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ABSTRACT: Amorphous oxide semiconductors have grown in
technological relevance in displays, information technology, energy,
and catalysis. Recent research efforts have converged on the need
to develop design principles for the electronic structure of these
materials. Here, we systematically vary the cation composition and
annealing temperatures of zinc tin oxide films using atomic layer
deposition (ALD) and study their process-structure relationships
with synchrotron X-ray absorption near-edge spectroscopy
(XANES). Measurements of the O K-edge, Sn M-edge, and Zn
L-edge are analyzed with ab initio and nonlinear statistical modeling
to understand the changes in geometric and electronic structure of
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the films. A key finding from this approach is the ability to measure the changes in the relative contribution of the Zn and Sn s
orbitals to the density of states near the conduction band minimum. Furthermore, we identify and delineate critical process-structure
design principles when working with amorphous oxide semiconductor (AOS) material systems: (1) use of complementary
diffraction and absorption spectroscopy techniques to characterize the as-deposited coordination environment; (2) accounting for
gradual and abrupt changes in coordination environment as a function of processing parameters (stoichiometry, annealing, etc.); (3)
revealing and exploiting the relevant knowledge and interdependence of coordination environments, orbital hybridizations, the
density of states, and band structures. In the future, this multimodal X-ray analysis and modeling framework can be applied to
understand the process-structure relationships needed to optimize AOS performance in devices.

B INTRODUCTION

Amorphous materials lack the long-range order characteristic
of crystalline materials but possess short-range order that gives
rise to a vast parameter space to design and optimize their
properties. A particular family of amorphous materials with
growing technological relevance are oxide semiconductors. For
example, amorphous oxide semiconductors (AOS) are
currently applied in industrial applications that incorporate
amorphous In—Ga—Zn—0 (a-IGZO) into flat-panel displays.
In the research setting, there is a growing body of work on the
custom design of amorphous oxides to enable next-generation
technologies such as solid-state batteries, thin-film photo-
voltaics, flexible electronics, and neuromorphic computing.l_6
Zinc tin oxide (ZTO) is a technologically relevant material
under investigation for perovskite solar cells and thin-film
transistors.” " To accelerate efforts to control their functional
properties and optimize device performance, an increased
fundamental understanding of the complex process—struc-
ture—property relationships of AOS is needed.

Recent research efforts have provided an initial framework to
understand the fundamental principles of AOS design and
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optimization."*™"” An important theme is that amorphous
materials can have short-range order that determines their
properties. One way of describing this short-range order is
through the polyhedra created by the metal atom and its
coordinating oxygen atoms.”'* These metal—oxygen (M-O)
polyhedra are the building blocks for AOS. Through systematic
structural analysis and ab initio modeling, research groups have
identified how the interconnection of polyhedra changes as a
result of tuning material processing knobs such as
composition.* ™ Since the restructuring of M-O polyhedra
depends on the material system (i.e., the composition and
types of elements) and the synthesis conditions (e.g., solution,
physical or chemical vapor deposition), it is necessary to
develop understandings that are material and process specific.
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There is a need for systematic structural analysis of AOS to
further develop the theory necessary to design and engineer
complex AOS. A key challenge is to obtain large quantities of
high-quality information on the structural information over a
vast process parameter space. To address this need, researchers
are combining laboratory characterization tools with synchro-
tron X-ray spectroscopy, specifically X-ray absorption spec-
troscopy (XAS). For example, Enman et al. used a
combination of UV—vis spectrophotometry, XAS, and X-ray
photoelectron spectroscopy (XPS) to characterize solution-
processed amorphous metal oxides and provided a framework
for the rational design of their electronic structure."

In this study, we perform a multimodal analysis that
combines XANES, X-ray diffraction (XRD), and ab initio
modeling, to study ZTO thin films fabricated by ALD,
followed by postdeposition annealing. The films were
deposited using our recently developed ALD process, which
allows for synthesis of ZTO thin films with atomically precise
tuning of composition, thickness, and conformality.13 ALD
presents advantages over solution-processed methods as it can
yield pinhole-free and low impurity films with moderate
deposition temperatures and vacuum pressures, and ALD can
also be scaled over large surface areas without sacrificing
uniformity. Furthermore, ALD enables the synthesis of
amorphous materials with tunable properties, which can be
subsequently modified with postdeposition annealing steps
that modify the structure and properties.'»*' =

Despite these synthetic advantages, determining the
amorphous local structure in ALD films is challenging. In a
recent work, Young et al. investigated the atomic structure of
amorphous ALD Al,Oj; using high-energy X-ray diffraction and
pair distribution function analysis.”* The authors observed how
the growth conditions result in Al-O bond length variations,
Al vacancies, and local coordination environment distortions.
This motivates the development of further methodologies to
deepen our understanding of the local chemical environment
in amorphous ALD films. For example, while ALD is often
modeled as a cyclic and layered ABAB process of deposition
steps, additional structural rearrangements occur as the
deposited atoms locally reorganize and condense into the
bulk film structure. To further probe these dynamic processes,
XAS has emerged as a powerful technique to characterize
subtle changes in the local geometric and electronic structure
of ALD thin films.”>~*°

