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The effect of hydrogen adsorption on the electronic structures and optical properties of undoped and Mg-doped
ZnO 0001

� �
polar surface was investigated using the first principles method. The obtained results show that

hydrogen adsorption is more favored on Mg doped-ZnO 0001
� �

surface than onto the clean surface, and this
makes Mg-doped ZnO and MgxZn1 − xO more efficient for H storage or gas sensing applications than undoped
ZnO. On the other hand, our results show that the hydrogen adsorption on theMg doped surface is energetically
very preferable when the surface was prepared under O-rich conditions. We have also examined the effect of H
adsorption on the optical properties of the surface.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is awide-band-gap semiconductorwith a band gap
of 3.3 eV at room temperature. This material has recently attracted
much attention because of potential applications in optoelectronic and
transparent devices [1,2]. Among the proposed applications, the ZnO
gas sensors are believed to be the most promising due to their low
cost, low power consumption, high response, and rapid recovery.
Recently, many theoretical and experimental works have focused on
the high performance of ZnO based gas sensors employed in detecting
a range of gases, such as H2, Cl2, CO, H2O, H2S, NO2, SO2, NH3, CO2,
methane, and acetone [3–25].

Mg atom is an important element for the realization of ZnO-based
optoelectronic devices and solar cells [26]. Mg doping may modulate
the value of the ZnO band gap by the formation of ternary alloy
MgxZn(1 − x)O [27,28]. On the other side, surface segregation of Mg
can lead to enhanced and stable green emission of ZnO nanoparticle
[29].

In this paper, we use density-functional theory (DFT) to investigate
the surface relaxation and the adsorption of atomic hydrogen atom
onto clean and Mg-doped O-terminated ZnO 0001

� �
polar surface.

The adsorption geometries and the adsorption energies of the hydrogen
atom adsorbed on different sites of ZnO surface are obtained. We are
also interested to investigate the effect of hydrogen adsorption on the
optical properties of undoped and Mg-doped ZnO 0001

� �
surface.
2. Computational details

All calculations are performed by using the first-principles
pseudopotential method based on density functional theory (DFT)
within local density approximation (LDA) and generalized gradient
approximation (GGA) as implemented in the Siesta package [30,31].
The pseudopotentials are constructed by the Troullier–Martins
scheme [32]. The Ceperley–Alder exchange-correlation functional, as
parametrized by Perdew and Zunger [33], is employed for LDA calcula-
tions. The obtained results are verified using the GGA–PBE exchange-
correlation functional [34]. In our calculations, the double-ζ plus
polarization basis sets are chosen for Zn, O and Mg respectively and
the double-ζ basis set is used for H. For the bottom slab terminated
surface atoms, pseudo H atoms with single-ζ basis set are used to
saturate the dangling bonds. A real space mesh cut-off of 350 Ry and a
reciprocal space grid cut-off of approximately 15 Å were used. The
structure relaxation was done using the conjugated gradient method
until the Hellman–Feynman force on each atom is smaller than 0.05
eV/Å.

For the study of H adsorption on a ZnO 0001
� �

surface, we employ a
slab model with a 2 × 2 surface unit cell consisting of five Zn–O bilayers
and a vacuum layer of 12 Å separating the slabs (Fig. 1). The top three
Zn–O bilayers as well as the adatom layer are allowed to relax while
the bottom two bilayers of ZnO are fixed at their bulk positions to
mimic the bulk substrate. The dangling bonds at the bottom layer are
saturated using pseudo-hydrogen atoms with a nuclear charge of 1.5e
in order to prevent unphysical charge transfer between the top and
bottom slab surfaces. The use of pseudo-hydrogen atomswith a nuclear
charge of 1.5e rather than the usual H atoms can be explained as next; in
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Fig. 1. Side view of the O-terminated ZnO 0001
� �

polar surface configuration model used

in this study, a) perfect surface, b)Mg-doped ZnO 0001
� �

surfacewith H atom on top site.

Table 1
The LDA and PBE H adsorption energies Ea (eV) as obtained for clean and Mg-doped ZnO

0001
� �

surfaces with different H coverage (CH).

