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Transparent conducting oxides (TCOs) with the functionality of transparency plus conductivity lie at the
center of many technological applications. Commonly used TCOs are n-type. However, the performances
of p-type TCOs lag far behind their n-type counterparts and the development of high-performance p-type
TCOs remains an arduous challenge. The electron correlation due to on-site Coulomb interaction in the
correlated metal oxides can not only promote modification of the valence band, which forms the basis for
p-type conduction, but also shift the screened plasma energy to below the visible region for enhancing
optical transparency. In this paper, the electron correlation is utilized as a key material design parame-
ter to improve the performance of p-type TCOs. This approach is experimentally verified by decreasing
electron correlation from Cr, O3 to V,03, which, despite its high hole concentration (> 102 cm‘3), has
low screened plasma energy (approximately 0.97 eV) and significantly boosts the performance through
good balance between the electrical conductivity and optical transparency. These results indicate that the
strategy of electron correlation engineering paves an effective way for exploring high-performance p-type

TCOs in strongly correlated oxides.
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I. INTRODUCTION

Transparent conducting oxides (TCOs), combining the
contraindicated properties of high electrical conductivity
and high optical transparency, are of great technological
interest for a myriad of applications, notably in flat panel
displays, photovoltaic cells, touchscreen sensors, and other
optoelectronic devices [1-5]. To date, the commonly used
TCOs are n-type, such as Sn-doped In, O3 (ITO), Al-doped
ZnO (AZO0), and F-doped SnO, (FTO), which are obtained
by degenerately doping wide band-gap oxides to realize
optimal balance between the electrical conductivity and
optical transparency. However, the performances of p-type
TCOs lag far behind their n-type counterparts, which has
impeded many of the potential transparent electronic appli-
cations from organic and thin-film solar cell designs to the
field of transparent electronics [6—10]. This discrepancy
stems from the intrinsic electronic structure of metal oxides
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that usually possess an oxygen 2p-derived valence band
(VB) and a conduction band (CB) composed of metal s
orbitals. Consequently, these s orbitals are spatially spread
and highly dispersed, facilitating a low (high) electron
effective mass (mobility) and excellent electrical conduc-
tivity when donor doped. In contrast, the localized nature
of oxygen 2p orbitals in the VB results in a large (low)
hole effective mass (mobility) and poor p-type dopabil-
ity, which becomes the fundamental obstacle to achieving
p-type TCOs [6,11].

The strategy for reducing the localization behavior
is modifying the VB through hybridization of oxygen
2p orbitals with the metal d or s orbitals. Kawazoe
et al. proposed the concept of “chemical modulation
of the valence band” (CMVB) to mitigate this conun-
drum, which spurs the development of a series of p-type
TCOs such as Cu-based delafossite oxides and oxychalco-
genides [12-23]. Following this design principle, high-
throughput material screening has also selected several
p-type TCOs candidates in view of low hole effective mass
and wide band gap to realize high hole mobility and optical
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transparency, respectively [24—26]. However, these p-type
TCOs exhibit imbalance between electrical conductivity
and optical transparency, i.e., either low electrical con-
ductivity or high electrical conductivity at the expense of
optical transparency, leading to much lower performance
as compared to the n-type TCOs [6,11]. For example, the
Cu-based delafossite oxides are transparent and exhibit
p-type conductivity; however, their electrical conductiv-
ities are usually several orders of magnitude lower than
those of n-type TCOs arising from the deep level of
acceptor defects [27]. Mg-doped CuCrO, exhibits a high
p-type conductivity of 220 S cm™! concurrently with a
low optical transparency of approximately 30% [15]. The
other approach includes utilizing electron correlation pro-
duced by strong electron-electron Coulomb interaction
U as starting points for exploring p-type TCOs. Sev-
eral transition metal oxides (TMOs) such as NiO, Cr,03,
LaCrO;, LaVO3, Ca3Co409, Na,CoO,, Bi,Sr,Co,0,, and
Bi,Sr,CaCu, 0, have also been reported as p-type TCOs
[28-36]. Based on the relative magnitudes of U, electronic
bandwidth (W), and charge-transfer energy between O 2p
and d orbitals (A), these TMOs can be eithor Mott insu-
lators (NiO, Cr,03, LaCrOj;, and LaVO3;) or p-type cor-
related metals (Ca3Co409, Na,CoO,, Bi;Sr,Co,0,, and
Bi,;Sr,CaCu,0,) [37]. The common feature of their band
structures to support p-type conduction is that the VB con-
sists of a hybridizing band between the oxygen 2p orbital
and the transition metal d orbital or transition metal d
orbital driven by the electron correlation [38—41]. From
the viewpoint of band structure illustrated by the Hub-
bard model, the electron correlation splits the d band into
the upper Hubbard band (UHB) and lower Hubbard band
(LHB), separated by U [37]. As a result, the electronic
structure of these TMOs could be modified by the electron
correlation. In this regard, the electron correlation plays the
same role as CMVB for modification of the VB, which
forms the basis for p-type conduction.

