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Transition metal oxides play important roles as contact and electrode materials, but their use as active
layers in solar energy conversion requires achieving semiconducting properties akin to those of
conventional semiconductors like Si or GaAs. In particular, efficient bipolar carrier transport is a challenge
in these materials. Based on the prediction that a tetrahedral polymorph of MnO should have such desirable
semiconducting properties, and the possibility to overcome thermodynamic solubility limits by non-
equilibrium thin-film growth, we exploit both structure-property and composition-structure relationships to
design and realize novel wurtzite-structure Mn;_,Zn, O alloys. At Zn compositions above x = 0.3, thin
films of these alloys assume the tetrahedral wurtzite structure instead of the octahedral rocksalt structure
of MnO, thereby enabling semiconductor properties that are unique among transition metal oxides, i.e., a
band gap within the visible spectrum, a band-transport mechanism for both electron and hole carriers,
electron doping, and a band lineup suitable for solar hydrogen generation. A proof of principle is provided
by initial photo-electrocatalytic device measurements, corroborating, in particular, the predicted favorable

hole-transport properties of these alloys.
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I. INTRODUCTION

Inorganic semiconductor applications, including micro-
electronics, light-emitting diodes, and photovoltaics, are
mainly based on tetrahedrally coordinated semiconductor
materials whose structure is derived from the diamond
lattice, i.e., Si and III-V (e.g., GaAs) or II-VI (e.g., CdTe)
compounds [1]. In most oxides, on the other hand, the
cations prefer octahedral coordination, and only a few
oxides are known to have similarly favorable semiconduct-
ing properties. This observation suggests that the manipu-
lation of the coordination symmetry could be exploited to
create novel semiconducting oxides, in the pursuit of the
grand challenge to design new forms of matter with tailored
properties [2]. Indeed, ZnO, which is one of the few
tetrahedrally coordinated oxides, is a prototypical wide-
gap semiconductor oxide with good transport and optical
properties and is used for numerous applications [3]. In
many transition metal oxides, however, the self-trapping
of electron or hole carriers leads to an unfavorable
small-polaron mechanism [4] and to poor mobilities.
Additionally, many such oxides resist the introduction of
such carriers via doping by self-compensation mechanisms
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[5], and many have too large band gaps to overlap the optical
absorption with the solar spectrum. Overcoming all of these
issues simultaneously is necessary for eventual application
of such materials as solar absorbers or photo-anode materials
for photo-electrochemical water splitting [6,7].

Our recent computational research on @ oxides has
predicted that a metastable zinc-blende (ZB) polymorph of
MnO should have a much smaller band gap and a favorable
bandlike hole transport mechanism, compared to the rock-
salt (RS) ground-state structure [8]. Thus, stabilizing the
tetrahedral over the usual octahedral coordination of Mn(II)
could be instrumental to achieve semiconducting Mn
oxides. The hexagonal wurtzite (WZ) structure of MnO
has recently been realized by growth on a carbon template
[9], indicating that tetrahedrally bonded Mn(Il) is ener-
getically feasible. An alternative strategy, pursued in the
present work, is stabilizing tetrahedral Mn(Il) by alloying
with ZnO. There is a body of literature on thin-film growth
of Mn-doped ZnO by pulsed laser deposition, and
Mn,;_,Zn O alloys in the Zn-rich composition range have
attracted much interest as diluted magnetic oxides, with
focus on the magnetic properties of Mn impurities in ZnO
[10]. However, there are no experimental reports of alloys
in the Mn-rich composition range, where the structural
transition between the octahedral rocksalt structure (MnO
ground state) and the tetrahedral wurtzite structure (ZnO
ground state) is expected [11], and previous theoretical
investigations for such alloys were restricted to the RS
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structure [12,13]. The alloy composition range of interest
lies inside the miscibility gap [14], and the properties of
such alloys are unknown.

In the present study, we exploit both structure-property
and composition-structure relationships to design and
realize novel semiconducting transition metal oxides by
heterostructural alloying of the binary oxides MnO and
ZnO. We use ab initio electronic structure methods to
predict, for these Mn;_,Zn O alloys, the transition from the
octahedral rocksalt into the tetrahedral WZ structure, the
equilibrium phase diagram, the band-structure and optical
properties, the hole self-trapping energies, as well as the
surface ionization potentials, which provide a good esti-
mate for the band lineup with respect to the redox potentials
for solar water splitting [15]. Utilizing the possibility to
overcome thermodynamic solubility limits by nonequili-
brium growth [16], we use combinatorial pulsed laser
deposition (PLD) to grow Mn;_,Zn,O thin-film samples
in the composition range 0.05 < x < 0.75, and determine
the nonequilibrium phase diagram for metastable RS/WZ
single-phase compositions in the PLD growth. We note that
such nonequilibrium growth of thin films becomes increas-
ingly instrumental for the control of materials properties,
e.g., the conductivity on ZnO-based transparent conducting
oxides [17]. We further characterize the optical absorption
as a function of composition and demonstrate electron
doping using Ga dopants. Finally, we present initial results
of photo-electrocatalytic (PEC) measurements on devices
based on Mng5Zny 50 alloys, which provide a proof of
concept and, in particular, corroborate the predicted favor-
able carrier transport properties. This article is structured
to present computational and experimental results in an
integrated way, addressing the equilibrium and nonequili-
brium phase diagrams (Sec. II, Fig. 1), band gaps and
optical properties (Sec. III, Fig. 2), transport properties and

=z

250 T T T T T ) J ) v
- 200 A XRS/WZ:O'38 AHRS .
S | Ao ! - 239 meV ]
o 150 4 =131mev ' .
£ [ : J
£ 100 - \ .
S ! '
50 - i -
4 RS i wz ]

0 —

0.0 0.2 04 0.6 0.8 1.0
X in Mn1-xZnxO
FIG. 1.

doping (Sec. IV, Table I, and Fig. 3), as well as the band
lineup relative to vacuum (Sec. V, Fig. 4). Initial results of
PEC characterization of devices based on MngsZn, 50
alloys are presented in Sec. VI (Fig. 5), and a detailed
account of these experiments will be presented elsewhere
[18]. Details on the computational and experimental meth-
ods, as well as some supplementary material, are appended
at the end of this article (see the Appendix, Figs. 6-9).

