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In this study, we explored the fundamental problem of defect formation in Guth@ugh first-
principles DFT calculations. All kinds of point defects were first examined in their neutral states, and
then several defects with relatively low formation energy at neutral state were studied in all possible
charge states. As a first systematic point defect study on Gui® work found that the p-type intrinsic
point defects are more abundant and the defect levels are shallower than the n-type ones. There is hence
asymmetry of p- vs n-type in terms of intrinsic doping. Our study not only enhanced the understanding
of the fundamental electronic structures of CujriiDt also provided practical guidance to the development
of CulnO,-based devices.

1. Introduction Experimenters have their hands tied in defect physics
studies due to the difficulty of detecting defects of trace
Transparent conductive oxides (TCOs) have band gapsamount or of small atomic number, both of which could be
above 3 eV and, typically, may be doped for either n- or trye in the defect study of delafossite oxides. With a neat
p-type conduction, but not both. Different explanatiomere  packing of hexagonal net layers of homoatoms, delafossites
proposed for this difficulty in bidoping. Among them was  gre not expected to accommodate a large amount of defects.
the cor_npensation effect ca_used by il_"ntrinsic point defects. Thjs js true especially for CuAland CuFe@when a small
According to the explanations, a wide band gap could yyglent cation occupies the center of the oxygen octahedral.
promote the formation of compensating intrinsic point defects |5 the case of Culng however, it was found that the
that always act to negate the effect of dopirig.general, a  structure could hold extra oxygen atoms in the lattiEsen

wide band gap semiconductor would tend to be n-type if 5o intrinsic defects other than extra oxygen are not reported
the dominant intrinsic point defects introduce full states near pitherto.

the gonduction bapd minimum (CBM) and 'be p-type if the A theoretical method is of special priority in the study of
dominant defects introduce empty electronic states near the

. .~ ~defect physics due to its superiority in control. However,
valence band maximum (VBM). Therefore, defect formation only two reports on the theoretical study of defect physics

mech_anlsms are_of fundamer_wtal Importance in the under'for the delafossite family are available, despite the mysterious
standing and design of new wide band gap semlconductors.p_type conductivity in the stoichiometric CuAICA prototype
Some delafossite TCOs, like CuAl@nd CuGa@ are  of delafossite TCO. Katayama-Yoshida et atudied the
intrinsically semiconducting without intentional doping. formation energy and impurity levels of cation vacancies and
Thus, it may be of great interest to study the intrinsic point selective dopant (B&, Mg?*, and C&") substitutes in
defects of this group of materials to understand their CuAlO, within the local density approximation (LDA). Their
properties. However, to the best of our knowledge, little calculation results suggesting copper vacancy,(énd Be
modeling work has been reported. dopant at the Al site (Bg) with lower impurity levels are
promising point defects for higher p-type conductivity.
* Corresponding author. Phone: 65-6419-1212. Fax: 65-6778-0522. However, the supercell employed in their study contained

E-mail: wuping@ihpc.a-star.edu.sg. . only 32 atoms, which is probably insufficient to avoid
T Institute of High Performance Computing. Zo i i )
National University of Singapore. artificial interaction between defects, on the basis of our
(1) Zhang, S. B.; Wei, S.-H.; Zunger, Rhysica B1999 273274, 976. i i
Laks D, B.. Van de Walle, C.G.: Neumark. G. F-. et@hys. Re, supercell size convergence test. The other theoretical r(_aport
B 1992 45, 10965. Chadi, D. J.; Chang, K.Appl. Phys. Lett1989 on th_e defect physics of this group of compounds was given
ﬁIS, 575.kJeGnk||:nPsh D. \F/{V.; LD(i\tNigégmegysisgg' F\l? 19889 39. D3317j by Nie et al® They calculated the formation energy for some
eumark, G. yS. Re. Lett. " . RrRen, s. Y., Dow, J. H : . . H
D.. Klemm, S.J. Appl. Phys1989 66, 2065. Mandel, GPhys.Rev. prlcal_ |.ntr|nS|c.defects (two vacant_:les;b/_and Vq, and one
1964 134, A1073. interstitial Cy) in CuGaQ. Comparing with their previous

(2) Zhang, S. BJ. Phys.: Condens. Matte2002 14, R881. Zhang,
S. B.; Wei, S.-H.; Zunger, APhys. Re. Lett. 200Q 84, 1232.
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Pang, S., Ed.; C&B Science Publishers: New York, 1999. Ferreira, (4) Katayama-Yoshida, H.; Koyanagi, T.; Funashima, H.; eébalid State
S. O.; Sitter, H.; Faschinger, W.; et dl. Cryst. Growth1995 146 Commun2003 126, 135.
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point defect calculations on ZnO, they found that the
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the number of atoms transferred, with the subscript denoting

formation of defects that are expected to be shallow acceptorsthe elementng,, nin, andng are positive if the atoms are

is much easier than that in ZnO, while the formation of the
compensating defects (or donor-like defects, likeavid Cu)
is harder for CuGa® They thus extrapolated that a great
reduction in self-compensation and lower acceptor formation
energy signal p-type conductivity in CUMD, compounds.
However, almost no calculation details or concrete data on
formation energy or defect levels were provided in Nie's
publication®

A lack of systematic study on the defect physics of this
group of material, possibly due to the complexity of the
problem for a ternary compound compared with ZnO, will
certainly hinder our comprehension on the underlying
mechanism of their unusual p-type electrical conductivity.
Moreover, despite the improved experimental work on
CulnQ,,35°9° few theoretical studies have been carried out
on this material, even compared with CuAlherefore,
our work aims to fill this void. In this paper, a systematic
theoretical study on the isolated defects in Culiggiven
with all intrinsic point defects being carefully examined. Our
goal is to identify the intrinsic point defect and to examine
the bipolar dopability in Culn@with first-principles theory.

