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ABSTRACT: Atomic layer deposition (ALD) is a well-established
technique for depositing nanoscale coatings with pristine control of
film thickness and composition. The trimethylaluminum (TMA)
and water (H2O) ALD chemistry is inarguably the most widely
used and yet to date, we have little information about the atomic-
scale structure of the amorphous aluminum oxide (AlOx) formed
by this chemistry. This lack of understanding hinders our ability to
establish process−structure−property relationships and ultimately
limits technological advancements employing AlOx made via ALD.
In this work, we employ synchrotron high-energy X-ray diffraction
(HE-XRD) coupled with pair distribution function (PDF) analysis
to characterize the atomic structure of amorphous AlOx ALD
coatings. We combine ex situ and in operando HE-XRD measurements on ALD AlOx and fit these experimental data using stochastic
structural modeling to reveal variations in the Al−O bond length, Al and O coordination environment, and extent of Al vacancies as
a function of growth conditions. In particular, the local atomic structure of ALD AlOx is found to change with the substrate and
number of ALD cycles. The observed trends are consistent with the formation of bulk Al2O3 surrounded by an O-rich surface layer.
We deconvolute these data to reveal atomic-scale structural information for both the bulk and surface phases. Overall, this work
demonstrates the usefulness of HE-XRD and PDF analysis in improving our understanding of the structure of amorphous ALD thin
films and provides a pathway to evaluate how process changes impact the structure and properties of ALD films.
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1. INTRODUCTION

The ability to grow conformal films with atomic-scale control
of thickness and composition makes atomic layer deposition
(ALD) an attractive means of protecting and/or chemically
functionalizing surfaces for catalysis,1,2 energy storage,3,4

photoelectrochemistry,5,6 quantum computing devices,7 and
other applications. ALD is also scalable, with uniform thin-film
coatings on particles achievable at >3 ton/day scale8 and
routine use of ALD in semiconductor device manufacturing.7

However, the performance of ALD coatings in areas of
emerging research interest frequently falls short of expect-
ations. This difficulty in expanding ALD into new research
spaces is arguably because of the lack of detailed understanding
of the atomic structure that governs the chemical and physical
properties of ALD films. Single-crystal materials are rarely
achievable by ALD.9 More often, ALD films form amorphous,
polycrystalline, or defective structures. ALD process conditions
such as precursor selection(s), precursor exposure(s), and
reactor temperature are known to affect the growth mechanism
and properties of resulting films.10−15 The substrate also
impacts the properties of ALD films.16−18 To date, the ALD

community has been unable to connect atomic structural
changes in ALD films with the performance of the resulting
material, largely because of an inability to determine the
atomic structure of the ALD films. As a result, it is often the
case that only select “champion” examples of ALD-grown
materials exhibit desired properties. To improve the perform-
ance of ALD films for the applications mentioned above, we
need to close the loop on the process−structure−property
relationships for ALD growth by establishing techniques to
characterize the atomic structure of amorphous, polycrystal-
line, and defective ALD structures.
Amorphous aluminum oxide (AlOx) grown using trimethy-

laluminum (TMA) and water (H2O) is the most ubiquitous
ALD chemistry13 with >1000 papers reported in Google
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Scholar each year employing this chemistry, as identified using
the search query phrase “(“ALD” or “atomic layer deposition”),
(“trimethylaluminum” or “TMA”), and (“water” or “H2O”)”.
Although the surface chemistry,13,14 composition,14,19 and
microstructure20,21 of ALD AlOx have been evaluated in prior
work, little data on the atomic-scale structural features of ALD
AlOx are available beyond traditional amorphous versus
polycrystalline classification.11,22−24 Although the atomic-
scale structure of AlOx has been studied for bulk25,26 and
micron-scale films27 deposited by other techniques, these
studies do not necessarily reflect the structure of ALD films.
One of the main advantages of ALD is the ability to selectively
modify the surface properties of a material, and as such, target
ALD aluminum oxide thicknesses are commonly <10 nm. At
these ultrathin film thicknesses, one reasonably expects that the
atomic structure of ALD aluminum oxide differs from thicker
film or bulk aluminum oxide. Furthermore, ALD is known to
enable access to metastable phases,28 and specific ALD process
conditions may drive differences in the atomic structure over
other deposition processes. Although solid-state nuclear
magnetic resonance (NMR) has been used to characterize
the atomic structure of bulk amorphous aluminum oxide25−27

and to study ALD films on high surface area powder
substrates,29−31 a number of factors limit the insights it can
provide. For example, NMR is limited in the elements which
can be probed (i.e., only NMR active elements), in the
substrates which can be employed (e.g., nonmagnetic), and in

the sample quantity and geometry (e.g., milligram quantities
confined in an NMR tube within a high-field magnet). In
particular, NMR is infeasible to perform in operando during
ALD deposition, as we report here. We also note that electron
energy loss spectroscopy has been performed on ALD-grown
aluminum oxide,32 but electron beam damage during these
measurements33 limits the relevance of these results.
Here, we employ synchrotron high-energy X-ray diffraction

(HE-XRD) coupled with pair distribution function (PDF)
analysis to characterize the atomic structure of amorphous
aluminum oxide. HE-XRD and PDF analysis is fit-for-purpose
to provide atomic-scale structural information in ALD
aluminum oxide. PDF analysis provides access to the atomic-
scale structural features with sub-Angstrom resolution across
large atomic-pair distances (>∼40 Å),34 yielding structural
insights such as bond lengths and coordination numbers
(CNs). PDFs are generated from HE-XRD patterns through
the Fourier transform of both diffuse and Bragg components of
the scattering data. The resulting PDFs provide structural
information for all elements present in terms of atomic pairs
irrespective of the presence of long-range order, allowing for
atomic structure determination of amorphous34−38 and
nanoscale materials.35,37,39 Prior work from our group and
others has employed PDF analysis to probe the atomic
structures of thin films of high-Z materials and/or materials
which exhibit long-range order such as W, MoS2, ZrO2, Ta2O5
and HfO2.