The complexity required to understand the properties of
amorphous ALD films increases significantly when the film is
composed of more than two elements.'"'**" For example, the
local coordination of oxygen atoms in amorphous lithium
borate-carbonate films deposited by ALD has been shown to
influence Li* ionic conductivity." Changes in deposition
temperature affect the ratio of bridging to nonbridging oxygen
atoms, which in turn determines the mobility of oxygen and
lithium species within the film. In another example, the choice
of Al precursor has been shown to influence the dispersion of
dopants in Al-doped ZnO (AZO) films deposited by ALD,
which results in a higher doping efficiency.”> This was
attributed to the differences in steric hindrances of the
precursor ligands, which reduce local structural and electronic
interactions between adjacent Al atoms in the ZnO matrix.
Overall, a deeper fundamental understanding of the local
atomic structure of multielement ALD films is necessary to
design thin films for future applications.

To further establish the electronic structure design principle
of AOS, we carried out a synchrotron XAS structural analysis
of ALD ZTO thin films with systematic variation of the cation
composition and annealing temperature. We collected the O
K-, Sn M-, and Zn L-edge spectra to capture element-specific
structural differences in ZTO films. We modeled the XANES
spectra using ab initio multiple scattering calculations with
FEFF9 to capture how the relative contributions of the
projected density of states (PDOS) change with processing
conditions. Furthermore, we applied nonlinear statistical
modeling methods to create a landscape that captures the
gradual and abrupt changes in the coordination environment of
the Zn—O and Sn—O polyhedra. The results of this study
illustrate how multimodal X-ray analysis, combined with first-
principles modeling, can improve our understanding of local
structure in AOS thin films and enable rational design of
ternary ALD films by leveraging its atomically precise control
of synthesis.

B METHODS

Atomic Layer Deposition. Atomic layer deposition
(ALD) was performed using a custom-built, cross-flow thermal
ALD station.” All depositions were performed at a substrate
temperature of 200 °C. Zinc tin oxide was deposited using a
supercycle approach with subsets of subcycles comprising
different numbers of ZnO and SnO, cycles. ZnO was
deposited using diethylzinc (DEZ), and SnO, was deposited
using tetrakis (dimethylamino) tin(IV) (TDMASn) as the
metal precursor. The oxidant used for both depositions was
H,0. One cycle of the binary oxide within the supercycle
consisted of a metal precursor pulse (0.05 s for DEZ and 0.20 s
for TDMASn), Ar purge (30 s), H,O pulse (0.10 s), and Ar
purge (30 s). The Ar carrier gas flow rate was set at 10 sccm
for all depositions. The base pressure of the system was 0.531
Torr at 10 sccm. The SnO, to ZnO cycle ratios were modified
based on the relative number of binary oxide cycles within the
supercycle (ex. for 45% SnO,, one supercycle is comprised of 6
ZnO and 5 SnO, cycles). A 12 nm thick ALD ZTO film was
used throughout the experiments to be consistent with our
previous study.'> After the deposition, the samples were
annealed at 300 °C, 500 °C, or 800 °C in an ambient tube
furnace environment. The temperature was ramped up over 1
h, held for 2 h, and then cooled at the room temperature.

Material Characterization and Modeling. X-ray dif-
fraction (XRD) analysis was performed using a Rigaku
Smartlab X-ray Diffractometer at a grazing incidence of 1°
for 20 from 20° to 70°. The samples were prepared on a Si
(100) substrate with a size of 20 mm X 20 mm. XRD data were
analyzed using the PDXL 2 software to determine the phases
that were present in the film as a function of the postdeposition
annealing temperature and SnO, cycle fractions.

The samples were characterized at beamline 10—1 at the
Stanford Synchrotron Radiation Lightsource (SSRL), with a
probing area of approximately 200 ym X 1000 pm. For the
XAS measurements, multiple total electron yield (TEY)
spectra were gathered for the O K-, Sn M3-, and Zn L2,3-
edges. Total fluorescence yield (TFY) spectra were also
collected for oxygen, which agreed with the TEY data sets. The
XAS spectra were aligned, averaged, and normalized using the
Athena analysis package.

Theoretical XANES spectra were generated using the FEFF9
code based on Green’s function multiple-scattering theory.”*
The atomic structure information for ZnO (mp-2133) and
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Figure 1. XRD Analysis. The XRD spectra of (a) as-deposited and (b-d) annealed ZTO films with different Sn cycle fractions.

SnO, (mp-856) was obtained from the Materials Project and
the corresponding O—K spectra was compared.”

