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We investigate defects in bulk zinc oxide by performing embedded cluster calculations within the
density functional theory using the PBE functional. We obtain and discuss equilibrium structures
and vibrational spectra of interstitial hydrogen species and of hydrogen complexes at zinc
vacancies and at substitutional atoms like copper, beryllium, manganese and calcium in zinc
positions. All of these defects differ in their vibrational frequencies which can be assigned to
existing experimental data with an agreement that surpasses the results of earlier calculations
within the local (spin) density approximation. This leads to a better understanding of these bulk
defects and helps to answer some open questions, as e.g. the assignment of a signal observed in

infra red spectra at 3326 cm~'. Furthermore, the computed vibrational spectra may serve as a
benchmark and assist in the interpretation of future experimental results.

1 Introduction

Zinc oxide is a widely used material,'> probably best known as
zinc white due to its usage as white pigment. It is a semi-
conductor with a wide band gap® of 3.4 eV and is therefore
also used in the field of opto-electronics.*®

The investigation of different kinds of defects in ZnO bulk is
a hot topic in the current scientific discussion (see ref. 9 for an
overview of recent findings). It has been shown that hydrogen
can diffuse into the ZnO bulk and form stable subsurface and
bulk hydrogen species which can act as shallow donors.!*
Vibrational frequencies for such species have been observed in
infra red (IR) experiments,'®!” but the assignment of these
frequencies to the structures found in computational studies is
controversially discussed in the literature.'s 2

Another interesting result of recent research is the evidence
for a ‘hidden’ (i.e. IR inactive) hydrogen species which could
be observed even without any special hydrogen pretreatment
in as grown ZnO and which can be converted into the above
mentioned well known donor species upon heating.?! The
characterization of these ‘hidden’ hydrogen species is a major
issue in the recent scientific discussion and there are more and
more results indicating that this species may be an interstitial
molecular hydrogen species.!”-2724
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There have also been a number of theoretical investigations
using the local (spin) density approximation (L(S)DA) to
reproduce the vibrational frequencies of interstitial atomic
hydrogen species in ZnO bulk.'® 2% While some of them fail
to reproduce experimental results, others do not discuss
all relevant hydrogen species in the ZnO bulk. Furthermore,
there are huge differences between the predicted vibrational
frequencies of the respective interstitial hydrogen species
which make assignments of measured frequencies based on
these computational results questionable. To the best of our
knowledge, no calculation of vibrational frequencies for all
relevant species using a method beyond the local (spin) density
approximation has been reported in the literature. Only very
recently Du and Biswas calculated the stretch frequencies for some
molecular hydrogen species with a hybrid functional>* They did,
however, not include any corrections for the anharmonicity
and for the errors of the density functional.

We hope to enrich the current scientific discussion by
presenting our calculated vibrational spectra of relevant
hydrogen species and related defects in ZnO bulk, using a
method—described in the next section—that has already been
proven to give an accurate description of reaction processes on
ZnO systems®® and allows the computation of simulated IR
spectra of complex ZnO systems, which are in good agreement
with experiment.?’ Our results may serve as a benchmark for
the assignment of experimentally obtained vibrational spectra
and may add a further point of view (beyond the LDA approxi-
mation) in controversially discussed questions concerning
hydrogen related defects in ZnO.

2 Computational details

For the description of the bulk defects, we used the embedded
cluster approach as described in our previous work.?%?’
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All calculations were done with the TURBOMOLE program
package.?®?

In our model system we assume an ideal wurtzite structure of
ZnO with experimental®®** lattice parameters a = 3.2495 A,
b = 5.2069 A and the internal parameter u = 0.3825. Out of
this ideal bulk structure a small cluster (quantum cluster),
consisting of 162 atoms (without any defects or additional
atoms), was cut out of the ZnO bulk and embedded in a three
dimensional periodic point charge array using the periodic
electrostatic embedded cluster method (PEECM).** In order
to avoid an artificial attraction of the electrons of the quantum
cluster by the nearby positive embedding point charges, we
added a 28 e~ effective core potential (ECP)*° at the 211
cations (Zn®") in the direct neighborhood of the quantum
cluster in order to mimic the repulsion caused by the missing
core electrons (the coordinates of the ideal quantum cluster
and of surrounding ECPs are provided as ESI{). By adding or
removing atoms to or from the quantum cluster we obtained
the input structures for the defect species in ZnO. These
quantum clusters are described by density functional theory
(DFT) with the Perdew—Burke—Ernzerhof (PBE) functional.
In ref. 37 it has been shown that this exchange correlation
functional gives an accurate description of the ZnO structure.

