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Dopability of divalent tin containing phosphates for p-type transparent conductors
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Tin(II) containing phosphates, SnnP2O5+n (n is an integer), are promising candidates for p-type transparent
conductors due to their good stability, suitable band gaps, and reasonable hole effective masses. Here we conduct
first-principles calculations on SnnP2O5+n type compounds by exploring their defect properties along with the
dopability to find better candidates for p-type transparent conducting oxides. We consider two compounds,
Sn3P2O8 (n = 3) and Sn5P2O10 (n = 5), with their binary counterpart SnO for a thorough comparison.
Various likely native defects, as well as possible hydrogen-related extrinsic impurities have been examined.
In SnnP2O5+n, Sn interstitial and Sn vacancy are the dominant donor and acceptor defects. In contrast to SnO,
Sn vacancies have quite deep charge transition levels in SnnP2O5+n. The results indicate that both the studied
phosphates are not good p-type transparent conductors even at the optimal growth conditions. However, our
findings suggest that SnnP2O5+n with a higher n would allow for a relatively higher hole concentration and a
shallow-level defect for Sn vacancy, thus calling future research in this direction.
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I. INTRODUCTION

Transparent conducting oxides (TCOs) are highly needed
in optoelectronic applications, such as solar cells [1–4], flat
panel displays [5–7], and transparent electronics [8–10]. This
can be attributed to their unique properties, more importantly,
high optical transparency and low electrical resistivity. Cur-
rently, excellent n-type TCOs based on ZnO and other main
group oxides have been commercially available. These binary
oxides might be hard to apply as good p-type TCOs due
to their localized O 2p character of the top valence bands.
Such bands are often not dispersive enough for light hole
effective mass which is needed for excellent hole conductivity,
and also their energy is too low, thus preventing efficient
p-type doping. To overcome both of these difficulties, an
antibonding top valence band formed by p-d hybridization
was proposed in CuAlO2 as a prototype of p-type TCO [11].
The reported conductivity at room temperature of magnitude
0.95 × 10−1 S cm−1 is significantly smaller than the typical
n-type TCOs like SnO2 (102 S cm−1) [12]. This situation also
exists in other p-type TCOs, such as CuMIIIO2, AgMIIIO2

(MIII = Sc, Cr, Co, Ga, In), and SrCu2O2 [13–17]. It has been
observed experimentally that none of the above compounds
has a hole conductivity higher than 10 S cm−1. This may
be due to the d orbital chemistry combined with the p-d
coupling, and it is still a major challenge to design or discover
novel p-type TCOs with optimum properties.

As an alternative to materials with p-d coupling, one
could achieve the similar widened top valence bands by s-p
antibonding. For instance, in the SnO where Sn possesses
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a valence state of +2, the valence band maximum (VBM)
is mainly derived from O 2p and Sn 5s orbitals, with a
fairly dispersive (in certain directions) and relatively high-
energy valence band top. Such bands are favored for a light
hole effective mass and feasible p-type dopability [18]. How-
ever, SnO possesses an anisotropic structure with undesirable
anisotropic hole carrier transport. In addition to this, the high-
quality film growth of SnO is still challenging [19–22].

Some other mixed-valence SnxOy have also been studied
theoretically, including Sn2O3, α-Sn3O4, β-Sn3O4, and Sn5O6

[23]. Among these, the two phases of Sn3O4 have suitable
band gaps with relatively flat characters of the VBMs near
the Fermi levels. Similarly, tin-based ternary oxides, like
Sn2GeO4 [24] and SnNb2O6 [25], can be potentially used as
effective p-type semiconductors due to their optimum band
gaps or superior hole densities. Furthermore, some recent
theoretical studies also demonstrated that the ternary com-
pounds K2Sn2O3 [26] and MSn2O3 (M = Sr, Ba) [27] can
be promising candidates for p-type semiconductors. However,
the above predictions are not justified fully and still need
experimental verification. In the present work, we focus our
attention on another group of Sn(II)-based compounds, the Sn
phosphates (SnPOs) with the formula of SnnP2O5+n, which
have been synthesized and tested experimentally [28–32].
Mercader et al. performed Mössbauer measurements on a
well-characterized monoclinic crystal of Sn3P2O8 at different
temperatures as early as 1983 [33]. Fan et al. characterized the
crystal structure of Sn5P2O10 under hydrothermal conditions
by reporting the triclinic space group along with other lattice
parameters [34]. In a recent computational study, Xu et al.
explored the electronic structures and optical properties of
Sn(II) phosphates for optoelectronic applications [35]. The
presence of Sn 5s states at the top valence bands implies
the feasibility of p-type doping in SnPOs. In particular, they
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calculated the hole effective masses of Sn3P2O8 (2.55m0) and
Sn5P2O10 (1.87m0) which are comparable to other widely
studied p-type TCOs, e.g., CuAlO2, with m∗

