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Defect properties and p-type doping efficiency in phosphorus-doped ZnO
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Based on first-principles pseudopotential calculations, we investigated the electronic structure of various
P-related defects in ZnO and the p-type doping efficiency for two forms of P dopant sources such as P,O5 and
Zn3P,. As compared to N dopants, a substitutional P at an O site has a higher ionization energy of about 0.62
eV, which makes it difficult to achieve p-type ZnO. Under Zn-rich growth conditions, Py acceptors are
compensated by dominant donors such as P, leading to n-type conduction. Although a P,-2V, complex,
which consists of a substitutional P at a Zn antisite and two Zn vacancies, acts as an acceptor, the formation of
Zn vacancies is more probable on going to O-rich conditions for the dopant source using P,Os. On the other
hand, when Zn;P, is used as the P dopant source, the Py,-2V,, complex is energetically more favorable and
becomes the dominant acceptor under O-rich growth conditions.
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As a wide band-gap semiconductor, ZnO has recently at-
tracted much attention because of possible applications for
optoelectronic devices such as lasers and light emitting
diodes.' Due to the large exciton binding energy of 60
meV, ZnO is considered as the brightest emitter among the
available wide-gap semiconductors even at room tempera-
ture. Alloying this material with Mg extends applications to
the ultraviolet range.*> Despite other advantages such as the
availability of large substrates, high radiation resistance, and
low material costs,® applications of ZnO are hindered by the
difficulty of making reproducible low resistivity p-type ZnO.

Nominally undoped ZnO exhibits n-type conductivity,
which is attributed to the formation of donors such as O
vacancies, Zn interstitials, and H impurities. It is now pos-
sible to achieve electron densities as high as 10?! cm™.7 On
the other hand, it is known that the fabrication of low resis-
tivity p-type ZnO is difficult due to the self-compensation
and low solubility of dopants. There have been many at-
tempts to overcome the p-type doping problem by using dif-
ferent forms of dopant sources. So far only group-V elements
such as N, P, and As have produced low resistivity, p-type
ZnO, while recent first-principles calculations suggested that
the solubility of group-I elements such as Li and Na would
be greatly enhanced by hydrogenation, and a subsequent an-
nealing process leads to the activation of passivated
acceptors.> Among group-V elements, N is used as a popular
p-type dopant.”~!'7 Theoretical studies indicated that the ac-
ceptor level of N is so deep that it is difficult to explain the
activity of N acceptors at room temperature.'®!° In addition,
it was addressed theoretically that the doping efficiency of N
acceptors is limited by the compensation effect by N, com-
plexes, which behaves as a double donor.?? Nevertheless,
several experiments have been successful in achieving
p-type ZnO doped with N impurities, with hole carrier con-
centrations of about 10'7—10' cm=.1215:17 A few reports of
p-type ZnO have been given for other group-V elements
such as P and As.?'~?” Experimental findings of p-type con-
duction in As- and P-doped ZnO are quite puzzling by con-
sidering the fact that Asy and Pg acceptors have very high
ionization energies due to the large atomic radii of the As and
P atoms.'®!° For As dopants, it was suggested that an
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Asz,-2V,, complex, in which the As atom occupying a Zn
site gives a shallow acceptor level by forming a complex
with two Zn vacancies, would be the origin of p-type
conduction.”® In P-doped ZnO, the reproducibility of p-type
conduction with P,Os as a dopant source was shown to be
relatively poor,?!~2* compared with the other dopant source
of Zn,P,.*?> However, the microscopic structure of domi-
nant acceptors in P-doped ZnO is not yet established. More-
over, the difference in doping efficiency between two dopant
sources, P,Os5 and Zn;P,, is not clearly understood.

