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ABSTRACT: Amorphous oxide semiconductor materials have demonstrated numerous
advantages without compromise of electrical properties as compared to their crystalline
counterparts, yet understanding of the fundamental principles allowing this has remained
elusive. To study the origins of enhanced optoelectronic properties, we apply high-
throughput, combinatorial sputtering, structural and spectral mapping, and computa-
tionally intensive ab initio molecular dynamics simulations with density functional theory
to a ternary, post-transition metal oxide system, namely, zinc tin oxide. The deposited
thin films exhibit a high figure of merit, achieving carrier densities in the range of 1019 to
1020 cm−3 and carrier mobilities up to 35 cm2/Vs. These results highlight the role of local
distortions and cation coordination in determining the microscopic origins of carrier generation and transport. In particular, we
identify the strong likelihood of Sn undercoordination in both Zn-poor and Zn-rich phases leading to the high carrier concentrations
observed. This not only diverges from the still widespread historical indictment of oxygen vacancies controlling carrier population in
crystalline oxides but also provides a comprehensive framework to describe the unique structure−property relationships using
specific structural and electronic descriptors in disordered phase materials.

■ INTRODUCTION
Amorphous oxide semiconductors (AOS) have been increas-
ingly studied in the past two decades, allowing impressive
advancements in display, photovoltaic, sensing, computing,
communication, and identification technologies.1−5 Promising
AOS materials are the ternary and quaternary amorphous
oxides, In−Sn−O (a-ITO), In−Zn−O (a-IZO), In−Ga−Zn−
O (a-IGZO), or Zn−In−Sn−O (a-ZITO). Four factors are
propelling interest in these materials:

(1) Disorder-driven tunability of optoelectronic proper-
ties6−14

(2) Uniform, large area depositions5,15 made possible by low
surface roughness16,17 and enhanced etching uniform-
ity6,18,19 due to isotropic properties and the lack of grain
boundaries in amorphous materials

(3) Enhanced mechanical flexibility and compatibility with
diverse, inexpensive substrates20,21

(4) Electrical conductivities and carrier mobilities compara-
ble to their polycrystalline counterparts22−36

Regarding (4), an overview of electrical properties of best-
performing crystalline TCOs and AOS is given by Medvedeva
et al.14 Practical crystalline TCOs can achieve carrier mobilities
(μe) up to 100 cm2/Vs with carrier densities (Ne) spanning
1019−1020 cm−3 (although Ne up to 1021 cm−3 is possible, μe is
typically <70 cm2/Vs in these cases); AOS materials readily
achieve μe values of 10−60 cm2/Vs at Ne values of 10

20 as well.
Therefore, the advantages of (1)−(3) are attainable in AOS
materials without significant compromise of electrical perform-
ance compared to crystalline TCOs.

Since the use of TCO materials covers a broad array of
technologies, meaning optical and electrical requirements can
vary greatly depending upon specific application, disorder-
driven tunability of optoelectronic properties is of particular
importance, where coordination and concentration of the
(multi)cation species can be a lever to tune material properties.
In particular, improvement of μe through structural disorder

enhancement has been observed in several oxide systems,
including cadmium indium oxide,37 indium oxide,14,36,38,39

ZITO,14 and zinc tin oxide (ZTO).11,35,40 In the case of
indium oxide, several methods have been used to vary
structural order of as-deposited thin films: depositing at
temperatures below 273 K, and introducing hydrogen during
deposition.36,38,39 Decreasing the temperature or increasing the
H concentration during deposition increases the amorphous
fraction of the films, with a local maximum in electrical
conductivity (σe) observed near the transition from crystalline
to fully amorphous.36,39 Interestingly, this increase in σe is not
solely driven by an increase in Ne, as some authors have
posited H to be a donor in many metal oxide systems,41−49but
complemented by a simultaneously large increase in μe.

38,39,50

In prior studies, the amorphous and crystalline structures of
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In2O3 were investigated by molecular dynamics (MD)
simulations and experiments. It was found that the spatial
distribution and connectivity of the fully (octahedrally)
coordinated In atoms strongly correlate with the MD quench
rates applied, i.e., InO6 polyhedra network arrangement
depended upon the crystalline fraction allowed to form upon
cooling of the In2O3 melt.36 Based on this, the observed peak
in μe corresponded to a structure with long chains of the InO6
polyhedra connected primarily by corner sharing,36 with the
broader implication being that the manner in which a metal−
oxygen polyhedra network form plays an essential part in
carrier transport in amorphous oxides.12 The propensity of
indium oxide to crystallize at relatively low temperatures,51 as
well as scarcity concerns for continued reliance on indium,52,53

makes its oxides questionable candidates for high-performance,
high-volume AOS application. This motivates one to seek out
In-free alternatives with greater amorphous structure stability,
e.g., ZTO.
The incorporation of multiple cations in an oxide structure,

such as in ZTO, shifts the crystallization temperature, allowing
access to amorphous structures across a broader temperature
range.36 However, the microscopic effects of compositional
variation in ZTO on local and long-range order and on
transport propertiescarrier generation, Ne, and μeare
unclear. Studies of ZTO have primarily been in developing
ZTO as a thin-film transistor or buffer layer for device
incorporation,17,27,40,54−61 post-deposition treatments,62−64 or
in developing low-cost, low-temperature growth methods.65−67

Only recently have some authors begun to inspect the origins
of transport properties from an electronic structure view of
ZTO.11,35,40,68−73 Many of these studies consider a narrow
range of ZTO compositions, investigate ZTO films with carrier
densities lower than those suitable for widespread optoelec-
tronic applications, or do not satisfactorily provide information
on the local coordination changes of atomic species with
changing metal composition. In this study, we use a
combinatorial sputtering approach for deposition and charac-
terization of ZTO spanning 100% SnO2 to 100% ZnO with
compositional libraries containing a large set of varied Zn:Sn
ratios, sputtered at 300 and 400 °C, resulting in films with
optoelectronic device-relevant electrical performances. The
experimental observations are paired with ab initio MD
simulated structures to determine the origin of transport
properties via a thorough analysis of the structural character-
istics and accurately calculated electronic and optical proper-
ties of the disordered Zn−Sn−O with variable metal
composition.

