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First-principles study of Sn and Ca doping in CulnO,
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The roles of Ca and Sn doping for p- and n-type CulnO, were studied from first principles DFT calculations,
which may lead to a better understanding of the dopant effects and further help to speed up the progress of new
doping techniques. Currently Ca and Sn dopants are widely used in CulnO, experiments, but the reported
carrier concentrations were still too low to support practical device design. In this theoretical approach, we
demonstrated that Ca is a deep acceptor and Sn is a deep donor which are unlikely to account for the enhanced
electrical conductivity in experiments. We further propose that amorphous In,O5; may be partially responsible
for the difference between the experiment and modeling.
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I. INTRODUCTION

Being transparent yet conductive simultaneously, trans-
parent conductive oxides (TCOs) are widely used in a num-
ber of applications like low-emissivity windows, front-
surface electrodes for solar cells and flat-panel displays,
“smart windows,” defrost windows in vehicles, and glass
touch-control panels.! However, most of the applicable
TCOs are n-type.

Since the discovery of delafossite-type TCO of CuAlO,
with p-type conductivity in 1997,% there has been great in-
terest in the study of TCOs with delafossite structure. Among
them, CulnO, is of special interest due to its verified doping
bipolarity,’° the capability of being doped to both n- and
p-type. This property offers superiority to a semiconductor
into “device” applications, because homogeneous p-n junc-
tions are convenient to fabricate and stable in service. Yanagi
et al.* later fabricated a homogeneous transparent p-n junc-
tion with this material. According to most of the reports, the
conductivity values of Ca- and Sn-doped CulnO, are in
order of 107 Scm™' (except the 107® Scm™' report® on
CulnO,: Ca), which can be improved one magnitude higher
by optimizing the deposition parameters.’ Activation energy
of n-type Sn-doped CulnO, is much lower than that of
p-type Ca-doped one®® whereas the carrier concentration in
CulnO,: Sn is higher than that of CulnO,:Ca.® Band gap of
the material was estimated as 3.9 eV.3 Although a single
phase of composition CulnO,¢; can be produced,’ the pa-
rameter range for the growth of high quality film is very
narrow” and the film may decompose during PLD.?

Despite the interesting bipolar dopability of CulnO,, how-
ever, few reports concentrated on the theoretical study on
CulnO, compared with the prototype of p-type delafossite
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TCO, CuAlO,. Theoretical studies on ZnO, another promis-
ing TCO candidate of homogeneous p-n junctions, greatly
outnumbered the theoretical studies on CulnO,, partially due
to the relatively simple chemical composition and the crystal
structure of ZnO. Therefore, we chose CulnO, delafossite as
our subject of interest.

Theoretical method is of especial priority in the defect
physics study due to its superiority in control. However, only
two reports on the theoretical study of defect physics for the
delafossite family are available, despite the mysterious
p-type conductivity in the on-stoichiometric CuAlQO,, a pro-
totype of delafossite TCO. Katayama-Yoshida et al.’s study®
on CuAlO, suggested V, and Be,; with lower impurity lev-
els are promising point defects for higher p-type conductiv-
ity. However, the supercell employed contains only 32 at-
oms, which is probably insufficient to avoid artificial
interaction between defects, based on our supercell size con-
vergence test.” The other theoretical report on the defect
physics of this group of compounds was given by Nie et al.'®
They calculated the formation energy for some typical intrin-
sic defects (V¢y, Vo and Cu;) in CuGaO, and compared with
their former point defect calculation on ZnO. They suggested
that a great reduction in self-compensation plus lower accep-
tor formation energy stand for p-type conductivity in
CuMmOz delafossites. However, almost no calculation de-
tails or concrete data on formation energy or defect levels
were provided.

Previously, we presented our study of the isolated intrinsic
point defect in CulnO,.'> Asymmetry in terms of intrinsic
doping was found. In this work, we aim to simulate the effect
of doping from a first-principles calculation. As most of the
experiments®> doped Ca** and Sn** to CulnO, for p- and
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n-type semiconductivity, these two types of dopants become
our subject of interest.

II. METHODOLOGY
A. Defect formation energy and defect level (Ref. 11)

In the intrinsic point defect study on CulnO,,'? it shows
that interstitials and cation antisites at O position have very
high energy barrier to overcome; dopants in the supercell are
therefore studied mainly as substitutes at Cu/In cation posi-
tion in CulnO,.