The remainder of this paper is organized as follows. In
section 2, the methodology for point defect study in the first-
principles scheme is briefly introduced. As the structural

parameters of the conventional cell and the electronic band

structure and DOS of CulnQare the cornerstone of the
defect study, their calculations are shown in section 3.

transferred away from the cell and vice verga?, wi°, and

uo® are the standard chemical potentials of the three

components or the atomic total energies of the ground-state
Cu (fcc), In (tetragonal), and Qufoxygen).

A negatively charged defect can be obtained by adding
an electron to the defect from the electron reservoir (Fermi
level at 0 K) and vice versa. To obtain the formation energy
of a charged defect, total energy was calculated with four
cells: a supercell with a charged defedtq] of the total
energy EM~9(a,g), a defect supercell without introducing
extra charges BM(a,,g=0)], a perfect supercell without
introducing defects or extra charg&MCulnG)], and a
supercell free from defects but with one component atom
charged to—-q[EN"9(CulnO,,—q)]. In a supercell calculation,
AH(0,q) is given by

AH(0,0) = AE(a,0) + Notey + Ny, + Notto + dE: - (3)
with
AE(o,0) = AE(a,g=0) + 6E(a,q) + 0E(CulnO,,—q)  (4)

The first term on the right-hand side of eq 4 is given in eq
1, and the second term is as follows

0E(e,q) = E" Y(o,q) — EM(0,,0=0)

whereEM(a,g=0) is the same term a8(a,g=0).

Section 3 also presents the results of our calculation on the The third term is given as

intrinsic point defects, both neutral and charged, based on

the formalism in section 2. Further discussions on miscel-
laneous respects are presented in section 4.

2. Methodology

In this section, the first-principles approaches toward point
defect study of Culn@are presented first. Special attention
is given to the determination of the chemical potential ranges
of the three components. Calculation details are then su
marized.

2.1. Defect Formation Energy and Defect Level&1!
For a neutral defect in CulnQthe formation energyAH;-
()] depends on the chemical potentia) 6f each component
(see section 2.2) relative to the standard vaitie

AH;(0,g=0) = AE(0,q=0) + nc e, + Nty + Natto (1)
and

AE(0,q=0) = E(a,g=0) — E,(CuInQ,) + nc e+
Nt + Notta’ (2)
whereE(a,g=0) is the total energy of the supercell contain-

ing the neutral defeaft. Eo(Culn(Q,) is the total energy of
the same supercell free of any defead,, ni,, andng are

(6) Teplin, C. W.; Kaydanova, T.; Young, D. L.; et éppl. Phys. Lett.
2004 85, 3789.
(7) Sasaki, M.; Shimode, Ml. Phys. Chem. Solid&003 64, 1675.

m_

0E(Culn0,,—q) = ENY(Culn0,,—q) — EN(CuInQ))

which is the difference between the reference energy level
of the defect-free Culn@given by one-particle eigenvalue
€i (e.9.i = VBM or CBM) and the energy level determined
from the total-energy calculatiodE(CulnO,,—q) has to be
consideret? for a semiconductor with d character at the
VBM, like CulnO; (as found from its PDOS in section 3).
Moreover, to keep the reference eigenvalgein the
calculation constant with or without the existence of defects,
all the calculations were performed on a supercell of the same
size, with the samé& point sampling and by lining up the
core-levels of the atoms far away from the defect in the defect
cell with those in the defect-free cell accordingly.

The defect transition level,(g/q’) is defined as the value
of the Fermi energyHg) at which the formation energy of

(8) Garlea, O.; Bordet, P.; Darie, C.; et dl. Phys.: Condens. Matter
2004 16, S811. Ohta, H.; Nomura, K.; Hiramatsu, H.; et &blid-
State Electron2003 47, 2261. Ginley, D.; Roy, B.; Ode, A.; et al.
Thin Solid Films2003 445, 193. Yanagi, H.; Ueda, K.; Ohta, H.; et
al. Solid State Commur2002 121, 15. Hosono, H.; Ohta, H.; Orita,
M.; et al. Vacuum2002 66, 419. Yanagi, H.; Hase, T.; Ibuki, S.; et
al. Appl. Phys. Lett2001 78, 1583.

(9) Shimode, M.; Sasaki, M.; Mukaida, K. Solid State Chen200Q
151, 16.

(10) Foster, A. S.; Sulimov, V. B.; Lopez Gejo, F.; et Rhys. Re. B
2001, 64, 224108. Kohan, A. F.; Zhang, S. B.; Northrup, J.Fhys.
Rev. Lett.1991, 67, 2339. Baraff, G. A.; Schluter, MPhys. Re. Lett.
1985 55, 1327.

(11) Ceder, G.; Morgan, D.; Van de Walle, C. Bnys. Re. B 200Q 61,
15019.