In this paper, we investigated the electronic structure of
various defects in P-doped ZnO through first-principles
pseudopotential calculations. By comparing the formation
energies of P-related defects and intrinsic point defects, we
examined the doping efficiency of P dopants. Similar to As
dopants, a substitutional P at an O lattice site forms a deep
acceptor level due to the increase of the p-orbital energy. On
the other hand, a substitutional P (P,,) at a Zn lattice site,
which is energetically favorable under Zn-rich growth con-
ditions, behaves as a donor, compensating for acceptors. The
most stable structure of a P,,-2V,, complex is found to be
different from that for the As,,-2V,, complex,?® which was
previously proposed to be the shallow acceptor responsible
for the p-type conductivity observed in As-doped ZnO. We
find that the formation energy of a Zn vacancy (V) is
greatly reduced on going to O-rich growth conditions, and
this acceptor defect is more favorable than the P,,-2V,,
complex, when P,Os is used as a dopant source. For the
dopant source using ZnsP,, the P,,-2V,, complex becomes
the dominant acceptor under O-rich conditions, with the for-
mation energy much lower than for the Zn vacancy.

Our calculations were performed using the first-principles
pseudopotential method within the density-functional
theory.”” We employed the generalized gradient approxima-
tion (GGA) for the exchange-correlation potential.*® Ultra-
soft pseudopotentials which include the Zn 3d states in the
valence shell were used, so that p-d interactions were
considered.’! The wave functions were expanded in plane
waves with a cutoff energy of 30 Ry, and the cutoff energy
up to 50 Ry was tested to ensure numerical convergence. We

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.024117

LEE, KANG, AND CHANG

employed a supercell containing 72 host atoms in the wurtz-
ite structure. We estimated the lattice parameter of a
=3.28 A and the axial ratio of ¢/a=1.60, in good agreement
with the measured values of a=3.25 A and ¢/a=1.60.>2 The
summation of the charge densities over the Brillouin zone
was done using a k-point set generated by the 2X2X2
Monkhorst-Pack mesh.*3* We tested a larger number of k
points, such as the 3 X3 X3 mesh, and found that the total
energies for the P, and V,, defects are accurate to within
0.02 eV. Ionic coordinates were fully relaxed until the maxi-
mum forces on each atom are less than 0.12 eV/A.
The formation energy of a defect D is expressed as

EAD,q) = E,,(D,q) = nzntzy — Ropo — Npip + G, (1)

where E,,(D,q) is the total energy of a supercell containing
the defect in charge state ¢.>3 Here n; and y; are the number
of species i (i=Zn, O, and P) in the supercell and the corre-
sponding reservoir chemical potential, respectively, and w, is
the Fermi level with respect to the valence-band edge. In
ZnO, the chemical potentials of Zn and O satisfy the rela-
tions, sz, + o= uas, mo< Ko,/2, and pz, < il Growth
conditions are described by the stoichiometric parameter A,
which lies between 0 and 1 under extreme Zn- and O-rich
conditions, respectively, when uy, and uq are expressed as
Mzn= s ~NAH and Mo=Ho,/2=(1=N)AH. In our calcu-
lations, we use the calculated value of 2.88 eV for the heat of
formation of ZnO, as compared to the experimental value of
3.61 eV.3¢ The transition level, e(g/q'), of a defect is defined
as the energy where the formation energies for two charge
states, g and ¢', are crossed. For charged defects, a jellium
background was used. In the supercell calculations using pe-
riodic boundary conditions, electrostatic interactions be-
tween charged defects in different supercells may cause er-
rors on a real aperiodic system with defects, which
corresponds to the dilute limit.3”-3® However, previous calcu-
lations showed that for defects with delocalized charge dis-
tributions such as shallow defects, the Coulomb energy is
smaller than what is expected from a point-charge model for
defects.’® Thus we expect that spurious Coulomb interactions
between the charged defects in supercells do not significantly
affect the formation energies since shallow defects are con-
sidered. We calculated the defect energies, which are defined
as the difference between the total energies with and without
a defect, for 32-, 64-, 72-, and 108-atom supercells, which
are shown in Table I, and extracted the formation energies
and transition levels of defects in the dilute limit by linearly
fitting the defect energies to the inverse of cell volume.*’ For
ZnO, the calculated band gap of 1.75 eV is underestimated,
as compared to the measured value of 3.44 eV. In calculating
the formation energies of donors such as (P,)q and Py, we
included the band-gap correction of 1.69 eV.

