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Abstract

We present a first-principles computational study of CO and OH adsorption on non-polar ZnO (1010) surfaces doped with indium.
The calculations were performed using a model ZnO slab. The position of the In dopants was varied from deep bulk-like layers to
the surface layers. It was established that the preferential location of the In atoms is at the surface by examining the dependence of
the defect formation energy as well as the surface energy on In location. The adsorption sites on the surface of ZnO and the energy
of adsorption of CO molecules and OH-species were determined in connection to In doping. It was found that OH has higher
bonding energy to the surface than CO. The presence of In atoms at the surface of ZnO is favorable for CO adsorption, resulting
in an elongation of the C-O bond and in charge transfer to the surface. The effect of CO and OH adsorption on the electronic
and conduction properties of surfaces was assessed. We conclude that In-doped ZnO surfaces should present a higher electronic

response upon adsorption of CO.
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1. Introduction

Zinc oxide is a n-type, wide-band gap (3.2 eV) semicon-
ductor that has long been of interest for resistive gas sensors,
as well as for a range of other applications, such as in chem-
ical production, catalysis, photocatalysis, pharmaceutics, etc.
[, 12, 13, 14, I5]. Functioning of such sensors is based on the
modification of electrical properties of the semiconductor by
the adsorption of gas molecules at the surface. Of particular in-
terest are nanostructured materials with high surface-to-volume
ratio, thus having enhanced gas sensitivity [5, |6, 7, I§]. How-
ever, nanocrystalline pristine ZnO has poor electronic conduc-
tion because of intrinsically low charge carrier concentration
and restrictions due to the dimensions of the particles [4, |5].
A common approach to modify its electronic conduction is n-
doping by group III metals, i.e., Al, Ga, and In [4, [7, |9, [10].
Due to the substantial discrepancy of ionic radii, the applicabil-
ity of AI(III) for substitution of Zn(Il) is limited [S]. Indeed,
the effect of aluminum on the sensitivity of Al-doped ZnO to
CO and volatile organic compounds was observed to be minor
[L1}, [12]. This can be rationalized by the high solubility of the
small AI(IIT) cations in bulk ZnO and the hindering of their mi-
gration to the surface. Instead, doping by Ga(Ill) and In(III),
that have a ionic radii closer to that of Zn(II), is more often
in use [4, 3]. It was demonstrated that doping ZnO with Ga
improved not only the conductivity, but also the sensitivity to
various toxic or flammable gases, e.g., CO, formaldehyde, H,
ammonia, and methane [|10, 13,114, 115,116, 17]. The influence
of doping on sensitivity is often attributed to electronic effects
at the semiconductor surface [[13, [10], while the chemical as-
pect of gas molecules reception on the doped ZnO surface is
overlooked. In order to tailor the functional properties of doped
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ZnO-based sensors, it is important to understand the effect of
the dopants on the interaction between the surface and adsorbed
target gas molecules. In a recent work, we demonstrated corre-
lations between the sensitivity to H,S and NO, and the surface
acidity and the paramagnetic donor sites controlled by dopant
content in ZnO(Ga) [18]. First-principles computational mod-
elling based on density-functional theory (DFT) provide an ef-
ficient tool for the investigation of gas-solid interactions. For
instance, the effect of dopant on CO adsorption energy and pre-
ferred adsorption position was evaluated for model ZnO(Ga)
clusters [19]. Of chief interest from the modelling point of view
are the preferred impurity atoms position, defect formation en-
ergies, charge transfer between adsorbed molecules and sensor
surface, and the change in the surface charge carrier density
upon adsorption [[19, 20]. We recently initiated a joint exper-
imental and theoretical investigation of the effect of In doping
of nanocrystalline ZnO on the material structure, the interaction
with CO gas and OH molecules, and the sensing behavior. CO
is one of the most common and hazardous reductive air con-
taminants, while OH-groups are present at the oxide surface
due to chemisorption of water from ambient humidity and may
interfere with the sensitivity to CO target molecules. Here we
present the results of a first-principles study of a model ZnO
slab exposing the non-polar (1010) surface, which is known to
be the most stable and abundant ZnO surface [21]. It is, thus,
the most relevant for adsorption studies.

