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ABSTRACT: High-throughput experimental (HTE) techni-
ques are an increasingly important way to accelerate the rate
of materials research and development for many technological
applications. However, there are very few publications on the
reproducibility of the HTE results obtained across different
laboratories for the same materials system, and on the
associated sample and data exchange standards. Here, we
report a comparative study of Zn−Sn−Ti−O thin films
materials using high-throughput experimental methods at
National Institute of Standards and Technology (NIST) and
National Renewable Energy Laboratory (NREL). The thin
film sample libraries were synthesized by combinatorial
physical vapor deposition (cosputtering and pulsed laser
deposition) and characterized by spatially resolved techniques for composition, structure, thickness, optical, and electrical
properties. The results of this study indicate that all these measurement techniques performed at two different laboratories show
excellent qualitative agreement. The quantitative similarities and differences vary by measurement type, with 95% confidence
interval of 0.1−0.2 eV for the band gap, 24−29 nm for film thickness, and 0.08 to 0.37 orders of magnitude for sheet resistance.
Overall, this work serves as a case study for the feasibility of a High-Throughput Experimental Materials Collaboratory (HTE-
MC) by demonstrating the exchange of high-throughput sample libraries, workflows, and data.
KEYWORDS: interlaboratory, high throughput, thin-film sample libraries, data exchange, collaboration

■ INTRODUCTION

High-throughput experimental (HTE) techniques are an
increasingly important way to accelerate the rate of materials
research and development for many possible applications.1,2 In
the case of thin film research, HTE methods include
combinatorial depositions of sample libraries with composition
spreads, spatially resolved characterization for their chemical
composition, crystal structure, and relevant properties, as well
as corresponding analysis of the high-volume data. Multiple
review papers have been published summarizing these thin film
HTE methods and their use in different applications across
different materials systems.3−6 However, there are very few
publications on the reproducibility of the HTE results obtained
across different laboratories for the same materials system used
in the same application.7−10 The corresponding exchange
protocols for sample and data have not been reported either.
Such a study, reported here, is aimed at increasing the
confidence of the broader research community in HTE

methods as applied to thin film materials science, and at
testing possible data and sample exchange protocols.
In addition to interlaboratory comparison of measurement

methods, this study also serves as a proof of concept for a
distributed network of high-throughput experimental synthesis
and characterization instruments named “High-Throughput
Experimental Materials Collaboratory” (HTE-MC).4 For
example, HTE-MC would permit an industrial participant to
request HTE libraries of specific materials to be deposited by a
HTE-MC member with expertise in combinatorial reactive
sputtering. The sample libraries could then be transferred to a
synchrotron national user facility for detailed structural studies,
then to a national lab with expertise in property measurements,
and finally to an academic partner for material degradation
studies. For the HTE-MC to function smoothly, standards for
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exchanging HTE libraries, data, and measurement protocols
will need to be implemented at all partner laboratories. Each
measurement would have to be made at identical positions on
the same library, ensuring that different measurements can be
compared to each other. But even in this case, differences in
measured values for the same property can be expected, as
different laboratories may employ different characterization
methods. This Research Article represents an example of
sample exchange, data exchange, and quantitative comparison
of results between two laboratories, which enabled the testing
of geographically distributed high-throughput experimental
measurements.
For the interlaboratory comparative experiments reported in

this Research Article, we chose Zn−Sn−Ti−O materials,
because it is a pseudoternary oxide system composed of
common metallic elements that can be codeposited using
different thin film synthesis techniques. Other chemistries (e.g.,
open-shell transition metal oxides8,11 or main group
sulfides12,13) may pose more cross-contamination constraints
on available deposition techniques. The other reason for
choosing the Zn−Sn−Ti−O material system is that it is
chemically similar to several other transparent conductive
oxides (TCO)14 and amorphous oxide semiconductors
(AOS).15 From the practical point of view, TCO are an
important class of materials for contact applications in
optoelectronic devices (photovoltaics, light-emitting diodes),
and AOS are used for transparent transistors in display
applications (liquid crystal displays, touch-screens). The
corresponding relevant materials properties are optical trans-
parency and electrical conductivity, in addition to crystal
structure and chemical composition. However, in contrast to
many other main-group pseudoternary oxides,16,17 there are no
previous published reports on Zn−Sn−Ti−O studied using
high-throughput combinatorial experimental techniques.
In this interlaboratory study, National Institute of Standards

and Technology (NIST) and National Renewable Energy
Laboratory (NREL) each synthesized Zn−Sn−Ti−O films
with the deposition tools available. Each laboratory then
characterized the sample libraries for their composition,
structure, thickness, and optical properties on their own
previously defined sampling grid. The sample libraries were
exchanged, along with the appropriate map coordinates, and
the other laboratory performed measurements at the same
points as the first laboratory. For some of the measurements,
the laboratories used a different measurement system (e.g.,
spectroscopic ellipsometry versus transmission-reflection opti-
cal spectroscopy) with its own unique measurement geometry
and analysis protocols. It was found that qualitative composi-
tional trends of the measured properties were well replicated
between the two laboratories. Quantitative comparisons of the
physical properties varied depending on the measured property
and confirmed well-known systematic errors of techniques.
Several additional lessons were learned during the study and
are discussed in this Research Article.

