of alternating RMC-MS modeling steps in
sequence provides substantial improvement in the physical accuracy of model structures without
decreasing the MSE of the fit to experimental data. As such, we expect that the atomic structures
derived from ZnO using RMC-MS modeling are more accurate representations of the actual atomic
structure of the experimental samples, and are more relevant for subsequent analysis to understand
material structure and properties. Based on the trends in the results presented in Figure 3, we
expect that at least three RMC-MS loops are necessary to provide such an improvement over
RMC-only modeling, with diminishing, but still significant, returns in model results up to five
RMC-MS loops. Based on this analysis, we remodeled a portion of the ZnO structures in Figure 2
from 5 to 45 ALD cycles in 10 ALD cycle increments using five RMC-MS loops—equivalent to
the modeling procedures described above for 45 ALD growth cycles. We depict the results of this
structural modeling in Figure 6.

12
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Figure 6: Comparison of the simulated structural properties with and without energy minimization
across multiple growth cycles. Panel (a) shows the MSE between the experimental and model
PDF, (b) and (c) show changes in average CN and bond length, respectively, and (d) gives the
cohesive energy difference by ALD cycle.

Comparing the RMC and RMC-MS modeling in Figure 6, we find that the RMC-MS provides
qualitatively similar results to RMC-only modeling but that RMC-MS results are more consistent
with physical expectations. In Figure 6a, the MSE is equivalent between RMC and RMC-MS
modeling for all numbers of ZnO ALD growth cycles, indicating that both RMC and RMC-MS
results are equally consistent with the experimental data. The qualitative trends in Zn-O bond
length (Figure 6b) and Zn-O CN (Figure 6¢c) are also consistent between RMC and RMC-MD
modeling. Figure 6b shows a decrease in Zn-O bond length and Figure 6¢ shows a decrease in
Zn-0O CN with an increasing number of ALD growth cycles, regardless of the modeling approach.
However, the exact values of Zn-O bond length and Zn-O CN are substantially different between
RMC and RMC-MS. On average across all ALD growth cycles, Zn-O bond lengths derived from
RMC modeling are 3.0(£0.5)% larger than Zn-O bond lengths derived from RMC-MS modeling.
Likewise, Zn-O CN values derived from RMC modeling are 7.4(+2.0)% smaller than Zn-O CN
values derived from RMC-MS modeling. These differences in local atomic structure metrics are
reflected in the total cohesive energy, where RMC-MS simulations produce structures which are
0.62(£0.04) eV/atom lower in energy than RMC-only structures. The lower cohesive energy using
combined RMC-MS indicates a more physically accurate structural model.
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Above, we discussed that RMC-only modeling yielded incorrect Zn-O CN values <4 for thick ZnO
films (>30 ALD ZnO growth cycles). Here, we find that RMC-MS produces Zn-O CN values more
in line with our expectations. As the number of ALD growth cycles increases, we would expect
the structure to be more consistent with bulk ZnO. Indeed, the value of Zn-O CN derived from
RMC-MS modeling is 4.05 at 35 ALD ZnO growth cycles and 4.03 at 45 ALD ZnO growth cycles,
consistent with literature value of 4.0 expected for bulk ZnO.%° This suggests that the RMC-MS
modeling accurately captures the bulk ZnO structure, and therefore gives us more confidence in
the atomic structure metrics derived from the RMC-MS models and allows us to interpret how the
atomic structure evolves during early-stage nucleation at a lower number of ALD cycles before a
bulk structure is established.

Examining the RMC-MS results versus the number of ALD ZnO growth cycles in Figure 6, we
can understand how the atomic structure of ZnO evolves with increasing ALD cycles. We expect
that the ZnO structure at the film-substrate and film-atmosphere interfaces will be different from
the bulk ZnO structure. At thinner ZnO film thicknesses, we expect the measured structural metrics
in Figure 6 to be representative of ZnO at the film-substrate and film-atmosphere interfaces. At
thicker ZnO film thicknesses (higher number of ALD cycles), we expect these interfaces to
contribute less, and that the structural metrics will reflect bulk ZnO. The evolution of the structural
metrics with an increasing number of ALD growth cycles can then be analyzed to elucidate the
structure present at the interfaces versus the bulk ZnO structure. In Figure 6b, we see that as the
number of ALD ZnO growth cycles increases, the Zn-O bond length decreases from 2.12 A at 5
ALD growth cycles to 2.01 A at 45 growth cycles. Likewise in Figure 6¢c, we see that as the
number of ALD ZnO growth cycles increases, the Zn-O CN decreases from 4.35 at 5 ALD growth
cycles to 4.03 at 45 ALD growth cycles. In Figure 7, we depict a schematic of the qualitative
interpretation of these trends. Here, the material structure comprises two phases of material which
evolve in fractional composition with increasing ALD growth cycles. Specifically, we suggest that
at the interfaces of ZnO with vacuum and/or CNT substrate surface, a ZnO phase exists that
contains over-coordinated Zn-O with longer Zn-O bond lengths relative to the bulk ZnO phase.
During early-stage nucleation, the structural features of the interfacial phase contribute a larger
amount to the ensemble average structure measurements by HE-XRD. As the number of ALD
growth cycles increases, the bulk ZnO phase contributes a larger fraction to the ensemble average
structure measurement by HE-XRD, driving the Zn-O bond length to the bulk value of 2.0 A and
the CN to the bulk value of 4.0. This general two-phase interpretation of ALD growth behavior is
consistent with our prior observations on ALD growth of AlO, using trimethylaluminum and water
and suggests that such two-phase behavior may be a more widespread general phenomenon during
ALD growth.!!
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Figure 7: Schematic depiction of the evolution in local structural metrics of ZnO with increasing
ALD growth cycles.