h = 2.6m0 and
SrCu2O2, with m∗

h = 2.1m0 [26,36]. The band gaps calculated
at HSE06 level are as high as 4.55 and 3.40 eV for Sn3P2O8

and Sn5P2O10, thus allowing high optical transparency. Such
a combination of suitable band gap, low effective masses, and
a good chemical stability suggests SnPOs as good candidates
for highly efficient p-type TCOs.

A high-performance p-type TCO requires further research
for achieving high holes concentration, which depends on
shallow acceptor defects or the impurities contained therein.
In this study, we aim to explore the intrinsic defect properties
along with the formation energies and charge transition levels
of SnO and SnnP2O5+n using first-principles calculations.
We will show that at certain growth conditions, a small but
noticeable hole density can be obtained for Sn3P2O8 and
Sn5P2O10. We will further explain the effect of hydrogen
incorporation which occurs unintentionally during the syn-
thesis and processing [37,38]. The chemical trend caused
by increasing the integer n suggests that high Sn-content in
SnnP2O5+n are potentially favorable for p-type TCOs and
other optoelectronic applications.

II. METHOD

We performed first-principles calculations within the
framework of density-functional theory [39], as implemented
in the Vienna Ab initio Simulation Package [40]. The interac-
tion between core and valence electrons was explained using
the frozen-core projector augmented wave pseudopotentials
[40,41]. We used two exchange-correlation functionals: the
Perdew-Burke-Ernzerhof (PBE) [42] functional for geom-
etry optimization, and the Heyd-Scuseria-Ernzerh (HSE06)
[43,44] density functional for electronic structures and de-
fect formation energies (this has been carefully calibrated as
discussed below). We used an original mixing parameter of
25% for the exact exchange in the HSE06 method. In our
calculations for primitive cells, the kinetic energy cutoff for
plane-wave basis was set to be 400 eV in conjunction with a
grid spacing of 2π × 0.03 Å−1 for Brillouin zone sampling.
In supercell calculations, a 3 × 3 × 2 supercell based on the
4-atom unit cell and a Monkhost k-mesh grid 3 × 3 × 3 were
used for SnO. For Sn3P2O8 and Sn5P2O10, only the � point
was used for the 1 × 3 × 1 and 2 × 2 × 1 supercells based on
the 52-atom and 34-atom conventional unit cells.

The concentration of an intrinsic defect depends on the
defect formation energy, �Hf . For a point defect D in the
charge state q, its equilibrium concentration in a crystal is
given by

c(D, q) = Nsitegqexp[−�Hf (D, q)/KBT ], (1)

where KB is the Boltzmann constant, T is the temperature,
�Hf (D, q) is the formation energy, and Nsite is the num-
ber of possible sites for the defect. The degeneracy factor
gq is equal to the number of possible structural configura-
tions and electron occupancies. The formation energy and

charge transition levels for a point defect can be expressed as
follows:

�Hf (D, q) = E (D, q) − Eh − �ni
(
�μi + μ0

i

)

+ q(εVBM + ε f ) + �Ecorr, (2)

ε(q/q′) = [�Hf (D, q′) − �Hf (D, q)]/(q − q′). (3)

where E (D, q) is the total energy of the supercell containing
a defect, Eh is the total energy of the defect free supercell,
�μi is the chemical potential of the ith-atomic species relative
to its ground-state elemental-phase chemical potential μ0

i ,
ni is the difference in the number of the ith-specie atoms
between the defect and pristine supercells, εVBM is the energy
of VBM of the defect-free material, and ε f is the Fermi energy
referenced to εVBM. The last term �Ecorr corrects the error
caused by the finite size of the supercell, including the image
charge and potential alignment proposed by Lany and Zunger
[45].

