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A B S T R A C T   

The chemical potential equilibrium phase diagram and optical absorption properties of ZnXO3 (X ¼Ge, Sn, and 
Pb) of LiNbO3 type (LN- ZnXO3) have been calculated by density functional theory. We find that LN-ZnXO3 
(X ¼Ge, Sn, and Pb) do not form a stable chemical potential area with respect to the binary compounds, but 
could be stabilized under external pressures. The non-equilibrium chemical potential areas in LN-ZnXO3 (X ¼Ge, 
Sn, and Pb) are in a sequence of Ge > Sn > Pb. The calculated tendency of transition pressures and binary im
purities compound during the synthesis of LN-ZnXO3 (X ¼Ge, Sn and Pb) are consistent with the experimental 
results, which are explained by the structure and electronic structure analysis. The calculated optical absorption 
property indicates that LN-ZnPbO3 could be a good ferroelectric photovoltaic material, while LN-ZnXO3 (X ¼Ge, 
Sn) are a good visible light transparent material. The diversity of the feasible transition between VBM and CBM 
charge with small band gap play important roles in good performance of optical absorption property in LN- 
ZnPbO3. These inclusions could expand the applications of LN-ZnXO3 (X ¼Ge, Sn, Pb).   

1. Introductions 

Ferroelectric materials have attracted intensive attention since they 
can be widely used in the preparation of tunable capacitors [1], 
non-volatile memory [2] and solar cells [3,4]. BiFeO3 (BFO) with R3c 
space group becomes the popular ferroelectric materials in current 
research because it harbors both ferroelectric and magnetic ordering 
properties at room temperature as called multiferroic materials [5,6]. 
BFO ferroelectric material with a spontaneous polarization field inside 
the crystal can generate the ferroelectric photovoltaic effect without 
pn-junction [4]. But most of the ferroelectric materials possess of large 
band gaps, which cannot absorb the visible light adequately and leading 
to low photovoltaic efficiency. In fact, researchers try to make great 
efforts to search the new high-performance ferroelectric materials since 
the ferroelectric materials are relatively scarce. 

With the improved experimental technology, more and more R3c 
structure ferroelectric materials have been synthesized, such as FeTiO3 
[7], ZnTiO3 [8], ScFeO3 [9], ZnSnO3 [10], ZnGeO3 [11] and ZnPbO3 
[12], and so on. Benedek and Fennie found that the ferroelectric 

materials of the R3c structure FeTiO3 and ZnSnO3 were difficult to 
synthesize due to the competition of their ilmenite phases [13]. The 
chemical potential of equilibrium phase diagram of XSnO3 ferroelectric 
materials (X ¼Mn, Zn, Fe, Mg) and XTiO3 (X ¼Mn, Fe, Co, Ni) had been 
calculated by first-principles methods to analyze their stability in our 
earlier work [14,15]. Gou [16] and Nakayama [17] had found that the 
R3c structure ZnSnO3 was stable under 7 GPa by calculating the for
mation enthalpy of R3c structure ZnSnO3 under different pressures 
respectively, in agreement with the experimental results. Lee et al. had 
calculated the Gibbs free energy of ZnSnO3 under different temperature 
and pressure conditions [18]. These new R3c structure ferroelectric 
material are usually synthesized under high pressure condition with 
some impurity phases precipitated. For example, LN - ZnGeO3 is pre
pared under 30 GPa high pressure and annealing condition with 
appearance of GeO2 impurities [11]. LN -ZnSnO3 is prepared with high 
pressure of 7 GPa and SnO2 impurities are generated experimentally 
[10]. Under the high pressure of 4 GPa, the LN-ZnPbO3 can be detected 
but with a large number of PbO2 impurities [12]. 

In this paper, the formation energy and electronic structure of LN- 
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ZnXO3 (X ¼Ge, Sn and Pb) are investigated by first-principles calcula
tions. The high pressure condition and observed impurities in the syn
thesis of LN-ZnXO3 (X ¼Ge, Sn, and Pb) is explained by the chemical 
potential equilibrium phase diagram. The change of stability of LN- 
ZnXO3 (X ¼Ge, Sn, Pb) are also probed by the transition pressure 
comparing with reactants and bonding characteristics. The electronic 
structure calculations show that the absorption of visible light by LN- 
ZnPbO3 is more efficient than that of LN -ZnXO3 (X ¼Ge, Sn), indicating 
that LN-ZnPbO3 is a potential ferroelectric photovoltaic material. 

