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ABSTRACT: Silver orthophosphate (Ag;PO,) is known as a highly active visible-
light sensitized photocatalyst, yet its doping effects on electric properties have not
been well understood. Using hybrid density-functional calculations, we study
possibilities for n-type and p-type doping in Ag;PO,. It is found that a sulfur
substituted for phosphorus (Sp) has a relatively low formation energy (high
solubility) and acts as a shallow donor in any growth conditions examined.
Whereas, a substitutional silicon at phosphorus site (Sip) is a deep acceptor and its
solubility is low, indicating that p-type conductivity is unlikely to occur by Si
doping. Our results suggest that sulfur doping is a promising approach for the

realization of n-type Ag;PO,.

1. INTRODUCTION

Photocatalysis has become an important technology for
sustainable environment and clean energy production.'
Titanium dioxide (TiO,) has long been used as semiconductor
photocatalyst because of its strong oxidizing potential and
durability. However, TiO, can utilize only ~5% of solar energy
because of its wide band gap of 3.0—-3.2 eV. Doping with
impurities in such a way to improve its absorption into visible-
light region is widely used. Unfortunately, dopants also often
act as carrier recombination centers, and thus decrease the
photocatalytic activities and thereby quantum efficiency.
Recently, silver-based oxides semiconductors, such as
Ag3VO4,2 AgGaOZ,3 and AgA102,3’4 are found to show
photocatalytic activities under visible-light irradiation. One
advantage of silver-based oxide is the formation of a
multicharacter valence band consisting of Ag d and O p states,
which increases hole mobility® and is thereby likely to promote
oxidation reactions. In particular, Ag;PO, has shown to yield
very high quantum efficiency of nearly 90% for the evolution of
O, from water under visible light irradiation.® Combination of
its band gap of 2.45 eV (direct) and appropriate position of
valence-band (VB) edge as well as its band character makes
Ag;PO, suitable for photocatalytic oxidation reaction, and
become a prototype for visible-light responsive photocatalyst.
This triggers further studies on the grogerties and applications
of Ag;PO, by means of experiments’~'° and density-functional
(DFT) calculations.'®™"*

In a photoelectrochemical cell, n-type and/or p-type
semiconductors are required as either photoanode and/or
photocathode, respectively, so that the photoelectrolysis can
occur (once the band edges of the semiconductor straddle the
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redox potentials for the reduction/oxidation reactions). The
use of two different semiconductors with suitable band edges
position as anode (n-type) and cathode (p-type) is known to
give higher electron—hole potential which enhances the desired
chemical reactions."® Such chemical reactions occurring at the
surface of semiconductor photocatalyst could also be affected
by the properties of semiconductor, for instance carrier
concentration and the Fermi level. The n-type conductivity
can be also beneficial for enhancing oxidation reactions due to
the upward band bending toward water solution. As-grown
Ag,PO, was suggested to be an n-type semiconductor as
indicated by the positive photocurrent at anodic potential.’ The
n-type characteristic of the thin film was possibly caused by
donor impurities, which are unintentionally incorporated into
the material during synthesis. However, the stability of the n-
type characteristic is still questionable. In fact, our compre-
hensive study of native defects in Ag;PO, suggested that the
Fermi level locates in the middle of the band gap and there is
no intrinsic carrier conductivity in any equilibrium growth
condition,'* similar to the case in classical semiconductors such
as silicon. This is a very different characteristic from the typical
photocatalyst, TiO,, which exhibits n-type conductivity without
external doping. The free electrons induced by native defects
act as “hole killers” and cause the difficulty in achieving a p-type
TiO,. Since there are no net carriers induced by native defects
in Ag;PO,, we expect the external doping is relatively easy in
this semiconductor. Indeed, enhancing carrier concentration
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and controlling electrical properties of Ag;PO, offer oppor-
tunities to improve its photocatalytic activity and also to
develop a visible-responsive semiconductor.

