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ABSTRACT: We describe a high-throughput characterization
of near-infrared thermochromism in V1−xNbxO2 combinatorial
thin film libraries. The oxide thin film library was prepared
with a VO2 crystal structure and a continuous gradient in
composition with Nb concentrations in the range of less than
1% to 45%. The thermochromic phase transition from
monoclinic to tetragonal was characterized by the accompany-
ing change in near-infrared reflectance. With increasing Nb
substitution, the transition temperature was depressed from 65
to 35 °C, as desirable for smart window applications. However,
the magnitude of the reflectance change across the
thermochromic transition was also reduced with increasing Nb film content. Data collection, handling, and analysis supporting
thermochromic characterization were fully automated to achieve high throughput. Using this system, in 14 h, temperature-
dependent infrared reflectances were measured at 165 arbitrary locations on a thin film combinatorial library; these
measurements were analyzed for thermochromic transitions in minutes.

KEYWORDS: high-throughput screening, thermochromics, combinatorial thin film library, near-infrared reflectance,
metal−insulator transition, vanadium dioxide (VO2)

■ INTRODUCTION

In 2010 half of the 39 × 1015 BTUs (41 × 1018 J) consumed by
U.S. residential and commercial buildings were used to
maintain lighting, heating, and cooling systems.1 The
implementation of smart window technologies that modulate
the transmittance of solar radiation has the potential to
dramatically decrease such energy use, and there is active
research into the engineering challenges of appropriate building
design and fenestration, control systems, and materials.2−6

The materials under investigation include those whose
optical properties in the visible or near-infrared (NIR) parts
of the solar spectrum can change in response to either
temperature (thermochromic materials) or electrical potential
(electrochromic materials). While windows based on electro-
chromic materials are more developed, they require external
power systems and multilayer coatings to integrate the
transparent electrodes.4,8 This paper focuses on thermochromic
materials, which offer a simpler window design and require no
control or power systems; rather, the change occurs in response
to variations in the ambient temperature, since the window
coating undergoes a transition from a low temperature, NIR
transparent state when solar heating is desirable, to a high
temperature NIR reflective state when it is undesirable.
For smart window applications, the thermochromic tran-

sition should take place within the range of ambient
temperatures on the Earth’s surface. A transition temperature
of less than 25 °C offers the greatest savings in energy

consumption,6,7 but windows with higher transition temper-
atures also provide energy savings, since the thermochromic
layer, embedded in the window, may reach temperatures in
excess of 45 °C on particularly warm, sunny days.5,8 Vanadium
dioxide exhibits the desired transition in NIR optical properties
but at too high a temperature,6,9−11 a result of the insulator to
metal transition it undergoes at 68 °C.12−15 Substitutional
impurities, such as W, Nb, and Mo, have been found to depress
the VO2 transition temperature in bulk, thin film, and
nanostructured samples,16−23 while dopants such as Mg can
additionally increase visible transmittance,24,25 but the dis-
parities in material preparation and sample dimensions make
comparisons across studies difficult.
These concerns can be addressed by analysis of combinato-

rial libraries, in which film composition varies continuously
across the sample.26−34 These combinatorial libraries, prepared
in specially designed chemical or physical vapor deposition
systems (CVD or PVD), have the advantages of rapidly
generating many film compositions, thus mitigating many
sample-to-sample variations,29−35 and are particularly valuable
in the study of electronic or crystallographic phase transitions in
which properties can change dramatically.29,35−37 Further, there
are only a few systematic studies of multiply doped VO2;
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such ternary and higher-order oxide compositions can be
readily produced by combinatorial thin film syntheses.
In this paper, we describe a high-throughput, combinatorial

methodology for characterizing thermochromism in V1−xMxO2
thin films with a continuous composition gradient. This study
uses the particular case of M = Nb as a model system, since Nb
is an impurity that has been shown to depress the transition
temperature with moderate efficiency.16,21,22,39 However, the
metrology described is appropriate for any impurity that can be
deposited by pulsed laser deposition (PLD) from a solid target,
and future studies using this system may focus on the high-
throughput discovery of substitutional impurities with more
efficient depression of the transition temperature, similar to W.

