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Abstract: LaCuOSe is a wide band gap (~2.8 eV) semiconductor with unique optoelectronic properties,
including room-temperature stable excitons, high hole mobility ~8 cm?/(Vs), and the capability of high-
density hole doping (up to 1.7 x 10%' cm~2 using Mg). Moreover, its carrier transport and doping behaviors
exhibit nonconventional results, e.g., the hole concentration increases with decreasing temperature and
the high hole doping does not correlate with other properties such as optical absorption. Herein, secondary
ion mass spectroscopy and photoemission spectroscopy reveal that aliovalent ion substitution of Mg at the
La site is not the main source of hole doping and the Fermi level does not shift even in heavily doped
LaCuOSe:Mg. As the hole concentration increases, the subgap optical absorption becomes more intense,
but the increase in intensity does not correlate quantitatively. Transmission electron microscopy indicates
that planar defects composed of Cu and Se deficiencies are easily created in LaCuOSe. These observations
can be explained via the existence of a degenerate low-mobility layer and formation of complex Cu and Se
vacancy defects with the assistance of generalized gradient approximation band calculations.

I. Introduction

In the past decade, wide gap oxide semiconductors have been
intensively studied due to their unique optoelectronic functions.
For example, Sn-doped 1n,O; (ITO) exhibits high electrical
conductivities, which are compatible with high transparency in
the visible light region,* ZnO is expected for an emitting layer
for blue near-ultraviolet light-emitting diodes (LEDs) due to
its room-temperature stable excitons, > and a complex amor-
phous oxide, InGaZnQ,, has been applied to high-performance
and transparent thin-film transistors (TFTs),* which are antici-
pated as a replacement for the amorphous silicon TFTs currently
used in flat-panel displays. Among these applications, ITO has
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been used as a transparent anode (i.e., a hole-injection electrode),
particularly in organic LEDs (OLEDs). Although ITO is an
n-type conductor, it is used due to the absence of a transparent
p-type anode material exhibiting an electrical conductivity and
optical transparency comparable to those of 1TO. We proposed
that a wide gap p-type semiconductor would be a more suitable
anode layer for OLEDs because the Fermi level (Ef) deepens
for p-type semiconductors as the hole concentration increases,
which should realize lower hole injection barriers as well as
lower contact resistances. Because LaCuOSe is awide gap (Eg
~ 2.8 eV) p-type semiconductor® and Mg doping can achieve
high-density hole doping up to 1.7 x 10?* cm~3,° it should be
suitable as a wide gap p-type anode layer. Indeed, applying
LaCuOSe:Mg epitaxial thin films as the anode layersin OLEDs
has yielded arather low hole injection barrier (~0.3 eV).” More
recently, similar works have extended this strategy to include
copper selenide grown at room temperature®® and BaCuFSe'®**
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because their valence band maximum (VBM) structures are
similar to that of LaCuOSe and are composed of antibonding
states of Cu 3d and Se 4p admixed orbitals.*? ¢

Although we demonstrated that LaCuOSe can be applied to
optoelectronic devices such as OLEDs’ and excitonic blue
LEDs,* the carrier transport/doping mechanism is not com-
pletely understood. Several contradicting electronic/optical
properties and electronic structures have been observed. (1)
Nominally undoped LaCuOSe exhibits a relatively high p-type
conduction with hole concentrations up to 3 x 10%° cm=3*®
and its temperature dependence of the Hall effect exhibits an
abnormal behavior in which the hole concentration increases
as the temperature decreases in the low-temperature region. (1)
A Burstein—Moss (BM) shift**2° does not appear in the optical
absorption (band filling effect) in LaCuOSe epitaxial thin films,
even for highly doped LaCuOSe:Mg films (above 1 x 10%
cm~3),° athough a BM shift is common for other oxide
conductors such as ITO* and amorphous InGaZnO,.%* (I11)
Doped LaCuOSe:Mg thin films exhibit a somewhat strong
subgap optical absorption, which extends from the absorption
edge in the range of 2.0—2.8 eV. (1V) Free hole absorption
analyses provide a heavy effective mass value of 1.6me (me
denotes the rest mass of electron), but the dispersion of the VBM
band obtained by density functional theory (DFT) gives amuch
smaller value of ~0.3m.® (V) As discussed later, the Mg
concentrations in heavily doped LaCuOSe:Mg thin films are
too low to explain the free hole concentrations obtained by the
Hall effect measurements. However, a high hole density has
been attained only by Mg doping for thin films and not other
aliovalent ion doping such as Sr and Ca. Therefore, a simple
rigid-band model where mobile holes are generated by substitut-
ing Mg ionsfor Lasites, which are then injected into the valence
band (VB), cannot explain these contradicting results.