An approach to increase electron carriers is doping Ag;PO,
with an impurity that provides excess electron in its dominant
form. In principle there are three choices for n-type doping
which are (1) substituting Ag* with a divalent impurity, such as
Zn and Cd, (2) substituting P>* with hexavalent impurity such
as S and Se, and (3) substituting O*” with a heptavalent
impurity such as F. In a similar fashion, p-type doping might be
achieved by doping with impurities that create absence of
electron. However, only two options are left because Ag* is
monovalent. Substitution of P°* or O~ with tetravalent or
pentavalent impurities such as Si or N are the possible options.
Neither theoretical nor experimental studies on n-type/p-type
doping in Ag;PO, have been reported.

Here we perform hybrid density-functional calculations to
investigate the effect of S and Si impurities on the electronic
properties of Ag;PO,, focusing on their suitability as n-type and
p-type dopants. In this study, S and Si were selected as the
candidates for the doping because they are adjacent to P in the
Periodic Table, and their atomic radii are just slightly different
(Si: 1.18 A, P: 1.10 A, and S: 1.03 A), suggesting that they
could be feasibly incorporated on the P site. We first discuss the
likelihood of incorporating S and Si into Ag;PO, lattice, later
the electronic structures of energetically favorable config-
urations of S and Si are presented. We find that S and Si are
favorably incorporated on the P site where Sp acts as a shallow
donor with high solubility, and Sip is a deep acceptor.
Possibility of obtaining n-type and p-type Ag;PO, are discussed.
Finally, we elucidate that Sip is unlikely to be an effective p-type
dopant using carrier concentration analysis.

2. COMPUTATION METHOD AND DETAILS

Our calculations are based on density functional theory with
the Heyd—Scuseria—Ernzerhof h?Ibrid functional (HSE),* as
implemented in the VASP code.”” In the HSE, the screening
parameter of the nonlocal Hartree—Fock (HF) exchange is set
at 0.2 A" (HSE06)."® The HF mixing parameter of 33% was
used to produce a band gap of 2.45 eV, in good agreement with
the experimental value of 2.45 eV. For the bulk calculations, a 4
X 4 X 4 Monkhorst—Pack k-point set is used for the Brillouin
zone integrations. The energy cutoff of 300 eV is used for the
planewave expansion. The calculated lattice constant a = 6.05 A
is also in good agreement with the experimental value of 6.005
A. Our calculations of defects were performed by using 128-
atom supercell. A shifted 1 X 1 X 1 Monkhorst—Pack k-point
set is used for the Brillouin zone integrations. We confirmed
that the increase of the k-point sampling up to 2 X 2 X 2 does
not affect our conclusion. All atoms were relaxed by minimizing
Hellmann—Feynman force to less than 0.02 eV/A.

To determine the likelihood of incorporating an impurity in
Ag;PO,, we compute its formation energy. For S on the P site,
the formation energy is given by

Ef(s?’) = Etot(s?’) - Etot(Ag3PO4-) - /’ts + /’tp

+ q(gF + ev) (1)

where E.(S§) is the total energy of a Ag;PO, supercell
containing one Sp in charge state g, and E,(Ag;PO,) is the
total energy of the same supercell with no defect. & is the
Fermi level, referenced to the valence-band maximum (VBM),
€,. The alignment of the averaged electrostatic potential in the
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supercell with and without defect was applied to ¢,. The P atom
that is removed from its site is placed in a reservoir with energy
Up, referenced to the energy of solid phosphorus (ortho-
rhombic). The yp represents the chemical potential of P and
can be varied within the region determined by the formation
enthalpy of Ag;PO, [AH{Ag;PO,); calculated value is —10.02
eV] and by the conditions that prevent the precipitation of
unwanted compounds such as P,Os and Ag,O. pig represents
chemical potential of S, which is derived from the energy of
bulk SO,; which gives the upper bound for g = (E.(SO,) —
240). Similarly, in the case of Si doping, yg; is derived from the
energy of bulk SiO,. The P-rich (O-poor) and P-poor (O-rich)
growth conditions, which correspond to the chemical potential
settings (kay Hpy Ho)(see Supporting Information), were
selected to address the likelihood of S and Si dopants.