III. RESULTS AND DISCUSSION

The optimized crystal structures of Sn3P2O8, Sn5P2O10,
and SnO are shown in Figs. 1(a)–1(c). The SnO compound
possesses tetragonal symmetry with spacegroup P4/nmm.
The Sn atoms are located at the apex of square pyramids. The
oxygen atoms are tetrahedrally bonded to Sn atoms having all
the Sn-O bond distances equal to 2.25 Å [46]. The Sn3P2O8

and Sn5P2O10 are found to stabilize in the monoclinic and
triclinic phases with space groups P21/c and P1̄, respectively.
Both the compounds consist of trigonal-pyramidal SnO3 and
tetrahedral PO4 networks. In these systems, the Sn atoms
are surrounded by three O atoms, whereas the Sn 5s2 lone
pair occupies each vertex of the tetrahedron. Two kinds of
cation-centered groups are connected by sharing their vertices
to form open frameworks with channels and cages [47]. The
calculated formation enthalpies for SnnP2O5+n with respect
to binary counterparts SnO and P2O5 are −220 meV/atom
(Sn3P2O8) and −190 meV/atom (Sn5P2O10), thus indicating
high stabilities [35].

The calculated band structure diagrams for Sn3P2O8,
Sn5P2O10, and SnO systems are shown in Figs. 1(d)–1(f),
respectively. The orbital contributions of constituent elements
are also plotted as color coded spheres. We can see from
the plot that SnO possesses an indirect band-gap profile. The
conduction band minimum (CBM) derived primarily from Sn
p states is located at the M-symmetry point, while the VBM
which is derived mainly from O 2p states and Sn 5s states
is found to occur at the �-symmetry line. In SnPOs, we find
that both the compounds possess large band gaps, 4.43 eV
for Sn3P2O8 and 3.65 eV for Sn5P2O10, which are well above
the visible region of the spectrum. The Sn 5s states near the
top of valence bands form antibonding states coupled with the
phosphate atoms while the CBM is composed of Sn 5p states.

Defects and impurities in materials can take different
forms including vacancies, antisites, self-interstitials, and sub-
stitutions. In SnPOs, the strong covalent bond in the PO4

tetrahedra requires high energy to form P interstitials and
antisite defects between O and P atoms. Sometimes it is rather
difficult to generate antisite composed by Sn and P atoms in
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FIG. 1. [(a)–(c)] Crystal structures and the [(d)–(f)] orbital-projected band structures of Sn3P2O8, Sn5P2O10, and SnO, calculated at HSE06
level.

SnPOs as both the atoms are bonded with several O atoms.
Here we mainly consider the following intrinsic defects in
SnO and SnPOs, including three vacancies (VSn, VO and VP),
two antisites (SnO and OSn), and three interstitials (Sni, Oi,
and Pi).

We compared total energies of PBE functional for oxy-
gen and tin vacancies at all possible vacancy sites. In both
Sn3P2O8 and Sn5P2O10, the configuration of VO (with the
lowest energy) is ∼0.05 eV lower than other configurations,
while that of VSn is ∼1.45 eV lower than others. For the
interstitial defects, we found that Oi is preferred to bond
with multiple Sn atoms in SnPOs. We will only focus on the
lowest-energy configurations of the selected compounds. The
local structures of the lowest-energy configurations of Oi and
Sni are shown in Fig. 2.

The PBE-optimized structures may lead to an inappropriate
orbital hybridization between the defect states and band edge

FIG. 2. Preferential locations of Oi (light green) and Sni (dark
green) in the ground states of [(a) and (d)] Sn3P2O8, [(b) and (e)]
Sn5P2O10, and [(c) and (f)] SnO. The bond length between interstitial
and adjacent bonding atoms is indicated.

states mainly due to the band-gap underestimation [48]. To ex-
amine this, we performed supercell calculations with HSE06
functional in which we further optimized the Sn3P2O8 having
VSn and VO vacancies and Oi interstitial. The obtained results
show slight changes up to 0.15 eV in formation energies
and 0.08 eV in defect charge transition levels. Hence, using
the PBE-optimized geometries would not affect the results
obtained in this work.