■ EXPERIMENTAL METHODS
Zn−Sn−O thin films were co-sputtered using a two-gun RF
magnetron without rotation to obtain compositional libraries across
8 × 8 cm substrates. AF-32 Schott glass substrates from Howard Glass
Co. were mounted on a heated substrate holder facing two ceramic
targets of ZnO and SnO2.
Substrate temperature was monitored using a k-type thermocouple

mounted at the back surface of the substrates. Deposition temper-
atures used were 300 and 400 °C. The chamber was evacuated to 1.3
× 10−5 to 2 × 10−4 Pa prior to deposition, with a 20 sccm flow of Ar
at 0.8 Pa working pressure during deposition. Three powers were
selected per target: SnO2: 2.22, 3.33, and 4.88 W/cm2; ZnO: 1.63,
2.51, and 3.26 W/cm2. Six depositions by sputtering only from one
target at the above powers were made to evaluate the pure SnO2 film
and pure ZnO film thickness as a function of location on the
substrate. Before sputtering, masking lines were drawn at constant

increments across the 8 × 8 cm substrates. After sputtering, these lines
defined clear film thickness step heights that were evaluated by a
Bruker DektakXT profilometer with an automated stage assembly.

Using both targets at the nine combinations of powers above,
combinatorial sputtering allowed different locations on the substrate
to achieve different Zn:Sn ratios due to varied thickness mixing.
Across the substrates, regions with [Zn]/([Sn]+[Zn]) = 4−97% were
obtained. Sputtering from a single target provided [Zn]/([Sn]+[Zn])
= 0 and 100% films. By measuring the thickness gradient across the
substrate from a deposition of only ZnO and the thickness gradient
from a subsequent deposition of only SnO2, the composition gradient
across the substrate surface area was estimated, assuming sputtering
rates remained approximately the same when co-sputtering from two
targets as when sputtering from single targets.

Film thicknesses of the co-sputtered films were evaluated by the
masking procedure mentioned above, and profilometer measurements
showed a <20 nm delta of the co-sputtered ZTO film thickness from
the sum of the ZnO-only film thickness + SnO2-only film thickness.
ZTO films deposited varied in thickness from 120 to 370 nm across
the substrate surface, resulting in the composition gradient.

The 8 cm × 8 cm substrate was cut into 1 cm × 1 cm pieces for
further evaluation. Film thickness variations across these 1 cm × 1 cm
pieces were <20 nm, and resulting calculated composition variations
across the smaller, scribed films were <3 atomic % absolute. The
calculated compositions from selected areas of the ZTO films were
confirmed by Rutherford backscattering (RBS) using a 1.85 MeV He
ion beam in the facilities of the University of Michigan Ion Beam
Laboratory (MIBL). The RBS-measured [Zn]/([Sn]+[Zn])% values
were all <5 atomic % absolute from the estimated [Zn]/
([Sn]+[Zn])%. These estimated [Zn]/([Sn]+[Zn]) values were
calculated from the film thicknesses according to

[ ] [ ] + [ ] =
+

Zn /( Sn Zn )

T
N

T
N

T

N

ZnO

Zn

ZnO

Zn

SnO2

Sn (1)

where TZn and TSnO2
are the film thickness of ZnO and SnO2,

respectively, and NZn and NSn are the number of Zn atoms and Sn
atoms per volume unit cell, respectively, calculated from an estimated
ZnO density of 5.6 g/cm3 and atomic weight 81.38 and SnO2 density
of 6.9 g/cm3 and atomic weight 150.71.

Electrical properties of the films were characterized and compared
by both four-point probe and Hall effect. An automated four-point
probe system was used to map the resistivity of 1024 points across the
8 cm × 8 cm samples prior to scribing. After scribing, Hall effect
measurements were taken in the standard van der Pauw configuration
using an Ecopia HMS-3000 at room temperature, where Ohmic
contact was established by using thermally evaporated Au/Ti contacts
on the corners of the scribed films. For ZTO films deposited at 300
and 400 °C, conductivities were measured separately by four-point
probe and Hall effect. The separately measured conductivities agreed
within 20% of each other for films with [Zn]/([Sn]+[Zn]) = 20−55%
and [Zn]/([Sn]+[Zn]) = 20−75%, respectively. Polarity of the Hall
measurements (i.e., observing the Hall voltages with different square
contact configurations) was found to vary no more than a relative
∼10% on a given sample, indicating the sample dimensions (e.g.,
thickness) and composition gradient across the 1 cm × 1 cm samples
did not significantly impact measurements. To provide some measure
of uncertainty/measurement error, duplicate deposited films were
measured by Hall effect for these compositions; the reported four-
point probe and Hall effect electrical properties are the averages for
3−5 films measured multiple times each at a given composition (i.e.,
position on the 8 cm × 8 cm substrate).