Herein, we first discuss the anomalous temperature depen-
dence of the hole concentration using the coexistence of alow-
mobility degenerated layer. Then the origin of hole doping is
discussed based on the experimental results from near-infrared
ultraviolet optical spectroscopy, hard X-ray photoemission
spectroscopy (HX-PES), secondary ion mass spectroscopy
(SIMS), and high-resolution transmission electron microscopy
(HR-TEM). These results are inconsistent with substitution of
aliovalent Mg ions at La sites as the source of hole doping but
do suggest formation of complex Cu and Se defects in
LaCuOSe. DFT calculations are used to elucidate stable defect
structures, formation energies, and density of states (DOSS).
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These calculations are then employed to identify the origins of
hole doping and the subgap optical absorption.

Il. Experiments and Calculations

I1.1. Fabrication and Characterization of Thin Films. Epi-
taxial thin films of nominally undoped (~100 nm thick) and Mg-
doped (~100 and ~40 nm thick) LaCuOSe were prepared on MgO
(001) single-crystal substrates via reactive solid-phase epitaxy (R-
SPE).?> Amorphous LaCuOSe films were initially deposited on a
sacrificial Cu layer (~5 nm thick)/MgO (001) substrate. The
obtained bilayer films were crystallized at 1000 °C in evacuated
silica glass ampules. Solid-phase epitaxial growth converted the
bilayer into epitaxial films of LaCuOSe with the assistance of the
sacrificial Cu layer. Cu and amorphous LaCuOSe films were
deposited by pulsed laser deposition (PLD) using polycrystalline
disk targets of metal Cu, undoped LaCuOSe, and Mg-doped
LaCuOSe with achemical composition of LaygMgy,CuOSe. Details
of the film preparation procedure and crystalline qualities are
reported elsewhere.#232°

The carrier transport properties (carrier concentration, Ny, and
Hall mobility, unar) were examined by the Hall effect measurements
in a temperature range of 30—300 K using the van der Pauw
configuration under ac modulation of a magnetic field (model
RESITEST 8300, Toyo Co.).

The optical transmission (Tqps) @nd normal reflectance (Rops)
spectra were measured at room temperature in the ultraviolet to
near-infrared region with a conventional spectrophotometer (model
U-4000, Hitachi Co.). The absorption coefficients (o) were evalu-
ated from T and Ry using the relation Tepd/(1 — Ryps) =
exp(—ad), where d denotes the film thickness to correct the
reflection loss.?”

HX-PES was used to observe the VB electronic structures
because a high-energy X-ray source is more sensitive to the deeper
bulk region than conventiona soft X-ray PES, i.e., HX-PES data
is less affected by surface states and contamination.?® The HX-
PES measurements were performed at room temperature in beam-
line BL47XU (excitation energy = 7940 eV) at SPring-8. The
kinetic energies obtained were calibrated by the Er of a gold
reference.

The chemical compositions of the films were determined by
SIMS (IMS-6F made by CAMECA) using O," as the primary ion
source. Polycrystalline disks of LaCuOSe and LaygMgo,CuOSe,
which were the PLD targets, were employed as standard samples
to convert the secondary ion signals into atomic ratios.

Cross-sectiona microscopic observations were performed by HR-
TEM (model JEM-4010, JEOL Ltd.). Additionally, we also used a
scanning transmission electron microscope (STEM) (model JEM-
2100F, JEOL Ltd.) equipped with a spherical aberration corrector
to achieve atomic resolution. High-angle annular dark-field (HAADF)
observations were made using a ~0.1 nm probe. During HAADF
imaging, the probe convergence angle and HAADF collection angle
were about 22 and 80—220 mrad, respectively. The TEM samples
were prepared using a standard method, which employed mechan-
ical grinding, dimpling, and Ar ion milling. To avoid damage due
to electron irradiation during TEM observations, we carefully
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(a)

Figure 1. (&) 3 x 3 x 1 LaCuOSe supercell model is used as the base
model for the defect calculations. (b—i) Defect models in the CuSe layer.
(b) Vey x 2. (c) Vou x 3 (linear) (three V¢, aligned linearly along the
[110Q] direction). (d) Vcy x 3 (triangle) (three V¢, form aright triangle).
(e) Veu x 4 (four squared Cu ions are removed). (f) Se and a bonding Cu
ion are removed. (g) Se and two bonding Cu ions are removed. (h) Se and
three bonding Cu ions are removed. (i) Se and four bonding Cu ions are
removed.

verified the specimen condition and confirmed the reproducibility
of the results.

