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Abstract: Screening for potential new materials with experimental and theoretical methods has led
to the discovery of many promising candidate materials for p-type transparent conducting oxides.
It is difficult to reliably assess a good p-type transparent conducting oxide (TCO) from limited
information available at an early experimental stage. In this paper we discuss the influence of
sample thickness on simple transmission measurements and how the sample thickness can skew
the commonly used figure of merit of TCOs and their estimated band gap. We discuss this using
copper-deficient CuCrO2 as an example, as it was already shown to be a good p-type TCO grown at
low temperatures. We outline a modified figure of merit reducing thickness-dependent errors, as well
as how modern ab initio screening methods can be used to augment experimental methods to assess
new materials for potential applications as p-type TCOs, p-channel transparent thin film transistors,
and selective contacts in solar cells.

Keywords: transparent conducting oxide; TCO; p-type; figure of merit; material screening; TFT;
solar cell; selective contact

1. Introduction

There are a wide range of transparent conducting oxides (TCOs) available for today’s
optoelectronic applications [1–7]. Typical commercially employed TCOs are highly n-type doped
wide bandgap oxide materials such as indium tin oxide (In2O3:Sn, ITO), doped zinc oxide
(ZnO:Al, ZnO:Ga, ZnO:In), fluorinated tin oxide (SnO2:F, FTO), and amorphous indium gallium zinc
oxide (InGaZnO4, IGZO). Despite their commercial success, extensive research is being undertaken to
find new candidate materials in particular, to replace In-rich TCOs and to find viable hole conducting
counterparts (p-type TCOs). The former is driven by increasing indium costs and the desire for
high-mobility TCOs to minimise free carrier absorption for solar cell applications, while the latter
is required for novel fully-transparent optoelectronics. p-type TCOs have been reported since 1997
starting with CuAlO2 by Kawazoe et al. [8]. Since these initial findings, many other oxides showing
p-type conductivity have been found, ranging from other oxides in the delafossite crystal structure
family [8–11] to spinels [12–14], perovskites [15], and corundum-type oxides [16–18].

While many of these p-type oxides have been used in laboratory demonstration devices,
their performance in terms of transparency, conductivity, and hole mobility is still severely lacking,
and experimental and computational screening for new and better-performing p-type TCOs continues.
For both experimental as well as computational screening methods, it is crucial to identify key material
parameters reliably—sometimes with limited experimental information—in order to assess a given
material’s potential as a p-type transparent oxide. For computational screening, the established
procedure is to calculate the band structure of a material, and to assess its bandgap and valence band
dispersion to estimate the hole mobility [14,19–22]. In a second more computationally expensive
step, native defect formation energies are calculated to assess if the material can be successfully
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doped p-type or if native point defects can lead to acceptor compensation [14,20,23]. This high
degree of compensation is the case for all of the known commercial n-type TCOs, where acceptor
defects—typically oxygen vacancies—prevent sufficient p-type doping [24–26].

When experimentally screening for best properties, it is preferable to derive a first measure of
quality from a compact set of key properties, allowing for a quick assessment without the need for
extensive characterisation. Such a measure of quality is often referred to as a figure of merit (FOM).
In the context of TCOs, such a figure of merit has been established to relate the overall absorption
within the material to its conductivity [27]. In this paper, we will review its use in the literature and
highlight potential shortcomings of this approach when the figure of merit is used incorrectly.

2. An Assessment of the Commonly Used Figure of Merit

The key parameters for assessing a transparent conducting oxide are its conductivity σ and
absorption coefficient α. These two properties can be combined by defining a figure of merit FTR
as [27,28]:

FTR =
σ

α
= − 1

Rs ln(T + R)
(1)

In this form, a theoretically thickness-independent measure of quality (with units of Siemens)
can be evaluated solely by measuring a thin film’s sheet resistance (Rs) as well as its transmittance
(T) and reflectance (R). In many ways, this is an ideal quantity for experimental screening, as it can
be derived from relatively simple measurements, without requiring any detailed knowledge of, for
example, the film thickness. In perfect epitaxial systems where the microstructure of the TCO is not
affected by the sample thickness, FTR is a reliable quantity to be used in comparing the performance
of p-type TCOs. In polycrystalline samples grown on glass films, for example (as is common for
screening methods), the use of FTR favours thicker films, as the crystalline quality typically improves
with layer thickness. Consequently, T as well as Rs improve for thicker layers of an otherwise identical
material. This issue can be easily addressed by comparing films with similar thickness, by quantifying
the change in FTR for different film thickness, or as a bare minimum always explicitly stating the film
thickness for which results are given.

A second problem arises as reflectance measurements are less frequently employed for
material screening. Simple ultraviolet-visible (UV-VIS) spectrophotometers are typically used in
many such environments which lack the capability to perform reflectance measurements. If the figure
of merit is used in the simplified form of [28,29]:

FT = − 1
Rs ln(T)

(2)

it loses its thickness independence, making reliable comparison between samples with differing
thicknesses difficult. Furthermore, using only transmission data can be problematic, as it is difficult to
distinguish between unwanted absorption losses and acceptable reflection losses. This will be further
discussed in Section 2.1.

A third issue is that the figure of merit alone does not refer to a materials band gap or hole mobility,
which are of crucial importance for optoelectronic devices. As a result a high figure of merit will not
always translate to a enhanced efficacy of a particular device. The details of these issues and how to
assess them will be discussed in Section 2.2.