■ METHODS
Thin film samples were prepared by PLD from ceramic targets.
Some samples were prepared as combinatorial thin film libraries
in a method described previously for our system.40−43 In this
technique, a continuous gradient in film composition resulted
from the combined effects of the natural spatial nonuniformity
of the deposition plume emitted from a given target, and the
positioning of chemically distinct targets. In this study, the
targets were 25.4 mm disks of V2O5 (Kurt J. Lesker, Pittsburgh,
PA) and Nb2O5 (Plasmaterials, Livermore, CA).
A KrF laser (wavelength = 248 nm) was pulsed at 10 Hz with

energies of 200−230 mJ/pulse. For the VO2 film, the total
number of pulses to the V2O5 target was 160 000 for a
maximum film thickness of 297 nm. For the V1−xNbxO2
combinatorial thin film libraries, the laser alternated between
the targets in a ratio of 100 pulses V2O5 for every 15 pulses to
the Nb2O5, for a total of 92,000 pulses. On the substrate, the
distance between the center of VO2 deposition and the center
of the Nb oxide deposition was approximately 48 mm, due to a
substrate rotation of 120° between targeting each metal oxide.
During deposition the oxygen partial pressure was 0.65 Pa,
which had previously been found to result in VO2 films from
V2O5 targets.

40 Thin films were deposited on 76.2 mm diameter
silicon substrates, which were radiatively heated to 520 °C.
While the temperature recorded off the heater thermocouple
during film deposition was significantly higher (approximately
200 °C greater), the corresponding substrate surface temper-
ature was estimated based on previous measurements of a
thermocouple pasted to the surface of a blank substrate during
heating in vacuum; the estimated uncertainty was ±30 °C. After
deposition, the sample was allowed to cool to room
temperature in vacuum.
Crystalline phase structure was characterized by X-ray

diffraction in a Bruker D8. The X-ray source was Cu Kα
radiation and the spot size was approximately 1 mm × 2 mm.
The instrument was equipped with an area detector, and a
sample stage that allowed 80 mm translation in two directions
for automated data collection, which was in a serpentine pattern
of measurement spots spaced at 5 mm across the entire library
film.
To generate a map of the elemental distribution across the

V1−xNbxO2 combinatorial library wafer, X-ray photoelectron
spectroscopy (XPS) was carried out on three sections cut from
the library wafer. To aid in aligning analysis locations among
the sections, the uncut wafer had a physical mark scribed across
the wafer diameter as a observable point of reference. XPS
spectra were acquired on a Kratos Axis Ultra DLD
spectrometer (Kratos Analytical, LTD; Chestnut Ridge, NY)
using monochromatic Al Kα X-rays operating at 150 W under

ultra-high vacuum (UHV) conditions (Pbase < 10−7 Pa).
Emitted photoelectrons were collected along the surface
normal using a hybrid lens and slot aperture with 90% of the
signal collected from a 0.94 mm × 2.25 mm area. Analysis areas
were uniformly spaced every 4.0 mm along the length of each
library section. The collected photoelectrons were analyzed and
displayed as high resolution spectra at 0.1 eV steps using a pass
energy of 20 eV and a dwell time of 500 ms per step. The Nb
(3d) spectra were acquired over 6 sweeps per analysis point
while the V (2p) spectra were acquired over 4 sweeps.
Analysis of the spectra after acquisition was performed using

CasaXPS (CasaXPS LTD; Teignmouth, UK). All spectra were
analyzed without energy adjustment and were fitted with a
Shirley background. For Nb (3d5/2 ≈ 206.7 eV), the elemental
composition was determined from the area under the curve
after background subtraction. However, because of the
proximity of the V peak (V 2p3/2 ≈ 517.2 eV; 2p1/2 ≈ 524.7
eV) to the O peak (O 1s ≈ 530 eV), the spectral area of the V
was determined through fitting the region to 2 distinct
vanadium oxide species (4 peaks) and 2 distinct oxygen
chemical species (2 peaks). All peaks were 70% Lorentzian/
30% Gaussian with the only constraint on the fits being the
loose peak locations and setting V (2p1/2) = 0.5 × V (2p3/2).
After summing up the areas and the errors of the fits, percent
compositions were calculated using Kratos-derived elemental
relative sensitivity factors (RSF) of 2.921 and 2.116 for the Nb
(3d) region and V (2p) regions, respectively. All reported
values reflect the percent atomic surface concentration based
on analysis of only the V and Nb peaks. Error bars represent
the standard deviation associated with the background (Nb) or
the quality of the fit (V).
Film thicknesses are reported based on visible light