(12) zZhang, S. B.; Wei, S.-H.; Zunger, A. Appl. Phys1998 83, 3192.
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defecto. and chargey is equal to that of another charge state include the ones in the 3d and 4s orbitals of Cu, 4d, 5s, and
g of the same defect, that is 5p of In, and 2s and 2p of O.

In our study of point defects, the supercell approach was
€. (d/q) = [AE(e,0) — AE(e,q)]/(0" — a) employed, in which a defectif is placed in an artificially
o . ) . . large CulnQ supercell that is repeating itself in 3D space
2.2. Limits on Atomic Chemical Potential. Chemical  periodically. The shortest distance between defect and its
potentials determine the off-stoichiometry of the system and image in the neighboring supercell equals the dimension of

depend on different parameters, such as partial pressure anghe gypercell. Because of the noncubic structure of CylnO

growth conditions. In a compound solid, defect properties s ginole and quadrupole correctidrould not be calculated
depend on the chemical potential of the componentelement,accurate|y_ Thus, the dimension has to be large enough to

as shown in eqs 1 and 3. Thermodynamic limits constrain gjiminate dipole and quadrupole interactions between the
the chemical potential values in a certain range through two gefects. Monopole corrections were read from the output files

®)

criteria: first, a stable Culn©compound has to be main-
tained; second, precipitation of solid elemental Cu, In, or O
or end-point binary compounds should be avoided. They can
be expressed mathematically as follows

AHf(CUInOZ) = Hcy + Uin + 2“0
Uy = 0,4, = 0,andug <0
Zucy T o = AH(CU0) and 2, + 3ug = AH(In,0y) (7)

(6)

where AH:{(CulnQ,), AH{(Cw,0), and AH;(In,O3) are the
calculated formation energy of CulpOCwO, and InROs.

The calculated formation energies of £y 1,03, and
CulnG; are—1.337,—8.193, and—4.737 eV, respectively.
If substituting AH{(Cw,0O) andAH:(In20s3) in eq 6 with the
above values, we may have

eyt My T 2up = —4.765

of VASP.

Artificial supercells were constructed by repeating the fully
relaxed conventional cell along tlee and b-axes, not the
extraordinarily lengthy axis, because its purpose is to avoid
the artificial interaction between defects due to insufficient
cell size. The effect of supercell size on defect formation
energy was examined with a supercell size convergence test.
Taking both the size convergence test and the computation
cost into account, we employed thex33 x 1 supercell
with 108 atoms in the following work. Defect structures were
relaxed with a mode that ions within a certain range
(relaxation range) were relaxed, while the other ion positions,
supercell size, and shape were fixed. The relaxation range
was also carefully examined for each defect position.

3.2. Perfect Structure. In this section, we first apply
VASP to the study of perfect Culn@or its bulk properties
and the structural parameters of the conventional cell.
Supercells for the following point defect study were con-

which seems to contradict eq 6. However, if the calculation structed from the perfect conventional cell. Then the
uncertainty is taken into account, this may indicate that electronic band structure and DOS of the material were
CulnQ; is metastable. Therefore, we propose to degenerateca|cu|ated, which are the background of the defect levels.
the constraints listed in egs 6 and 7 to The structure of Culn@(R-3M) is composed of @Cu—0
dumbbell layers alternatively separated by the In monoatom
2ucyt 1o = AH(Cu,0) layers. We have calculated the properties of Culnéing a
_ planewave cutoff energy of 500 eV ahdcentered grid 5«
2t 310 = AR (IN,0;) 5 x 2 k point sampling in the irreducible Brillouin zone
éIBZ). The values resulted in convergence in the total energy
to <1 meV per atom. Then the Cula@rimary cell was
relaxed through geometry optimization with cell shape and
ions relaxed while cell volume was fixed on about 30 sets
of selected volumes. The results of the relaxed cells are fitted
to the Murnaghan equation of state (E&p find the
3.1. Calculation Details.All the calculations were per-  ground state lattice constants. The lattice parameters of the
formed using the plane wave basis Vienna ab initio Simula- fully relaxed structure were found to lze= 3.356 (3.292)
tion Package (VASP) codé,implementing spin-polarized A andc= 17.531 (17.388) A, with the experimental valtfes
periodic density functional calculations (DFT) and general- in parentheses.

ized gradient approximation (GGAj).The interaction be- The electronic band structure was calculated on a CyInO

tween the core and valence-electrons is described using theypit cell containing four atoms. From the electronic band
ultrasoft pseudopotentials (USPP) introduced by Vandérbilt structure, it was found that the minimum value of the

and provided by Kresse and HafrtéfThe valence electrons  ¢onqyction band is located at tHepoint, while the maximum
value of the valence bands is at thepoint. Thus, Culn®@

has an indirect band gap of about 0.32 eV. The lowest direct
band gap is af” of 0.68 eV.

Hence, the chemical potential ranges of the three component
can be determined—1.34 < uo < 0, —0.67 < ucy < 0,
and—4.10 < u;n = —2.09.

3. Calculation Details and Results

(13) Kresse, G.; Furthiifler, J. Comput. Mater. Sci1996 6, 15. Kresse,
G.; Furthmilier, J. Phys. Re. B 1996 54, 11169.