CH Clean surface Mg-doped surface

LDA PBE LDA PBE

1/4 −2.20 −2.06 −5.38 −4.70
1/2 −4.23 −3.73 −7.48 −6.99
3/4 −3.91 −3.23 −7.05 −6.87
1 −2.95 −2.13 −6.02 −6.08
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the perfect w–ZnO bulk structure each atom is surrounded by four
nearest-neighbor atoms, however, at the polar ZnO surfaces one of the
four nearest-neighbor bonds of the surface atoms is broken. Since O
contributes six and Zn two electrons to the four covalent bonds (cova-
lent model), partially occupied dangling bonds will appear at the
surfaces with 3/2 and 1/2 electrons per surface atom at the O- and Zn-
terminated surface, respectively, forming a 3/4 and a 1/4 filled surface
band. To passivate the bottom surface which is a Zn-terminated surface
we use pseudo-hydrogen atoms with a 1.5e nuclear charge. The
optimized bond length between a saturating pseudoatom and the Zn
back side atoms is 1.73 Å [35].

The Gamma centered grids of (4 × 4 × 1) k points were used for the
Brillouin zone integration. TheMg-dopingwas done by replacing one of
the Zn atoms in the first Zn surface layer with an Mg atom (Fig. 1b).

The thermodynamic stability of a given surface is determined by its
surface energy γ, which can be calculated by the following formula:

γ ¼ ESlab− NEBulkð Þ
A

ð1Þ

where ESlab is the total energy of the ZnO slab, EBulk is the total energy of
bulk ZnO unit cell (with two oxygen and two zinc atoms), N is the
number of ZnO unit cells in the slab model, and A is the surface area.

The adsorption energy for different surface configurations (different
H coverages) was calculated according to

Ea ¼ Eslab þ nH − Eslab − nHμH ð2Þ

while in the case of Mg-doped ZnO 0001
� �

surface:

Ea ¼ EslabþnH ZnOþMgð Þ− Eslab ZnOð Þ−nHμH−nMgμMg þ nZn μZn ð3Þ

where Eslab + nH is the total energy of the undoped and Mg-doped ZnO
0001

� �
slab with nH adsorbed hydrogen atoms. Eslab is the total energy

of the clean ZnO 0001
� �

slab. μH, μZn and μMg are the chemical potentials
of H, Zn and Mg respectively.

The chemical potential of oxygen is restricted within the thermody-
namically allowed ranges determined by the corresponding formation
enthalpy of bulk ZnO (ΔHZnO

f ) and gas phase of O (μgas
O2

).
The allowed range for the chemical potential ΔμO is given by:

ΔHf
ZnO≤ ΔμO ≤0: ð4Þ

The surface energy depends on the chemical potential of Zn and O
atoms (μZn and μO), and this dependence can be simplified by
eliminating μO in favor of μZnusing the bulk thermodynamic equilibrium
condition:

ΔμZn þ ΔμO ¼ ΔHf
ZnO ð5Þ

which give the allowed range for Zn chemical potential:

μBulk
Zn þ ΔHf

ZnO ≤ μZn ≤ μBulk
Zn ð6Þ

where μ Zn
Bulk is chemical potential of Zn in the hcp structure

μBulk
Zn ¼ 1

2 EZn hcpð Þ
� �

.
The Mg chemical potential is calculated according to:

μMg ¼ 1
2
EMg hcpð Þ ð7Þ

where EMg(hcp) is the total energy of the hcp structure.

3. Results and discussion

Before studying the effect of hydrogen adsorption on the properties
of theMg-doped ZnO 0001

� �
surface,wefirst consider the clean and the

Mg-doped ZnO 0001
� �

surface. The calculated lattice constants of a =
3.226 Å and c = 5.219 Å are obtained for wurtzite ZnO which give a
Zn–O bond lengths of 1.9706 Å and 1.966 Å for bond direction perpen-
dicular and parallel to the c axis respectively. For clean ZnO 0001

� �
surface, the Zn–O bond lengths of 1.89 Å and 2.02 Å for bond direction
perpendicular and parallel to the c axis are obtained for the first double
layer which means that the O-terminated ZnO polar surface tends to
relax inward, in good agreement with the previous results [36]. After
Mg doping, the structure relaxation around the MgZn atom becomes
more important and the Mg–O bond lengths of 1.88 Å and 1.97 Å for
bond direction perpendicular and parallel to the c axis are obtained.