2.1. Comparing Known p-Type TCO Materials—The Issue of Limited Information

One key problem of comparing different new p-type TCOs discovered recently is that the figure of
merit is often used without specifying if FTR or FT have been used, and more importantly, in many cases
peak transmission values are used rather than average transmission values over the spectral range
of interest for displays and solar cells (1.5–3 eV). Therefore, many low band gap materials have been
reported with a high FOM, despite possessing limited transparency in the visible range. In Figure 1a,
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a number of common p-type TCOs have been re-assessed by plotting their sheet resistance vs. their
transparency, following the approach of Zhang et al. [15]. In addition, we have added secondary
information such as the growth temperature required, and in Figure 1b plotted carrier concentration
vs. mobility in the same films. We have only included materials where the full transmission spectra
were available (to calculate the average transmission), and where the electrical measurements have
been performed on the same films as optical measurements.
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Figure 1. (a) Comparison of the literature data of average transmission and sheet resistance of a range
of p-type transparent conducting oxides (TCOs). The reported literature data have been adjusted
to account for varying thickness between samples, and the average transmission was taken over an
energy range of 1.5–3 eV. Dotted lines indicate “constant figure of merit” lines. The size of the points
scales inversely with growth temperature (or post-annealing temperature if required), as excessive
temperature also hampers the ability of materials to be successfully used in applications; (b) The
reported carrier concentration and hole mobility for the same set of samples, with the size of the point
proportional to the transparency. Lines of equal resistivity are shown, illustrating the poor performance
of today’s p-type TCOs compared to ITO (Data sources are listed in Table 1).

Comparing different p-type TCOs in such a way already reveals that two materials with the
same figure of merit can have substantially different properties, as illustrated by the dotted lines in
Figure 1, which show calculated lines of “constant FOM”. Films with 20% transmission can have a
similar FOM to those with 80%, providing their conductivity is high enough. Depending on the specific
application and device geometry, such low transparency might well be unacceptable, rendering the
material unsuitable despite a high figure of merit. Indeed, it was already commented on in one of
the original works on defining the FOM that the comparison should ultimately be undertaken with a
specific device structure (and also layer thickness) in mind [28].

In crystalline material, depending on the growth method and conditions, grain sizes and therefore
electrical properties can differ significantly between thinner and µm-thick films. In this case, deriving a
representative FOM for the material can be problematic, and it is harder to distinguish between
systematic problems of the FOM calculation and real material changes. To address the former, we will
discuss the thickness dependence of the TCOs’ figure of merit by examining data from recently
developed nanocrystalline copper-deficient Cu0.4CrO2 [30–33]. In the case of Cu0.4CrO2, the large
copper deficiency results in a poor crystallinity of the material, and consequently the material’s
microstructure and electrical properties are not altered by growing thicker layers. Hence, the FOM can
be easily assessed for different sample thickness by calculating transmission and reflection data, as well
as sheet resistance from the material’s optical constants (n, k) and measured conductivity (σ). The latter
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data have been measured for a well-characterised sample grown by spray pyrolysis, where the sample
thickness was measured accurately by X-ray reflection (XRR).

Figure 2 shows the modelled transmission and reflectance spectra for Cu0.4CrO2 thin films on
glass for a thickness range of 50 to 150 nm, as well as the position of Cu0.4CrO2 films in the T vs. Rs

graph for thicknesses up to 250 nm. These optical models clearly show that the reflectance can be as
high as 30% for very thin films once the refractive index of the material is substantially higher than
that of glass. The root cause of the thickness dependence is the Fabry–Pérot interference fringes in
the transparent region of the TCO. For the discussed case of Cu0.4CrO2, it can be seen in Figure 2a
that the reflection from a 50 nm thin film is significantly higher than those of higher thickness, as the
broad maxima of the interference fringe coincides with the evaluated spectral range. Consequently,
the average transmission in the desired region Tav was found to be much lower than for a 100 nm film
where the reflectance is dominated by a minima of the interference fringe. For film thicknesses of
greater than 150 nm, several interference fringes were found in the spectral region of interest and the
evaluated average reflectance is therefore more consistent, approaching the expected reflectance of the
material in bulk form. For Cu0.4CrO2 this is about 21% using the average refractive index of n = 2.7
and the Fresnel equation to calculate the reflectance of a bulk material at normal incidence (R0):

R0 =

(
(n − 1)
(n + 1)

)2

(3)

Many candidate p-type TCOs have a much higher refractive index n than typical n-type TCOs.
In the visible region, n of Cu0.4CrO2 is 2.5–2.8—much larger than,the one of ZnO (∼1.9–2), for example.
Consequently, from Equation (3), it can be seen that the measured transmission of such thin films will
not exceed 70% as a result of the air/TCO interface—even if there is no parasitic absorption within the
thin film.
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Figure 2. (a) Modelled transmission (—) and reflection (···) data of Cu0.5CrO2 thin films on glass.
The grey spectral region was used to calculate the average transmission and reflection; (b) The position
of each film on the Tav vs. Rs graph using only transmission data (•) and T + R data (�).

Using these modelled transmission and reflection data, one can now also illustrate the error
introduced into the simplified figure of merit (FT) once only transmission data are considered.
For the thickness range investigated, FT for Cu0.4CrO2 ranges from just 75µS to 200µS, as illustrated
in Figure 2b. Once reflectance data are included, FTR varies significantly less between measurements
on films with different thickness, and is found to be ≈300µS. We have to stress that the reflectance
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losses are not necessarily detrimental, as in a real device they will be mitigated once the p-type TCO is
embedded between, for example, metal or n-type TCO contacts and absorber layers. In these cases,
reflectance losses will be different than in the case of a p-type TCO/air interface measured during
typical screening methods, and can even have a beneficial effect as an internal anti-reflective layer [34].

2.2. Measuring a Robust Figure of Merit in Screening Methods

So far, we have outlined that using only transmission data to calculate FT rather than FTR can lead
to significant errors. Fortunately, even in cases where reflection cannot be practically measured due to
instrumental limitations, it is possible to at least estimate the full thickness-independent figure of merit
FTR by adding R0 (as calculated by Equation (3)) to the measured average transmission. However, for
new materials, the refractive index n would also be unknown. n, however, can be suitably derived for
the purpose of correction of FT using the following methods:

Direct measurement: Ideally, the thin film can be analysed by ellipsometry to measure the
complex refractive index n + ik. In that case, the absorption coefficient α = 4πk/λ is known and
the conductivity σ can also be calculated from the sheet resistance Rs and the sample thickness
derived from the ellipsometric model. Hence, FTR can already be fully derived by (1) without any
additional approximations.