40−43 In the present work, we demonstrate the use of

Figure 1. Transmission electron microscopy images for (a) 100 ALD cycles of TMA/H2O and (b) 50 nucleation cycles of NO2/TMA followed by
50 ALD cycles of TMA/H2O deposited at 180 °C on nonfunctionalized CNTs (adapted with permission from ref 44) along with PDFs derived
from HE-XRD measurements of (c) 100 ALD cycles of TMA/H2O showing no long-range order, and (d) local structure comparison against 50
nucleation cycles of NO2/TMA followed by 50 ALD cycles of TMA/H2O with a narrower x-axis range vs (c) to improve visibility of peaks.
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synchrotron HE-XRD coupled with PDF analysis to character-
ize the atomic structure of low-Z and amorphous aluminum
oxide both ex situ and in operando during ALD growth. The
procedures and insights we report provide a platform to
establish process−structure−property relationships for ALD
aluminum oxide and ultimately enable rational control of
matter at the nanoscale to enable advanced technologies.

2. RESULTS AND DISCUSSION

In Figure 1, we depict TEM micrographs and the
corresponding PDF data from ex situ HE-XRD measurements
for carbon nanotube (CNT) samples coated with ALD AlOx at
180 °C. Figure 1a shows 100 ALD cycles of TMA/H2O grown
on CNTs with no nucleation layer, while Figure 1b depicts 40
ALD cycles of TMA/H2O grown on CNTs with 50 cycles of
NO2/TMA nucleation pretreatment, as described in previous
work.44 Without a nucleation pretreatment (Figure 1a), the
TMA/H2O nucleates on defects in the CNT, producing beads
of AlOx on the order of 20 nm in diameter distributed along
the CNT surface. With the NO2/TMA nucleation pretreat-
ment (Figure 1b), a uniform thin film of AlOx is deposited on
the CNT surface.44,45 One may expect that the differences in
nucleation between these two samples may lead to differences
in the local atomic structure of the AlOx and therefore impact
the properties of the film.
In order to probe the local structure of the amorphous AlOx,

we employ HE-XRD and PDF analysis. In Figure 1c, we
present the PDF of 100 ALD cycles of TMA/H2O grown on
CNTs with no nucleation layer (100cTMA/H2O), as depicted
in Figure 1a. The PDF, G(r), is defined as

∫π

π ρ ρ

= [ − ]

= [ − ]

G r Q S Q Qr Q

r r

( )
2

( ) 1 sin( )d

4 ( )

Q

Q

0

min

max

where r is the atomic pair distance, ρ0 is the average pair
density in the material, ρ(r) is the pair density at a pair
distance of r, Q = 4π sin θ/λ is momentum transfer, and S(Q)
is the structure function which can be determined from 2D
HE-XRD scattering data. Qmin and Qmax correspond to the
experimental Q range over which the scattering data are
integrated. In a plot of G(r) vs r, a peak in G(r) corresponds to
a density of pairs at that pair distance which is greater than the
average pair density. For example, the peak in Figure 1c at a
pair distance of ∼1.8 Å corresponds to Al−O bonds, whereas
the two peaks at around ∼3 Å correspond to Al···Al and O···O
atomic pairs. We do not observe peaks in G(r) for r > 5 Å,
suggesting that the ALD-grown AlOx is amorphous, in line
with established descriptions of ALD-grown aluminum
oxide.11,22−24 In Figure 1d, we compare the PDFs for the
100cTMA/H2O sample and a sample with 50 NO2/TMA
nucleation cycles followed by 50 ALD cycles of TMA/H2O
(50cNO2/TMA-50cTMA/H2O). In Figure 1d, we observe
distinct differences in the PDFs for the materials grown with
and without nucleation pretreatment. This finding indicates
that there are differences in the atomic-scale structure between
two AlOx materials that would traditionally be classified as just
amorphous. The larger area under the peaks at pair distances of
∼1.8 and ∼3.2 Å for the 100cTMA/H2O sample suggest more
highly coordinated Al metal centers and AlOx clusters,
respectively, when no nucleation layer is present. We also

Figure 2. Reference ideal crystal structures of (a) θ-Al2O3 and (b) α-Al(OH)3 used for qualitative evaluation of PDF data along with the (c) an
example of a stochastic structural model, all of which were used to interpret variations in PDF data from 75cTMA/H2O, 100cTMA/H2O, and
150cTMA/H2O ALD films, especially in the (d) Al−O bonding distance region and (e) Al···Al and O···O coordination pair distance region.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c01905
ACS Appl. Mater. Interfaces 2020, 12, 22804−22814