In first geometry optimizations®® for these systems we
employed a small split valence basis with a single set of
polarization functions (SVP),* which consists of 3s2pld con-
tracted basis functions for O and C, 2s1p for H and 5s3p2d for
Cu and Zn. Only the coordinates of 101 atoms in the outer
shell of the quantum cluster were kept fixed to avoid artifacts
from the boundary to the electrostatic embedding. The relaxed
structures were used to compute the Hessian matrix and the
dipole gradients by numerical differentiation (with a step
width of 0.02 a.u. for the Cartesian coordinate displacements)
of the energy gradients and dipole moments. In this way,
normal modes, harmonic vibrational frequencies, and IR
intensities were obtained,** as well as the zero point vibra-
tional energies Ezpyg.T

A standard approach to correct for errors due to the
harmonic approximation, the approximate exchange correla-
tion functional, and the finite basis set is to scale the raw DFT
results for the harmonic frequencies with predetermined
empirical correlation factors.*'**> In ref. 27 we determined
such scaling factors for adsorbates on ZnO surfaces and for
the surface itself by fitting calculated harmonic vibrational
frequencies for a test set of 22 molecules (H,O, CH;OH,
H,CO, CH,, acetone, ethane, ethene, CO, CO,, HF, LiH,
HCOOH, methyl formate, dimethyl ether, acetaldehyde, ethy-
nol, 2-propenal, propane, methylacetate, ZnO», ZnH,, HgH>)
to experimental reference data.**~*® We obtained for these type
of systems with DFT/PBE/SVP an average scaling factor of
1.004, which is also used in the following.

To check for remaining basis set errors in the computed
equilibrium structures and to obtain better converged electronic
energies and bond lengths, we did subsequently improved
geometry optimizations in an accurate triple zeta valence basis
set with two sets of polarization functions (TZVPP),*”*® which
consists of 5s3p2d1f contracted basis functions for O/C and for
H and Zn/Cu of, respectively, contracted 3s2pld and 6s4p3d1f
functions. For all species discussed in the current paper,

the TZVPP optimized structuret differs only slightly from
the one obtained in the SVP basis. The root mean square
deviation of the bond lengths in SVP and TZVPP optimized
structures was less than 0.04 A for all species discussed in
this work.

With the electronic energies Etzypp obtained with the
TZVPP basis and with the zero point vibrational energy Ezpyg
one can compute enthalpies H as:

H = Erzvep + Ezpve T Eyans T Eroc T PV

The translational (E\.,,), rotational (E.y), and pV terms
vanish for bulk species, but are non-zero for molecules in
the gas-phase. The latter contributions have been evaluated
similar as in ref. 27 for a temperature of 500 K. This gives
Eiyans + Eror + pV = 0.005542 a.u. for linear and E,,s +
E. + pV = 0.006334 a.u. for non-linear free molecules.

3 Results and discussion
3.1 Interstitial hydrogen species

Fig. 1 shows possible positions for an additional hydrogen
atom within the wurtzite structure of zinc oxide and the
commonly used nomenclature. Such an additional hydrogen
atom can be incorporated centered in a ZnO bond orthogonal
(BC ) or parallel (BC)) to the c-axis or in the corresponding
anti-bonding positions (AB; and AB)).

Cutouts of the equilibrium structure are shown in Fig. 2.
The related formation enthalpies and wave numbers of the OH
stretch vibrations are listed in Table 1. When talking of a
formation enthalpy in this context, we mean the reaction
enthalpy of the formation of these species out of the ideal
wurtzite structure and free Ho:

IHy(g) + ZnO — H(ZnO) 1

The formation enthalpies for the four species BC, , BC), AB |,
and AB, are very similar. The insertion of a hydrogen atom in a
BC position is only slightly (in the order of about 10 kJ mol™1)
preferred upon the AB position, and the BC; species is the
most stable one. Apparently, this is caused by the slightly
stronger OH bonds of both BC species. Also earlier calcula-
tion within the local density approximation'®!®! have shown
that all four variants have quite similar energies and that the
BC species are energetically more favoured. While in ref. 10
the BC | species is the most stable one with a 2 kJ mol ™" lower

[0001]
BC,

X
AB

i 2

wurtzite unit cell H positions

Fig. 1 The wurtzite structure of the ZnO bulk (left) and assumed
positions for interstitial hydrogen (right). Zinc atoms: big, blue;
oxygen atoms: small, red.
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Fig. 2 Cutouts of relaxed structures of interstitial hydrogen defects in
ZnO (color code: see Fig. 1, hydrogen atoms: small, white spheres).