spectroscopic reflectometry in normal incidence.42 The
complex indices of refraction were derived from spectroscopic
ellipsometry for a VO2 film deposited on silicon at 200 °C.
A high-throughput measurement tool has been designed and

constructed for the automated collection of NIR reflectance
spectra at numerous arbitrary locations across the library films
at temperatures between 15 and 85 °C. The sample
temperature was regulated by a thermoelectric heater/cooler
(TECMount, Arroyo Instruments, San Luis Obispo, CA) with a
90 mm × 90 mm plate. Once the temperature was stable, the
thermoelectric heater/cooler was translated on a 100 mm x-y
stage below a stationary reflectance probe. The NIR reflectance
was measured in normal incidence, using a fiber optic coupled
spectrometer (NIRQuest256−2.5, Ocean Optics, Dunedin, FL)
employing an InGaAs detector sensitive to wavelengths
between 0.9 and 2.5 μm. The raw reflected intensity was
normalized to the reflected intensity from a 100 nm Au film
electron beam deposited on a silicon wafer. The three
instrument controllers were automated via a custom-built
LabVIEW program.
For the library sample reported here, reflectance spectra were

taken at 17 temperatures on heating and again on cooling (35
temperature steps total). At each measurement temperature,
165 different locations were measured at 5 mm spacings across
the 76.2 mm wafer, each representing a unique film
composition. In this way, 5775 reflectance spectra were
collected in 14 h.
The metrology described here was focused on high-

throughput identification of materials with appropriate
transition temperatures for smart windows and relied on
high-throughput NIR reflectance measurements from thin films
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deposited on silicon wafers. Thermochromism in VO2 films has
often previously been reported from measurements of trans-
mission and sometimes, reflectance from films deposited on
transparent substrates.16,18,21,22,35,44 These transmission meas-
urements are ultimately necessary to characterize luminous
transmission and solar energy modulation for evaluating smart
window coatings. To develop the high-throughput measure-
ment technique described here, however, optical access was
limited to one side of the sample, resulting in a reflection
measurement only; the sample heater blocked access to the
backside of the wafer.
We note that the silicon wafer on which the V1−xNbxO2 thin

films were deposited has some infrared transparency, and
hence, the reflectances reported here are characteristic of the
(film + substrate) ensemble and cannot simply be attributed to
the film.
To present our data, we represent each reflectance spectrum

by the reflectance value at a single wavelength, 1.7 μm, chosen
because it is representative of the NIR solar radiation reaching
the Earth’s surface (i.e., not absorbed in the atmosphere)45 and
is not blocked by the soda lime glass used for most building
windows.46 However, we will show that there are no abrupt
changes with wavelength in the reflectance spectra, and so the
choice of representative wavelength is somewhat arbitrary. To
quantify the transition temperatures for each film location in an
automated way, we plot the reflectance at 1.7 μm versus
temperature and take the numerical derivative of the hysteresis
curve. The transition temperature was defined as the average of
the temperatures with the maximum derivative on heating and
cooling, and the hysteresis width as the difference between
these temperatures. This data reduction algorithm was
implemented in a MATLAB script to process data after
collection.

■ LIBRARY CHARACTERIZATION

First, we describe the composition variation across the
V1−xNbxO2 library, focusing on the lateral distribution of

transition metals. Figure 1 presents select V (2p) and Nb (3d)
spectra taken across the central strip of the library. As Figure 1
clearly demonstrates, the V (2p) region decreased in photo-
electron intensity while the Nb (3d) feature increased as the y-
position decreased.
Though the focus was on accurately calculating elemental

distributions as opposed to the chemical distributions of the
transition metals, we can infer based on the V (2p3/2) peak
positions that one species at (517.2 ± 0.1) eV is likely
representative of V5+ and the second species at (516.6 ± 0.2)
eV is comparable to V4+.22,47 (Peak positions are based on the
average and SD of 42 separately fitted spectra). This is in
contrast with the Nb (3d) spectra (Figure 1, right) which
appeared to consist of one chemical species. Indeed, the Nb
(3d5/2) peak was located at (206.7 ± 0.1) eV, comparable to
oxidized niobium.48 In addition to the metal oxides, the only
other elements detected were carbon and nitrogen which were
attributed to surface contamination.
The compositional change is more readily apparent in Figure