The strength of electron correlation can be quantified
by a renormalization factor Z; = mpung/m™*, where mpang
and m* are free noninteracting electron effective mass
and renormalized electron effective mass incorporating
the electron-electron interaction, respectively [42]. In the
case of a Mott insulator, all itinerant carriers are localized
owing to the electron correlation, which is equivalent to
the divergence of m* (Z; = 0). The effect of electron cor-
relation is determined by the U/W ratio. Decreasing the
electron correlation, either by increasing W or decreasing
U, would increase Z; and decrease m™, which would result
in the increase of the carrier itinerancy and ultimately
induce an insulator-to-metal transition (Mott transition)
[37]. Recently, Zhang et al. have reported that correlated
metals of SrVO; (Z; = 0.33) thin films with high car-
rier concentrations () of approximately 10> cm™3 can be
developed as n-type TCOs [43]. The design strategy relies
on the enhancement of m* due to electron correlation to

reduce the reflection edge below 1.75 eV, keeping simulta-
neously a high electrical conductivity (o) of approximately
10* S cm™' [43]. Stoner et al. used the Z; as a key
material design parameter to optimize the optoelectronic
performance of StMoOs (Z; = 0.48) thin films as n-type
TCOs [44].

Besides n-type TCOs, the electron correlation could
also be used for exploring high-performance p-type TCOs.
Cr,03 (Z; = 0), a binary oxide of a Mott insulator belong-
ing to an intermediate case between a Mott-Hubbard insu-
lator and a charge transfer insulator, has been considered
as a candidate p-type TCO, in which the electron correla-
tion promotes strong hybridization between Cr #, and O
2p orbitals in the VB [30,39,45,46]. However, the mixed
character in the VB of Cr;O3 tends to exhibit the pola-
ronic conduction of holes, resulting in low hole mobility
(approximately 10™* cm? V~! s7!) and significantly sup-
press the electrical conductivity [47]. Arca et al. demon-
strated that VB modification of Cr,O3 by acceptor doping
is an effective method to improve its electrical conductivity
and performance [46]. In M,O; (M = 3d transition metal
ions), the values of U gradually decrease with the decrease
of atomic number of transition metal ions, which affects
their electronic structures as well as the resultant electri-
cal properties [48—50]. Therefore, starting from Cr,O3, it is
expected that the electrical conductivity can be improved
by decreasing U while maintaining the consequence of VB
modification due to electron correlation for p-type con-
duction to realize good balance between them. Theoretical
calculations based on local density approximation with
dynamical mean-field theory (LDA + DMFT) and exper-
imental results have revealed that the U and Z; values of
V,0; are about 5 eV and 0.12, which satisfy the above
requirements [49—51]. As schematically shown in Fig. 1,
the decrease of U from Cr,03 to V,0; can not only retain
the VB modification for p-type conduction, but also dimin-
ish the hybridization between V 1, and O 2p orbitals
to increase the carrier itinerancy (mobility). V,03 (Z; ~

Cr,0; V,0;

FIG. 1. Schematic diagram of VB modification due to electron
correlation for Cr,O3 and V,05.
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0.12), neighboring to Cr,O3 with smaller U, is a proto-
typical Mott-Hubbard system showing a metal-to-insulator
transition (MIT) at around 155 K from a high-temperature
metallic phase to a low-temperature insulating phase [51].
The V 3d bands in V,03 are split into twofold e, and
threefold #,, bands due to the crystal field. The trigonal dis-
tortion of the rhombohedral lattice further degenerates the
te bands into low-lying doubly degenerate e and nonde-
generate a;, bands [52]. In the high-temperature metallic
phase of V,03, the VB that consists of 7 and a;, bands is
partially occupied by two f,, electrons and the Fermi level
is located within the upper VB, which accounts for the
p-type conduction with high o and #n to easily evade the
hole doping trouble for most p-type TCOs [53-55].