B RESULTS AND DISCUSSION

In the following paragraphs, we discuss how XANES spectra
can be used to capture the structural changes in ZTO as a
function of film composition and annealing temperature. We
then correlate these trends with changes in the density of states
of the conduction band.

To fabricate ternary ZTO films by ALD, the Sn cycle
fraction, fg,, is defined as the percentage of Sn precursor cycles
used in the deposition sequence, and the Sn elemental fraction,
Coy is defined as the Sn atomic composition in ZTO film (eqs 1
and 2, respectively). For example, a fg, of 50% indicates that
for every Sn cycle, there is one corresponding Zn cycle, while a
fsn 0f 25% represents that for every Sn cycle there are three Zn
cycles.

f _ Snozcycles
sn SnOZCydes + ZnOCydes (1)
Snatomic percent
Cn =
Sn + Zn

atomic percent atomic percent (2)

In this study, we analyzed ALD ZTO films with f, values of
25%, 33%, 45%, 50%, 66%, and 75%. The corresponding
elemental compositions of the ZTO films was analyzed using
XPS and is shown in Figure S3. As we have previously
demonstrated, post-deposition annealing of ALD ZTO films
results in an enhancement of the field-effect mobility in thin-
film transistor (TFT) devices."” Therefore, to study the
influence of annealing on the local chemical structure, the films
were subsequently annealed at 300 °C, 500 °C, and 800 °C.
For the reference samples, we measured samples of binary
ALD oxide films composed of ZnO (fg, of 0%) and SnO, (fs,
of 100%), which were both annealed at 500 °C.

XRD Analysis. We carried out XRD measurements to
gauge the degree of long-range crystallinity in the ZTO films
(Figure 1). From the XRD measurements, ZTO films with Sn
cycle fractions from 45% to 75% that were annealed at
temperatures up to 500 °C show little-to-no crystalline

structure. Peaks can be observed for the wurtzite ZnO phase
in the films deposited with 25% and 33% Sn cycle fractions
under all of the annealing conditions. At 800 °C, there is a
clear presence of rutile SnO, for Sn cycle fractions between
50% and 75%. Similarly, there are well-defined Zn,SnO,
diffraction peaks for Sn cycle fractions 25% to 45%.

It is known that as-deposited ALD ZnO films are
polycrystalline.*® Wurtzite ZnO peaks in ZTO films are also
expected with lower Sn cycle fractions (more Zn rich)."**"**
In the observed ZTO films that exhibit ZnO peaks, the XRD
spectra suggest that there are regions in the ZTO films where
there is well-defined ZnO ordering.”” The remainder of the
film is an amorphous matrix of Sn and O atoms with additional
Zn atoms that were not integrated into the crystalline regions.
In ZTO films with Sn cycle fractions of 45% and higher, the
absence of crystalline peaks from XRD indicates that the higher
presence of Sn disrupts the local wurtzite ZnO structure,
resulting in an amorphous material.

After annealing at 300 and 500 °C, we observe subtle
changes in the samples from the as-deposited conditions. The
ZTO films remain largely amorphous, with evidence of
crystalline ZnO regions in films with Sn cycle fractions of
25% and 33%. A slight sharpening can be observed in the
region of the (002) ZnO peak for the 45% ZTO film, as the
annealing temperature increases. This sharpening may indicate
the onset of ZnO crystallinity.”' However, after increasing the
annealing temperature to 800 °C, the predominant crystalline
phase in the 45% sample is Zn,SnO,. We also note that the
location of the (311) peak Zn,SnO, phase is close to the ZnO
(002) peak, and thus, it is also possible that the peak
sharpening in this region is associated with the emergence of
the Zn,SnO, phase rather than ZnO. To decouple these
possibilities, the XANES spectra at the O K-edge and Zn L-
edge (which will be discussed in the subsequent sections)
indicate that any structured short-range order in the vicinity of
O and Zn atoms is associated with ZnO coordination. This
demonstrates the power of the multimodal diffraction and XAS
approach presented herein to deepen our understanding of the
complex structure of multielement ALD films with high
degrees of disorder.

After annealing at 800 °C, all of the ZTO films exhibit
crystallinity, with varying contributions from the ZnO, SnO,,
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Figure 2. O K-edge. The O K-edge spectra of reference ZnO, reference SnO,, and (a) as-deposited and (b-d) annealed ZTO films with different Sn
cycle fractions. The main features for the ZnO (fg, = 0%) and SnO, (fs, = 100%) reference spectra are labeled. The reference spectra in all panels
correspond to 500 °C annealed ALD ZnO and SnO, films. Dashed lines provide a way to visually compare the ZTO samples to the first four

features in the ZnO reference.

and Zn,SnO, phases. The XRD spectra for the ZTO films that
were deposited with lower Sn cycle fractions (25% to 45%)
indicate the presence of the Zn,SnO, phase. The 33% and 45%
ZTO films exhibit primarily the (220), (311), (222), (400),
(551), and (440) peaks of Zn,SnO,, with minimal evidence of
the other phases. The 25% ZTO film indicates the presence of
ZnO in addition to Zn,SnO,, as can be seen by the well-
defined (100) ZnO peak. The remaining ZTO films
predominantly exhibit the SnO, phase, with small Zn,SnO,
contributions for the 50% and 66% films.