(14) Perdew, J. P. IBlectronic structure of solids '9Ziesche, P., Eschrig,
H., Ed.; Akademie-Verlag: Berlin, 1991. Perdew, J.; WangPHys.
Rev. B 1986 33, 8800. Perdew, J.; Zunger, Rhys. Re. B 1981, 23,
8054.

(15) Vanderhilt, D.Phys. Re. B 199Q 41, 7892.

(16) Kresse, G.; Hafner, J. Phys.: Condens. Mattelr994 6, 8245.

(17) Makov, G.; Payne, M. (Phys. Re. B 1995 51, 4014. Neugebauer,
J.; Scheffler, M.Phys. Re. B 1992 46, 16067.
(18) Murnaghan, F. DProc. Natl. Acad. Sci. U.S.A994 30, 244.
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Table 1. Formation Energy AH¢(a,,g=0) (eq 1) of All the Neutral

12 o —mm
1 ", | Total DOS Intrinsic Point Defects in Different Chemical Environments?
9 .
. t ,-‘.| IIII‘ ‘f!: formation energy of defectHs(c,g=0)/eV
4, AN H
i Jooni Cu-related tcy BG ticu BG
N ERTARE: VAL s defects minimum  correction ~ maximum  correction
0 1itoa~ ’ [T e A
8 9 A S NPRSL N VA LR, T Veu 0.498 0.498 1.167 1.167
S ] P Cu-s PDOS Cu 2.081 2.791 1.412 2.122
3 94 oo T Cu-p PDOS Cun —0.391 —0.391 0.946 0.946
£ ] oo Cu-d PDOS Clo 7.327 9.457 5.322 7.452
% 3] :i formation energy of defeciH¢(a,,g=0)/eV
#* 1 i ) . In-related Uin BG Ui BG
% ' In-s PDOS defects minimum correction maximum correction
@ L T In-p PDOS; Vin 1.257 1.257 3.263 3.263
° v T In-d PDOS: In; 5.321 7.451 3.315 5.445
= ; ; i Incu 3.241 4.661 1.903 3.323
& ! Ao h Ino 14.074 17.624 10.731 14.281
z o Mg
Y ' [~

formation energy of defeciH;(c,,g=0)/eV

i
E ----- O-p PDOS O-related o BG uo BG
al defects maximum correction minimum correction
i Vo 3.444 4.864 2.107 3.527
¥ . of 0.137 0.137 1.474 1.474
‘ AN Ocu 2.583 2.583 4.589 4.589
T T O 4.232 4.232 7.575 7.575
6 9 12 15
Energy (eV) aValues after band gap corrections are given in “BG correction” column.
Figure 1. DOS and PDOS of Culnfwithin GGA. The straight dash line  Taple 2. Defect Formation Energies in Terms ofAE(o,0) (eq 4) and
crossing the whole figure indicates the VBM of CulnQhe top panel Defect Transition Levelseq(q/q) (eq 5)

shows the total DOS of the material. Others show the PDOS of the s, p, or

d orbital in the three component elements. defecta AE(a,q)/eV Ncu Nin No q
The total DOS and site- and angular-momentum projected i1 Defect Transiton Leveil(eﬂ) ooty
DOS (PDOS) of Culn@are plotted in Figure 1, where the cu 2.83 0
origin of states in DOS could be found through analysis of Defect Transition Level:
each component’s PDOS. There is a broad mass of valence (-=2/-1)=Ev+1.50eV; (-1/0)= Ey + 0.39 eV
band from—2 to 4 eV (that is the VBM). They are mainly 83:”: g'gg +l -1 0 91
derived from Cu d ath O p states. The upper valence band CUl:—z 4.96 —2
is mainly from Cu d ad O p states, with some Cu s and In Defect Transition Level:
d states involved. The O 2s states form a lower valence band (—2/-1)=Ey+ 1.50eV; 1/0)= Ey+ 0.33 eV
at—17 eV from VBM (not shown). The lower conduction Vel L7 -1 0 0 0
. : Veu? 1.50 -1
band near CBM is mainly composed of Cud, Ins,andOs -2 3.00 2
st\i\tﬁg.hA b;oadeé I;nl\zjllss of conduction band is shown about 3 Defect Transition Level:
eV higher from . (-2/-1)=Ey + 1.77 eV; £1/0)= Ey + 0.65 eV
3.3. Isolated Intrinsic Point Defects.After determining 0° 0.14 0 0 1 0
X i ) ot 0.79 -1
the computational parameters in sections 2 and 3.1, our - 256 >
results on all intrinsic point defects in Culp@re presented Defect Transition Level:
in this section. Twelve types of intrinsic point defects (see (—2/-1)=Ey + 1.31 eV; 1/0)= Ey + 0.15 eV
Table 1) were studied, including three interstitial, three Vm‘i1 5.38 0 -1 0 0
vacancy, and six antisite species. Starting from the study of x::_z g'gg :;
neutral intrinsic point defects in section 3.3.1, we obtained  v,,-3 9.27 -3
their formation energy and examined the dependence of Defect Transition Level: (8#1)= Ec_ 1.26 eV
defect formation energy on the chemical environment. Then  Vo*? 5.78 0 0 -1 +2
in 3.3.2, several selective defect species (see Table 2) with xogl P o
reasonable formation energy at their neutral states were © o
. . Defect Transition Level: (6#1)=Ec- 0.57 eV
examined for all possible charge states. We show the | s 5.6 0 +1 0 +3
dependence of the formation energy and the abundance of :z.ﬁ ggi Ii

the defects on both the chemical environment and the doping

e . " In?® .
conditions Ef). In section 3.3.3, defect transition levels were . 333 0