Section II presents the methods used. Section III presents
main results. In Section IV we analyze the effects of CO/OH
adsorption on the electronic properties of the surfaces studies
and their bearing on CO sensing. Section V is devoted to con-
clusions and an outlook on future work.
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Figure 1: The 6 X 2 x 2 supercell slab model used for surface calculations. The
slab consists of 6 bilayers. Each layer within a bilayer comprises four Zn-O
pairs. There are, thus, twelve such layers in the slab. The vacuum region is 15
A thick.

2. Methodology

All calculations were performed within density functional
theory (DFT) [22, 23], using the plane-wave basis set and the
projector augmented-wave method [24, 23] as implemented in
the Vienna Ab initio Simulation Package (VASP)[26, 27]. We
use DFT+U [28, 29] and the Perdew-Burke-Ernzerhof (PBE)
exchange and correlation potential [30]. A self-consistently cal-
culated Hubbard U parameter of 7.16 eV is applied to the Zn
atoms [31]]. With this value, the calculated structural proper-
ties of bulk ZnO are in good agreement with experiment. We
point out that in order to verify the reliability of our approach,
we peformed calculations based on the HSE hybrid functional
[32] for representative cases among the systems studied in this
work, corroborating our results (we come back to this in Sec-
tion M} se also the Appendix). Our calculations for all systems
studied, i.e., bulk, surfaces, and free molecules, include the van
der Waals interaction (vdW-DFT) using the opt86b functional
[33,134].

We use an energy cutoff of 450 eV for the plane-wave ba-
sis set. To sample the Brillouin zone of the unit cell of bulk
wurtzite ZnO, we use a 8 X 8 x 4 Monkhorst-Pack (MP) grid
[35] making sure that the I" point is included in the mesh. We
note that atomic relaxations are made until residual forces on
the atoms are less than 0.01 eV/A and total energies are con-
verged to within 107 eV. To study the surface properties, we
use a 6x2x2 supercell slab exposing the non-polar ZnO (1010)
surface. In order to minimize slab-slab interactions, the super-
cell includes a 15 A vacuum space above this surface, as shown
in Fig.[l [36]. The slab electronic structure is determined using
a 1 x4 x4 MP grid including the I" point. The surface energy
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Figure 2: Top view of the slab supercell, with the possible initial adsorption
locations considered here indicated (the lattice vectors in this figure are the
same as in Fig.[).

E (for either a pure or In-doped surface) is calculated using
Es = (Egap — Esupercell)/ZA (D

where Egqp, and Egpercenn denote the total energies of the re-
laxed slab (pure or In-doped) and of a bulk supercell (pure or
In-doped) with an equivalent number of formula units. A is
the surface area of the slab. The slab consists of six bilayers
(see Fig.[D), each consisting of two neutral Zn-O layers (this is,
twelve layers in all). Previous authors have shown that with this
number of layers the surface energy is converged with respect
to slab thickness [21]. As seen in Fig. [Il each of these lay-
ers contains four Zn-O pairs. When relaxing the slab structure,
we keep the three lowest bilayers fixed to simulate the rigidity
of the bulk-like deeper subsurface layers in a real sample. We
henceforth refer to the upper six Zn-O layers (corresponding
to the upper three bilayers) as the six surface-like layers [37].
There are two technical issues to consider here. First, the re-
laxation we perform results in an asymmetric slab, giving rise
to a non-constant potential in the vacuum region although the
surfaces we consider are non-polar. Such a potential may af-
fect the properties of the system studied. Further, in the case of
adsorbed molecules, dipoles can be formed because of charge
transfer between the surface and the latter, and dipole-dipole in-
teractions may also have an effect. We verified that these effects
are negligible, however, by comparing the electronic structure
of our ZnO slab with and without dipole corrections, both for
a pristine slab and for an In-doped slab with CO adsorbed (see
Supplementary Material). Second, in the case of the In-doped
slabs, charge carriers can be sensitive to slab thickness because
of their long range response to perturbations. Thus, it is impor-
tant to verify that a slab thickness of six bilayers is sufficient to
minimize size effects. For this we considered again the impor-
tant case of CO adsorption and performed the calculations for
an eight bilayer thick slab as well. The results show that the six
bilayer slab is indeed sufficient (see Supplementary Material).
Regarding doping, our experimental evidence indicates that
a 4-5 at.% In concentration [i.e., [In]/([In]+[Zn])] is sufficient
for it to overcome its solubility in ZnO and to segregate to the
surface [38]. These experiments suggest that the sensitivity of