22806

https://pubs.acs.org/doi/10.1021/acsami.0c01905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01905?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01905?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c01905?ref=pdf


observe that the Al−O peak center is at r = 1.818 Å for the
100cTMA/H2O sample and at r = 1.829 for the 50cNO2/
TMA-50cTMA/H2O condition. This indicates that the Al−O
bonds in the 50cNO2/TMA-50cTMA/H2O sample are longer
on average than the Al−O bonds in the 100cTMA/H2O
sample. The differences between the PDFs for the two samples
in Figure 1d led us to hypothesize that the size of AlOx
domains may drive local structural differences in the
amorphous aluminum oxide.
To evaluate this, we performed HE-XRD and PDF analysis

to measure the atomic structure of AlOx at varying numbers of
TMA/H2O deposition cycles without a NO2/TMA nucleation
layer. In Figure 2, we compare select regions of the
experimental PDF data for 75, 100, and 150 TMA/H2O
ALD deposition cycles performed at 180 °C with no
nucleation layer (corresponding to Figure 1a). We emphasize
that the traces in Figure 2 are average curves calculated from
multiple HE-XRD measurements and that the differences
between traces in Figure 2 are statistically significant and
represent substantial structural differences. For example, over
the region of the pair distance from 1.8 to 1.9 Å (Figure 2a),
we observe an average difference between the G(r) traces for
75cTMA/H2O and 150cTMA/H2O of 0.031 Å−2, which is
more than an order of magnitude larger than the average
standard deviation of each trace over this region (0.004 Å−2 for
the 150cTMA/H2O sample and 0.0009 Å−2 for the 75cTMA/
H2O sample). In order to interpret the differences in G(r) we
observe with varying numbers of TMA/H2O ALD cycles, we
first referenced these PDFs against pair distances found in ideal
unit cell structures of θ-Al2O3 (Figure 2a) and α-Al(OH)3
(Figure 2b).46,47 These ideal crystal structures, among other
potential phases,48,49 are expected to represent local regions of
the atomic structure present in the aluminum oxide deposited
by ALD. We note that no individual crystalline phase is
expected to capture the ensemble structure of amorphous ALD
aluminum oxide but that a representative structure capturing
the diversity of chemical environments in ALD-derived AlOx
can be obtained using stochastic modeling. Figure 2c is an
example stochastic structural model of ALD AlOx, which was
fit against the experimental data for the PDF for 100 cycles of
TMA/H2O grown on nonfunctionalized CNTs. This structural
model will be discussed in more detail below. Figure 2d,e
highlights PDF regions corresponding to the Al−O (1.6−2.2
Å) and Al···Al/O···O (2.5−4.0 Å) pair distances, respectively.
In Figure 2d,e, we also include vertical lines at ideal pair
distances present in the two reference crystal structures
depicted in Figure 2a,b. We see that these two reference
crystal structures exhibit pair distances consistent with our
experimental data for ALD-grown AlOx. We note that we also
considered the thermodynamic ground-state corundum-type
α-Al2O3 structure, but the atomic pair distances for Al···Al
pairs within the α-Al2O3 structure are at 2.68 and 3.88 Å.50

Because we do not observe peaks in the experimental PDF for

ALD AlOx in this region, we omitted reference pair distances
for the α-Al2O3 structure in Figure 2.
Comparing the experimental PDFs for varying numbers of

ALD cycles against the ideal reference structures, we are able
to reveal insights into how the atomic structure develops
during ALD growth. In Figure 2c, we identify that the
experimental Al−O pairs present in the ALD-grown sample
span a range of pair distances representative of both θ-Al2O3
and α-Al(OH)3, where the peak center for the Al−O bonds in
the experimental G(r) trace falls between the values expected
for tetrahedral and octahedral aluminum metal centers in these
aluminum oxide/hydroxide structures. Based on this observa-
tion, we expect a combination of both tetrahedral and
octahedral aluminum centers in our experimental sample. We
also observe that as the film thickness increases from 75 ALD
cycles (∼8 nm) to 150 ALD cycles (∼18 nm), we observe an
increase in G(r) for the Al−O peak over the range from 1.8 to
2.0 Å. In the ideal crystal structure of θ-Al2O3, tetrahedral Al−
O bonds occur at 1.70 and 1.79 Å, while octahedral Al−O
bonds occur at 1.99 and 2.10 Å, resulting in an average Al−O
bond length of 1.87 Å.46 In the α-Al(OH)3 crystal structure, a
range of octahedral Al−O bonds occur between 1.84 and 1.95
Å with an average Al−O bond distance of 1.90 Å.47 Based on
these values, the increase in G(r) at longer Al−O pair distances
with increasing thickness suggests that more octahedral Al
metal centers are present in the ALD AlOx film as the film
thickness increases. Similarly, in Figure 2e, we plot G(r) over a
range of pair distances from 2.5 to 4 Å, corresponding to the
Al···Al and O···O coordination spheres. We note that the
increase in G(r) at r = 2.9 Å for larger numbers of ALD
aluminum oxide cycles, as shown in Figure 2e, is in line with an
increase in octahedral aluminum metal centers.
Although this method of comparison against peak locations

in ideal crystal structures is useful, it provides only qualitative
insights and has some limitations. For example, we note that
the peaks in G(r) observed between 2.6 and 3.6 Å, as shown in
Figure 2e, are the superposition of multiple Al···Al and O···O
features. The analysis mentioned above suggests that an
increase in G(r) over the range of pair distances from 2.8 to 3.0
Å indicates a higher density of octahedral aluminum metal
centers. However, Al−O octahedra are present in both the θ-
Al2O3 and α-Al(OH)3 structures, and this peak could also
reasonably arise from higher O···O coordination not observed
in either of these structures. The distinction in how to interpret
the increase in the feature over the range of pair distances from
2.8 to 3.0 within the larger amorphous structural framework is
lost using this simple analysis of peak height and location. We
expand upon this qualitative interpretation and extract
quantitative comparisons in the atomic structure of the ALD-
grown films by employing stochastic structural modeling. Here,
the positions of atoms within a model structure simulation box
are allowed to vary until the computed PDF from the model
structure matches the experimentally measured PDF. Modeling