Defect Transition Level: (6#1) = Ec- 1.01 eV

then obtained. Intrinsic point defects were thus examined in | ., 158 24 1 0 1
terms of their effects on the electronic properties of CylnO Incy™™ 0.83 +1
as shallow/deep donor/acceptor levels. It is noted that an  Inc’ 1.58 0

antisite A5 means A occupying the B site. Whenever  3.3.1. Neutral Intrinsic Point Defect®n the basis of the
applicable, a numbered superscript indicates the defect chargsupercell size analysi8,a 3 x 3 x 1 superimposing of the
that will be further explained in section 3.3.2. ground-state primitive cell was employed in all defect
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Figure 2. Chemical environment dependence of defect formation energies
for all the neutral intrinsic point defects. Grey lines represent acceptor-like
defects, whereas black lines represent donor-like defects.

calculations. A cutoff energy of 400 eV was employed in

Chem. Mater., Vol. 17, No. 22, 206533

defects. This asymmetry in terms of intrinsic doping in
CulnG; is also observed in CuAlDand CuGa@*® The
defects with lower formation energy at neutral states were
also chosen for further study of charged defects and defect
transition levels.

3.3.2. Charged Intrinsic Point DefectSimilar to the
extrinsic point defects, intrinsic point defects can be predicted
to be donor-like (donate electrons) or acceptor-like (accept
electrons) simply by comparing the valence electrons of the
defect and the host elements. Briefly, the charge states could
be determined according to the defect type. For interstitials,
the charge states are similar to the nominal valency that the
element could be in its compounds, e-t2, —1, or O for
O.. For vacancies, defect states are created from the valence
band states of the host. Thus, the charge states dpfov
example, are 0, 1, and 2. For antisites, the charge states
follow one of the above rules, depending on the relative
valency of the intruder and the native. If the valency of the
intruder is higher, it observes the rule for interstitial;
otherwise, the rules for vacancies should be applied. For

all the defect calculations. In addition, because of the large getailed discussions, refer to ref 20.

size of the 3x 3 x 1 supercell, only on& point is necessary
to be considered fok space integrations.

Using the formalism discussed in section 2.1, the formation
energy of the neutral intrinsic point defects in Cubn@as

In our calculation, 8 of the 12 isolated intrinsic point
defects, with relatively low formation energy in their neutral
states, were chosen for charged defect study. As we are
interested in the bipolar dopability, half of the candidates

calculated. These defects include vacancies and interstitialsare donor-like defects and half are acceptor-like. On the basis
of the three components, and the antisites of every component¢ o methodology discussed in section 24E(a,q) was

substituting each of the other two. All the neutral intrinsic

calculated from eq 4 and the results are listed in Table 2.

point defects considered in this study and their formation 1na gefect formation energ¥Hr(a,q) at different chemical

energies are listed in Table 1, where 12 intrinsic neutral point
defect types are grouped according to their related componen

type. The formation energy of each defect is given at the

I?otentials andEr can be deduced through eq 3. For example,

or O, the lowest defect formation energy occurs in oxygen-
rich conditions fio = 0) asEr at the CBM Er = 1.39 eV)

chemical potential limits of the related component. As antisite |, i, AH(O™Y) = 0.79— 0 + (—1) x 1.39= — 0.60 eV.
is actually associated with two components, they are grOUpedHence, the defect formation energy can be easily found by

by the one substituting the lattice site to avoid repeat; e.qg.
Cuy, is listed in the Cu group.

adding or subtracting the chemical potential &dvalues.
The formation energy of donor-like defect is also subject to

Figure 2 shows the dependence of defect formation energyi,e nand gap correction, as for neutral ones, which will be
on the chemical potential of oxygen. For example, the lowest ¢, ther discussed in section 4.2. In Table 2, transition levels

formation energy of ©forms in oxygen-rich conditions
=0 eV) with AH(O)) = 0.137 eV, whereas it has the highest
formation energy in oxygen-poor conditiongo(= —1.34
eV) with AH{(O)) = 1.474 eV. From Figure 2, we can see

within the electronic band gap or near the band edges are
also listed, which will be discussed in the following
subsection.

3.3.3. Defect Transition Lels. On the basis of the

that donor-like defects have lower formation energy, i.e., they formalism discussed in section 2.1, the defect transition

are easier to form, in oxygen-poor conditions, whereas
acceptor-like defects are easier to form in oxygen-rich
conditions. For example, the formation of, Vacceptor-like)

is easier in oxygen-rich conditions, but becomes difficult in
oxygen-poor conditions, which is quite the opposite foy V
(donor-like). However, the formation ofd/ (acceptor-like)

is easier than that of both VVand Vo, indicating the
importance of oxygen and indium in constructing the crystal.