■ METHODS
At NIST a single Zn−Sn−Ti−O thin film sample library was
deposited as a layered continuous composition spread via
pulsed laser deposition from 2.54 cm diameter ZnO, SnO2, and
TiO2 targets onto a 7.62 cm diameter c-cut (0001) sapphire
(Al2O3) wafer. All targets were purchased from commercial
vendors with nominal purities greater than 99.9%. The film was
deposited in 10−3 Torr of O2 at a substrate temperature of 500

°C. The deposition method was described in a previous
publication.18 Briefly, the three targets were located on a
rotating carousel and ablated sequentially using a single KrF
pulsed laser source with wavelength of ∼248 nm. A pulse laser
energy of 200 mJ and a 10 Hz repetition rate were used. The
number of pulses for each target was calibrated to provide a 0.5
nm maximum thickness per target per layer. Composition
spreads are created by using noncentered deposition in
conjunction with substrate rotations coordinated with the
target changes. The resulting library exhibited a lateral
composition spread that spanned a maximum composition
range of 30 cation at.% for Ti, 80 cation at.% for Zn, and 90
cation at.% for Sn with a maximum total film thickness of 140
nm. For these libraries, the composition spread is formed from
the inherent nonlinear spatial variation of the deposition
process. Accordingly, the change in cation concentration
change per millimeter is location-dependent and hence not
explicitly reported. Postdeposition, the sample library was
cooled under vacuum with no postannealing performed. The
NIST library was characterized using a suite of spatially
resolved measurement tools at 177 individual locations
(spots).
All characterization performed at NIST was performed as

follows. The crystal structure of each spot was characterized
with spatially resolved X-ray diffraction (Cu K-alpha line)
using a Bruker D8 Discover. Chemical composition was
determined using wavelength dispersive spectroscopy (WDS)
on a JEOL 8900 R electron probe microanalyzer calibrated
with elemental Zn, Sn, and Ti standards. The film thickness
and optical constants were measured by scanning ellipsometry
(J. A. Woollam Co. M-2000 X). Sheet resistance mapping was
performed with a Four Dimensions 280DI 4-point probe sheet
resistance mapping system with a probe radius of 100 μm and
probe spacing of 1 mm. Prior to sheet resistance mapping of
each sample library, the measurement system was calibrated
with Si reference sample (Model RS 3-0.01, Serial 8155-019).
The thickness of the film at each measurement point was used
to calculate the conductivity.
NIST clustering of the X-ray diffraction data was performed

on background subtracted patterns using the hierarchical
clustering function in the Combiview program19 on the
integrated 1-D X-ray diffraction patterns using the Spearman
distance metric and average linkages between clusters. Film
thickness and absorption coefficient spectra were extracted
from position-dependent spectroscopic ellipsometry measure-
ments taken on the library using the CompleteEASE software
package; details of this fitting can be found in the Supporting
Information. The visible portion of the spectra was first fit by
treating the film and substrate as transparent layers. The
substrate was fit with the Cauchy dispersion equation and the
film−substrate bilayer film was fit as a combined Cauchy−
Tauc Lorentz model. To enable an automated determination
of the band gap that can be applied equally well to the NIST
and NREL measured spectra, the band gaps reported in
subsequent sections were taken to be the photon energy at
which the optical absorption coefficient equaled about 104

cm−1.
At NREL three Zn−Sn−Ti−O thin film sample libraries

were deposited by radiofrequency (RF) sputtering from 50
mm diameter ZnO, SnO2, and TiO2 targets on to 50 × 50 mm
Eagle XG glass substrates heated to 300 °C in a 10−3 Torr of
Ar atmosphere. The ZnO and SnO2 targets, held at 16 to 50 W
power, were positioned at 30° with respect to the substrate
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plane, resulting in 30 cation at. % to 50 cation at.%
composition spread across the 50 mm library. The TiO2
target, held at 33 W power was at 60° with respect to the
substrate plane, resulting in nearly constant 5 cation at.%
composition across each library. The 60 min duration of the
deposition resulted in 200−400 nm thin films. More details
about this combinatorial thin film deposition chamber at
NREL have been previously reported.20,21

All thin films libraries were characterized at NREL as a
function of position for crystal structure using spatially
resolved X-ray Diffraction (XRD − Bruker D8 Discover), for
chemical composition and thickness using X-ray Fluorescence
Spectroscopy (XRF−Fischerscope XDV-SDD), for optical
transmittance and reflectance using UV−vis spectroscopy
(custom, with Ocean Optics spectrometers), for sheet
resistance using four-point probe instrument (custom, with
Signatone probe head). The thickness was determined from
XRF measurements and material density by the software on
the instrument, using the previously published model.22 All
measurements were processed into the NREL High-Through-
put Experimental Materials Database (HTEM-DB) with
automatic normalization for measurement time and sample
thickness as well as background subtraction for a glass
substrate.21 Data was obtained from the HTEM-DB API for
analysis. The thickness obtained from the XRF measurements
was used to calculate the conductivity from the measured sheet
resistance and the absorption coefficient from the measured
reflection and transmission spectra. More information about
these spatially resolved characterization instruments at NREL
can be found in prior publications.23,24