Opverall, the XRD spectra can capture the absence or the
presence of long-range ordering of the ZTO films with varying
Sn cycle fractions and annealing conditions. The observed
trends are in line with previous XRD work on ZTO films with
varying Sn to Zn stoichiometries and annealing temperatures."’
It is also clear that the XRD spectra do not capture the subtle
changes in local structure that give rise to the tunable
electronic properties of ZTO within the amorphous regime.
Therefore, it is necessary to use complementary character-
ization techniques sensitive to nonperiodic structure. Toward
this goal, we carried out XANES studies on the O-K, Sn-M,
and Zn-L edges to unveil subtle changes in the local
coordination environment in ZTO films, which will influence
the electronic structure and charge transport properties of the
AOS.

O K-edge. In metal oxides, the O K-edge captures
transitions from the O 1s orbitals to hybridized O 2p orbitals
in the conduction band.** In the case of ZnO, the O 2p
orbitals are hybridized mostly with the Zn 4s and 4p
orbitals.”**”*"~*" A similar form of O 2p hybridization takes
place in the SnO, conduction band with Sn 5s and Sp
orbitals.”” For a multication material like ZTO, there is a
varying degree of hybridization between the O 2p, Zn 4s/4p,
and Sn 5s/5p states as a function of cation composition and
local coordination structure.””~**

Figure 2 shows the O K-edge spectra for all of the analyzed
ZTO films, as well as the reference ZnO and SnO, samples. In
Figure 2a, as-deposited ZTO samples exhibit broadened and
smoothened features that indicate the presence of both

amorphous structure and oxygen vacancies.””””** The as-
deposited 25% and 33% Sn cycle fraction samples start to
exhibit the C, D, and E features of ZnO as the Zn cycle ratio
increases. This increasing similarity to ZnO is a result of the
higher concentration of Zn in the ZTO films, which gives rise
to increased local ordering since ZnO films deposited by ALD
crystallize as-deposited.*®" We note that the features in the D
and E regions of as-deposited fg, = 75% SnO, sample are
artifacts due to data acquisition issues.

The data for ZTO samples that were annealed at 300 and
500 °C are plotted in Figure 2b and c, respectively. From the
XANES spectra, it is evident that there are structural changes
present in all of the annealed ZTO samples when compared to
the as-deposited films. After annealing at 300 and 500 °C, the
samples ranging from 25% to 66% exhibit a ZnO B feature,
while the 75% samples have a profile that resembles the SnO,
reference. Given the coordination environment of ZnO, the B
feature primarily arises from bonding between the O 2p and
Zn 4s orbitals, as c%ptured in the ZnO O 2p, Zn 4s, and Zn 4p
DOS (Figure $6).*° A nonintuitive observation is that the 45%
samples have the closest resemblance to the ZnO reference.
Intuitively, one would expect that the samples with the highest
Zn concentrations would exhibit the closest similarity to the
ZnO reference. However, in both the 300 and 500 °C samples,
the 45% O K-edge spectra have the largest linear combination
fit with the ZnO O K-edge (Supporting Information Table 1).
This illustrates that the relationships between processing
parameters and local structure within the ALD films do not
always vary monotonically, which we attribute to the local
rearrangements of atoms within the film as the layer-by-layer
ALD growth in a supercycle process dynamically evolves into a
condensed ALD film. We further note that these atomic
rearrangements occur at the local scale and are not driven by
bulk diffusion because there are no significant concentration
gradients throughout the film thickness, as has been previously
shown by XPS depth profiling (Figure S3).

After annealing at 800 °C, there is an increased similarity
between the ZTO films and the SnO, reference, especially for
the 50%, 66%, and 75% samples. The 25%, 33%, and 45%
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samples have a plateau feature that is in the region of the ZnO
A feature. A change in the profile can be observed, including
shifts to higher energies in the ZnO B feature. Additionally,
there is an abrupt transition in structure from 45% to 50%.
This is consistent with the XRD spectra of the 800 °C
annealed films, where we also observe a deviation from the
monotonic trends in phase percentage (further details in
Supporting Information).