2a, which plots the V (2p) surface content along the same
central strip (located at an x position of 60 mm). The V (2p)
content is denoted as (1 − x) according to the chemical
formula V1−xNbxO2. The film is predominantly V oxide across
the entire sample strip, with the (1 − x) V content ranging
from (51.9 ± 2.1) % to (99.6 ± 0.3) %. Between the extremes,
the V surface content increased with increasing y-position and
followed a sigmoidal trend. In Figure 2b, the V content is
plotted for all 3 strips of the V1−xNbxO2 library.
As our goal was to map thermochromic behavior as a

function of film composition, it is useful to compare the spatial
resolution of the thermochromic measurement to the
compositions represented on the V1−xNbxO2 library and to
the concentration gradient. From previous studies,16,21,22,39 the
desired thermochromic temperature is likely to occur at x < 0.1
Nb substitution. From Figure 2, the desired composition range
covered ∼40% of this library film with gradient in Nb content x
of <0.008/mm. Hence, the composition range of interest was

Figure 1. Fitted XP spectra of the Nb-substituted VO2 from select positions along the y-axis of the library film (x-position = 60 mm). (Left) V (2p)
and the O (1s) spectral features were fitted to deconvolute the spectra. The raw data and the composite fit are offset for ease of viewing. (Right) The
Nb (3d) region was fit with a background and the area under the curve was acquired.
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mapped with a high density of thermochromic measurement
spots, assuring that many similar concentrations were
measured. Further, within this range, the average change in
composition, Δx, across a single measurement spot (1 mm
diameter) was less than 0.008. Steeper concentration gradients,
up to 0.02/mm, were present at Nb contents (x = 0.3 Nb, for
example) that were of less interest because they did not exhibit
a thermochromic phase transition.
The surface oxygen content was not analyzed quantitatively

from the XPS results, since the focus was on the V:Nb cation
ratio and surface oxygen concentration was likely different than
the film bulk. The X-ray diffraction patterns and thermochro-
mic behavior exhibited by the film bulk were characteristic of
VO2, and so the film composition is presented here in the form
of V1−xNbxO2.
Figure 3a displays X-ray diffraction spectra for 149 locations

on the V1−xNbxO2 thin film library, with intensity indicated by
color. The first scan collected was in the most Nb-rich region of
the library; collection continued in a serpentine pattern toward
the V-rich region. Diffraction from monoclinic and tetragonal
VO2 phases is expected at the marked 2θ values. Because
diffraction from the two phases differ mostly in peak splitting
and shifting and because Nb substitution also results in peak
shifts, we can conclude only that 80% of the library film

exhibited diffraction powder patterns consistent with the
presence of crystalline VO2. No other crystalline phases were
apparent in any of the scans, and the most Nb-rich regions of
the film were amorphous or poorly crystalline.
In Figure 3b, the d-spacing of the strongest VO2 diffraction at

2θ ≈ 28° is plotted as a function of Nb content. The planes
giving rise to this diffraction are the (110) planes in the high
temperature tetragonal structure; in the low temperature
distortion to the monoclinic crystal structure, these same
(distorted) planes are referred to as (011) planes. The d-
spacings for the most pure VO2 in this library were somewhat
lower than that expected of monoclinic or tetragonal phase.
The d-spacing increased from 3.17 Å for the most pure VO2 to
3.25 Å for a film concentration of x = 30% Nb, consistent with
the incorporation of the larger Nb atoms into the VO2
crystalline lattice and similar to the trend observed for a series
of bulk V1−xNbxO2 in the tetragonal rutile structure.49 Some of
the Nb could also have segregated to grain boundaries or
precipitated as a minor phase. We have not attempted to
distinguish these possibilities by XPS, but the continued
increase in VO2 d-spacing even at the highest Nb contents
indicated any secondary phase was a low volume fraction.
Largely, the crystalline phase structure of 80% of the library film