For a neutral substitute in CulnO,, the formation energy
AH () depends on the chemical potential w of the elements
(see next section):

AH{a,q =0) = E(a,q = 0) — E;(CulnO,)
(e + ) = (pag + ). (1)

where E(a,¢=0) is the total energy of the supercell contain-
ing the neutral defect a. E5(CulnQ,) is the total energy of the
same supercell free of any defect. ,u?, and ,LLS are the standard
chemical potentials of the dopant (Ca/Sn) and the cation
(Cu/In) being substituted by the dopant, while u, and . are
the chemical potential of them.

To obtain the formation energy of a charged defect, total
energy has to be calculated for four cells: a supercell with a
charged defect afq] of the total energy EY~(ar,q); a defect
supercell without introducing extra charges [EY(a,g=0)]; a
perfect supercell without introducing point defect or extra
charge [EN(CuInO,)] and a supercell free from point defects
but with one of component atoms charged to
—g[EN*4(CulnO,,—¢)]. In a supercell calculation, AH{«,q)
is given by: ‘

+ SE(CulnO,,— q) + gEf. (2)
The first term on the right hand side of Eq. (2) is the

formation energy for neutral point defect [Eq. (1)]. The sec-
ond and third terms are as follows:'?

SE(a,q) = EM(a,q) - EM(a,g = 0)

SE(CulnO,,— g) = EN*(CulnO,,- ¢) — E¥(CulnO,).

The defect transition levels e,(q/q’) can be obtained as

ealqlq’) =[AE(a,q) = AE(a,q")/(q" - q). 3)

B. Limits on atomic chemical potential

Chemical potentials determine the off-stoichiometry of
the system and depend on different parameters such as par-
tial pressure and growth conditions. From our previous study
on the intrinsic point defect in CulnO,,'? the chemical po-
tential ranges of the three components were determined as:
—1.34< pup<0,-0.67< uc, <0, and —-4.10< p;, <-2.09.

In our study of CulnO,:Sn and CulnO,:Ca,
SnO,(P42/MNM) and CaO (FM3-M) were chosen as the
sources of dopants, respectively. Both Ca/Sn and their ox-
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ides were calculated on their ground state structures. The
structure parameters and bulk properties were compared and
verified to be in good agreement with the experimental data.
Thus, the standard values of u’ for Ca (fcc) and Sn
(diamond-like) are —1.91 eV and -3.83 eV, respectively.
Formation energy values for CaO and SnO, are —6.14 eV
and —-5.08 eV. By balancing the chemical potential of oxy-
gen in the dopant source and in the ternary compound, we
can estimate the chemical potential ranges as —6.14 < uc,
<-4.81 and —-5.08 < ug, <-2.40. It should be note that the
chemical potential of oxygen is not expected to be greatly
influenced by the trace doping confined by the isolated dop-
ant condition in our study.

C. Calculation details

All the calculations were performed using the plane wave
basis Vienna ab initio Simulation Package (VASP) code.'?
The spin-polarized periodic density functional calculations
(DFT) was parameterized in the local-density approximation
(LDA), with the exchange-correlation functional proposed
by Perdew and Zunger'# and corrected for nonlocality in the
generalized gradient approximation (GGA) using Perdew-
Wang 91 functional.!”> The interaction between the core and
valence electrons is described using the ultrasoft pseudopo-
tentials (USPP) introduced by Vanderbilt'® and provided by
Kresse and Hafner.!” The next uppermost states of
Cu(3d,4s),In(4d,5s,5p),0(2s,2p),Ca(3s), and
Sn(4d,5s,5p) were explicitly treated as parts of the valence
states.

A similar method as the intrinsic point defect study'? was
employed to build supercells in this study. A 3 X3 X 1 super-
cell containing 108 atoms and the relaxation ranges adopted
in the previous study on CulnO, were used. To ensure the
same reference eigenvalue g; used in the calculation, the
same cutoff energy and k point sampling as for defect-free
supercell were employed.

III. ISOLATED EXTRINSIC POINT DEFECTS

Based on the same formalism as the intrinsic point defect
study, substitute defect formation energy AH(«,q) [Eq. (1)
or Eq. (2) for neutral or charged defects] and defect transi-
tion levels [Eq. (3)] were obtained and listed in Table I.
AH(a,q) values are given for both before and after the band
gap (BG) correction.'> The value of AH{a,q) before BG
correction gives reasonable evaluation of the relative abun-
dance of the defect, whereas the ones after BG correction are
mainly for a proper defect level within the corrected BG. The
effect of BG correction on our conclusions will be discussed
later.

