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ABSTRACT: The paucity of high performance transparent p-type semi-
conductors has been a stumbling block for the electronics industry for decades,
effectively hindering the route to efficient transparent devices based on p—n
junctions. Cu-based oxides and subsequently Cu-based oxychalcogenides have
been heavily studied as affordable, earth-abundant p-type transparent semi-
conductors, where the mixing of the Cu 3d states with the chalcogenide 2p states
at the top of the valence band encourages increased valence band dispersion. In
this article, we extend this mixing concept further, by utilizing quantum chemistry
techniques to investigate ternary copper phosphides as potential high mobility p-
type materials. We use hybrid density functional theory to examine a family of
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Cu®d+Pp

phosphides, namely, MCuP (M = Mg, Ca, Sr, Ba) which all possess extremely

disperse valence band maxima, comparable to the dispersion of excellent industry standard n-type transparent conducting oxides.
As a proof of concept, we synthesized and characterized powders of CaCuP, showing that they display high levels of p-type
conductivity, without any external acceptor dopant. Lastly, we discuss the role of Cu-coordination in promoting valence band
dispersion and provide design principles for producing degenerate p-type materials.

B INTRODUCTION

Devices based on p—n junctions have revolutionized our lives,
being ubiquitous in modern consumer electronics such as
smartphones, tablets, laptops, and flat screen displays as well as
pushing the boundaries of renewable energy.'~> Transparent
p—n junctions represent a major area where the lack of a wide
band gap degenerate p-type material has limited the progress of
such devices, despite the huge successes seen with their n-type
transparent conducting oxide (TCO) counterparts. The field of
solar cells can also benefit from a highly conducting transparent
p-type material as they provide good ohmic contact and band
matchingg to the solar absorber, unlike their n-type counter-
parts.”™" Over half a century of research has failed to produce a
high performance p-type TCO, meaning they are used as
passive electrodes and as such limit the fulfilment of
“transparent electronics”.*

Initial attempts at designing p-type TCOs focused on
acceptor doping of the hizgh performance n-type TCOs (e.g,,
In,O;, ZnO, Sn0,)”™'" and is in fact still currently
attempted.>'® The thinking behind this procedure is that the
fabrication of a p—n homojunction would be relatively facile if
p-type SnO, was to be combined with n-type SnO,, for
example. Recent theoretical studies have pointed out that due
to the lar7ge electron affinities and ionization potentials of these
systems'~ " there is a thermodynamic driving force for n-type
defects (excess electrons) increasing the probability that even if
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holes could form they would result in immediate compensation
by intrinsic donor defects under all growth conditions.'”"""*In
addition to this, the localized O 2p states at the top of the
valence band promote a tendency to form polaronic defects
localized on oxygen sites."" These factors all indicate that it is
extremely unlikely that these n-type TCOs can ever be turned
into p-type.

Initial attempts at designing p-type TCOs came in the form
of the “Chemical Modulation of the Valence Band” (denoted
CMVB herein) as proposed by Hosono and co-workers in
1997.*" The authors reported that CuAlO,, which crystallizes in
the delafossite structure possessed both native p-type
conductivity and optical transparency.”' It was noted that the
Cu 3d—O 2p mixing in the valence band of Cu,O mediated a
smaller jonization potential than most binary oxides, promoted
an increased valence band dispersion, and favored p-type
conductivity.”*~**

Hosono postulated that a ternary Cu-based oxide could
provide a larger fundamental band gap while retaining the
valence band features of Cu,O. Other delafossite TCOs such as
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Figure 1. Crystal structure of (a) MgCuP (Pnma) displaying the tetrahedrally coordinated Cu. The crystal structure of MCuP (P65/mmc) is shown
in (b) as viewed along the (100) direction and (c) shown down the c-axis displaying the hexagonal layered network of trigonally planar coordinated
Cu—P and the M(II) cations in the void between the layers. M(II) is colored green, Cu is blue, and P is shown in orange. Bonds have been made

between Cu and P, and the unitcell is represented with a dashed line.

CuMO, (M = B5 8¢,27° Cr>° Ga,** Y,** In,** La>*) and
also SrCu,0,”"*” were identified where, in each case, Cu is
linearly coordinated to two oxygens in a O—Cu—O dumbell-
like motif.”"** Tt was also postulated that it was important to
break the localization of electrons on the oxygen 2p states
through a tetrahedral coordination reducing the nonbonding
nature of the ions as all the electrons are distributed along the
four ¢ bonds and thus no lone pairs are formed.>