Figure 2. XPS measurements of the cation distribution of V1−xNbxO2
thin film library. (a) Vanadium surface content (1 − x) measured at
4.0 mm intervals along the y-axis. Each value is representative of 1
measurement ±1 standard deviation of the fits. (b) Vanadium surface
content (1 − x) as a function of position on the full combinatorial
library. Spots are locations of XPS measurements. Contour lines (1 −
x) are a smooth interpolation among XPS measurements. The circle
represents the extent of the library film, deposited on a 76.2 mm
diameter substrate.

Figure 3. (a) X-ray diffraction patterns from 149 locations on the
V1−xNbxO2 thin film library. Diffraction is expected from monoclinic
(▲) and tetragonal (○) VO2 phases at the marked 2θ from JCPDS
44-252 and 44-253, respectively. The regions of the film with the
greatest Nb content are at the lower scan numbers. (b) The d-spacing
associated with diffraction from the monoclinic (011) planes or
tetragonal (110) planes increased with increasing Nb content. Rudorff
is ref 46.
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was a continuous solid solution of Nb substitution into the VO2
crystalline lattice.

■ RESULTS AND DISCUSSION
Combinatorial experiments require both automating the
collection of large quantities of data and then automating the
necessary data reduction to make useful conclusions. In this
section, we first describe the collection of high quality
thermochromic spectral reflectance data comparable to many
noncombinatorial experiments. Second, we utilize a robust data
handling protocol for data visualization and reduction that
realizes the high throughput paradigm of combinatorial
research.
Thermochromic Spectral Reflectance from VO2 and

Nb-Substituted VO2. Figure 4a displays the infrared

reflectance of a VO2 thin film of 293 nm thickness at selected
temperatures as the sample was heated from 20 to 80 °C. As
measurement temperature increased, the infrared reflectance

increased, indicative of the expected phase transition from the
NIR transparent monoclinic phase to the NIR reflective
tetragonal phase. Most of the increase in reflectance during
heating occurred between 68 and 76 °C.
In Figure 4b, we plot similar reflectance spectra for a region

of the V1−xNbxO2 combinatorial library with x = 3.2% Nb and a
thickness of 190 nm. (Note that some of the temperatures
chosen for this plot are different from those in Figure 4a.) With
low levels of Nb substitution, the thermochromic transition
occurred at lower temperatures. For this sample, much of the
NIR reflectance increase occurred between 44 and 56 °C, with
further increases at 68 °C.
While the shape of the reflectance spectra at high

temperatures was very similar to that of the VO2 film, it
appears that the low temperature reflectance of the Nb-
substituted film diverged for wavelengths less than 1.4 μm. This
could be due to a localized Nb impurity state, but we have not
investigated this effect further.
In the next section, we describe the data reduction made in

extracting useful parameters (i.e., those indicative of the
thermochromic transition). The full spectral reflectance was
retained, however, and could be mined for other trends such as
reflectance at lower wavelengths, as becomes relevant.

High-Throughput Analysis of Thermochromic Behav-
ior in a V1−xNbxO2 Combinatorial Library. We now further
characterize the effect of Nb-substitution on the thermochro-
mic VO2 phase transition, utilizing high-throughput measure-
ments and analysis of a combinatorial V1−xNbxO2 thin film
library. The previous section discussed measurements made on
this library, but only at a single location, that is, at a Nb content
of 3.2%, and only at five temperatures on heating. The
reflectance spectra in Figure 4b are a small subset of the 5775
spectra collected for 165 unique film compositions on the thin
film library. In this section, the full composition space
represented is discussed.
For high-throughput data visualization and plotting, it is

desirable to represent each reflectance spectra by a single value.
Here, we choose to extract the reflectance at 1.7 μm, a
wavelength at which there is significant variation as a result of
the phase change. Other researchers have used the transmission
at 235,44 or 2.518−22 μm in similar analyses. Of importance to
smart window applications, all three of these wavelengths can
pass through the soda lime glass (transparent up to about 3
μm) of most building windows.46 To utilize the full

Figure 4. NIR reflectance at several temperatures (a) from VO2 film
and (b) from a region of the V1−xNbxO2 combinatorial library with x =
3.2% Nb. Note that the temperatures on panels a and b are different.

