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Abstract
ZnO is a transparent semiconductor that can be used in optoelectronic applications. However, substitution of O with

group-V impurities has been suggested as a solution for achieving p-type electrical doping. First-principles local density
functional theory has been used extensively to study the properties of P-doping in ZnO. These results were in agreement
with those of previous studies. This means that the donor level is the dominant yielding n-type ZnO when the Zn atom is
replaced with a phosphor atom (PZn), and the acceptor level can be created when a PZn complex with two Zn atoms (two
vacancies) is formed, but they are not particularly shallow. By substituting P atoms with O atoms in the positively charged
state, a P-O bond was formed, yielding deep donor and acceptor levels. In addition, interstitial P has been studied, and it has
been shown that it can be easily formed with substitutional P and can enhance the n-type over p-type conductivity in P-doped
ZnO.

Keywords: DFT, phosphorus, zinc oxide.
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Introduction

Zinc oxide is an ionic material
composed of Zn+2 and O-2 and it has a
wide direct band gap with an energy of 3.4
eV and a large binding energy of 60 meV.
This makes the material an exciting
material for many applications such as
optoelectronic devices, lasers, and light-
emitting diodes (Bagnall etal., 1997; Tang
et al., 1998; Hwang et al., 2005), where it
is a transparent semiconductor for a wide
range of wavelengths. The difficulty in
carrier doping of ZnO-related materials to
achieve p-type materials is the greatest
obstacle to using the material in electronic
and photonic applications.

The most interesting p-type ZnO is
group-V elements, such as nitrogen,
phosphorus, and As. Theoretical studies
have shown that it is difficult to explain
the p-type activity of nitrogen at room
temperature (Kobayashi et al. 1983; Park
et al. 2002). In addition, a high
concentration of hole carriers of nitrogen
impurities (1017-1019 cm 3) has been
shown experimentally (Look et al., 2002;
Bian et al., 2004), and other dopant
phosphors and As have been incorporated
to obtain p-type samples (Ryu et al., 2003;
Kim et al., 2003).

ZnO exhibits n-type conductivity even
without intentional doping, and it is also
difficult to obtain p-type conductivity
because of carrier compensation (Zhang et
al., 2001). Recent calculations have shown
that incorporating phosphors into ZnO
may result in a p-type conductivity (Kim
et al., 2003; Ryu et al., 2003; Heo et al.,
2004).

Rwafed Al- Maerefah (June 2023)
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However, experimentally, P-doping
tends to enhance n-type behavior in as-
deposited films, indicating the formation
of shallow donor states. This is contrary to
the simple expectation of acceptor defect
formation via substitution at the O site
(Heo et al., 2004).

The P on the Zn and O sites,
interstitial phosphors, and related defects
in ZnO were modeled to investigate the
electronic structures. That has been
obtained by comparing the formation
energies using  density  functional
pseudopotential calculations implemented
in the AIMPRO program. The results are
discussed in terms of chemistry to explain
the formation of donors, rather than
acceptors.

Method

AIMPRO package, which is based on
density functional theory, has been used in
these calculations (Briddon & Jones,
2000; Rayson & Briddon, 2008). Defects
were simulated using large supercells and
periodic boundary conditions. The cells
are repeats of a primitive hexagonal unit
cell containing two Zn and two O atoms
with lattice vectors a[1000], a[0100], and
c[0001]. The lattice constants of the unit
cell were calculated as a=6.18 A° and c=
9.81A°. P-centers are modelled in
supercells composed of 72 or 192 atoms
formed from (3 3 2) and (4 4 3) primitive
cells, respectively.

The Brillouin zone was sampled
using the Monkhorst-Pack (Monkhorst
and Pack, 1976) scheme with a mesh of 2
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2 2 k-points. A conjugate-gradient
scheme was wused to optimize the
structures, with the force on atoms of
optimized structures having 10-3 au, and
the total energy of optimized structures
was reduced to less than 10 5Ha.

Atoms were simulated using ab initio
pseudopotentials (Troullier & Martins,
1991), and the total energies and forces
were obtained with a local density
approximation  for the exchange-
correlation (Perdew and Wang, 1992).
The wave functions and charge density
were expanded in terms of Gaussian and
plane waves, respectively ( Shaw &
Briddon, 2007). The s, p, and d functions
for Zn, O, and P were included, with 28,
28, and 32 functions per atom,
respectively. Plane waves of up to 150 Ha
were used to expand the charge density.