II. EQUILIBRIUM AND NONEQUILIBRIUM
PHASE DIAGRAMS

Figure 1(a) shows the calculated mixing enthalpy AH,,
for the Mn;_,Zn,0 alloys as a function of the composition
x. For either structure (str = RS, WZ), the mixing enthal-
pies can be expressed in the form

AHE() = (1 ) A + - A
+ Q- x(1 —x) (1)

with the regular solution interaction parameters QRS = 46
and Q%% =94 meV. The interaction parameters were
determined from density functional theory (DFT) calcu-
lations of alloy models (see also Appendix A 1), and the
polymorphic energy ordering (AHY»% = +131 and
AHBS, = +239 meV) is taken from recent total energy
calculations in the random phase approximation (RPA),
which were able to overcome inaccuracies of DFT func-
tionals to predict the relative stabilities of the two structures
[11]. Above the critical concentration of xgg/wz = 0.38,
the WZ structure has a lower enthalpy than RS and would
be the energetically preferred structure for a homogeneous
alloy. However, the magnitude of the mixing enthalpy
implies the existence of a wide miscibility gap.
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Mixing enthalpies and phase diagrams for Mn;_,Zn,O alloys: (a) The calculated mixing enthalpy AH, per formula unit (fu)

of the Mn;_,Zn 0 alloy in the RS and WZ structure, as a function of the composition x. (b) The temperature-composition phase diagram
of Mn,_,Zn,O. Solid lines are determined from the calculated mixing enthalpy AH,, and show the binodal lines separating the RS (dark
red) phase, the miscibility gap (white), and the WZ phase (dark blue). The data points show the experimental phase boundaries
delineating the nonequilibrium (ne) single-phase regions for PLD growth (dashed lines and light red or blue areas), obtained by the
disappearing phase method.
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In Fig. 1(b), the temperature vs. composition phase
diagram (binodal curve) is shown as determined from
the standard common tangent construction in the free-
energy AG(x) = AH(x) — T'S(x) diagram, using the con-
figurational entropy S=—kg[xIn(x)+ (1 —x)In(1—x)] of
the random alloy. The finding of a wide and asymmetric
miscibility gap, with a larger Mn solubility in ZnO and a
smaller Zn solubility in MnO, agrees with experimental
solubility measurements [14]. Above 600 °C, the calculated
solubilities are, however, smaller than those determined
in Ref. [14] at respective temperatures. We note that
vibrational entropy contributions, not considered here,
often increase the solubility at higher temperatures [19].
However, here we are interested in low-temperature dep-
osition conditions where metastable alloy compositions
are stabilized by the kinetic limitation of the phase
separation process via diffusion and nucleation of precip-
itates. Clearly, the targeted composition range around
0.4 < x < 0.5, where the tetrahedral WZ structure is
stable but where MnO is still the majority compound, lies
deep inside the miscibility gap [Fig. 1(b)], requiring a
nonequilibrium growth technique.

The combinatorial synthesis and characterization
approach [20,21] was used to deposit Mn;_,Zn,O thin-
film “libraries” with both a composition [22] and a temper-
ature [23] gradient. The samples of the present work were
grown by PLD from MnO and ZnO targets in the temper-
ature range 180°C < T < 520°C, spanning a wide com-
position range of about 0.05 < x < (.75, which extends to
both sides of the predicted critical composition for the
structural transition. The RS and WZ phase boundaries
were determined from x-ray diffraction (XRD) and x-ray
fluorescence (XRF) using the disappearing phase method
[24]; i.e., the integrated XRD intensities of the WZ phase
were determined over a range of Mn;_,Zn, O compositions
and then extrapolated to zero intensity to determine the
solubility of ZnO in the RS structure and, analogously, the
solubility of MnO in the WZ structure. The XRD data used
to perform this analysis is shown in Fig. 8 (Appendix A 6)
for the representative deposition temperature of 297 °C.
The two temperature-dependent phase boundaries shown in
Fig. 1(b) delineate the RS and WZ single-phase regions
from the mixed-phase RS + WZ region, thereby represent-
ing a “nonequilibrium phase diagram” for thin-film growth
in the present PLD setup. At the lowest deposition temper-
atures around 180°C, the RS and WZ phase boundaries
approach each other at x = 0.29 and 0.35, respectively
[see Fig. 1(b)], indicating that the critical composition for
the structure transition lies slightly below the theoretically
predicted one [xgs/wz = 0.38, cf. Fig. 1(a)].

In the present PLD setup, we achieved essentially
complete miscibility at a growth temperature of about
200 °C. With increasing deposition temperature, a misci-
bility gap opens and the nonequilibrium phase map merges
with the equilibrium phase diagram at temperatures above

700 °C [Fig. 1(b)]. An interesting aspect of the present case
of heterostructural alloys is that the critical temperatures for
binodal and spinodal decomposition are different, in con-
trast to the more usual situation of an isostructural alloy.
Indeed, the spinodal line does not depend on the absolute
magnitude of the mixing enthalpy but only on the curvature
of AH(x). From the calculated interaction parameter
QW2 = 94 meV, we find that there is no thermodynamic
driving force for spinodal decomposition above 270 °C.
Thus, alloys grown above this temperature should exhibit a
fairly homogeneous cation distribution, as long as the
(binodal) phase separation can be kinetically suppressed.