Figure 5. NIR reflectance is mapped as a function of position on the 76.2 mm diameter V1−xNbxO2 combinatorial library at selected temperatures, as
the sample is heated from 20 to 84 °C, and then cooled back to 20 °C. The vanadium content (1 − x) is marked on the first 20 °C map. An
animation of all 35 temperatures probed in this experiment is available online.
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transmission spectrum, some works24,25 have computed the
solar energy modulation based on the material’s transmission
and the wavelength-integrated weighting of the solar irradiance
for air mass 1.5 (ref 45). Though this study did not measure
materials in transmission and hence did not characterize solar
energy modulation, we can use the wavelength-integrated solar
irradiance to compare the three wavelengths. In terms of solar
irradiance, there is more than twice as much radiation at 1.7 μm
than at 2.0 μm, and essentially no 2.5 μm radiation since it is
absorbed by water in the atmosphere.45 However, the
reflectance spectra in Figure 4 had no abrupt changes or
features in this wavelength range and so transition temperatures
derived from any of these three wavelengths should be
comparable.
In Figure 5, we map the reflectance at 1.7 μm at 165

measurement locations across the 76.2 mm diameter
V1−xNbxO2 library, at selected temperatures on heating and
cooling. An animation of all 35 temperature steps this library
experienced on heating and cooling is available online as
Supporting Information. The level of reflectance is indicated by
the size of the marker and its color according to the color bar,
and the measurement temperature for each map is marked in
the lower left. On the first 20 °C map, contours indicating the
V content are marked.
We find that by 48 °C, the locations on the library with x =

5−15% Nb (i.e., 0.95−0.85 V) were exhibiting high NIR
reflectance, indicative of the high temperature rutile phase,
while the more pure VO2 remained in the low temperature, low
reflectance phase. By 80 °C, 50 percent of the library sample
was in the high temperature phase, as indicated by its high
reflectance. The transition was reversible, with the reflectances
returning to their low values when the library sample was
cooled to 20 °C.
The reflectance in regions of the V1−xNbxO2 library with the

highest Nb content (x > 0.2) did not change with temperature.
In parts of this region, there was no VO2 crystalline phase, as
determined by X-ray diffraction (Figure 3a). There was also a
region of the library, with a composition of x = 0.2 to x = 0.35,
that exhibited VO2 diffraction but no thermochromism. This
could be because significant oxygen vacancies or disorder
existed in this thin, high Nb content region. The absence of
thermochromic behavior in these parts of the film acted as a
check on our measurement system, eliminating the possibility
that the increased reflectance was a result of greater emittance
from a hotter substrate. Rather, it appeared that increased
temperature from 20 to 80 °C had essentially no effect on the
radiation emitted from a film that did not undergo a phase
change; this result has further been confirmed by making
similar measurements on a bare silicon wafer.
In Figure 6, we plot the NIR reflectance at 1.7 μm as a

function of measurement temperature for four different
locations (compositions) on the V1−xNbxO2 library and for
the VO2 film of Figure 4a. Averaging over all measurements on
the VO2 film, the transition temperature was 69.3 ± 1.7 °C,
with a hysteresis of 6.5 ± 3.9 °C, identical to the 68 °C
expected for bulk and thin film VO2.

12−14,50 The transition
temperature decreased with increasing Nb content, reaching as
low as 20−30 °C for 8.8% Nb. For this composition, however,
the transition temperature was ill-defined since the reflectance
was still changing at the lowest measurement temperature. At
even greater Nb contents (x = 0.229), there was little to no
reflectance change with temperature; rather the reflectance
remained constant at an intermediate value between that of the

high temperature and low temperatures phases of other
compositions.
For the three samples with the lowest Nb content, there was