2. Calculation methods 

The first-principles calculations were carried out by the VASP 
package [19] in the framework of density functional calculations, on the 
basis of the state-of-art functional, Strongly Constrained and Appropri
ately Normed semilocal (SCAN) functional [20]. The SCAN functional is 
superior to the traditional LDA and GGA -PBE functional in calculating 
the total energy and lattice structure for many systems [21]. The cutoff 
energy for the plane wave basis is set to 550 eV and the Monkhorst–Pack 
k-points sampling are fixed to 0.02 Å� 1 for all calculations. The electron 
configurations of the pseudopotential are chosen as Zn: d10p2, Ge: s2p2, 
Sn: s2p2, Pb: s2p2 and O: s2p4. The lattice parameters and the atomic 
coordinates are fully relaxed until Hellman–Feynman forces are less 
than 0.01 eV/Å. The LN- ZnXO3 (X ¼Ge, Sn and Pb) with R3c space 
group are displayed in Fig. 1. The values of calculated and experimental 
lattice parameters are listed in Table 1. The relative errors between the 
calculated and experimental values are about 1.4%–2.3%. 

3. Results and discussions 

3.1. The chemical potential equilibrium phase diagram of LN- 
ZnXO3(X ¼Ge, Sn and Pb) 

In order to obtain the stable LN-ZnXO3 (X ¼Ge, Sn and Pb) crystals 
under thermodynamic equilibrium conditions, the total chemical po
tential of different types of atoms should be equal to the formation en
ergy of the host compound. 

ΔμZn þΔμX þ 3ΔμO ¼ ΔEf ðZnXO3Þ (1)  

ΔEf and Δμ represent the formation energy and chemical potential 
respectively. The chemical potential of the atom should satisfy the 
following inequalities to avoid the emergence of the binary competition 
as impurity. 

ΔμZn þΔμO � ΔEf ðZnOÞ

ΔμXiþΔμOj � ΔEf ðXiOjÞ (2)  

ΔEf ðZnOÞ and ΔEf ðXiOjÞ are the formation energies of the competing 
binary phases in the LN-ZnXO3 (X ¼Ge, Sn and Pb), including ZnO, 
TiO2, Ti2O3, GeO2, SnO, SnO2, PbO, PbO2, Pb2O3, Pb3O4. The calculated 
formation energy of various compounds are shown in Table 2, and the 
calculated values and experimental values for most of the binary 
competitive phases are in line with each other, implying the reliability of 
our calculation. As shown in Fig. 2, the chemical potential equilibrium 
phase diagram of LN-ZnXO3 (X ¼Ge, Sn and Pb) can be acquired by 
Equations (1) and (2) and the data of Table 2. The vertical and lateral 
axes in Fig. 2(a)–(c) are the chemical potential of X (Ge, Sn and Pb) and 
Zn atoms respectively. The large triangle BD side is the chemical po
tential of O atom with zero value. The right above region of the line is 
the allowed region of existence of LN-ZnXO3 structures. Fig. 2 (d)–(f) 
shows that LN - ZnXO3 (X ¼Ge, Sn, and Pb) do not form a stable 
chemical potential area since Equations (1) and (2) can not satisfy 
concurrently. Similar case with LN-XSnO3 (X ¼Mn, Fe, Mg) and LN- 
XTiO3 (X ¼Mn, Fe, Co, Ni), the lack of stable chemical potential area 
implies that LN - ZnXO3 (X ¼Ge, Sn, and Pb) could not be synthesized by 
general thermodynamic equilibrium conditions and may require non- 
equilibrium methods like high pressure. As further seen from Fig. 2, 
the unstable chemical potential range of LN-ZnXO3 (X ¼Ge, Sn, and Pb) 
is mainly depending on AB (ZnO) and CD (GeO2, SnO2, and PbO2) in LN- 
ZnXO3 (X ¼Ge, Sn, and Pb). The non-equilibrium area enclosed by 
ABCD (Fig. 2) is Ge > Sn > Pb correspondingly, which means that Ge 
deviates from the equilibrium state more severely and requiring a higher 
pressure to maintain a stable LN-ZnGeO3. The pressure required by 
stable LN-ZnXO3 (X ¼ Sn, Pb) decreases gradually since the non- 
equilibrium area ABCD become smaller. In fact, the preparation of LN- 
ZnXO3 (X ¼ Ge, Sn, and Pb) were performed using ZnO þ (GeO2, SnO2, 
and PbO2) reactions assisted by the high pressure experimentally. LN- 