the surface is enhanced by the presence of dopants such as In at
the surface. Thus, here we substitute two Zn atoms with In in
our supercell slab model, which represents an In concentration
of 4.17 at.%. The impurity, or dopant, formation energy in a
neutral charge state (either in the bulk or slab systems) is given
by [39]

Ef = Edoped - Epure — N + Nz, 2)

where Egopeq 18 the total energy of the system containing the
dopants and Ep,. is the total energy of pure system (undoped
slab or bulk ZnO) [40]. um, and uz, are the chemical potentials
of In and Zn, respectively, and # is the number of Zn atoms sub-
stituted. The chemical potentials are calculated in their ground
state metallic phases, i.e., tetragonal for In and hexagonal close-
packed for ZnO. When studying the effects of the location of the
dopants with respect to the topmost surface, the two In atoms
substitute two Zn atoms in a single surface-like layer at a time.
The two substitution sites in a layer are determined by minimiz-
ing the total energy. We denote S; (i = 1,...,6) the slab with
the In atoms sitting in its i-th surface-like layer (S| being the
case where the In atoms are in the topmost layer).

In order to study the adsorption of CO or OH, we place one
such a molecule on top of the relaxed ZnO slab, at a distance of
2 A from the surface. We consider six possible initial positions,
namely cation-top (in the case of a doped surface the cation
can be Zn or In), O-top, center of hexagonal hollow, cation-
cation-bridge, and O-O-bridge. The possible adsorption sites
are shown in Fig.[2l The positions of the CO/OH molecule and
of atoms in the surface-like layers of the slab are optimized.
The adsorption energy E, of the adsorbed molecule is defined
as

E, = Ecojon-zno — Ecojon — Ezno, 3)

where Eco/on-zno denotes the total energy of the slab with the
adsorbed molecule, and Eco,on and Ezyo denote the total en-
ergies of the free CO/OH molecule and of the ZnO slab, re-
spectively. Note that the adsorption of one CO/OH molecule on
top of a (2 x 2) surface is equivalent to 1/4 monolayer (ML)
molecular coverage.

In addition, in order to understand the adsorption process
and the contribution of different atoms in this process, we an-
alyze the atomic species character of the energy bands (levels)
close to the Fermi level and band edges of the ZnO surfaces,
with and without CO/OH molecule adsorption. Finally, the
calculated electron charge density of the optimized structure
is used to calculate the electronic charge partitioned for each
atom using a grid-based Bader charge analysis [41],142]. Charge
transfer between an absorbed molecule and a surface can be
determined using

AC] = —eAn = _e(natom - nvalence)a (4)

where n,0m 1S the calculated number of electrons around an
atom in the system studied and 7ygjence 1S the number of valence
electrons considered for the calculations for the corresponding
atom. This is used to further characterize the adsorption pro-
cess.
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Figure 3: (a) Surface energy of the In-doped ZnO S; slabs, in comparison with
the surface energy of the undoped ZnO surface. (b) Formation energy of the In
impurities in the S; slabs, compared with the formation energy of bulk In-doped
ZnO.
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Figure 4: Structural change of the ZnO surfaces with In doping. (a) Length
(average) of the In-O bond and (b) of the surface Zn to surface O bonds (Zny-
O;). The corresponding bulk bond lengths are shown for comparison in both
plots.