discernible thermal hysteresis, with higher transition temper-
atures on heating than on cooling. The hysteresis was less than
10 °C, comparable to or lower than polycrystalline thin films
reported elsewhere.19,21,22,39 The lowest hysteresis was for the
highest Nb content shown that exhibits thermochromism, x =
8.8% Nb, but for this composition the transition occurred over
a greater range of temperatures. Further, the high temperature
reflectance was not as a high as the high temperature
reflectances of the film regions that have lower Nb content.
In fact, across the library film, there was a continuous change in
thermochromic behavior between the gradual switching at 8.8%
Nb to the absence of switching at 22.9% Nb. Again, this may be
indicative of regions of the film with a significant volume
fraction of material without the VO2 crystal structure, for
example a dual phase region of crystalline Nb-substituted VO2
and an amorphous mixed V−Nb oxide. Alternatively, it is also
possible that either the tetragonal rutile phase or a metastable
intermediate or disordered phase was stabilized.51,52

In Figure 7, for different Nb contents, we plot the maximum
reflectance (at high temperatures) and minimum reflectance (at

low temperatures) of each measurement spot on the library.
The difference in reflectances was greatest for the lowest Nb
content and decreased with increasing Nb content. While some
of this apparent decrease can be attributed to not capturing the
minimum reflectance at the lowest measurement temperature
(8.8% Nb in Figure 6, e.g.), the maximum reflectance was also
substantially reduced. For Nb substitutions greater than 15%,

Figure 6. Reflectance for a wavelength of 1.7 μm as a function of
temperature for a pure VO2 film (0% Nb) and at a few library locations
on V1−xNbxO2 combinatorial sample (varying Nb contents).

Figure 7. Maximum and minimum reflectances of each measurement
location vs Nb content in a V1−xNbxO2 combinatorial library.
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there was essentially no thermochromism exhibited, as is also
evident in Figure 6.
The effect of Nb substitution in VO2 was similar to that

described by previous researchers: substitution with transition
metals, such as Nb and W, depresses the VO2 transition
temperature but also reduces the difference in resistivity and
reflectivity between the two phases.16,18−21,39,51,53−55 Increasing
Nb content beyond x = 0.05 results in a transition that occurs
more gradually over a broad range of temperatures.39,53

Dopants have also been found to reduce the thermal hysteresis
of the phase transition.20

In comparing Figures 6 and 7 to the structural information in
Figure 3, we find that the highest Nb content at which any
thermochromic transition occurred was in the range of x =
0.1−0.15. At the low end of this range, in Figure 3b, x = 0.1 also
saw an abrupt increase in d-spacing of the VO2 crystalline
phase. This may indicate the necessary Nb content to transition
to the tetragonal rutile phase at room temperature or to
stabilize a metastable state with no thermochromic transition. A
similar limit (x = 0.1) was found for suppressing metal−
insulator phase transitions in bulk Nb-substituted VO2
pellets.51,53

In Figure 8, we plot the thermochromic transition temper-
ature as a function of the Nb content for the regions of the film

that experienced at least a 30% increase in reflectance across the
transition. Consistent with Figure 6 and 7 results, transition
temperatures decreased with increasing Nb content, but there
were no significant thermochromic transitions observed for
regions of the film with Nb content greater than x = 0.12.
Results from the literature are also plotted in Figure 8 and

indicate a higher dopant efficiency has often been
found,16,21,22,39 though there has been significant variation
among studies and within some studies. The studies differed in
their material preparation techniques, material composition

measurements, and identification of the transition temperature,
and several report transition temperatures for undoped VO2 of
less than 60 °C. The greater efficiency of Nb reported in these
studies, however, may indicate that a greater fraction of the Nb
was effective, for example, by acting as a substitutional impurity
on the VO2 lattice instead of segregating to a grain boundary or
a point defect off the lattice. It is interesting also that there has
been only one report of a transition temperature less than 30
°C.16 Many studies report a minimum transition temperature
between 35 and 50 °C,22,39,51,53 suggesting that Nb may not be
an efficient route to transition temperatures at Earth ambient
temperatures.
The phase transition temperature in cation-doped VO2 is