Although these Cu-based oxides were transparent and
displayed p-type conductivity, their conductivities were typically
orders of magnitude smaller than that of their n-type
counterparts. It has subsequently been demonstrated that the
ionization levels of acceptor defects in these systems are quite
deep in nature,”” *’ meaning that degenerate conductivity is
virtually impossible. In addition, the indirect nature of the band
gaps in these materials meant that they would be quite
inefficient in optoelectronic devices."”*" To date, the p-type
TCO with the highest reported conductivity is CuCrO,/Mg,
with a conductivity of 220 S cm™,* two orders of magnitude
smaller than that of the industry standard n-type TCO, In,0,/
Sn (~10* S cm™). The reason that CuCrO, has increased
undoped and doped conductivity over the other delafossites is
due to the involvement of Cr(IIl) in the formation of the VB.
As Cr has a greater covalency with O than Al in CuAlO,, for
instance, the increased presence of Cr 3d states across the VB
means that there is a greater delocalization of the hole states in
CuCrO,."* The role of the second cation can be as important
to the effectiveness of the material as the Cu.*’

The concept of the CMVB was then extended further to
include other chalcogenide anions. Cu,S and Cu,Se display
much higher levels of p-type conductivity than Cu,O due to
increased Cu—Ch mixing; however, their band gaps are much
#4745 Hosono and coworkers identified that layered Cu-
based oxychalcogenides could possess large band gaps and
efficient Cu—Ch (Ch = S, Se) mixing at the VBM leading to
more disperse bands and lower effective masses.”” LaCuOS was
first discovered to be a p-type TCO possessing a band gap of
3.1 eV. The conductivity when acceptor doped with Sr,
however, was low at 2.6 X 107" S cm™".*” LaCuOSe on the
other hand displayed a larger conductivity, especially when
doped with Mg producing a degenerate p-type material with a
conductivity of 910 S em™*** arising from an increased
hybridization of Cu 3d with Se 4p over S 3p,***" however at

lower.

the expense of transparency with a fundamental band gap of
~2.8 eV’

Arising from the CMVB, the metastable compound Cu;N
with the anti-ReO; structure has been identified for solar
absorber applications due to its ability to be bipolar and defect
tolerant, i.e., the ability to maintain semiconducting properties
when defects are present. The experimental band gap reported
is 1.4 eV°* which is ideal for photovoltaic applications.”® Cu;N
has a calculated indirect band gap of 1.0 €V>* (using DFT + U)
and conductivities of ~107° S cm™..°” The defect tolerance of
the material as identified by Zakutaev et al.’* has been
attributed to the nature of its band maxima and minima in that
the top of the valence band is antibonding in character and
contrariwise the bottom of the conduction band is bonding in
its nature. This hybridization of the states at both the VBM and
CBM is due to the N—Cu—N dumbbell motif in the structure,
something that is seen in other compounds such as the
delafossite CuTaN, which has a direct band gap of 1.5 eV and
an indirect band gap of 1.4 eV.>> The benefit of having these
properties means that Cu;N can accommodate both shallow p-
type and n-type defects allowing for easy fabrication of
compatible p—n junctions.

In this article, we extend the concept of CMVB further, by
testing Cu—P mixing at the valence band maximum and
examine the effects of Cu coordination on the valence band
dispersion and therefore the effective masses. We have
identified four compounds from the Inorganic Crystal Structure
Database (ICSD), namely, MCuP (M = Mg, Ca, St, Ba), which
possess group II cations that should not influence the makeup
of the valence band maximum meaning that it should be
dominated solely by Cu and P states. MgCuP, which was first
reported by Mewis in 1979, crystallizes in the Pnma crystal
structure displaying tetrahedrally coordinated Cu with P, which
itself is coordinated to four Cu atoms and five Mg atoms where
Mg(II) displays square pyramidal coordination to P (shown in
Figure 1la). CaCuP,”” SrCuP,”” and BaCuP*® were also
reported by Mewis in 1978—79, and all crystallize in the P6,/
mmc structure as shown in Figure 1b,c. It is clear that there are
planar layers of M(II) atoms (Ca, Sr, or Ba) repeated along the
c-axis at a distance of ¢/2 each sitting between the two voids in
the planar hexagonal networks of Cu—P coordinated to 6 Cu (3
above and 3 below) and 6 P (3 above and 3 below) as shown in
Figure 1c. These hexagonal networks lie within the ab plane
with the stacking along the c-axis which means that above every
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Table 1. Calculated (PBEO) Lattice Parameters and Bond Lengths”

system a/A b/A c/A Cu—-P/A volume/A3
MgCuP 3.82 (3.84) 6.50 (6.53) 7.15 (7.17) 240 (2.46) 177.48 (179.61)
CaCuP 4.05 (4.06) 4.05 (4.06) 7.83 (7.80) 234 (2.34) 111.34 (111.12)
SrCuP 4.14 (4.15) 4.14 (4.15) 8.42 (848) 239 (2.39) 125.14 (126.18)
BaCuP 425 (4.24) 425 (424) 9.10 (9.01) 246 (2.45) 142.59 (140.15)
“Experimental values are shown in brackets.”*’
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Figure 2. Calculated band structure diagram (a) and the density of states (DoS) (b) for MgCuP in the Pnma space group. For (a), the filled valence
band is colored in blue and the unfilled conduction band is colored in orange. The valence band maximum (VBM) is centered at 0 eV in both cases.