Table 1. Atomic Structure Metrics for Amorphous ALD Aluminum Oxide Deposited by 75cTMA/H2O, 100cTMA/H2O, and
150cTMA/H2O as Derived from Statistical Analysis of Stochastic Structure Models of Experimental PDFs, along with
Expected Metrics for Surface −(R−O)x−Al−(OH)y Groups and Ideal θ-Al2O3 and α-Al(OH)3 Phases

75cTMA/H2O 100cTMA/H2O 150cTMA/H2O (−R−)−Al−(OH)y θ-Al2O3 α-Al(OH)3

O/Al 1.662 1.658 1.620 3 1.5 3.0
Al−O (Å) 1.819 1.819 1.820 − 1.87 1.90
Al−O CN 4.58 4.62 4.67 3 5 6
O−Al CN 2.76 2.79 2.88 1−2 3.5 2
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the data in this way requires the model to be consistent with
the experimental data across the whole modeling volume. This
process results in stochastic structures representing an
ensemble average atomic structure of the material, such as
the atomic structure depicted in Figure 2c. We can then
evaluate the distribution of local atomic structures within the
fitted stochastic structure using statistical analysis to provide
quantitative comparisons between the local atomic structure of
these ALD films. We note that hydrogen was omitted from the
structural models because the X-ray scattering cross section is
sufficiently small for hydrogen that the contribution to the HE-
XRD pattern is negligible. Future work employing neutron
scattering may help reveal the structural contributions of
hydrogen.
Reported in Table 1 are values of the oxygen to aluminum

stoichiometric ratio (O/Al), average Al−O bond lengths, and
CNs derived from statistical analysis of stochastic structures for
the three samples measured in Figure 2. We note that the
ability to predict the stoichiometric ratio by PDF analysis is
enabled by a custom feature within fullrmc which was
developed specifically for this work, allowing for atom removal
as a structural perturbation step. The ability to change the
overall stoichiometric composition in this way enabled
prediction of ensemble average stoichiometries reported here.
When interpreting the metrics reported in Table 1, it is helpful
to consider the expected metrics during initial nucleation of
TMA/H2O reactions at the surface of the CNT (and at the
outer terminus of the aluminum oxide domain). At this outer
surface, we expect the formation of isolated surface −R−O−
Al−(OH)2 and (−R−O)2−Al(OH) groups, as depicted in
Figure 3a, where R indicates a site on the surface of the CNT

(or the outer aluminum oxide boundary). The bond lengths of
these surface groups are unknown, but within these groups, the
O/Al ratio is expected to be 3, the Al−O CN is expected to be
3, and the O−Al CN is expected to be 1−2in line with the
schematic depiction in Figure 3a. We have included these
values for reference in Table 1 along with average values of
metrics for the ideal structures of θ-Al2O3 and α-Al(OH)3.

46,47

In Table 1, the O/Al value decreases from 1.662 for 75cTMA/
H2O to 1.620 for 150cTMA/H2O, corresponding to Al1.80O3
and Al1.85O3, respectively. These values are close to the Al2O3
stoichiometry, but are 7−10% deficient in Al relative to Al2O3.
This modeled Al deficiency in all of these ALD AlOx samples

may arise either from undercoordinated surface Al species or
bulk Al vacancies in the AlOx.
To distinguish between these two possible sources of Al

deficiency, we examine these data in light of prior reports on
ALD AlOx. If bulk Al vacancies are present in the ALD AlOx
structure, we would expect a stoichiometric number of protons
to be present in the aluminum oxide to maintain the overall
charge balance. However, from previous work, a proton
concentration of only about 5% is present in ALD aluminum
oxide grown at 180 °C,14 about half of the amount needed to
account for the stoichiometry observed here. Conversely, prior
reports have observed an O-rich layer at the interfaces of ALD
AlOx,

14,19 consistent with undercoordinated surface Al. We
therefore suggest that the excess oxygen we observe may arise
because of the nanoscale dimensions of the aluminum oxide
where an O-rich layer of constant thickness, δ, exists at the
boundaries of the ALD aluminum oxide and surrounds a near-
stoichiometric Al2O3 core, as depicted in Figure 3. We expect
that these O-rich regions would exist both at the boundary of
the CNT interface oxide where ALD growth nucleates and at
the exterior boundary surface of the ALD aluminum oxide. We
note that such an O-rich outer layer would be expected to
produce a negative surface charge for ALD AlOx, in line with
prior observations.51 Within this proposed O-rich surface layer
model, we expect that as growth proceeds, either from
nucleation on point defects (Figure 3b) or uniform nucleation
and growth over a surface (Figure 3c), the surface area to
volume ratio of the aluminum oxide domains will decrease,
leading to a decrease in the fraction of O-rich AlOx and
producing a stoichiometric shift from high oxygen content for
early cycle numbers to lower oxygen content for increased
cycle numbers. This behavior is consistent with the trend in
O/Al vs the number of growth cycles we observe in Table 1,
where the value of the O/Al ratio decreases with an increasing
number of ALD cycles.
The trends in CN values reported in Table 1 further support

