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Abstract: The band alignment of Mg(OH)2-based heterostructures is investigated based on first-
principles calculation. (111)-MgO/(0001)-Mg(OH)2 and (0001)-wurtzite ZnO/(0001)-Mg(OH)2 het-
erostructures are considered. The O 2s level energy is obtained for each O atom in the heterostructure
supercell, and the band edge energies are evaluated following the procedure of the core-level spec-
troscopy. The calculation is based on the generalized gradient approximation with the on-site
Coulomb interaction parameter U considered for Zn. For MgO/Mg(OH)2, the band alignment
is of type II, and the valence band edge of MgO is higher by 1.6 eV than that of Mg(OH)2. For
ZnO/Mg(OH)2, the band alignment is of type I, and the valence band edge of ZnO is higher by 0.5 eV
than that of Mg(OH)2. Assuming the transitivity rule, it is expected that Mg(OH)2 can be used for
certain types of heterostructure solar cells and dye-sensitized solar cells to improve the performance.
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1. Introduction

Magnesium hydroxide Mg(OH)2 has normally been regarded as an insulator and
its applications have been limited in chemistry fields so far. However, there were sev-
eral attempts to apply Mg(OH)2 to solar cells. It was reported that the performance of
dye-sensitized solar cells (DSSC) was improved by an Mg(OH)2 coating on the TiO2
particles [1,2]. Mg(OH)2 was also used for a buffer layer of Cu(InGa)Se2 (CIGS)-based
heterostructure solar cells [3,4]. The most common buffer-layer material is CdS, but Cd is
toxic and not abundant. In contrast, Mg is nontoxic and earth-abundant, thus Mg(OH)2 is
advantageous for domestic solar cell application.

In those electronics application, if Mg(OH)2 is completely insulating, devices do not
work. Thus, the successful applications to solar cells indicate that Mg(OH)2 has some
conductivity. Mg(OH)2 has a wide bandgap of 5.7 eV [5,6], but materials having a com-
parable bandgap have begun to be used in electronics as ultra-wide bandgap (UWBG)
semiconductors. For example, diamond, with a bandgap that is similar to that of Mg(OH)2,
has been extensively investigated for electronic device applications. Ga2O3, with a bandgap
of approximately 5 eV, has also attracted much attention, and (AlxGa1−x)2O3, having a
bandgap even larger than that of Ga2O3, is considered to be indispensable for heterostruc-
ture devices based on Ga2O3. Thus, it is natural to consider Mg(OH)2 as another UWBG
semiconductor. It was reported that chemically deposited Mg(OH)2 (nominally undoped) is
semiconducting [7], and that Cu-doped Mg(OH)2 fabricated by electrochemical deposition
can have both n-type and p-type conductivity depending on fabrication conditions [8–10].
Recently, the first-principles calculation was carried out to evaluate impurity and defect
levels and to discuss the possibility of controlling the conduction type and conductivity of
Mg(OH)2 [11]. In addition, the possibility of bandgap reduction by anion doping has been
theoretically investigated [12]. It was also reported that resistivity was much reduced, to
the order of 10−2 Ω cm, by heavy carbon doping [13,14].

Additional essential information for designing the heterostructure devices is band
alignment. To analyze the performance of both DSSC and heterostructure solar cells includ-
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ing an Mg(OH)2 layer, one needs to consider carrier transport across the heterointerface
with Mg(OH)2. The band alignment critically influences the carrier transport across the
heterointerface. For many kinds of semiconductor heterostructures, band alignment has
been investigated. The core-level spectroscopy is the most popular technique for evaluating
the band offset experimentally [15–18]. Theoretical research has also been carried out for
various heterostructures. Recently, band structures of two-dimensional (2D) heterostruc-
tures based on Mg(OH)2 were theoretically investigated for various partners [19–22]. In
those previous works, only 2D Mg(OH)2 (a single monolayer of Mg(OH)2) was considered,
and the interface bonding was assumed to be due to the van der Waals interaction. To my
knowledge, the band alignment of heterostructures based on bulk Mg(OH)2 (with covalent
bonding at the interface) has not been investigated so far.