The NREL clustering analysis was done using the Spectral
Clustering method as implemented in scikit-learn.25 An affinity
metric combining both the similarity of XRD patterns and the
proximity in composition was used to promote compositionally
connected clusters. Specifically

ε= − − · −A exp( (1 CC (1 dd )) )ij ij ij
XRD COMP 2

(1)

where CCij
XRD is the normalized cross correlation of the xrd

patterns and ddij
COMP is the normalized compositional distance.

The XRD peak assignment for each of the clusters was
performed using reference patterns from the International
Centre for Diffraction Data (ICDD) database, also known as
powder diffraction file (pdf).
Regardless of the characterization location (NREL or

NIST), the libraries synthesized at NREL were measured at
44 points on rectangular 4 × 11 grid covering the 50 × 50 mm
substrate. Similarly, the libraries synthesized at NIST were
measured at both locations on 177 points on a square 15 × 15
grid truncated to fit a circular 75 mm diameter substrate. In
this context, it is important to know that a substantial fraction
of time in this comparative study was spent adopting the
sample library holders and instrument operation files at NIST
and NREL to the new library geometry of the other laboratory.
Similarly, it was noted that the data processing tools and
interchange protocols for the other laboratory’s samples were
another bottleneck in the interlaboratory study. Both
observations, discussed in more detail below, are important
to keep in mind for the future interlaboratory collaborative
projects, such as HTE-MC envisioned in literature.4

Data was harvested from instruments automatically at NREL
and manually at NIST. Data was exchanged internally as
tabular data in CSV format, using cloud-based data storage

services, for interlaboratory analysis purposes. The NREL-
measured data for both NIST and NREL samples was also
made publicly available through NREL’s high-throughput
experimental materials (HTEM) database at https://htem.
nrel.gov/.26 In addition, to support FAIR (Findable,
Accessible, Interoperable, Reusable) data principles,27 all data
in standardized XML format was published at https://hte.
registry.nist.gov/ and used for making the final plots reported
in this paper. This repository is based on the NIST-developed
Materials Data Curation System (MDCS).28 More details of
this data-exchange part of the interlaboratory study will be
discussed in a separate paper.
A consequence of each lab using the other’s sampling grid is

that each lab is measuring properties at nearly the identical
composition, barring minor sample library misalignments. This
means that the resultant measurements can be compared
qualitatively (as in pseudobinary or ternary plots) to identify
how well trends in properties are captured, and quantitatively
(as in the parity plots) to identify the reproducibility of the
actual measurement. To quantitatively assess the similarity or
difference between the characterization of the sample libraries
at each institution, we compared measurements for several key
scalar quantities: film thickness, sheet resistance, band gap
(derived from optical spectroscopies), and the position of the
first strong diffraction peak (derived from X-ray diffraction
measurements). To quantify the similarities and differences, we
utilize paired correlation plots and comparative pseudobinary/
ternary plots, along with reporting mean absolute error (MAE)
and root mean standard deviation (RMSD).
Differences between property measurements were further

assessed for statistical significance using a paired Welch two-
sample t test, paired Wilcoxan rank sum test, and
Kolmogorov−Smirnov test.29 These tests assess whether the
observed paired differences between measurements are
significant or may have occurred due to random chance, and
whether the observed data are drawn from the same statistical
distribution. We estimate a 95% confidence interval (CI)
around the error distribution. Individual property measure-
ments were truncated in this analysis according to their
expected measurement error. Film thickness was rounded to
the nearest whole number (nm), and band gap was rounded to
the nearest 0.1 (eV). All statistical tests were performed using
the R environment for statistical computing, version 3.5.2.30

We also compare results for one vector quantity (X-ray
diffractogram) using clustering analysis to determine structur-
ally similar regions in the ternaries, and analyzed the
crystallographic identity of each of the resulting clusters.
The differences in the deposition techniques require

different presentation methods for the NIST versus the
NREL synthesized libraries. The NIST library was deposited
as a composition spread with a relatively large composition
region covered and is thus presented in the form of
pseudoternary plots. The NREL libraries are deposited as
heavily doped binary composition spreads and cover
substantially less of the ternary and thus are plotted as
pseudobinary plots, where the Ti content is considered roughly
constant. In both cases, the oxygen content in the film is
considered as an implicit variable since it is not directly
measured or used in the calculation for the x-axis. No attempt
was made in this study to compare the resultant properties of
the sputtered and PLD libraries to one another.
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■ RESULTS AND DISCUSSION