our proposed model of an oxygen-rich boundary layer on the
ALD aluminum oxide. We observe that the Al−O CN
increases from a value of 4.58 at 75cTMA/H2O up to a
value of 4.67 at 150cTMA/H2O. All of the Al−O values for
ALD grown AlOx in Table 1 are lower than the theoretical
values for θ-Al2O3 and α-Al(OH)3. The θ-Al2O3 structure has a
1:1 blend of Al−O tetrahedra (CN of 4) and Al−O octahedra
(CN of 6) to yield an average Al−O CN of 5, while α-
Al(OH)3 contains only Al−O octahedra and has a theoretical
CN of 6. Based on the O-rich surface model depicted in Figure
3a, we expect surface Al to have a CN as low as 3. For fewer
ALD cycles, a larger fraction of the material will be in the
surface boundary layer, driving smaller Al−O CNs for fewer
ALD cycles, as we observe here. Likewise, in the O-rich surface
layer, we expected an O−Al CN of 1−2, versus a value of 3.5
for bulk θ-Al2O3, such that fewer ALD cycles will yield smaller
O−Al CNs. Indeed, we observe that the O−Al CN also
increases from a value of 2.76 for 75cTMA/H2O up to a value
of 2.88 for 150cTMA/H2O, in line with expectations for the
model in Figure 3.
To evaluate how well the simple model depicted in Figure

3b captures the experimental data in Table 1, we calculate
predicted values of the metrics in Table 1 based on this core−
shell model with some simple assumptions. For this analysis,
we assume spherical nanoparticle domains of aluminum oxide,
where the particle diameter increases with increasing film
thickness, and the O-rich region is a spherical shell of constant

Figure 3. Schematic model depiction used to explain variation in
atomic structure with the number of ALD cycles consisting of (a) an
O-rich interfacial boundary layer, which surrounds near-stoichio-
metric bulk Al2O3 in both (b) nanoparticle growth and (c) thin-film
growth by ALD.
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thickness, δ. We assume that the O-rich region is limited to
one monolayer and we assume a value of δ = 3 Å based on the
expected thickness for a monolayer of θ-Al2O3. In the O-rich
shell region, we assume that the O/Al ratio is 3 and the Al−O
CN is 3. For the bulk Al2O3 on the interior of the spherical
particle, we assume that the O/Al ratio is 1.5, the Al−O CN is
5, and the O−Al CN is 3.5, corresponding to bulk θ-Al2O3. For
a particle with a radius of 15 nm (consistent with TEM
observations for 100cTMA/H2O in Figure 1a), we calculate
average values of O/Al = 1.588, Al−O CN 4.88, and O−Al CN
= 3.35 using this model. These values are close (4% lower, 6%
higher, and 20% higher, respectively) to the values of O/Al =
1.658, Al−O CN = 4.62, and O−Al CN = 2.79 reported in
Table 1 for 100cTMA/H2O. The modeled values for O/Al and
Al−O agree closely with measured values, and as we adjust the
particle diameter in the model, the trends we observe are in
general agreement with our experimental values, supporting
our interpretation of the data in Table 1. By allowing the values
for the thickness of the O-rich layer, CNs in bulk Al2O3, and
particle radii of the AlOx particles for the 75cTMA/H2O and
150cTMA/H2O to vary and performing an optimization to
minimize the model error across all three growth samples, we
arrive at predicted values of δ = 5.4 Å, Al−O CN = 4.80, and
O−Al CN = 3.00 within the bulk aluminum oxide and average
particle radii of 14 and 21 nm for the 75cAl2O3 and 150cAl2O3
coatings, respectively. These values result in <1% error for all
of the metrics reported in Table 1 and further support the
interpretation that the variation in structural metrics arises
from multiphase behavior.
Although the samples described above provide some initial

insights into the structure of ALD AlOx at varying domain
sizes, the interpretation cannot provide insights into the
structural evolution of the film during growth. Understanding
how the structure of the ALD films evolves during deposition,
especially at early cycle numbers, is expected to provide
insights into the process−structure−property relationships of
ALD films which are inaccessible using ex situ measurements.
To accomplish this, we performed in operando HE-XRD
coupled to PDF analysis using a modular and mobile ALD
reactor reported previously.52 A new reactor chamber was
specially constructed to allow for HE-XRD measurements
during ALD growth on a powder sample within a polyimide
capillary, as depicted in Figure 4. The reactor body is depicted
in Figure 4a. In Figure 4b is a schematic depicting the cross
section of a polyimide capillary filled with CNTs and the X-ray
path. We note that for these experiments, we employed
hydroxyl-terminated CNTs to allow for facile nucleation and
uniform layers without the need for a NO2/TMA nucleation
layer used in the samples in Figure 1 mentioned above. The
assembled reactor with polyimide windows in place is depicted
in Figure 4c. An overall view of the HE-XRD reactor is
depicted in Figure 4d with the locations of the entering X-ray
beam, gas inlet and outlet, 2D area detector, and capillary
indicated. The gas inlet and outlet are connected via flexible
hoses to the mobile reactor reported previously.52