III. BAND GAPS AND OPTICAL PROPERTIES

In order to predict the band gap of the wurtzite
Mn;_,Zn,O alloys, we performed quasiparticle energy
band-structure calculations within the GW approximation
[25,26] for random-alloy supercell models at the compo-
sitions x = 0.25, 0.5, and 0.75. The band gaps of the binary
end compounds RS-MnO and WZ-ZnO were calculated
before as 3.36 eV [8] and 3.29 eV [27], respectively, using
the same method. Since the substitutional Mny, defect
creates an occupied defect state inside the band gap of
ZnO [28], we performed additionally a GW defect calcu-
lation for an isolated substitutional Mny,, defect in a ZnO
supercell, finding that the top of the Mn-induced impurity
band lies 0.45 eV above the valence band maximum (VBM)
of ZnO in the dilute (x — 1) limit. Thus, the band gap of
Mn-doped ZnO (ZnO:Mn) is reduced by the same amount
compared to pure ZnO, i.e., EZ"O*M" = 284 ¢V. (Note that
here we follow the convention to take the highest occupied
state as the VBM, which implies that the band gap of ZnO
changes discontinuously upon Mn doping.) From a fit to
quadratic order,

Ey(x) = (1 —x) -E}Q’Z'M“O +x- Eéno:M“ +b-x(1—x),
(2)

we obtain the composition dependence with a bowing
parameter b = —1.46 eV. The bowing of the individual
band edges and the position of the Mn impurity band in
the Zn-rich limit are shown graphically in Fig. 4. The band
gap of the Mn;_,Zn O alloy at the x = 0.5 composition
was calculated as 2.30 eV, which is more than 1 eV smaller
than either of the band gaps of the end compounds,
RS-MnO and WZ-ZnO. However, rather than indicating
giant bowing effects, the band-gap reduction stems largely
from the large difference between the band gaps of MnO
in the normal RS structure (3.36 eV) and in the WZ
structure (2.38 eV).

The magnitude of the band gap, i.e., the difference of the
quasiparticle energies for electron addition and removal
(electron affinity and ionization potential), by itself does
not specify whether the absorption is strong enough for
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FIG. 2. Band gaps and optical properties: (a) Calculated band gaps (vertical dashed lines) and absorption spectra for wurtzite structure
MnO, the MnsZn,sO alloy, and ZnO. The spectra are shown for the independent-particle approximation (dash-dotted line) and
including electron-hole interactions (solid blue line). For comparison, the experimental absorption spectrum is also shown for the
x = 0.5 composition (solid red line). (b) The experimental absorption coefficients as a function of composition x and photon energy.
The single-phase boundaries for the growth temperature of 297 °C [dotted lines, cf. Fig. 1(b)] and the predicted band-gap energies

[dashed line, cf. Eq. (2)] are also shown.

solar-energy applications. Therefore, we calculated, based
on the GW band-structure energies, the frequency-
dependent dielectric function both within the independent
particle approximation and including excitonic effects
via time-dependent density functional theory using a
hybrid functional kernel [29] (see also Appendix A I).
The resulting optical absorption spectra are shown in
Fig. 2(a) (note that phonon-assisted indirect transitions
are not included). We observe a direct character for all cases
(WZ-MnO, ZnO, and the alloy), in the sense that the
absorption onset coincides with the band gap. This behav-
ior is different in RS-MnO, where the band gap is indirect,
and where the onset of vertical absorption occurs about
0.5 eV above the gap [8]. The absolute magnitude of the
absorption coefficient calculated for Mng sZn 5O is larger
than 4 x 10* cm™! at energies higher than 0.2 eV above the
band gap, suggesting that these alloys should be efficient
light absorbers even as thin films with thicknesses of 1 ym
or less.

Figure 2(b) shows the experimental optical characteri-
zation obtained by spatially resolved measurements of the
thin-film Mn;_,Zn O library grown at a temperature of
T = 297 °C. Comparing the predicted and measured optical
properties for the Mn;_,Zn,O alloys, we see in Fig. 2(b)
that the measured absorption edge (contour plot) lies close
to the calculated band gap (dashed line) for compositions of
x > 0.2, where wurtzite-structure crystallites are present,
indicating that band-to-band transitions dominate the opti-
cal absorption. This characteristic is important for solar
absorber materials since other absorption channels such
as internal d-d transitions [30] may not generate electron-
hole pairs. At the composition x = 0.5, the experimentally
measured absorption coefficients agree well with the

predictions [cf. Fig. 2(a)], and the Tauc analysis is con-
sistent with a direct allowed band gap of 2.3 eV, while a
certain level of absorption remains present at subgap
energies (see Fig. 9 in Appendix A 6). At the RS phase
boundary x = 0.19, the absorption edge shows a discon-
tinuous behavior changing from about 3.3 eV to 2.3 eV,
thereby corroborating the structural origin (tetrahedral vs.
octahedral coordination) of the band-gap reduction. Thus,
the structural modification of MnO via alloying is the
enabling mechanism for creating an overlap between the
absorption and solar spectra that is suitable for solar-energy
harvesting.

IV. TRANSPORT PROPERTIES AND DOPING

Most semiconductor applications require doping with
either electron or hole carriers, or even both. In the case of
photo-anode materials for photo-electrochemical water-
splitting, the solar absorber materials should be n-type
(electron-carrier) doped, and the minority (hole) carriers
should have a long lifetime and a high mobility. From the
GW band-structure calculations, we obtained the effective
masses for the charge carriers. For the x = 0.50 compo-
sition (Mn(sZn,sO alloy), we determined an effective
electron mass of m.* = 0.30 m, close to the value of
0.26 calculated for ZnO, which is a prototypical electron
conducting oxide with an exceptionally low effective mass
[31]. The respective hole mass of my*/mg = 5.6 is com-
parable to that of ZnO(my*/my = 3.2) and is among the
smallest values found for oxide semiconductors [8]. (Note
that these values represent the density-of-states effective
mass for holes, which, because of the degeneracies in the
valence band, is larger than the average band effective
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mass.) Thus, the band-structure properties are quite favor-
able for both electron and hole transport.

