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ABSTRACT

Within industrial and military contexts, research on infrared transparent conductors (IR-TCs) has been limited due to the significant sup-
pression of transparency by the free electron response. In this paper, we report that strong correlations between electrons play an important
role in the development of a new strategy for fabricating IR-TCs. Metallic VO»(B) and VO3 persistently exhibit transmittances 45% higher
than that of Sn-doped In,0Os3 for a broad IR wavelength range of up to 8 um. Based on electronic band structures determined quantitatively
using x-ray absorption spectroscopy, x-ray photoemission spectroscopy, and spectroscopic ellipsometry, we propose that the enhancement in
the IR-TC is attributed to the redshift of the plasma frequency induced by the correlated electrons.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5136059

Infrared transparent conductors (IR-TCs) have attracted con-
siderable attention for a range of possible applications, including
smart windows, transparent solar cells, IR sensors, and protective
window coatings for guided weapons and IR searchers of aircraft.'
To date, the development of TCs (e.g., metals and doped semicon-
ductors) has focused on high transmittance, mainly in the visible
range,” * so we still lack the technology and processes to create IR-
TCs. Most conductors are intrinsically opaque at IR wavelengths,
and low resistivity and high IR transparency are mutually exclu-
sive. In metals and doped semiconductors, free electron oscillations
induced by electromagnetic waves suggest the existence of a plasma
frequency.’” At frequencies below the plasma frequency, free elec-
trons reflect light. As doped semiconductors contain fewer electrons
than metals, plasma edges occur at frequencies in the visible range
for metals and in the near-IR range for doped semiconductors. Thus,
the realization of IR-TCs is intrinsically challenging when using
conventional TCs.

Despite the challenges, there have been a few trials aimed at
developing IR-TCs. The simplest way to improve the IR transmit-
tance is to reduce the thickness of the device. When light is prop-
agating through a material, the intensity measured at the opposite
side increases exponentially with a decrease in the thickness, and the
phenomenon is known as Beer’s law.” Although high transparency
is achieved in ultrathin films, the sheet resistance increases abruptly
because the film thickness is smaller than the electron scattering
length. To overcome this trade-off, conventional TCs with high car-
rier mobility, y, have attracted attention. According to the free elec-
tron model, high y assists conventional TCs in retaining consider-
able conductivity, o (=eNy, where e is the electric charge and N is
the carrier density), even with low N and without significant loss of
conductivity; thus, the plasma frequency can shift to the far-IR range
as it is proportional to v/N. The IR transmittance of In,O; doped
with either transition metals or hydrogen (4 ~ 130 cm® V™' s7")
is slightly improved.'’"'> However, this approach generally leads to
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extremely poor crystallinity due to “doping bottlenecks.” Various
materials, such as carbon-based nanomaterials,"” have been studied
as potential IR-TC candidates. However, currently used materials do
not perform optimally, and new approaches to developing IR-TCs
are highly necessary.

Herein, we propose a new type of intrinsic IR-TC based on
strong correlations between electrons (SCEs) in transition metal
oxides. Transmittance persistently exceeded 70% in the IR wave-
length range up to 8 ym in metallic VO,(B) and VsO;3. To under-
stand the simultaneous attainment of IR transparency and metallic-
ity requirements, we quantitatively investigated the electronic band
structures of these materials using x-ray absorption spectroscopy
(XAS), x-ray photoemission spectrometry (XPS), and using a spec-
troscopic ellipsometer (SE). We found that SCEs play an important
role in creating IR-TCs.

Next-generation IR-TCs should exhibit two important features:
(i) high and persistent transmittance at IR wavelengths and (ii) low
resistivity. Figure 1(a) schematically shows the desired transmittance
features of IR-TCs, as well as the general behavior of insulators
and conventional TCs. Suppression of transmittance is commonly
observed at ultraviolet wavelengths in all materials due to interband
transitions, in which electrons transition from occupied to unoc-
cupied bands. The insulator and conventional TC are transparent
and opaque to IR, respectively, because the latter exhibits free elec-
tron response. Therefore, for an IR-TC, we aim to obtain high lev-
els of transmittance at IR wavelengths, with levels close to those of
insulators.