Using this reactor, we performed HE-XRD after each TMA/
H2O ALD cycle up to 50 ALD cycles. Shown in Figure 5 are
experimental PDFs derived from HE-XRD patterns acquired in
operando during ALD growth. In Figure 5a are PDFs for every
five ALD cycles up to 50 cycles, and in Figure 5b is a heat map
plot showing PDF data for every ALD cycle from 5 up to 50.
We note that during the first three ALD cycles, we visually
observed that the CNT powder underwent significant bulk

motion before settling by the third ALD cycle. We expect that
this motion may arise from the increase in temperature and
pressure upon reaction of TMA with the CNTs to form
methane. As the mass of the CNTs increased with the ALD
coating, the motion of the particles during the reaction
diminishes. Because of this motion, we used the fourth ALD
cycle as the background reference for evaluating the PDFs
from the HE-XRD data. Consistent with the data reported
above in Figure 1, we observe no long-range order in the ALD
AlOx from in operando measurements in Figure 5for all ALD
cycle numbers, we observe no peaks beyond a pair distance of
about 5 Å. We also observe that in Figure 5a, the peak heights
(and therefore the local atomic structure) change with the
number of ALD cycles. For example, we see that after five ALD
cycles there is a small peak at 1.8 Å, which increases with the
cycle number up to 50 cycles. We note that the features at ∼3
Å in Figure 5a are qualitatively different from the data reported
in Figures 1 and 2 mentioned above. This may arise because
the substrate surface is different here (hydroxyl-terminated
CNTs vs bare CNTs in Figure 1), because the number of ALD
cycles is different (≥75 ALD cycles in Figures 1 and 2 vs ≤ 50
cycles in Figure 5), or because of differences in sample age/
storage conditions. The data in Figure 5 are collected in
operando without breaking vacuum, whereas the data in Figure
1 are collected ex situ after the samples had been exposed to
long-term atmospheric conditions.
The ability to perform HE-XRD after each precursor

exposure allows us to analyze the local atomic structure during
nucleation and growth of ALD aluminum oxide. We performed
stochastic structure fits for each PDF trace reported in Figure
5a (every five ALD cycles), and in Figure 6, we report
experimental values of O/Al, Al−O bond length, Al−O CN,
and O−Al CN derived from statistical analysis of these
stochastic structural models. We observe that as the number of
ALD growth cycles increases from 5 to 50 cycles, we observe a
decrease in the O/Al ratio from 1.889 to 1.584, as shown in
Figure 6a, and a decrease in the Al−O bond length from 1.844
to 1.808 Å, as shown in Figure 6b. We note that the value of
Al−O CN at five ALD cycles was omitted from Figure 6c

Figure 4. Custom ALD reactor for in operando HE-XRD measure-
ment and PDF analysis consisting of (a) a KF-40 cross with a custom
insert to hold a polyimide capillary, which was (b) filled with a
powder substrate and (c) sealed using polyimide windows that
provided >45° diffraction angle for (d) PDF HE-XRD measurement
during ALD growth.
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because it was significantly off the scale and obfuscated the
trend from 10 to 50 ALD cycles if it was included. For
reference, the value of the Al−O CN after five ALD cycles was
4.835. The Al−O and O−Al CNs at five ALD cycles are
distinct from the trend for the other ALD cycles. From 10 to
50 ALD cycles, we observe an increase in the Al−O CN from
4.506 to 4.652, as shown in Figure 6c, and an increase in the
O−Al CN from 2.658 to 2.937, as shown in Figure 6d. Apart
from the CN data at five ALD cycles, the trends observed in
the metrics in Figure 6 appear to be consistent with the simple
structural model proposed above in Figure 3, where an Al2O3

internal volume is surrounded by an O-rich exterior layer. At
low ALD cycle numbers, highlighted in blue in Figure 6, the
values of these structural metrics are more consistent with the
O-rich boundary layer, represented by the inset at the left of
Figure 6a, with ideal values of O/Al of 3, Al−O CN of 3, and
O−Al CN of 1, as reported in Table 1 mentioned above. At
higher cycle numbers, highlighted in orange in Figure 6, the
structural metrics approach steady-state values more consistent
with bulk θ-Al2O3, represented by the inset at the right of
Figure 6a, with an O/Al of 1.5, Al−O CN of 5, and O−Al CN
of 3.5, as reported in Table 1 mentioned above.
We performed an equivalent analysis to the one outlined

above and fit the experimental data in Figure 6a,c,d using the
O-rich interface model, in Figure 3, to determine values of δ
and the CNs in the bulk ALD AlOx. In order to perform this
model fit, we needed thickness estimates for each number of
ALD cycles. We performed TEM on the CNTs following the
in operando HE-XRD and measured a final aluminum oxide
film thickness of 14 nm ± 1 nm (not shown). We assumed a
constant growth rate to reach this final thickness (2.8 Å/cycle)
and used this growth rate to calculate thicknesses for each
number of ALD cycles. We note that the growth rate of 2.8 Å/
cycle is higher than values of 1−2 Å/cycle in previous
studies44,54−56 and may indicate a CVD component to the
growth with the reactor chamber and dosing conditions
employed in this work. Assuming values of Al−O CN = 3, O−
Al CN = 1, and O/Al = 3 for the O-rich outer layer, the model
fit yielded predicted values of δ = 1.8 Å, O/Al = 1.536, Al−O
CN = 4.71, and O−Al CN = 2.97 in the bulk aluminum oxide.
The Al−O CN and O−Al CN values are remarkably close to
the values determined by fitting the data, as shown above in
Table 1, despite differences in nucleation and growth modes
with the different CNT substrates. We plot predicted average
O/Al, Al−O CN, and O−Al CN vs the number of ALD cycles
based on this O-rich boundary layer model, as shown in Figure
6a,c,d as solid lines. The O-rich boundary layer model largely
captures the trends in structural metrics during ALD growth
reported in Figure 6 and further supports this interpretation of
the experimental trends.
We note that the fitted value of the thickness of the O-rich

surface layer δ = 1.8 Å determined from the in operando
measurements is significantly lower than the value δ = 5.4 Å
determined from the ex situ data mentioned above. We expect