3. RESULTS AND DISCUSSION

We find that S atom prefers to occupy the P site over Ag or
interstitial sites. The calculated formation energies for S
substituting for P (Sp) is much lower than that for S
substituting for Ag (S,,) and for S interstitial (S;) under both
growth conditions for the entire range of Fermi-level
considered (see Supporting Information). Sulfur substituting
for oxygen is not considered here because S and O are
isovalent, and thus S, is electrically inactive. Similarly, based on
calculated formation energies, Sip is most energetically favorable
compared to Siy, and Si; (see Supporting Information). We
omit Siy because the large size mismatch between Si and O
atoms should result in very high formation energy and thus its
concentration in the material can be reasonably negligible.
Figure 1(a) shows the projected density of states (PDOS) of
the S, P, and Si 3p orbitals and 2p orbitals of their surrounding
O for the model structures of Sp, Pp, and Sip. The PDOS of S,
Pp, and Sip are properly aligned by using the averaged
electrostatic potential of the host constituents that represent
the bulk-like region (located far away from the substitutional P
sites). The associated electron distributions for the bonding
states of the S—O, P—O, and Si—O bonds are shown in the
insets. We find the bonding states derived from the p orbitals of
S, P, and Si and the four surrounding O are located at ~8.60,
~6.84, and ~5.76 eV below the VBM, respectively. This order
of the energy levels of bonding states is consistent with their
atomic orbital ionization energies (E,,;) where E,,(S) > E,,.(P)
> E,(Si) for the 3p orbitals."” The qualitative understanding of
the electronic structure of S, and Sip can be gained from the
molecular diagram illustrated in Figure 1b. Removal of a
phosphorus (3s* 3p*) atom with five valence electrons gives rise
to the four dangling bonds from the neighboring oxygen atoms,
which combine into the fully occupied a,-like state (s character)
and partially occupied triply degenerate t,-like states (p
character)' (three electrons are from neighboring O atoms).
Thus, the t,-like states can accept five more electrons to yield
the sp® hybrid orbitals. Sulfur (3s* 3p*) and silicon (3s* 3p?)
atoms have six and four valence electrons and the occupation of
the vacancy site results in the electronic structures with one
electron excess and missing with respect to the nondoped case,
respectively. We focus only on the p orbitals involved in the sp*
hybridization in the following discussion for simplicity. The 3p
orbitals of S, P, or Si with four, three, and two electrons
hybridize with the triply degenerate half filled P vacancy (Vp)
states with three electrons missing (three holes). This
hybridization gives rise to the bonding state located in the
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Figure 1. (a) Projected density of states (PDOS) of S, P, and Si 3p
orbitals (blue shaded) and 2p orbitals (red shaded) of the four nearest
O atoms for Sp, Py, and Sip in the neutral charge state. The insets show
the charge distribution of the bonding state associated with S—O, P—
O, and Si—O bonds, which are indicated by the solid green arrows.
The highest occupied state is schematically shown by the vertical black
arrows. (b) Schematic diagram for the interaction between 3p orbitals
of S, P, or Si with the p orbitals of P vacancy (V}) in Sp, Py, and Sip in
Ag;PO,. The solid dots represent the electron occupation. The charge
distributions of the bottom of the conduction band in S, and of the
acceptor state which is located above the valence band (VB) in Sip are
also shown. The isosurfaces in all cases are set to about 90% of the
maximum of the respective charge densities.

valence band (VB) and antibonding state located in the
conduction band (CB).