In (b), an expanded view of the VBM and the CBM is shown.

Cu atom there is a P atom and vice versa where each Cu forms
a trigonal planar complex with three P anions (and likewise for
P). To date, only crystallographic data on these materials exist
with no analysis of their electronic properties.

Our hybrid density functional theory (hDFT) calculations,
specifically using the PBEO functional,”®*” have demonstrated
that the Cu—P mixing at the valence band maximum (VBM)
does produce excellent dispersion comparable to that seen for
excellent n-type materials. We critically discuss the importance
of coordination environment in creating degenerate p-type
materials and provide guidance for the design of novel p-type
systems.

B COMPUTATIONAL METHODOLOGY

The hybrid PBE0*®*® functional using 25% exact Fock exchange was
used for the electronic structure and total energy calculations as
implemented in the VASP code.®*™® Structural optimizations were
carried out using a plane wave cut off energy of 400 eV and a k-point
sampling of I'-centered 7 X 7 X 4 for CaCuP, SrCuP, and BaCuP and
I'-centered 8 X 5 X 4 for MgCuP. The projector-augmented wave
method (PAW)®*®° was utilized to describe the interactions between
the valence and the core electrons (Ca:[Ar], Sr:[Kr], Ba:[Xe], Mg:
[Ne], Cu:[Ar], and P:[Ne]), and the structures were deemed to be
converged when the forces on all the atoms were less than 0.01 eV
A™'. The effective masses at the edges of the valence band and
conduction band were calculated using the equation:

1 0E(k) 1

my  Okok, (1)

K

where E(k) is the energy of the band as a function of the wave vector

The calculated density of states (DoS) for CaCuP was weighted
using the atomic orbltal photoionization cross sections formulated by
Yeh and Lindau® simulating valence band X-ray photoelectron
spectroscopy (XPS) that can be compared directly with the
experiment. A Gaussian broadening of 0.47 eV was also applied to
match experimental broadening. This approach has been shown to
give an accurate account of the electronic states that give rise to the
XPS data.®””"

The optical absorption spectrum and optical transition matrix
elements were calculated within the PAW method and transversal
approximation.” This approach sums the absorption spectrum over all
the direct valence band to conductlon band transitions and ignores
indirect and intraband absorptions.”* This method has been applied to
a number of previous works and is in good agreement with regards to
the experiment, despite the electron—hole correlation not being

2,32,73-77
addressed.”””

B EXPERIMENTAL METHODOLOGY

Ca (99.0%), Cu (99.9%), and P (99.9%) were obtained from
SigmaAldrich. CaCuP was synthesized from the elements with an
addition of 5% P over the required stoichiometry which was necessary
due to evaporation. The starting materials were ground in an agate
mortar and pestle in a nitrogen glovebox, sealed in a quartz tube under
reduced pressure (c. 107 mbar), and heated at 500 °C, with heating
and cooling rates of 5 °C/min for a total of 24 h with one intermittent
regrinding which was carried out in the glovebox. Powder X-ray
diffraction (XRD) was carried out on a STOE diffractometer in
transmission geometry using Mo Ko radiation over the 26 range of 2—
40° with a step size of 0.05°. X-ray photoelectron spectroscopy (XPS)
was carried out using a Thermo K-alpha spectrometer utilizing Al Kar
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Table 2. Effective Masses (m*) of Charge Carriers at the VBM and the CBM*

system VBM/m,

MgCuP 630 (I'=2) 0.15 (T=Y)

CaCuP 025, 0.11 (T—M) 0.25, 0.11 (T—K) 0.79 (T—A)
SrCuP 027, 011 (T=M) 028, 0.11 (I'=K) 0.87 (I'=A)
BaCuP 028, 0.11 (T—M) 0.29, 0.11 (T'—K) 0.81 (I'—A)

“Italicized values refer to light hole effective masses.