First we examined P-related defects involving substitu-
tional P impurities, Py, and P at the Zn and O lattice sites,
respectively, and defect complexes such as a P, molecule
[(P,)o] and a Py,-2V,, complex which consists of a P dop-
ant at the Zn antisite and two Zn vacancies. The Py and
P;,-2V,, defects behave as an acceptor, while the P,, and
(P,)o defects act as a donor.
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TABLE 1. The defect energies (in units of eV) of Py, V,, and
P,-2Vy,,, which are given by the difference between the total en-
ergies calculated with and without defects, are listed for various
supercell sizes. The defect energies for the 72-atom cell are set to be
zZero.

32-atom 64-atom 72-atom 108-atom
Defects cell cell cell cell

Py 0.556 0 -0.013

P, 0.045 0 0.019

V2 -0.567 0 0.291

vy -0.339 0 0.110

Vzn 0.073 0 -0.011
(Pyn-2Vz)* -0.239 0 0.305
(Pyn-2Vz)'™ -0.199 0 0.412
Ps-2Vz, -0.052 0 0.198

For a substitutional P acceptor, because of the large size
mismatch between the P and O atoms, the Zn-P bond dis-
tances are calculated to be 2.23-2.24 A, which are larger
than the calculated Zn-O bond length of 2.00 A for bulk
ZnO. Although the Py defect acts as a single acceptor, the
(1-/0) transition level of this acceptor is located at 0.95 eV
above the valence-band maximum (VBM), similar to previ-
ous theoretical calculations.! Since the p-orbital energy in-
creases as going from N to P, the acceptor transition level of
P becomes deeper inside the gap, as compared to the tran-
sition level of 0.47 eV for the N acceptor.?’ To find the
(1-/0) transition level in the dilute limit, we tested other 32-
and 108-atom supercells, and estimated this transition level
to be 0.62 eV above the VBM. Due to the deep transition
level, the P acceptor is unlikely to be responsible for the
p-type conduction observed in P-doped ZnO.

When a P dopant occupies a Zn lattice site [see Fig. 1(a)],
this defect behaves as a triple donor. The (0/1+) transition
level of P, lies above the conduction-band minimum, be-
coming a shallow donor. Since the atomic radius of P is
smaller than that of Zn, the four neighboring O atoms are
relaxed towards the Py, defect. The P, donor has two types
of P,,-O bonds due to the hexagonal symmetry: one bond
aligned on the ¢ axis, and the other three bonds off the ¢ axis.
For the neutral charge state, the P,,-O bond on the ¢ axis has
the bond distance of 1.68 A, while the bond distances of the
off bonds are 1.91 A. When an electron is ionized from the
P, donor, the bond distances of the off bonds are reduced by
0.31 A, while the on bond on the ¢ axis is little affected.
From the analysis of the density of states, we noted that the
P,, defect has two additional transition levels, e(1+/2+)
and &(2+/3+). The highest occupied single-particle level of
P}, which is occupied by two electrons, is located just be-
low the conduction-band minimum, and its associated wave
function exhibits the antibonding characteristics of the P-O
bond, as shown in Fig. 2(a). Since this defect level is
conduction-band-like, we expect that the e(1+/2+) and
&(2+/3+) transition levels are close to the conduction-band
minimum even if the band-gap correction is included.

In previous calculations for ZnSe and ZnO doped with N
impurities, N, molecules at the anion lattice sites were
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FIG. 1. (Color online) Atomic structures of P-related defects in
ZnO: (a) a substitutional P at an Zn lattice site, (b) a (P,)o molecule
at an O lattice site, and (c) a metastable P,,-2V,, isomer, and (d)
the most stable P,,-2V,, complex.

shown to act as a shallow double donor, which compensates
for N acceptors.?*! For P dopants in ZnO, we also found a
similar (P,)o molecule at the O lattice site [see Fig. 1(b)],
which effectively consists of a substitutional P at the O site
and an interstitial P (P;). The P-P bond length is calculated to
be 2.19 A for the neutral charge state, which is slightly larger
than the calculated value of 1.89 A for a free P, molecule in
vacuum, in good agreement with the experimental value of
1.90 A.#2 Similar to an isolated Py, the (P,)o molecule has
the bond lengths of 2.23-2.34 A between the Py and its
neighboring Zn atoms. The defect level of (P,)q lies in the