The Zn−Sn−Ti−O library deposited at NIST displayed steep
composition spreads, with Zn and Sn varying between 15
cation at.% and 85 cation at.%, and Ti varying between 5
cation at.% and 30 cation at.%. Thus, the resulting plots of
properties are shown as ternary diagrams with partially covered
composition spread range.
All the diffraction patterns measured at NIST and at NREL

are shown in Figure S1 as a function of chemical composition.
The trends in the peaks positions are qualitatively similar as a
function of Sn content defined as Sn/(Sn + Zn + Ti), with a
few small quantitative differences in peak widths and intensities
resulting from the use of different collimators and integration
times. However, because of the large ternary region covered by
the library it is not possible to determine how the phases are
distributed in composition space and phase identification is

challenging. For instance, the variation in the Ti concentration
in Figure S1 is evidenced by the movement of the peak for
nominally identical ratios of Sn/(Sn + Zn + Ti) and
complicates analysis from these plots.
To address this problem, clustering analysis of XRD data

was performed by each lab, with 6 clusters identified by NIST
and 3 clusters identified by NREL. Representative spectra from
each cluster were randomly selected for side-by-side
comparison and are shown in Figure 1. It appears that NIST
clusters 1 and 3 contain the same primary peak as NREL
cluster 1, typical for ZnO-type structure (pdf no. 00-065-0725)
indicated by a peak close to 2Θ = 33°. Furthermore, NIST
cluster 4 contains the same peak as NREL cluster 2, which is
likely Zn2SnO4 structure (pdf no. 04-002-4403) indicated by
weak reflections at 2Θ = 18° and 36°, with some patterns
containing an X-ray amorphous material. Finally, NIST clusters

Figure 1. Representative diffraction spectra (a) for each of the 6 clusters identified by the NIST clustering on the NIST sample and (b) for each of
the 3 clusters identified by the NREL clustering on the NIST sample.

Figure 2. Results from clustering of the X-ray diffractograms gathered and analyzed by (a) NIST and (b) NREL on the NIST-deposited sample
graphed as pseudoternary oxides. The cluster number assignments to different phases are discussed in the text.
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2 and 5 contain the same primary peak as NREL cluster 3,
characteristic of SnO2-like structure (pdf no. 01-075-2893)
with a peak at 2Θ = 37° to 38°. Thus, qualitative comparison
of the diffraction measurements show the data to be correlated.
Chemical composition regions of 6 clusters identified by the

clustering algorithm used at NIST is shown in Figure 2a.
Cluster 1 is concentrated in the Zn-rich regions with greater
than ∼75 cation at.% Zn. Cluster 2, which resides from the Ti-
rich region and down along the Sn−Ti edge of the mapped
region. Cluster 3, primarily located at Zn concentrations from
74 cation at.% to 58 cation at.% and is similar to that of cluster
1. Cluster 4 appears to be a distinct phase at lower Zn
concentrations compared to that of cluster 3. Cluster 5 appears
similar to cluster 2. Finally, cluster 6 is composed of an
amorphous phase with no discernible peaks. However, not
each of these 6 cluster corresponds to a unique structure, as
peak shifting can impact the distance metric used to assign
clusters
Using the XRD clustering method implemented at NREL

for XRD patterns measured at NREL on NlST sample library
leads to a smaller number of clusters (3 total), with

composition regions as shown in Figure 2b. Cluster 1
corresponds to Zn-rich compositions; cluster 3 corresponds
to Sn-rich compositions, and cluster #2 corresponds to a phase
at intermediate Zn/Sn composition extending further into Ti
content. The number of clusters, different from that obtained
at NIST, is most likely due to differences in the XRD clustering
methods. On the one hand, the NREL method uses
composition distance metric to assist with clustering, whereas
the NIST method used in this study does not take into account
the composition. On the other hand, the NIST method seems
to indicate the presence of one-phase and two-phase regions,
whereas the NREL method indicates the patterns consist of
only single-phase regions.
Although the overall composition region reported in Figure

2a and b is similar, there are clear differences in the measured
composition at each point. The compositions provided by
NIST were measured via SEM wavelength dispersive spec-
troscopy (SEM-WDS), which is known to lead to inaccurate
elemental analysis for highly insulating samples. Sample
libraries were carbon coated prior to SEM-WDS to
compensate for their inherent low conductivity, but it appears

Figure 3. Plots of the pseudoternary oxide Zn−Sn−Ti−O system band gap for the NIST sample as measured by (a) NIST and (b) NREL.
Qualitative agreement is observed between the compositional trends despite scatter from electron probe compositional measurements.