CBM/m,
0.68 (CBM-T) 0.62 (CBM—Y)
039 (CBM-L) 0.90 (CBM-T)
3.50 (M—L) 0.30 (M—T)
039 (M-L) 0.22 (M-T)

Table 3. Approximate Percentages of States at the Valence Band Maximum (VBM) and the Conduction Band Minimum (CBM)

VBM/% CBM/%
system Cu P M(IT) Cu P
MgCuP 4(p) + 42(d) 54(p) 22(s) + 5(p) 15(s) + 3(p) + 30(d) 19(s) + 6(p)
CaCuP 14(p) + 38(d) 48(p) S(s) + 4(p) + S0(d) 34(p) + 2(d) 2(s) + 3(p)
SrCuP l4(p) + 38(d) 48(p) 5(s) + 2(p) + 51(d) 35(p) + 1(d) 6(p)
BaCuP 13(p) + 38(d) 49(p) 4(s) + 1(p) + 62(d) 24(p) + 3(d) 6(p)
6 6 6
41 = 4F = 4; -
2f . 2 — 2 ; ;
B O>\< 1 & % 1 5 "
RN RS~ b 5*2\\< = op \<€ %
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Figure 3. Calculated band structures of (a) CaCuP, (b) SrCuP, and (c) BaCuP in the P6;/mmc space group. The filled valence band is colored in
blue, and the unfilled conduction band is colored in orange. The valence band maximum (VBM) is centered at 0 eV.

radiation and run in constant analyzer energy (CAE) mode. Survey
and high resolution spectra were taken with a pass energy of 200 and
50 eV, respectively. For high resolution scans, a binding energy step
size of 0.1 eV was used. The spectral resolution, measured as the full
width at half-maximum (FWHM) of the Ag 3d;,, peak on a clean Ag
surface, was 0.9 eV under these conditions. In situ Ar jon etching was
carried out using a 2000 eV Ar jon beam in a background Ar pressure
of 2 X 1077 mbar. The binding energy scale was corrected for charging
by adjusting the adventitious C 1s peak to 284.6 eV. Optical
measurements were taken using a PerkinElmer Fourier Transform
Lambda 950 UV—vis spectrophotometer in diffuse reflectance
geometry. Powder samples were packed into a holder presenting a
surface area significantly larger than the incident beam and with
sufficient thickness to ensure no transmission. Reflected light was
measured using an integrating sphere, and reflectance values were
converted using the Kubelka—Munk function to yield values
proportional to absorption.”® Conductivity measurements were carried
out using an Ecopia HMS-3000 instrument and a van der Pauw
electrode geometry.

B RESULTS

The calculated structural parameters and Cu—P bond lengths
for MgCuP, CaCuP, SrCuP, and BaCuP are presented in Table
1 and are in excellent agreement with the experimental
values,”*’ the slight underestimation of the data is due to
DFT being carried out at the athermal limit in comparison to
the room temperature conditions of the experimental analysis.
Trends can be seen in the P6;/mmc structures as there is an
increase in all lattice parameters and bond lengths down the
group (Ca—Sr—Ba) which follows with the increase in ionic

radii. The a/b and c lattice parameters stretch by around 5%
and 14%, respectively, from CaCuP to BaCuP and the Cu—P
bond lengths by ~5%. The Cu—P bond lengths in MgCuP in
the Pnma structure do not follow this trend and are in fact
larger than those for CaCuP.

The PBEO calculated band structure for MgCuP is displayed
in Figure 2a. The VBM is situated at the high symmetry point
I, and the conduction band minimum (CBM) is located
between the points Y and I". MgCuP has an indirect band gap
of 1.14 eV (the direct fundamental band gap at I is 2.06 eV).
The top valence band from I'=Y shows a decreased dispersion
over the I'=Z direction indicating a heavier hole effective mass,
as shown in Table 2. The dispersion along I'=Y leads to a hole
effective mass of ~0.15 m, whereas I'=Z possesses a much
higher value of ~6.30 m, corresponding to a flatter band
curvature seen clearly in Figure 2a. The CBM possesses
relatively high dispersion in both the CBM—I" and CBM—Y
directions with electron effective masses of ~0.68 and ~0.62
m,, respectively.

The calculated total and partial density of states (DoS) for
MgCuP are presented in Figure 2b, and a collation of the
percentages of states at the VBM and the CBM are shown in
Table 3. The width of the upper valence band (VB) is
approximately 8 eV with P 3s states seen from —8 to —7 eV
mixed with Cu 3d + 3p, P 3p, and Mg 3s states. From —6 to —4
eV, the Cu 3d states dominate as shown with a large peak at
—4.5 eV mixed with some P 3p states. Toward the VBM (0
eV), an increased hybridization of Cu 3d with P 3p states in a
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Figure 4. Calculated density of states (DoS) for (a) CaCuP, (b) SrCuP, and (c) BaCuP. The valence band maximum (VBM) is set at 0 eV.

Underneath each DoS is an expanded view of the VBM and CBM.

42:54 ratio is observed alongside some slight Cu 3p mixing
(~4%). The CBM is predominantly of Cu d and s states mixed
with a similar magnitude of Mg s states and P s + p states. From
the CBM to 6 €V, a fairly uniform mixing of the P s + p, Cup +
d, and Mg s states is observed.