(a) (b)
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S

FIG. 2. Charge-density contours for the donor levels of (a) P,
and (b) (Py)g, with the contour spacing of 0.002 a.u.
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conduction band, indicating that the (P,), molecule acts as a
shallow donor. This donor state is mainly characterized by
the antibonding pp7" state of the P, molecule, as shown in
Fig. 2(b), very similar to the (N,)q and (N,)g. molecules in
ZnO and ZnSe, respectively. When two electrons are ionized
from the (P,)q molecule, the P-P bond length is reduced to
2.07 A due to the loss of the antibonding nature of the donor
state. Since the formation of (P,)q is accompanied with large
lattice relaxations, its energy is higher than that for P,. If the
(P,)o molecule is formed under nonequilibrium condition,
annealing will dissociate the interstitial P from the molecule
and then activate the acceptor behavior of the substitutional
P.

In ZnO doped with dopants such as As and Sb, the
Asy,-2V,, and Sby,, -2V, complexes were suggested to be
responsible for p-type conduction.”® Due to a charge transfer
of three electrons from the Asy, to two V, defects, strong
Coulomb interactions between oppositely charged defects
lead to a large binding energy. For the neutral and 1- charge
states, a fivefold configuration, where the Asy, atom is
bonded to five neighboring O atoms, was shown to be more
stable than a fourfold structure. For the P, -2V, complex,
there are 13 isomers, which are determined by the positions
of two Zn vacancies around the P,, atom. In this case, we
found that the fourfold structure in Fig. 1(c) is more stable
by 1.0 eV than the atomic structure with five P-O bonds. As
the size of dopant atom decreases, going from Sb to P, the
stable structure tends to be the fourfold structure because it
costs a large strain energy to form an additional dopant-O
bond. Among the isomers, the most stable configuration is
shown in Fig. 1(d), and this structure is lower in energy by
0.05-1.37 eV than for other isomers. We estimated the bind-
ing energy of 1.38 eV for the formation of the most stable
P;,-2V,, complex from individual defects via the reaction

P+ 2Va — (Pgy =2V (2)

Since this binding energy is smaller than the value of 2.84
eV for the Asy,-2Vy, complex, a strong competition of the
P;.-2V,, complex with other acceptors such as V, may not
enhance greatly the concentration of the P,,-2V,, complex
under high-temperature growth. In the 1-charge state, where
the acceptor level is fully occupied, the calculated P-O bond
lengths are 1.57-1.60 A, similar to those for the 3+ charge
state of P,. In the dilute limit, the &(1-/0) transition level
is found to lie at 0.55 eV above the VBM, indicating a rather
deep acceptor, while those for the €(2—/1-) and &(3-/
2—) transitions are located at 2.79 eV above the VBM and in
the conduction band, respectively.

Among native defects, O and Zn vacancies were mostly
studied in previous theoretical calculations.?%*3* The wave
function of the V(, defect level is mainly composed of the Zn
4s and O 2p orbitals. The V defect was considered as the
main source of intrinsic n-type conduction. Our calculations
showed that the V defect behaves as a negative-U defect,
with the (0/2+) transition level within the gap, in good
agreement with other calculations.** In our finite-sized-
supercell calculations, although V, acts as a double accep-
tor, the transition levels are found to lie within the valence
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TABLE II. The formation energies (Ey) of P-related defects and
native defects calculated for the 72-atom supercell are listed for the
P,0O,, molecular source. The formation energies (corrected E;) es-
timated in the dilute limit are also given for acceptors such as Pg,
Pz,-2Vz,, and V,, while for (P,)q and Py, donors, the band-gap
correction of 1.69 eV is included in their formation energies. The
extreme Zn- and O-rich conditions correspond to A=0 and 1, re-
spectively, and the zero of u, is set to be the top of the valence

band.