Metallic VO3(B) and V¢Oi3 exhibit a high transmittance of
greater than 90% at wavelengths of 8 ym, as shown in Fig. 1(b).
The insulating nature of V,0s prohibits it from being used in
IR-TC applications although V,0s exhibits almost 100% trans-
mittance over IR wavelengths (not shown here). For compari-
son, as shown in the schematic of Fig. 1(a), we also included
the transmittance data from conventional TC Sn-doped In,O;
(ITO). While ITO exhibits high transmittance, almost 90% at vis-
ible wavelengths, the transmittance decreases gradually with an

scitation.org/journal/apm

increase in the wavelength, ie., 45% at a wavelength of 8 ym.
Our VO,(B) and VO;3 films exhibit a transmittance of 45%
higher than that of ITO at a wavelength of 8 ym. The transmit-
tance sharply decreased and increased below 400-nm wavelength
and above 8-ym wavelength, respectively, due to interband tran-
sition and antireflection effects, defining the fundamental absorp-
tion edge of VO»(B) and VsO13. As shown in Fig. 1(c), VO2(B)
and V¢O;3 exhibit low resistivities of 8.3 mQ c¢cm and 3.9 mQ cm
at room temperature, respectively, comparable to those of conven-
tional TCs, such as ITO, In,03, and La-doped BaSnOs. It is some-
what surprising that VO»(B) and VO3 fulfill two critical require-
ments, namely, high IR transmittance and low resistivity, which have
not been previously observed simultaneously in metals and doped
semiconductors. The experimental deposition method, structural
properties, and electrical properties of the samples in this work are
detailed in Secs. 1-3 of the supplementary material, respectively.

The electronic band structure is widely used to understand the
unique interplay between the transparency and the resistivity in TCs.
?% Therefore, it is worth investigating the electronic band structures
of VO,(B) and VO3 to understand their IR-TC characteristics.
Note that VO,(B), VsO13, and V,Os belong to the vanadium Wad-
sley series, V;Ozms1 (m > 1, integer).” The end members of the
Wadsley phases are V,0s (m = 2) and VO, (m = o), with single
oxidation states of V°* and V**, respectively. V307 (m = 3) and
V6013 (m = 6) have mixed oxidation states between V°* and V**.
Therefore, the vanadium Wadsley series represents a prototypical
model to establish electronic band structures in terms of systematic
changes in the number of electrons in the outermost 3d orbital, e.g.,
d' in VO,(B), d* (0 < x < 1) in VsO15 and V307, and d’ in V,0s.
We used XAS, XPS, and SE to quantitatively establish the electronic
band structure and understand the unusually high IR transmittance
in metallic VO,(B) and VO13.

We carried out XAS at room temperature to investigate the
conduction bands of VO»(B) and V¢O13. For comparison, we also
performed the same measurement for V,Os. Figure 2(a) shows the
V-L3 and V-L, edge spectra located in the range of 512-526 eV.

(a) UViu »visible IR X Mott insulator Conventional TC FIG. 1. (a) Prototypical transmittance
< 100Frr— . — 0 Correlated metals | behavior for an IR-TC and conventional
= 9 (c) 107 - TC. While the transmittance of conven-
§ R-TC . ] tional TCs is typically suppressed at far-
E 60 In,0, ] IR wavelengths due to the free elec-
E 4of [Freeelectron - Conventional TC y N tron response, IR-TCs should exhibit
S 20k response __10 3 3 high and pers[stent transmittance in thls
= 5 : 1 range. (b) High (>70%) and persis-

00 é é 9 C - 1 tent transmittance of metallic VO,(B)
= .[vVo,B 1 and VgOq3 in a wide IR range up

(b) 100 Vl\lavelenlgth (v m|1) . ? 10'25-l A6) E to 8 um. Comparatively, the transpar-
= H . A 7 £ LBSO ent conducting Sn-doped In, 03 exhibits
80 W 4 38 O suppressed transmittance in the far-
§ 60 [ Y ] & i ] IR region. (c) Distribution of resistiv-
8 I T ] 10'35— ITOT ity and electron correlation strength
E 40 IT&?# “l F 7 3 Zr. The resistivities of correlated met-
2 r 1 q als, VOZ(B) (ZF = 008) and V6013
g 20 I 7] 1 (Zr = 0.61), are comparable to those