In order to assess the transport properties, it is, however,
necessary to consider polaronic effects. While the large-
polaron (Frohlich) conduction [32] leads to a renormaliza-
tion of the band effective mass, it still maintains bandlike
transport properties. In contrast, the small (Holstein)
polaron [33] is a “self-trapped” state in which the carrier
(electron or hole) is localized at one or a few atoms, and
which can often be associated with a change of the
oxidation state of a particular ion. Small-polaron hopping
transport is generally characterized by low mobilities,
usually assumed to be y < 0.1 cm?/Vs (“Bosman—van
Daal limit”) [4]. A recent study on the polaron hopping
transport in RS structure MnO-ZnO alloys [13] found
sizable energy barriers around 0.5 eV, suggesting hole
mobilities below 10~® cm?/Vs at room temperature. In the
context of solar absorber materials, an important additional
implication is that the small polaron creates a deep defect
state inside the band gap that acts as a detrimental
recombination center [8]. Employing the ab initio theory
for small-polaron binding energies of Refs. [34,35], we
previously investigated how the transport mechanisms for
electrons and holes depend on the structure of MnO [8].
Owing to the highly dispersive, s-like conduction band
[8,36], electrons exhibit bandlike transport similar to in
Zn0O, irrespective of the structure. The feature of a
dispersive conduction band was also recently found for
ternary Mn(Il) oxides [31]. Thus, electron transport in
MnO-ZnO alloys should be described as large-polaron
band conduction and not as small-polaron hopping con-
duction [13]. For hole carriers, the transport mechanism
depends on the structure: In the octahedral coordination
environment of RS MnO, the small-polaron formation is
exothermic, i.e., the self-trapping energy Egp for the
process Mn*' + T — Mn™ is negative (here, h*
denotes a positively charged hole carrier at the VBM).
However, in the hypothetical zinc-blende structure of MnO,
the small-polaron formation was found to be suppressed
because of the tetrahedral coordination [8], which moti-
vated studies on ternary wide-gap Mn(Il) oxides with
tetrahedral Mn coordination [37,38].

For the purpose of the present work, we performed
calculations of the small-polaron binding energy for
MnZnO alloys and for ZnO. Within the approach described
in Refs. [39,40], the so-called “delocalization error” of DFT
[41] is corrected via an additional potential term, which
supports the localization of a carrier but which is con-
structed to preserve the description of the underlying
DFT (or hybrid) functional in the absence of a localized
carrier (see also Appendix A 3). Since the strength of the
potential is determined by a physically motivated quasi-
particle energy condition (“Koopmans condition” for
electron addition or removal), there are no adjustable
parameters and the ab initio character is preserved in this

TABLE 1. The calculated self-trapping Egt energies for hole
carriers in MnO, ZnO, and Mn,_,Zn, O alloys. In Mn-containing
compounds, the small-polaron formation corresponds to the
Mn* + p* — Mn™™ transition. In pure ZnO, the (unstable)
hole polaron is localized at an oxygen anion, O~ + 4+ — O~/

Esr(eV)
MnO (RS) —0.33
MnO (WZ) +0.23
Mn,_,Zn, O x=0.25 +0.22
Mn,_,Zn O x =0.50 +0.07
Mn,_,Zn,O x=0.75 +0.01
Mny, in ZnO x—1 —0.26
ZnO (WZ) +0.30

approach for calculating small-polaron binding energies.
The self-trapping energy of a Mn™! hole was calculated for
WZ structure Mn;_,Zn, O alloys at x = 0, 0.25, 0.5, 0.75,
and 0.97, where the latter concentration corresponds to that
of a Mny, impurity in a ZnO. In pure ZnO, we further
considered an oxygen-localized O~ hole [34,42]. Table I
lists the respective hole self-trapping energies Egr.
Exothermic energies (negative values) imply hole locali-
zation, leading to a small-polaron hopping mechanism;
endothermic energies (positive values) imply that the
delocalized bandlike state is energetically favorable,
leading to the desirable band-conduction mechanism. In
contrast to the case in the RS ground-state structure, the
self-trapped hole is unstable in the WZ modification of
MnO, where it is 0.23 eV higher in energy than the
bandlike VBM state (Table I). As the Zn concentration
increases, the energy difference is reduced, and the small-
polaron state becomes favorable around x = 0.7, i.e., the
point where the Mn*'/Mn™! transition crosses the VBM
energy. This composition dependence is also shown in
Fig. 4, where the results from different sections of this
article are illustrated in a combined graphic. The Zn-rich
regime of the alloy can be described as Mn-doped ZnO,
where an impurity band is formed because of the Mny,
substitution. The Mny, impurity in ZnO acts as a hole-
trapping defect with a hole-binding energy of —0.26 eV
relative to the occupied Mn impurity band. In the extrapo-
lation to the dilute x — 1 limit, the Mn™"'/Mn™ transition
corresponds to a deep donor level of Mn,, at 0.71 eV above
the VBM of ZnO (cf. Fig. 4). The formation of the Mn*!
state due to hole self-trapping is associated with reduction
of the Mn-O bond length by about 0.13 A, irrespective of
the composition x.

In pure ZnO, in the absence of Mn, the oxygen-localized
self-trapped O~! hole was found to exist only as a
metastable configuration 0.30 eV higher in energy than
the delocalized VBM state (Table I), comparable to the case
of the Mnt™! hole in WZ MnO. Thus, ZnO is found to be a
band conductor for hole transport. Summarizing the analy-
sis of small-polaron formation and self-trapping, we expect
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favorable bandlike transport for both electron and hole
carriers in Mn;_,Zn, O alloys around the composition
x = 0.5, thereby avoiding an important bottleneck for
opto-electronic applications. For example, the electron
self-trapping in Fe,O5 [4,8,43] causes low electron mobil-
ities and is a likely source for the rapid bulk recombination
of electron-hole pairs [44].