We find that S; introduces no state in the band gap. Four
electrons from S can fill the three holes in V}, forming a
complete set of S—O bonding states in (SO,)*~ while an extra
electron which would occupy the antibonding state transferred
to the conduction band minimum. The charge distribution of
the conduction-band like state with the extra electron of SJ is
depicted in Figure 1b. The delocalization of the electronic
charge density indicates that S} can be readily ionized into Sj,
describing a characteristic of shallow donor. While three
electrons from P can compensate for the three holes in V}
completing the P—O bonding states in (PO,)*” of nondoped
Ag3PO,, leaving the CB unoccupied. Two electrons from Si are
not sufficient to fully compensate for the three holes in Vp
leaving one hole in the system upon the formation of Si—O
bonding states in (SiO4)*” of Si-doped Ag;PO,. In the case of
Sip, therefore, an electron is spontaneously transferred from the
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top of the valence band, which comprises of O 2p, and Ag 4d
states,'° to the Si—O bonding state. This causes the localization
of a hole carrier at oxygen sites near the Si, leading to an
upward shift of an O 2p, states forming a deep acceptor level.
This is consistent with the charge distribution of this acceptor
state showing the character of O 2p, and Ag 4d orbitals (Figure
1b).

Given that S is to the right of P in the Periodic Table, its
atomic radius is very close to that of P. We thus expect that S
can be easily incorporated into the P site and act as a donor.
This is evident from the calculated formation energies of Sp
shown in Figure 2. The low formation energy of S, even under

O-poor/P-rich
—

O-rich/P-poor
— T 1
(b)

(@

Formation energy (eV)

0 1 2

Fermi level (eV) Fermi level (eV)

Figure 2. Formation energies as a function of the Fermi level for Sp,
Sip Vo, Vag and H; under (a) O-poor/P-rich and (b) O-rich/P-poor
limits. Only the charge states with the lowest formation energy are
shown for each value of Fermi level.

P-rich growth condition (Figure 2a) shows that S is very likely
to substitute for P. This can be attributed to the slightly smaller
atomic size of S compared to that of P, and strong binding with
oxygen atoms observed as the deeper bonding state of S—O
than of P—O (Figure 1a). The substitution of P by S leads to a
slight relaxation of the local lattice around Sp; the four nearest-
neighbor O atoms relax inward by 4.6% of the equilibrium P—
O bond length. Under P-poor (O-rich) growth condition
(Figure 2b), the formation energy of Sp is much lower than that
under P-rich condition, and becomes negative in the entire
range of er value in the band gap. Note that, in practice,
however, the chemical potential of sulfur in synthesizing S-
doped Ag;PO, can be lower than our estimation if precursors
are properly selected. We believe that there exists an optimum
growth condition for the incorporation of S into P sites in
Ag;PO, at which a realistic concentration of sulfur (a positive
formation energy of Sp) is achieved in S-doped Ag;PO,.

The thermodynamic transition level*® from S} to S5, £(+/0),
is estimated to be at 3.22 eV above the VBM, which is located
~0.8 eV above the CBM,; in other word, Sp can be fully ionized
even under room temperature. For Sf, we find no deep states in
the band gap while the extra electron of S occupies the bottom
of the conduction band (Figure 1b). Combined with a low
formation energy discussed above, we conclude that Sp acts as a
shallow donor in Ag;PO,.

On the other hand, although the atomic radius of Si which is
to the left of P in the Periodic Table is only slightly larger than
that of P, the substitution of P by Si is not readily attainable.
The relatively high formation energy of Si, compared to Sp
even under the P-poor growth condition indicates that the
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incorporation of Si is much harder than that of S into Ag,PO,
possibly due to the higher bonding state of Si—O than of S—O
(Figure 1). The solubility of Sip is likely limited by the
formation of SiO, which is very energetically preferable. The
Sip in the negative and neutral charge state leads to the outward
relaxation of the four nearest O atoms by 6.5% and 5.8%,
respectively, yielding, Si—O bond lengths similar to those
observed in bulk SiO,.*!