From Figure 2 and Table 1, we deduce that, independent
of the partial pressure of oxygen, the most abundant intrinsic

point defect in Culn@is an acceptor-like defect, GuThe
next most abundant neutral intrinsic defect isd V¢,
depending on the partial pressure of O. Without intentional
doping, Culn@ is abounding with acceptor-like intrinsic

(19) Liu, L. Master Thesis, National University of Singapore, Singapore,
2005.

energy levels for different defect types with various charge
states were calculated using the results listed in Table 2.
By varying Er, we can simulate the effect of changes in

opant concentration. For dominant defects, the formation

energies are shown in Figure 3 as a functiorEpfat the

two oxygen chemical potential limit@&\H¢(a.,q) also varies

as a function of doping level. The slopes of the lines in the

figures correspond to the charge state of the defect. For each

defect, the line for a particular charge state is shown over

the range where this charge state has the lowest energy of

all possible charge states. The kinks thus correspond to the

transitions between charge states. For example, in oxygen-

rich conditions (see Figure 3a)c¥ has the lowest formation

energy of 0.498 eV wheke is 0.33 eV above VBME: =

0 eV). AsEr moves further toward the CBM, /! becomes

the stable charge state. The formation energy ef V
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E._(eV) Acceptor-like Defects Donor like defects
— Figure 4. Defect transition levels of intrinsic point defect in CulpQhe
b n; 1 left panel contains transition levels of acceptor-like defects that interact
51 with VBM; the right panel shows donor-like defects related to the CBM.
The numbers in parentheses denote the charge states of the transition level,
e.g. (1/0) indicates that the neutral state is stable below the transition
4 level and—1 state becomes dominant Bs moves toward the CBM.
Cu O —
3 2 o v .
g Y @ do not support active n-type conductivity. Moreover, defect
z ] 1\. formation energy values for these donor-like point defects
I 27 are higher than 2.5 eV, which is very likely to suppress their
< = [0} 0, 1 formation under thermodynamic equilibrium conditions. This
14 0 redicts the possible p-type conductivity in the defect
vV
Cu . -y . .
Cug . structured Culn@ However, experimentally it is an insulator
0. without intentional doping. The experimental result could
00 o2 o4  os  os 10 12 be attrlbgted to many different causes, !ncludlng lack of target
E._(eV) defects in the ionic-exchange fabrication process or mixing
F

of other binary or ternary compounds that can compensate
Figure 3. Formation energies of eight intrinsic defects as a functioBrof

; i o = p-type conductivity. It is also noted that this work focuses
in (a) oxygen-rich conditions and (b) oxygen-poor conditions. Charge states . . . .
q determine the slope of each line segment. Solid dots denote valies of 0N the thermodynamics of defect formation, whereas kinetic

where transition between charge states occur. effects should be carefully considered in the actual design
_ _ of the material and the interpretation of experimental results.
linearly decreases at a rate equal to its charge staterhe No experimental studies on the defect mechanism of

kink in the Vcy line is its acceptor level or1/0) charge  cuino, have been published yet; however, Ingram et al.
state transition level. From Figure 3, it is clear that.Cu  studied the transportation and defect mechanism of CyZ&O
antisite has the lowest formation energy and thus the highestcscq, and CuyQ.22 They suggested that the defect
population for all Er positions at both oxygen limiting  physics of CuM' O, delafossite is directly related to the size
chemical potentials. of the M-site cation. As the size ofhis between those of
Sc and Y, the experimental results of Sc and Y may enlighten
4. Discussions the defect physics of CulnOQSlightly increasedPo, (O,
partial pressure) dependences of the conductivity of CuMO
(M= Sc or Y) were observed, which was suggested to
indicate an important role played by the extraf@ hole-

In this section, miscellaneous respects of our calculations
are discussed, such as the effect of correction on the

calculated band gap on the defect formation and defect levelsdoping, although not the dominant defect under the experi-

and the relaxation of neighboring atoms around defects. mental conditions. Our results (see Figure 3) also suggest
4.1. Effect of Intrinsic Defects on Electronic Properties. that Q is not the dominant intrinsic defect in CulpO
Figure 4 sho_ws the defect levels in a more straightforward However,Po, influences the hole-doping not through it
way. From Figure 4, we can see thaj Wroduces a shallow g g rather indirect way by decreasing the formation energy
acceptor {-1/0) transition level at about 0.15 eV above the ¢ V» and other acceptor-like defects. Moreover, Ingram et
VBM. V¢, and Cu, provide relatively deep acceptor levels 5| jndicated that no evidence suggests ¥s the dominant

at0.33 and 0.39 eV above the VBM, respectively. Although gefects in the defect structures, whereas our calculations show
they produce slightly deeper charge transition levels than

Vi, they are expected to be abundant due to their lower (20) wei, S.-H.; Zhang, S. EPhys. Re. B 2002 66, 155211.

formation energies. On the other hand, the calculation results(21) Ingram, B. J.; Mason, T. O.; Asahi, R.; et Bhys. Re. B 2001, 64,
predict that donor-like intrinsic point defects in Culsform 155114,

e e . (22) Ingram, B. J.; Harder, B. J.; Hrabe, N. W.; et@hem. Mater2004
very deep transition levels. As a result, intrinsic point defects 16, 5623.
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that Cu, antisite is the dominant intrinsic point defect, but
V¢ could be important in oxygen-poor conditions.