The band structures for CaCuP, SrCuP, and BaCuP are
shown in Figure 3. The VBM is situated at I' in all three
compounds, and low hole effective masses are observed in the
I'-M and I'=K directions. Two degenerate bands are present
at the I' point producing both extremely light and heavier
effective masses. The lighter masses, being 0.11 m, in all
compounds, are insensitive to the group II cation whereas the
heavier effective masses increase down the group (Ca—Sr—Ba)
from ~0.25 m, (CaCuP) to ~0.29 m, (BaCuP). These values
are competitive with and in some cases even surpass the
industry standard n-type electron effective masses (~0.22,
~0.28, ~0.28, and ~0.22 m, for In,0;,”” ZnO,* Sn0,,*" and
BaSn0,,** respectively) . From ['—A however, the effective
mass is limited to ~0.79—0.81 m, and shows no particular trend
down the group, yet these effective masses are superior to some
of the top performing p-type TCOs such as (Cu,S,)(Sr;5¢,05)
and LaCuOSe/Mg (0.9 and 1.06 m,, respectively).*””®

Similar to MgCuP, these materials also possess indirect band
gaps, which decrease down group II; a maximum value of 1.23
eV is seen for CaCuP followed by 1.20 and 0.80 eV for SrCuP
and BaCuP, respectively. The direct band gaps at I" are 2.17,
1.86, and 1.48 eV, respectively. An increase in curvature at the
CBM is seen from CaCuP to BaCuP resulting in an effective
mass as low as ~0.22 m, for BaCuP in the M—I" direction. The
CBM also shifts from between the L and M high symmetry
points toward M down the group.

The DoS for the P6;/mmc structures are displayed in Figure
4. The valence band widths of CaCuP, SrCuP, and BaCuP are
~7, ~6.5, and ~6 eV, respectively. The electronic states are
very similar in all three compounds; therefore, CaCuP is taken
as an example for this analysis. From —7 to —4 eV, Cu 3d states
dominate mixing with some P 3p states similar to that with
MgCuP. The difference in intensity between these states
decreases substantially from —4 to —2 eV where there is almost
50:50 overlap of the Cu d states with the P p states; however,
there is an increase in Cu 3p mixing. From —2 to 0 eV (the
VBM), the Cu 3p states tail off leaving the Cu 3d and P 3p
states in a consistent 38:48 ratio from CaCuP to BaCuP with a

remainder of ~14% Cu 3p states. The CBM consists of
primarily unoccupied M(II) d states, the presence of which
increase down the group (50—62%), alongside ~35% Cu p
states and some negligible P p states. From 2 to 4 eV, a net
increase in M(II) d states is seen together with hybridization
from the Cu p states which decline leaving the region between
4 and 6 eV as primarily M(II) d states.

B EXPERIMENTAL RESULTS

The powder XRD pattern from the sample of CaCuP was
recorded, and the published structural model in the P6;/mmc
57 . . .
space group’’ was used as a basis for Rietveld refinement using
the EXPGUI and GSAS software and is shown in Figure 5.*°

~
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>
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Figure S. Powder X-ray diffraction pattern from CaCuP synthesized
here (black) and calculated from the standard structure (red) with the
difference between the calculated and observed intensities shown

underneath in gray. The phase ticks for CaCuP and CaCu;4P, are
shown in blue and green, respectively.

The initial fitting was carried out using the CaCuP phase alone,
which led to a satisfactory fit of all intense peaks but some small
peaks remained unaccounted for. A two phase refinement
containing CaCuP and CaCu;gP, yielded an improvement in fit
and accounted for several of the unknown peaks.” The CaCuP
unit cell was refined in the P6;/mmc space group yielding lattice
parameters of a = 4.070(1) A and ¢ = 7.826(2) A which
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Figure 6. X-ray photoelectron spectra of CaCuP. (a) Cu 2p, (b) Ca 2p, and (c) P 2p regions are shown, with curve fitting as described in the text.
The valence band region up to 35 eV binding energy is shown in (c) with the simulated VB XPS overlaid (red dashed line) taken from the PBEO

calculated DoS for CaCuP.

compare well with the reported structure.”” The literature
structure of CaCu, 4P, was used without refinement of its unit
cell. In the final refinement, an RWP value of 0.081 was
obtained, and the impurity level of CaCu, 4P, phase was 1.6(2)
weight %.