I1.2. Ab Initio Calculations. DFT periodic calculations were
performed using the VASP code®® with the projector augmented
wave (PAW) method®®3* and PBE96 generalized gradient ap-
proximation (GGA) functionals. To investigate the equilibrium
structures and formation energies of dopants and defects in
LaCuOSe, variable-cell relaxation calculations were performed for
the following models: a stoichiometric cell model, doping models,
point-defect containing models, and complex defect models. The
base structure was a stoichiometric model possessing a (LaCuOSe),
conventional tetragonal unit cell.* The other models employed 3
x 3 x 1 supercells composed of (LaCuOSe);; as the base model
(Figure 1a). The doping models were built by substituting an
alkaline-earth ion (AE = Mg, Ca, and Sr) for aLaion (LaCuOSe:
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Figure 2. Temperature dependences of the carrier transport properties of
nominally undoped LaCuOSe epitaxid films. (a) Carrier concentration (Nya;)
and (b) Hall mobility (uwai). Error bars indicate standard errors of the Hall
voltages. Red solid curves are the fitting results of the two-layer model,
while blue dashed curves are those of the bulk region extracted from the
two-layer model analysis.

AE, La;AECu;50:8Sei). The point-defect models included a
monovacancy of a constituent ion (La;7Cu;g0:8Se1s for Vi,
LaygCuy70:58ers for Ve, LagCuigOi7Sers for Vo, and LaysCuig-
O15Sey7 for V) or an anion substitution defect (LaygCuyg010S€17
for Ose and LaygCu;50:17Se9 for Sep). The complex defect models
included clusters of V¢, where the number of V¢, (X) varied from
1t04 (Vcy x X) (Figure 1b—e) as well as clusters of V¢, and Vs
where the number of V¢, varied from 1 to 4 while that of Vs was
fixed at 1 (Vcu X X + V) (Figure 1f—i).

Quantum mechanically stable structures were obtained by
optimizing the lattice parameters and atomic positions of the
structure models so as to take the minimum total energies. To
calculate formation energies of the defects (Erom), the self-consistent
field (SCF) total energies of the most stable elementary crystals
were calculated for La, Cu, Se, Mg, Ca, and Sr after variable-cell
relaxation. For O, the SCF total energy of the gas-phase O, was
calculated for an O, molecule in alarge cubic unit cell with alattice
parameter of 1.5 nm by a gamma point only periodic calculation
after optimizing the O—0O bond length. DOSs were cal cul ated based
on the relaxed structures. All DOSs were compared by normalizing
the energy axis using the peak energies of the deep La 5s state at
ca —32¢eV.

Ill. Results

I11.1. Anomalous Temperature Dependence of the Hole
Concentration. Highly doped films with nyg > 1 x 10%° cm™3
exhibited degenerate conduction due to the high carrier con-
centrations (see Figure S1 in the Supporting Information),58
i.e., both nya and una were nearly independent of temperature.
In contrast, for nominally undoped epitaxial films with nyy =
2.5 x 10% cm3, nyy increased as the temperature increased
above 120 K (Figure 2). These observations are reasonably
explained by thermal excitation of the holes from the acceptor
level. However, these films exhibited an anomalous behavior
in the lower temperature region where nya increased as
temperature decreased. Similar behaviors have been reported
for other wide gap semiconductors such as GaN**"% and
Zno-36738
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Look et a.® explained this anomay by assuming the
coexistence of a thin degenerated layer with a small mobility
(atwo layer model). Following their procedure, the observed
Uran @nd Ny can be expressed as

/"bulk(T)znbulk(T) + ﬂgnz
Huk(MNoui(T) + 1o,

[ (NN (T) + 12,0)?
Houd TNy (T) + 11,

where upyk(T) and u, are the Hall mobilities and ny(T) and n,
are hole concentrations. The subscripts bulk and 2 indicate the
bulk layer and the thin degenerated layer, respectively. In this
model, observed Hall voltages are governed by the bulk layer
at high temperatures because upk(T) and ny(T) are larger than
2 and n, while the thin layer becomes dominant at low
temperatures because npyk(T) becomes very small, giving rise
an anomalous behavior in carrier density. The temperature
dependences of upuk(T) and Npyk(T) were modeled based on the
summation law of mobility and a single-acceptor level model,
respectively

Upal(T) = @)

Ny (T) = %)

1 _ 1715+ 171+ 1 n 11+ 115
o) gy T8 T HeT' poaT' sT
(©)
Na
Moui(T) = E —E )
1+ exp(—A F)
KT

where ug (i = 1, ..., 5) are constant prefactors, Ny is the acceptor
concentration, E, is the acceptor level, and k is the Boltzmann
constant. ¢, and n, were assumed to be temperature independent.
The Er was determined by the charge neutrality condition under
agiven temperature. The parameters o, Na, Ea, 12, and n were
determined by the least-squares method so as to reproduce the
observed temperature dependences of pyqi(T) and npa(T).