Figure 4. Representative absorption coefficient spectra corresponding to clusters shown in Figure 1 as measured at (a) NIST and (b) NREL.
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that the coating was either too thin or patchy, leading to large
errors in the center of the library. This scatter does not appear
to impact qualitative evaluation of the trends in the scalar
properties measured and does not impact quantitative
comparisons presented later. This is due to the rigorous
sample registry used by the participating laboratories, wherein
the same position on the library was measured by each
laboratory.
The thickness versus composition pseudoternary plots are

provided in the Supporting Information (Figures S2 and S3).
Briefly, the thickness varied from 60 to 110 nm across the
spread, with the maximum thickness in the center of the
compositional range. The trend of thickness versus composi-
tion for the NREL measurement of the NIST sample libraries
is in good qualitative agreement. The center of the ternary is
reported to have the highest overall thickness, a maximum
value of 96 nm, and the edges of the ternary show values of
47−50 nm.
The sheet resistance for the NIST-synthesized NIST- and

NREL-measured Zn−Sn−Ti−O system was difficult to
measure because of the high resistivity of the samples
synthesized at 500 °C in oxygen environment. Although
resistance measurements were attempted at NIST for each of
the 177 grid points, actual sheet resistance values could be
measured only for the 35 samples, and even then some of these
values (107−108 Ω/sq) were close to the input impedance of
the measurement equipment. An additional complicating
factor for the measurement is that incorporation of Ti results
in a rapid increase in the sheet resistance and hence large
changes in resistance over the small measurement area. A
similar range of high sheet resistance observed for the NIST
measurements is also observed for the NREL measurements.
However, the NREL mapping of sheet resistance was able to
measure a few additional samples (53 rather than 35), due to
manual optimization of the measurement conditions, such as
excitation current value, equilibration time, and collection
time. Overall, the highly resistive behavior of this library,
makes the sheet resistance measurements difficult, and
quantitative discrepancies analysis impossible. The interested
reader is encouraged to use the Jupyter notebooks contained in
the Supporting Information to generate the plots.

Figure 3a plots the bandgap as a function of composition for
the NIST synthesized and NIST measured bandgap for the
Zn−Sn−Ti−O pseudoternary material system. Overall trends
in the variation of bandgap observed are (1) Zn additions
decrease the bandgap and (2) Ti additions increase the
bandgap. Trend 1 is particularly notable along the Sn−Zn
binary edge, where the band gap monotonically decreases as
Zn is added to the alloy. The Zn rich region of the phase
diagram exhibits the smallest band gap (∼3.1 eV), which is
consistent with the value for ZnO of 3.3 eV. The Sn-rich
regions exhibit a maximum observed band gap of ∼3.8 eV,
which is similar to the reported direct band gap for SnO2 of 3.6
eV. The addition of Ti similarly increases the band gap, for
instance increasing Ti along the 50/50 Sn/Zn line rapidly
increases the band gap from 3.4 to 3.8 eV.
The NREL derived band gap values were taken directly from

determining the photon energy at which the optical absorption
coefficient spectra is at a value of 104 cm−1 and are displayed in
Figure 3b. The overall trends are consistent with those of the
NIST values. For instance, the lowest band gaps are observed
for the highest Zn concentrations and along the Zn−Sn binary
edge there is a monotonic increase in bandgap as Sn content is
increased. The NREL data also demonstrate the role of Ti in
increasing the band gap, with the largest values for band gap
being in the regions containing the most Ti. Figure 4 shows
representative absorption coefficient spectra for each cluster
(see Figure 1) using the same sample locations as for
representative XRD.
For the Zn−Sn−Ti−O libraries deposited by sputtering at

NREL, a relatively small Ti composition spread was achieved
compared to the sample libraries deposited by PLD at NIST
because of the steep angle of the Ti sputtering source with
respect to substrate plane. Thus, we choose to display the
property measurement data in pseudobinary fashion as a
function of Sn cation at.% defined as x = Sn/(Sn + Zn + Ti),
where Ti is approximately 5 cation at.% for all samples on the
library.
Results of structural characterization of Zn−Sn−Ti−O

sample libraries prepared at NREL and measured at NIST
and NREL are shown in Figure 5a and b, respectively. The
underlying XRD color intensity map is presented in each

Figure 5. XRD intensity color map as a function of Sn/(Zn + Sn + Ti) composition of the NREL sample as (a) measured by NIST and (b)
measured by NREL. The maximum intensity for each XRD pattern is separately normalized to one.
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figure. The trends in peak position are preserved in both
measurements and each measurement can be visually clustered
into 3 distinct regions. The Zn-rich samples (Sn cation at.% <
25, cluster 1) show an XRD reflection at 2Θ = 33.0 o to 33.5°
and other small peaks characteristic of the (002) peak of ZnO-
like wurtzite structure (pdf no. 00-065-0725), whereas the Sn-
rich samples (Sn cation at.% > 70, cluster 3) show a peak at 2Θ
= 34.2° typical of the (101) peak of SnO2-like rutile structure
(pdf no. 01-075-2893). The other peaks of these two structures
are missing, likely due to preferential orientation of the films.
The films remain XRD-amorphous in the intermediate
composition range (40< Sn cation at.% < 60, cluster 2) due
to structural frustration and at Sn-rich compositions (x > 90
cation at.%) due to sputter source proximity effects. These
structural results for the low-Ti Zn−Sn−Ti−O films deposited
on heated substrates differ from the previously published
combinatorial studies for Ti-free Zn−Sn−O films subjected to
postdeposition annealing, where intermediate phases like
Zn2SnO4 and ZnSnO3 were observed.31,32 The NIST XRD
results for the NREL sample libraries are qualitatively similar,
but the peaks tend to have lower width, likely due to smaller
size of the X-ray beam.
The thickness measurement results for NREL sample