In this work, band alignment at the Mg(OH)2-based heterostructures is investigated by
first-principles calculations. MgO and ZnO are selected as the partner of the heterostructure.
MgO has the NaCl structure, and ZnO the wurtzite structure. The arrangement of oxygen
atoms in the (111) plane of MgO and (0001) plane of ZnO is the same as that of (0001) plane
of Mg(OH)2. Thus, one can construct heterointerfaces with an Mg(OH)2 (0001) plane. ZnO
is a popular buffer layer material of heterostructure solar cells, and band alignment has
been investigated for various heterostructures based on ZnO. Therefore, once the band
offset with ZnO was evaluated, band offset could be estimated for other heterostructures
with various materials by assuming the transitivity rule [17,18].

2. Calculation

The supercells used in the calculation are shown in Figure 1. The hetero-interface is
(111) plane for MgO (Figure 1a) and (0001) plane for wurtzite ZnO (Figure 1b). The lattice
constant parallel to the interface was fixed at the average of the constituent compounds,
weighted by the respective thickness, and the vertical atom spacings were initially set the
same as that of the respective compound. All of the atoms are allowed to relax with the
supercell size fixed. The GDIIS (geometry optimization by direct inversion in the iterative
subspace) algorism was adopted [23], and the convergence criterion was 5 × 10−2 eV/Å.
(The lattice constants and atom positions after relaxation are given in Tables A1 and A2.)
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Figure 1. (a) MgO/Mg(OH)2 and (b) ZnO/Mg(OH)2 supercells used in the calculation. 
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Figure 1. (a) MgO/Mg(OH)2 and (b) ZnO/Mg(OH)2 supercells used in the calculation.
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MgO has the NaCl structure, and the lattice is fcc. Thus, the atom stacking of (111)
plane is denoted as ABC, where A, B, and C represent different atom positions. For
Mg(OH)2, the atom position is the same for each OH-Mg-OH monolayer, and the stacking
of O atom planes can be denoted as ACAC. In the supercell of MgO/Mg(OH)2, the thickness
of MgO is set at 9-monolayers and that of Mg(OH)2 is 4 monolayers, and the stacking of O
atoms is as follows:
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ZnO has the wurtzite structure, and its lattice is hcp, with ABAB atom stacking along
[0001]. In the supercell of ZnO/Mg(OH)2, to avoid energetically unfavorable stacking
(such as AA) and to keep periodicity, the ZnO thickness was set at 7 monolayers. The
stacking of O atoms is as follows:
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The underlined atoms correspond to the interface and are bonded to both Zn and
Mg (O-Zn-O-Mg-O-H), as shown in Figure 1b. In fact, for this heterostructure, one can
consider two types of interfaces: one is the oxide-like interface where the atoms are stacked
as Zn-O-Mg, and the other is the hydroxide-like interface where the atom stacking is
Zn-O-H-H-O-Mg. Since zinc hydroxide is not stable when close to room temperature, we
assume the oxide-like interface. The lattice mismatch is not large for the ZnO/Mg(OH)2
heterostructure either because the atom spacing in the (0001) plane of unstrained ZnO is
0.325 nm.

The calculation in this work is based on the density-functional theory (DFT) [24,25].
PHASE code (ver.11.0, University of Tokyo, Tokyo, Japan) was used. The pseudopotential
method was adopted with generalized-gradient approximation (GGA) of ref. [26]. The
ultrasoft pseudopotentials were used for O and Zn, and the norm-conserving pseudopo-
tentials for H and Mg. The kinetic energy cutoff of the basis set was 272 eV (20 Rydberg).
The effects of the on-site Coulomb interaction U for d states of Zn were included in the
calculation (GGA + U), using the value of U = 5.0 eV [27,28].