Figure 2 (red solid curves) shows thefitting results, indicating
that the two-layer model well explains the observed temperature
dependences of una and nua including the anomalous region
< 120 K (symbols). The two-layer model yielded Ny = 4.1 x
10" cm™3, Ex = 8 meV, and upx a room temperature of 13
cm?(V s) (the blue dashed curves in Figure 2 depict the
extracted upuk(T) and nuuk(T)). The mobility and sheet hole
concentration of the thin degenerated layer were 4.8 cm?/(V s)
and 3.2 x 10% cm™2, respectively. Assuming a 1 nm thick layer,
the sheet hole concentration corresponds to a volume concentra-
tion of 3.2 x 10% cm™3,

I11.2. Rigid-Band Model or Impurity Band Model. Figure
3a shows the optical absorption spectra of LaCuOSe epitaxial
films with different carrier concentrations of nyy = 2.5 x 10%°
to 1.7 x 10?%* cm™2 at 300 K. The nga = 2.5 x 10" film
(nominally undoped sample) showed an optical absorption edge
at ~2.8 eV. All films exhibited two peak shoulder structures
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4412.

(37) Li, L.; Shan, C. X.; Wang, S. P,; Li, B. H.; Zhang, J. Y.; Yao, B;
Shen, D. Z.; Fan, X. W.,; Lu, Y. M. J. Phys. D: Appl. Phys. 2009, 42,
195403.

(38) Katase, T.; Nomura, K.; Ohta, H.; Yanagi, H.; Kamiya, T.; Hirano,
M.; Hosono, H. Cryst. Growth Des. 2010, 10, 1084.

Wavelength (um)

@) 215 1 05 (b)
4 Ll 1 Ll L
o | =10
TE ——1020¢m3
© 3 =
S —10*'em3 A
8 o
[+] 2 'E‘
3 2
[
g | E
S
g 1
0 i 1 i i
;| 2 3 20 15 10 5 0

Photon energy (eV) Binding energy (eV)

Figure 3. (&) Optical absorption spectra of LaCuOSe epitaxial films with
carrier concentrations of Ny = 2.5 x 10°t0 1.7 x 10% cm™3: (black line)
100 nm thick nominally undoped LaCuOSe (nyg at 300 K = 2.5 x 10%°
cm™3), (red ling) 100 nm thick LaCuOSe:Mg (2.2 x 10 cm™3), and (blue
ling) 40 nm thick LaCuOSe:Mg (1.7 x 10% cm™3). (b) HX-PES spectra of
nominally undoped (2.5 x 10%° cm™3, red ling) and Mg-doped (1.7 x 10%
cm~3, blue line) LaCuOSe films around the VB region. Energy is measured
from the Fermi energies of the LaCuOSe films.

just above the absorption edge (denoted A). These peaks
originated from room-temperature stable excitons, and they were
split by a spin—orbit (SO) interaction in the Se ions.***
Nominally undoped LaCuOSe displayed a weak and broad
absorption below the absorption edge (denoted B, subgap
absorption), where the absorption became more intense as Ny
increased. We performed optical model analyses using two
Lorentz oscillators, which peaked at 2.75 and 2.5 €V, to obtain
the fNe values (f denotes the oscillator strength, and Ne is the
concentration of electrons contributing to the absorption band).®
The estimated values were fN. = 7 x 10'° cm™2 for the npa =
2.5 x 10 cm2film, 6 x 10%° cm3 for the 2.5 x 10?° cm™3
film, and 9 x 10%° cm™2 for the 1.7 x 10% cm2 film. The fN¢/
Nar ratio drastically changed from 2.8 to 0.53, implying that
the intensity of the subgap absorption band B is positively
correlated to nyy but is controlled by more than nyy.

