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Density functional theory (DFT) calculations were employed to explore the gas-sensing mechanisms of zinc
oxide (ZnO) with surface reconstruction taken into consideration. Mix-terminated (1010) ZnO surfaces were
examined. By simulating the adsorption process of various gases, i.e., Hy, NHs, CO, and ethanol (C,HsOH)
gases, on the ZnO (1010) surface, the changes of configuration and electronic structure were compared. Based
on these calculations, two gas-sensing mechanisms were proposed and revealed that both surface reconstruction
and charge transfer result in a change of electronic conductance of ZnO. Also, the calculations were compared

with existing experiments.

1. Introduction

Gas sensors based on metal-oxide-semiconductor materials
have attracted considerable attention during the past decade.’
Zinc oxide (ZnO) and tin dioxide (SnO,) have been widely
chosen as sensing materials because of their excellent charac-
teristics such as low cost, high sensitivity, rapid response, and
fast recovery.?? In addition, they have potential applications in
detecting polluted or toxic gases and other species.* ¢ ZnO, as
one kind of wide band gap (3.37 eV) n-type semiconductor
material, is of great interest because of its mixed covalent/ionic
aspects in the chemical bonding. Recently the high-performance
gas-sensing devices, using ZnO nanorods as sensing materials,
were realized at room temperature in sensing gases such as Hp,
NHj, and ethanol (C,HsOH) gases.? The electronic conductance
of ZnO-based gas sensors was found to increase when sensors
were exposed to ethanol gas. ZnO-based gas sensors exhibit
high sensitivity and rapid response to ethanol gas. However,
the mechanism of these gas sensors was argued based on
experimental phenomena. To reveal the mechanism of gas
sensors, many models, such as the point contact model,’ face
contact model,® surface depletion model,>>° etc., were estab-
lished. These models emphasize the importance of charge
transfer in the sensing mechanism, they can illustrate this
adsorption process qualitatively, but they have difficulties in
predicting sensing results of gas sensors. A density functional
theory (DFT) computation can simulate the adsorption process,
which can help to understand the sensing mechanisms
quantitatively.

With the development of nanotechnology, the size of ZnO-
based sensors decreases rapidly. Hence, surface relaxation and
reconstruction will have more influence on material properties
of the sensors with nanowires or nanorods. Previous work!”
adopted the Oniom method with three layers in order to study
the interaction of CO, H,, H,O, NH3, and CO, molecules with
the ZnO (1010) surfaces using a (ZnO);4g cluster model, but
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this work did not take surface relaxation and reconstruction into
account because of the computational capability limitation.

Both surface reconstruction and charge transfer are considered
in this paper, and our results show that they play important roles
in the sensing process. For reasons of electronic stability'! and
lowest energy,'? the mix-terminated (1010) ZnO surface is
examined.

2. Computational Details

Ab initio calculations were carried out using DFT imple-
mented in the DMol® program'®!“ to investigate the adsorption
process of molecular adsorbates upon a (1010) ZnO exposed
surface. The widely used generalized gradient approximation
(GGA) with the exchange-correlation functional parametrized
by Perdew and Wang (PW91) was adopted, calculating with
restricted spin. Compared with local density approximation
(LDA), GGA will not lead to a strong bonding of molecules.
So if the calculated molecules are adsorbed on the ZnO surface,
they will definitely bind in a real system. However, GGA
overestimates binding distance and underestimates binding
energy consequently.

We used a plane wave basis set with an orbital cutoff distance
of 3.9 A. All-electron calculations and a double numerical basis
set with polarization functions (DNP) were employed. Wave
function integration in reciprocal space was performed via fine
grid sampling of k points with a separation of 0.02 A~!. For
the calculation of the density of states (DOS), we used a5 x 8
x 3 Monkhorst-Pack grid. Charge transfer was calculated based
on the Mulliken Population Analysis (MPA).'?