Defect E; (eV) Corrected E; (eV)
(P 16.51-6(1-N)AH+2u, 16.51-6(1-N)AH+2u,
(P 18.42—6(1-N)AH+pu,  20.11-6(1-N)AH+ 1,
(P)o 20.17-6(1-\)AH 23.54-6(1-\)AH

Pt -0.92-2(1-N)AH+31, —0.92-3(1-N\)AH+34,

P2t 0.75-2(1-NAH+2x,  2.44-3(1-N)AH+24,

Pt 292-2(1-NAH+pg,  630-3(1-N)AH+,

Py, 6.47-3(1-N\)AH 11.54-3(1-N)AH

vy 1.84—(1-N)AH+2u,  1.84—(1-\)AH+2u,

149 3.18—=(1-N)AH+u, 4.87—(1-N)AH+p,

Vo 3.83—(1-\)AH 7.21-(1-\)AH

Py 1248-2(1-MAH-x,  12.16-2(1-N)AH-p,

Po 11.53-2(1-\)AH 11.54-2(1-\)AH

Vi 5.01-NAH-24, 5.59-\NAH-24,

Vi 5.03-NAH-p, 5.32-\AH-p,

Van 5.28—\AH 5.23-\AH
(Pza-2Vz2)*™  4.59-INAH-24, 7.35-INAH-2p,
(Py,-2Vy)'™ 3.27-3NAH-p, 4.56—NAH-pu,

P,,-2V,, 3.64—INAH 4.01-I\AH

band. The underestimation of these transition energies is
mainly caused by a large dispersion of the defect level due to
the use of a finite-sized-supercell and an upward shift of the
valence-band edge due to a p-d repulsion generated by in-
cluding the Zn 3d orbitals in the valence shell. In the dilute
limit, the transition levels of V,, are located at £(1-/0)
=0.09 eV and £(2-/1-)=0.27 eV above the VBM, similar
to previous calculations.?*28

The formation energies of defects vary with the P chemi-
cal potential via Eq. (1), and up depends on the type of
dopant sources. Experimentally, two dopant sources such as
P,O5 and Zn;P, were used to achieve p-type conduction in
Zn0.2'-% Under normal conditions of temperature and pres-
sure, the P,Os crystal exists in three different phases: two
stable orthorhombic structures which consist of a network of
PO, tetrahedra and a metastable hexagonal form which is
made of discrete P,0;, molecules.**® To determine the
maximum value of up, we considered the two orthorhombic
phases as well as a P,O;, molecule, which is likely to be
formed at high temperatures. For the orthorhombic and lay-
ered bulk structures of P,Os, their total energies are found to
be higher by 0.26 and 0.18 eV, respectively, per unit formula
than for the P,O,y molecule. Because the P,O,, molecule is
more stable than other phases, we used this molecule as the
P,O5 dopant source. In this case, the maximum P chemical
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FIG. 3. For the dopant source using a P4O;, molecule, the cal-
culated formation energies of various donors (dotted lines) and ac-
ceptors (solid lines) under (a) Zn- and P-rich conditions are drawn
as a function of the Fermi energy and compared with those for (b)
O- and P-rich conditions. For acceptors such as Py, Pz,-2V,, and
V7., the formation energies are estimated in the dilute limit, and for
(P5)o and P, donors, their formation energies include the band-gap
correction.

potential is written as ,u{)"“x=4]-‘,up4om—a—° o, Where up o s
the total energy of the P,O,y molecule.

For the dopant source of the P,O,, molecule, the forma-
tion energies of P-related defects and point defects are listed
under the P-rich condition (up=wup®) in Table IL In the
dilute limit, the formation energies of defects are plotted as a
function of the Fermi energy under the Zn- and O-rich con-
ditions in Fig. 3. Under the Zn- and P-rich conditions, the P
acceptor is more stable than the other acceptors such as Vy,
and P,-2Vy, for the Fermi level near the VBM. However,
the Py acceptors are mostly compensated by the triple P,
donors, which have the lower formation energy. Due to the
dominant Py, donors, it will be difficult to obtain p-type
conduction. Recent experiments showed that with P,O5 as
the dopant source, as-grown epitaxial ZnO films are highly
conductive and n-type.?>?* Since ZnO films were grown with
large P contents of 1-5 at. %, the observed n-type conduction
may be attributed to the formation of the P, donor. If the
P, donor is inhibited by any means, p-type conduction
would be possible by the Py acceptors. As going to the
O-rich condition, the formation energies of the acceptors in-
volving V,, are lowered, while those for the other defects
such as Pg, P, and V increase. Since the energy lowering
of V, is larger than for the P,,-2V,, complex, V,, becomes
a major acceptor, as shown in Fig. 3(b). Although the P,
defect is still the most favorable donor, p-type conduction is
likely to occur due to the V, defect. If a P,O4 molecule is
considered as the dopant source, this molecule has a higher
value of up® by 2.78 eV than for the P,O;, molecule. In this
case, since the formation energy of P,,-2V,, is lowered, the
P7,-2V,, complex becomes the dominant acceptor.