Figure 1 shows the dependence of defect formation en-
ergy (after BG correction) on the Ej position in oxygen rich
and oxygen poor conditions. By changing E, we can simu-
late the effect of changes in dopant concentration. AH{(a,q)
varies as a function of doping level. The slope of the lines in
the figures corresponds 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
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TABLE 1. Formation energy [Eq. (2)] of Ca or Sn substitutes on
Cu or In positions when Ef locates at the VBM and defect transition
levels. Formation energy AH f(oz,q) is given at different charge state
and chemical environment. AH_f(a,q) values before and after BG
corrections are for the evaluation of the relative abundance and the
defect levels, respectively. All the defect transition levels listed in
are those within the band gap. The unit is eV.

Defect AH{a,q): AH{(a,q):
type before BG correction after BG correction
O rich O poor O rich O poor
Cay, -0.75 -0.08 -0.75 -0.08
Ca), -0.35 0.32 -0.35 0.32
Defect transition levels: (-1/0)=FEy+0.40 eV
Snj! 1.38 0.71 1.38 0.71
Sn{ 0.90 0.23 1.61 0.94
Defect transition levels: (0/+1)=E-—1.16 eV
Cafl 2.86 2.20 2.86 2.20
Ca, 2.56 1.89 3.27 2.60
Defect transition levels: (0/+1)=E~—0.99 eV
Sn& 9.01 7.01 9.01 7.01
Sng2 6.01 4.01 6.72 4.72
Sngh 4.67 2.66 6.09 4.08
Sn2, 4.61 2.60 6.74 473

Defect transition levels: (0/+1)=E-—0.74 eV

of all possible charge states. The kinks thus correspond to the
transitions between charge states.

From Table I and Fig. 1, both dopants were found to have
lower formation energy at In positions, as most experiments
suggested. Being a large cation, Ca’* may tend to be unstable
in the linear coordination sites,'$!° whereas Sn**, a much
smaller cation, is even harder to substitute Cu* position. As
Ca is a donor-like impurity if substituting Cu, but an
acceptor-like if substituting In, it is very likely for Ca to
substitute In and act like an acceptor. Sn, on the other hand,
substitutes In and acts as a donor. Figure 2 shows the forma-
tion energy of eight intrinsic point defects in CulnO,, half
donor-like and half acceptor-like.'? In general, acceptor-like
intrinsic point defects have lower formation energies com-
pared with door-like counterparts. Acceptor-like intrinsic
point defects have lower formation energy in oxygen rich
conditions, whereas donor-like ones are easier to form in
oxygen poor conditions. Similar to what was found for the
intrinsic defects,!? acceptor-like defect Cay, is easier to pro-
duce in oxygen rich conditions whereas donor-like defect
Sny, is quite opposite. This means, by controlling the partial
pressure of oxygen during the fabrication process, we can
introduce n- or p-type defects or suppress their formation
intentionally.

From Fig. 1, we may also find the defect transition level
for Cay, is at 0.4 eV, a rather deep acceptor level. However,
as Cay, has very low formation energy from this calculation,
CulnO,: Ca could have higher carrier concentration than the
undoped sample, especially when it was heavily doped in the
experiment. Increase of carrier concentration predicted by
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FIG. 1. Formation energy of Ca or Sn dopant substituting Cu or
In, as a function of Er in (a) oxygen rich and (b) oxygen poor
conditions. Charge state ¢ determines the slope of each line seg-
ment. Solid dots denote values of Ep where transition between
charge states occurs.

our calculation is in consistence with Sasaki and Shimode’s
experimental work on CulnO,:Ca.® They found the carrier
concentration of Ca doped sample is one magnitude larger
than that of the non doped one. On the other hand, Sny,
produces a very deep donor level with an activation energy
of >0.6 eV. This means Sny, point defect alone does not
support an improved n-type carrier concentration and con-
ductivity.

Furthermore, we can see that, similar to the intrinsic point
defects, the donor-like substitutes (Cac,,Sny,, and Snc,) have
lower formation energy in oxygen poor conditions; whereas
the acceptor-like substitutes (Cay,) have lower formation in
oxygen rich conditions. This explains some experimental ob-
servations in the Yanagi et al. study.? In their work of depos-
iting Sn doped CulnO, thin film, they found the optimal
deposition condition in terms of optoelectronic properties of
CulnO,: Sn is the lowest possible oxygen partial pressure for
a stable film.
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FIG. 2. Formation energy of intrinsic defects of donor-like (a), (b) and acceptor-like (c), (d) as a function of oxygen chemical potential

when Ep is at the CBM (a), (c) or the VBM (b), (d).