Fig. 1. The structure of LN-ZnXO3 (X ¼Ge, Sn and Pb). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
The calculated lattice parameters, and corresponding experimental values and 
relative errors of the ZnXO3 (X ¼Ge, Sn, Pb).   

a 
(Å)cal 

c 
(Å)cal 

a 
(Å)exp 

c 
(Å)exp 

a (relative 
errors) 

c (relative 
errors) 

ZnGeO3 4.93 12.72 5.01 13.02 � 1.6% � 2.3% 
ZnSnO3 5.18 13.78 5.26 14.00 � 1.5% � 1.6% 
ZnPbO3 5.33 14.10 5.41 14.33 � 1.4% � 1.5%  

Table 2 
The calculated and experimental formation enthalpies of related compounds for 
LN-ZnXO3 (X ¼Ge, Sn, Pb), with the unit in eV.  

Compounds Space group 
(Number) 

Formation enthalpy 
(cal) 

Formation enthalpy 
(exp) 

LN-ZnGeO3 161 � 8.59 – 
LN-ZnSnO3 161 � 8.99 – 
LN-ZnPbO3 161 � 6.26 – 
ZnO 186 � 3.33 � 3.63 
GeO2 154 � 5.59 � 5.70 
SnO 129 � 2.85 � 2.90 
SnO2 136 � 5.82 � 5.98 
PbO 57 � 2.51 � 2.26 
PbO2 136 � 2.94 � 2.83 
Pb2O3 14 � 5.64 – 
Pb3O4 135 � 8.30 –  
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ZnGeO3 is synthesized under 30 GPa high pressure with annealing 
conditions, while LN-ZnSnO3 is stable at 7 GPa and LN-ZnPbO3 is 
already available at 4 GPa, indicating that the analysis of chemical po
tential phase diagram are consistent with the trend of experimental 
pressure results. The GeO2, SnO2, and PbO2 impurities are easily 
precipitated during the preparation process of LN-ZnXO3 (X ¼Ge, Sn, 
and Pb), while ZnO impurities are less. From the values of Zn, Ge, Sn, Pb, 
and O chemical potentials in Fig. 2, it can be seen that the chemical 
potential range of Ge, Sn, or Pb is larger than that of Zn. The GeO2, SnO2 
and PbO2 compounds could be produced regardless of rich or poor 
condition and become the main impurities during the synthesis of LN- 
ZnXO3 (X ¼Ge, Sn and Pb), which are consistent with the experimental 
results. At the same time, the formation enthalpy of LN-ZnXO3 (X ¼Ge, 
Sn, and Pb) and some of their major competing phases including some 
binary competitor, ternary competitor, and ilmenite structure ZnXO3 are 
calculated with different pressure, as shown in Fig. 2. The enthalpy of 
LN-ZnXO3 and competitive phase compounds under different pressures 
are acquired by formula H ¼ E0 þ PV. H and P represent the enthalpy and 
the external pressures. E0 and V are the energy and volume under zero 
pressure given by first-principles. Through the simple formula H ¼ E0 þ

PV, the estimated transition pressures are basically consistent with 
experimental variation tendency and early literature calculations. The 
calculated results show that the transition pressures appearing in the LN- 
ZnXO3 (X ¼Ge, Sn, and Pb) phases are 29.1, 7.2, and 1.1 GPa respec
tively, while the transition pressures of appearance of LN-ZnXO3 
(X ¼Ge, Sn, and Pb) are 30, 7 and 4 GPa in the experiments [10–12]. 
Our calculated transition pressures results of LN-ZnXO3 (X ¼Ge, Sn) are 
basically consistent with experimental tendency [10–12] and early 
calculations in literature [16–18]. The calculated transition pressures 
results of LN-ZnPbO3 has certain deviations from the experimental 

values, which could be due to the existence of some complicated ternary 
competition phases in the actual experiment process [12]. In general, 
the calculated chemical potential phase diagram and the formation 
enthalpy with various pressures indicate that the LN-ZnXO3 (X ¼Ge, Sn, 
and Pb) could be synthesized under high pressure condition. The 
calculated transition pressures of the LN-ZnXO3 (X ¼Ge, Sn, and Pb) 
during the synthesis process are close to the experimental values and 
tendency. The stability of LN-ZnXO3 (X ¼Ge, Sn) are also related with 
their bond type and bond length. The electron localization function 
(ELF) charge (Fig. 3) indicates that the charge of Zn are localized to form 