For ZTO films deposited at 300 °C with [Zn]/([Sn]+[Zn]) = <20
and >55% and deposited at 400 °C with [Zn]/([Sn]+[Zn]) = <20%
and >75%, Hall measurement results appear unreliable due to high
standard deviations between samples, potentially coming from
observed non-Ohmic contact (characterized by non-linear current
vs voltage sweeps) despite similarly evaporated Au/Ti contacts, or
from more rapidly spatially changing composition and thickness
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across the 1 cm × 1 cm samples due to their positions closer to the
edges of the 8 cm × 8 cm substrate. The resistivities of these films
from Hall effect measurements were additionally >20% larger or
smaller than the four-point probe resistivity measurements. Only the
four-point probe resistivity (conductivity) values are therefore
reported here for these films. The exception to this are the uniformly
deposited 100% SnO2 and 100% ZnO samples, grown by single-target
sputtering at 300 and 400 °C.
Phase analysis was done in a Bruker ASX D8 X-ray diffractometer

(Bruker ASX Inc., WI, USA) and PANalytical X’Pert PRO MRD, both
with a Cu anode. Standard 2θ scans were taken between 18° and 52°
at 0.02° steps in the Bruker, while scans from 15° to 85° were taken in
the PANalytical on select films of low Zn% content.
Ab initio MD simulations of the crystalline and amorphous ZTO

lattices, detailed in a later section, were used to inspect coordination
of the cations as well as origins of carrier generation and carrier
density.

■ EXPERIMENTAL RESULTS
Structural Order of Zinc Tin Oxide Films. ZTO films grown at

Ts = 300 and 400 °C are shown in Figure 1. The diffraction peaks of
these as-deposited films can be indexed by standard peaks of rutile tin
oxide (JCPDS #41-1445) and wurtzite zinc oxide (JCPDS #36-1451).
Figure 1a,b shows ZTO grown at Ts = 300 °C with compositions
[Zn]/([Sn]+[Zn]) = 16% < x < 37% and [Zn]/([Sn]+[Zn]) = 43%
< x < 77%, respectively. Figure 1c,d shows ZTO grown at Ts = 400 °C
with compositions [Zn]/([Sn]+[Zn]) = 28% < x < 59% and [Zn]/
([Sn]+[Zn]) = 43% < x < 77%, respectively. X-ray diffraction (XRD)
scans of the full compositional range are provided in the Supporting
Information.
Figure 1a with [Zn]/([Sn]+[Zn]) = 16% < x < 37% shows the

(110), (101), and (211) of SnO2 with a preferential growth in the
(101) for [Zn]/([Sn]+[Zn]) ≤ ∼34%. A transition from crystalline to
fully X-ray amorphous above ∼34% [Zn]/([Sn]+[Zn]) is observed
for Ts = 300 °C.
For Ts = 400 °C shown in Figure 1c, the (101) and (211) of SnO2

are observed for [Zn]/([Sn]+[Zn]) <41%, with a transition from
crystalline to amorphous then occurring above [Zn]/([Sn]+[Zn]) =

43% seen in Figure 1d. For both Ts values, a transition from fully
amorphous to crystalline exists near 74% [Zn]/([Sn]+[Zn]), as seen
in Figure 1b,d. The XRD spectra observed after this transition at a
high [Zn]/([Sn]+[Zn]) % show a broad peak near 32.5° 2θ, which is
not immediately identifiable by either SnO2 or ZnO standards. This
main peak appears to correspond to the (311) of the cubic inverse
spinel Zn2SnO4 structure according to JCPDF #24-1470;74−76

however, substrate temperatures of Ts = 300 and 400 °C make it
unlikely for Zn2SnO4 to form during sputtering. Young et al. and Wu
et al. obtain the cubic spinel structure only upon annealing at
temperatures above 600 °C74−76 (after sputtering either without
intentional heating of the substrate or Ts >550 °C). From a thorough
review of ZTO synthesis procedures from Sun and Liang,77 it is seen
that Zn2SnO4 can be grown by thermal evaporation at 800−1000 °C
and by electrospinning followed by calcination at 700 °C, among
other methods, supporting the unlikelihood of Zn2SnO4 being present
in these films.

To identify this peak occurring near 2θ = 32.5°, several diffraction
spectra were taken with different tilts around the torsion angle, χ, of
the highest Zn content ([Zn]/([Sn]+[Zn]) = 76%) film where this
peak is most prominent. These measurements taken at four distinct χ
tilts are shown in the Supporting Information. At χ = 90° and 60°, the
peak near 2θ = 32.5° is still observed with decreasing intensity as χ
increases. At χ = 45°, this peak is significantly diminished, and peaks
at 2θ = ∼35.3°, ∼46.2°, and ∼56° begin to appear, consistent with the
expected (101), (102), and (110) of the wurtzite ZnO structure
(JCPDS #36-1451). At χ = 30°, a clear intensity peak lies at the same
angle as the (101) of ZnO, with the (102) and (110) peaks also
slightly visible.

Optical Absorption. By inspecting the absorption coefficient in
the short wavelength regime, information about the band edges can be
obtained. The absorption coefficient is calculated from measurements
of transmittance and reflectance, according to78

i
k
jjj

y
{
zzzα = −

−d
T

R
1

ln
1 (2)

where d is the film thickness in nm, T is the transmittance, and R is
the reflectance. Figure 2 shows α in cm−1 for eight depositions, each

Figure 1. X-ray diffraction spectra of ZTO films grown at 300 and 400 °C for (a, c) low Zn% and (b, d) high Zn%.
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with a composition range that overlaps with the preceding and
succeeding deposition. The range of this overlap increases with
increasing Zn content.
Regions of low absorption are seen in red, and blue indicates

regions of higher absorption. The maximum visible transmission
window occurs near 61% Zn for both Ts = 300 and 400 °C, as seen in
Figure 2a,e. The visible wavelength transmission window for both Ts
= 300 and 400 °C narrows with increasing Zn% until a discontinuity
near 42.5% Zn for the sample deposited with the highest Zn content.
For Ts = 400 °C films, extended absorption into the visible range is
seen, particularly for a low Zn content of ≤37%. These absorption
tails appear more strongly for the films at 400 °C than those deposited
at 300 °C.
The decreasing optical band gap with increasing Zn% affirms

calculated optical absorption information. Calculated absorption
coefficients (shown later in Figure 7d) indicate that the band gap is

larger for [Zn]/([Sn]+[Zn]) = 30% than for [Zn]/([Sn]+[Zn]) = 44
and 59%.