In Table 1wehave summarized theH adsorption energies onto clean
and Mg-doped ZnO 0001

� �
surface as obtained from this work using

both LDA and GGA methods. We can show that both LDA and GGA
energies are in agreement within 0.5 eV. On the other side, the two
methods suggest that the structure with 1/2 ML H coverage is the
most stable surface under H-rich conditions, in very good agreement
with the previous results [12]. Since LDA and GGA give us the same con-
clusions we will limit our discussion in most cases to LDA results only.

Fig. 2 shows the calculated adsorption energies for adsorbed atomic
hydrogen on top site of the ZnO 0001

� �
surface under different cover-

age conditions for both clean and Mg-doped ZnO 0001
� �

surface
respectively. These results show that at H-rich conditions the structure
with a 1/2 ML H coverage is the most stable structure. Firstly, we com-
pare the obtained results for H adsorption on the clean ZnO 0001

� �
surface with available results in the literature in particular the results
of Meyer [12]. The calculated hydrogen adsorption energies obtained
in this work appear to be slightly different from the published results
and this can be attributed to differences in the used computational
methods. We note also that in Ref [12] the author has an interest to
the change in the surface energy Δγ of the ZnO 0001

� �
surface under

hydrogen adsorption coverage while in our work we focus on calculat-
ing the adsorption energy, however, there is a direct relation between
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Fig. 2. The calculated GGA–PBE adsorption energy vs. hydrogen chemical potential as

obtained for: a) clean and b) Mg-doped ZnO 0001
� �

surface respectively.
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Fig. 3. The calculated GGA–PBE adsorption energy vs. zinc chemical potential for Mg-

doped ZnO 0001
� �

surface under different H coverage conditions.
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Fig. 4. The calculated density of states (DOS) for ZnO 0001
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surface under different H

coverage conditions, a) clean surface, b) 1/4 ML H adsorbed, c) 1/2 ML H adsorbed,
d) 3/4 ML H adsorbed, and e) 1 ML H adsorbed. The vertical line shows the Fermi
energy position.

26 M.A. Lahmer, K. Guergouri / Surface Science 633 (2015) 24–28
the two quantities. The surface energy specifies the energy change per
surface area and is related to the average adsorbed H formation energy
through the simple relation [37]:

nEa ¼ Δγ � A surface Areað Þ ð8Þ

where n is the number of adsorbed H atoms.
On the other hand, the obtained results show that the adsorbed

atomic hydrogen is energetically more stable on the Mg-doped ZnO
0001

� �
surface than the undoped surface and this is true for all possible

hydrogen coverage conditions. This means that the Mg-doped ZnO and
wurtzite MgxZn1 − xO surfaces are much efficient for atomic hydrogen
adsorption or hydrogen detection than the clean O-terminated ZnO
surface. Experimental studies show that Mg doping of ZnO nanowires
increases the hydrogen storage capacity [38]. On the other side, ZnO
thin films doped with Mg atom exhibit hydrogen sensing characteristic
better than the undoped films [39]. These results appear to be in good
agreement with our results. On the other hand, we have calculated the

adsorption energy for atomic hydrogen on the Mg-doped ZnO 0001
� �

surface for both O-rich and O-poor growth conditions (Fig. 3). The
obtained results show that the hydrogen adsorption is much favored
onto Mg-doped surface prepared under O-rich growth conditions.
These results are very important for constructing hydrogen storage
devices or hydrogen gas sensors.