The reflection edge resulting from the fundamental exci-
tation of free carriers occurs at the screened plasma energy
hew, = h(e*/eper) > (n/m*)V/? | in which h is the reduced
Planck constant, e is the elemental charge, &, is the vac-
uum permittivity, and ¢, is the relative permittivity. To
open an optical transparency window in the visible spec-
trum (1.75-3.25 eV), the reflection edge should be below
1.75 eV and the strong interband optical transition should
be above 3.25 eV. Therefore, the enhancement of m* due
to electron correlation in the correlated metals of V,03 can
shift the hw), below 1.75 eV through tuning the n/m™ ratio,
which satisfies one of the basic requirements for TCOs
[43,44,51]. The optical absorption of V,03 in the visible
region is attributed to the d-d transition from occupied
he to empty 1, bands, which are moderate in order to
not reduce the transparency of the V,0; thin films [56].
Accordingly, the strong absorption due to charge transfer
excitations from O 2p to V 1, bands in the ultraviolet
region determines the upper limit of the transparency win-
dow (Eg) [57]. In general, the high-temperature metallic
phase of V,0; fulfills all the requirements for p-type TCOs
based on the criteria of p-type conductivity and optical
transparency. In this paper, we explore high-performance
p-type TCOs based on electron correlation in the V,03
thin films. The V,0; thin films exhibit a high electri-
cal conductivity of 4002122 S cm™! concurrently with
a visible transmittance of 40%—78%. The screened plasma
energy stemming from a fundamental excitation of the free
carriers is approximately 0.97 eV extracted from the ellip-
sometry measurements. The Ey is approximately 3.6eV
determined by the strong interband transition from the
occupied O 2p to the empty V 1, bands. Therefore,
the high-performance p-type TCOs based on the V,03
thin films are obtained by the good balance between the
electrical and optical properties.

II. EXPERIMENT

V,0; thin films are grown on c-plane Al,O3 substrates
by pulsed laser deposition. A KrF excimer laser (A =
248 nm) with a repetition rate of 5 Hz and a laser fluency

of 2 J ecm~2 is focused on a V,05 ceramic target. The sub-
strate temperature is kept at 600 °C during the deposition.
The films are grown and cooled to room temperature in
an Ar atmosphere of 2 Pa. The distance between the tar-
get and the substrate is 5 cm. In this growth condition,
the growth rate of the V,0j3 thin film is about 6 nm/min.
The structural properties of the V,03 films are character-
ized by x-ray diffraction (XRD) using K|, radiation at room
temperature. X-ray photoelectron spectroscopy (XPS) with
monochromatic Al K, (hv = 1486.6¢V) is used to eval-
uate the valence states of the elements in an ultrahigh
vacuum chamber. Binding energy data are referenced to
the C 1s peak at 284.8 eV. Electrical transport properties
are measured on a physics properties measurement sys-
tem (PPMS) using the standard four-probe method. Hall
measurements are also carried out on PPMS using the
van der Pauw geometry. Optical transmission is measured
by a UV/Vis/NIR Lambda 900 spectrometer in the wave-
length range from 200 to 2000 nm. Room-temperature
ellipsometric spectra are collected at an incidence angle
of 65° using single rotating-compensator spectroscopic
ellipsometers over the infrared to ultraviolet 0.93—4.77 eV.

II1. RESULTS AND DISCUSSION

Figure 2(a) shows the typical XRD pattern of the V,03
thin films grown on c-plane Al,O3 substrates. Only (000/)
peaks for the V,0j5 thin film and Al, O3 are observed, con-
firming a single phase and c-axis oriented growth of V,0s.
Results for the XRD ¢ scan of V,0; (10T4) and Al,O3
(1014) reflections are shown in Fig. 1(b). Threefold sym-
metry is clearly observed for both the Al,O; substrate and
V,03 thin film due to the same hexagonal structures. This
indicates the epitaxial growth of the V,0; thin films on
the Al,O5 substrates and the epitaxial relation can be writ-
ten as (0006) V,03 || (0006) Al,O3 and (1000) V,0;3 ||
(1000) Al,Os3. The high quality of the V,0; thin film is
also confirmed by the rock curve scan with the full width
at half maximum (FWHM) of 0.09° as shown in the inset
of Fig. 1(a).