The absorption bands in the near-infrared region < 1.5 eV
(denoted ‘C’) were assigned to free carrier absorption (FCA).
FCA analysis of the nyy = 1.7 x 10? cm™2 film using the
Drude—Lorentz model clarified that the plasma frequency and
momentum relaxation timewere 1.8 x 10®°s *and 4.2 x 10°%°
s, respectively. Using the carrier concentration obtained by Hall
measurement (Ny = 1.7 x 10% cm~3), the estimated effective
mass was my* ~1.6 m.. On the other hand, the DFT calculations
with a SO interaction gave a much smaller value of ~0.3 m, at
VBM.® The observed m,* may reflect the curvature of the VB
band at a deep energy because the LaCuOSe:Mg film is heavily
doped with a deep Er and the VBM of LaCuOSe is largely
distorted from the parabolic shape.**'* However, the experi-
mental resultsimplied that the locations of the absorption edge
at ~2.8 eV and the exciton absorption peaks (A) did not shift
even when Ny increased up to 1.7 x 10%* cm™3, i.e, a BM
shift was not observed. For a rigid-band scheme of a heavily
doped p-type semiconductor, Er deepens with increasing nya
and the optical band gap should increase. The BM shift was
estimated to be as large as 0.3 eV for nyy = 1.7 x 10* cm™3
and my* = 1.6m.. Hence, the simple rigid-band model isinvalid
for LaCuOSe:Mg.

The HX-PES spectra in Figure 3b demonstrated that heavy
hole doping at Ny = 1.7 x 10?* cm™2 did not alter the VB
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Figure 4. SIMS depth profiles of LaCuOSe epitaxia films: (a) nominaly
undoped film (nyar = 2.5 x 10 cm~3) and (b) LaCuOSe:Mg film (1.7 x
10% cm™3). Origin of the depth corresponds to the film surface, and the
chemical compositions are normalized by that of La in the atomic ratio.

structure and the position of Eg. This result was consistent with
the absence of a BM shift. Therefore, we concluded that the
holes are not doped in the VB of the stoichiometric LaCuOSe
but that acceptor bands form just above the VBM.

111.3. Mg Doping and Hole Concentration. Next, we mea-
sured SIMS depth profiles to determine the chemical composi-
tions of LaCuOSe films. Figure 4 shows the obtained atomic
ratios normalized by that of La (the atomic ratios are expressed,
e.g., by [La]). Although accurately determining the absolute
compositions is difficult using SIMS, the nominally undoped
sample (npar = 2.5 x 10'° cm™3, Figure 4a) exhibited a distinct
trend. The Cu and Se concentrations were lower than those in
the polycrystalline bulk LaCuOSe, which was used as the
calibration reference, suggesting that the off-stoichiometry of
Cu and Seis related closely to high-density hole doping even
in anominally undoped film. Such Cu and Se deficiencies were
also observed for aheavily hole-doped LaCuOSe:Mg film (nya
= 1.7 x 10?* cm™3, Figure 4b).

The [Mg]/[Ld] ratio in the LaCuOSe:Mg film was much lower
(IMg]/[La] ~ 1%) than the chemical composition ([Mg]/[L&]
= 20%) of the PLD target. Assuming that mobile holes are
generated by substitution of Mg?t at the La®" sites and all
acceptor states are activated, [Mg] = 10% is required to explain
the observed nyy value of 1.7 x 10?* cm™3. However, the [M]
value obtained by SIMS was smaller by an order of magnitude.
Thus, the possibility that mobile holes are generated from the
aliovalent substitution of Mg at the La sites could be excluded.
The low Mg concentration in the epitaxial films may be a
consequence of the postdeposition thermal crystallization em-
ployed in the R-SPE process, which eliminated Mg impurities
in the films. This assertion is reasonable because the crystal-
lization process in R-SPE is similar to that in the zone-refining
method.*® Hence, the Mg impurities diffused to the film surface
and evaporated under a vacuum. The slight increase in the Mg
concentration observed near the film substrate interface (Figure
4a and 4b) is thought to be due to the in-diffusion from the
MgO substrates. Remembering the successful hole doping by
CalSr substitution at La sites in the bulk samples,® the Mg-
doping effect is specific to the thin films. These observations
indicate that the role of Mg doping is akinetic one not athermal
equilibrium because most of the Mg ions were wiped out in
the highly doped films.