Estimation by analysing interference fringes: In general, transmission datasets do not contain
enough information to derive the refractive index without additional information. However, for
screening methods of transparent materials it is possible to at least estimate the refractive index by
analysing the Fabry–Pérot interference fringes. The method analyses the position of the interference
maxima, minima, as well as their envelope in measured transmission data, and can be employed if a
homogeneous, smooth, thin film is considered [35,36]. This method requires more than one interference
fringe to be present, and therefore needs not only a sufficient spectral range of the instrument, but
also a thicker sample, with—crucially—very low absorption. Using Cu0.4CrO2 data from Figure 2,
it can be seen that for a typical p-type TCO such as Cu0.4CrO2 , a sample thickness of more than
150 nm is required to clearly observe more than one interference extrema. At the same time, the
absorbance in this thickness range already significantly dampens the second transmission maximum.
If the sample thickness d is known from other methods, the energetic position of the first extrema
(maximum in reflectance, or minima in transmission) , E1E (see Figure 2a) can be used to estimate n
using the following equation, provided nTCO > nsubstrate:

nTCO =
λ1E
4d

=
ch

E1E4d
≈ 1239.8

E1E4d
(4)

We have to stress that such an estimation should be performed by using at least two films with
different sample thickness to avoid the interpretation of absorption features (e.g., due to defects or
weak dipole-forbidden transitions) as interference minima. As illustrated, the interference minima in
transmission data are much less pronounced than in reflectance data, and the determination of their
position from transmission data alone is only possible for film thickness well above 50 nm. For thicker
layers (d > 100 nm), the position of two adjacent extrema (if T is plotted versus photon energy) can
be used, as the spacing between extrema is directly proportional to n [35]. We must highlight that
this analysis should only be used to estimate the refractive index for correcting the figure of merit. It
should not be used to extract full optical constants of p-type TCOs, as the core assumption of n2 � k2

is typically not valid in many of these materials. Hence, the extracted spectral form and absolute
values will have larger systematic errors than in the cases the methods were originally developed for.
The error of this method is also directly linked to the sample thickness; if the latter is not determined
independently, n will be over or underestimated likewise.

Estimation using ab initio optical constants or material density: With the enormous progress in
recent years regarding the ab initio description of material properties and the wide availability of these
data in public databases [37–39], it becomes feasible to use such ab initio data to augment experimental
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data if direct measurements are unavailable. In selected cases, the dielectric function of a material can
already be well reproduced; hence, the thin film reflection can be calculated or approximated using (3).

Computational screening for p-type TCOs often uses variants of density functional theory (DFT),
which include the electron–hole self interaction in terms of an expansion of the single particle Green’s
function G and the Coulomb interaction W (GW-correction) [40]. The calculated material band gaps
are therefore significantly more accurate than in standard local density approximation (DFT-LDA) or
generalised gradient approximation (DFT-GGA). Even if self energy corrections are used, the calculated
dielectric functions—while providing good qualitative descriptions—are still lacking accuracy to
quantitatively describe the entire spectral response of a thin film. However, in the relevant transparent
region, the dielectric response is featureless below the band gap, and hence the ab initio data are
sufficient to estimate n and consequently the reflectance at normal incidence R0. In the example of
our nanocrystalline Cu0.4CrO2 , no direct DFT calculation of the highly defective structure has been
performed. However GW-corrected calculations of closely related crystalline delafossite CuCrO2,
or spinel Cr2CuO4 are found in such databases, predicting a static n of 2.49 and 2.51 [39], respectively,
in good agreement with the experimental value of 2.7. The small discrepancy arises due to the relatively
small bandgap of the material (≈2.5 eV), which will add already to the refractive index around 2 eV
due to non-negligible dispersion.

Table 1. Comparison of published data for p-type transparent conducting oxides. The sample thickness,
conductivity, average transmission (Tav) and, where available, average reflection were taken from
the cited references. The figure of merit (FOM) FTR was calculated and compared to the often-used
simplified version FT . Finally, we estimated R0 using density functional theory (DFT) values [39,41]
of n for cases where no reflectance data were available to calculate a more representative figure of
merit FTR0 . The latter compares well to FTR in cases where measured reflectance data were available.
Note: there are many other publications for the given materials; priority was given here to the most
complete datasets for all relevant properties, including those in Figure 1, not on earliest publication or
highest reported FOM. CSD: chemical solution deposition; MBE: molecular beam epitaxy; PLD: pulsed
laser deposition.

Material Deposition Thickness Tav Rav R0 FT FTR0 FTR Ref.(nm) (%) (%) (%) µS µS µS

CuCrO2:Mg (5%) RF sputtered 250 22.5 - 18.5 1600 2800 - [11]
CuCrO2:Mg (10%) PLD 40 40 - 18.5 350 590 - [42]
CuCrO2:Mg (5%) RF sputtered, annealed 250 35 - 18.5 25 41 - [11]
Cu0.4CrO2 Spray pyrolysis 90 54 20 18.5 150 290 310 here

Cr2O3:Mg (8%) MBE 180 55 15 15.5 48 82 80 [18]
Cr2O3:Mg (13%) DC sputtered metal 192 58 16 15.5 0.4 0.6 0.6 here
a-Cr2O3:Mg (8%) RF sputtered ceramic 50 54 35 15.5 0.15 0.25 0.8 here

LaCrO3:Sr (25%) MBE 80 54 - 15.5 195 330 - [15]
LaCrO3:Sr (12%) MBE 67 63 - 15.5 52 100 - [15]
ZnRh2O4 PLD 70 55 - 22 32 77 - [43,44]
Cu2O DC sputtered 155 26 - 17 31 50 - [45]
SnO e-beam evaporated 100 60 - 15.5 41 75 - [46]
NiO RF sputtered 150 50 - 18 14 25 - [47]
CuAlO2:Mg (1%) PLD 90 70 - 11 10 17 - [48]
SrCu2O2:K PLD 120 75 - 17 2.1 7.1 - [49]
AgCrO2:Mg (12%) CSD 120 60 - 21 1.9 4.6 - [50]
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Even in the case that self-energy corrected DFT is not available the DFT-LDA (or DFT-GGA)
data can be used in a first-order approximation, even if the refractive index (or static dielectric
constant) has not been calculated in any form and band gaps are severely underestimated—the atomic
positions in these calculations are nevertheless very accurate. Consequently, the material density can
be easily calculated from the DFT data. For oxides, as discussed here, the empirical Gladstone-Dale
relationship [51] and more modern modifications of it [52,53] link the refractive index of a mineral
to its density ρd and can be used to estimate n = Kρd + 1. The Gladstone–Dale constant K has been
tabulated for many minerals, and largely depends on the cations and their coordination [52].