We emphasize that the iterative RMC-MS modeling improved the accuracy of the structural
metrics derived from experimental pair distribution function data and allowed us to correctly
interpret the evolution of ZnO atomic structure during ALD growth. Although RMC-only
modeling produced the same general trends in the structural metrics with increasing number of
ALD growth cycles, we were at an impasse as to the physical interpretation of this data because
bulk values of CN from RMC modeling were significantly lower than the expected value. Without
the use of RMC-MS, we may have concluded, for example, that bulk oxygen vacancies were
present in significant concentration to yield under-coordinated Zn-O centers. However, this
interpretation is not supported by physical understanding. Oxygen vacancy formation energies are
predicted to be > 3.8 eV/atom in ZnO, and are also found to increase in formation energy with
increasing crystallite size.%®% In this sense, our present study suggests that quantitative
interpretation of RMC-only modeling results (that do not employ careful physical constraints) may
result in erroneous physical interpretation of material structures.

We note that due to the lack of features in the PDF beyond ~5 A for a low number of ALD cycles,
a greater number of configurations are expected to satisfy the model constraints. Based on this, we
considered that five RMC-MD iterations may not be sufficient to reduce the structure to its most
reasonable state for a small number of ALD growth cycles. To examine this, we examined the
change in cohesive energy versus the number of RMC-MS looped iterations for 5, 15, and 25 ALD
ZnO growth cycles, as depicted in Figure 8. This data indicates that the cohesive energy converges
to < 0.1 eV/atom within five RMC-MS loops, just as we observed for 45 ALD growth cycles
presented above. This suggests that five RMC-MS loops are sufficient to provide substantial
improvement in the atomic structure models for each condition, and supports the above two-phase
interpretation of the evolution of the ZnO atomic structure depicted in Figure 7.
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Figure 8: Cohesive energy per 2 million RMC translations for 5, 15, and 25 ALD cycles during
alternating RMC-MS modeling.

Finally, we note that the iterative RMC-MS method we report here employs a total of 107 RMC
steps with an additional ~500 MS calculations to achieve the reported convergence criteria and
structural metrics. Our simple approach dramatically improves the physical accuracy of the
modeled structures over RMC-only modeling with minimal additional computational cost. By
incorporating a sophisticated pair potential in MS steps, we capture the benefits of using energy
constraints while avoiding both the computational burden of hybrid RMC-MD techniques and non-
physical structural metrics introduced by using an inadequate (e.g., Tersoff) potential function.
Similarly, by using MS instead of MD minimization, we remove all dynamic variables
(temperature, velocities, quenching rates, etc.) from the simulation and further simplify the
modeling process.

5. Conclusions

The inclusion of MS relaxations in RMC modeling in iterative RMC-MS steps was found to
enhance the physical accuracy of model structures. By periodically imposing MS conditions after
a number of RMC steps, we find that the cohesive energy of model structures of ALD-grown ZnO
are reduced by 0.62 eV relative to RMC-only model structures, while maintaining equivalent
agreement with experimentally determined pair distribution function data. This approach
maximizes the aforementioned benefits of RMC and MS without sacrificing physical accuracy or
significantly increasing computational expense, and provides more accurate atomic structure
models from diffraction data.

Although further work is needed to explore the wide range of possible implementations combining
iterative RMC and MS steps, the initial study presented in this work suggests implementation of
an MS energy minimization every two million RMC perturbations for a minimum of three
complete iterations. This procedure provided sufficient atom translations to match the simulated
PDF to the experimental PDF without significantly distorting the model structure. Likewise, our
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initial studies indicate that three iterations of RMC and MS loops produces a significant
improvement in cohesive energy, while five or more iterations are necessary for the model
structure to converge to less than 0.1 eV/atom with respect to cohesive energy.

Using combined RMC-MS modeling, we analyze in operando evolution of ZnO atomic structure
during ALD growth using synchrotron HE-XRD. We reveal a general two-phase growth behavior
consistent with observations for ALD growth of Al,O3 using trimethylaluminum and water.!! The
iterative RMC-MS method established in this work is easily applicable to the expanding field of
ALD research and can provide valuable information on topics such as growth behavior, crystal
structure, surface interactions, and material stability.®%7!
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Footnote

Electronic supporting information (ESI) is available: full atomic structure models of ALD-grown
ZnO as a function of growth cycles are provided for 5, 15, 25, 35, and 45 ALD cycles in xyz file
format.
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