I11.4. Planar Defects Observed by Electron Microscopy.
Figure 5 shows cross-sectional HR-TEM images of a heavily
doped LaCuOSe:Mg epitaxial film (nya = 1.7 x 10%* cm™3),

(39) Pfann, W. G. Zone Melting, 2nd ed.; John Wiley & Sons Ltd: New
York, 1966; ISBN: 0471685100.
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Figure 5. (a) HR-TEM image of LaCuOSe:Mg film (nya = 1.7 x 10*
cm~®). (b) Magnified STEM-HAADF image around a planar defect.
Horizontal black arrows indicate planar defects. (c) Intensity profile taken
from the square region in the STEM image.

which clearly shows a layered contrast originating from the
crystal structure composed of LaO and CuSe layers (Figure 5a)
as well as two planar defects (indicated by the horizontal
arrows). Figure 5b and 5c¢ shows a STEM-HAADF image and
the intensity profile of a selected area that includes the defect,
respectively. The signd intensity in HAADF imaging is known
to be roughly proportional to the square of the atomic number
Z, which provides a high-contrast image for LaO, CuSe, and
defect layers. Clear periodical signals corresponding to the LaO
and CuSe layers (Figure 5 c) were observed, but the signals
became very weak in the defect region corresponding to the
CuSe monolayer. These observations indicated that the planar
defect is composed of Cu and Se deficiencies, which is
consistent with the SIMS result (Figure 4b). We note that such
defects were also generated during the HR-TEM observations,
suggesting that the actual density would not be as high as that
observed in the present HR-TEM images. However, we can
safely say that the planar defects due to Cu and Se deficiencies
are easily created in LaCuOSe:Mg films and a very possible
source of the hole doping.

IV. Discussion

IV.1. Doping of AE lons (AE = Mg, Ca, Sr). To examine
the above experimental results, we performed DFT calculations.
First, AE doping (AE = Mg, Ca, and Sr) at the La sites was
examined. Figure 6a shows Er,m for the AE substitutions in
LaCuOSe. The Erym vaues were estimated based on the
chemical reactions of (LaCuOSe);s + AE (crysta) —
Lay7AECu150:8Seis + La (Cryﬁa') All the Erorm values were
positive, indicating Mg doping is most unstable among these
AE dopings. Here, we note that although we attempted aliovalent
ion doping other than Mg, even Ca and Sr doping could not
achieve the high-density hole concentrations above 1 x 10%°
cm~3.*® Therefore, Mg doping is not likely the origin of the
high-density hole doping, which is consistent with the low Mg
concentration in the highly doped (1.7 x 10?* cm™3) film
observed by SIMS (Figure 4b).

IV.2. Point Defects. We then calculated Erom, Of the point
defects (Figure 6b). Similar chemical reactions to those above
were assumed. For example, for the anion substitution models
(Seo and Ose CaseS), (LaCuOSe)lg + Se— Lalgculg(OﬂSE)Selg
+ 1/202 and (LaCuOSe)lg + 1/202 - Lalgculgolg(seﬂO) +
Se were, respectively, employed. For V¢, (LaCuOSe);s —
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Figure 6. Erom Of the AE doping (AE = Mg, Ca, and Sr) at the Lasite (a)
and point defects (b). (c) DOSs of the point-defect models. Arrows indicate
the additional states upon introducing defects. Energy is aigned by La 5s
at ca. —32 eV, and its origin corresponds to VBM.

LaygCu;70:8Se15 + Cu (crystal) was employed, which is similar
to those for other monovacancies. Erym, Of the Sep substitution
defect was very large, ~6 eV, while that of Os. was negative,
indicating that Se ions are easily substituted by O ions if the
synthesig/film growth atmosphere is oxygen rich, but substitution
of a Seiion for an O ion would not occur even in an oxygen-
poor atmosphere due to the large Erom Of Sep. The large Erom
of Sep is understood because the ion radius of S~ (198 pm)
is much larger than that of 0%~ (142 pm),*® which requires large
displacements of the coordinating Cu and La ions, while
formation of the Os, substitution only requires displacement of
the O ion from the original Se site to a position closer to Cu. In
addition, O—Cu and O—Labonds are stronger than Se—Cu and
Se—La bonds, which also contribute to the large Erom Of Seg
and the negative Erym Of Ose.