The use of any of the DFT-based methods to evaluate n is also useful to evaluate potential
errors in the sample thickness, as it should be consistent with n derived from the evaluation of the
interference fringes. Large discrepancies could indicate deviations in the sample thickness.

To summarise this section, even if experimental data during material screening lacks the
crucial reflectance data to assess the performance of the p-type TCO with the figure of merit FTR,
it should at least be approximated by estimating the normal incidence reflectance using the methods
outlined above. Table 1 lists the materials shown in Figure 1, including FTR if the published information
were sufficient to calculate the latter. In all cases, we also give values for FT and how the inclusion of an
estimated normal incidence reflectance leads to a more representative and thickness-independent FTR0 .

3. Application-Specific Considerations

The figure of merit in itself is a useful tool to quickly assess promising candidate p-type TCOs.
However, the reduction to the mere ratio of absorption and resistivity does not reflect the specific
needs for different applications—an issue common to all transparent conducting materials [6]. As
seen in Figure 1, materials with a similar figure of merit can show significant differences (e.g., in the
actual transmission). In cases where a high transmission is paramount (e.g., illuminated transparent
contacts in solar cells), a thick layer of CuCrO2:Mg, for example, would be detrimental, despite the
highest FTR of all p-type TCOs. Other applications (e.g., p-channel thin film transistors TFTs) require
specific carrier concentrations and high hole mobilities—information not directly accessible by the
figure of merit.

Selective contacts: One main application of p-type TCOs are so-called hole transport or electron
blocking layers in thin film solar cells or organic light emitting diodes (OLEDs). Their purpose is to
minimise shunting of the diode by electrons from the active region reaching the anode contact metal.
The purpose of such a layer is to maximise hole extraction (or injection in case of OLEDs) by having a
valence band structure well aligned with the high work function contact and the valence band of the
active absorber (emitter) material. At the same time, it should create a significant transport barrier
for electrons from the absorber conduction band to reduce device shunting. Figure 3a illustrates the
requirements schematically.

The typical layer thickness for such selective contacts ranges from 10–30 nm. Transport in these
layers is governed by the valence band position of the p-type TCO and its offset to the absorber layer
valence band. The sheet resistance of the p-type TCO in itself is of secondary importance—particularly
for very thin layers. More crucial in this case is a high transmittance to minimise parasitic absorption
within the contact and a large band gap (Eg) to maximise the conduction band offset and hence barrier
height in the conduction band. Hence, for solar cell application the Eg of the p-type TCO should be
well above 2 eV and even higher for OLED applications, as the band gap of the active region is already
in the 2–2.5 eV range.
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Figure 3. (a) Schematic illustration of the preferred band alignment for a hole transport/electron
blocking layer; (b) Tauc plots for a 70 nm-thick Cu0.4CrO2 thin film using both transmission and
reflection data (black lines) as well as transmission data only (red lines). The Tauc plot for both an
assumed direct and an indirect band gap are shown. Only by ab initio information predicting an
indirect band gap can the actual band gap of the material be correctly identified.

Experimentally, the band gap is typically determined by Tauc plots to evaluate the absorption
coefficient as determined from the transmission and reflectance measurement [54]. However,
evaluation with the Tauc method requires prior knowledge of the type of gap to use the correct exponent r
in the Tauc equation (αhν)1/r. Figure 3b illustrates the evaluation for a 70 nm thick Cu0.4CrO2 film,
assuming either a direct (r = 1/2) or indirect (r = 3/2) band gap. Analysing these data could either be
interpreted as a 2.95 ± 0.05 eV direct or 2.4 ± 0.1 eV indirect gap. GW-corrected DFT calculations for
crystalline CuCrO2 and Cr2CuO4 predict indirect band gaps of 2.5 eV and 1.4 eV, respectively [39]. It is
therefore reasonable to also assume an indirect band gap for the copper-deficient material, with broad
tail states due to the defective nature of the material. This example clearly illustrates that using the
most common Tauc evaluation with r = 1/2 would severely overestimate the band gap in the case
of Cu0.4CrO2.

As with the figure of merit, additional complications arise if no reflectance data are available.
Figure 3b also shows the Tauc plots for α calculated from transmission data alone. It can be seen that
the resulting linear fits to evaluate the band gap differ significantly from the correct evaluation using
T+R data. The issue unfortunately arises prominently for thin smooth films of a weakly absorbing
material, which are usually the desired properties for TCOs. In this case, Fabry–Pérot interference
structures are superimposed to the absorption edge. In Figure 2a it can be seen that for a 75 nm-thick
film, the maximum in transmission due to interference is in the range of 2.5–3 eV—the spectral range
where the Tauc-fit is performed. For new unknown materials and in cases where only transmission
data are available, it is therefore crucial to compare films with different thickness to quantify the
magnitude of this issue. Without appropriate reflectance data, it is also not feasible to a priori interpret
differences in the fitted intercept in the Tauc plot for different film thickness as a change in band gap.
Even if reflectance data are available, it is worth noting that the Tauc method will only correctly give
band gap values in the case of parabolic valence and conduction bands, resulting in an absorption
feature of a three-dimensional bulk critical point [55]. In the case of flat bands, 1D-bulk critical points,
and for strong excitonic absorption, the Tauc plot will always underestimate band gaps. For specific
systems (e.g., ZnO and a-Si), the specific problems of Tauc plots have been previously discussed [56,57].
For p-type TCOs (in particular within screening experiments for new materials), these systematic
issues relating to Tauc plots have to be considered and need to be minimised by the experimental
design by either always including reflectance data, or at least systematically studying any thickness
dependence and comparing results using different Tauc exponents with ab-initio calculations.
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p-channel transparent thin film transistors: A second potential application for p-type TCOs
are fully-transparent thin film transistors (TTFT). Individual transistors made of n-type TCOs are
already commercially used in driving circuits for OLED displays. The availability of both n- and
p-channel transistors is desirable for complementary logic circuits. Hence, considerable research
focus is dedicated to p-channel TTFTs. For transistor applications, the figure of merit is again helpful
to identify suitable candidate materials, as high transparency and good conductivity are desired
characteristics. However, crucial parameters for TFT device performance are not considered by FTR.
Namely, hole mobilities (µ) well above 1 cm2/Vs are essential to be competitive with hydrogenated
amorphous silicon-based electronics. Secondly, the carrier concentration (nc) needs to be easily
controllable, and a highly conductive material should have hole concentrations on the order of
1018–1019 cm−3.