Reaction paths and energies were
obtained using a climbing nudged elastic
band (NEB) model (Henkelman et al.,
2000; Henkelman & Jonsson, 2000). We
calculate the formation energy of a defect
X using

E/(X,q) = E*'(X,q)
- Z pi+q(E, (X, q) + pe)
+(l(X,q) 1)
where E™Mot (X,q) is the total energy
calculated for system X containing the
defect in charge state q, p i denotes the
chemical potential of the species (i =Zn,
O, and P), E v (X,q) is the Fermi energy
at the top of the valence band, and p e is
the electron chemical potential, which is

Rwafed Al- Maerefah (June 2023)

defined as zero at the top of the valence
band. In ZnO, the chemical potentials of
components O and p OZn are related
by E(ZnO)=p 0+p Znwhere E(ZnO) is
the energy per bulk of pair in ZnO. The
range of possible values for pu 0
W Zn s related to the requirement for
ZnO0 to be stable relative to decomposition
into its elemental constituents; thus, the
zinc-rich limit is taken from zinc metal
and the oxygen-rich limit p 0 is taken
from the O_2 molecule. The heat of
formation for ZnO in this way is
calculated to be 3.9 eV, while
experimentally is 3.61 eV (Lide,
2004)[20]. The chemical potential for P
was obtained by assuming that ZnO is in
equilibrium with either P406 or Zn3P2.
For the electrical characteristics of
the defect centers, we calculated the
transition levels, E(q,g""), defined as the
electron chemical potential, where the
formation energies for the two charge
states, g and "', are equal. For example,
the donor level is the value of p e for
which E~f (X,0)=E~f (X,+1) and E"f
(X,0)=E"f (X,-1) for the acceptor level.
RESULTS

and

1- P on the Zn site, and
related centers

First, we examined the substitution of P
for Zn (PZn). Because P has three more
valence electrons than Zn, it is expected
that PZn may be a triple donor, potentially
able to exist in a range of positive charge
states. However, care must be taken in
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such an interpretation.Examination of the
relaxed structure, shown schematically in
Fig. 1 indicates the dramatic dilation of
some of the surrounding Zn-O bonds, and
it is more realistic to describe the system
not as PZn but as the PO4 molecular group
(a phosphate anion) inside a cavity made
up immediately by 12 Zn sites. The
phosphate group normally exists in the 3
oxidation state, and the twelve Zn atoms
surrounding PO4  provided these
electrons. However, since each Zn atom
has an excess of 12 an electron, there are
a further three electrons to be accounted
for. In our calculations, these go to the
host conduction band so that the

Fig. 1: Schematic of the structure of Py, in ZnO. Brown, red and yellow atoms are Zn, O an

respectively. Vertical and horizontal axes are approximately [0001], and [0110].

By calculating the formation energy as
a function of the charge state and p_e, the
electrical levels of PZn can be estimated.
The results are shown in Figure 2. We
found that PZn is thermodynamically
stable only in the +3 charge state, and can
therefore be viewed as a highly effective
n-type dopant. We also examined the
possibility for PZn of PZn-forming pairs.
One may expect a strong Coulomb
repulsion between these centres; indeed,
by increasing the distance between two

Rwafed Al- Maerefah (June 2023)

Fig. 2: Plot of Efvs. p, for key P=containing defects in ZnO calculated using the 192 atom supercell.

(a) Oxygen-rich conditions and (b) zinc—rich conditions.

PZn atoms in the same simulation cell, the
energy is reduced.

Although PZn is a multiple donor, it
can be converted into an acceptor by the
formation of a complex with components
with sufficient acceptor activity. One
model was a complex with two vacant Zn
(VZn) sites (Limpijumnong et al., 2004;
Lee et al., 2006). This is possible because
VZn is a double acceptor (Limpijumnong
et al.,, 2004), and the stability of the
complex is favourably influenced by
attractive Coulomb interactions.

Many possible PZn-2VZn orientations
are determined by the VZn positions
relative to PZn, all of which are
metastable. The most stable structure is
shown in Fig. 3. The energies of the
various orientations where the vacancies
are in the nearest shell of the Zn
neighbours to the P site vary by just 100s
of meV, and the most stable is 35 meV,
which is lower than that previously
suggested using smaller simulation cells
(Lee et al., 2006).

The binding energy of the complex
with relatively separate PZn and two VZn
centres is 3.9 eV. The formation energies
for various charge states of the most stable
acceptor system are shown in Fig. 2. We

50
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find that the acceptor level is quite deep at
approximately E_v+0.5 eV, and would
therefore not be a good candidate for p-
type doping.
2- P on the O site, and
related centres
Second, we examined the P at the O-
site (PO). The structure obtained for
neutral PO is shown in Fig. 4(a). The P
remains on-site and is approximately
tetrahedral. Since P has one fewer valence
electrons than the oxygen atom it replaces,
it is expected that PO will be an acceptor,
and indeed this is what we find.