In the bulk, the Zn and O atoms are 4-fold coordinated. At
the surface, one of these nearest-neighbor bonds is broken.
Hence, the Zn and O atoms become 3-fold coordinated. The
neighboring Zn atom and O atom form a dimer. The Zn atom
moves inward forming planar sp?> bonds, while the O atom
moves outward forming tetrahedral sp® bonds. The surface was
represented by two upper layers, while two lower layers were
fixed to simulate the bulk layers. To reduce the interaction of
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Figure 1. The ZnO (1010) surface (red atoms and blue atoms represent
O and Zn, respectively). Numbers denote electrons on the optimized
surface layer and bulk layer, respectively.

the close periodical image, the unit cell was doubled with a 15
A vacuum slab placed upon it. The ZnO surface supercell was
first optimized (Figure 1), and then a gas molecule was placed
on the surface.

The whole system was first optimized to calculate its physical
properties. Then the net charge of the reconstructed ZnO surface
was set to be zero to obtain the contribution from surface
reconstruction. When the difference between the reconstructed
surface and the whole system was compared, the contribution
from charge transfer was gained.

The binding energy Ey, is defined as B, = Euq — (Egas — Ez00),
in which E,, and Ez,0 denote energies of the free gas molecule
and the bare ZnO surface, respectively, and E,4 denotes the total
energy after adsorption. For the n-type semiconductor, band gap
E, is defined as

E,=E, —E, (1)

where E.and E, represent the lowest unoccupied and the highest
occupied level, respectively. The electron and hole density are
defined as

QanmtkyT)" E. — Eg

ny = ZT exp —T (2)
Qamtk Ty E, — E;

Py =2 3 exp T 3)

where nois the electron density, p, is the hole density, kgis
Boltzmann’s constant, 4 is Planck’s constant, n¥ is the electron
effective mass, mj is the hole effective mass, T is temperature,
and Ef is the Fermi energy. As Er varies between E. and '/5(E,
+ E,) for n-type semiconductors, Er is considered to be at GGA
midgap in this paper. Then the carrier concentration product
nopo can be expressed as
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kg, h, m¥, and m} are constant under certain temperature, so
the carrier concentration product ngp, varies only with E, under
certain temperatures, and the conductance is proportional to the
carrier concentration.

3. Results and Discussion

The clean apolar (1010) ZnO surface has a direct band gap
in the electronic structure as shown in Figure 2, which locates
at the gamma point. Because of the surface reconstruction, the
total energy decreases. 0.034 electrons (el) move from the
surface to the body in one supercell (Figure 1), which enlarges
the band gap (E,) from 0.98 to 1.20 eV and makes a potential
barrier for the electron movement. The calculated E, of exposed
(1010) ZnO surface is 1.20 eV, which is lower than experimental
E,. This is a common problem for the DFT calculation,
underestimating the band gap of semiconductors, because it is
known that DFT calculation underestimates the lowest unoc-
cupied level. But it has no influence on the analysis of electronic
structure in our work. This calculation error can be ignored when
the results of gas molecules adsorbed on the ZnO surface are
compared based on the same system and calculation method.
The calculated Ef of the clean ZnO surface is —4.368 eV.

The potential energy surface of a supercell containing a gas
molecule and the ZnO surface is extremely complicated, which
indicates that the adsorption of gas molecules, i.e. H,, CO,, NH3,
CO, and C,HsOH molecules, upon an exposed (1010) ZnO
surface may have a stable state and many metastable states. It
is impossible and unnecessary to search the whole potential
energy surface. For each adsorbate, various initial adsorption
sites were optimized. Then the optimized one with the highest
E,, was selected as the stable state. In this way, calculating results
of different gases can be comparable.

When the (1010) ZnO surface is exposed to gas atmosphere,
we distinguish two sensing mechanisms:

(1) Adsorption-induced reconstruction of the ZnO surface
occurs as the adsorbate approaches. The band structure changes
correspondingly with the change of adsorbate type and E.

(2) Charge transfer occurs because of the relative relation
between electron affinity of adsorbate and the work function of
ZnO surface.

These two mechanisms both contribute to the charge redis-
tribution in the ZnO surface and the change of E, correspond-
ingly. As intrinsic conductivity is controlled by exp(—(E,)/(kgT))
under a certain temperature, a change of electronic conductance
would be observed by experiment. In the following, we discuss
the molecules in the increasing order of E,,.