Hence, knowledge of the carrier concentration and mobility for new materials found in
experimental screening methods is essential to assess the full potential of a new p-type TCO.
Carrier mobilities are typically measured by Hall measurements in either van der Pauw or Hall
bar geometry. Due to the much more resistive nature of even the best performing p-type TCO
thin films typically investigated in material screening, great care has to be taken that measured
Hall voltages and hence mobilities are not affected by systematic errors of Hall measurements
themselves. The Hall mobility should be measured for different bias currents and magnetic fields as
standard practice for highly resistive samples [58]. Many p-type TCOs—and chromium-based TCOs in
particular [15,18,42,59,60]—have limited mobilities due to a polaronic nature and consequently have
a hopping-type conduction mechanism. In such cases, direct current (DC)-Hall measurements will
not give consistent information, and other methods of measuring carrier mobilities must be applied.
For CuCrO2, both AC-Hall measurements as well as estimates from thermopower measurements
and assuming variable range or small polaron hopping have been used. Estimations assuming band
conduction, and fits of resistance versus temperature measurements to link the measured carrier
activation energy to the carrier concentration should be avoided. As previously shown in the case
of a related p-type TCO (Cr2O3:Mg), such an estimation gives a mobility of 0.4 cm2/Vs, while Hall
measurements were not able to confirm this [18]. Analysing the same dataset, assuming small polaron
hopping, the carrier activation energy is then related to the energy barrier for the hopping process, not
to the carrier generation. For new materials with limited information on the type of transport, it is
therefore prudent to only publish directly measured Hall mobilities, following rigorous measuring
procedures required for high resistive samples [58], high field measurements [44], or AC-Hall data.

4. Materials and Methods

Sample synthesis: All p-type TCOs (Cu0.4CrO2) directly measured for this study
were synthesised by spray pyrolysis using solutions of 0.025 M chromium acetyl-acetonate and
0.0075 M copper acetyl-acetonate in methanol. The precursor solution was sprayed with an air
blast nozzle (PNR MAD 825), liquid flow of 1.7 mL/min in a nitrogen/compressed air mixture with
5% total oxygen content at 15 L/min. The substrate (glass microslides) were kept at 350 ◦C during
the deposition. The growth rate under these conditions was found to be 9 nm/min.

The Cr2−xMgxO3 deposited via magnetron sputtering for this study was synthesised via
two methodologies. The first was co-deposition from a metallic Cr and ceramic MgO target in a
reactive O2 atmosphere. This deposition was performed at 750 ◦C and 0.45 Pa at 9% O2 content, and
films had a 13% Mg content with 120 W applied to the Cr and 115 W applied to the MgO. The second
was the use of a single Cr2−xMgxO3 target with 8% Mg content. Deposited films had 8% Mg content,
and were deposited with 150 W power at 720 ◦C and 0.45 Pa in pure Ar atmosphere.

XRD and thickness determination: All investigated Cu0.4CrO2 and Cr2−xMgxO3 films were
characterised by X-ray diffraction (XRD) and X-ray reflection (XRR) using a Bruker D8 Discover with
a monochromatic Cu Kα source. XRD showed only weak (012) and (110) reflexes of the CuCrO2

delafossite phase, indicating a poorly crystalline phase with coherent domain sizes of less than 10 nm.
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Cr2−xMgxO3 deposited via reactive sputtering were polycrystalline, while those deposited via the
ceramic pre-doped target were pseudo-amorphous. For thinner films (<100 nm), the films were
homogeneous and smooth enough to measure and characterise thickness interference structures
by XRR. These provided direct measurements of the film thickness and roughness consistent with
ellipsometric data for the same films.

Optical properties: Transmission and reflection spectra were measured for all films with a
PerkinElmer 650S UV-VIS spectrophotometer with integrating sphere measuring the total near normal
incidence T and R. Selected well-characterised films with good electrical conductivity were also
analysed by spectroscopic ellipsometry Sopra GESP 5. Ellipsometric data, transmission measurements,
and the sample geometry measured by XRR were used to model the dielectric function of Cu0.4CrO2

used in all simulations above.
Electrical measurements: Resistance vs. temperature measurements and Hall measurements

were carried out in a closed cycle refrigeration cryostat in the range of 20–300 K with magnetic field of
up to 850 mT in van der Pauw geometry using gold-coated spring-loaded contacts. All voltages are
probed by a Keithley 6430 sourcemeter, and Hall coefficients have been extracted from linear fits of
Hall-voltage vs. magnetic field strength to minimise errors.

Seebeck measurements have been performed by clamping the sample between two copper plates
as electrical contacts. One was placed on a ceramic heater, and one on a heat sink at room temperature.
The Seebeck voltage upon changing the heater temperature from 300 to 320 K is plotted versus the
temperature difference of the two copper terminals measured with type K thermocouples, electrically
isolated but thermally connected to the copper blocks. A linear fit gives the Seebeck coefficient of the
sample at 310 K.

5. Conclusions

Using a figure of merit (FTR) to assess the potential of a material as p-type TCO can be helpful, but
care must be taken once more simplified methods are used in the absence of reflection data. In such
a case, systematic errors can affect measurements of the absorption of the material, as well as the
material’s band gap. Particularly in very thin films—in the range of 20–200 nm—thickness-dependent
systematic errors can lead to changes in the determined band gap and average transmission due to an
overlap of thin film interference fringes with absorption structures. All these systematic measurement
issues can be overcome by combining transmission with reflectance measurements. We have discussed
several methods to correct the figure of merit in the absence of reflectance data by including an
estimation of the normal incidence reflection and outlined simple strategies (e.g., measurements of
samples with different thickness) to avoid systematic errors in the band gap determination, but also
mobility and resistivity measurements.