A discontinuity of the absorption coefficient occurs between the
composition range of ∼42.5−59.5 Zn% as there is a composition
overlap between samples sputtered at different SnO2 and ZnO target
powers. A similar discontinuity is seen for the Ts = 300 °C film
between ∼17 and 22.5 Zn%, and less pronounced discontinuities at
∼27−37 Zn% and ∼42.5−59.5 Zn%. These discontinuities indicate
that more than composition was altered by deposition conditions and
may result from non-uniform film thicknesses unaccounted for when
calculating α.

In the fully amorphous composition range, a broadening of the
visible wavelength transmission window is observed for both
deposition temperatures between ∼57 and 65 Zn%, with a maximum
transmission near 61% Zn.

Figure 2. Absorption coefficients of ZTO films grown at (a−d) 300 °C and (e−h) 400 °C. The gray dashed lines indicate the bound of the
composition range over which the sputtered films were measured as fully X-ray amorphous: in (a), [Zn]/([Sn]+[Zn]) <70%; in (b) and (c), [Zn]/
([Sn]+[Zn]) >34%; in (e), 43% < [Zn]/([Sn]+[Zn]) < 70%; and in (f), [Zn]/([Sn]+[Zn]) >43%.
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A full discussion of these absorption features can be made in
concert with the carrier population behavior of these films and will
therefore follow after presenting the electrical properties.
Figure 3 shows the σe, Ne, and μe of the ZTO films deposited at two

substrate temperatures as a function of Zn content as well as a

representation of the structural order of each sample provided by the
XRD measurements of the prior section. Closed markers indicate that
diffraction peaks are observed in the XRD spectra, signifying at least
partial crystallinity in the film bulk, while open markers indicate fully
X-ray amorphous films. The crystalline regions occur to the left of the
vertical, dashed lines shown at [Zn]/([Sn]+[Zn]) = 35.6% (in black,
for films grown at Ts = 300 °C), [Zn]/([Sn]+[Zn]) = 45% (in red,
for films grown at Ts = 400 °C), and to the right of the overlapping
vertical, dashed lines at [Zn]/([Sn]+[Zn]) = 70.7% (films grown at
Ts = 300 and 400 °C). Films in the regions between these are fully X-
ray amorphous. Starting at a low Zn content, the increase in Zn into
SnO2 leads to a monotonic increase in σe until a maximum value,
occurring near the indicated transitions from crystalline to
amorphous.
Figure 3 shows the maximum σe increases and shifts to higher Zn

contents with increasing Ts. For Ts = 300 and 400 °C, the maximum
conductivities are σe = ∼233 and ∼394 S/cm, respectively. These
occur at [Zn]/([Sn]+[Zn]) = 35.6 and 47.6 atomic %.
For films deposited at Ts = 300 °C, the maximum μe of 28.4 cm2/

Vs occurs at the same [Zn]/([Sn]+[Zn]) = 35.6% as the σe
maximum, while Ne remains relatively flat through the entire range
of 31.1−47.6% [Zn]/([Sn]+[Zn]).

Films deposited at Ts = 400 °C exhibit a different behavior. The
maximum σe coincides with the maximum Ne of ∼1.1 × 1020 cm−3 at
[Zn]/([Sn]+[Zn]) = 47.6%, whereas two local carrier mobility
maxima occur at [Zn]/([Sn]+[Zn]) = 44.9% and [Zn]/([Sn]+[Zn])
= 64.7%. These mobility maxima occur relatively close to the order−
disorder transition points observed in the XRD spectra. The 300 °C
transitions points observed were at [Zn]/([Sn]+[Zn]) >34 and
<70%, while the 400 °C transition points observed were at [Zn]/
([Sn]+[Zn]) >43% and <70%.

Composition. Zinc, tin, and oxygen contents of the films were
evaluated by ion beam analysis, specifically RBS. From these
measurements, the film density is simultaneously obtained. The
measured oxygen content and film density are shown in Figure 4.

While [Zn]/([Sn]+[Zn]) % values of Figure 3 are estimates based on
measured film thicknesses and calculated according to eq 1, [Zn]/
([Sn]+[Zn]) % values of Figure 4 are from the RBS measurements. A
table providing a comparison of the values is given in the Supporting
Information. The largest absolute % difference is <5% between the
calculated and measured [Zn]/([Sn]+[Zn]) values.

The stoichiometric oxygen atomic % is calculated as a function of
[Zn]/([Zn]+[Sn]). The resulting curve is shown in Figure 4 as a red
dashed line, with the measured O atomic % and calculated
stoichiometric O atomic % values indicated by the left y axis. It is
seen in Figure 4 that the absolute oxygen content decreases with
increasing Zn content; however, the films are overstoichiometric up to
the film measured with [Zn]/([Sn]+[Zn]) = 52.6%. The films with
[Zn]/([Sn]+[Zn]) = 68.2 and 75.5% are substoichiometric.