Moreover, as the position of Er moves from the VBM to
the CBM, donor-like substitutes become harder to produce,
whereas acceptor-like ones easier to form. Ep moving to-
wards the CBM indicates an increase of electron concentra-
tion. Therefore, increasing electron concentration makes
donor-like impurity harder to produce, but acceptor-like im-
purity easier to form and compensate free electron carriers. A
similar process occurs while increasing hole concentrations
for a p-type semiconductor. This represents the so-called
compensation effect.

IV. DISCUSSIONS

A. Formation of CulnO, from Cu,0 and In,0;

As mentioned in our previous work on intrinsic point de-
fect in CulnO,, this ternary compound shows metastability
compared with its end-point binary compounds.'? This will
be further explored in this section.

Let us consider the reaction of fabricating CulnO, from
the end-point binary compounds, Cu,O and In,O5 as follows:

AH

CUZO + In203—> 2CUIH02 . (4)

Taking the calculated formation energy of the end-point bi-
nary compounds (—1.337 eV and -8.193 eV) and CulnO,
(-=4.737 eV), we may find the theoretical AH for the reaction
is:

AH=2 X AHACUIHOz] - (AH/{CUzo] + AH/{I]’I203])
=0.056 eV.

Thus, the formation of the ternary compound CulnO, is
found to be comparable with that of the end-point binary
compounds in terms of energy. In other words, CulnO, is
metastable compared with the end-point binary compounds
Cu,0 and In,05.

The result is consistent with the fact that it is difficult to
fabricate CulnO, by solid state reactions from the end-point
binary compounds in Shimode’s?® and Hahnn’s?! studies. In
Shimode’s study, solid state reactions could produce CulnO,
neither in the Cu,0-In,05 system nor in the Cu,O-In(OH);

system, although many other delafossite compounds had
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been successfully fabricated from the according end-point
binary oxides. As a result, CulnO, is often produced through
ion-exchange reaction method with the alkali ternary com-
pounds like LilnO, at high temperature. However, if the re-
action of Eq. (4) is not energetically favorable, its reverse
process could be expected to readily occur.

B. Band gap correction and its effect on defect transition
levels

Due to the ground-state feature of DFT method, calcu-
lated band gap values are generally underestimated, so that
the calculated band gap has to be corrected. Then the band
gap is scissored in the middle and then sewn with the CBM
shifting 0.71 eV upwards. As the calculated minimum direct
band gap is 0.68 eV at I', the direct gap becomes 1.39 eV
after band gap correction. Both the defect levels and the
formation energy values were corrected accordingly.'?

The relative position of each defect level to the corre-
sponding band edges could not be affected by this correction
as we explained in the intrinsic point defect study.'> Hence
the conclusions about them as shallow or deep levels would
not be varied. Furthermore, the conclusions about the defect
formation energy and their relative abundance are robust to
the band gap correction. From Table I we can find the for-
mation energy values of each substitute type before and after
the band gap correction. Compared with Ca (Sn) substitute at
Cu site, the formation energy of its In site counterpart is at
least 1.57 (1.96) eV lower before band gap correction in all
charge states and both chemical environment limits. Hence,
Cay,(Sny,) is the stable state for Ca (Sn) doped CulnO,.
Therefore, the conclusions on the extrinsic point defects do
not be affected by the band gap correction either in terms of
shallow or deep level or their relative abundance.

C. Further discussions on doped CulnO,: Comparing with the
available experimental results

Our calculation on Ca** doped CulnO, shows that Cay,
substitute is the stable and abundant state for Ca>* dopant. It
produces an acceptor state at 0.41 eV above the VBM, a
fairly deep acceptor level in CulnO,. This is consistent with
the experimental result that CulnO, became p-type conduc-
tive after doping Ca®* into the material. Furthermore, Sny,
forms a rather deep donor level in the band gap. Hence we
do not expect higher carrier concentration in CulnO,:Sn.
But in Sasaki’s work,’ they found carrier concentrations are
comparable in CulnO,:Ca and CulnO,:Sn. There must be
other explanations for the experimental observation. Some
factors have to be involved into our consideration while
comparing the calculation results with the experiments.