The band offset was evaluated by a procedure similar to the core-level spectroscopy.
The local density of states was obtained for each constituent atom in the supercell, and the
O 2s level was used as the inner core level. It was assumed that the difference between the
O 2s level and the valence band maximum Ev is preserved. It is known that the bandgap
is underestimated by the DFT calculation [29]; the calculated bandgap of Mg(OH)2 is
approximately 4 eV, considerably smaller than the experimental value (5.7 eV). Thus, the
energy of the conduction band minimum Ec was determined from the calculated Ev and
the experimentally determined bandgap.

3. Results and Discussion

The energies of O 2s are plotted in Figure 2 for the O atoms in the MgO/Mg(OH)2
supercell (the squares). The O 2s level is lower in Mg(OH)2 than in MgO by approximately
2.8 eV. It was reported that the binding energy of O 1s obtained in X-ray photoelectron
spectroscopy (XPS) is larger in Mg(OH)2 than in MgO by 1.8 eV [30,31]. Thus, the XPS
results also indicate that the O levels are lower in energy in Mg(OH)2 than in MgO. The
band edge energies Ev and Ec are also plotted in Figure 2. The bandgap of MgO is
considered to be 7.8 eV [32,33]. The band alignment is of type II, i.e., both Ec and Ev are
lower in energy in Mg(OH)2.
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Figure 2. Calculated O 2s levels in MgO/Mg(OH)2, and the band edge energies Ev and Ec evaluated
by the procedure of the core-level spectroscopy.

The O 2s level and the band edge energies in the ZnO/Mg(OH)2 supercell are plotted
in Figure 3. (0001) of wurtzite is a polar face, and in Figure 3, the center of the figure
corresponds to the O-face of ZnO. The slope in the energy levels indicates the presence of a
macroscopic electric field with a net positive charge at the center of the figure owing to the
polarization in ZnO. Because of the slope, it is difficult to rigorously define the band edge
position; we take the average of Ev and Ec in the respective layer and estimate the band
offset, then the valence band offset ∆Ev is 0.5 eV with Ev of ZnO is higher.
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Figure 3. Calculated O 2s levels, Ev, and Ec in ZgO/Mg(OH)2 evaluated by the procedure of the
core-level spectroscopy.

The results are summarized in Figure 4. Ev of MgO is positioned at a higher energy
than Ev of Mg(OH)2, and MgO has a larger bandgap. Thus, for MgO/Mg(OH)2, the band
alignment is of type II, and the conduction band offset ∆Ec is very large. On the other
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hand, for ZnO/Mg(OH)2, the band alignment is of type-I, with a larger band offset for the
conduction band side.
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Figure 4. Band alignment for MgO/Mg(OH)2 and ZgO/Mg(OH)2 heterointerfaces.

As noted in the introduction, CdS is the most common buffer-layer material in CIGS-
based heterostructure solar cells, but Cd is toxic and not abundant. ZnO has been consid-
ered as an alternative buffer-layer material. In the ZnO/CIGS heterostructure, the band
alignment is of type-II and the Ec of ZnO is lower by 0.16 eV [34,35]. Lower Ec in the
buffer layer reduces band bending, and increases the recombination of the majority of
carriers, decreasing output voltage. Thus, it is expected that alloying with MgO could shift
the Ec of ZnO upward and improve solar-cell performance [36]. Alternatively, assuming
the transitivity rule, the band alignment is of type-I for Mg(OH)2/CIGS, and thus higher
output voltage can be expected than for ZnO/CIGS. However, ∆Ec at Mg(OH)2/CIGS
may be too large (about 1.7 eV) so output current would be reduced. In fact, in ref. [4],
the efficiency of an Mg(OH)2/CIGS solar cell was reported as low. ZnO/Cu2O is another
heterostructure attracting attention for solar cell application. It is generally agreed that the
band alignment is of type-II, although different values of band offsets were reported (the
reported values of ∆Ec range from 0.5 and 1.77 eV) [37–39]. Thus, to improve performance,
oxides with a larger bandgap (such as Zn1−xMgxO and Ga2O3) have been employed, so
that its Ec becomes higher than the Ec of Cu2O [39,40]. According to the present calculation,
Ec of Mg(OH)2 is positioned significantly higher than that of ZnO. Then, the replacement
of ZnO with Mg(OH)2 in the Cu2O-based solar cell will result in the type-I band alignment
with moderate ∆Ec value and thus could increase output voltage and power.