3. Results

3.1. In-doped ZnO surfaces

We consider first the effect of doping on the surface energy.
For the undoped surface we find an energy of 0.094 eV/A2. This
can be compared with the value of 0.081 eV/A? obtained in
Ref. 21/ using the B3LYP hybrid-functional. In Fig. B(a) we
plot the surface energies of the In-doped slabs as a function
of location of the dopants, comparing them with the energy of
the undoped surface. As expected from the observation of In
segregation to the surface in experiment [38], the surface en-
ergy tends to decrease as the In dopants approach the slab sur-
face, reaching its lowest value (0.077eV/1°\2) at S . The trend is
mirrored by the dopant formation energies, shown in Fig. 3(b),
where E per In atom is plotted. This shows more directly that
the In impurities will tend to segregate to the surface.

We also study the surface structural changes induced by
doping. Figure[d{a) shows the average In-O bond length in the
S'; slabs (as noted above, there are two In-O pairs in each case),
compared to the corresponding bond length in a In-doped bulk
supercell. Further, we consider the average bond length of the
Zn-0 pairs at the surface of the slab, which we denote Zn-Oj.
In Fig. @(b) we show how that bond length depends on how far
from the surface the In dopants lie, and compares it with the
same bond length in the undoped surface. Figures [ indicate
that the structural changes are more pronounced when the In
dopants lie at the surface or subsurface of the slabs. Since these
cases also present the lowest formation energies (Figs. 3)), we



Figure 5: Structure of the relaxed CO molecule-ZnO surface systems, for the
cases of (a) the undoped surface, (b) the S, slab, and (c) the S slab. The carbon
and indium atoms are represented by the brown and magenta spheres, respec-
tively. In the first two cases CO is essentially physisorbed, with the depicted
bond being very weak (see text). In (c) the CO molecule is chemically bond to
a surface oxygen, away from the In dopants.

focus on these cases in our study below on molecule adsorp-
tion.

3.2. CO/OH adsorption

We study the adsorption of CO and OH on undoped surfaces
as well as on the In-doped surfaces S; and S,, as indicated
above. In each case we determined the preferred adsorption
site via the comparison of the total energies corresponding to
the different sites indicated in the previous Section (see Fig. D).
Here we look more closely into the characteristics of the pre-
ferred sites.

We consider first CO adsorption. The relaxed structures in
the three cases above indicated are shown in Fig.[3l In the case
of the undoped surface [Fig.[5(a)], the CO molecule relaxes to
the center of the hexagonal hollow. Note that because the CO
molecule does not stand vertically above the surface, the C atom
is closer to one of the Zn atoms forming the hexagonal hollow,
and appears bonded to it. In the S, case the CO molecule re-
laxes more clearly to a Zn-top position, and bonds with the Zn
atom (the bond length is smaller than in the previous case; see
further down). In the S case, the CO molecule relaxes to an
O-top positions. More exactly, it relaxes to what we call a Oz,
position. Indeed, in the S| case, two different O-top adsorption
positions are possible: one is above of the O atom in the In-
O pair (Oyy), and the other above the O atom in the Zn-O pair
(Ozy). The relaxed surface structure in the S case is shown in
Fig.[Blc). Note that the possible reaction of CO on metal oxides
surfaces with pre-adsorbed or lattice oxygen has been studied
many times in the past ]. Such a mechanism has been in-
voked, for instance, in the study of the CO sensing properties
of Ti-doped SnO surfaces [@]. Furthermore, the possible reac-
tion of CO with adsorbed oxygen has been hypothesized by the
group of G. Neri in a series of experimental articles studying
the CO sensing properties of ZnO doped with Al, Ga, and In
[EL @,]. Interestingly, here we find that CO can interact with
a lattice oxygen when the surface is In-doped.

In the case of OH adsorption, the results are markedly dif-
ferent. On the undoped surface and on S, the OH molecule re-
laxes to the Zn-Zn bridge position, although the OH molecule
orientation with respect to the surface is different. This is shown
in Figs.[6la) and (b), respectively. In Fig.[al(b) the bridge cannot
be seen because the OH molecule bridges Zn atoms in neigh-
boring cells along the b direction, and only the atoms in a single
cell are shown. In the case of §;, the OH molecule relaxes to a
Zn-In bridge position, as seen in Fig. [6(c).