libraries are shown in Figure 6a, as measured at NIST and at
NREL as a function of Sn composition, and the pseudoternary
plots are shown in Figures S4 and S5. The three distinct groups
of thicknesses correspond to the three libraries prepared at
NREL to cover the entire Zn/Sn composition spread, as
mentioned in the Methods section. The NREL and NIST
measurements generally agree regarding the trend of thickness
as a function of composition: the samples are thinner in
intermediate composition range (200−300 nm), compared to
the Zn-rich and Sn-rich edges (up to 400−500 nm). This trend
is quite commonly observed in composition spreads prepared
by combinatorial sputtering. However, it appears that
regardless of the composition, NREL measured thickness is
10−100 nm lower compared to NIST measured thickness,
which corresponds to approximately 5% to 25% relative error
on per point basis, likely due to measurement of only metallic
elements (and not oxygen) in XRF analysis (see more
discussion below).

As shown in Figure 6b, the composition trends of sheet
resistance measurements at NREL and NIST are in good
qualitative agreement. The sheet resistance of the Zn-rich
crystalline wurtzite films is 104−105 Ohms/sq., which
corresponds to 1−10 S/cm. For the Sn-rich crystalline rutile
films, the sheet resistance is close to ∼103 Ohms/sq,
corresponding to conductivity of ∼10 S/cm. These results
are comparable to the previously published literature for
similar compositions and comparable deposition conditions.31

For the amorphous films, the conductivity drops down to 10−1

S/cm in intermediate composition range (0.4 < x < 0.6) and to
10−3 S/cm at very Sn-rich compositions (x > 0.9). These low
values are likely indicative of low carrier mobility due to high
structural disorder in the amorphous films.
The composition dependence of the optical band gap for the

sputtered Zn−Sn−Ti−O films deposited at NREL is shown in
Figure 7, defined here as the energy at which absorption
coefficient is 104 cm−1. The full absorption coefficient spectra
for the 132 NREL samples are shown in Figure 8 using a

Figure 6. (a) Film thickness and (b) sheet resistance for three NREL Zn−Sn−Ti−O sample libraries, as measured at NREL and NIST. The
thickness measured at NREL is underestimated because of an error in XRF measurement of light elements.

Figure 7. Optical band gap of Zn−Sn−Ti−O thin films deposited at
NREL as a function of composition. The compositional trends
measured at NREL and NIST are in good agreement with each other.
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logarithmic color scale. The optical band gap shifts from 3.0 to
3.3 eV with increasing Sn content up to Sn/(Sn + Zn + Ti) =
0.4, where crystalline wurtzite phase is present. At higher Sn
content for amorphous films, with exception of the crystalline
rutile phase region (onset at 3.3 eV), the absorption onset
becomes less sharp and drops down to 2.4 to 2.6 eV for the
highest Sn concentrations. Such smearing of the optical
absorption with changing chemical composition has been
previously observed in SnO-based alloys,33 and is common for
oxides with multiple oxidation states (e.g., Cu2O-based
alloys34). Overall, the measured wurtzite and rutile optical
absorption onsets are consistent with the GW calculated band
gap for ZnO (3.3 eV) and SnO2 (3.4 eV) available at https://
materials.nrel.gov.
Quantitative comparison of the position of the first strong

diffraction peak from the measurements performed at NIST
and NREL revealed that the two generally agree to within 0.2°
2−θ (Figure 9). The biggest discrepancies between the two
measurements occurred when either (1) the first strong
diffraction peak had a large full width at half-maximum or (2)
the signal-to-noise made differentiating the peak from
background in one measurement too difficult. Several attempts
were made to automate the peak finding but the presence of

peak shift and multiple phases distorted the parity plots for
peak position and full width half-maximum.
Next, we attempt to compare the results from NREL and

NIST XRD clustering algorithms (Figure 1 and Figure 2).
Overall, NIST and NREL clustering analyses agree on the
position of the ZnO and SnO2 phases, with some disagreement
regarding their precise extent. In the case of the NREL data,
the additional constraint that compounds with similar
compositions must have similar diffraction patterns creates
three large clusters that capture the gross trends within the
diffraction data (Figure 1b and Figure 2b). The NIST
clustering, in contrast, captures additional features, such as
the change in SnO2 texturing, the presence of an amorphous
region, and mixed phase regions (Figure 1a and Figure 2b).
Neither approach alone is sufficient alone for final phase
indexing but either could be used to begin the process of
correlating composition, structure and properties.
Figure 10 presents the comparison of NIST and NREL

measurements of thickness across all samples. The NIST
sample library was roughly 3x thinner than the NREL sample
libraries. This is unsurprising since layer-by-layer deposition is
slower than codeposition and thus the libraries are typically

Figure 8. (a) NIST and (b) NREL measured optical absorption coefficient spectra as a function of Sn/(Zn + Sn + Ti) composition for NREL
grown samples shown using a logarithmic color scale.