The £(0/—) transition level for Sip is located at 0.58 eV
above the VBM, indicating that Sip, acts as a deep acceptor; only
a small amount of holes is introduced in the valence band even
at room temperature. The deep-acceptor behavior of Sip can be
explained by the hole localization on the neighboring O atoms
as shown in Figure 1b. Under the P-rich or O-poor limit, the
formation energy of Sip is very high even when &g close to the
CBM (n-type condition), implying that the formation of Sip is
negligible. The decrease of P chemical potential from the P-rich
to the P-poor increase the likelihood of Sip formation by several
orders of magnitude (2.6 eV lower in E/(Sip)). However, the
question arises whether as to the deep-acceptor behavior of Sip
can yield sufficient free holes to the valence band. The
compensation by native point defects that act as “hole killer”
can also degrade p-type conductivity of Si doped Ag;PO,. Next,
we discuss the possibility of n-type and p-type doping in
Ag;PO, with S and with Si in terms of Fermi level position and
carrier concentration.

For S doping, it is shown that Sp is dominant over other
forms and acts as a shallow donor, yielding full ionization even
at room temperature. Moreover, it has very high solubility even
under the P-rich limit (Figure 2a). On the basis of the
calculations of native defects in Ag;PO, reported by the
authors,"* only probable acceptor defect which would act as
“electron killer” is Ag vacancy (Vj,,). On the other hand,
hydrogen interstitial (H,) is the most energetically favorable
donor impurity which can be unintentionally incorporated into
the materials during growth. In an intrinsic case, the Fermi level
should be determined by a charge neutrality condition where
negative (V,, and electrons) and positive (Hf and holes)
species are balanced, and it nearly corresponds to the
intersection of the two lines of V,, and H; formation energy
plots (Figure 2). By doping with S, which is a shallow donor
with lower formation energy than that of H,, the Fermi level is
shifted toward the conduction band as understood from the fact
that the intersection of the lines for Sp and V, locates higher in
Fermi level than that of H; and V,. This is true for both the P-
rich and P-poor conditions. Here, we assumed that V}, and H;
act as an acceptor and donor, respectively, even though they are
very mobile and possibly annealed out from the bulk region.'*
In such a case when V), is incapable of activating hole carriers,
the likelihood of n-type conductivity on the formation of S; is
rather increased due to the absence of the compensation center.
In any case, therefore, the Fermi level of S-doped Ag;PO, is
significantly shifted upward compared to the intrinsic case,
yielding very high electron concentration. We therefore believe
that n-type Ag;PO, is achievable by S doping.

On the other hand, doping Ag;PO, p-type is much more
challenging because of the following points. (1) The solubility
of Sip is fairly low. (2) Sip is a deep acceptor with a transition
level £(0/—) 0.58 eV above the VBM which means that only a
very small fraction of Sip(~1.73 X 10™® %) contributes to free
holes in the valence band at room temperature. (3) The
acceptor Si can be compensated for by V&, which has
relatively low formation energy under a certain growth
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condition. We neglect the mobile species V,, and H; in the
following discussion in order to investigate the best chance for
(Sip)~ to become a source of p-type conductivity. On the other
hand, the migration barrier of Vj is expected to be relatively
high because of a strong covalent bonds in (PO,)*~ and thus is
considered to be a major “hole killer” below. In Figure 2, it is
shown that the formation energy of Si; decreases while that of
Vg increases when the oxygen chemical potential, or in other
word, oxygen partial pressure varies from the O-poor to the O-
rich limits. This implies that in order to increase the number of
free holes a growth condition that yield the highest solubility of
Sip and the smallest concentration of V% is needed.