Fig. 3: Plot of atomic structure of phosphorus subslitutional ZnO at a Zn site with two Zn vacancy,

where brown, red, and yellow atoms are zinc, oxygen, and phosphorus, respectively. The

vertical and horizontal axes are{0001), and [0110)]

The charge-dependent  formation
energies (Fig. 2) indicate an acceptor level
around E_v+1.0 eV, which is too deep for
p-type doping. This result is in agreement
with previous theory (Park et al., 2002). In
addition, one can form a donor state with
PO, as it can undergo a chemical reaction
with a next-nearest-neighbor oxygen
atom, forming the structure shown
schematically in Fig. 4(b), the so-called
AX center (Park et al., 2002). Indeed, our
calculations suggest that PO may donate
two electrons in this form. The AX+1
structure which we find to be lowest in
energy is more stable than the previously

Rwafed Al- Maerefah (June 2023)
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suggested orientation (Park et al., 2002),
which we find is meta-stable and 0.5 eV,
higher in energy. In addition, there is a
meta-stable, on-site form in the positive
charge state which is around 1.0 eV higher
in energy than AX+1.

Fig. 4: Schematics of Py in (a) the neutral charge state and (b) the positive charge state, AX
structure. Structure colors and axes are as in Fig. 3.

The substantial structural
rearrangement can be viewed as the
formation of a P=O molecular fragment
within the ZnO lattice, and the band gap
levels are highly characteristic of -
interactions between the two atoms.

This picture is extended when
examining the possibility of PO-forming
pairs. In this case, we can view the
formation of (PO)2 as the insertion of a
P2-molecular fragment. This significantly
reduces the formation energy for
substitution onto the oxygen lattice;
however, (PO)2 only has donor properties.
Therefore, at equilibrium, the formation of
PO acceptors will have to compete with
the formation of (PO)2 donors, further
reducing the probability of successfully
producing p-type ZnO via such a route.

The PO defect behaved as a double
donor. The (0/+) and (+/++) transition
levels, which are occupied by four
electrons, are located in the middle band
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gap, and the wave function shows that the
occupied levels are derived from the anti-
bonding combination  between the
surrounding P atom and O atoms, and the
AX+1 structure is proven to be.

3- Interstitial phosphorus

Finally, we examined the possibility of
phosphorus lying at an interstitial site (Pi).
A significant number of metastable Pi
structures are separated by small energy
differences. They are characterized by P
coordinated with either one or two host
oxygen atoms, and the most stable
structure is illustrated in Fig. 5.

Fig. 5: Schematic of the most stable P, structure. Colors and axes are as in Fig. 3.

As can be seen in Fig. 2, Pi behaves as
a triple donor, with a (0/+3) transition
around E_v+2.3 eV (the +1 and +2 charge
states are thermodynamically metastable).
As with PZn behaving as a phosphate ion,
the band gap levels of Pi suggest that Pi
can be characterized as a PO2 ion
fragment.

More importantly, for Pi, we examined
the energy barrier for migration. The
profile is shown in Fig. 6, which includes
many stages such as bond rotations and
interconversion between PO2 and P=0

Rwafed Al- Maerefah (June 2023)
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molecular fragments. The path details are
less important than the rate-limiting
barrier, which is approximately 1 eV. At
growth temperatures, such a barrier would
be easily overcome, so we interpret this as
Pi being a relatively mobile species.

In addition, during the simulations of
Pi, under favourable conditions, we
observed spontaneous reactions of the
type P_i—P_Zn+Z (n_i ). Both products
were donors, further supporting the role of
P as an n-type dopant. We estimate the
reaction to be exothermic by 0.44 eV in
the neutral charge state.

1.0

0.8

0.6

Energy (eV}

0.4

0.2

0.0

Reaction Coordinate

Fig. 6: NEB calculated migration barrier for interstitial phosphorus in ZnO.

Discussion
Table 1 lists the different formation

energies of different structures as a
function of the supercell size. The
relatively large differences between PZn
and PZn-2VZn illustrate that the smaller
cells commonly used in previous studies
(Lee et al., 2006; Kim et al., 2003) are
insufficient.
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Tab.1: The difference in formation energies of different structures, E~f (192)-E/f (72).

Defect Po Pzn Pzn-2Vzn Pi
Ef (eV) -0.23 0.69 -0.63 -0.02
Most of the P-related defects discussed include a much greater degree of

here are donors, with the possible
exception of PZn-(VZn)2. However, in
order to predict which species are most
likely to form under real conditions, we
must compare their total formation
energies.