Estimates of the bulk film density are also shown in Figure 4, with
values indicated by the right y axis. Note that limitations of RBS
detector sensitivity for lighter elements such as oxygen result in
relatively large uncertainties of the estimated film densities. An
increase in film density is observed at [Zn]/([Sn]+[Zn]) = 28.6% as
crystallinity of the films decreases followed by a decrease in film
density after the transition to completely X-ray amorphous. Upon
transitioning back to crystalline at ∼70%, a slight increase in film
density is observed again. However, these film density changes are all
within the uncertainty of each other.

Theoretical Methods. To understand the observed electrical
behavior as it relates to the structural order, particularly for
amorphous films, amorphous binary and ternary Zn−Sn−O structures
were generated using first-principles molecular dynamics (MD)
liquid-quench simulations as implemented in the Vienna ab initio
simulation package (VASP).79−83 The calculations were based on
density functional theory (DFT) within the generalized gradient

Figure 3. Room temperature electrical properties of ZTO deposited
at Ts = 300 or 400 °C. (a) Conductivity measured by four-point
probe. (b) Carrier density and (c) carrier mobility measured by Hall
effect. Measurement uncertainty contained within the marker size.
Solid markers indicate partially crystalline films; open markers
indicate fully X-ray amorphous films. Black vertical, long-dashed
lines and red dashed-dotted lines indicate a phase transition point of
crystalline to amorphous for 300 °C-grown films and 400 °C-grown
films, respectively. Both 300 °C samples with [Zn]/([Sn]+[Zn]) =
<20 and >55% and 400 °C samples with [Zn]/([Sn]+[Zn]) = <20
and >75% could not be reliably measured by Hall effect; therefore,
only four-point probe conductivity values are reported in (a).

Figure 4. Oxygen content (red circles) and film densities (black
squares) measured by Rutherford backscattering of zinc tin oxide
films grown at 400 °C. Closed markers indicate that the films are
partially crystalline, while open markers indicate that the films are fully
X-ray amorphous. The red dashed line is the calculated stoichiometric
oxygen atomic % for a given [Zn]/([Zn]+[Sn]) %.
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approximation with the Perdew−Burke−Ernzerhof (PBE) func-
tional84 and with periodic boundary conditions.
Initial randomized cells were constructed: ZTO30 = 146-atom

Zn16Sn38O92, with density 6.407 g/cm3; ZTO44 = 138-atom
Zn24Sn30O84, with density 6.212 g/cm3; and ZTO59 = 130-atom
Zn32Sn22O76, with density 6.016 g/cm3; as well as Sn46O92, with
density 6.801 g/cm3, and Zn70O70, with density 5.48 g/cm3. Note that
the density in Zn−Sn−O cells is about 5% lower than the
corresponding linear interpolation based on the respective ratio of
the crystalline densities, i.e., 6.95 g/cm3 for SnO2 and 5.61 g/cm3 for
ZnO. These densities are in excellent agreement with our
experimental results (Figure 4). To model oxygen substoichiometry,
the oxygen content was reduced at the melting stage and was set to
correspond to oxygen defect concentrations of 6 × 1020 cm−3

(Sn46O91, Zn16Sn38O91, Zn24Sn30O83, Zn32Sn22O75, and Zn70O69)
and 1.2 × 1021 cm−3 (Sn46O90, Zn16Sn38O90, Zn24Sn30O82,
Zn32Sn22O74, and Zn70O68) in all compositions.
All initial structures were first melted at 3000 K for at least 10 ps in

order to ensure a fully randomized configuration and to stabilize the
total energy. Next, liquid-quench simulations were performed by
cooling each structure to 2500 K at an MD rate of 100 K/ps then
rapidly quenching to 100 K at a 200 K/ps rate. An energy cutoff of
260 eV and a single Γ-point method were used during melting and
quenching processes. Next, each structure was equilibrated at 300 K
for 6 ps with a cutoff energy of 400 eV. All MD simulations for
amorphous oxides were carried out in the NVT ensemble with a
Nose−́Hoover thermostat using an integration time step of 2 fs. For
accurate structural analysis of both crystalline and amorphous oxides,
the room temperature configurations obtained from MD simulations
at 300 K (3000 MD steps resulting in 3000 atomic configurations for
each structure) were used. The resulting pair correlation functions are
shown in the Supporting Information. The average effective
coordination number and average bond length were calculated
according to refs 85 and 86and Eqs 1 and 2 in ref 87 for each atom in
each MD configuration and then averaged over the 3000 steps (6 ps).
Next, each of the atomic configurations obtained from the ab initio

MD liquid-quench simulations was optimized within DFT using the
PBE functional. For the optimization, the cutoff energy of 500 eV and
the 4 × 4 × 4 Γ-centered k-point mesh were used; the atomic
positions were relaxed until the Hellmann−Feynman force on each
atom was below 0.01 eV/Å. The electronic and optical properties of
the PBE-optimized structures were calculated using the hybrid Heyd−
Scuseria−Ernzerhof (HSE06) approach88,89 with a mixing parameter
of 0.25 and a screening parameter α of 0.2 Å−1. Note that only the
electronic self-consistent calculations were performed in HSE06,
whereas the atomic positions were not relaxed. Bader charge analysis
in the Voronoi volume around each atom90 was performed for the
conduction states. We argue that the Bader charge calculations
provide a much more accurate analysis of the electronic properties in
disordered oxides with strong polyhedral distortions than the density
of states (DOS) analysis that employs a fixed cutoff radius around
atoms to calculate the atomic contributions. Such DOS analyses
neglect non-uniform charge distributions. Finally, optical absorption
was derived from the frequency-dependent dielectric function, ε(ω) =
ε1(ω) + iε2(ω), calculated within the independent particle
approximation as implemented in the VASP. The imaginary part,
ε2(ω), is related to the optical absorption at a given frequency ω and
is determined based on the electronic transitions of the hybrid
functional solution. The real part of the complex dielectric function is
obtained using Kramers−Kronig relations. The atomic structures and
charge densities were plotted using VESTA software.91