Figure 6 displays the XPS spectra for the Cu 2p, Ca 2p, and P
2p regions alongside the valence band (VB) XPS. The surface
of the as synthesized powder contained a significant amount of
oxygen. Ar ion etching for 60 s using a 2000 eV Ar jon beam
was able to reduce the level of oxygen suggesting that the
oxidation was localized on the surface. High resolution spectra
showed a symmetrical Cu 2p;,, peak at 933.2 eV,
corresponding to Cu(I). This assignment is supported by the
lack of strong, sharp satellite peaks that typically accompany
Cu(1l) spectra.®® Such satellite peaks arise from a 3d° initial
state that results on photemission in a series of screened and
unscreened final states”” and are detectable even with low
concentrations of Cu(II) within a predominantly Cu(I)
matrix.*® The spectral region between the Cu 2p spin orbit
doublet that we measure in CaCuP does show a very broad
feature centered on 949.4 eV with fwhm of 8 eV. The origin of
this feature is unknown, but it is unlike previously reported
Cu(II) satellites, which are typically much sharper.**** The
feature may, therefore, be due to an as yet unassigned loss
process. Given its position, some 16 eV above the Cu 2p;),
peak, the feature may be due to valence band plasmon loss,
which is typically seen in materials with similar valence band
electron density at c. 20 eV to the high binding energy side of
the main photoemission peak.*” Unfortunately, the correspond-
ing Cu 2p, , loss peak (if it were present) would be obscured

by the O Auger line which overlaps on the binding energy scale
at this photon energy. Further study is needed to ascertain the
nature of the loss feature present in the Cu 2p spectrum.

Ca 2p spectra showed two overlapping doublets. The lower
binding energy component has Ca 2p;,, component at 346.3
eV (red trace, Figure 6b). We could find no reference of the
XPS binding energy of Ca phosphide compounds. Ca;P, itself
is highly toxic and unstable, which may have precluded its
measurement. However, Ca$S has been reported with a Ca 2p;/,
binding energy of 346.5 eV, very similar to our observed
value.”” Therefore, we assign the Ca 2ps), environment at 346.3
eV to Ca within the CaCuP structure. The other observed Ca
2p component, with Ca 2p;, binding energy of 347.8 eV (blue
trace, Figure 6b) corresponds well to Cay(PO,), or CaHPO,.”!
This indicates a level of oxidation of the surface as discussed
above. No crystalline Ca;(PO,), or CaHPO, was observed in
XRD, again suggesting this is surface limited oxidation.

The P 2p region again was composed of overlapping peaks.
Deconvolution showed that the principal chemical component
(representing 66% of the P signal) was associated with a P 2p,,
peak at 128.7 €V (red trace, Figure 6c), corresponding to
phosphide compounds: for example, InP is reported with the
same P 2p;, binding energy.”” A higher binding energy
component (representing 18% of the P signal) is also observed
with a P 2p;, peak at 1334 eV (blue trace, Figure 6c),
corresponding to phosphate groups,” and consistent with the
interpretation of the Ca 2p region given above. The remainder
(c. 16% of the observed P signal) was fitted with a P 2p,,,
component at 130.5 eV (purple trace, Figure 6¢c) and may
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Figure 7. Diffuse reflectance optical spectra showing the Kubelka—Munk function F(R) and F(R)” is displayed in (a). The direct band gap calculated
from the Poeppelmeier method is shown to be 2.78 eV. (b) Shows the calculated optical absorption spectrum using the PBEO functional where a
weak absorption onset at 2.17 eV and a strong absorption at 2.71 eV are seen.

originate from elemental P, which may be located at the sample
surface due to evaporation during synthesis.

The valence band was recorded up to 30 eV binding energy.
The main feature at low binding energy is a spectral maximum
at 3.9 eV corresponding to Cu 3d electrons, which was
confirmed by the excellent agreement with our simulated XPS
(red dashed lines, Figure 6d). The onset of the valence band
begins immediately at the Fermi level (BE = 0 eV), indicating a
filled band immediately below the Fermi level, ie., a p-type
semiconductor or a metal. However, no Fermi edge was
observed, meaning that if this is a metal the density of states at
the Fermi level is low. This fits with our calculations of a very
disperse valence band, with the Fermi level found near the
VBM, most likely through Cu deficiency. The Ca 3p shallow
core line appears at 25.5 eV.

Diffuse reflectance optical spectra were recorded in the
interval of 1.5—3.5 eV. The Kubelka—Munk function, F(R), is
taken to be proportional to absorption; this is valid if scattering
is constant throughout the wavelength range used, which is a
reasonable assumption.”® There appears to be an absorption
edge toward the higher energy range. Recently, Poeppelmeier
and co-workers have proposed a method for accurate
determination of the band gap in degenerately doped
semiconductors.”* This is similar to the well established Tauc
method” but takes into account the presence of a large
concentration of charge carriers. Using the Poeppelmeier
method, plots of F(R) and F(R)” against energy were made
and are displayed in Figure 7a alongside the simulated PBEO
optical absorption spectrum (b). The absorption edge of each
plot was extrapolated to the x-axis (y = 0). For the F(R) plot,
the extrapolated value E, = 2.66 eV. For the F(R)? the
extrapolated value E, = 2.72 eV. According to the Poeppelmeier
method, the band gap E, = 2E, — E,, which in this case gives
2.78 eV. Below the absorption edge, there are two strong
absorption peaks located at 1.8 and 2.2 eV. The origin of these
peaks is not clear. Cu(Il) d—d transitions can occur in this
energy range,” but XPS detects no Cu(II). While XPS detects
calcium phosphate impurities at the surface, these are not
expected to give rise to visible light absorption. The weight
percentage of crystalline impurities (c. 1.7 wt %) is too low to
effect strong absorption bands as seen here. The absorptions
likely arise from as-yet unidentified defects within the CaCuP
structure. Figure 7b displays the simulated PBEO optical

absorption in terms of the absorption coefficient a. A weak
absorption onset is seen at ~2.17 eV, and the stronger optical
absorption occurs at ~2.71 eV. These results are in excellent
agreement with the experimental optical spectra in Figure 7a.