In the limit of O-rich condition, Fig.
2(a), substitution onto the Zn-lattice is
highly favorable and the possible acceptor
species PZn-(VVZn)2 is favored for n-type
material. However in p-type material, PZn

is favored, so in equilibrium a
combination of the two species would
form and a highly electrically
compensated material is the most

probable result. Under O-rich conditions,
unsurprisingly PO is very high in energy
and unlikely to form at all. Similarly, Pi
has a high formation energy and is
therefore at most likely to be a minority
species.

For Zn-rich material the PZn-(VZn)2 is
much less favorable than PO, but for most
values of e, it is still PZn which is favored.

The trend for the stabilization of PZn
can be traced to the same driving force for
the formation of the AX-form of PO: the
P-O bonds formed in these configurations

Rwafed Al- Maerefah (June 2023)
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covalence than Zn-O or P-Zn bonds, and

this  generally stabilizes  P-defect
configurations where P-O bonding is
possible.

In summary, the overwhelming trend is
for phosphorus to adopt forms with P-O
bonds which are consistently donor in
character. We conclude that P-doping is
most effective for n-type material.

References

1. Bagnall,D. M., Chen,Y.F., Zhu, Z.,
Yao, T., Koyama, S., Shen, M. Y., & Goto, T.
(1997). Optically pumped lasing of ZnO at
room temperature. Applied Physics
Letters, 70(17), 2230-
2232. https://doi.org/10.1063/1.118824

2. Bian, J. M., Li, X. M., Zhang, C. Y.,
Yu, W. D., & Gao, X. D. (2004). p-type ZnO
films by monodoping of nitrogen and ZnO-
based p-n homojunctions. Applied Physics
Letters, 85(18), 4070-4072.
https://doi.org/10.1063/1.1808229

3. Briddon, P. R., & Jones, R. (2000).
LDA calculations using a basis of Gaussian
orbitals. physica status solidi (b), 217(1), 131-
171. https://doi.org/10.1002/(SIC1)1521-
3951(200001)217:1<131::AlD-
PSSB131>3.0.CO;2-M

4,  Henkelman, G., & Jonsson, H.
(2000). Improved tangent estimate in the
nudged elastic band method for finding
minimum energy paths and saddle points. The
Journal of chemical physics, 113(22), 9978-
9985. https://doi.org/10.1063/1.1323224

5. Henkelman, G., Uberuaga, B. P., &
Jonsson, H. (2000). A climbing image nudged
elastic band method for finding saddle points
and minimum energy paths. The Journal of

froo


https://doi.org/10.1063/1.118824
https://doi.org/10.1063/1.1808229
https://doi.org/10.1002/(SICI)1521-3951(200001)217:1%3C131::AID-PSSB131%3E3.0.CO;2-M
https://doi.org/10.1002/(SICI)1521-3951(200001)217:1%3C131::AID-PSSB131%3E3.0.CO;2-M
https://doi.org/10.1002/(SICI)1521-3951(200001)217:1%3C131::AID-PSSB131%3E3.0.CO;2-M
https://doi.org/10.1063/1.1323224

Y Rwafed Al- Maerefah Journal — Faculty of Sciences — Azzaytuna University
Jheoretical Study of ...

chemical  physics, 113(22),  9901-9904.
https://doi.org/10.1063/1.1329672

6. Heo, Y. W, Ip, K, Park, S. J,
Pearton, S. J.,, & Norton, D. P. (2004).
Shallow donor formation in phosphorus-
doped ZnO thin films. Applied Physics. A,
Materials Science and Processing, 78.
https://doi.org/10.1007/s00339-003-2243-0

7.  Hwang, D. K., Kang, S. H., Lim, J.
H., Yang, E. J., Oh,J. Y., Yang, J. H., & Park,
S. J. (2005). p-ZnO/n-GaN heterostructure
ZnO light-emitting diodes. Applied Physics
Letters, 86(22).
https://doi.org/10.1063/1.1940736

8. Kim, K. K, Kim, H. S., Hwang, D.
K., Lim, J. H., & Park, S. J. (2003).
Realization of p-type ZnO thin films via
phosphorus doping and thermal activation of
the dopant. Applied Physics Letters, 83(1),
63-65. https://doi.org/10.1063/1.1591064

9. Kobayashi, A., Sankey, O. F., &
Dow, J. D. (1983). Deep energy levels of
defects in the wurtzite semiconductors AIN,
CdS, CdSe, ZnS, and ZnO. Physical Review
B, 28(2), 946.
https://doi.org/10.1103/PhysRevB.28.946