We now look in more detail into how In doping affects the
surface structure and how it correlates with the adsorption en-
ergy of the adsorbed molecules and with charge transfer be-
tween the latter and the surfaces. In Fig.[Z(a) we consider the in-
teratomic bond length of the CO and OH molecules themselves,
where we compare the bond length of the isolated molecules
with their bond length when adsorbed on an undoped surface
(U), and on doped surfaces S| and S,. We can see that in the
case of the OH molecule, the bond length is only weakly af-
fected by the surface, whether the latter is In-doped or not. In
the case of the CO molecule, its bond legth is also weakly af-



(b)

Figure 6: Structure of the relaxed OH molecule-ZnO surface systems, for the
cases of (a) the undoped surface, (b) the S, slab, and (c) the S slab. The hy-
drogen atom is represented by a white sphere (the indium atoms are represented
by magenta spheres, as in Figs.[3). In all cases, the OH molecule is chemically
bonded to the surface via a bridge bond (Zn-Zn bridge in (a) and (b), and Zn-In
bridge in (c).
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Figure 7: (a) Intramolecular bond lengths for the CO and OH molecules ad-
sorbed on the undoped and S and S, slabs. (b) Bond length of the CO or
OH molecules to their nearest neighbor in the slabs. (c) Average In-O bond
lengths in the S| and S, slabs, compared to the bond length in the case with no
adsorbed molecule.

fected in the undoped surface and S, cases. However, in the S
case, the bond length is elongated by as much as 5%.

To complement this information, we consider the distance
between the adsorbed molecules and the surface, i.e., the bond
length between C (O) in the CO (OH) molecule and its nearest
neighbor on the ZnO surface (in the case of the bridge positions,
we consider the average of the bond lengths involved). These
bond lengths are shown in Fig. [(b). Again, doping affects the
CO molecule considerably more than the OH molecule. In the
latter case the average bridge bond length hardly changes be-
tween the undoped surface and S,, elongating by close to 4.9%
on S1. On the other hand, in the case of the CO molecule the
bond length is 4.7% shorter on S ; than on the undoped surface.
But on §; the bond length is dramatically shorter, falling by
34% with respect to the bond length on the undoped surface.
The main reason for such a strong difference is of course that
on S| the CO molecule is bonded to a surface oxygen, while
on the undoped surface (and S,) it is bonded to zinc. Finally,
it is interesting to see the effect of the adsorbed molecules on
the In-O bond lengths in the case of the doped surfaces. This is
illustrated in Fig. [7(c). We can see that the adsorbed molecules
have relatively little effect on the In-O bond length when In
doping occurs in the subsurface (S,). On the other hand, in the
case of S| the adsorption of CO and OH has opposite effects.
The latter decreases the bond length by less than 0.4%, while
the former elongates it by nearly 2%.
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Figure 8: (a) CO and OH adsorption energies to the undoped and S; and
S, slabs. (b) Molecule number of electrons gain or loss for the CO and OH
molecules in the three cases indicated in (a).

In Fig.[B(a) we show the adsorption energies of the CO and
OH molecules on the undoped and doped surfaces. The value
we obtain for CO adsorbed on the undoped surface is 0.59 eV.
This is a comparatively weak value, indicative of physisorption.
This is in line with experiment, where ultraviolet photoelectron
spectroscopy measurements on ZnO powders yield an adsorp-
tion energy value of ~ 0.52 eV (note that in such experiment,
polar as well as non-polar surfaces are probed) [4€]. The value
increases only slightly in the case of the S, surface. In the case
of the S surface, however, the adsorption energy increases to
1.30 eV, indicating that CO is actually chemically bound to the
surface. The OH adsorption energies are much stronger in all
cases. Our calculated value for the undoped surface, 1.90 eV,
compares well with previously reported values, 1.72 or 1.78 eV
[@]. As for CO, doping the surfaces with In increases the ad-
sorption energies.