Ab Initio MD Simulations and Property Calculations. First,
we compare the calculated effective coordination numbers (CN) for
Sn and Zn in the first shell for simulated amorphous binary and
ternary Zn−Sn oxides with different Zn:Sn ratios. The results, shown
in Figure 5, reveal that, at room temperature and over the considered
range of compositions, the coordination of tin species exhibits a broad
distribution, skewed with a significant fraction undercoordinated (CN
< 5) as seen in Figure 5a. In contrast, Zn species show a strong
preference for its wurtzite tetragonal coordination with a uniform

distribution with respect to CN = 4, as seen in Figure 5b. The
increasing (decreasing) Zn (Sn) concentration in amorphous Zn−
Sn−O suppresses the high-coordinated Zn (CN > 4), whereas for Sn,
there are no clear trends observed. Importantly, for both Sn and Zn,
the largest fraction of undercoordinated metals is found for ZTO44.
This signifies that a nearly equal fraction of Zn and Sn produces the
highest number of free carriers, in excellent agreement with our
experimental measurements (Figure 3).

The average coordination for Sn and Zn with oxygen and the
coordination time variance are shown in Figure 6 for the ZTO

structures with one oxygen defect (the results for the stoichiometric
case and non-stoichiometric case with two oxygen defects are given in
a table in the Supporting Information). The results are obtained from
MD simulations for 6 ps at 300 K so that the variance determines how
the CN deviates from the average value within the 6 ps time period.
The coordination of Sn decreases with increasing Zn content up to
59% Zn in ZTO, which sees a slight increase in Sn coordination to a
similar value as that of the completely amorphous pure SnO2 with an
average CN of 5.5 (Figure 6a).

Unlike the Sn species, Zn remains nearly fully coordinated (CN >
3.8) in all ZTO structures, having a higher average coordination than
that in amorphous and even crystalline binary ZnO at room
temperature, as observed in Figure 6a. At the same time, the
coordination variance is notably greater for Zn than for Sn (Figure
6b). It has been shown that the coordination time variance plays a key

Figure 5. Simulated amorphous structures of binary and ternary Sn−
Zn oxides, with 30, 44, and 59% Zn (atomic %) are shown, giving the
coordination distribution for (a) Sn species coordinated by O and (b)
Zn coordinated by O. The results are from MD simulations at 300 K
for 6 ps for the structures with one oxygen defect.

Figure 6. (a) Calculated average Sn and Zn coordination by oxygen
in crystalline and amorphous SnO2 and ZnO and in ZTO structures
with 30, 44, and 59% Zn. (b) Calculated time variance of the
coordination of Sn and Zn. The results are based on the MD
simulations at 300 K for the structures with one oxygen defect.
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role in amorphization.14 Indeed, the higher CN variance for Zn
explains why a large concentration of Zn (>45%) is required to
achieve a fully amorphous phase in ZTO grown at 400 °C, making the
amorphous region shifted toward Zn-rich phases (Figures 1 and 3).
Based on the calculated electronic properties of amorphous Zn−

Sn−O, Bader charge contributions from individual atoms to the
conduction band-like state are determined. It is found that Sn
contributions are significantly higher than those from Zn, even at 59%
Zn incorporation into the ZTO structure (Figure 7a). The charge in

the conduction state calculated along all possible metal−metal pairs in
ZTO59 (Figure 7b) confirms the localization of the conduction
electrons near Sn atoms and also reveals that major contributions
come from a few Sn atoms that are undercoordinated (CN = 4.5, 5.0,
and 5.1). These low-coordinated Sn atoms cluster in the ZTO59
structure as seen from the calculated charge density distribution
(Figure 7c). Such clustering of undercoordinated, undershared metal
atoms represents the presence of an oxygen defect in amorphous
structures.14 Therefore, the above results suggest that Sn states are
primarily responsible for carrier generation and transport in Zn−Sn−
O.
The calculated optical properties, shown in Figure 7d, suggest that

at low oxygen deficiency, i.e., for oxygen defect concentrations of 6 ×
1020 cm−3 or below, amorphous Zn−Sn−O structures exhibit low
absorption within the visible range; ZTO30 has the largest optical
gap. Higher oxygen deficiencies, i.e., oxygen defect concentration of
1.2 × 1021 cm−3 or above, result in deep localized states that increase
the absorption near 2 eV for Zn fractions of 44 and 59% in ZTO. The
formation of deep localized states may explain the observed
absorption near 500 nm in samples grown at 300 °C, whereas a
higher deposition temperature helps to attain more uniform
amorphous films with delocalized states, higher carrier concentration,
and hence wider optical transmission window, as seen in Figure 2.

From the MD-generated structures, the number of face-, edge-, and
corner-shared polyhedra can be evaluated. A representative structure
of ZTO with 59% Zn obtained using a quench rate of 200 K/ps is
given in Figure 8a, with the calculated distribution of each M−O
polyhedra-sharing type in Figure 8b.

As seen in Figure 8b, the number of face-sharing polyhedra is
suppressed entirely, while the number of edge-shared polyhedra and
the distance between such polyhedra are both reduced as Zn content
increases from 30 to 59%. Simultaneously, the number of corner-
shared polyhedra increases also with the M−M distance reducing.
These results are in agreement with tetragonally coordinated Zn
preferring corner-sharing configurations. From these observations, it is
evident that Zn controls the medium-range structure and governs film
morphology, which affects carrier mobility. Based on the polyhedra-
sharing distributions, the most uniform morphology is expected to
occur for ZTO59; indeed, the observed mobility is the highest for
60−65% Zn.