0 I . 1 . 10 . : ' of conventional TCs (Z¢ = 1). ITO and
3 6 9 0.0 0.5 1.0 LBSO denote Sn-doped In;O3 and La-

Wavelength (m) Z doped BaSnOs, respectively.
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FIG. 2. Spectroscopic measurements to quantitatively establish the electronic band structures of VO,(B), VsO13, and V,0s. We analyzed x-ray absorption total elec-
tron yield spectra to investigate the conduction bands of VO,(B), VsO+3, and V,0s. (a) V-L3 and V-L, spectra in the range 512-526 eV. As indicated by the small
arrows, there are two, three, and four peaks in the V-L3 spectra of VO,(B), VsO13, and V,0s, respectively. The vertical dashed lines emphasize the shifts in the
V-L3 and V-L, peaks, which indicate variation in V oxidation states. (b) Spectra originating from hybridization of O-2p and V-3d orbitals in the range 527-533 eV.
The longer double-sided arrows represent larger intensity differences between the first and second peaks, indicating larger populations of electrons in ¢,y bands and weaker
hybridization between O-2p and V-3d orbitals. (c) X-ray photoemission spectroscopy near the Fermi energy (Er) was used to investigate the valence bands of VO, (B), V013,
and V,0s. VO, (B) and V043 exhibit a significant spectral weight (enlarged in the inset) near Er, while V,05 does not. This peak indicates the existence of occupied bands,
primarily dominated by electrons in V-3d orbitals. The O-2p orbital makes the main contribution to the large spectral weight centered at 6 eV.

The former and latter spectra appear due to the transition from
V-L3 and V-L, core levels to unoccupied 3d conduction bands.
The spectra are similar to the XAS reports in the literature.”'® As
indicated by the small arrows, the V-L3 spectra exhibit two
[VO1(B)], three (V¢O13), and four (V,05) peaks with an increase in
the oxygen content. Multiple transitions are allowed using the x-ray
absorption process, as exemplified by V,05,""% due to the symme-
try and metal-oxygen hybridization. Furthermore, as the number
of outermost electrons decreases from 3d' [VO,(B)] to 3d° (V,0s),
the V-L3 and V-L; peaks shift toward higher energies, as highlighted
by the dotted lines. This shift represents the increasing oxidation
states of vanadium ions (V" — V°), which are consistent with
XPS observations. "'’ Figure 2(b) shows XAS spectra represent-
ing the hybridization of O-2p and V-3d orbitals in the range of
527-533 eV. The difference in the intensity marked by the double-
sided arrows decreases with an increase in the number of electrons
in the V-3d orbitals, indicating higher electron populations in t5g
bands and weaker hybridization.

To obtain information regarding the valence band of IR-TCs
composed of VO,(B) and V¢Oi3, we carried out XPS near the
Fermi energy, with binding energies in the range of -2 eV to
10 eV. As shown in Fig. 2(c), there is a large spectral weight
near 2-10 eV, which is mainly attributed to the O-2p orbital.'®
At -1 eV to 2 eV, around the Fermi energy (dashed line), we
observed a considerable spectral weight for VO,(B) and VO3,
which is more clearly shown in the inset. This indicates the exis-
tence of valence bands over the Fermi energy, consistent with the
metallic properties of VO»(B) and VsO13. In contrast, there is a
negligible spectral weight for V,05 near the Fermi energy, which
is also consistent with the insulating properties of V,0s at room
temperature.

Although the XPS and XAS results together demonstrate the
metallic electronic band structures of VO,(B) and VgOss, it is
interesting to note that VO,(B) and VO3 exhibit high IR trans-
mittance, which is not achieved using typical metals and doped