Now we turn our attention to the electronic properties of the inves-
tigated surfaces. The calculated density of states (DOS) for undoped ZnO
0001

� �
surface under different H coverage conditions are showed in
Fig. 4. The clean ZnO 0001
� �

surface shows semiconducting properties

with the presence of empty surface state levels in the gap. These states
are the results of the top surface O dangling bonds which give rise to
partially occupied O-2p-band. Adsorbing 1/4 ML of hydrogen on the
surface oxygen atoms decreases the surface states DOS located near
the top of the valence band without changing the semiconducting

properties of the ZnO 0001
� �

surface (Fig. 4b). In this case, an electron

is transferred from the adsorbed H atom to the surface but this is not
sufficient to fill completely the O-2p-band (partial passivation).
Adsorbing 1/2 ML of hydrogen removes completely the surface states

image of Fig.�2


Table 2
Average percent change from bulk for the first three interlayer spacing as obtained in this
work for both undoped and Mg-doped for 0, 1/4, 1/2, 3/4 and 1 ML hydrogen covered
surfaces.

Layer Clean surface Mg-doped surface

% Δd1 % Δd2 % Δd3 % Δd1 % Δd2 % Δd3

0 ML −48.37% +3.10% −12.44% −50.77% +2.49% −14.56%
1/4 ML −25.22% +1.73% −6.00% −26.42% +1.18% −6.16%
1/2 ML −1.34% −0.07% +2.02% −5.32% −0.56% +1.09%
3/4 ML +11.23% −1.77% +4.97% +9.59% –2.30% +8.77%
1 ML +19.28% −1.98% +8.24% +15.13% –2.08% +12.46%
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from the band gap and produces a semiconducting surfacewith a direct
gap of 1.25 eV. Adsorbing more hydrogen on the O surface (3/4 ML and
1 ML) induces metallicity with bands crossing the Fermi level. Since
each adsorbedH atomprovides one electron to the ZnO surface, starting
from 1/2ML two electronswill fill the partially occupied O-2P band and
the excess of electrons will partially occupy the 4 s of the surface Zn
atoms (the conduction band). The obtained surface in this case is n

type (metallic behavior). This is different from the case of 1100
� �

sur-

face where H adsorption coverage of 1/4 ML is sufficient to transform
the surface to conducting state [40].

The Mg doping of the ZnO 0001
� �

surface doesn't change the previ-
ous concluding remarks and this is because Mg atom is an isoelectronic
dopant and can form with ZnO a ternary alloy MgxZn1 − xO. In the
previous work, Bai et al. [16] show that the doping of ZnO with donor
such asAl atomenhances the gas sensing characteristics of thismaterial.
Based on our resultswe can suggest the existence of twomechanisms to
do this, first mechanism can be done by donor atom doping and the
second is based on isoelectronic atom doping like Mg and perhaps Be
atoms. On the other hand, theMg doping of the surface affects consider-
ably the H2 adsorption energy. The calculated adsorption energies for
molecular hydrogen are −0.15 eV and −3.1 eV for both undoped and

Mg-doped ZnO 0001
� �

surfaces respectively. This means that the H2

adsorption is more favored on Mg-doped than onto the undoped
structure.

Now we will discuss the effect of H adsorption on the structural

properties of undoped and Mg-doped ZnO 0001
� �

surfaces. For this

purpose we calculate the average percent change from bulk for the
first three interlayer spacings called d1, d2 and d3 respectively as
defined in Fig. 5. The obtained results are listed in Table 2. These results
suggest a strong response of the top interlayer spacing to hydrogen
adsorption for both undoped and Mg-doped surfaces. For the
hydrogen-free undoped surface, d1 is contracted 48.3% from the bulk,
while the fully covered surface results in a 19% expansion. These values
are in good agreement with the previous results of Chamberlin et al.
[41] who find values of −50% and +25% for hydrogen-free and fully
covered surface respectively. The layers below d1 are also affected by
hydrogen adsorption and their responses depend greatly on the amount
of adsorbed hydrogen. In the case of Mg-doped surface the relaxation is
more important and this is related to the small size of Mg atom
compared to zinc atom. For the hydrogen-free Mg-doped surface the
obtained results show that the first layer d1 is contracted more than
the undoped case.