When Zn;P, is used as the dopant source, the value of

max . . max_ 1 bulk 3
mp" is determined by the relation, up =2 Mzn,p,~ 2 M7Zn>

where /L%Z‘Pz is the total energy of bulk Zns;P, per unit for-

mula. Figure 4 shows the formation energies of various de-
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FIG. 4. For the dopant source using Zn;P,, the calculated for-
mation energies of various donors (dotted lines) and acceptors
(solid lines) under (a) Zn- and P-rich conditions are drawn as a
function of the Fermi energy and compared with those for (b) O-
and P-rich conditions. For acceptors such as Pq, P7,-2V,, and V,,
the formation energies are estimated in the dilute limit, and for
(P,)o and P, donors, their formation energies include the band-gap
correction.

fects as a function of the Fermi energy under the Zn- and
O-rich conditions. Under the Zn- and P-rich conditions, the
formation energies of P-related defects such as Py, (P)o,
P;,, and P,,-2V,, are enhanced, compared with the P,Oy,
molecular source in Fig. 3(a). The general feature for the
dominant donor and acceptor remains almost unchanged. On
the other hand, under the O- and P-rich conditions, the for-
mation energies of P, and P,,-2V,, are lowered by about 10
eV, while the energy of V,, is not affected. Thus the P, -
2V,, complex becomes a more stable acceptor than for the
V. defect, as shown in Fig. 4(b). However, a significant
increase of hole carrier concentrations is not expected due to
the compensation effect by the P, donor.

Under thermodynamic equilibrium, the concentration of a
defect at temperature 7 is written as

PHYSICAL REVIEW B 73, 024117 (2006)

C(Dsq) = ZDI\IS exp[_ Ef(D’q)/kBT] s (3)

where E/D, q) is the defect formation energy, N is the num-
ber of sites where the defect D can be formed per unit vol-
ume, and zj, is the number of distinct configurations per sub-
lattice site for a defect complex.’ The equilibrium Fermi
level is determined by the charge neutrality condition,? and
the total concentration of dopants can be controlled by vary-
ing the parameter A and the dopant chemical potential wp. At
a growth temperature of 600 °C, the equilibrium Fermi level
is found to be around 0.73 eV above the valence-band edge
under the O- and P-rich conditions for the P,O5 source. The
total concentration of P dopants varies from ~10" to
~10% cm™ as the growth condition changes from the ex-
treme O-rich (A=1) to Zn-rich (A\=0). In the extreme P-rich
and O-rich conditions, the concentration of hole carriers is
estimated to be in the range of 10'> cm™. When the P,Oq
molecule is considered as the dopant source, since the for-
mation energies of P-related defects are reduced, the solubil-
ity of P dopants increases by two orders of magnitude under
P-rich conditions. However, the concentration of hole carri-
ers is expected not to be much enhanced because of the com-
pensation effect by the Py, donor. For the Zn;P, dopant
source, the solubility of P dopants can reach 10?° cm™ under
the Zn- and P-rich conditions.

In conclusion, we have investigated the electronic struc-
ture of P-related defects and the doping efficiency of P dop-
ants in ZnO through the first-principles pseudopotential cal-
culations. We found that the most stable structure of the
P;,-2V,, complex is different from that previously proposed
for the Asy,-2V, complex, and the stability of this complex
is enhanced under O-rich conditions, where the Zn vacancies
are abundant. For the two forms of dopant sources, P,O5 and
Zn;P,, we found that p-type ZnO is achievable under O-rich
conditions. For the P,O5 source, the dominant acceptors are
suggested to be the V, defects, while the P,,-2V,, complex
is energetically more favorable for the Zn;P, source.

This work was supported by the Korea Ministry of Com-
merce, Industry, and Energy.
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