One potential reason for these non-monotonic trends may
relate to the specific order of ALD cycles used in the process
recipes (Table S2). When designing these ternary oxide ALD
recipes, the binary ZnO and SnO, subsupercycles were
intermixed in a manner that maximizes the homogeneity of
cation incorporation, which was accomplished by minimizing
the number of sequential deposition cycles of a single binary
oxide within the recipe. We have previously demonstrated that
this strategy results in the highest electron mobility in ALD
ZTO films."” We further note that in the Zn-rich and Sn-rich
compositions, the ALD recipes inevitably require multiple
sequential depositions of the same binary oxide, which could
influence the local coordination environment as the atoms
relax into their final coordinates within the film. This is an
inherent feature of ALD of ternary oxides, where the layer-by-
layer growth sometimes necessitates repetition of similar
binary subcycles. These factors may further contribute to the
trends observed in the XANES spectra, where Zn-rich and Sn-
rich compositions increasingly resemble the coordination
environments of binary oxides. This highlights an important
difference in ALD processing of multielement films compared
to continuous processes such as CVD, solution processing, etc.
In ALD, the sequential nature of layer-by-layer growth
introduces new subtleties in the local coordination environ-
ment, which can lead to nonlinearities in the resulting film
structure. These sudden changes in the XANES spectra
highlight the sensitivity in process conditions in amorphous
materials, which is an area of significant importance in the
ALD field 21223245,47,48

In Supplementary Figure 1 (Figure S1), we plot the
corresponding linear combination fittings (LCF) of the ZTO
O K-edge spectra (Figure 2) as a function of fg, for the as-
deposited and annealed conditions. The linear combination fits
consist of finding the weighting values for the ZnO and SnO,
spectra that can provide the best fit to the experimental
spectra. As shown in Figure S1 and summarized in Table S1,
the as-deposited samples follow the expected trends of larger
ZnO weights for low f, and smaller ZnO weights at higher f,.
After annealing at 300 and 500 °C, the monotonic trend
flattens such that there is a more mixed characteristic in the
linear combination fits across the various Sn cycle fractions.
Additionally, there is an unexpected maximum ZnO
resemblance at 45%. This maximum in ZnO characteristic is
correlated with our TFTs having optimal mobility at 45% and
500 °C annealing, indicating that these non-monotonic trends
in process-structure relationships have a direct impact on the
electronic properties of the films."

Figure 2 and Table S1 both summarize the LCF fits from
Figure S1 in the Supporting Information. To map the local
coordination environment of the oxygen atoms in ZTO as a
function of Sn cycle fraction and annealing temperature, we
created a contour plot using a neural network (NN) model to
interpolate the ZnO LCF weights in Table S1. The NN model
was constructed using a multilayer perceptron regressor
consisting of three layers with 20 neurons in each layer,

which enables us to capture the nonlinear changes across the
spectra as the function of processing conditions.”” The
resulting 2-D map in Figure 3 illustrates the coupled

Sn Cycle Fraction
Predicted LCF Weight

i

100 200 300 400 500 600 700 800
Anneal Temperature (°C)

Figure 3. Two-dimensional O K-edge map. A contour plot
constructed using a neural network regressor on the ZnO LCF
weights of the O K-edge spectra.

relationships between cation stoichiometry and thermal
restructuring. According to the NN model, the maximum
predicted ZnO resemblance occurs around fg, = 40% and at an
annealing temperature of 400 °C, as well as at the lowest Sn
cycle fractions and highest annealing temperatures. This level
of analysis helps guide further material and device
optimization.”’ For example, the data suggest that one could
further optimize ZTO TFTs by exploring Sn cycle fractions
between 30% and 50% and annealing temperatures between
300 and 500 °C.

Sn M-edge. In SnO, films, the Sn M, s-edge is associated
with transitions from the Sn 3d states to the hybridized Sn Sp
and Sf orbitals in the conduction band.”'™>° The M, region
(spanning the E’, F/, and G’ peaks) corresponds to excitations
from the Sn 3d;,, orbitals, while the M; region (spanning the
B/, C’, and D’ peaks) is a result of Sn 3d;,, excitations.
Undercoordinated Sn atoms, typically due to dangling bonds,
oxygen vacancies, and Sn interstitials in SnO, films, give rise to
resonance peaks at ~486 eV (indicated in Figure 4 as A’) and
~494 eV (not explicitly indicated in Figure 4 due to the
overlap with the bulk D’ peak).”' ™’

Figure 4 shows the Sn M, s-edge spectra for the ZTO films
and the SnO, reference. The as-deposited ZTO films exhibit
broad and smooth features that indicate amorphous structure
and distinctive resonances from undercoordinated Sn atoms in
the A’ region and near the D’ region. As expected, the as-
deposited samples exhibit increasing A’ and D’ intensities as
the Sn cycle fraction increases. The B’ and the E’ features
around 490 and 497 eV are similar in shape and position
throughout all the samples whereas features C’ and F’ are
missing from the as-deposited ZTO films.