3.1. H, on the ZnO Surface. Figure 3 depicts the optimized
system of H, on the ZnO surface. 6 represents the angle between
the surface normal and the molecular axis. The calculated 6
for the H, adsorption is 53.9°. The calculated E, for H,
interaction with the ZnO surface is low, 2.47 kcal mol ™!, which
is validated by the experimental evidence for stable physical
adsorption of molecular hydrogen at low temperatures.'® Eg of
the optimized system decreases by 0.006 eV, from —4.368 to
—4.374 eV, while calculated E, is still 1.20 eV. As shown in
Figure 3, 0.005 el transfer from ZnO surface to H», i.e., H; acts
as an acceptor. Although with no clear reconstruction in this
process, surface energy is enhanced 0.0008 J/m? because of
surface reconstruction in each supercell, which induces an Ep
increase of 0.003 eV as well as an E, decrease of 0.01 eV.
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Figure 3. Optimized configuration of H, on the ZnO surface. Red,
slate blue, and white balls represent O, Zn, and H atoms, respectively.
Numbers denote charges on molecule, surface layer, and bulk layer,
respectively.

3.2. CO on the ZnO Surface. Figure 4 depicts the optimized
system of CO on the ZnO surface. The calculated 6 for the CO
adsorption is 41.7°, which is in reasonable agreement with the
UPS angle-resolved measurements of 30° for the (1010) ZnO
surface.'” When the CO gas molecule forms a stable adsorption
on the ZnO surface, the C atom is binding to 3-fold Zn atoms
as illustrated in Figure 4, which is in agreement with experi-
ment.!” The adsorbed CO molecule bonding distance value is
1.140 A, which is close to the experimental value of 1.128 A.'8
This decrease of C—O bond length when adsorbed on the ZnO
surface is in agreement with the experimental decrease of 0.03
A The calculated Ej, of the CO molecule on the ZnO (1010)
surface is 45.61 kJ mol™!, and the experimental value is found
to be 50 kJ mol~!.2

Er of the optimized system increases by 0.174 eV, from
—4.368 to —4.194 eV, while calculated E, is 1.24 eV, which
indicates an increase in ZnO resistance. As the CO molecule
forms a bond on the ZnO surface with a E;, of 10.87 kcal mol ™',
this adsorption results in a 0.0346 J/m? enhancement of ZnO
surface energy and is an obvious reconstruction of the ZnO

DOS (electrons/eV)

Figure 2. Band structure and PDOS of the relaxed ZnO surface (dashed line represents Fermi level).

Figure 4. Optimized configuration of CO on the ZnO surface. The
gray ball represents the C atom.

surface, which lead to an increase of Er by 0.006 eV and a
decrease of E, by 0.08 eV during this process.

To understand the bonding of this adsorption, electron density
difference Ap is calculated, which illustrates how the charge
density changes during this adsorption process. Ap is defined
as Ap = p, — (3pi), in which p, and p; denote electron density
of total energy and isolated atom, respectively. As shown in
Figure 5, some electrons accumulate between C and O atoms,
and the triple bond C=O0 (one o and two st bonds) makes it
possible for the C atom to interact with the Zn atom.?! MPA
shows that the CO molecule transfers 0.111 el to the ZnO
surface layer and 0.017 el to the bulk layer as a donor. As there
is no obvious electron accumulation between C and Zn atoms,
DOS analysis is performed. For the CO molecule, electrons of
C and O are localized at around —2 and —7 eV, respectively,
overlapping with the main peaks of the ZnO surface, as shown
in Figure 6. For the ZnO surface, main peaks of the d orbital
move left, while main peaks of the s and p orbitals move right.
The overall effect makes the band gap broader. Therefore, both
ionic bonds induced by the charge transfer and covalent bonds
raised from the overlap of orbitals contribute to the bonding of
this adsorption process.
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Figure 5. Plot of electron density difference for CO adsorption on
the ZnO surface. Electron loss is indicated in blue, electron enrichment
is indicated in red, and white indicates regions with little change of
the electron density.