Mg(OH)2 has been used for the coating of TiO2 in DSSC, as noted in the introduc-
tion [1,2]. In DSSC, photo-excited electrons are injected from dye to TiO2, but a part of
those electrons are lost because of the backflow to the dye or ions in the electrolyte. It is
known that the band offset between ZnO and TiO2 is small for both of the bands [41–43].
Thus, the band offset at Mg(OH)2/TiO2 will be similar to that at Mg(OH)2/ZnO, accord-
ing to the transitivity rule. Then, ∆Ec at Mg(OH)2/TiO2 could be large, and therefore,
the Mg(OH)2 coating will block the backflow of photo-generated electrons from TiO2,
increasing the output. However, it may also prevent the injection of electrons from the
dye to TiO2. According to the previous works, a thin Mg(OH)2 coating on TiO2 led to an
increase in output voltage without significant a decrease in the output current, but thicker
coatings resulted in a decrease in the current and efficiency. Since LUMO (energy of excited
electrons) in the dye is higher than Ec of TiO2, the energy barrier of the Mg(OH)2 coating
is smaller for the carrier injection from the dye than for the backflow from TiO2. Thus, if
the Mg(OH)2 coating thickness is properly adjusted, it could block the backflow from TiO2
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without significantly blocking the carrier injection from the dye, leading to an increase in
photovoltaic output.

It should be noted that the calculation based on a small supercell will not be applicable
for the heterostructure with Cu2O or TiO2 because of a different arrangement of O atoms.
Thus we have discussed the properties of those heterostructures based on the transitivity
rule. However, the rule does not hold when the effects of the interface dipole are significant.
For more conclusive discussion, the band offset needs to be experimentally measured.

In the present calculation, a perfect interface without any defects was assumed. For
Mg(OH)2, a cation (Mg) vacancy is expected to act as an acceptor, and an anion (OH)
vacancy as a donor, as for metal oxides [11]. Another possible disorder is the inclusion
of the hydroxide-like interface (e.g., Zn-O-H-H-O-Mg). The defects at the interface could
modify the charge distribution near the interface and affect the band alignment. However,
it is difficult to predict the effects of those disorders, to take into account those effects in the
calculation, a much larger supercell needs to be used.

Finally, the present results are compared with the theoretical results for the 2D
ZnO/Mg(OH)2 heterostructure by Ren et al. [22]. They predicted the type-II band align-
ment for ZnO/Mg(OH)2 with Ev of ZnO lower than that of Mg(OH)2 while the type-I
alignment was predicted in the present work. In their calculation, 2D ZnO was considered,
i.e., Zn and O atoms were arranged on a single atom plane. Thus, the bonding configuration
is different from the tetrahedral bonding in actual bulk ZnO. This could be the main reason
for the qualitative discrepancy.

For Mg(OH)2 to be applied to devices, control of conduction type, and conductivity
will be necessary. Although there are some preliminary attempts of valence control of
Mg(OH)2 as noted in the introduction [8–11], doping techniques need to be established for
the device application.