For a robust assessment of any new material under consideration as TCO, we suggest to:

• If at all possible measure sheet resistance, transmission, and reflection to determine FTR and Eg

correctly without systematic thickness-related errors.
• If only transmission data are available:

– estimate the refractive index using methods described in Section 2.2 and calculate FTR0

– Measure films of different thickness to evaluate systematic errors in the band gap
determination and FTR0 caused by interference fringes.

– Measure films well above 50 nm thickness to avoid underestimating transparency due to
broad reflection maximum

• Check available DFT calculations for consistency of (a) the refractive index n, and (b) the type of
band gap. Always assess the possibility of non-direct gaps when using Tauc plots (see Section 3).
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• Only give directly measured mobility values (DC-, AC-Hall measurements, or Seebeck
measurements for polaronic materials). In all cases, follow rigorous procedures for highly
resistive materials [58].

• Explicitly state the assessed films’ sample thickness and check for consistency of the thickness
with interference fringes in transmission data.

Employing such strategies in screening methods will help to identify the most appropriate
application for a given p-type TCO and speed up their employment in devices.
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Abbreviations

The following abbreviations are used in this manuscript:

α absorption coefficient
AC alternating current
c speed of light
CSD chemical solution deposition
d sample thickness
DFT density functional theory
DFT-LDA density functional theory in local density approximation
DFT-GGA density functional theory in generalised gradient approximation
DC direct current
E1E energetic position of the first interference maxima (for R) or minima (for T)
Eg band gap
FOM figure of merit
FTR FOM based on transmittance and reflectance measurements
FT simplified FOM based on transmittance measurements
FTR0 FOM based on transmittance measurement and reflectance estimation

GW DFT correction based on an expansion of the single-particle
Green’s function G with respect to the Coulomb interaction W

h Plank constant
ITO indium tin oxide
k extinction coefficient
LED light emitting device
µ carrier mobility
MBE molecular beam epitaxy
ν frequency
n refractive index
nc carrier concentration
OLED organic light emitting diode
PLD pulsed laser deposition
ρ resistivity
ρd density
r Tauc exponent
R reflectance
R0 bulk material, normal incidence reflectance
Rav measured, average normal incidence reflectance (1.5–3.0 eV)
RF radio frequency
Rs sheet resistance
σ conductivity
SP spray pyrolysis
Tav measured, average normal incidence transmission (1.5–3.0 eV)
TCO transparent conducting oxide
TFT thin film transistor
TTFT transparent thin film transistor
UV-VIS ultraviolet-visible
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XRD X-ray diffraction
XRR X-ray reflection

References

1. Hosono, H.; Ohta, H.; Orita, M.; Ueda, K.; Hirano, M. Frontier of transparent conductive oxide thin films.
Vacuum 2002, 66, 419–425.

2. Beyer, W.; Hupkes, J.; Stiebig, H. Transparent conducting oxide films for thin film silicon photovoltaics.
Thin Solid Films 2007, 516, 147–154.

3. Fortunato, E.; Ginley, D.; Hosono, H.; Paine, D.C. Transparent conducting oxides for photovoltaics. MRS Bull.
2007, 32, 242–247.

4. Hosono, H. Recent progress in transparent oxide semiconductors: Materials and device application.
Thin Solid Films 2007, 515, 6000–6014.

5. Szyszka, B.; Loebmann, P.; Georg, A.; May, C.; Elsaesser, C. Development of new transparent conductors
and device applications utilizing a multidisciplinary approach. Thin Solid Films 2010, 518, 3109–3014.

6. Morales-Masis, M.; De Wolf, S.; Woods-Robinson, R.; Ager, J.W.; Ballif, C. Transparent Electrodes for Efficient
Optoelectronics. Adv. Electron. Mater. 2017, 3, 1600529.

7. Stadler, A. Transparent Conducting Oxides-An Up-To-Date Overview. Materials 2012, 5, 661–683.
8. Kawazoe, H.; Yasukawa, M.; Hyodo, H.; Kurita, M.; Yanagi, H.; Hosono, H. P-type electrical conduction in

transparent thin films of CuAlO2. Nature 1997, 389, 939–942.
9. Jayaraj, M.K.; Draeseke, A.D.; Tate, J.; Sleight, A.W. p-type transparent thin films of CuY1−xCaxO2.

Thin Solid Films 2001, 397, 244–248.
10. Tate, J.; Jayaraj, M.K.; Draeseke, A.D.; Ulbrich, T.; Sleight, A.W.; Vanaja, K.A.; Nagarajan, R.; Wager, J.F.;

Hoffman, R.L. p-Type oxides for use in transparent diodes. Thin Solid Films 2002, 411, 119–124.
11. Nagarajan, R.; Duan, N.; Jayaraj, M.K.; Li, J.; Vanaja, K.A.; Yokochi, A.; Draeseke, A.; Tate, J.; Sleight, A.W.

p-Type conductivity in the delafossite structure. Int. J. Inorg. Mater. 2001, 3, 265–270.
12. Narushima, S.; Mizoguchi, H.; Shimizu, K.; Ueda, K.; Ohta, H.; Hirano, M.; Kamiya, T.; Hosono, H.

A p-Type Amorphous Oxide Semiconductor and Room Temperature Fabrication of Amorphous Oxide p-n
Heterojunction Diodes. Adv. Mater. 2003, 15, 1409.

13. Kamiya, T.; Narushima, S.; Mizoguchi, H.; Shimizu, K.; Ueda, K.; Ohta, H.; Hirano, M.; Hosono, H. Electrical
properties and structure of p-type amorphous oxide semiconductor ZnO-Rh2O3. Adv. Funct. Mater. 2005,
15, 968–974.

14. Peng, H.; Zakutayev, A.; Lany, S.; Paudel, T.R.; d’Avezac, M.; Ndione, P.F.; Perkins, J.D.; Ginley, D.S.;
Nagaraja, A.R.; Perry, N.H.; et al. Li-Doped Cr2MnO4: A New p-Type Transparent Conducting Oxide by
Computational Materials Design. Adv. Funct. Mater. 2013, 23, 5267–5276.