semiconductors. To better understand this unexpected discrepancy,
we measured the optical conductivity using SE, which can provide
information on the joint density of states. Figure 3 shows the opti-
cal conductivity of VO1(B), VO3, and V,Os in the photon range
of 0.01-6 eV. The peak near 1 eV, observed only in VO,(B) and
V6013, was expected due to the optical transition from occupied
tg to unoccupied t;; bands. The peaks above 3 eV are attributed
to interband transitions from O-2p to unoccupied t,; bands and
from occupied tpg to unoccupied eg; bands. By performing den-
sity functional theory (DFT) calculations with the assumption of
the presence of free electrons, we successfully reproduced the gen-
eral features of the interband transitions of VO,(B), VO3, and
V,0s, as indicated by the dashed lines in Figs. 3(d)-3(f). How-
ever, it should be noted that, in contrast, with an increase in the
Drude spectra near 0 eV in DFT (comb-patterns) due to the free
electron response, the experimental spectra for metallic VO,(B) and
V013 were suppressed, showing a convex form. To understand this
unconventional behavior in more detail, we resolved the experimen-
tally measured optical conductivity using the Drude-Lorentz model,
2 N 2 Niy:w®
o1(w) = imzi);% +o Y W
effective mass, damping coefficient, and angular frequency of the jth
resonance line, respectively.” The first and second terms represent
the Drude model of free electron conductivity and the Lorentz model
of dipole oscillators for interband transitions, respectively. We could
fit the optical conductivity perfectly using several Lorentz oscillators
(lightly shaded lines). The experimental Drude responses [comb-
patterns in Figs. 3(a) and 3(b)] were significantly suppressed com-
pared with those obtained from DFT [comb-patterns in Figs. 3(d)
and 3(e) calculated with the assumption fiyp = 0.1 eV of typical
metals’']. Interestingly, the Drude response in VO,(B) is experi-
mentally more suppressed than that in V¢O13, while according to
DFT, VO,(B) exhibits a more pronounced Drude response than
V013 due to the extra electrons in VO,(B). Therefore, we hypoth-
esize that another mechanism, beyond the simple free electron

, where m”™, yj> and w; are the
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FIG. 3. Optical conductivity of (a) VO,(B), (b) V6013, and
(c) V,0s. Due to electron correlation, the spectral intensity
near 0 eV becomes suppressed, showing a convex form
in metallic VO2(B) and VgO43. There is negligible inten-
sity in the case of insulating V,05. We fitted the spec-
tra using the Drude-Lorentz model, which represents the

0123456 041 23
Photon energy (eV)

Drude response (comb-pattern) and Lorentz oscillators of
56 interband transitions (lightly shaded lines). For compari-
son, we calculated the optical conductivity of (d) VO,(B),
(e) V6043, and (f) V05 by density functional theory (DFT),

&(,J.I.

without any influence of electron correlation. The solid line
represents the optical conductivity summed from the Drude
response (comb-pattern) and interband transition (dashed
line). The calculated optical conductivities of VO,(B) and
V043 indicate pronounced spectral intensity near 0 eV, in
contrast to the experimentally measured values. The super-
scripts “EXP” and “DFT” stand for experimental data mea-
sured by spectroscopic ellipsometry and theoretical data
calculated by the DFT, respectively.

795 ISV N NN B
0123456 01
Photon energy (eV)

model, plays an important role in the IR transparency of VO,(B)
and V601 3.

In comparison to conventional metals, electrons in corre-
lated materials have a weaker Drude response.”” ** Vanadate is a
well-known oxide that exhibits a variety of emergent properties
due to SCEs in V-3d orbitals.””’ The correlation-driven insula-
tor VO,(M1) (monoclinic, a = 5.74 A, b=452A, c=5.38A, and
B = 122.6°) has a small band gap of ~0.6 eV at temperatures
below 340 K and accordingly exhibits high IR transmittance.”""
Comparatively, the transmittance of metallic VO,(R) (tetragonal,
a=b=455A, and c = 2.86 A) above 340 K is highly suppressed in
the IR region due to the free electron response.”® Likewise the high
transmittance and metallicity of VO,(B) and VsOi3 may be due to
their being in the vicinity of the Mott transition, between metals and
insulators. Correlation effects reduce the optical absorption of free
electrons, extending the transparent window to the IR region, with
persistent metal-like transport.

The intermediate correlations of electrons are at the heart
of our design strategy for developing IR-TCs. We employed the
extended Drude formalism to understand the deviation from the
conventional Drude theory.”””* We quantified the electron corre-
lation strength (in other words, the quasiparticle renormalization

. _( Exp; DFT)? Sy
amplitude), Zr = (w," /wp , by considering the plasma frequen-
cies from experimentally determined a)ﬁxP for correlated electrons

and DFT-calculated w?FT for non-interacting free electrons.””** We
determined the plasma frequencies, w, = 8 [ 01(w)dw, from the
Drude spectra (comb-patterns) of optical conductivity, as shown in
Fig. 3.7 The plasma frequencies are ha)IEXP =0.51 eV [VO,(B)],
1.26 eV (V6O13), hwp'" = 1.86 eV [VO,(B)], and 1.61 eV (VO13).
Therefore, the Zg-values are 0.08 for VO,(B) and 0.61 for V4Os3,
which are much reduced compared with those of conventional TCs