4.2. Band Gap Correction and Its Effect on Defect
Levels.Due to the ground-state feature of the DFT method,
calculated band gap values are generally underestimated, so
that the calculated band gap has to be corrected. As proposed
by Nie et al® and further confirmed by our calculations, the
measured optical band gap of Culni® the “apparent band
gap”, corresponding to the band edge difference at the L
position in the IBZ. In a recent optical absorption study on
CulnQ;, Teplin et al® observed some optical absorption in
1-2 eV, below the optical band gap. This could be explained
as the absorption at indirect band gap (as the authors did) or
between defect levels. This could also result from the
absorption, more interesting, Bt the minimum direct band  Figure 5. Schematic drawing of cage | {Ous) and cage Il (CtOs) for
gap, as the wransition matrix elements are nonzero althoughf11=! tes he o cages ave o bt ciferent t e frends 1 erme o
low atI'.*> Hence, the LDA correction is calculated as 0.71 cell of delafossite, showing position of the interstitial cages in a conventional
eV, the difference between the experimental band gap valuecell.

(3.9 eV) and the calculated direct band gap at L (3.19 eV).
Then the band gap is scissored in the middle and then sew
with the CBM shifting 0.71 eV upward. As the calculated

formation energy is still higher than p-type defects,Gund
r\/cu before band gap correction; those two p-type defect
- . , species still dominate after band gap correction. Furthermore,
ngmi/m (;Itlrec; ba(;]d 9ap s 0'6'? eVEtthe value becomes as Cuis a deep donor-like defect, its formation does not

->9 €V alter band gap correction. contribute much to the conductivity. Thus, the relative

Consequently, we can expect that the defect (transition) 4 ndance of the intrinsic point defects does not change after
levels in the gap need to be corrected accordingly. We he pand gap correction.

assume that the acceptor-like defect levels will not be affected Therefore, Ci and Vi, are the most abundant intrinsic
by the band gap correction, as they are related to the VBM. yefects in both oxygen-rich and oxygen-poor conditions.
Formation energy of acceptor—like defects is also not subject g5 gap corrections do not alter our conclusions on the
to any band gap correction. Only the defect levels of the yefect levels or the relative abundance of intrinsic point
donor-like defects follow the CBM shift of the same amount. efects, Acceptor-like intrinsic defects dominate in the
Meanwhile, defect formation energy was corrected accord- nonintentionally doped material. Asymmetry in terms of
ingly. A crude way to do this is by increasing the formation jntrinsic doping can be observed in Culsf@m our intrinsic

energy values of the donor-like defects by hgdl: eV, point defect calculation.

where neeci is the number of valence electrons occupying ~ 43 onic Relaxation and Response toward External
the defect level; e.g., & 0.71 eV, 1x 0.71 eV, and Ox Pressures.The changes of the atom positions neighboring
0.71 eV were added to the formation energy efat 0,+1, to different defect species were also examined. For intersti-
and+2 charge states, respectively. tials, asymmetrical relaxation was observed. Both cage | and

Now, let us see the effect of band gap correction on our cage 1| (see Figure 5) are occupied by some ions based on
preViOUS C0nC|USi0nS about defect transition |eVe|S. As the interstitia's’ Signs of Charge_ Different from What was
mentioned above, both the formation energy and the defectexpected for Qthe center of the Gitriangle is not occupied
transition levels of the acceptor-like defects are not affected py  in this work. Cation interstitials (Guand In) were
by the band gap correction. Hence, we only need to examinefound to occupy cage I, close to the Clayer, probably
the effect of correction on donor-like defects. This will be gue to the size effect @ is huge compared with Ci). O,
discussed in two respeCtS: defect levels and defect abunjs in cage | and is close to the Qayer. Different preference
dancet! of interstitials for cage | or cage Il confirms the different

Instead of the absolute values in the band gap, we arechemical and electronic environment in the two cages be-
interested in the relative positions of the defect levels to their cause of the difference in packing sequences adjacent to the
related band edges, e.g., the CBM for donor-like defects. two ends of the @-Cus—Os cage.

As the donor-like defect levels shift the same amount as the For vacancies and antisites, ions were found to relax in
CBM, our conclusions about them as deep or shallow levels two different ways. Each shell of atoms around the defects
do not change with or without band gap corrections. at Cu or In positions relax symmetrically, whereas the atoms

Band gap correction cannot vary our conclusions on the around the oxygen-position-related defects relax asymmetri-
relative abundance of intrinsic defects, either. In oxygen- cally, mainly due to the asymmetrical chemical and structural
rich conditions, the most abundant four defects, as can beenvironment around it. It is also interesting to compare the
seen in Table 1, are GuVcy, O, and Cubefore band gap  changes of neighboring positions for Cu and In vacancies,
correction; after band gap corrections, the first three defect where both of them have symmetrical nearest neighbors with
types, all acceptor-like, still dominate in oxygen-rich condi- oxygen as the nearest neighbors, cations of the same kind
tions. In oxygen-poor conditions, the formation energy of as the next nearest neighbors, and cations of the other kind
donor-like defects decreases, especially for. But their as the third nearest neighbors. When an In is removed from
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a supercell, its nearest neighbors (O) move away from it due a ** T ———— 17.70
to the loss of bonding, whereas the neighbors (O) move P Calculated c value >
toward V¢, to reduce the open space. 3.45 ¥ [1785

Assuming atoms in a lattice are spherical with their size
determined by the elements’ ionic raéfiwe may find the 840 . " 180
packing efficiency in the [Cug) dumbbell layer and that of ,""
the [InQ)] edge-sharing octahedral layer. The packing < **1 JaF S 4750
efficiency in the [CuQ] layer (32%) is found to be less than ~ ©® " LF I
half of that in the [InQ] layer (80%). Hence, we may expect b .® g 1780
a much more compact [Inlayer and a relatively roomy " W
[CuO,] layer. Moreover, as the ionic radii of the three A%l = > [
component elements are able to give a good approximation o™
of the interatomic distancéswe have more confidence in P e T SR W W R TR R e &
the estimated packing efficiency. Because of the layered External pressure (kB)
structure and the difference in packing efficiency in the
alternate layers, oxygen atoms, at the interface of the layers,,. ss
are very likely to have different dependence on its neighbor- | @ ciachanging with etemal pressurs
ing cations. The difference in packing efficiency also
determines that the interstitials could be accommodated in
one of the Cy—0O3 cages (Figure 5). : .