15. Zhang, K.H.L.; Du, Y.; Papadogianni, A.; Bierwagen, O.; Sallis, S.; Piper, L.F.J.; Bowden, M.E.; Shutthanandan,
V.; Sushko, P.V.; Chambers, S.A. Perovskite Sr-Doped LaCrO3 as a New p-Type Transparent Conducting
Oxide. Adv. Mater. 2015, 27, 5191–5195.

16. Holt, A.; Kofstad, P. Electrical conductivity and defect structure of Mg-doped Cr2O3. Solid State Ion. 1997,
100, 201–209.

17. Arca, E.; Fleischer, K.; Shvets, I.V. Magnesium, nitrogen codoped Cr2O3: A p-type transparent conducting
oxide. Appl. Phys. Lett. 2011, 99, 111910.

18. Farrell, L.; Fleischer, K.; Caffrey, D.; Mullarkey, D.; Norton, E.; Shvets, I.V. Conducting mechanism in the
epitaxial p-type transparent conducting oxide Cr2O3:Mg. Phys. Rev. B 2015, 91, 125202.

19. Perkins, J.D.; Paudel, T.R.; Zakutayev, A.; Ndione, P.F.; Parilla, P.A.; Young, D.L.; Lany, S.; Ginley, D.S.;
Zunger, A.; Perry, N.H.; et al. Inverse design approach to hole doping in ternary oxides: Enhancing p-type
conductivity in cobalt oxide spinels. Phys. Rev. B 2011, 84, 205207.

20. Hautier, G.; Miglio, A.; Ceder, G.; Rignanese, G.M.; Gonze, X. Identification and design principles of low
hole effective mass p-type transparent conducting oxides. Nat. Commun. 2013, 4, 2292.

21. Sarmadian, N.; Saniz, R.; Partoens, B.; Lamoen, D. Easily doped p-type, low hole effective mass, transparent
oxides. Sci. Rep. 2016, 6, 20446.



Materials 2017, 10, 1019 13 of 14

22. Varley, J.B.; Miglio, A.; Ha, V.A.; van Setten, M.J.; Rignanese, G.M.; Hautier, G. High-Throughput Design of
Non-oxide p-Type Transparent Conducting Materials: Data Mining, Search Strategy, and Identification of
Boron Phosphide. Chem. Mater. 2017, 29, 2568–2573.

23. Scanlon, D.O.; Watson, G.W. Understanding the p-type defect chemistry of CuCrO2. J. Mater. Chem. 2011,
21, 3655–3663.

24. Zhang, S.B.; Wei, S.H.; Zunger, A. Intrinsic n-type versus p-type doping asymmetry and the defect physics
of ZnO. Phys. Rev. B 2001, 63, 075205.

25. Lany, S.; Osorio-Guillén, J.; Zunger, A. Origins of the doping asymmetry in oxides: Hole doping in NiO
versus electron doping in ZnO. Phys. Rev. B 2007, 75, 241203.

26. Godinho, K.G.; Walsh, A.; Watson, G.W. Energetic and electronic structure analysis of intrinsic defects in
SnO2. J. Phys. Chem. C 2008, 113, 439–448.

27. Exarhos, G.J.; Zhou, X.D. Discovery-based design of transparent conducting oxide films. Thin Solid Films
2007, 515, 7025–7052.

28. Gordon, R.G. Criteria for Choosing Transparent Conductors. MRS Bull. 2000, 25, 52.
29. Jain, V.K.; Kulshreshtha, A.P. Indium-tin-oxide transparent conducting coatings on silicon solar cells and

their “figure of merit”. Sol. Energy Mater. 1981, 4, 151–158.
30. Farrell, L.; Norton, E.; O’Dowd, B.J.; Caffrey, D.; Shvets, I.V.; Fleischer, K. Spray pyrolysis growth of a high

figure of merit, nano-crystalline, p-type transparent conducting material at low temperature. Appl. Phys. Lett.
2015, 107, 031901.

31. Farrell, L.; Norton, E.; Smith, C.M.; Caffrey, D.; Shvets, I.V.; Fleischer, K. Synthesis of nanocrystalline Cu
deficient CuCrO2: A high figure of merit p-type transparent semiconductor. J. Mater. Chem. C 2016, 4, 126.

32. Popa, P.L.; Crêpellière, J.; Leturcq, R.; Lenoble, D. Electrical and optical properties of Cu–Cr–O thin films
fabricated by chemical vapour deposition. Thin Solid Films 2016, 612, 194–201.

33. Crêpellière, J.; Popa, P.L.; Bahlawane, N.; Leturcq, R.; Werner, F.; Siebentritt, S.; Lenoble, D. Transparent
conductive CuCrO2 thin films deposited by pulsed injection metal organic chemical vapor deposition:
up-scalable process technology for an improved transparency/conductivity trade-off. J. Mater. Chem. C 2016,
4, 4278–4287.

34. Fleischer, K.; Arca, E.; Shvets, I.V. Improving solar cell efficiency with optically optimised TCO layers.
Sol. Energy Mater. Sol. Cells 2012, 101, 262–269.

35. Manifacier, J.; Gasiot, J.; Fillard, J. A simple method for the determination of the optical constants n, k and
the thickness of a weakly absorbing thin film. J. Phys. E: Sci. Instrum. 1976, 9, 1002.

36. Tepehan, F.; Özer, N. A simple method for the determination of the optical constants, n and k of cadmium
sulfide films from transmittance measurements. Sol. Energy Mater. Sol. Cells 1993, 30, 353–365.

37. Jain, A.; Ong, S.P.; Hautier, G.; Chen, W.; Richards, W.D.; Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.;
Ceder, G.; et al. The Materials Project: A materials genome approach to accelerating materials innovation.
APL Mater. 2013, 1, 011002. Available online: http://materialsproject.org/ (accessed on 30 August 2017).

38. Saal, J.E.; Kirklin, S.; Aykol, M.; Meredig, B.; Wolverton, C. Materials design and discovery with
high-throughput density functional theory: the open quantum materials database (OQMD). JOM 2013,
65, 1501–1509. Available online: http://oqmd.org/ (accessed on 30 August 2017).