Among the monovacancies, only the Erym Of V¢, Was close
to zero, whereas those for other vacancies were positive and

(40) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751.

larger than 2 €V, indicating that V¢, is easily or even
spontaneously created in LaCuOSe. As shown in Figure 6¢, V4
and V¢, can work as shallow acceptors because Er is located
below the VBM of stoichiometric LaCuOSe (hereafter denoted
VBMy). This result can be understood by considering the typical
defect reaction of LaCuOSe — M° + V"™ + nh* (M = Cu
and La). In particular, it has been proposed that V¢, isthe main
origin of hole doping for other copper-based oxides, including
Cu,0 and CuAlO,.**~* For the anion vacancies, Vo shifts Er
closer to CBM but deep occupied states are formed (thick
vertical arrow in Figure 6¢. Note that DFT underestimates the
bandgap values, and the absolute energy values from the CBM,
of the in-gap states are not accurate.). However, Vs, does not
change Er, and the deep occupied states are formed below the
VBM (indicated by the left arrow). It is almost consensus that
Vo forms in the deep occupied states in wide gap oxide
semiconductors such as ZnO* and InGazn0,*%*” where the
electrons released from formation of an oxygen vacancy are
trapped at Vo Sites because Vo has rather large free spaces.
This view explains why Vg has a larger free space and forms
the very deep trap states even below the VBMo. Moreover, Sep
and Os. do not shift Er because their forma charges remain
the same (—2), and these substitutions do not require extra
charges to be generated. Considering that Erom Of V4 is very
large and Er of V¢, and V| , are deeper than the VBM,, we can
conclude that V¢, is the only possible origin for hole doping
among these point defects. Ose, Vs, and Vo are candidates to
explain the observed optical absorption because they form extra
states below the conduction band minimum (CBM) of stoichio-
metric LaCuOSe (CBMy).

IV.3. Complex Defects. Additionally, we examined complex
defects. Figure 7 shows DOSs and Eror, Of the clusters of V.
As the number of V¢, (X) clusters increased, Er shifted to a
deeper energy and the hole concentration increased. Similar to
the single V¢, case, the subgap states did not form in all cases.
Moreover, Erom per vacancy (Erom/X) increased as the number
of V¢, increased, but these values are less than 0.5 eV, indicating
that monovacancies are most easily formed but other V¢,
complexes can also be created if x is small.

Figure 6b indicates that Erom, Of Vo, and Vs are the smallest
among the point defects. Additionally, we implied that V¢, can
explain p-type doping, whereas Vs, can explain the subgap
absorption as observed in Figure 6¢. The SIMS and STEM
results for aheavily doped film indicate that the sample involves
planar defects of V¢, and Vs.. Hence, we considered complex
defects around a Seion, Vg, x X + Vs (X = 1—4) (Figure 8).
In these complex vacancies, Erom Values were estimated using
the following reaction: (LaCuOSe)15 — LaygCuigxO1sSe17 + XCu
(crystal) + Se (crystal). Among these defects, defects with x =
1, 3, and 4 worked as shallow acceptors because their Er are
located below VBM,. Except for x = 4, these complex defects
explain subgap absorption because these form subgap states,
which are denoted by the right vertical arrows near the CBM

(41) Nolan, M.; Elliott, S. D. Phys. Chem. Chem. Phys. 2006, 8, 5350.

(42) Reebiger, H.; Lany, S.; Zunger, A. Phys. Rev. B 2007, 76, 045209.

(43) Nolan, M. Thin Solid Films 2008, 516, 8130.

(44) Tate, J; Ju, H. L.; Moon, J. C.; Zakutayev, A.; Richard, A. P.; Russell,
J; Mclntyre, D. H. Phys. Rev. B 2009, 80, 165206.

(45) Oba, F.; Nishitani, S. R.; Isotani, S.; Adachi, H.; Tanaka, . J. Appl.
Phys. 2001, 90, 824.

(46) Omura, H.; Kumomi, H.; Nomura, K.; Kamiya, T.; Hirano, M.;
Hosono, H. J. Appl. Phys. 2009, 105, 093712.

(47) Kamiya, T.; Nomura, K.; Hirano, M.; Hosono, H. Phys. Status Solidi
C 2008, 5, 3098.
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Figure 7. (a) DOSs of LaCuOSe: V¢, x X (x = 0—4) models. For
comparison, that of stoichiometric LaCuOSeis shown &t the bottom. Energy
isaligned by Lab5s at ca. —32 eV, and its origin corresponds to VBM. (b)
Erorm and Ergrm/X (Erorm per Vey) of LaCuOSe: Vg, x X (X = 1—4) models.

in Figure 8a. Erom per vacancy (Erom/ (X+1)) was less than
0.5 eV for large complex defects of x = 2—4, indicating that
these defects easily form in LaCuOSe. Although V¢, x 2 +
Vs has a negative Eromm Vaue, it cannot explain hole doping
because it is a charge-neutral defect and Er is located at the
VBM.
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(x = 1—4) models. Arrows denote the additional states upon introducing
defects.