The charge transfer between CO and OH and the ZnO sur-
faces yields additional information on the nature of the adsorp-
tion. Fig.[8(b) shows that there is strong charge transfer toward
the OH molecule [see Eq. @)] in all cases, consistent with a
chemical bond. In contrast, the CO molecule shows only very
weak charge transfer in the cases of the undoped surface and
surface S, which is typical of physisorption. However, in the
case of surface S there is a much stronger charge transfer,
toward the surface in this case, which is congruent with the
stronger adsorption energy indicated above.

‘We point out here that we considered the possibility of hav-
ing CO and OH adsorbed simultaneously on our surface model.
We found that the formation energy in that case is between 0.08
and 0.66 eV higher than the formation energy for CO and OH
adsorbed separately, depending on the surface (S, or §). Note
that those energies correspond to temperatures above 900 K.
Thus, we do not address that situation here.
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Figure 9: Character of the band structures of (a) the undoped ZnO slab, with
the colors highlighting the Zn and O contributions (red and green, respectively),
and (b) the undoped slab with CO adsorbed, the contribution of the latter high-
lighted in blue.

4. Effect of adsorption on surface electronic properties and
semiconductor behavior

We discuss here the implications that the adsorption of gas
molecules has on the electronic properties of In-doped ZnO sur-
faces. For this we look into the character of the states near the
valence band maximum (VBM) and conduction band minimum
(CBM) of the ZnO slabs and how these are modified by the In-
doping and by the adsorption of CO and OH.

In Fig. O(a) we plot the band structure of a pure ZnO slab,
i.e., with no In doping and with no adsorbed molecule [@].
The slabs present rectangular symmetry on the bc-plane, and
the bands correspond to states along the high symmetry lines
on the same plane. The zero of energy is set at the VBM. The
7ZnO slab remains a semiconductor, with the VBM and CBM
both at the I' point, as in bulk ZnO. The color indicates the
character of the bands. Thus, the valence bands have a clearly
dominant oxygen character, while the conduction bands have
more mixed character, with some bands showing stronger zinc
or oxygen contribution. In Fig. Q(b) we consider the effect of
CO adsorption. The CO bonding molecular levels are deep,
well below the minimum energy in the plot, with the antibond-
ing levels well above the CBM and clearly very weakly hy-
bridized with the ZnO levels. Thus, the valence and conduc-
tion bands are largely left untouched. This indicates that the
CO molecule is not chemically bound to the surface, in agree-
ment with our assessment based on bond lengths, adsorption
energy, and charge transfer presented in the previous Section.
Quite importantly, this means that the electronic properties of
pure ZnO (1010) surfaces would be practically unaffected by
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Figure 10: Character of the band structures of (a) the In-doped ZnO slab with
no CO adsorbed, with the colors highlighting the In, Zn, and O contributions
(blue, red, and green, respectively); (b) the S, slab with CO adsorbed, with
the colors highlighting the CO, Zn, and O contributions (blue, red, and green,
respectively); (c) same as in (b), but with blue highlighting the In contribution.

adsorbed CO molecules and, hence, that inferior CO sensitivity
can be expected from undoped ZnO surfaces.

In Fig. [IQ we consider the S, slabs. Figure[I0(a) presents
the band structure of a S, slab with no CO adsorbed. This
band structure is very close to the band structure of bulk In-
doped ZnO, although the band gap narrowing here is stronger
(see, e.g., Ref. ). The excess In electrons (with respect to
Zn) go on to populate the lowest conduction band, thus loos-
ing their In character and becoming delocalized. The S, slab,
therefore, remains an n-type doped semiconductor, showing no
great consequential surface effects from the electronic point of
view. Figures[I0(b) and (c) present the band structure when a
CO molecule is adsorbed on the surfaces of S ,, highlighting (in
addition to O and Zn) the contribution of the CO molecule [(b)]
and of In [(c)]. Again the CO molecule states shows little hy-
bridization with the surface atoms. This agrees with the weak
adsorption energy and low charge transfer shown in Figs. [8[(a)
and (b) [note that the bond lengths in Figs. [/(a) and (b) show
little change with respect to the CO molecule adsorbed on the
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Figure 11: Same as Fig.[T0l but for the case of the S slab.
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Figure 12: Character of the band structures of (a) the undoped ZnO slab with
OH adsorbed, with the colors highlighting the OH, Zn, and O contributions
(blue, red, and green, respectively), and (b) similar for the S, slab.