10. Lee, W.J, Kang, J., & Chang, K. J.
(2006). Defect properties and p-type doping
efficiency in phosphorus-doped
ZnO. Physical Review B, 73(2), 024117.
https://doi.org/10.1103/PhysRevB.73.024117

11. Lide, D. R. (Ed.). (2004). CRC
handbook of chemistry and physics (Vol. 85).
CRC press.

12. Limpijumnong, S., Zhang, S. B,
Wei, S. H., & Park, C. H. (2004). Doping by
large-size-mismatched impurities: the
microscopic origin of arsenic-or antimony-
doped p-type zinc oxide. Physical review
letters, 92(15), 155504.
https://doi.org/10.1103/PhysRevL ett.92.1555
04

13. Look, D. C., Reynolds, D. C,
Litton, C. W., Jones, R. L., Eason, D. B., &
Cantwell, G. (2002). Characterization of
homoepitaxial p-type ZnO grown by
molecular beam epitaxy. Applied physics
letters, 81(10), 1830-1832.
https://doi.org/10.1063/1.1504875

14. Monkhorst, H. J., & Pack, J. D.
(1976). Special points for Brillouin-zone

Rwafed Al- Maerefah (June 2023)

. . Goiea &

integrations. Physical review B, 13(12), 5188.
https://doi.org/10.1103/PhysRevB.13.5188.,
ang, S. B., & Wei, S. H. (2002). Origin of p-
type doping difficulty in ZnO: The impurity
perspective. Physical ~ Review B, 66(7),
073202.
https://doi.org/10.1103/PhysRevB.66.073202

15. Park, C. H., Zhang, S. B., & Wei, S.
H. (2002). Origin of p-type doping difficulty
in ZnO: The impurity perspective. Physical
Review B, 66(7), 073202.
https://doi.org/10.1103/PhysRevB.66.073202

16. Perdew, J. P., & Wang, Y. (1992).
Accurate and simple analytic representation of
the electron-gas correlation energy. Physical
review B, 45(23), 13244.
https://doi.org/10.1103/PhysRevB.45.13244

17. Rayson, M. J., & Briddon, P. R.
(2008). Rapid iterative method for electronic-
structure eigenproblems using localised basis
functions. Computer Physics
Communications, 178(2), 128-134.
https://doi.org/10.1016/j.cpc.2007.08.007

18. Ryu, Y.R, Lee, T.S., Leem, J. H.,
& White, H. W. (2003). Fabrication of
homostructural ZnO p-n junctions and ohmic
contacts to arsenic-doped p-type
ZnO. Applied physics letters, 83(19), 4032-
4034. https://doi.org/10.1063/1.1625787

19. Shaw, J. G. M., & Briddon, P. R.
(2007). Marker-method calculations for
electrical levels using Gaussian-orbital basis
sets. Theory of defects in semiconductors, 69-
94. https://doi.org/10.1007/11690320

20. Tang, Z. K., Wong, G. K., Yu, P,
Kawasaki, M., Ohtomo, A., Koinuma, H., &
Segawa, Y. J. A. P. L. (1998). Room-
temperature ultraviolet laser emission from
self-assembled ZnO microcrystallite  thin
films. Applied physics letters, 72(25), 3270-
3272. https://doi.org/10.1063/1.121620

21. Troullier, N., & Martins, J. L.
(1991). Efficient pseudopotentials for plane-
wave calculations. Physical review B, 43(3),
1993.
https://doi.org/10.1103/PhysRevB.43.1993

22 Zhang, S. B., Wei, S. H., & Zunger,
A. (2001). Intrinsic n-type versus p-type
doping asymmetry and the defect physics of
ZnO. Physical Review B, 63(7), 075205.
https://doi.org/10.1103/PhysRevB.63.075205



https://doi.org/10.1063/1.1329672
https://doi.org/10.1007/s00339-003-2243-0
https://doi.org/10.1063/1.1940736
https://doi.org/10.1063/1.1591064
https://doi.org/10.1103/PhysRevB.28.946
https://doi.org/10.1103/PhysRevB.73.024117
https://doi.org/10.1103/PhysRevLett.92.155504
https://doi.org/10.1103/PhysRevLett.92.155504
https://doi.org/10.1063/1.1504875
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.66.073202
https://doi.org/10.1103/PhysRevB.66.073202
https://doi.org/10.1103/PhysRevB.45.13244
https://doi.org/10.1016/j.cpc.2007.08.007
https://doi.org/10.1063/1.1625787
https://doi.org/10.1007/11690320
https://doi.org/10.1063/1.121620
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevB.63.075205

	Cover-Page-روافد المعرفة3
	الصفحات الاولى
	التومي . ورقة الفوسفور