Experimentally, we attempted n-type doping by Gallium,
which is known as an efficient dopant in ZnO and in
Zn;_,Mg,O alloys [45]. From the calculated band-structure
properties discussed above, we expect a shallow donor state
with an ionization energy around 60 meV, close to that of
7ZnO and sufficiently small to generate free electrons at
room temperature. For the combinatorial PLD growth of
Mn;_,_,7Zn,Ga,0 alloys, we used a ZnO target containing
4 cat.% Ga. Hence, the Ga doping level yg, varies with
the Zn composition x in the compositional libraries, i.e.,
VGa = 0.04 - x. Estimating the film thickness from XRF
measurements [20], we determined the electrical conduc-
tivity by performing combinatorial, spatially resolved four-
point probe measurements of the sheet resistance. For the
same growth temperature of 297 °C as above, Fig. 3 shows
the doping-specific conductivity, i.e., the conductivity in
S -cm~! normalized by the Ga content per formula unit
(i.e., by yga)- The conductivity shows clear correlations
with the alloy structure and composition (cf. Fig. 3): In the
RS single-phase region (x < 0.19), there is no significant
conductivity. A low level of 10 S - cm™" - yg, ™! is observed
within the miscibility gap (0.19 < x < 0.45), where the
microstructural features due to the coexistence of RS and
WZ regions can be expected to impede the conduction.
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FIG.3. Doping and electrical properties: The main graph shows

the composition dependence of the experimentally measured
doping-specific conductivity in Ga-doped Mn;_,_,7Zn,Ga,O
grown at 297°C. The dashed lines are guides to the eye to
illustrate the different regimes of doping behavior. The inset
shows the temperature dependence of the absolute conductivity
for two single-composition samples.

An intermediate conductivity level of about 100 S - cm™! -

yGa | is observed in the WZ single-phase region of
Mn;_, ,7Zn,Ga,O alloys around x = 0.5. Approaching
the pure ZnO composition, the doping-specific conduc-
tivity increases further up to 10* S cm™! yg,~!, corre-
sponding to the high degenerate doping levels that are
achievable in ZnO-based transparent conducting oxides
[46]. Interestingly, the insulating behavior in the RS
structure at lower Mn compositions suggests that the
tetrahedral structure modification also affords a reduction
of self-compensation [5], which is the likely cause for the
absence of (electron) conductivity in the RS structure.

In order to determine the electron concentration and
mobility, we performed Hall-effect measurements for two
single-composition samples with x = 0.48(yg, = 0.02)
and x = 0.75(yg, = 0.03), grown at the same temperature
(297 °C) as above and under otherwise similar conditions as
the combinatorial samples. At x = 0.48, we obtained, at
room temperature, an absolute conductivity of 2 S /cm
with an electron concentration of 7 = 3 x 10" cm™ and a
mobility of u = 0.4 cm?/Vs. Both carrier density and
mobility increased with Zn composition, i.e., to n =
1.0 x 10%° cm™ and u = 3.5 cm?/Vs for x = 0.75. We
further measured the temperature dependence of the con-
ductivity, shown in the inset in Fig. 3. At x = 0.48, the
conductivity exhibits a small activation energy of about
20 meV, and it is essentially temperature independent for
the sample with x = 0.75. These observations support the
expectation of shallow Ga dopants with degenerate doping
levels in the higher doped sample. The positive correlation
between n and p suggests grain-barrier-limited transport
[47], as often observed in ZnO thin-film samples [48,49]. In
this case, the mobility measured on the thin-film sample is
not an intrinsic materials property, and the actual intragrain
(bulk) mobility can be much larger.

V. IONIZATION POTENTIAL
AND ELECTRON AFFINITY

As a final step of the computational characterization,
we determined the band lineup for the Mn;_,Zn,O alloys
with respect to the vacuum level by combining the GW
band-structure calculations with DFT calculations of the
potential step at the 1120 surface, which is a typical low-
energy nonpolar surface orientation in wurtzite semicon-
ductors like ZnO [50,51]. Figure 4 shows the composition
dependence of the conduction band minimum (CBM) and
the VBM, corresponding to the electron affinity (EA) and
the ionization potential (IP), respectively. We see in Fig. 4
that the IP of Mn;_,Zn,O increases with the Zn compo-
sition, showing a discontinuity at x = 1.0 due to the above-
mentioned impurity character of Mny, in ZnO. (The
development of an Mn impurity band in ZnO is schemati-
cally illustrated in Fig. 4. Please see Fig. 7 in Appendix A 2
for the composition dependence of the calculated density of
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FIG. 4. Band lineup and hole-self-trapping level: The calcu-
lated CBM and the VBM energies relative to the vacuum
potential (V) at the 1120 surface of WZ structure
Mn;_,Zn, O alloys. Shown are the calculated EA and IP data
points (circles) and a fit (solid lines) up to quadratic order
[cf. Eq. (2)], where the emergence of an Mn impurity band close
to the ZnO composition is indicated schematically. The calculated
polaronic Mn*/Mn™ transition level (diamonds and dashed
line) lies below the VBM for x < 0.7, indicating that band
conduction prevails over a small-polaron transport mechanism at
these compositions.

states.) Taking into account the quasiparticle energy of the
occupied Mny, state at 0.45 eV above the VBM of ZnO,
determined from the GW defect calculation, and the self-
trapping energy from the polaron theory, we find that the
Mny,, defect causes an optical absorption band at 2.84 eV
with a zero-phonon transition at 2.58 eV, which is con-
sistent with absorption and photoconductivity measure-
ments in Mn-doped ZnO [28].

For potential application as a photo-anode material, the
alignment of the valence band relative to the H,O/0, redox
potential is of great importance. Similar to TiO,, ZnO also
has an undesirably large offset between the VBM and the
redox potential [52,53]. Taking the vacuum potential as a
suitable reference for the band lineup [15], we see in Fig. 4
that the VBM of Mn,_,Zn, O lies about 1.5 eV above that of
ZnO at compositions around x = 0.5. This finding suggests
that the Mn;_,Zn O alloys have the potential for optimiz-
ing the tradeoff between the magnitude of the band gap and
the alignment of the band edges with the redox potentials.
A recent theoretical study [12] also arrived at this con-
clusion, albeit for the octahedral rocksalt structure of
Mn,;_,7Zn, O, which was shown here to be unstable in
the composition range of interest and which would not
benefit from the improved optical, transport, and doping
properties present in the tetrahedral wurtzite structure.