XPS measurement has been carried out to probe the oxi-
dation state of the V,0; thin films. Figure 3(a) displays
the spectra of the V 2p and O 1s core level, in which the
dotted and solid lines represent the experimental data and
fitting curve, respectively. The V 2p level is split into V
2p3/> and V 2py,» due to spin-orbital coupling with a sep-
arated binding energy of approximately 7.6 eV. The fitting
binding energy of V 2p3; is approximately 515.7 ¢V and
the line width of FWHM is approximately 3.4 eV. These
values are in good agreement with the previous studies of
V3t in V,05 [58—60]. The O 1s level can be divided into
two peaks centered at 530 and 531.1 eV, corresponding to
the lattice oxygen ions and the physically adsorbed oxygen
at the film surface, respectively [58]. Figure 3(b) presents
the XPS spectra of the V,0; thin film in the VB region. It
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FIG. 2. (a) XRD 6-26 scan of the 56-nm-thick V,03 thin film

on the Al,O3 substrate. The inset shows the rocking curve scan
of the (0006) diffraction peak of a V,03 thin film. (b) XRD ¢
scans of V,03 (1014) and Al O3 (1014) reflections.

is found that the spectrum can be assigned to the V 3d band
ranging from 0 to 2.5 eV and the O 2p band in the range
of 2.5-9 eV, respectively [53,54,59]. Further analysis indi-
cates that the V 3d band consists of A (ai,) and B (eg)
bands and the O 2p band can be fitted with the C, D, and
E peaks, which are consistent with the previous theoretical
calculation and experimental results of V,03 [50,54,61].
As shown in the inset of Fig. 3(b), the Fermi level Er lies
within the VB formed by the overlapping V (3d) a1, and
eg bands. Accordingly, the V,03 clearly exhibits a finite
spectral weight at Er, which coincides with the metallic
behavior at room temperature.

Figure 4(a) shows the temperature dependence of sheet
resistance (Rs = 1/ot, t film thickness) for the V,0; thin
films with different thicknesses. The V,0j3 thin films with
thicknesses of 56 and 28 nm exhibit metallic behaviors,
in which the decrease of the Ry with decreasing tem-
perature down to approximately 190 K is followed by
a weakly insulating behavior. The obvious thermal hys-
teresis between the cooling and warming processes indi-
cates the first-order nature of the MIT. Nevertheless, the
MIT and its accompanied resistance change are broadened
and much smaller compared to that of the single crys-
tal, while the resistivity in the high-temperature metallic
state is similar with the single crystal [62]. In contrast, the
V,05 thin films with thicknesses of 14 and 7 nm show
insulator-insulator transitions, in which the Rg increases
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FIG. 3. (a) XPS spectrum of the V 2p and O 1s core levels of
the V,0j3 thin film. (b) XPS spectra of the V,05 thin film in the
valence band region. The inset shows the energy level diagram
of the V,05 thin film in the high-temperature metallic phase.

slowly with decreasing temperature, followed by a rapid
increase of approximately 3 orders of magnitude. Previ-
ous studies have revealed the coexistence of metallic and
insulating phases in the V,0; thin films associated with
the thermodynamic instability near the transition [63,64].