LA 1
23456 0123

(Zr = 1) and comparable to that of the correlated metal SrVO3
(Zr = 0.33 = 0.03 with hiw,™® = 2.10 eV and hw,"™" = 3.66 eV).”
In Fig. 1(c), we revised the room temperature resistivity of VO,(B)
and VO3 as a function of Zp. As the smaller Zr in VO2(B)
reveals pronounced correlation effects, which finally diverge in Mott
insulators, the resistivity of VO,(B) is slightly higher than that of
V6O13. By Zp (=my/m”*, where m, is the band mass and m” is the
effective mass),B‘“ moreover, we could deduce that the effective
masses of VO2(B) and VO3 are m,/0.08 and m1,/0.61, respectively,
which are larger than m;, due to strong correlation effects between
electrons.

Figure 4 shows the proposed electronic band structures of
VO,(B), V6Oi3, and V,0s, which we quantified based on XAS,
XPS, and SE measurements. The colored (uncolored) bands below
(above) the Fermi energy indicate occupied (unoccupied) states.
The t5; and ey bands are split by crystal fields, arising from strong
V-3d and O-2p hybridization. As shown in Figs. 4(a) and 4(b),
the ty; bands are close below the Fermi energy for VO,(B) and
V6013, indicating metallic properties. In contrast, as shown in
Fig. 4(c), there are no bands at the Fermi energy of V,Os, rep-
resenting the insulating behavior. The most important feature is
that the energy gap of VO»(B) and VO3 is slightly open near the
Fermi energy due to electron correlation effects. This gap is large
enough to enhance IR transparency but small enough to allow low
resistivity. Therefore, VO,(B) and V¢O,3 are suitable for use as
IR-TCs. There are more electrons in the V-3d orbitals of VO»(B)
than in VO3, resulting in stronger correlations, so the gap opens
slightly further, driving slightly higher resistivity [Fig. 1(c)]. Regard-
less of the gap between occupied and unoccupied t»; bands, both
VO,(B) and VO3 are metallic because these gaps are narrow
(<25 meV) enough to be overcome by thermal energy at room
temperature.
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FIG. 4. Electrical band structures of (a) VO,(B), (b) VO3, and (c) V,05. We
established these band structures quantitatively based on the results of our exper-
iments, i.e., x-ray absorption spectroscopy [Figs. 2(a) and 2(b)], x-ray photoemis-
sion spectroscopy [Fig. 2(c)], and spectroscopic ellipsometry (Fig. 3). The colored
half-circles below Er indicate occupied O-2p and fy; bands, and the uncolored
half-circles indicate empty fo; and eq bands. There is a small gap (<25 meV)
between occupied and unoccupied tpq bands for VO,(B) and VgO13. Since VO,(B)
(m = o00), VgO13 (m = 6), and V,05 (m = 2) are in the series of vanadium Wadsley
phases VimOame1 (M > 1, integer), the number of electrons in 3d orbitals increases
systematically with an increase in m. The strong correlations between electrons
(SCEs) will increase accordingly.

In conclusion, we introduced IR transparent conducting oxides
utilizing SCEs. The vanadium oxides, VO;(B) and VsOi3, both
exhibit not only low resistivities of 8.3 mQ c¢cm and 3.9 mQ cm at
room temperature, respectively, but also a persistent transparency
exceeding 70% for wavelengths of up to 8 ym. Due to their supe-
riority compared with conventional TCs, correlated oxides could
potentially be used as IR-TCs. The electron correlation-based design
strategy for IR-TCs is very promising as it overcomes the current
limitations of transparent conductors, as mentioned in the Intro-
duction. We achieved high IR transparency at room temperature
and ambient pressure without cation doping. Rather than chang-
ing the carrier density, which is applied intensively in doped semi-
conductors, we used correlation effects to optimize the plasma
frequency and resistivity simultaneously. VO,(B) and VO3 are
binary oxides that are more compatible with mass production than
ternary oxides. Controlling correlations based on strain and field

ARTICLE scitation.org/journal/apm

effects, as well as smaller thicknesses, will improve the performance
of IR-TCs.

See the supplementary material for the experimental method,
x-ray diffraction 6-26 scans, x-ray reflectivity, and temperature
dependence of resistivity.
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