Fig. 2. The calculated equilibrium chemical potential phase diagram and the formation enthalpy under various pressure with their major competing phases of LN- 
ZnXO3 (X ¼Ge, Sn, and Pb). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The ELF charge of LN-ZnXO3 (X ¼Ge, Sn, and Pb) at (111) plane. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 4. The distribution of bond length of LN-ZnXO3 (X ¼Ge, Sn and Pb).  
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ionic bond and the charge of X (X ¼Ge, Sn, and Pb) and O are partly 
non-localized along with sharing some charge to form ionic bond and 
segmental covalent bond. Covalent bonds are more resistant to external 
pressure than ionic bonds commonly. The statistical distribution of bond 
length of LN-ZnXO3 (X ¼Ge, Sn) are shown in Fig. 4. Among the 
LN-ZnXO3 (X ¼Ge, Sn) system, the bond lengths of Ge–O and Zn–O are 
the shortest to present strong interaction to resist the external pressure, 
while the bond length of Pb–O are largest along with week interaction to 
resist the external pressure relatively. 

3.2. Optical absorption property 

As shown in Fig. 5(a), the absorption coefficient of the LN -ZnXO3 
(X ¼Ge, Sn and Pb) have been calculated near the visible range. The 
absorption coefficient αðωÞ is given as follows. 

αðωÞ¼
ffiffiffi
2
p

ω
h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε1ðωÞ2 þ ε2ðωÞ2
q

� ε1ðωÞ
i1

2 (3)  

ε1ðωÞ and ε2ðωÞ are the real and imaginary parts of the dielectric func
tion, respectively. With the absorption coefficient α(E) and film thick
ness d, the total fractional absorption A (Fig. 5(b)) of incident solar 
radiation can be approximated as 

Að%Þ¼

 

1 �
R Eg

0 SEdE
R∞

0 SEdE
�

R∞
Eg

e� αðEÞ⋅dSEdE
R∞

0 SEdE

!

� 100 (4)  

Where SE is the incident solar spectral irradiance as a function of the 
photon energy E, and Eg is the band gap. At 9 μm thickness, the light 
absorption ratio of ZeGeO3 begins to saturate and reaches to 7.76%. The 
light absorption ratio of ZnSnO3 is relatively small, and the saturated 
light absorption ratio is 4.06% with 20 μm thickness. The saturated light 
absorption ratio of ZnPbO3 becomes the highest at 10 μm thickness and 
reaches to 81.19%.The calculated results show that absorption coeffi
cient of LN -ZnPbO3 is higher than that of LN -ZnXO3 (X ¼Ge and Sn) in 
the visible light range, which is conducive to absorb visible light. The 
band structures of LN-ZnXO3 (X ¼Ge, Sn and Pb) have been calculated 
by the Modified Becke-Johnson (MBJ) functional, which could usually 
obtain accurate band gap, consistent with the results of hybrid func
tional or GW functional [22,23]. As shown in Table 3 and Fig. 6, the 
band gap values of LN-ZnXO3 (X ¼Ge, Sn and Pb) are 2.91, 3.16 and 
1.09 eV, respectively, which are consistent with the early results of 
HSE06 functional calculation [24], while the traditional GGA calcula
tions underestimate the band gap [25,26]. The small band gap of 
LN-ZnPbO3 takes advantage to absorb more visible light, which leads to 
potential ferroelectric photovoltaic properties and consistent with the 
early literature report [24]. However, the band gap of LN -ZnXO3 
(X ¼Ge and Sn) are relatively large along with small absorption coef
ficient and total fractional absorption to reduce absorption of visible 
light. LN-ZnXO3 (X ¼Ge, Sn) with large band gap and some carrier 

Fig. 5. The absorption coefficient (a) and the total fractional absorption (b) of 
LN-ZnXO3 (X ¼Ge, Sn and Pb). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 3 
The calculated band gap values (in eV) of LN-ZnXO3 (X ¼Ge, Sn, Pb) by different 
functionals.  