Figure 9. Correlation plot comparing measurements of fwhm of the
first strong diffraction peak for NIST (black) and NREL samples
(green, blue, and red) measured at each laboratory.

Figure 10. Correlation plot comparing measurements of thickness for
NIST (blue) and NREL samples (green, black, and red) measured at
each laboratory. The plot shows clearly the tendency of XRF to
underestimate the thickness of oxide films.
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grown as thin as is practical. In comparison to the NIST values
for thickness, the NREL measurements tend to underestimate
the film thickness.
The variability in the measured values of thickness from

NREL and NIST was relatively large. Over all the measured
samples in this study, the mean absolute error (MAE) was 27.5
nm (95% confidence interval 24.2 to 28.8) and the root mean
squared deviation (RMSD) was 33.5 nm. These differences are
statistically significant for all samples according to the tests
used. For only the NIST synthesized samples, the MAE was
18.2 nm and the RMSD was 19.4 nm. These are large values
considering the maximum reported thickness of the sample
was 120 nm (measured at NIST) and 97 nm (measured at
NREL). In the case of the NREL synthesized samples
(thickness up to 500 nm), the MAE was 40 nm and the
RMSD was 46 nm. The NREL samples are generally thicker
than those produced by NIST.
Overall, thickness measurements between NIST and NREL

exhibit strong qualitative agreement but only weak quantitative
agreement (∼10−20% relative error). This relatively large
error is likely due to underestimation of the thickness by XRF
measurement model in NREL measurement, due to difficulty
in measuring oxygen by this technique (not the case for NIST
ellipsometry measurements of the thickness). Such error is a
well-known shortcoming of using the XRF model to extract the
thickness for samples containing light elements. In scientific
publications focused on materials properties, this error is
commonly corrected at NREL by complementary thickness
measurements using profilometry,35 microscopy,36 or other
techniques. Here, we intentionally did not perform such
correction, since the purpose of this study was interlaboratory
comparison of the different measurement techniques (rather
than correction methods).
Despite the qualitative agreement in the sheet resistance

measurements for NREL samples reported above (Figure 6b),
there is weaker point-by-point quantitative agreement between
the two measurements of these samples measured at NIST and
at NREL. Across all samples and measurements, there is an
average difference of 0.23 orders of magnitude (95% CI of 0.08
to 0.37). Differences are statistically significant for all but one
sample library (2016.3) where the differences are wholly
within the expected measurement precision (0.22 mean, CI
0.06 to 0.49) and the measurement results can be considered
identical. NIST measurements appear to produce smaller
observed resistance relative to NREL. The high resistivity of
the samples was the most likely a leading source of disparity in
the measurements. Another potential source of error could be
the amount of probe force used, which is not information that
is automatically captured from the instrument. An additional
possible source of error is the different measurement
conditions used at different laboratories, such as excitation
current, delay time, and collection time, all of which are
important to get an accurate measurement for resistive
samples.
A comparison of NIST and NREL derived band gaps for all

three NREL libraries and the NIST library is presented in
Figure 11. The general quantitative agreement between the
two sets of measurements is quite good. In comparison to the
NREL measurements, the NIST values tend to overestimate
the value of the band gap slightly. It is notable that the NIST
synthesized samples reported a larger overall bandgap in
comparison to the NREL samples. This is likely a result of the
synthesis approach, as the NIST samples were deposited in an

oxygen environment at high temperature and are thus much
closer to stoichiometric crystalline oxides, as compared to
more disordered materials deposited at lower temperature in
Ar environment by NREL to maximize their electrical
conductivity.
A simple histogram of the absolute errors for all the samples

reveals that 252 of the 309 reported values are within 0.1 eV of
one another. The absolute error histogram has a relatively long
tail, with 23 of the 309 reported values differing by more than
0.2 eV from one another. The overall mean absolute error
(MAE) between the two data sets is 0.10 eV with a root-mean-
square error (RMSE) of 0.14 eV and 95% confidence interval
between 0.08 and 0.12 eV. Only one of the libraries (2016.2)
showed the close agreement with error wholly within the
expected measurement precision of 0.1 eV (95% CI = 0.02−
0.06 eV). Differences between measurements appear statisti-
cally significant for all samples and generally skewed toward
smaller measurements at NREL. An aberrantly small band gap
in the NREL data for the NIST sample (1.38 eV for sample
number 15) was discarded prior to the statistical analysis
because of identified measurement procedure error. Consid-
ering the two very different methods used, including the
shortcomings of the approximations used, the reported band
gap values are sufficiently close to allow for both qualitative
(e.g., compositional trends) and quantitative comparisons
between the laboratories.
This work was conducted between 4 institutions: NIST,