Conductivity measurements were carried out by forming a 12
mm diameter pellet, which was prepared by biaxial pressing at 1
tonne pressure followed by annealing at 300 °C for 4 h under
nitrogen to sinter the particles. This yielded a pellet
approximately 3 mm thick with a density of approximately
70%. The surface was polished to remove surface oxidation, and
gold electrodes were sputtered in a van der Pauw geometry.
Conductivity was then measured using a four point probe. A
resistivity of 2.0 X 107 + 0.2 X 107> Q cm was measured in
this way. We were unable to record reliable Hall Effect data on
the pellet.

B DISCUSSION

Comparing the electronic structure of MgCuP to that of
CaCuP, SrCuP, and BaCuP, it is clear that the electronic
aspects differ due to the change in Cu coordination that occurs
on going from the Pnma to P6;/mmc structure. Unlike CaCuP,
SrCuP, and BaCuP, overall MgCuP displays only average hole
effective masses at the VBM (despite the favorable I'—Y mass
of ~0.15 m,) and moderately heavy electron masses at the
CBM. The excellent dispersion seen for CaCuP, SrCuP, and
BaCuP in the I'=M and the I'=K directions can be attributed
to excellent orbital overlap in the hexagonal layers. The I'-A
direction spans the ¢ direction and therefore shows far less
dispersion as the Cu and P atoms are coordinated only in the xy
plane. MgCuP on the other hand should not be as prone to this
anisotropic behavior as the tetrahedrally coordinated Cu is
connected in a three-dimensional array throughout the lattice.
This raises the question of whether, for copper phosphides, a
trigonal planar Cu coordination is preferable over a tetrahedral
coordination in terms of orbital overlap for dispersion in the
valence band.

Cu coordination in all Cu'-based systems is key to
controlling the degree of overlap seen between the anion and
cation states, which in turn controls the band dispersion at the
VBM. For second row anions (O and N), Cu coordination is
usually linear, as seen in Cu,0””® and delafossite CuAlO,"
structures as well as Cu;N and CuTaN,.”**” This unusually low
coordination preference has originally been described by Orgel

DOI: 10.1021/acs.chemmater.6b03306
Chem. Mater. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemmater.6b03306

Chemistry of Materials

in 1958 to be due to the closed shell metal cations such as Cu?*,
Ag', and ng+ having a low energy difference between the first
excited state d’s' and the ground state d'° energy level.'”’ This
hybridized Cu [3d: + 4s] state is able to stabilize a low
coordination level and is therefore the preferred configuration.
In contrast, other d'° cations such as Zn** display a much
higher separation between the d’s' state and the d'° ground
state meaning a higher coordination number is required for a
lower energy configuration, as seen in, e.g., zinc blende or
wurtzite ZnO where Zn is tetrahedrally coordinated to O.

Wartzite-like f-CuGaO, was shown to yield a low band gap
(~1.5 €V) and was considered quite promising for solar cell
absorber applications.'”’ A recent computational analysis,
however, has shown that the tetrahedral coordination of the
Cu" yields a very different valence band make up compared to
that of the linear O—Cu—O coordination in the delafossite
oxides.'”” For the delafossites, the Cu 3d and O 2p states
overlap strongly, producing a relatively disperse VBM.'®~'%
For f-CuGaO, and related systems, no mixing is observed at
the VBM producing “flat” bands made soley of Cu 3d states.'*”
Understanding the role of coordination in driving the valence
band make up of a system is therefore vital.

Despite describing cuprous oxides and nitrides well, the
Orgel’s theory fails to give an understanding of why higher
coordination numbers for Cu” are seen for chalcogenides such
as the tetrahedrally coordinated CuAlS,” and Cu,S (which
shows 3-fold coordination'). Instead, a push toward a more
ionic model down the chalcogenides is necessary.'”” Tossel and
Vaughan'* provided another possibility taking into account the
ligand interactions. In this model, the M d—L p (where M = Cu
and L = anion such as O, S, Se, etc.) energy separation
determines the coordination. The coordination should aim to
reduce the spacing between the M d and the L p levels, in
which, taking Cu,O as an example where the spacing is large, a
low coordination number would be favored.