Compounds MBJ (present) GGA HSE GW 

ZnGeO3 2.91 1.30ref [25] – – 
ZnSnO3 3.16 2.42 ref [26] 3.02 ref [24] 3.72 ref [24] 

ZnPbO3 1.09 – 1.13 ref [24] 1.45 ref [24]  

Fig. 6. The energy band structure of LN-ZnXO3 (X ¼Ge, Sn and Pb).  

Fig. 7. The VBM and CBM charge distribution of LN-ZnXO3 (X ¼Ge, Sn and 
Pb). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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doping could be a good transparent electrode material, which is agree
ment with the early report on the ZnSnO3 as a transparent electrode 
material [27]. As shown in Fig. 7, the valence band maximum (VBM) 
charge of LN-ZnXO3(X ¼Ge, Sn and Pb) are mainly composed by Zn-3d 
and O-2p levles. The conduction band minimum (CBM) of LN- ZnSnO3 is 
mainly composed by O-2p level. The optical transition between Zn-3d 
and O-2p orbits could be occurred in the LN-ZnSnO3 material. The 
CBM charge of LN-ZnGeO3 is mainly composed by Ge-4p level and O-2p 
level. The optical transition of Zn-3d to O-2p, Zn-3d to Ge-4p, and O-2p 
to Ge-4p could appear in the LN- ZnGeO3 material. In LN-ZnPbO3, CBM 
charge is mainly occupied by the Pb-6p and O-2p. The CBM charge of 
LN-ZnPbO3 is mainly occupied by Pb-6p level and O-2p level. The op
tical transition of Zn-3d to O-2p, Zn-3d to Pb-6p, and O-2p to Pb-6p 
could appear in the LN-ZnPbO3 material. Therefore, the small band 
gap of LN -ZnPbO3 and the diversity of the feasible transition between 
VBM and CBM charge could enhance the absorption of visible light. 

4. Conclusions 

In summary, the chemical potential equilibrium phase diagram and 
optical absorption property of LN-ZnXO3 (X ¼Ge, Sn, and Pb) have been 
studied by the first-principles calculations. The calculated chemical 
potential equilibrium phase diagram indicates that LN-ZnXO3 (X ¼Ge, 
Sn, and Pb) have no stable chemical potential area with respect to the 
competition of binary compounds. The relationships of non-equilibrium 
chemical potential area In LN-ZnXO3 (X ¼Ge, Sn, and Pb) are 
Ge > Sn > Pb, which means that Ge deviates from the equilibrium state 
more severely and requiring a higher pressure to maintain LN -ZnGeO3 
stable. The pressure required by LN-ZnXO3 (X ¼ Sn, Pb) decreases 
gradually since the non-equilibrium area become smaller. The calcu
lated transition pressures comparing with the reactants in the LN-ZnXO3 
(X ¼Ge, Sn, and Pb) phases are basically consistent with experimental 
variation tendency. The Zn–O bonds mainly form ionic bond, while 
Ge–O, Sn–O, and Pb–O could form ionic bond and segmental covalent 
bond in LN-ZnXO3 (X ¼Ge, Sn, and Pb) by the ELF analyze. The bond 
length of Ge–O and Zn–O in LN-ZnGeO3 are shortest to present strong 
interaction to resist the external pressure, while the bond length of Pb–O 
are largest along with week interaction to resist the external pressure 
relatively. The calculated band gap values of LN-ZnXO3 (X ¼Ge, Sn and 
Pb) are 2.91, 3.16 and 1.09 eV respectively. In LN-ZnPbO3, CBM are 
mainly contributed by the Pb-6p and O-2p levels, while VBM charges are 
mainly attributed to Zn-3d and O-2p levels. The optical transition of Zn- 
3d to O-2p, Zn-3d to Pb-4p, O-2p to Pb-6p could appear in LN-ZnPbO3. 
The diversity of the feasible transition between VBM and CBM charge 
with small band gap in LN-ZnPbO3 could enhance the absorption of 
visible light. 
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