Besides the intrinsic defects, extensive studies have been
performed showing the hydrogen incorporation both in crys-
talline and amorphous semiconductors [49–55]. One can
easily incorporated hydrogen during the crystal growth as
well as at any stage of the device processing. Therefore, we
considered hydrogen as an extrinsic defect in the form of
interstitials and their complex with vacancies to see what new
features it can impart to the host materials.

Since the formation energy of a point defect depends on
the chemical potentials of the constituent elements, we hereby
performed a thorough evaluation of thermodynamic stabil-
ity via the phase stability analysis. The stability diagrams
for Sn3P2O8, Sn5P2O10, and SnO are shown in Fig. 3. We
considered all the competing compounds documented in the
Inorganic Crystal Structure Database [56,57]. In the case of
SnO, the chemical potentials of the constituent elements are
constrained by requiring SnO being thermodynamically stable
by the following stability conditions,

�μSn + �μO = �Hf (SnO), (4)

and avoiding the secondary phases:

�μSn � 0, (5)

�μO � 0, (6)

�μSn + 2�μO � �Hf (SnO2). (7)
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FIG. 3. The calculated phase diagrams of (a) Sn3P2O8, (b) Sn5P2O10, and (c) SnO, respectively. For ternary compounds, the green polygons
indicate the stable regions. For binary compound, the green line indicates the stable region.

The Sn-rich/O-poor limit is defined by �μSn = 0.0 eV and
�μO = �Hf (SnO), whereas the Sn-poor limit can be defined
from the formation energy of SnO2 [58,59]. According to the
formation energies of SnO and SnO2 calculated with HSE06,
�μSn varies by an amount of 0.56 eV from the Sn-rich
condition to the Sn-poor condition. Similarly, for SnPOs, the
thermodynamic stability requires the following condition to
fulfill:

m�μSn + n�μP + k�μO = �Hf (SnmPnOk ), (8)

and the constraints related to elemental binary and ternary
second phases:

xi�μSn + yi�μP + zi�μO � �Hf
(
Snxi Pyi Ozi

)
,

i = 1, . . . , Z, (9)

where Z is the total number of competing phases. We cal-
culated the values of �Hf for defects at two extreme points
(A and B) that sampled the phase diagrams and made the
�Hf of all neutrally charged defects positive in the respective
compounds. For external impurities, we set μH (= �μH +
μ0

H ) equal to μ0
H , which is the energy of an H atom in

the H2 molecule at T = 0 K. We also considered competing
hydrides but have not found any significant effect on �μH

under the Sn-rich growth conditions both in SnO and SnPOs,
respectively.

The calculated formation energies of the intrinsic defects as
a function of the Fermi level are plotted in Fig. 4. The oxygen
interstitial is proved to be a deep acceptor for all the three
compounds, with the (0/2−) transition levels at 2.59, 2.40,
and 0.99 eV above the VBM of Sn3P2O8, Sn5P2O10, and SnO.
For the oxygen vacancy, the (2+/0) transition levels of VO

are 3.44, 2.30, and 0.57 eV below the CBM of the respective
compounds. As a result, VO acts like a hole killer defect in
the p-type condition with a Fermi level lower in energy than
its charge transition level, while Oi is an electron killer in the
n-type condition with a Fermi level higher in energy than its
charge transition level.

In SnO, VSn is a shallow acceptor with ε(0/1−) = 0.04 eV
above the VBM, which is consistent with previous work of
Varley et al. [37]. In SnPOs, VSn introduce relatively deep ac-
ceptor levels within the energy gaps, with ε(0/2−) = 1.27 eV
and ε(0/1−) = 0.55 eV above the VBM in Sn3P2O8 and
Sn5P2O10. As the Fermi level moves toward the CBM, V 2−

Sn
is the first acceptor defect with a zero formation energy

(automatically compensating electrons). This clearly defines
the n-type Fermi level pinning. In p-type conditions, the value
of �Hf for V 0