3.3. Ethanol Molecule on the ZnO Surface. Figure 7
depicts the ethanol (C;HsOH) molecule adsorption on the ZnO
surface. When an ethanol molecule approaches the ZnO surface,
electronic interactions among nuclei and electrons disturb the
initial configuration, inducing adsorption of the gas molecule
on the ZnO surface. The O (C,HsOH) atom forms a bond with
the surface Zn atom. The distance between H (C,HsOH) and O
(ZnO) is 1.464 A, suggesting a contribution of a hydrogen bond.
The weak interaction between the gas molecule and surface
atoms creates torsion of the C—C bond.

Yuan et al.

Figure 7. Optimized configuration of the ethanol molecule on the
ZnO surface. Blue line represents hydrogen bond between H and O
atoms.

This adsorption results in the reconstruction of the ZnO
surface and charge transfer from the ethanol molecule to the
7ZnO surface. Our calculations show that the surface reconstruc-
tion related to E, increases the total surface energy by 1.18 eV
in each supercell. As compared in Figures 2, 8a, and 8b, the
main peaks of the d orbital move downward, while the main
peaks of the s and p orbitals move upward. After the surface
reconstruction induced by adsorption, energy-level splitting is
found (Figure 8a). At the same time, charge mainly transfers to
the surface layer, i.e., 0.072 el to the surface layer and 0.027 el
to the bulk layer, making these two layers electronegative and
forming an additional electric field directed along the normal
to the surface. As shown in Figure 8b, band structure is deflexed
because of charge transfer. Er and E, of the optimized system
are —4.233 and 1.18 eV, respectively. Reconstruction raises the
surface energy by 0.0543 J/m” and induces an increase of Eg

(a)

DOS (electrons/eV)

0 :
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Energy (eV)

Figure 6. Plot of DOS for (a) CO after adsorption, (b) the ZnO surface after adsorption, and (c) the free ZnO surface.
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Figure 8. Band structure and PDOS of the (a) reconstructed and (b) ethanol-molecule-adsorbed ZnO surface.

by 0.001 eV and a decrease of E, by 0.07 eV. An increase in
electronic conductance could be observed by experiment.

3.4. NH; on the ZnO Surface. Figure 9 depicts the ammonia
(NH3) molecule adsorption on the ZnO surface. The N (NHj3)
atom forms a bond with Zn (ZnO) atom. The distance between
H (NH;) atom and O (ZnO) atom is 1.799 A, suggesting a
hydrogen bond interaction, which is supported by experiment.??
E, of the ammonia molecule adsorption on the ZnO surface is
127.92 kJ mol ™!, in accordance with the experimental data of
115.4 kJ mol~".%3 NH; acts as a donor, which transfers 0.184 el
to the ZnO surface. Er and E, of the optimized system are
—4.004 and 1.19 eV, respectively. In the process, reconstruction
of surface enhances surface energy by 0.056549 J/m? and
induces an increase of Er by 0.005 eV and a decrease of E, by
0.07 eV.

3.5. O; on the ZnO Surface. In the aspect of fast recovery,
adsorption of O, upon the ZnO surface is calculated. This result
is calculated using local density approximation (LDA), because
GGA cannot address this system correctly according to our
calculations. When ZnO-based gas sensors are put in an
atmosphere of O,, O atoms form a weak physisorption on the
7ZnO surface with an Ej, of 13.83 kcal mol™'. Electrons transfer

Figure 9. Optimized configuration of NH; on the ZnO surface. The
blue ball represents the N atom.

from the ZnO surface to oxygen molecules, which leads to a
decrease in electronic conduction. Reconstruction resulting from
other adsorbates also vanish. So in the presence of an oxygen
atmosphere, the ZnO surface recovers quickly.
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Figure 10. The response and recovery of ZnO nanorod sensors upon
exposure to 100 ppm H,S, ethanol, NH;, and H, at the working
temperature of 300 °C.

Also the size-dependence of the gas-sensing mechanism was
studied in order to investigate whether the change of the ZnO
surface thickness would affect this sensing process. Although
Ey, and charge transfer slightly enhance the increase of surface
thickness from 6.67 A to 18.12 A, our calculations show that
the adsorption configuration and relative change of E, are
similar. These results indicate that four layers of the ZnO surface
can simulate the adsorption process of the gas molecules
correctly.