VI. PHOTO-ELECTROCATALYTIC
MEASUREMENTS

As an initial test of the viability of the tetrahedral
Mn;_,Zn,O alloys for photo-electrocatalysis and to
obtain an experimental validation of the predicted advanta-
geous hole-transport mechanism, we performed photo-
electrochemical measurements and report here initial results
[18]. To this end, we grew Mn, sZn,, 5O samples with different
thicknesses on conductive fluorine-doped SnO, (FTO) glass
substrates, which serve as a back contact. Figure 5(a) shows
the current density j of a 673-nm-thick MnZnO sample as a
function of the applied potential relative to an Ag/AgCl
electrode in a K,SO, solution (see also Appendix A 8). The
photoresponse A j was determined by modulated illumination
(light chopper), for both front (MnZnO-facing) and back
(FTO/glass-facing) illumination. All films exhibited an
anodic photocurrent, implying the transport of hole carriers
across the semiconductor or electrolyte interface.

Figure 5(b) shows the photoresponse at the potential
of 1.4 V as a function of the thickness d of the MnZnO
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FIG. 5. (a) Current density for a 673-nm-thick Mng5Zny 50
sample under modulated illumination (on/off), for both front and
back illumination, as a function of the applied voltage. (b) The
photocurrent (on/off difference), measured at 1.4 V, as a function
of the film thickness.
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film. For front illumination, the photocurrent increases
from Aj; =21.5 yA/cm?> for d=76nm to Aj =
119.7 uA/cm? for d = 673 nm. The continuous increase
of Aj; with d suggests that photogenerated hole carriers
throughout the entire film contribute to the photocurrent.
Switching the illumination direction provides additional
information about the carrier type limiting the charge
collection [54]. In the case of back illumination, the
photocurrent A j,, essentially equals that of front illumina-
tion for film thicknesses below 300 nm [see Fig. 5(b)],
but it starts to fall short of Aj; for thicker films. These
observations strongly suggest that hole transport is not a
rate-limiting factor up to thicknesses of at least 300 nm.
Such large hole collection lengths are not plausible for a
small-polaron conduction mechanism for holes. (Depending
on the magnitude of the energy barrier for hole hopping, the
diffusion length may be only in the order of a lattice constant
for a small-polaron transport mechanism.) Thus, the present
photo-electrocatalytic experiments strongly support the
favorable hole transport mechanism in MnZnO alloys
predicted by the theory above in Sec. IV. Given that the
photocurrent A j; continues to increase with film thickness
beyond the absorption length (<300 nm), the recombination
of holes at the FTO back contact is likely the rate-limiting
step for the present devices. Device optimization should lead
to significant further increases of the photoresponse.

VII. CONCLUSIONS

In the present work, we have used computation and
combinatorial synthesis and characterization to design a
novel transition metal oxide material, i.e., Mn;_,Zn,O
alloys with favorable semiconducting properties in the
composition range around x = 0.5, including the band
gap, optical absorption, the transport mechanism for
carriers, dopability, and the band lineup relative to the
vacuum level for potential solar water-splitting application.
These properties were enabled by the deliberate manipu-
lation of the coordination symmetry of MnO, i.e., the
transition from the rocksalt to the wurtzite structure by
alloying with ZnO. The alloy compositions of interest lie
deep inside the miscibility gap, but the thermodynamic
solubility limit was overcome by nonequilibrium growth
with PLD. Initial photo-electrocatalytic measurements on
devices based on these novel alloys provide a proof of
principle and, in particular, corroborate the predicted band
transport mechanism for hole carriers.
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APPENDIX: COMPUTATIONAL
AND EXPERIMENTAL DETAILS

1. Electronic structure methods

The DFT and GW calculations in this study were per-
formed using the projector-augmented wave (PAW) imple-
mentation in the Vienna ab initio simulation package (VASP)
[26,55], using the Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) for the exchange-
correlation functional [56]. The GGA + U method [57] with
U =3 eV was employed for Mn-d orbitals in all DFT
calculations. For the Zn-d orbitals, standard GGA describes
the structural features (e.g., lattice constants) more consis-
tently than GGA + U. However, a U = 6 eV was applied to
Zn-d orbitals in those cases where a correct description of the
p-d hybridization is important, i.e., for the calculation of the
wave functions for subsequent GW [27] or RPA [11]
calculations, as well as for the calculation of small-polaron
binding energies [34]. GGA + U for Zn-d was also used in
order to maintain the compatibility between the GW and the
DFT surface calculations (see below). In the GW calcula-
tions, the GGA + U wave functions were kept, but the
eigenenergies were iterated to self-consistency. The detailed
computational settings used for the GW band-gap calcula-
tions are identical to those published before [8,27], including
the use of an onsite potential to account for the underbinding
of Zn-d states in GW [27]. The present GW approach has
been shown before to provide accurate band structures for the
normal rocksalt phase of MnO [8] and for wurtzite ZnO [27].

Standard DFT, DFT + U, and even hybrid functional
approaches have been found to describe the polymorphic
energy ordering of MnO with insufficient accuracy [58]. In
order to overcome these issues, we performed previous
total-energy calculations in the random phase approxima-
tion (RPA) [11]. Please see Ref. [11] for the detailed results
for the RPA energies of MnO in the RS and ZB structures,
and of ZnO in the RS, ZB, and WZ structures. Because
of the magnetic configuration, the smallest unit cell for
WZ-MnO contains 16 atoms, which proved unfeasible for
computing intensive RPA calculations. Since the energies
of the ZB and WZ structures are degenerate within about
10 meV in DFT-based functionals (GGA + U, hybrid
functionals), we use here the ZB energy as an approxima-
tion to the WZ energy.

The optical absorption spectra were determined from the
dielectric function, calculated both in the independent
particle approximation, using the PAW implementation
of Ref. [59], and including electron-hole interactions
(excitonic effects) via time-dependent density functional
theory (TD-DFT). In the TD-DFT calculations, we used a
hybrid functional kernel [29] with a fraction of Fock
exchange of a = 1/¢, where ¢ is the static electronic

021016-8



DESIGN OF SEMICONDUCTING TETRAHEDRAL MN ...