Sn is 1.1 and 0.5 eV higher than that of O0
i in

Sn3P2O8 and Sn5P2O10, respectively.
The integer n in the chemical formula of SnnP2On+5 is the

ratio of decomposition products SnO and P2O5. The similarity
in the electronic structure of SnPOs and SnO should be
dependent on the value of n. The above assumption is clearly
supported by the fact that VSn is shallower in Sn5P2O10 than
that of Sn3P2O8, as depicted in Fig. 4. To gain more insight
into the electronic structure of SnPOs, we calculated the
partial charge densities of the valence-band edge and plotted
the results in Fig. 5. In SnO, the interaction of Sn 5s2 electrons
with O 2p states in the valence band leads to form bonding
and antibonding orbitals along with an active lone pair in the
structure. Many studies have shown that a portion of Sn 5s
states in the antibonding region are essential for producing
active lone pairs [60–62]. This raises the valence band edge,
resulting in an easy generation of shallow acceptor VSn. The
same scenario is seen in case of SnPOs [Figs. 5(a) and 5(b)]
where a portion of O 2p states at the top valence bands
is partially formed from PO4 polyanions. The Sn 5s states
hybridize with O 2p states forming bonding and antibonding
orbitals and then Sn 5p states interact with antibonding or-
bitals. However, the fragile covalent bond between Sn and O
in SnPOs weakens the bonding strength and lowers the energy
of the antibonding states. Hence the acceptor levels of VSn in
SnPOs are much deeper than those in SnO. Although the VSn

in Sn5P2O10 cannot be considered as a shallow acceptor, the
defect transition level of VSn drops considerably by 0.72 eV
when the integer n changes from 3 to 5. Such a large drop in
energy explicitly suggests Sn(II) phosphate with larger n (>5)
can potentially have a shallow-level VSn, thus highlighting the
need for further investigation.

We next consider the trends due to the Sn interstitials. The
calculated ε(1 + /0) of Sni is 0.78 eV below the CBM in case
of SnO, and ε(2 + /0) of Sni are 2.22 and 1.35 eV below the
CBMs in Sn3P2O8 and Sn5P2O10, respectively (see Fig. 6). In
SnO, the �Hf of Sni is much higher than that of VO, which is
also an n-type defect. In contrast, the �Hf of Sni in SnPOs
can be quite low, even negative for the p-type condition. The
low �Hf of Sni (as a native donor defect) is the main reason
hindering SnPOs to be a high-efficiency p-type TCO. Even at
the Sn-poor condition, the formation energy of Sn2+

i becomes
zero when the Fermi level is 0.84 (Sn3P2O8) and 0.52 eV
(Sn5P2O10) above the VBM. Such values explicitly define the
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FIG. 4. The calculated formation energies of intrinsic defects in Sn3P2O8, Sn5P2O10, and SnO, as a function of EF under [(a)–(c)] Sn-rich
and [(d)–(f)] Sn poor growth conditions. The slopes of line segments indicate the defect charge states and the kinks denote the charge transition
levels. The Fermi levels are referenced to the VBM of respective host.

FIG. 5. (a) The schematic energy diagram for the band-edge
states (especially the valence bands) formed by various atomic orbital
states in SnPOs. The (O 2p)′ state (dark green) refers to the “modified
O 2p state,” i.e., the antibonding state between O 2p and P 3s states.
The areas of conduction bands (CB) and valence bands (VB) are
shaded by blue and yellow, respectively. Band composed charge
densities of top valence band with isosurface level of 0.01 for (b)
Sn3P2O8, (c) Sn5P2O10, and (d) SnO.

p-type Fermi level pinning, i.e., the lower boundary of
the Fermi level in these materials [63].

We observe that VSn and Sni are the two effective charged
defects in the considered SnPOs. Both the defects respectively
determine the n- and p-type Fermi level pinning, within
the range of which the two dominant O-related defects will
always be charge neutral.

The position of EF in a semiconductor is defined by the
charge neutral condition,

p0 +
∑

D,qqc(D, q) = n0, (10)

FIG. 6. The calculated charge transition levels for dominant
donors (blue lines) and acceptors (red lines) in (a) Sn3P2O8,
(b) Sn5P2O10, and (c) SnO. The values near the energy levels indicate
energy differences between the charge transition levels and VBM
(red color) or CBM (blue color).
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FIG. 7. The calculated formation energies of hydrogen-related
and dominant intrinsic defects in (a) Sn3P2O8, (b) Sn5P2O10, and
(c) SnO as a function of EF under Sn-rich growth conditions. The
slopes of line segments indicate the defect charge states and kinks
denote the charge transition levels. The Fermi level is taken as a
reference to the VBM.