IV.4. Relation between Defect Models and Relevant
Properties. Next, we analyzed the observation results of (1) the
absences of a BM shift and Er shift, (I1) hole doping, (I11)
formation of the acceptor band above VBM (Figure 3b), and
(IV) subgap optical absorption (Figure 3a). The schematic
energy structure in Figure 9a shows that hole doping must result
in the upper shift of the optical absorption edge, the disappear-
ance of the exciton peaks, and the down shift of Er if the band
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Figure 9. Electronic structure models for LaCuOSe:Mg: (a) simplerigid-
band model, (b) acceptor band model, and (c) near-conduction band subgap
state model. Table 1 summarizes the corresponding defect models. Closed
and open symbols show the occupied and unoccupied states, respectively.

Table 1. Summary of DFT Results for Point- and Complex-Defect
Models?®

defect model Erom/(x+1) (eV) hole doping acceptor band  subgap absorption
Sep +6.0 no no no
Ose -0.2 no no yes
Via +7.3 yes no no
Veu —-0.0 yes no no
Vo +6.7 no no yes
Vs +2.5 no no yes
Veu+ Vee +1.4 yes yes yes
Veux 2+ Ve —-04 no yes yes
Vey X 3+ Ve +0.5 yes yes yes
Veux 4+ Vs +0.4 yes yes no

& Columns of ‘hole doping’, ‘acceptor band’, and ‘subgap absorption’
indicate whether the calculated DOS of the corresponding model can
explain the experimental results.

structure is rigid and the holes are doped into the VB of
stoichiometric LaCuOSe. However, these expectations do not
match the experimental results. The observations along with a
high hole conductivity are consistently explained by the acceptor
band model asillustrated in Figure 9b, but this model does not
explain the subgap optical absorption because the acceptor bands
are unoccupied states above Er and the lowest energy optical
transition should occur from VBMg to CBM,. Therefore,
additional unoccupied subgap states must exist below CBM,
with an acceptor band above VBMy as illustrated in Figure 9c.

To reproduce the electronic structureillustrated in Figure 9c,
the DOS of the appropriate defect model must satisfy the
following features. (I) The VB of the defect model should have
unoccupied states to explain the hole doping. (1) The VBM of
the defect model should be higher than that of stoichiometric
LaCuOSe to explain the acceptor band above VBM. (I11) Subgap
states should appear in the bandgap close to CBM, to explain
the subgap optical absorption.

Table 1 summarizes these results as well as the calculated
formation energies. It shows that hole doping is explained by
V- or V gcontaining defects, including V¢, clusters, but V4
is excluded because its Erqm is very large. Ose, Vo, and Vs
can explain the subgap optical absorption, but Vo is excluded
due to the large Erorm. The complex defects of V¢, + Vs and

Veu x 3+ Ve can explain all the result, while the Erym values
are small but positive. Among all the defects examined, V¢, x
2 + Vg has the smallest Ero/(x + 1) of —0.4 €V and would
be formed most easily in LaCuOSe; however, it does not explain
hole doping because Er is located at VBM. Considering these
results, we conclude that multiple types of defects such as V¢,
x X + Vg and V¢, clusters coexist in LaCuOSe. Due to
limitations of the model size, herein we considered small defects
composed of several ions. Asobserved inthe HR-TEM in Figure
5, the influence of extended planar defects composed of V¢,
and Vs should also be important for a deeper understanding of
carrier transport and doping in multicomponent semiconductors.

V. Conclusions

The hole transport properties and doping mechanisms in
nominally undoped and Mg-doped LaCuOSe were examined
to explain the observed electronic/optical properties, which
appear contradictory within the framework of a simple rigid-
band model (Figure 9a). The main origin of heavy hole doping
up to 1.7 x 10% cm2 is the off-stoichiometry of Cu and Se
and not Mg doping at the Lasites. This conclusion is consistent
with the chemical composition analysis and electron microscopic
observations. However, our experience suggests that addition
of Mg is necessary to obtain such high-density hole concentra-
tionsabove 1 x 10%° cm3. Thus, we hypothesi ze that the added
Mg ions enhance creation of Cu and Se deficiencies while these
are diffused through the LaCuOSe layer during the thermal
crystallization process of R-SPE. Ab initio calculations on
defect-containing models also support the above conclusion and
further indicate that complex Cu and Se defects explain the
absence of a Burstein—Moss shift because an acceptor band is
formed just above the valence band maximum (Figure 9b)
whereas the subgap optical absorption is due to the subgap states
formed below the conduction band minimum (Figure 9c).
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