For interstitials, the size effect dominates while the 5.3 e,
electrostatic effect also influences the deformation of the i te
lattice around an interstitial. An interesting phenomenon was 3 “~
observed in the oxygen interstitial case: Instead of being G S
pushed aside from the interstitial site in taeb plane, as : * o
what happens in cation interstitial cases, the nearest Cu 5.1 .
neighbors are attracted to,@lthough they moved further
away from Q in the c-direction due to the size effect. e
Comparing the formation energy of &d Cy, we may find “420 100 80 60 40 20 0 20 40 60 -80
that Q is easier to form than Gualthough Cu cation is much External Pressure (kB)
smaller. It is attributed t(_) the electronic repulsion between Figure 6. Dependence of (a) the magnitudes of the calculated lattice
Cu to the nearest Gucations. constantsa andc and (b) the raticc/a of CulnQ;, with external pressure.

The Changes of lattice vectoasandc with respect to the For external pressure values, a positive sign represents compressive pressure,

. . while a negative sign is for expansive pressure.
external pressure were also examined (see Figure 6) after 9 9 P P

the geomelry optimization. It can be seen that the magnitudey, 1, macroscopic anisotropism toward the external pressure.
of the lattice vectoa increases much faster than thgto;af For a layered structure as delafossites, anisotropism is readily
the c/a value decreases as_the external pressure mcrease%xpected, like that of graphite. However, with chemically
In other wc.)rd.s, thea vector is easier to deform than.the different layers in the ternary compound, there could be
vector. A §|m|lar resgonse to 2t?e external czoempressmg WaS gitferent causes for the anisotropic property. Actually, the
observed in Cu.Feg,‘? PtCoQ,*and CuGa@*> No report vibration of packing efficiency from layer to layer may have
on the mechanical property of CUIF“@ _presented so far, great influence on the anisotropic deformation. With the
as single-crystal Culnohas proven difficult to make and relatively compact packing in [InfDlayers, the lattice is less

h_as_lnever been n;"é:d?‘ Frorr? this work, We may exp\e/\?t capable of deforming in the—b plane, whereas in theaxis,
S'Im' ar reszonseko IIJ zﬂotf%c?rpprgssllve pressure. Ve dthe lattice could be expand or contract without too much
also extend our knowledge of delafossite’s response towar energetic compensation due to the roomy [Guyers.

external pressure from the compressive to expansive Pressurg arefore. the mechanical anisotropism in Culigxaused

COﬂd!'[IOﬂS. ) o ~ not only by the difference between interlayer and in-layer
Point defects may introduce stress and strain in their {orces as in graphite but also the different packing efficiency

neighborhood, so does the external pressure. The differenceyng the bonding strength between different species of atoms.
is that the former is microscopic while the latter is macro-

scopic. In this sense, the different responses of its neighbors 5. Conclusions
toward the formation of each vacancy species may be related

17.40

Theoretical calculations on isolated point defects in CylnO
(23) Shannon, R. DActa Crystallogr. A1976 32, 751. Shannon, R. D.;  Were carried out to find their formation energies and defect

” ;rhewitt,TCF.eTﬁcta Crysta'{IAO_g}r{ Bld969T 25, 9M2la5- Res. BUIL997 transition levels. The problem was approached by using a
(24) Zhao, T. R.; Hasegawa, M.; Kondo, T.; etidter. Res. Bull1997 plane-wave basis set, a pseudopotential technique, and the
(25) Hasegawa, M.; Tanaka, M.; Yagi, T.; et@blid State Commug003 supercell method.

128 303.

(26) Pellicer-Porres, J.; Segura, A.; Ferrer-Roca, Ch.; d®hs. Re. B As a systematic study on the intrinsic point defects in
2004 69, 024109. CulnG,, 12 neutral intrinsic point defects, all possibilities
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for a ternary compounds, were examined. Eight of them with CulnO, unlikely to have n-type conductivity without inten-
reasonably low formation energy at the relevant neutral statestionally doping. On the other hand, low formation energy
were examined for their charged states. Our results showand shallow defect levels for p-type intrinsic defects may
that acceptor-like intrinsic point defects generally have lower bring p-type conductivity for Culn@with intrinsic defect
formation energies. We may expect p-type intrinsic defects structure, which might be suppressed by the formation of a
being outnumbered in CulnQvithout intentional doping.  secondary phase, like 40 in the experiment.

Moreover, some p-type intrinsic point defects have shallow
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intrinsic doping asymmetry in terms of n- vs p-type defects We Wish to thank Dr. Michael Sullivan for reading the
in CulnO,. High formation energy combining deep defect Manuscript.
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