(a) == Cooling
10°k e \Nlarming
10°F

g
S 10°F 7 nm
e
; 14nm
10" F
28 nm
10° k \ . - . 56 nm
0 50 100 150 200 250 300

Temperature (K)

= 4 <-\/ o ::m
5l o >
8 £
22 o /O/Q 02 %
:c 8-@ \;

0 0.0

0 20 40 60

t (nm)

FIG. 4. (a) Temperature-dependent sheet resistance of the
V,05 thin films. (b) Evolution of room-temperature Hall resis-
tance with magnetic field. (c) Thickness dependence of room-
temperature hole concentration and hole mobility for the V,03
thin films.
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Furthermore, this instability can be affected by many fac-
tors such as strain, substrate disorder, and substrate orien-
tation, which may account for the diverse transport proper-
ties observed in the V,0; thin films [65—68]. The Rg (o) at
room temperature is 3569 (400), 1028 (695), 209 (1704),
and 84 (2122) Q/sq (S cm™!) for the 7-, 14-, 28-, and
56-nm V,0; thin films, respectively. Figure 3(b) depicts
the typical room-temperature Hall resistance versus mag-
netic field plots for the V,0; thin films. The positive Hall
coefficients confirm the p-type carriers in the V,0; thin
films. Figure 3(c) shows the derived hole concentration
(n;) and mobility (n) for the V,05 thin films. The val-
ues of n;, () are in the range of 1.77-5.28 x 10?> cm™3
(0.14-0.24 cm? V~!' s7!), which is consistent with that
in single crystal and thin films [62,69]. The values of
ny, in the V,0; thin films are the highest among p-type
TCOs [6,11]. For the V,03 (Z; ~ 0.12), the localized V 3d
orbital around the VB maximum results in an effective hole
mass of m* = myana/Zr ~ 8.3Mpand, Which would be larger
than that of conventional TCOs [24]. The mobility (u) is
defined as u = et/m*, with t the scattering time. As a
result, the values of  would be suppressed by the enhance-
ment of m* due to strong electron correlation. However, the
low p can be compensated by the high 7, resulting in high
electrical conductivity.

Figure 5 shows optical transmittance of the V,0j3 thin
films on Al,Osz substrates from infrared to ultraviolet
regions. The optical transmittance in the visible region (7)
is usually quantified by averaging values at wavelengths
of 420, 490, 560, 630, and 700 nm including the substrate
contribution. The values of T are 78.0%, 72.2%, 54.8%,
and 40.0% for the 7, 14, 28, and 56 nm of V,03 thin films,
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FIG. 5. (a) Optical transmittance spectra for the Al,O3 sub-
strate and V;,0j thin films with different thicknesses. The range
of the visible spectrum is illustrated. The inset shows the pho-
tographs of the Al,Oz substrate and V,0; thin films with
different thicknesses on the V,03 substrates.

respectively. The inset of Fig. 5 exhibits the photograph of
the V,0; thin films on a labeled paper. The 7-nm V,0;3
thin film is almost indistinguishable from the Al,O3 sub-
strate, reflecting the high optical transparency. The V,0;
thin films become less transparent with increasing film
thickness due to the unavoidable optical absorption in the
visible region.

To gain a deeper insight into the optical properties
for the V,0; thin film, the ellipsometry measurements
are performed on the V,0; thin film (# = 130 nm) on
a single-side polished Al,O; substrate at room tempera-
ture. Figure 6 shows the complex dielectric constant (¢ =
€1 + iey) spectra of the V,0j3 thin film extracted from the
room-temperature ellipsometry measurements. The dielec-
tric response of the V,0; thin film is modeled using
combinations of Drude, Lorentz, and Tauc-Lorentz oscil-
lators (see the Supplemental Material [70]). The real part
of the dielectric function (¢;) equals zero at the screened
plasma energy (hiw, ). Therefore, the hiw, for the V,O3 thin
film can be determined to be approximately 0.97 eV by set-
ting €; = 0, which is consistent with the plasma edge of
approximately 1 eV in the V,0s3 single crystal [71]. This
value is well below 1.75 eV required for realizing visible
optical transparency. The remarkably reduced fiw, of the
V,0; thin film in the metallic phase with a high carrier
concentration is a direct consequence of the enhancement
of m* due to strong electron correlation, which is simi-
lar to that in the correlated metals of SrVO3; and SrMoOs3
[43,44]. Furthermore, the values of ¢, intimately tied to
the optical absorption in the visible region are relatively
moderate, which is also important for the realization of
high optical transparency in thin-film materials to reduce
absorption. The €; increases in the infrared region due to
the free-carrier excitation.
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FIG. 6. Complex dielectric function (¢ = €| + i€;) spectra
of the V,0;5 thin film (¢ = 130 nm) extracted from room-
temperature spectroscopic ellipsometry measurements.
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FIG. 7. Optical absorption coefficients for the V,0j3 thin film
derived from transmission (f = 56 nm) and ellipsometry mea-
surements (¢ = 130 nm), respectively. The inset shows the Tauc
plot to estimate Ey.