Figure 5. PDFs calculated from in operando HE-XRD data during TMA/H2O ALD growth and plotted (a) for every five ALD cycles, and (b) heat
map plot showing the evolution of the PDF for every ALD cycle from 5 to 50 ALD cycles compiled using the scedasticity software package.53

Figure 6. Local structural metrics derived from stochastic modeling of
in operando PDF measurements during TMA/H2O ALD growth from
5 to 50 ALD cycles including (a) O/Al stoichiometric ratio, (b) Al−O
bond length, (c) Al−O CN, and (d) O−Al CN. The solid lines are
model fits using the simple model depicted in Figure 3.
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that because the ex situ samples had been exposed to the
atmosphere, water in the atmosphere caused a larger extent of
surface hydrolysis giving rise to more surface hydroxyls and
driving a larger model value of δ for the ex situ samples. We
also note that the Al−O and O−Al CNs measured for five
ALD cycles of TMA/H2O diverge from the trends from 10 to
50 ALD cycles and from the O-rich surface model. The values
derived from our experimental data are Al−O CN = 4.84 and
O−Al CN = 2.93, whereas the O-rich model predicts values of
Al−O CN = 4.28 and O−Al CN = 2.48. This deviation likely
arises from high-energy dangling bonds driving clustering and
leading to higher coordination during sub-monolayer growth.
In general, the simple O-rich surface model we propose fits the
experimental data reasonably well and helps reconcile the
trends we observe in stoichiometry and CNs from 10 to 50
ALD cycles.
Interestingly, we observe smaller-than-expected values of the

Al−O bond length for all samples. The Al−O bond length, as
shown in Figure 6b, after 10 ALD cycles is found to be 1.832 Å
and decreases to a value of 1.809 Å at 50 ALD cycles. An
examination of the Al−O two-body pair potential established
for amorphous aluminum oxides in prior work57 suggests that
the lowest energy Al−O pair distance occurs at ∼1.9 Å and
that a decrease in bond length from 1.9 to 1.8 Å amounts to an
increase in energy by 2 kcal/mol per Al−O bond. This would
suggest that for these ALD aluminum oxide films grown on
hydroxyl-terminated CNTs, the Al−O bond lengths are under
compressive strain up to 50 ALD cycles. Indeed, the average
bond length values for ideal θ-Al2O3 and α-Al(OH)3 are 1.87
and 1.90 Å, respectivelysignificantly longer than the average
Al−O bond lengths measured here for ALD aluminum oxide.
However, we note that the shorter Al−O bond lengths we
observe in ALD-grown aluminum oxide agree well with the
average Al−O bond length for tetrahedral AlO4 groups, which
are 1.70−1.79 Å within the θ-Al2O3 structure.46 This would
indicate that Al is largely tetrahedrally coordinated in ALD-
grown aluminum oxide. The Al−O CN values in Figure 6c
agree with this conclusion and suggest an excess of tetrahedra
versus octahedra, where all of the average Al−O CN values in
Figure 6c are <4.7, corresponding to >65% tetrahedra for up to
50 ALD cycles. We also note that the Al−O bond lengths and
coordination environments we observe for ALD AlOx are in
close agreement with results observed in liquid aluminum
oxide at high temperatures.58,59 We expect that the formation
of a tetrahedra-rich aluminum oxide phase with short Al−O
bonds is somehow driven by as-yet undescribed mechanistic
bias of the ALD growth mechanism toward tetrahedral Al
centers. The short Al−O bond lengths we observe are in
apparent disagreement with previous reports indicating that
ALD AlOx is under intrinsic tensile strain.60,61 This
discrepancy may arise because of the curved nanoscale (∼20
nm diameter) CNT substrate surface employed here versus flat
substrates in prior work or because the coatings we study here
are much thinner than coatings studied in these previous
reports.

3. CONCLUSIONS
In this work, we employ HE-XRD and PDF analysis to provide
insight into the atomic-scale structural features of amorphous
aluminum oxide grown by ALD. By performing stochastic
structural modeling to fit experimental PDF data, we quantify
structural metrics for the ALD aluminum oxide and we identify
significant deviations from ideal aluminum oxide crystal

structures. Compared with ideal crystal structures of Al2O3,
we observe that ALD aluminum oxide is oxygen-rich and
exhibits a lower average Al−O CN and a shorter average Al−O
bond length. Additionally, these structural features vary
dynamically with the number of ALD cycles. We propose a
simple two-phase model to explain these variations. This
model consists of a bulk ALD aluminum oxide phase that
grows with the number of ALD cycles, surrounded by a
surface/interface layer of constant thickness. This simple
model captures the qualitative trends we observe in the
structural metrics for both nanosphere and thin-film ALD
aluminum oxide morphologies with increasing ALD cycle
numbers.
Broadly, this work also provides a new lens through which

we examine previous studies employing ALD AlOx. Although
some reports have achieved outstanding performance using
ALD AlOx coatings, an untold number of attempts to use ALD
AlOx for new applications have not achieved the desired
outcome and were never submitted for publication. An
explanation for why ALD AlOx works in some instances and
not in others is lacking. Although many factors beyond the
ALD AlOx atomic structure may play a role in any individual
application, the impact of the ALD AlOx atomic structure on
material performance is a central and largely unanswered
question in this area. The work we report here establishes that
we should not assume that all ALD AlOx is structurally
equivalent but rather ALD AlOx exhibits varying atomic
structure depending on the process conditions (e.g., substrates
and the number of ALD cycles). Understanding specific
differences in the atomic structure of ALD aluminum oxide
with the substrate, thickness and other process conditions is
expected to help reconcile disparate outcomes that have been
observed for the use of ALD aluminum oxide in a range of
applications.1−7 The HE-XRD and PDF analysis we demon-
strateespecially the in operando HE-XRD during ALD
growthprovide a platform to characterize the atomic
structure of amorphous ALD layers and open a pathway to
establishing process−structure−property relationships for
ALD-grown amorphous materials. We note that although the
present work demonstrates PDF measurements on powder
samples, future work will be able to take advantage of recently
developed grazing incident PDF measurement capability43 to
simplify the study of ALD coatings using PDF measurements
and analysis on planar samples.