where n0 and p0 represent the free electron and hole densities.
Assuming a growth temperature of 700 K under the Sn-poor
condition [B points in Figs. 3(a) and 3(b)], the hole con-
centrations achieved at room temperature are 1.63 × 1013 for
Sn3P2O8 and 3.26 × 1015 cm−3 for Sn5P2O10, respectively.
The corresponding Fermi levels are about 1.1 eV (Sn3P2O8)
and 0.8 eV (Sn5P2O10) above the VBM. The free hole concen-
trations generated by the intrinsic defects are not high enough
for an excellent p-type semiconductor, but the trend is quite
encouraging. One may find superior hole concentrations and
shallow VSn defects in SnPOs with higher Sn contents.

The unintentional hydrogen incorporation can also lead to
a more likely p-type conductivity in SnO [37]. Here we further
explored the interaction of hydrogen with dominant defects
in SnPOs and SnO systems. In hydrogen incorporation, we
have considered three possible cases including its interaction
with vacancies (VSn and VO) and single hydrogen interstitial
(Hi). The Sn-rich growth conditions symbolized by points A
in Fig. 3 were selected to calculate the formation energy of
impurities in SnPOs and SnO. The formation energies versus
Fermi level plots are shown in Fig. 7. In SnO, the Hi acts as
an amphoteric dopant with a transition level of ε(1 + /1−) =
0.92, while its complex with VSn (VSn-H) has a shallow level
at 0.06 eV above the VBM. The low �Hf along with high
binding energy (∼1.92 eV) [37] suggests VSn-H in SnO is a
potential source of p-type conductivity.

In SnPOs, when the H atom interacts with the VO, the H
atom prefers to sits at the center of the vacancy, successively
forming a substitutional impurity HO. Furthermore, in these
systems, HO acts as donors with deep levels of 3.35 and
3.32 eV above the respective VBM, as shown in Figs. 7(a)
and 7(b). The binding energies (defined by �Hf [V 2−

Sn ] +
�Hf [H+

i ]-�Hf [(VSn-H)−]) calculated for the complex VSn-
H in Sn3P2O8 (Sn5P2O10) is 0.97 eV (0.24 eV), and the

corresponding transition level ε(0/1−) is 0.16 eV (0.15 eV),
above the VBM. Thus the complex acts like a shallow
acceptor with high binding energy in Sn3P2O8, but not stable
enough in Sn5P2O10. Like SnO, Hi acts as an amphoteric
impurity in both Sn3P2O8 and Sn5P2O10. The transition levels
ε(1 + /1−) of Hi are found to be 2.31 and 2.94 eV above the
VBM of Sn3P2O8 and Sn5P2O10. In the extrinsic hydrogen
incorporation under the Sn-rich growth condition, the Fermi
level in Sn5P2O10 can reach to 2.18 eV above the VBM.
In comparison to the undoped Sn5P2O10, the Fermi level
moves toward the CBM by an amount of 0.16 eV. The above
discussion clearly shows that hydrogen is not a suitable dopant
in tin containing phosphates. For achieving p-type doping in
SnPOs, the hydrogen incorporation should be suppressed in
the synthesis.

IV. CONCLUSIONS

In summary, we have systematically investigated the prop-
erties of intrinsic defects and extrinsic hydrogen impurities
in tin containing phosphates SnnP2O5+n for potential p-type
TCOs. We considered two Sn(II) phosphates, Sn3P2O8 and
Sn5P2O10, and compared the results with the binary SnO
counterpart. The obtained results show important implication
toward the tin monosulfide and divalent tin based ternary
compounds with the Sn 5s character at the top valence bands,
such as SnSO4. Calculations of different defect properties in-
dicate that VSn and Sni are the most dominant native acceptor
and donor defects in the studied compounds. The formation
energies of these compounds determine the Fermi level pin-
nings. The oxygen vacancy and interstitial possess rather deep
defect charge transition levels having low formation energies
under specific growth conditions. However, they will always
be charge inactive due to the allowed Fermi level positions of
VSn and Sni. In addition to this, the compounds show poor
p-type behavior under Sn-poor growth condition. The defect
ionization energy of Sn vacancies is found to decrease when
the integer n in SnnP2O5+n changes from 3 to 5. All in all, the
obtained results suggest that a better p-type conductivity can
be achieved in SnnP2O5+n with n > 5.
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