Annealing at 300 °C suppresses the undercoordinated Sn
resonances in the A’ and near the D’ regions. There is still
evidence of undercoordinated Sn atoms in the 66% and 75%
Sn cycle fraction samples. Given the presence of under-
coordinated Sn, in the future, it may be interesting to explore
annealing in O,-rich environments, which has previously been
suggested to decrease the O vacancy content in ZTO films.>®
From Figure 4b, we infer that the annealing results in more
stoichiometric SnO, octahedra, but they remain intercon-
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Figure 4. Sn M, s-edge. The Sn M, s-edge spectra of reference SnO, and (a) as-deposited and (b-d) annealed ZTO films with different Sn cycle
fractions. The main features for the SnO, (fs, = 100%) reference are labeled, with the additional A’ due to undercoordinated Sn atoms in the as-
deposited ZTO samples. The reference spectra in all panels correspond to 500 °C annealed SnO, films. Dashed lines provide a way to visually
compare the ZTO samples to the six main features of the SnO, reference.

As-deposited 300°C Anneal

500°C Anneal 800°C Anneal

2>
®
f =
Q
£
°
@
N
©
E
o
z
Zn 2p —>Zn 4s or 4d
1010 1030 1050 1070 1010 1030 1050 1070 1010 1030 1050 1070 1010 1030 1050 1070
Energy (eV) Energy (eV) Energy (eV) Energy (eV)

Figure S. Zn L, ;-edge. The Zn L, ;-edge spectra of (a) as-deposited and (b-d) annealed ZTO films with different Sn cycle fractions. The main
features for the ZnO (fg, = 0%) reference are labeled. The reference spectra in all panels correspond to 500 °C annealed ZnO films. Dashed lines
provide a way to visually compare the ZTO samples to the seven main features of the ZnO reference.

nected in an amorphous manner. The two broad features at the
B’ position and in between the C’ and D' regions confirm that
the amorphous structure in the Mj edge is distinct from the
SnO, reference, which is characterized by three peaks.
Similarly, in the M, edge, the features at F' and G’ are
missing in the ZTO samples annealed at 300 °C.

After annealing at 500 °C, the ZTO films remain amorphous
and have fewer unsaturated Sn atoms (Figure 4c). For the 25%
to 45% samples, the second feature in the M region (between
C’ and D’) has a higher intensity (relative to the B’ peak) than
in the corresponding 300 °C samples, which is likely due to
more unoccupied Sn 5p states in the conduction band.’” The
M4 edges are similar across the 300 and 500 °C annealed
samples.

The most substantial differences among the samples occur
after annealing at 800 °C. As expected, there is an increasing

similarity to the SnO, reference with an increasing Sn cycle
ratio. 50%, 66%, and 75% Sn fraction samples have three
distinct features in the M region (B, C’, and D’). In contrast,
the 25%, 33%, and 45% samples have only two distinct features
in the same energy region. In the M, edge region, the 50%,
66%, and 75% have E’ and F’ peaks, while the 75% is the only
sample with a G’ shoulder. The 25%, 33%, and 45% have E’
peaks with features between the F’ and G’ regions.

The as-deposited samples have exhibited intensities at the A’
and near the D’ regions. In previous studies, the A’ and D’
peaks are attributed to undercoordinated Sn at surfaces of
nanostructured SnO, (e.g., nanoparticles or nanorib-
bons).”"*>*?7" Therefore, given that our samples are thin
films and ALD ZTO exhibits complex growth behavior, we
suspect that the Sn atoms are also undercoordinated in as-
deposited ALD ZTO. We thus conclude that based on the Sn
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Scheme 1. Conceptual Schematic of the Local Evolution in Coordination Environment and Crystallinity during Annealing
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M edge spectra, Sn atoms throughout the films are under-
coordinated, especially those near the surface. Since ALD SnO,
grows amorphous at our deposition temperature of 200 °C and
there is a monotonic increase in the A’ and D’ peaks with
increasing Sn fraction, we also infer the presence of SnO,
polyhedra with dangling bonds and oxygen vacancies.
Furthermore, we observe that post-deposition annealing
reduces the presence of undercoordinated Sn atoms in the
films (Figure 4b,c). This demonstrates the power of XANES to
identify the changes in local coordination environment
independent of changes in long-range order.