Nowwe turn our attention to the optical properties of the investigat-
ed surfaces. The imaginary part ε2(ω) of the dielectric function ε(ω) is
calculated from themomentummatrix elements between the occupied
and unoccupied electronic states using first order time-dependent
perturbation theory. The real part ε1(ω) of the dielectric function ε(ω)
is evaluated from the imaginary part ε2(ω) by the Kramers–Kronig
transformation. The absorption coefficient α(ω) and reflectivity R(ω)
can be obtained from ε1(ω) and ε2(ω) using the following expressions;

α ωð Þ ¼
ffiffiffi
2

p
ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1 ωð Þ2 þ ε2 ωð Þ2

q
−ε1 ωð Þ

� �1=2 ð9Þ
Fig. 5.Thefirst three interlayersd1, d2 and d3 of the ZnO 0001
� �

polar surface. Oxygenand

zinc atoms are represented by small grey and large black spheres respectively.
R ωð Þ ¼ 1−
ffiffiffiffiffiffiffiffiffiffi
ε ωð Þp

1þ ε ωð Þ

�����
�����
2

: ð10Þ

This approach is implemented in several DFT codes and it is widely
used to study the optical properties of materials [42–44].

To study the effect of atomic hydrogen adsorption on the optical
properties of the ZnO surface we have calculated the optical reflectivity

spectra for both undoped and Mg-doped ZnO 0001
� �

surfaces under

different hydrogen coverage conditions and the obtained results are
illustrated in Fig. 6. Our results show that Mg doping of the ZnO surface
can lead to an increase in the optical reflectivity of this surface in the
photon energy range of 0–0.5 eV while it decreases in the 1.2–2.5 eV
range. H atom adsorptions induce a large change in the optical reflectiv-
ity spectra of the ZnO surface. These changes were found to be depend-
ing on the H coverage. Compared to the clean surface case, a decrease of
the surface optical reflectivity in the photon energy range of 0–0.6 eV
was showed for all H coverages. The H adsorption coverage of 1/2
monolayer makes the surface more transparent to IR photon and
this is due to the passivation of all surface states by the tow H atoms
leading to an increase in the surface gap. For high H coverage conditions
(cH N 1/2), the surfacewill exhibit a nearly 100% optical reflectivity peak
located in the range of 1.0–1.5 eV.

Fig. 7 shows the optical absorption spectra as obtained by our
calculations for Mg-doped O-terminated ZnO surface under different
H coverage conditions. It is very clear that the optical absorption coeffi-
cient of the surface depends greatly on the adsorbed H amount. For
clean surface, the optical absorption spectra show the presence of
three peaks in the [0–1 eV] range which are attributed to many optical
transitions such as; i) direct optical transition from valence band (VB)
to the conduction band (CB), ii) direct optical transition between
surface states and CB. For low H adsorption coverage (cH = 1/4), the
number of optical absorption peaks in the [0–1 eV] range was reduced
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Fig. 6. The optical reflectivity spectra of theMg-doped ZnO 0001
� �

surface under different

hydrogen coverages.
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and this is due to the partial passivation of surface states by atomic
hydrogen adsorption. For cH = 1/2 monolayer the optical absorption
coefficient spectra show no peaks in the [0–1 eV] range and this is due
to the full passivation of surface states by adsorbed atomic hydrogen.
It is very known that up to 1/2 monolayer of hydrogen we fill the par-
tially occupied O-2p-band, beyond the 1/2 monolayer the O-2p-band
is completely filled and we have to populate the conduction band.
These make the optical properties of the surface very sensitive to the
H coverage conditions.
4. Conclusions

In this work, the effect of hydrogen adsorption on the properties of

both clean and Mg-doped ZnO 0001
� �

polar surface was investigated

using the first principlesmethod. The obtained results show that hydro-

gen adsorption is energetically more favored onMg-doped ZnO 0001
� �

surface than the clean surface. Our results show also that the hydrogen
adsorption on theMg doped surface is energetically more favored if the
surfacewas grown under O-rich conditions than O-poor conditions. We
have also examined the effect of H adsorption on the optical properties

of the Mg-doped ZnO 0001
� �

surface. The obtained results show that
the optical properties of the Mg-doped ZnO 0001
� �

surface are very

sensitive to the hydrogen coverage conditions.
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