First, the conductivity of doped CulnO, experimentally
measured is very low, i.e., ~107> S cm™! in Yanagi’s report?
and 6X 1072 Scm™! after improving the film quality by
Ginley et al.’> Moreover, it was quite heavily doping (5 at %)
into CulnO, in both the experiments mentioned above. Some
factors may account for the low conductivity in a heavily
doped semiconductor, like the low carrier mobility, deep
dopant level, high defect formation energy,?? or limited solu-
bility of dopants.”
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Second, heavy doping (5 at %) not only pushes the defect
levels nearer to the related band edges,22 but also makes the
problem in the ternary compound even more complicated.
One possible effect of heavily doping is the agglomerating of
or interacting between dopants, which will surely influence
the defect levels. The extrinsic defect concentration in our
calculation, however, is less than 1% (one defect in a super-
cell of 108 atoms). We should also note that interaction be-
tween defects of heavily doped materials could not be simu-
lated through employing a small supercell. Therefore,
theoretical study on heavily doped CulnO, needs to be ex-
amined in future work.

Another result from heavily doping is the formation of
defect complex. As a first systematic point defect calculation
work on CulnO,, only isolated point defects were examined
here. Other types of point defects, like defect pair formed by
or between intrinsic point defects and dopants are necessary
to be studied for a thorough understanding of the experimen-
tal observations.

Third, the XRD spectra in the experimental reports do not
preclude the existence of In,03, especially amorphous one.
Inspired by the Ginley®> and Yanagi reports® that deposited
films could be a mixture of CulnO, and In,O; in certain
conditions, we suggest that small amount of In,O5; may ac-
count for the experimental observations. Moreover, accord-
ing to the Ginley? report that In,O5 coexists in the deposited
CulnO,: Ca for a deposition temperature of 600 °C or above,
the Yanagi report* of single phase CulnO, delafossite of the
thin film fabricated at more than 873 K may be susceptive.
Our calculation result on the thermal instability of CulnO,
with respect to its end-point binary compound also justifies
this suspicion. CulnO, could decompose during film deposi-
tion.

Both In,O05:Sn and In,O; with oxygen deficiency are
proven to be n-type TCOs with high mobility, even in amor-
phous phase.”??* With In,O; binary compound in the
CulnO,:Sn film, increased electron concentration and con-
ductivity could be expected, although Sn has a deep donor
level in the ternary compound. Moreover, we can explain the
observation that the conductivity of CulnO,:Sn film is
greatly reduced when P02>2Pa if coexistence of In,O5 is
assumed. External O, partial pressure can determine the
electricity of amorphous In,O5; because Vg, is the source of
carriers in amorphous In,03.2 In addition, dopant Sn may
constrain the formation of Vy,, the intrinsic defect with shal-
low acceptor level, and greatly reduce the self-compensation
effect.

The existence of amorphous In,O3 in the deposited films
can also explain the observations of the non doped or Ca
doped films. The low carrier concentration of non doped
sample could result from compensation effect of intrinsic
p-type defects (that is abundant in CulnO,) and the n-type
carriers in In,O5. For CulnO,:Ca, large amount of Ca, a
p-type dopant with low formation energy, could eliminate the
electrons released by In,O3, but p-type carrier concentration
is also reduced. Furthermore, because of the possible exis-
tence of secondary phase in the ternary compound, conduc-
tivity values measured in all the experiments are low for both
CulnO,:Ca and CulnO,: Sn.

Last but not least, our calculation based on DFT is about
the properties at ground state, while most experimental data
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were measured at ambient temperature or even higher tem-
peratures. Temperature is another factor that will affect the
relative position of defect levels.

V. CONCLUSIONS

Theoretical calculations on isolated extrinsic point defects
in CulnO, were carried out for their formation energies and
defect transition levels using plane-wave basis set, pseudo-
potential technique, and the supercell approach.

Two dopants, Ca and Sn, were studied as substitutes while
their oxides as dopant sources. The calculations on these
extrinsic point defects show that both Ca and Sn have lower
formation energy at In position, coincident with the assump-
tions made in most of experimental studies on doped
CulnO,. Both Cay, and Sny, form rather deep defect levels in
the band gap. Comparing our calculation results with the
experimental observations, we found something hard to ex-
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plain within isolated point defect study alone. We suggest
amorphous In,0; may stand for the experimental observation
of insulating non-doped CulnO, and comparable carrier con-
centration in CulnO,:Ca and CulnO,: Sn. This is also based
on our result on metastability of CulnO, compared with its
end-point binary compounds. Moreover, CulnO, was 5 times
more heavily doped in experiments than in our theoretical
calculations. With higher concentration of dopants, interac-
tions between dopants or formation of defect complex are
unavoidable, which surely influence the defect formation en-
ergy and the defect level positions. Further theoretical calcu-
lations on defect complexes are necessary for a thorough
understanding on the doped CulnO,. Other factors like tem-
perature may also affect the calculation results.
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