An overview by Gaudin et al."”” determined that the Cu 3d—
O 2p interaction is in fact important in lowering the energy of
the main Cu 4s—O 2p interaction thereby incorporating Orgel’s
theory. The authors also described another factor: the
polarizing influence of the anion over the Cu* ion (Cu 3d
electrons are poorly screened, making the ion quite polar-
izable), in which, for less polarizing anions (down the group
and from right to left on the periodic table), this effect is lower
and therefore the lower coordination number is less stable. It
can then be said that higher coordination numbers are
preferred for Se and Te copper compounds, as in KCuSe and
KCuTe.'” The presence of a third ion could also affect the
polarization of the Cu cation by the anion, such as in the
difference between Cu,S and KCuS where coordination nos. of
3 and 2 are seen, respectively. A noticeable depletion in the
electron density of the d electron cloud was observed for KCuS
over Cu,S indicating that the potassium cation contributes to
the polarizability.'®”

The above explanations could help describe why for group II
copper phosphides higher coordination numbers are preferred
over copper oxides but also why a trigonal planar configuration
is stabilized. Due to the polarizability argument described, P
should adopt a higher coordination due to the low polarizability
of P, as well as prefer a higher coordination down group II due
to the decrease in polarizing power seen from Ca to Sr to Ba.
However, from our calculations, CaCuP, SrCuP, and BaCuP all
prefer the trigonal planar configuration, failing to adopt the
same Pnma structure as MgCuP. Steric effects most likely play a

role here as both phosphorus and the increasing M(II) cation
down the group are relatively large. The tetrahedral
coordination in these examples show a poorer orbital overlap
than the trigonal planar configuration which can be seen in an
increase in the Cu—P bond lengths. MgCuP in the P6;mmc
space group (ie., trigonal planar Cu—P) displays shorter Cu—P
bond lengths over those in the Pnma structure (2.28 A versus
2.40 A) alongside lower overall effective masses.

What is seen in the P6;mmc structures is the increase in Cu—
P bond length down the group and a detrimental effect on the
hole effective masses and a concomitant lowering of the band
gaps. An increase in the electron effective masses at the CBM is
seen, however, as well as a decrease in the difference between
the indirect and direct band gap. CaCuP, SrCuP, and BaCuP all
possess a significant contribution from Cu 3p states at the
VBM, from the p, and p, orbitals which add to the bonding,
and hence the dispersion of the VBM. Taking into account the
description by Tossel and Vaughan,'*® the P 3p and Cu 3d
levels are closer in energy and hence a tetrahedral or trigonal
planar is preferred over a linear configuration, as the Cu d—P p
energy spacing is already minimal. Moving from a tetrahedral to
a trigonal planar configuration also increases the crystal field
splitting of Cu making the VBM more disperse pushing the
antibonding states higher in energy and therefore reducing the
ionization potential, which should favor hole formation.'*"""

The experimental analysis on CaCuP supports our computa-
tional analysis and indicates that the material is a degenerate
semiconductor with a relatively high p-type conductivity. What
is most promising is that this high level of conductivity is for a
nominally undoped pressed powder pellet and most likely
originates from Cu deficiency. The nature of a pressed pellet
means that this conductivity and mobility is limited by surface
and interface effects. It is likely that this conductivity would be
significantly boosted for a single crystal, making it competitive
with the conductivities of the best n-type TCOs. The hole
concentration could also be increased further with a suitable 1+
cation dopant for the divalent cation site.

The quest to find high performance p-type semiconductors
for a range of applications is still ongoing.”'"'~""*Although
CaCuP possesses a large optical band gap, this material is not
transparent to visible light (Eg > 3.1 eV). However, the insights
gained from this analysis of M(I[)CuP and the interplay
between structure and electronic properties provide design
principles for the production of more effective p-type ability in
semiconductor materials. As more and more technological
breakthroughs occur for growth of materials, particularly
designer layered com}i‘)ounds, increasingly complex systems
can be fabricated."'™""® To successfully create materials with
trigonal Cu—P layers in this way could generate materials with
tailored VBMs and band gaps, ie, larger band gaps for
transparent conducting applications.''” ™"’

B CONCLUSIONS

In order to gain insights into how to design excellent p-type
transparent semiconductors, we have analyzed four ternary
copper phosphide materials using hybrid density functional
theory, finding low effective masses comparable to that of the
highest performing n-type TCO. Synthesized powders of
CaCuP have been created showing competitively high p-type
conductivity in line with these results. We demonstrate that by
extending the chemical modulation of the valence band method
to include Cu—P interactions, a stronger hybridization with
copper is observed which, together with a trigonal planar
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coordination, produces highly favorable dispersion at the VBM.
The design principles proposed herein can further the field of
p-type semiconductors, opening up a pathway to the holy grail
of degenerate p-type transparent conducting materials.
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