undoped ZnO surface; compare also Figs.[Bla) and (b)]. We can
see in Fig. [[0(b) that there are some CO states near the Fermi
level along the X-S high symmetry line (the states close to S ac-
tually fall just above the Fermi level and are empty). This gives
rise to the weak positive charge transfer in Fig.[8(b) in this case.
The effect of these states on the electronic properties of the slab,
however, are expected to be weak because of the small fraction
of charge involved. Thus, we conclude that as long as the In
dopants reside at the interior of the slab, they will not result in
a surface electronically sensitive to CO.

Matters change significantly in the case of the S| slab. Fig-
ure [[T(a) shows the band structure of the §; slab with no CO
adsorbed. It clearly indicates that the In dopants create highly
localized states in the band gap, arising from the In dangling
bonds at the surface (the non-zero dispersion in these state in
the plot is only due to the small size of the supercell, espe-
cially in the b direction). Thus, because of band bending at the
surface, these states will act as electrons traps and hinder the
n-type conductivity arising from any In dopants in the interior
of the slab (case above). The effect of CO adsorption is sig-
nificant. As Figs. [[1b) and (c) show, it results essentially in
passivation of the In dangling bonds (adsorption of only one
CO molecule is considered in this study), consequently elimi-
nating the electron traps associated to them and thus increasing
n-type conductivity of the slab. This picture is supported by
a charge density difference plot showing how charge is redis-
tributed between the CO molecule and the surface, as shown
in Fig. in the Appendix. Thus, the presence of In atoms
at the surface of ZnO(In) is favorable for the electronic signal
generation upon CO adsorption. The processes of adsorption

(a)

Energy (eV)

(b)

[
[ AX
P

Figure 13: Character of the band structure of the S slab with OH adsorbed,
showing in (a) the OH, Zn, and O contributions (blue, red, and green, respec-
tively), and in (b) the In, Zn, and O contributions, blue indicating In in this
plot.

of target gas molecules and of oxidation of adsorbates at the
sensor surface determine the sensing behavior. Hence, the sen-
sitivity of In-doped ZnO to CO should be improved once the
dopant segregates to the surface.

We now consider briefly the effects of OH adsorption. Fig-
ure [[2}(a) shows that on an undoped slab OH adsorption leads
to empty states around the VBM. This results from the strong
hybridization of the OH levels with Zn and O upper surface lev-
els. This indicates that the OH molecule will be chemisorbed,
in agreement with what was suggested by Figs. [7L 8l and
Thus the surface will be p-type, although the mobility of the
holes will be low because of the high hole mass. In Fig. [12[b)
we consider the S, slab with OH adsorbed. The plot shows that
the slab will continue to be n-type, but with a noticeable charge
carrier decrease [compare with Fig. [[0(a)]. This is due to the
strong charge transfer involved in the OH-Zn bridge bonds de-
picted in Fig. [B(b) [see also Fig. Blb)]. In Fig. I2(b) the OH
levels are deep, below the lowest energies shown. Indium does
not contribute significantly in the energy range in the figure, so
the corresponding plot is not shown.

In Fig. 13 we consider OH adsorbed on slab S;. As the
plots show, OH tends to passivate the In dangling bonds at
the surface similar to CO. This suggests that the adsorbed OH
molecules will interfere with the signals produced by CO ad-
sorption. Thus, overall, OH would have a negative impact on
the CO sensing properties of the In-doped slabs.