■ DISCUSSION
In Figure 1b,d, a peak not indexed by the standard peaks of
rutile SnO2 (JCPDS #41-1445) and wurtzite ZnO (JCPDS
#36-1451) was observed. Upon further inspection, we
identified this peak as ZnO (101) with a slight offset to
smaller 2θ values. A similar broad peak was observed at 2θ =
∼33° by Hayashi et al. and Moriga et al.92,93 While these
authors did not explain the nature of the peak, they showed an
unambiguous wurtzite ZnO (002) diffraction peak at an
immediately higher composition ([Zn]/([Sn]+[Zn]) =
∼80%).92,93
A possible explanation for the existence of this broad, shifted

(101) peak in Figure 1b,d could relate to local order in the
amorphous phase. If the transition from amorphous to
crystalline involves a gradual phase change from the trigonal
ilmenite-like phase (ZnSnO3) to the wurtzite one (ZnO), then
it is possible that, at those transitional compositions, a
percentage of zinc exists with a coordination number of 4 in
a wurtzite-like structure. This is consistent with a prior work,
which has shown that local cation coordination environments
are preserved due to strong metal-to-oxygen charge transfer
despite long-range structural disorder in amorphous oxides.8

When tin is introduced into the matrix, the tetragonally
coordinated cation induces an expansion of the lattice. This
allows observation of the ZnO structure when tilting in χ, but
with the characteristic peaks offset to smaller 2θ angles. From
this, we conclude that a significant amount of the ZnO phase
exists in the partially crystalline films with [Zn]/([Sn]+[Zn])
≥ 70% and also exists in the amorphous films at a lower [Zn]/
([Sn]+[Zn])%.

Figure 7. (a) Calculated percentage contribution from Sn and Zn
species to the Bader charge in the conduction band-like state that
crosses the Fermi level in three ZTO phases with one (solid line) or
two (dashed line) oxygen defects. (b) Calculated conduction band
charge along metal−metal pairs in ZTO59. (c) Charge density
distribution in the conduction states for ZTO59. (d) Calculated
optical absorption in three ZTO phases. Solid (dashed) lines
represent an oxygen defect concentration of 6 (12) × 1020 cm−3.

Figure 8. (a) Structure of ZTO with 59% Zn simulated using a
quench rate of 200 K/ps. (b) Distribution of face-, edge-, and corner-
shared Zn−O polyhedra for 30, 44, and 59 Zn in ZTO for the
structures with one oxygen defect.
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The optical absorption data of Figure 2 supports the
existence of a significant ZnO fraction in the amorphous ZTO
films. The visible wavelength transmission window for both Ts
= 300 and 400 °C narrows with increasing Zn%, as seen in
Figure 2b,c,f−h. This is consistent with the picture of a
monotonically decreasing band gap as the films transition from
pure SnO2 to pure ZnO. Band gaps of 3.7−3.4 eV are
attributed to rutile SnO2,

94−100 while band gaps of 3.2−3.43
eV are attributed to wurtzite ZnO.97,101−104 Perkins et al. show
that the optical band gap of sputtered Zn2SnO4 is wider than
that of ZnO.102

As seen in Figure 1a,c, we observe the crystalline-to-
amorphous-order transition point for the 400 °C films shifted
to a higher composition (occurring near 45% Zn) when
compared to the 300 °C transition point. This may provide an
explanation for the origin of the absorption band tails as these
appear more strongly in the 400 °C films as seen in Figure 2g,h
compared to Figure 2c,d. Enhanced absorption induced by
greater structural disorder is typical of observed exponential
Urbach tails.105,106 These tails likely originate from additional
“defects” propagating in the tin oxide matrix as more Zn is
incorporated and strains the lattice. At the higher deposition
temperature, a larger “defect” population is induced as the
lattice is strained to incorporate a greater amount of Zn species
and greater structural disorder. While oxygen vacancies have
historically been implicated as the dominant defect in many
oxide materials,49 much of this composition range encom-
passes films with a disordered phase, meaning there cannot be
oxygen vacancies. Instead, this absorption typically indicating
enhanced disorder, in an already-disordered phase, may point
to local distortions and changes in coordination, which have
been discussed at length in the Ab Initio MD Simulations and
Property Calculations section.
Hayashi et al. and Moriga et al. report a similar σe

behavior92,93 as the trend seen in Figure 3a. These two reports
suggest the amorphous ZTO films are composed of
(ZnSnO3)1−x(SnO2)x over the range [Zn]/([Sn]+[Zn]) =
∼30−50% (0 ≤ x ≤ 0.5) and are composed of (ZnSnO3)1−y
(ZnO)y over the range [Zn]/([Sn]+[Zn]) = ∼50−66.7% (0 ≤
y ≤ 0.5).92,93 Moriga et al. posit that amorphization of the
crystalline phase induces a significant increase in oxygen
vacancy population, resulting in films with Ne up to 1 × 1020

cm−3, similar to their crystalline bulk counterparts.93 Upon
reaching a saturation point, a reduction of carriers in the
amorphous phase can be induced by either carrier
compensation with Zn acting as an acceptor or due to
increasing oxygen incorporation as greater amounts of ZnO are
sputtered, which reduces the oxygen vacancy population.93

However, this picture is inconsistent with the oxygen
concentration measured in the ZTO films of this study. Figure
4 shows the Ts = 400 °C films up to [Zn]/([Sn]+[Zn]) =
55.3% are overstoichiometric in oxygen (the film with
maximum σe occurred at [Zn]/([Sn]+[Zn]) = 47.6% for Ts
= 400 °C). Siah et al. has grown ZTO films at [Zn]/
([Sn]+[Zn]) = 100, 78.8, 63.2, 35.7, and 0% whose measured
oxygen contents, when compared to the red dashed curve in
Figure 4, are similarly overstoichiometric.11 Here, as greater
amounts of ZnO are sputtered, the films become substoichio-
metric in oxygen. Specifically, this occurs when [Zn]/
([Sn]+[Zn]) ≥ 68.2%, as observed in Figure 4. The dominant
“defect” controlling the Ne, and subsequently the maximum σe,
has to reconcile these observations.