Figure 3 shows the calculated equilibrium concentration of
Vg, Sip, and hole in the valence band (1) for the growth
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Figure 3. Equilibrium concentration of Siy, V&, and hole in the
valence band (1;,) as a function of oxygen chemical potential y, for the
growth temperature of 1000 K. The inset shows the pinned Fermi
level as a function of po. Concentration of Sip for the growth
temperature of 600 K is also depicted.

temperature of 1000 K as a function of O chemical potential
Ho- We find that the V& concentration is relatively low (~10"
cm™) even at the O-poor limit (1o = —1.60 eV) and becomes
lower than that of Si; when yg > —0.98 €V, implying that Vg is
unlikely to act as hole-killer defect. Hole concentration remains
steady at ~10' cm™ for a lower gy and begins to
spontaneously increase when po > —0.67 along with the
increased Sip concentration. The Fermi level of Si-doped
Ag;PO, is determined by the charge neutrality condition

Zqic(Xiq’) —n,+n, =0, where n, and n, are electron
i

concentration in the conduction band and hole concentration
in the valence band defined by n, = 2(mkT/27h*)*?* exp((e —
Eg)/kT), n,= 2(mkT/27h*)** exp(—e/kT), where m, and m,,
are the electron and hole effective masses of bulk Ag,PO,,
respectively (calculated m, and m, are 0.43mg and 1.11mg; m, is
free electron mass). E, is the band gap of AgsPO,. c(X[") is the
concentrations of X; defect or impurity in charge state g;, which
includes Sip and Vj in their corresponding charge states. Here,
we assume that the mobile defect and impurity, Vj, and H; are
annealed out and do not contribute to the charge neutrality. If
they are taken into account, there is no chance for Sip to shift
the intrinsic Fermi level (1.62 and 1.15 eV above VBM for O-
poor and O-rich, respectively).'* The inset of Figure 3 shows
the Fermi level as a function of yg. As g increases the Fermi
level decreases and is eventually pinned at ~0.78 eV above the
VBM at the O-rich limit. We note that the scenario described
above is for the hypothetical growth temperature of 1000 K
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which is rather high for the calcination temperatures applied to
Ag;PO,.>* For the lower growth temperature, e.g., at 600 K, Sip
concentration is 3 orders of magnitude lower (see Figure 3)
and thus the Fermi level should stays at the intrinsic level near
the midgap region, resulting in an insulating Ag;PO,. In fact, a
good p-type material has much higher carrier concentration
(~10"-10" cm™)* and higher growth temperatures are
needed to realize such a concentration, which may beyond the
melting point of Ag;PO,.

Our analysis based on the assumption of thermodynamic
equilibrium where the concentrations of the dopants are
sufficiently low (dilute limit) and Sp and Si, are assumed to be
isolated. Experimentally, it is often that the growth of materials
is deviated from thermodynamic equilibrium. Moreover, it is
difficult to incorporate S and Si into Ag;PO, by postgrowth
process because the P—O bonds are very strong and it costs
much energy to insert those dopants into PO, matrix. The
postgrowth doping might be possible, however, bz' advanced
doping methods such as laser doping technique.”* Replacing
(PO,)*” by (SO4)* or (SiO,)*” might be somewhat easier, but
teasibility of such substitution must be carefully examined
experimentally. Nevertheless, the sufficiently high calcination
temperature in the growth processes should warrant the validity
of the use of equilibrium approach. To our knowledge, there
are no experimental reports for n-type and p-type external
doping in Ag;PO,. Only recently, the study of doping by Bi**
for enhancing the photocatalytic activity has been reported.”
Our study sheds light on the physics of doping at acid ligands
and suggests a promising dopant (Sp) for high electron carrier
concentration in Ag;PO,.

4. CONCLUSION

In summary, we have performed hybrid-density functional
calculations to investigate S and Si doping in Ag;PO,. We find
that both S and Si are energetically favorable to substitute on P
site. Sp is found to act as a shallow donor and has a very high
solubility, while Sip behaves as a deep acceptor and its solubility
is relatively low which results in a low concentration of hole
carriers. Our results suggest that n-type Ag;PO, can be feasibly
achieved by S-doping whereas fabricating p-type Ag;PO, by Si
doping is much more difficult.
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Detailed calculations of the bulk properties of Ag;PO,, the
chemical potentials used in the calculation, band structure, and
the formation energies of S- and Si-related defects. This
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