5. Summary and conclusions

In summary, we present a first-principles computational study
of CO and OH adsorption on non-polar ZnO (1010) surfaces
doped with indium. We find that In substitutes Zn preferen-
tially at the surface. The presence of In atoms at the surface of
ZnO favors CO adsorption, resulting in an elongation of the C-
O bond and in charge transfer to the surface. Our charge trans-
fer and band structure analysis shows that CO tends to passivate
the In dangling bonds when it is located at the surface. This in-
dicates that In doping at the surface of ZnO should increase the
electronic response of the latter upon adsorption of CO. On the
other hand, the adsorption of OH molecules on the surfaces we
studied will tend to have a negative impact on their CO sensing
properties. It is important to point out, however, that further
work is needed in order to have a more complete picture of the
phenomenology of CO adsorption on In-doped ZnO surfaces.
Indeed, the dissociative adsorption of H,O should be consid-
ered, as this is often the source of OH groups at the surface
in humid conditions. The adsorption of H, O, and O, should
also be studied. In addition, ZnO surfaces can be expected to
present native defects, which can also play an important role
when it comes to CO adsorption.
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Appendix A.

Appendix A.l1. Comparison with HSE calculations

Electronic structures obtained within a DFT+U approach
depends importantly on the U value used. It has a strong influ-
ence, for instance, on the calculated band gap value of semicon-
ductors. Some of our main conclusions are based on the analy-
sis of the band structure of the slabs we studied. It is important,
thus, to validate the approach in this study. The HSE hybrid
functional offers a method of choice for a comparison because
of its reliability in determining the electronic structure of semi-
conductors. Unfortunately, it is computationally demanding,
and cannot be applied systematically to study large systems like
the present ones. Therefore, here we focus on the band struc-
tures resulting in two of the most crucial observations in our
study, namely the localized states in the band gap in the case of
the S| slab, and their passivation by CO adsorption.

In Fig. [A14] we present the HSE band structures corre-
sponding to Figs.[[1l(a) and (b). The HSE calculations were per-
fomed using the same atomic positions, same k-point grid, and
same computational parameters as in the DFT+U calculations.
The HSE calculations were done using a 0.375 fraction of exact

ZnO S, : HSE

(a) < 1
—

Energy (eV)

CO adsorbed on S, slab: HSE

co

Mg

Figure A.14: Character of the band structure of the S slab with CO adsorbed,
showing in (a) the In, Zn, and O contributions (blue, red, and green, respec-
tively), and in (b) the CO, Zn, and O contributions, blue indicating CO in this
plot.
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Figure A.15: Plot of the charge density difference, as defined in Eq. (AI). In
Fig.Blc) one can see that the CO molecule sits at the extreme left side of the top
surface. For clarity, in the above figure the plotting window has been shifted so
that the CO molecule is at the center of the top surface.

Hartree-Fock exchange, which correctly reproduces the exper-
imental band gap of wurtzite ZnO [50]. Fig. [AT4(a) should
be compared with Fig.[TTka), and Fig.[A14(b) with Fig.TT(b).
The main differences are a wider gand gap in the HSE case, as
one could expect, and band dispersions (band widths). How-
ever, the presence and nature of the states in the band gap in
Figs.[[I(a) and [A14(a) is essentially the same, being localized
and of dominant In character, with some admixture of oxygen
content. Moreover, the passivation of these gap states by CO
adsorption, with otherwise little effect on the electronic struc-
ture, takes place in the most similar way in both calculations, as
the comparison of Figs. (b) shows.

The above shows that our band structure analysis in the
main text and the conclusions drawn thereupon are sound.

Appendix A.2. CO on S : charge density difference

In order to shed more light onto the nature of the CO bond-
ing to the surface in the case of slab S ;, we present in Fig.
below a charge density difference plot, defined as

0P = PCOon S, slab = PS slab = PCOalone- (A.1)

The charge density difference 6p varies between —1.63e and
+0.07e per unit volume. The plot shows the isosurface for
[6p| = 0.0075e per unit volume, with yellow indicating a pos-
itive charge density and cyan a negative charge density (the
isosurfaces for larger absolute values rapidly shrink around the
ions, and information on bonding is lost). The plot can be read-
ily interpreted as illustrating how CO tends to passivate the In
dangling bonds, in support of our discussion on Fig.[[Tland one
of the main conclusions of our work.
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