Table 1 Frequencies and formation enthalpies of hydrogen in ZnO
species. All frequencies are given in cm ™' and all enthalpies in kJ mol .
AHy is the enthalpy of formation w.r.t to free H, and the ideal bulk
structure (according to eqn (1)). For comparison with calculated O-H
stretch frequencies experimentally measured values are shown

AI_If Vcalc(OH) Vexp(OH)
BC, 139 3548 3611°
BC, 132 3538
AB | 141 3320 3326%°
AB, 146 3331
Heage 221 — —

“ From ref. 16. ° From ref. 17.

electronic energy, ref. 18-20 agree that the Hpc, defect has the
lowest energy (14 kJ mol~'-20 kJ mol™! lower than the BC |
species).

The increased strength of the OH bond of the BC defects
is also reflected by the redshifts (up to 228 cm™') of the
OH stretch frequencies of the AB species and also by
the slight elongation of the OH bond, which is 0.97 A for
the BC, 0.98 A for BC; species and 0.99 A for both AB
structures. This difference between the stretch frequencies of
the AB an BC species has also been observed in experimental
investigations,'®* although the reported splitting is 50 cm ™!
larger. The stretch frequencies of the AB species are in very
good agreement with earlier experimental results which report
a wave number of 3326 cm™ ' 1173951 assigned to interstitial
hydrogen species. In recent IR experiments>* with high resolu-

tion Noei er al. could resolve the peak at 3326 cm™' even

further into two individual signals at 3337 cm ™' and 3313 cm ™.
The observed splitting between the bands for the two AB
species of 24 cm™! resembles quite well the difference of

10 cm™! between the calculated OH stretch frequencies of the

parallel and orthogonal AB species. This nice agreement
between theory and experiment corroborates the assignment
in Table 1.

In both BC species, the Zn atom of the disturbed bond is
strongly displaced from its original position in the ideal bulk
structure. Its distance to the oxygen, which is now bound to
the inserted hydrogen, increases from 1.99 A (BC)) and 1.97 A
(BC,) to 2.97 A (BCy) and 2.99 A (BC ), respectively. This
larger disturbance of the bulk structure causes a larger error
due to the finite cluster size and probably explains why the
deviation between the measured and the calculated wave
numbers for the OH stretch modes is somewhat larger for
the BC species (up to 73 cm™1).

Another species, which is energetically unfavoured, is
obtained when a H atom is positioned near the center of a
ZngOg ‘cage’ of the wurtzite structure. We will denote this
species as Hcage, @ cutout of the equilibrium structure of this
species is shown in Fig. 5. In the relaxed He,ge structure, the
hydrogen atom is not exactly positioned in the center but
slightly shifted along the [0001] direction, so that the distances
to the three Zn atoms at the ‘bottom’ of this cage are larger
(2.64 A,2.68 A, and 2.69 1&) than those to the “‘upper’ three Zn
atoms (1.95 A, 1.95 A and 2.10 A). Hence, this species can be
seen as a hydrogen in anti-bonding position referring to the
three Zn atoms nearby (distances 2.0 A-2.1 A). Nevertheless,
the H atom interacts in this position barely with the bulk
structure and is in particular not bound to a Zn or O atom
which is confirmed by the spin density shown in Fig. 3.
Because of the unpaired electron of the neutral hydrogen
atom, which is inserted in the ideal bulk structure, all of the
systems we have discussed so far are open shell systems.
For the two BC and two AB species the unpaired electron
is considerably delocalized. This supports the prediction of
earlier periodic LDA calculations'”"? which stated that the
electron of the interstitial hydrogen atom is transferred to the
conduction band. In contrast to this, the unpaired electron of
a hydrogen atom in the ‘cage’ position is clearly localized.
It stays close to the proton and is not transferred to the
conduction band. This is supported by the absence of strong
ZnH stretch vibrations for the ‘cage’ species. In fact the
hydrogen atom contributes only hindered translation modes to
the vibrational spectrum at 640 em™ !, 676 cm™! and 729 cm™ .
Furthermore, performing a population analysis based on
occupation numbers> reveals that the partial charge of the
hydrogen atom is +0.12 for the H,ge, while it is +0.24 for
the BC and +0.29 AB species. This is a further proof for the

Fig. 3 Iso surface (yellow) for a spin density difference of 0.001 (color
code: oxygen atoms red; zinc atoms blue; hydrogen atoms white).
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stronger delocalization of the hydrogen’s electron if the inter-
stitial hydrogen atom occupies an AB or BC position.