The Mj region captures differences between the 25% to 45%
samples and the 50% to 75% set when annealing from 300 °C
and above. The 25% to 45% samples do not exhibit all three
MS features after annealing. The lack of these features suggests
that the Sn—O coordination environment does not converge
toward SnO, octahedra under the respective process
conditions. In contrast, the 50% to 75% samples exhibit
features at or near the A, B, and C’ regions. Therefore, the Sn
coordination environment is converging toward the SnO,
octahedra with higher Sn cycle fractions and annealing
temperatures. A key takeaway from the Sn M edge is that
while the 45% and 50% samples are similar in composition, the
as-deposited atomic structure and stoichiometry are sufficiently
different to result in the phase divergence that is observed after
annealing. Such phase differences with small changes in
composition are the result of the high sensitivity of amorphous
oxides to processing conditions and are critical to understand
when designing AOS materials for device applications."*

Zn L-edge. In the ZnO sample, Zn L, ;-edge arises from
excitations between core Zn 2p orbitals to hybridized Zn 4s/4d
states in the conduction band.*”**~*"**~%* The hybridizations
that yield the L; edge (peaks A and B) are from the Zn 4s
orbitals at ~1020 eV and the Zn 4d states above 1025 eV. The
O 2p, Zn 4s, and Zn 4d DOS are plotted in Figure S7 to
illustrate the orbital contributions to the Zn L, ;-edge. Changes
in the feature intensities and position of the L; features capture
differences in the Zn coordination environment in multication
materials.*

Figure S shows the Zn L, ;-edge spectra for the ZTO films.
Most of the as-deposited samples exhibit broadened and
smoothed features that indicate an amorphous structure, while
samples with Sn fractions of 25% and 33% more closely
resemble the ZnO reference. Therefore, consistent with the O
K-edge spectra, the as-deposited 25% and 33% Sn fraction

samples are amorphous, but the Zn atoms are in coordination
environments similar to ZnO tetrahedra.

After 300 °C annealing, the Zn L-edge spectra of the ZTO
samples show all of the main features from the ZnO reference,
with the exception of the 75% Sn cycle fraction sample. The
development of these features indicates that the thermal
treatment is restructuring the Zn coordination environment
toward the ZnO tetrahedral symmetry. The 300 °C O K-edge
spectra support this claim since the B feature of the O K-edge
also appears for all samples except for the 75% film.

After increasing the annealing temperature to 500 °C, all of
the ZTO films showed the ZnO L-edge features. In the 25% to
66% samples, the peaks became better-defined, while in the
75% Sn fraction sample, the features remained broad and
smooth. In conjunction with the corresponding O K-edge
spectra, we infer that the local ZnO structures for all cation
compositions resemble the ZnO tetrahedra after annealing the
ZTO films at 500 °C.

After 800 °C annealing, all of the ZTO Zn L-edge spectra
deviate from the ZnO reference in a similar manner, where the
main spectral changes occur in the A, B, D, and E regions. In
the A and B ZTO peaks, there is a shift to lower energies, and
the B feature shows a higher intensity than A. The D and E
regions for ZTO samples appear to merge into one feature that
falls between the D and E peaks of the ZnO reference. These
differences in spectra, when compared to the ZnO reference,
indicate new phases for the ZnO polyhedra. The trends in the
Zn L-edge at 800 °C are further consistent with the new phases
observed in the O K- and Sn M-edge spectra.

As can be seen by the XANES spectra and corroborated by
the XRD patterns, there is a gradual shift from fully amorphous
to crystalline structure as a function of Sn cycle ratio and
annealing temperature, which is illustrated in a conceptual
visualization in Scheme 1. The XANES spectra are able to
distinctively capture the undercoordination of the Sn atoms
and the distorted local structure around the Zn atoms of the
as-deposited films. With annealing, the Sn atoms become fully
coordinated and the Zn atoms start to adopt the ZnO
tetrahedral local symmetry. The effects are more pronounced
with increasing Zn content in the films. While most of the Sn
atoms are fully coordinated after annealing at S00 °C, the Sn
atoms are observed to be in the octahedral local structure until
annealing at 800 °C for films with a higher Sn content. Given
that the XANES spectra clearly capture the subtle changes in
coordination and symmetry in the ZTO films with varying
stoichiometries and annealing conditions, our next step will be
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to use this knowledge to determine the implications of the
electronic structure evolution for charge transport.

Density of States. The band structure of amorphous
semiconductors can be understood by considering the
interactions of molecular clusters, where lon(g-range order is
not necessary for the formation of bands.” In AQS, the
valence band is typically composed of O 26p states, while metal
ns states make up the conduction band."*® Carrier transport in
amorphous metal oxides is determined by the wave function
overlap of metal s-orbitals.”” Therefore, the contributions of
the cation s orbitals in the conduction band minimum (CBM)
influence the mobility in materials like ZTO.

To understand how the orbital contributions change in the
ZTO conduction band as a function of process conditions, the
projected DOS for O 2p, Zn 4s, and Sn Ss orbitals of selected
ZTO samples are plotted in Figures 6 and 7. The DOS were
calculated using FEFF9.