A prior work in amorphous SnO has shown the propensity
for the tin atoms to form stabilizing clusters, and become
undercoordinated, upon amorphization.107 Wahila et al.
propose that these undercoordinated Sn atoms result in a
valence band edge with a substantial metal s orbital character
in the amorphous phase, producing subgap states in the
disordered material, which allow enhancement of conduction
properties. Wahila et al.,72 Körner et al.,68−70 and Rucavado et
al.71 demonstrate similar findings in amorphous ZTO, where
subgap states are observed experimentally and theoretically to
originate from local coordination changes of the cation and
anion species.72

The present DFT-based MD results are indeed in agreement
with the hard X-ray photoelectron spectroscopy (HAXPES)
and DFT valence band calculations reported by Wahila et al.72

However, Wahila et al. point to both a low Zn atomic % region
and the 75−90% atomic Zn range as compositions for
promising ZTO electrical behavior. These regions are both
lower and higher than the [Zn]/([Sn]+[Zn]) where the
highest σe occur for ZTO films shown in Figure 3a. It should
be noted that Wahila et al. deposit ZTO films under differing
conditions, namely, at room temperature, as compared to the
300 and 400 °C substrate temperatures of the films in Figure 3.
Whereas Figure 3b show films with Ne = 1019−1020, films
characterized by Wahila et al. do not attain Ne higher than
∼1017, as may be expected for lower temperature depositions.
In the present study, peak σe shifts to a higher %Zn with
increasing deposition temperature, occurring at 35.6% Zn for
300 °C films and 47.6% Zn for 400 °C films. This suggests a
strong dependence of the formation of conduction chains with
temperature and possibly high sensitivity to additional
deposition conditions impacting local coordination.
These local distortions in coordination occur even in

perfectly stoichiometric films.72,108 The likelihood of under-
coordinated Sn in the ZTO films studied here was highlighted
in the Ab Initio MD Simulations and Property Calculations
section and is consistent with prior works noted.68−70,72,107

This leads us to propose a Frank−Köstlin-type associate as a
candidate “defect” in this system: 2SnZn

••Oi″. In tin-doped
indium oxide, Frank and Köstlin proposed the existence of a
neutral, reducible associate between tin donors and oxygen
interstitials. This type of associate, now known as the Frank−
Köstlin associate, has been the basis for defects proposed in
both bulk and thin-film materials made in the ZnO−In2O3−
SnO2 (ZITO) system.109,110

In ZTO, the existence of 2SnZn
••Oi″ would require Sn (4+) to

replace a four-coordinated Zn (2+). The XRD spectra of
Figure 1b,d provide evidence of significant amounts of ZnO in
the amorphous films. From the MD simulated structures and
Figure 5b, Zn strongly prefers to be four-coordinated even in
amorphous structures. It must be emphasized that there is no
lattice site for Sn to substitute for Zn in a strict sense as these
films are amorphous. However, the MD simulated structures
show a large portion of undercoordinated Sn in Figure 5a,
suggesting that Sn atoms are located in four-coordinated
positions.
Furthermore, the MD simulations strongly support Sn as the

source of conduction electrons, consistent with a prior work in
related amorphous oxide systems.107 Figure 7b shows that Sn
contributions to the charge density are significantly higher than
those from Zn, even at 59% Zn incorporation into the ZTO
structure. The calculated charge density near the Fermi level,
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shown in Figure 7a, confirms that Sn states are indeed the
source of carrier generation and transport.

■ CONCLUSIONS

ZTO films with compositions ranging across the entire ZnO−
SnO2 tie line were combinatorially sputtered. Structural
analysis suggest a significant amount of ZnO fraction in the
amorphous films, and MD simulated structures show that Zn
in the amorphous phase has a strong tendency to be
tetrahedrally coordinated by oxygen. Optical absorption in
the sub-band gap region points to an increased defect
population as Zn % is increased for films deposited at a
higher substrate temperature. Contrary to conventional
thought, oxygen vacancies are not the source of carriers as
measured composition data show the films to be over-
stoichiometric in oxygen in the region of highest carrier
population. MD simulations show the tendency of Sn to be
undercoordinated while simultaneously the source of carriers,
suggesting a Frank−Köstlin-type defect present in the film,
namely, 2SnZn

••Oi″. Accurate calculations of the electronic
properties of MD simulated amorphous Zn−Sn−O structures
allow one to determine the cation fractional contribution to
the density of states and charge density near the Fermi level,
revealing that Sn contributes significantly more than Zn,
further supporting the existence of both 2SnZn

••Oi″ and Sn as the
cation governing carrier generation. Furthermore, the simu-
lated structures confirm that the Zn species control the
medium-range structure and observed amorphous-to-crystal-
line or crystalline-to-amorphous transition points, i.e., Zn
controls the morphology and subsequently the carrier mobility.
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