PHYS. REV. X 5, 021016 (2015)

dielectric constant obtained from the preceding GW cal-
culation. The k derivatives of the electron orbitals were
determined using the finite difference approximation of
Ref. [60] in the “perturbation expansion after discretiza-
tion” formulation. For the calculation of optical properties,
the k-point density was increased to 7000/n, within the
full Brillouin zone, where n,, is the number of atoms in the
unit cell. In order to keep these calculations feasible, we
reduced the energy cutoff for the response functions and
reduced the number of bands to 32 x n,, as compared to
64 x n, for the band-gap calculations using a coarser grid
with about 1000/n,k points. The resulting band-gap
changes of less than 0.1 eV were corrected for in the
spectra shown in Fig. 2(a). The absorption spectrum is
subject to a finite Lorentzian broadening in these calcu-
lations, and despite the increased k-point density, the
subgap absorption due to the bound exciton was not
accurately resolved. The low-energy part of the spectrum,
where the absorption coefficient is significantly affected by
the broadening, is omitted [Fig. 2(a)]. From the calculated
effective masses, and dielectric constants (¢ = 8.1 and 7.8
for WZ-MnO and ZnO, respectively, including the ionic
contribution), we expect a Wannier-type exciton with a
binding energy similar to that in ZnO, i.e., about 60 meV.
The electron effective masses were obtained directly from
the band energies close to the conduction band minimum
(CBM) at the I" point of the Brillouin zone. Because of a
larger nonparabolicity and anisotropy in the valence band,
for hole carriers, we determined instead the density-of-
states effective masses (cf. Ref. [61]) by integrating the
density of states weighted with a Boltzmann distribution
at 1000 K.

2. Models for alloys and the magnetic structure

In order to model the alloy systems, we used special
quasirandom structures (SQS) [62]. The SQS in this work
were generated with the mcsgs utility in the Alloy
Theoretic Automated Toolkit (ATAT) [63]. To calculate
the mixing energy, we employed SQS with 64 atoms,
without any constraints other than the composition being
x=0/16,1/16,...16/16, while keeping the underlying
magnetic sublattices of the low-energy antiferromagnetic
configuration “AF1” of wurtzite structure MnO [57]. A
structural model of the atomic configuration for x = 0.5 is
shown in Fig. 6 (created with the VMD software [64]),
showing also the calculated lattice parameters for the end
compounds WZ MnO and ZnO. For the polaron calcu-
lations, we used 64-atom SQS supercells with the shape
close to a cube, as well as a 72-atom ZnO supercell for the
Mny,, impurity. At room temperature, MnO is paramagnetic
(PM). It is important, however, to consider that in the PM
phase the moments are not completely random, but the
local (short-range) antiferromagnetic (AFM) order persists
far above the Neel temperature [65], even in the absence
of long-range AFM order. More recently, Hughes and

¥
[l

FIG. 6. Structural model of the SQS used to represent the
Mng 5Zn,, 5O alloy. The inserted table shows the similarity of the
calculated lattice parameters for WZ MnO and ZnO.

co-workers calculated the electronic structure for rocksalt
MnO in the PM phase with the “disordered local moment”
method [66]. Their results show that the insulating gap
in the PM state is practically identical to that in the AFM
phase. Thus, we conclude that our assumption of an AFM
order is an appropriate model of the magnetic structure for
computing the electronic structure in this system. For the
GW calculations, we generated smaller 32-atom SQS for
the alloy compositions x = 0.25, 0.5, and 0.75, constructed
to maintain the symmetry between the spin-up and spin-
down density of states.

Figure 7 shows the calculated local density of states
(LDOS) for the valence band of the Mn,_,Zn,O alloys, as
obtained from the GW quasiparticle energy calculations,
where the contributions from all sites of the same atom type
(Mn, Zn, or O) have been averaged. The energy scale is
aligned with respect to the vacuum level, as in Fig. 4. We
see that at high Zn compositions, Mn forms an impurity
band in ZnO, but at x = 0.75 and lower Zn compositions,
the alloys exhibit a continuous valence band with domi-
nating contributions from Mn-d and O-p.

3. Calculation of the small-polaron
self-trapping energies

The hole self-trapping energies are calculated using the
ab initio theory for the small-polaron binding energies of
Refs. [34,35]. This approach employs a potential term Vg,
i.e., the “hole-state potential,” which is added to the DFT
Hamiltonian. A potential strength parameter A, is then
adjusted to recover the quasiparticle energy condition
(“Koopmans condition™) and linearity of the total energy
E(N), thereby overcoming the well-known delocalization
error of standard DFT functionals [41] and enabling a
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FIG.7. Averaged local density of states (LDOS) of Mn, Zn, and
O sites in Mn,_,Zn O alloys, showing the development of an Mn
impurity band at high Zn compositions.

quantitative prediction of small-polaron binding energies.
For the pure binary MnO, in Ref. [8] we used a hole-state
potential Vi, = As(1 — n,, ,/n.s) constructed in analogy
to the original case of O-p holes [34] such that the
additional potential vanishes for the occupied Mn-d°
manifold in the local majority spin channel (“spin-up”),
as long as there is no self-trapped hole carrier. In contrast to
the O-p® case of Ref. [34], however, V,, indirectly affects
the charge density by acting on the unoccupied minority
spin channel (“spin-down”). While in pure MnO, this
indirect effect has no obvious consequences other than
increasing the exchange splitting, we found that in the
ZnO:Mn impurity limit, it leads to a hybridization of the
Mn state with the valence band of ZnO that is inconsistent
with the result of the GW defect calculation, and it prohibits
the correct prediction of the carrier localization in the
Mn*™ state. In order to reconcile the ZnO:Mn case, we
therefore defined a spin-dependent hole-state potential
Viso that acts only on the spin-up channel, thereby
recovering the original idea that the hole-state potential
should not affect the charge density (in either spin channel)
in the absence of a localized hole carrier [34]. The
composition dependence of the self-trapping energy Egr,
which equals the energy difference between the
Mn*/Mn* transition and the valence band maximum
(VBM), is given in Table I and shown also in Fig. 4. In the
case of the alloy systems, the sampling over Mn ions at five
different lattice sites resulted in a standard deviation of
0.06 eV. For pure ZnO, we used 4, = 4.5 eV for the O-p

orbitals, as determined before in Ref. [67] for the case of
GGA + U (U =6 ¢V for Zn-d) as the underlying DFT
functional. In order to determine the structural configura-
tion of the distorted ZnO lattice in the presence of a
(metastable) self-trapped hole, we used an initial configu-
ration similar to that of the charge-neutral Li,, defect and
then relaxed the structure to the nearest local minimum.