In Figure 6, the O 2p DOS are plotted, along with the
corresponding O K-edge spectra for the 300 and 500 °C
annealed ZTO samples with Sn cycle fractions of 45% and
50%. We chose to focus on these annealing conditions and
compositions because they have been previously shown to
result in TFT performance with high mobilities, with the 45%
composition to leading to the highest mobilities.'” The ZTO
O 2p DOS was calculated using a linear combination of the O
2p DOS for ZnO and SnO,, given the corresponding weights
from Table S1. For all the plotted samples, the Pearson
correlation coefficient is above 0.8, indicating that the
unoccupied O 2p DOS in ZTO correlates strongly with the
O K-edge spectra. Therefore, a linear combination of the ZnO
and SnO, O 2p orbitals is a valid approximation to the O 2p
states in ZTO.

In particular, in the region between 530 and 540 eV, a clear
peak in intensity is visible in both the DOS and XANES
spectra, which allows for alignment to the B peak in the ZnO
reference. For this set of samples, the emergence of the A, C,
and D peaks in the XANES spectra clearly align with the DOS.
There are also small features in the DOS that correspond with
the E, F, G, and H XANES features.

To understand how the metal ns orbitals are changing in the
conduction band of ZTO, we plot the linear combinations of
the simulated Zn 4s and Sn Ss DOS using the weights from
Table S1, as shown in Figure 7. The energy region below 8 eV
of the spectrum represents the DOS band near the ZTO
conduction band minimum (CBM). There are clear trends in
the ns DOS in this band near the CBM as a function of Sn
cycle fraction and annealing temperatures.

To quantify these trends, we also overlay the ratio between
the cumulative Sn Ss DOS to the cumulative Zn 4s DOS. For
the 45% samples, the contribution between the Sn Ss and Zn
4s is almost 1:1 for the DOS band near the CBM (less than 8
eV from the CBM). In contrast, the band near the CBM in the
50% samples is mostly composed of Sn Ss, reaching a
cumulative Sn Ss: Zn 4s of ~2.5. This metal ns DOS analysis
implies that charge transport in the 45% sample likely occurs
evenly across the Zn and Sn ns orbitals, while charge transport
in the 50% sample mostly occurs in Sn Ss orbitals.
Furthermore, there are changes between annealing conditions
for both sets of samples for a given Sn cycle fraction, more
notably in the 50% samples, which capture how the metal ns
orbital contribution to the states near the CBM is not solely a
function of composition, but is also affected by the local
coordination environment.

Through the use of LCF fitting values, it is possible to
confirm that the corresponding linear combinations of the
DOS represent the O K-edge spectra. By using these same
weights to compare the contribution of the Zn and Sn
outermost s orbitals, we observe how the relative Zn and Sn
contributions markedly change between the 45% and 50%
samples. These results suggest that optimal charge transport in
amorphous ZTO is achieved when the Zn atoms are closer to
their local ZnO symmetry, while Sn atoms are in more
distorted local environments and when the coordination
between Zn and Sn polyhedra enables a balanced contribution
of the metal s states to the CBM. Therefore, through the lens
of the XANES spectra, it is possible to see how the
composition and annealing temperature tune the relative
contribution of the metal s orbitals of the CBM and the degree
to which the Sn and Zn atoms are coordinated and adopt local
symmetry. This approach can be extended to fundamentally
understand the impact of annealing under O,-rich or -lean
environments, which may influence the coordination environ-
ment and O vacancies in the ALD ZTO film, as well as
intermixing the anion species in multinary amorphous
semiconductors.

B CONCLUSIONS

In this study, we collected synchrotron XANES spectra from O
K-, Sn M-, and Zn L-edges for ALD ZTO thin films. From the
XANES measurements, we were able to capture changes in the
local coordination environment of the films from as-deposited
to annealed conditions. These changes were further under-
stood by performing complementary XRD analysis. The ALD
ZTO films are amorphous as deposited with distorted cation-
oxygen polyhedra. After annealing, the Zn—O polyhedra start
moving toward resembling the ZnO local structure, while the
Sn—O polyhedra remain more amorphous with respect to the
Sn—O polyhedra in SnO,. From modeling of the DOS, it is
shown how the relative contribution of cation ns orbitals in the
CBM can be tuned with composition and annealing.

This work has implications for enabling materials by design,
such as multielement semiconductors by ALD. By capturing
how local order evolves in amorphous materials, it is possible
to design complex thin films with custom orbital contributions
in the electronic structure. Systematically exploring the design
space of AOS is necessary to exploit their vast properties for
energy-efficient and high-performance devices.

The soft XAS of the O K-, Sn M-, and Zn-L edges provide
sufficient information to track the local coordination environ-
ment as amorphous ZTO films transition into crystalline films
as a function of composition and annealing. One can then
build models based on the spectral trends to see how the
materials morph and evolve over the process window. This
understanding can in turn be used to approximate how the
cation s orbital contributions to the CBM and the respective
polyhedra symmetry can be tuned by varying the process
knobs. By understanding the process-structure relationships
and subtle variations in atomic arrangements, we can predict
new process states and model the electronic structure, which is
imperative for the optimization of more complex amorphous
metal oxide semiconductors.
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