3.6. Comparison with Existing Experiments. The ZnO
nanorods were synthesized by a simple wet chemical route.*?*
The sensors were fabricated as follows: two Pt electrodes were
placed on the surface of the ceramic tube, and the heating
resistance coil was inserted into the tube. The nanorods with a
diameter of 15 nm were dispersed in the ethanol, and the paste
was laid uniformly on the tubes. The sensors were first dried at
400 °C for 1 h, and then an aging process at 100 °C for 2 h
was performed. The sensors were connected to the outside
electronics to monitor their resistance change independently.
The sensitivity S is defined as S = R./R, where R, is the
resistance in ambient air and R, is the resistance in the ethanol
and air-mixed gas. The response and recovery of the ZnO
nanorods upon exposure to 100 ppm ethanol, NH;, and H, are
shown in Figure 10. When the target gas was injected into the
chamber, the sensor showed an obvious change of conductance.
At the operating temperature of 300 °C, the sensitivities were
about 1.9, 3.3, and 30 as the sensors were exposed to 100 ppm
H,, NH;, and ethanol and showed an exponential growth.

The carrier concentration of the ZnO surface is governed by
eq 4, and the conductance is proportional to carrier concentra-
tion. Hence,

R E,—E
§=="=exp (M) 5)

R, ks T

where E,; is the band gap of the ZnO surface with gas
molecules, and E, = 1.2 eV is the band gap of the bare ZnO
surface. So sensitivity will grow exponentially with a decrease
in E,, which agrees with experimental observations.

Then we modify eq 5 to take account of environmental
influence. Because DFT calculations underestimate the ZnO
band gap, a coefficient ¢; = 3.37 eV/0.98 eV = 3.44 is imported,
where 0.98 and 3.37 eV are calculated and experimental E, of
bulk ZnO. Because we calculated with a coverage of 0.25 per
supercell, a coefficient ¢, is imported. Compared with experi-
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TABLE 1: Binding Energy, Band Gap, Charge Transfer
from Gas Molecule to the ZnO Surface and Fermi Energy

E, E, charge transfer ~ Fermi  change of surface
(kcal/mol) (eV) (electrons) energy (eV) energy (J/m?)

ethanol  27.27 1.18 0.099 —4.233 0.054336
NH; 30.61 1.19 0.184 —4.004 0.056549
H, 2.47 1.20 —0.005 —4.374 0.000843
CO 10.87 1.24 0.128 —4.194 0.034620
(0)3 13.83 —0.104 —5.814

ZnO 1.20 —4.368

mental results, we adopt ¢, = 2.4 here. So we obtain the
modified equation,

R, E,, — Ey
S=—=exp(ccu) (6)
Rg 12 kgT

Substituting kg= 8.617 x 1073 eV K™!, T = 573 K as used
in experiments, we find the sensitivities are 1.0, 5.3 and 28.3
for H,, NH3, and ethanol, respectively, which exhibit good
agreement with experimental data.

4. Conclusion

DFT calculations were performed to reveal the gas-sensing
mechanism of ZnO. The mix-terminated (1010) ZnO surface
was mainly examined because of advantages of electronic
stability and lowest energy. All the results are listed in Table 1
in ascending order of E,. They show good agreement with
experimental data that the electronic conductance of ZnO-based
gas sensors is found to increase when sensors were put in the
ethanol gas atmosphere, exhibiting high sensitivity and rapid
response to ethanol gas.

Based on the analysis above, two mechanisms control this
sensing process, i.e., both adsorption-induced reconstruction of
the ZnO surface and the charge transfer lead to the changes of
electronic structure of the (1010) ZnO surface, resulting in a
change of conductance. In this paper, the change of electronic
structure caused by surface reconstruction and charge transfer
is decided by adsorbate type and charge reconstruction.

When the gas molecule is adsorbed upon the surface, the
electronic conductance of the gas sensor changes because of
the joint effect of these two mechanisms. These results show
good accordance with existing experiments and could help in
understanding the sensing mechanism of ZnO-based gas sensors.
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