39. Lany, S. Band-structure calculations for the 3 d transition metal oxides in GW. Phys. Rev. B 2013, 87, 085112.
NREL Materials Database. Available online: http://materials.nrel.gov/ (accessed on 30 August 2017).

40. Hedin, L. New method for calculating the one-particle Green’s function with application to the electron-gas
problem. Phys. Rev. 1965, 139, A796.

41. Soltani, N.; Hosseini, S.; Kompany, A. Nanoscale ab-initio calculations of optical and electronic properties of
LaCrO3 in cubic and rhombohedral phases. Physica B 2009, 404, 4007–4014.

42. O’Sullivan, M.; Stamenov, P.; Alaria, J.; Venkatesan, M.; Coey, J.M.D. Magnetoresistance of CuCrO2 -based
delafossite films. J. Phys. Conf. Ser. 2010, 200, 052021.

43. Dekkers, M.; Rijnders, G.; Blank, D.H. ZnIr2O4, a p-type transparent oxide semiconductor in the class of
spinel zinc-d 6-transition metal oxide. Appl. Phys. Lett. 2007, 90, 021903.

44. Nagaraja, A.R.; Perry, N.H.; Mason, T.O.; Tang, Y.; Grayson, M.; Paudel, T.R.; Lany, S.; Zunger, A. Band
or Polaron: The Hole Conduction Mechanism in the p-Type Spinel Rh2ZnO4. J. Am. Ceram. Soc. 2012,
95, 269–274.

http://materialsproject.org/
http://oqmd.org/
http://materials.nrel.gov/


Materials 2017, 10, 1019 14 of 14

45. Lee, Y.S.; Winkler, M.T.; Siah, S.C.; Brandt, R.; Buonassisi, T. Hall mobility of cuprous oxide thin films
deposited by reactive direct-current magnetron sputtering. Appl. Phys. Lett. 2011, 98, 192115.

46. Guo, W.; Fu, L.; Zhang, Y.; Zhang, K.; Liang, L.Y.; Liu, Z.M.; Cao, H.T.; Pan, X.Q. Microstructure, optical, and
electrical properties of p-type SnO thin films. Appl. Phys. Lett. 2010, 96, 042113.

47. Guziewicz, M.; Grochowski, J.; Borysiewicz, M.; Kaminska, E.; Domagala, J.Z.; Rzodkiewicz, W.;
Witkowski, B.S.; Golaszewska, K.; Kruszka, R.; Ekielski, M.; et al. Electrical and optical properties of
NiO films deposited by magnetron sputtering. Optica Applicata 2011, 41, 431–440.

48. Zou, Y.S.; Wang, H.P.; Zhang, S.L.; Lou, D.; Dong, Y.H.; Song, X.F.; Zeng, H.B. Structural, electrical and
optical properties of Mg-doped CuAlO2 films by pulsed laser deposition. RSC Adv. 2014, 4, 41294–41300.

49. Kudo, A.; Yanagi, H.; Hosono, H.; Kawazoe, H. SrCu2O2: A p-type conductive oxide with wide band gap.
Appl. Phys. Lett. 1998, 73, 220–222.

50. Wei, R.; Tang, X.; Hu, L.; Yang, J.; Zhu, X.; Song, W.; Dai, J.; Zhu, X.; Sun, Y. Facile chemical solution synthesis
of p-type delafossite Ag-based transparent conducting AgCrO2 films in an open condition. J. Mater. Chem. C
2017, 5, 1885–1892.

51. Gladstone, J.; Dale, T. Researches on the Refraction, Dispersion, and Sensitiveness of Liquids. Proc. R.
Soc. Lond. 1862, 12, 448–453.

52. Eggleton, R.A. Gladstone-Dale constants for the major elements in silicates: Coordination number,
polarizability, and the Lorentz-Lorentz relation. Can. Mineral. 1991, 29, 525–532.

53. Teertstra, D.K. Photon refraction in dielectric crystals using a modified Gladstone-Dale relation. J. Phys.
Chem. C 2008, 112, 7757–7760.

54. Tauc, J. Optical properties and electronic structure of amorphous Ge and Si. Mater. Res. Bull. 1968, 3, 37–46.
55. Yu, P.Y.; Cardona, M. Fundamentals of Semiconductors, 4th ed.; Springer: Berlin/Heidelberg, Germany;

New York, NY, USA, 2010.
56. Viezbicke, B.D.; Patel, S.; Davis, B.E.; Birnie, D.P. Evaluation of the Tauc method for optical absorption edge

determination: ZnO thin films as a model system. Phys. Stat. Sol. (B) 2015, 252, 1700–1710.
57. Mok, T.M.; O’Leary, S.K. The dependence of the Tauc and Cody optical gaps associated with hydrogenated

amorphous silicon on the film thickness: αl Experimental limitations and the impact of curvature in the Tauc
and Cody plots. J. Appl. Phys. 2007, 102, 113525.

58. McCloy, J.S.; Ryan, J.V.; Droubay, T.; Kaspar, T.C.; Chambers, S.; Look, D.C. Magnetotransport properties
of high quality Co:ZnO and Mn:ZnO single crystal pulsed laser deposition films: Pitfalls associated with
magnetotransport on high resistivity materials. Rev. Sci. Instrum. 2010, 81, 063902.

59. Norton, E.; Farrell, L.; Callaghan, S.; McGuinness, C.; Shvets, I.; Fleischer, K. X-ray spectroscopic studies
of the electronic structure of chromium-based p-type transparent conducting oxides. Phys. Rev. B 2016,
93, 115302.

60. Okuda, T.; Jufuku, N.; Hidaka, S.; Terada, N. Magnetic, transport, and thermoelectric properties of the
delafossite oxides CuCr1−xMgxO2 (0 = x = 0.04). Phys. Rev. B 2005, 72, 144403.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	An Assessment of the Commonly Used Figure of Merit
	Comparing Known p-Type TCO Materials—The Issue of Limited Information
	Measuring a Robust Figure of Merit in Screening Methods

	Application-Specific Considerations
	Materials and Methods
	Conclusions