4. Conclusions

The band alignment of the Mg(OH)2-based heterostructures was investigated based
on the first-principles calculation. The O 2s level energy was obtained for each O atom in
the heterostructure supercell, and the band edge energies were evaluated following the
procedure of the core-level spectroscopy. For MgO/Mg(OH)2, the band alignment is of
type II, and the Ev of MgO is higher by 1.6 eV than that of Mg(OH)2. The band alignment of
ZnO/Mg(OH)2 is of type I, and ∆Ev is 0.5 eV. Assuming the transitivity rule, it is expected
that Mg(OH)2 can increase the output voltage of the heterostructure solar cells and DSSC if
its thickness is properly adjusted.
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Appendix A

The structure of the supercells. Both of the supercells are hexagonal, and the lattice
constants and atom positions after the relaxation (internal coordinate) are as follows:
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Table A1. MgO/Mg(OH)2, a = b = 3.054 Å, c = 40.950 Å.

O −0.0002 0.0000 0.0002
Mg 0.6661 0.3330 0.0297
O 0.3330 0.6661 0.0594

Mg −0.0002 −0.0002 0.0890
O 0.6661 0.3330 0.1187

Mg 0.3330 0.6662 0.1484
O −0.0001 −0.0001 0.1781

Mg 0.6662 0.3330 0.2078
O 0.3330 0.6661 0.2375

Mg −0.0002 −0.0002 0.2672
O 0.6661 0.3330 0.2969

Mg 0.3330 0.6662 0.3266
O −0.0001 −0.0001 0.3563

Mg 0.6661 0.3330 0.3860
O 0.3330 0.6661 0.4156

Mg −0.0001 −0.0001 0.4453
O 0.6663 0.3330 0.4748

Mg 0.3332 0.6666 0.5044
O −0.0002 0.0001 0.5296
H 0.0000 0.0000 0.5531
H 0.6667 0.3333 0.5724
O 0.6669 0.3331 0.5958

Mg 0.3333 0.6666 0.6212
O −0.0002 0.0001 0.6464
H 0.0000 0.0000 0.6698
H 0.6667 0.3333 0.6888
O 0.6668 0.3331 0.7122

Mg 0.3333 0.6666 0.7375
O −0.0001 0.0001 0.7628
H 0.0000 0.0000 0.7862
H 0.6667 0.3333 0.8052
O 0.6668 0.3331 0.8286

Mg 0.3333 0.6666 0.8539
O −0.0002 0.0002 0.8792
H 0.0000 0.0000 0.9026
H 0.6667 0.3333 0.9219
O 0.6668 0.3332 0.9455

Mg 0.3333 0.6666 0.9706

Table A2. ZnO/Mg(OH)2, a = b = 3.198 Å, c = 34.645 Å.

O 0.6623 0.3372 −0.0020

Zn 0.6636 0.3360 0.0525

O 0.0033 −0.0038 0.0753

Zn −0.0004 −0.0001 0.1312

O 0.6656 0.3339 0.1513

Zn 0.6666 0.3329 0.2073

O −0.0003 −0.0002 0.2265

Zn −0.0007 0.0002 0.2823

O 0.6664 0.3331 0.3014

Zn 0.6666 0.3330 0.3569

O −0.0007 0.0003 0.3753

Zn 0.0000 −0.0007 0.4303
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Table A2. Cont.

O 0.6677 0.3317 0.4483

Zn 0.6646 0.3349 0.5027

O −0.0001 −0.0006 0.5319

Mg 0.3325 0.6671 0.5663

O 0.6660 0.3336 0.5917

H 0.6670 0.3328 0.6198

H 0.0001 −0.0001 0.6371

O −0.0002 0.0001 0.6648

Mg 0.3333 0.6667 0.6957

O 0.6669 0.3331 0.7236

H 0.6668 0.3332 0.7515

H 0.0000 0.0000 0.7745

O −0.0002 0.0002 0.8022

Mg 0.3333 0.6667 0.8332

O 0.6669 0.3331 0.8609

H 0.6668 0.3331 0.8889

H 0.0002 −0.0002 0.9112

O 0.0014 −0.0016 0.9390

Mg 0.3357 0.6640 0.9696
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