Another important parameter for the optical trans-
parency window in the visible spectrum is the upper
limit of the transparency window (£y), above which the
material is obscure for the incident photon [57]. Usually,
the Ey is determined by the strong optical absorption
due to the direct interband transition. Figure 7 shows
the experimental absorption spectra for the V,0; thin
film derived from transmission and ellipsometry measure-
ments, respectively. The absorption coefficient («) spectra
can be calculated using the equation of @ = 4w« /X, where
A is the wavelength and « is the extinction coefficient.
The relationship between « and the dielectric constant is

K = \/(1/612 —{—622 —el)/2. It is clear that the optical

absorption features of the V,0; thin film can be well
extracted from both the transmission and ellipsometry
spectra. The low-intensity spectral features observed in the
1.0-3.5 eV range can be assigned as the f,,-15, interband
transitions [56,72]. A strong absorption edge is observed at
the photon energy of approximately 4.0 eV due to the inter-
band transition from the O 2p to the empty V £, bands. £y
can be determined by fitting the absorption edge through
the Tauc relation, (ahv)? = C(hv — Ey), where hv is the
photon energy and C is a constant. As shown in the inset of
Fig. 7, the linear fitting yields an £y of approximately 3.6
eV, which is well above 3.25 eV for visible transparency.
Figure 8 illustrates 7' and o for the V,03 thin films (red
semisolid stars) and other typical p-type TCOs. The o of
p-type TCOs are distributed over a wide range of several
orders of magnitude. It is well known that the practical
applications of the p-type TCOs rely on simultaneously
high 7 and o. Clearly, the V,05 thin film becomes a front
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FIG. 8. Graphical representation of 7T and o for the V,03 thin
films (red semisolid stars) and other typical p-type TCOs. The
numbers in parentheses show the corresponding values of F/
and FY in the units of MQ~!. The n-type TCO of ITO thin
film is also added for comparison. The blue arrow indicates
the enhancement of performance through electron correlation
engineering.

runner in the pursuit of high-performance p-type TCOs
due to the good balance between electrical and optical
properties. It is convenient to quantitatively evaluate the
performance of p-type TCOs by a figure of merit (FOM).
Two types of FOM are often calculated by F7 = T'°/Rg
and F° = —1/(RgIn T), which were proposed by Haacke
and Gordon, respectively [73,74]. The larger values of
FOM indicate higher performances of the TCOs. How-
ever, F overestimates the contribution of Ry, while F¢
overestimates the importance of T. Therefore, both F!/
and F¢ should be considered simultaneously to yield a
fair evaluation of the performance of p-type TCOs. The
numbers in parentheses show the corresponding values
of FH and FY in the units of MQ~! for the V,0; thin
films and other reported p-type TCOs (also in Table S2
in the Supplemental Material [70]). In particular, it should
be noted that the performance of p-type TCOs can be
remarkably enhanced in the M, 03 compounds from Cr, O3
to V,03. The decrease of U would be the main driving
force. This result indicates that the strategy of electron
correlation engineering paves an effective way for explor-
ing high-performance p-type TCOs in strongly correlated
oxides.

IV. CONCLUSION

In summary, we demonstrate that the correlated metallic
phase of V,0j3 thin films can be explored as p-type TCOs
with high performance. The electron correlated-driven VB
engineering in V,03 forms the basis for p-type conduc-
tion. The intrinsic metallic phase of V,03 with high carrier
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concentration (> 102 cm™>) guarantees its high electri-
cal conductivity. Combining low screened plasma energy
(approximately 0.97 eV) and moderate absorption in the
visible region, the V, 03 thin films exhibit the visible trans-
mittances of 40%—78%. These results indicate that the
V;,0;3 thin films can be developed as a high-performance
p-type TCO and provide an alternative route to explore
high-performance p-type TCOs in strongly correlated
oxides. Furthermore, the V,0; thin films as high-
performance p-type TCOs can be potentially used in
several transparent device applications such as rectifiers,
photodetectors, and solar cells [6,75].
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