4. Surface calculations

In order to align the VBM and CBM energies relative
to the vacuum level (Fig. 4), we constructed slab supercells
for the 1120 surface of the WZ lattice, containing 80 atoms
for ZnO and 160 atoms for MnO (to accommodate
the magnetic structure of wurtzite MnO). These slab
calculations in the GGA + U approximation yield the
potential step between the average potential in the semi-
conductor and the vacuum. The potential step for alloys was
determined by linear interpolation between MnO(x = 0)
and ZnO(x = 1). Since the GW quasiparticle energies are
defined directly with respect to the average potential, the
GW predictions for the ionization potential and the electron
affinity are obtained by simple addition of the potential step
and the quasiparticle energy of the VBM and the CBM,
respectively.

5. Combinatorial synthesis

Mn,_,Zn,O alloy thin films were grown on 2" x 2"
glass substrates by pulsed laser deposition using a KrF
excimer laser (Spectra-Physics) operating at 248 nm with a
pulse duration of 25 ns. We employed a thin-film high-
throughput combinatorial approach [20,21] to deposit
“libraries” with a spatial gradient in both the composition
[22] and the substrate temperature [23], using commercial
2-inch targets (purity 99.99%) of MnO, ZnO, and 4%
Ga-doped ZnO. A calibration process was performed to
express the substrate temperature as a function of the
position on the substrate and the set-point temperature [23].
The laser was operated at 40 Hz, and the beam was focused
through a 60-cm lens onto the rotating targets at a 45°
angle, with a laser fluence of 4 J/cm” on the target
surface. The target-substrate distance was fixed to 7 cm.
The growth chamber was evacuated to the base pressure
of 10~ Torr and backfilled with an Ar/O, mixture to a
working pressure of 5 x 10~ Torr with an O,/Ar ratio of
1/100. The thickness of the films grown for this work
varied between 130 and 160 nm.

6. Combinatorial characterization

The properties of the combinatorial samples were auto-
matically mapped at 44 points, corresponding to a grid of 4
substrate temperatures and 11 compositions. X-ray fluo-
rescence spectra were collected with a 300s scan time using
a Matrix Metrologies MaXXi 5 with a W anode and a
800-um collimator. The resulting spectra were modeled
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FIG. 8. Contour plot of the composition dependence of the
XRD pattern for the Mn;_,Zn O library deposited at 297 °C. The
dashed lines show the reference data for the (111) and (200)
reflections of RS-MnO at 20 = 35.0° and 40.6°, respectively, and
for the (002) reflection of WZ-ZnO at 34.6°.

using the MTF-FP software to obtain both the chemical
composition and the thickness of the samples. The accuracy
of the thickness measurement was verified by spectroscopic
ellipsometry (J. A. Woollam M-2000S). The x-ray diffrac-
tion (XRD) patterns of Cu Ko radiation were collected
using a Bruker D8 Discover. The RS and WZ diffraction
peaks were assigned based on the reference data for MnO
and ZnO from the Inorganic Crystal Structure Database
(ICSD) and from reference samples of the binary oxides
grown under similar conditions. The combinatorial XRD
mapping of the sample grown at 297 °C is shown in Fig. 8.
The RS/WZ phase-boundary compositions were obtained
by the “disappearing phase method” [24], and the data
points and error bars (standard deviation) shown in
Fig. 1(b) were determined by sampling of the results from
six compositional libraries. The optical spectra were
mapped in the 300-2000-nm range using a fiber-optics-
based spectrometer with normally incident angle of light
generated by deuterium and tungsten-halogen light sources
and collected using Si and InGaAs detector arrays. The
measured transmittance (7)) and reflectance (R) spectra
were converted into the absorption coefficient a using the
relationship @« = —In[T/(1 — R)]/d, where d is the film
thickness. The Tauc plot for the measured absorption
spectrum (cf. Fig. 2) for the composition x = 0.5 is shown
in Fig. 9. Fitting the linear portion of (aE)? yields a band
gap of 2.29 eV. The measurements of the electrical
conductivity were carried out using a four-point probe
mapping method.

7. Single-composition samples
for Hall measurements

Ga-doped single-composition samples (x = 0.48 and
x = 0.75) with a thickness of 130 nm were grown from
the same targets as above, using rotating 1” x 1” substrates.

-2 ] - P B
2.0 2.5 3.0 3.5

Photon energy (eV)

FIG. 9. The Tauc analysis of the experimentally measured
absorption spectrum for Mng sZny 5O (cf. Fig. 2).

The compositional homogeneity was confirmed by XRF
measurements. Using temperature calibration of the
single-composition setup, the temperature was adjusted
to 297°C, i.e., the same growth temperature as for the
results shown in Figs. 2(b), 3 and 8 for combinatorial
samples. Otherwise, the PLD parameters are identical to
those described above. The single-composition samples
were characterized using an Accent HL5500PC Hall-effect
measurement system.

8. Photo-electrocatalytic characterization

The devices for photo-electrocatalytic characterization
were fabricated by deposition of single-composition (x =
0.51)Mn;_,Zn,O samples on FTO glass substrates at a
growth temperature of 397 °C. The electrochemical mea-
surements were performed using a CH Instruments 660 A
electrochemical analyzer with a conventional three electro-
des system that consists of a platinum foil as a counter
electrode, an Ag/AgCl (with saturated KCl) reference
electrode, and the MnZnO/FTO working electrode. The
electrolyte was a 0.5 mol/L K,SO, solution with a pH 10.
A 250-W tungsten lamp solar simulator from Newport
Instruments was used as a light source (calibrated to global
AML.S intensity with a reference cell). The samples were
illuminated from both the front and back sides of the
MnZnO photoelectrodes using a light chopper. An insulat-
ing epoxy was used to cover the margins of the MnZnO/
FTO/glass structure.
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