NREL, SLAC (additional synchrotron diffraction measure-
ments), and UMD (SEM-WDS measurements). We encoun-
tered numerous unexpected issues related to effective
communication and data provenance. First, the transfer of
library geometry maps was not as straightforward as one might
expect, and institutional conventions created ambiguity in
merging data from different institutions. For instance,
measuring the same point at the beginning and end of a
scan but not providing a recording of the x−y coordinates with
the data can cause an unexpected +1/−1 shift in position
registry. Carefully constructed laboratory notebooks can be
(and were) used to untangle these issues, but such notes would
not be available on an online data repository and would hinder

Figure 11. Correlation plot comparing the optical band gaps for
NIST (black) and NREL samples (green, blue, and red) measured at
each laboratory. The plot shows good correlation between the
measurements.
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data comparison and reproducibility. In terms of minimizing
the time spent by technical staff filling out comprehensive
meta-data spreadsheets, there is no substitute for having a
laboratory information management system (LIMS).37 Such
LIMS systems should be strongly encouraged in the future
HTE-MC to reduce difficulties in attempts to compare large
volumes of materials property measurements.
Second, even within a single laboratory, following FAIR

standards for storing and exchanging data should be
encouraged.27 Over the course of this study, several Excel
spreadsheets were generated, (e.g., to correlate optical spectra
to composition), but with different formats that also changed
slightly as the project proceeded. This led to apparently
erroneous values for calculated properties (e.g., bandgap) that
were not unphysical but were certainly not representative of
the material properties. Once these hurdles were overcome the
exchange of scientific information was facile. In particular, the
materials data curation system (MDCS) dramatically reduced
the amount of time required for data comparison. The code
used to create a portion of the figures in this paper is available
via the Supporting Information in the form of a Python Jupyter
notebook and can be run in less than a minute without the
need to lose time reinterpreting Excel worksheets. We
encourage the interested reader to run the Jupyter notebooks
published with this manuscript to get a feel for how easy it can
be to pull data down from the repository and start interacting
with it (https://github.com/usnistgov/NIST-NREL-
Interlaboratory-Figures). Another great example of this is the
HTE X-ray diffraction beamline established at SLAC,38 where
a regularized grid is applied to a few standard wafer sizes and
the entire data acquisition and analysis workflow is streamlined
to provide users with the data they need when they leave the
synchrotron line.
Finally, two additional questions have not been addressed in

this study. The question of how best to encode “soft heuristics”
(for instance, SEM-WDS is prone to charging on insulating
samples and thus compositions can be distorted) will be
addressed in a forthcoming manuscript on the data curator.
Also, no attempt has been made to compare the data for
samples with the same composition that have been prepared
under different synthesis conditions or using two different
synthesis techniques (e.g., sputtering and PLD in this study).
Here, we focused only on comparing the data for the same
samples, as measured at two different institutions, which is
useful for experimental benchmarking, but insufficient for
comparison with theoretical data in various public computa-
tional databases.39−41 To make high-throughput experimental
materials data more useful for benchmarking computational
data, a similar study addressing comparison between the same
deposition techniques at two different institutions, or between
different deposition techniques, would be needed in the future.
We encourage the interested reader to undertake this study.

■ CONCLUSIONS
In this Research Article, we report the results of a comparative
interlaboratory study of Zn−Sn−Ti−O thin film materials
prepared using high-throughput experimental methods. Two
sets of Zn−Sn−Ti−O sample libraries were synthesized at
NIST and NREL, then measured at each of these two
institutions. Sample measurement grids were exchanged
between the two laboratories to ensure measurements were
made at the same points (e.g., compositions) and the data and
meta-data were exchanged using the materials data curation

system. The optical band gaps determined at NIST and NREL
on the same samples are in good quantitative agreement with
each other (0.1−0.2 eV error), despite two different measure-
ment techniques (ellipsometry vs spectroscopy). The thickness
measurements performed using XRF are systematically under-
estimated compared to thicknesses extracted from the
ellipsometry models (25−30 nm error), likely due to inability
of XRF to detect light elements like oxygen. The sheet
resistance determined using 4-point probe vary by 0.08−0.37
orders of magnitude, due to a combination of measurement
difficulty (high sample resistance) and different measurement
geometries (radial vs rectangular probe orientation). These
technical results, as well as additional lessons learned as a part
of this study, stress the importance of developing and executing
rigorous protocols for sample library measurement and data
exchange in future interlaboratory and round-robin studies.
Overall, this Research Article serves as a proof of concept for
exchanging samples and data within the future High-
Throughput Experimental Materials Collaboratory (HTE-
MC).
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Aykol, M.; Rühl, S.; Wolverton, C. The Open Quantum Materials
Database (OQMD): Assessing the Accuracy of DFT Formation
Energies. npj Comput. Mater. 2015, 1 (1), 15010.

ACS Combinatorial Science Research Article

DOI: 10.1021/acscombsci.8b00158
ACS Comb. Sci. 2019, 21, 350−361

361

http://dx.doi.org/10.1557/opl.2014.31
http://dx.doi.org/10.1021/acscombsci.8b00158