4. MATERIALS AND METHODS
4.1. Ex Situ HE-XRD. Ex situ HE-XRD was performed at 6-ID-D at

the Advanced Photon Source (APS) at Argonne National Laboratory
(ANL) using an X-ray wavelength of 0.1236 Å. For initial
demonstration of HE-XRD on ALD samples, we employed multi-
walled CNT (Nanocyl 7000 series) samples coated with aluminum
oxide ALD as reported in prior work.44 CNTs were coated with ALD
Al2O3 using TMA and water (H2O). We studied CNTs with no
pretreatment and CNTs coated with 50 cycles of NO2/TMA as the
nucleation layer prior to the ALD coating. Both samples were coated
in a static dose configuration at 180 °C. The ALD-coated CNTs were
loaded into 1 mm diameter polyimide capillaries and evaluated using
HE-XRD.

4.2. In Operando HE-XRD during ALD. In operando HE-XRD
during ALD growth was performed at 11-ID-C at APS using an X-ray
wavelength of 0.1173 Å. In operando measurements were performed
using a custom modular ALD reactor described previously52 with a
sample stage specifically designed for in operando HE-XRD on
powders, as discussed below and depicted in Figure 4. This stage
employed a KF40 cross with precursor flow across one straight path in
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the cross and X-ray beam transmission through polyimide windows in
the other straight path of the cross. A custom insert was constructed
to nest within the KF40 tube and hold a polyimide capillary filled with
powder under vacuum and fixed within the X-ray beam during
precursor exposures. We employed polyimide capillaries to minimize
background scattering and allow for experiments at elevated
temperatures (>150 °C). We sealed the base of the capillary with
high-temperature epoxy and left the top of the capillary unsealed to
allow the precursors to transport into the capillary and react at the
CNTs. The polyimide capillary was located immediately adjacent to
the polyimide window on the X-ray beam exit to allow X-rays which
diffracted off the powder sample to pass through the polyimide
window at diffraction angles of up to ∼45°. Here, the hydroxyl-
functionalized multiwalled CNT (CNT-OH, nano-amorphous
materials, 10−20 nm diameter, 10−30 μm length, 95%) were
employed to facilitate ALD nucleation without requiring NO2/TMA
pretreatment.
Prior to diffraction measurements, the sample stage was scanned in

the directions orthogonal to the X-ray beam to locate the CNT−OH-
filled capillary. The sample stage was positioned such that the X-ray
beam impinged on the top portion of the CNT-OHs within the
polyimide capillary to ensure that the X-ray beam was probing
saturated ALD chemistry. We note that the potential for accumulation
and release of precursors and byproducts within the bulk CNT-OH
powder is one shortcoming of the approach employed here. This
could be remedied in future work by employing grazing incidence
PDF measurements on planar substrates which have recently been
demonstrated.43 Long purge times were employed following each
precursor exposure and between deposition cycles to allow for excess
precursors and reaction byproducts to transport out through the
CNT-OHs along the length of the polyimide capillary and mitigate
any precursor or byproduct accumulation in the CNT-OHs. The
vacuum chamber was maintained at 150 °C using PID temperature
controllers and operated at ∼1 Torr of nitrogen carrier gas flow.
Precursors were dosed in TMA-purge−water-purge cycles where one
cycle consisted of a 10 s TMA exposure, a 120 s nitrogen purge, a 10 s
water exposure, and a 120 s nitrogen purge. HE-XRD measurements
were collected between ALD cycles. Following each ALD cycle,
deposition was halted until the HE-XRD measurement was complete,
and then another deposition cycle was performed. Each HE-XRD
measurement consisted of 25 sequential 12 s X-ray exposures (5 min
data collection time), which were averaged to produce one HE-XRD
pattern for analysis.
4.3. PDF Analysis and Stochastic Modeling. 2D HE-XRD

patterns were aligned, integrated over 360° of diffraction angles, and
processed into 1D scans of diffraction intensity vs momentum transfer
(Q) using the GSAS-II software package.62 PDF analysis of 1D
diffraction data was performed using PDFgetX3.63 Stochastic
modeling of PDF data was performed using fullrmc.64 A simulation
box consisting of a supercell of θ-Al2O3 with 4 nm along each edge
was employed as a starting point for stochastic fitting. fullrmc employs
a stochastic modeling technique in which automated and guided
structural and geometrical changes are made to an atomic/molecular
structure model until it has the greatest consistency with a set of
experimental (PDF) data.64,65 Each fullrmc fitting run consisted of >6
× 106 structural perturbations composed of both translation and atom
removal steps. We note that the “AtomsRemoveGenerator” which
enables atom removal within fullrmc software was specifically
developed for this work and was employed to predict the Al/O
stoichiometry. Statistical analysis of the resulting atomistic model
provides a range of structural information including material
composition, bonding, and atomic coordination.66
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