often found to be depressed at a linear rate with dopant
concentration at low concentrations, such as in ref 39 for Nb-
substituted VO2. In Figure 8, a linear fit was made to regions of
the film with at least a 30% increase in reflectance and a
sufficiently sharp transition, defined by a maximum rate of
change in the reflectance dR/dT of at least 0.015 K−1. The
second of these requirements excluded regions of the library
with transitions similar to that of 8.8% Nb in Figure 6; these
regions are labeled “gradual switch” in Figure 8 figure legend.
According to this linear fit, the Nb substitution effected a

transition temperature depression of 5.2 ± 0.7 °C/atomic
percent Nb. The fit also indicates a transition temperature for
pure VO2 (x = 0) of 66.9 ± 2.0 °C, in keeping with our own
measurements and the known value.12−14,50 However, the
majority of these transitions occurred at low Nb contents, x <
0.04, and so represented transition temperatures greater than
50 °C. Further depression of the transition temperature
occurred at higher Nb contents, but at lower efficiency with
increasing Nb. Where the extrapolation of the linear fit from
the low Nb content data would suggest that a transition
temperature of 30 ± 2 °C at a Nb content of 0.07, our
experimental results indicate that Nb contents of x = 0.07 result
in a transition temperature of 44 °C and that much more Nb,
up to x = 0.1, is necessary for a transition temperature of about
30 °C. Hence, at higher Nb contents, a lower fraction of the Nb
contributed to depressing the transition temperature, or was
otherwise less effective at doing so. The saturation of transition
temperature depression at higher impurity levels has also been
observed in materials of the V1−xWxO2 composition.

23

For thermochromic window applications, a composition with
an appropriate transition temperature was found at greater than
8% Nb substitution. However, that the full transition for this
composition occurred gradually over a 30 °C range (see Figure
6), and so would not fully occur within a single day at Earth
ambient temperatures. Further, the difference between
reflectances in the high temperature state and the low
temperature state was decreased compared to lower Nb
content films. For smart window applications, it may be better
to take advantage of the elevated temperature between the glass
window panes. On a hot sunny day, the temperature between
glass panes can be elevated to 45 °C or greater,5,8 which may
allow a full transformation to occur or decrease in the necessary
Nb dopant level. Alternatively, a more efficient dopant, such as
tungsten, may be used.18,19,23,56

■ CONCLUSIONS
We describe the high-throughput characterization of thermo-
chromic behavior in a Nb-substituted VO2 thin film library. The
library oxide film was prepared with a continuous concentration
gradient with the cation varying from less than 1% Nb up to

Figure 8. Temperature of the thermochromic transition as a function
of Nb content in a V1−xNbxO2 combinatorial library. The linear fit at
low Nb contents is extrapolated to higher Nb contents with a broken
line. Transition temperatures from the literature for Nb-substituted
VO2 are included for comparison. Ref a is ref 21; ref b is ref 22; ref c is
ref 16; ref d is ref 39; ref e is ref 51; ref f is ref 53.
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40% Nb across the 76.2 mm diameter wafer. Thermochromism
was characterized in a custom-built NIR reflectance measure-
ment apparatus, employing a high-throughput protocol both for
data collection and analysis. Using this system, 165 unique film
compositions can be measured in 14 hours with 4 °C
temperature resolution (step size). Post-mortem analysis to
reduce the thousands of resulting spectra to characteristic
transition temperatures was automated in a separate script and
occurred in minutes.
Across 80% of the library surface, a solid solution of

V1−xNbxO2 in the VO2 crystalline structure was found. Regions
of the crystalline phase field with less than 15% Nb exhibit a
NIR thermochromic transition from a low temperature phase of
low NIR reflectance to a high temperature phase of high NIR
reflectance. With increasing Nb content, the thermochromic
transition temperature was depressed at an efficiency of (5.2 ±
0.7) °C/atomic percent Nb, and transition temperatures
appropriate for thermochromic smart windows (35 °C) were
found at Nb contents of greater than 8%. However, the high Nb
content also resulted in a gradual transition occurring over a 30
°C temperature range and a decreased difference between the
high and low temperature reflectances.

■ ASSOCIATED CONTENT

*W Web-Enhanced Feature
An animation of the NIR reflectance at all 35 temperatures
probed on the V1−xNbxO2 combinatorial library is available as a
multimedia enhancement of Figure 5 in the HTML version of
the paper.
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