3.2 Interstitial molecular hydrogen species

So far we have discussed the insertion of a single neutral
hydrogen atom in the ideal wurtzite structure of ZnO. Now we
focus on the investigation of two interstitial hydrogen atoms
close to each other into the ZnO bulk to answer the question
whether there is a stable molecular hydrogen species in the
ZnO bulk that can be identified in experimental measurements
by its vibrational spectra.

The cutouts of optimized structures of the most stable
species are shown in Fig. 4 and 5. To compare the corre-
sponding enthalpies of formation with those of the single
interstitial H atoms discussed in Section 3.1, it is necessary
to consider the formation enthalpies per H atom, which is half
of the reaction enthalpy for the formation reaction out of free
H, and defect free ZnO:

Ha(g) + ZnO — H(ZnO) 6)

These enthalpies, denoted as %AHf, are listed in Table 2
together with the vibrational frequencies of these species.

? ’ .
o 040 jS
T 1 1

2 Hin BC AB) and BC) 2 H in BC

Fig. 4 Cutouts of equilibrium structures of neighboring H and H,
interstitials in ZnO (color code: see Fig. 2).

Hcage (H2)cage

Fig. 5 Cutouts of equilibrium structures of a Hydrogen atom and a
H, molecule in an interstitial ‘cage’ position (color code: see Fig. 2).

Table 2 Calculated vibrational frequencies and enthalpies of for-
mation of molecular H, and neighboring H species. All wave numbers
in cm~'. All enthalpies are formation enthalpies per H atom (according
to eqn (2)) and are given in kJ mol ™!

1AH; (OH) u(ZnH) v(HH)
2Hage 259 — — —
AB, and BC 132 3352, 3480 — —
2H in BC; 106 2472 1458 —
2H in BC . 99 2875 1570 —
(HZ)cuge 82 7 — 4151

Two hydrogen atoms in neighboring ‘cage’ positions do not
affect each other strongly. They have the same distances to the
nearby Zn atoms as in the case of the previously discussed
single Hcage species, but the enthalpy per hydrogen atom is
slightly larger. Again no strong ZnH stretch modes are present
and only vibrations ((HZn,) and 6(HZn,) modes) resulting
from hindered translations of the hydrogen atoms with wave
numbers below 900 cm ™! are predicted by our calculations.

A more favorable configuration for two hydrogens in the
bulk is obtained if one H is placed in AB; and the other one in
the BC, position. The formation enthalpies are quite similar to
those of a single hydrogen atom in an AB or BC position, but
the frequencies of the OH stretch modes are slightly shifted
due to a weak interaction between the two hydrogen atoms.
Hence the H in the AB) position seems to have a stronger bond
to the oxygen atom, while the H in the BC position seems to
exhibit a weaker OH-bond.

A geometry optimization starting from a structure with an
H, molecule inserted in the BC; position leads to another kind
of species (2Hpc,) in v!hich—besides a weaker OH bond with a
bond length of 1.02 A and a strongly redshifted OH stretch
frequency—a ZnH bond with a bond length of 1.68 A is
formed. Hence, there is a weak interaction between the two
hydrogen atoms, but they are definitely single hydrogen
species, which is confirmed by the absence of an HH stretch
vibration. A similar species is the analogue structure with two
hydrogen atoms inserted in a bond orthogonal to the c-axis
(2Hgc ). Thoe lengths of the OH (1.00 A) and the ZnH
bond (1.66 A) are similar as in the BC; variant. The wave
number of the OH stretch frequency is 402 cm ™" higher, while
the ZnH stretch mode has a 112 cm ™' higher wave number.
Thus, in this configuration both bonds are strengthened. The
weak increase in the bond strengths is probably also the reason
for the slightly lower formation enthalpies compared to the
previously discussed species.

The formation enthalpy per hydrogen atom of a (Hj)cage
species (see Fig. 5) is, however, even lower. The HH bond
length of the optimized structure is 0.75 A, just as in the case of
a single H, molecule in vacuum. The HH stretch mode has a
wave number of 4151 cm™', which is slightly lower than the
calculated and scaled wave number of a free hydrogen mole-
cule at 4291 ecm™". Therefore it is reasonable to call this species
a molecular hydrogen species in the ZnO bulk.

Actually, the existence of such a molecular hydrogen species
in ZnO bulk after H, exposure has recently been confirmed in
Raman measurements by Lavrov ef al.,> where a HH stretch
frequency at 4145 cm ™' was observed. This molecular bulk species
has the lowest formation enthalpy per hydrogen atom and seems
to be even more stable than all single atom species shown in Fig. 2.
This is also in good agreement with earlier LSDA calculations®
where an HH stretch frequency of 4032 cm ™" has been calculated.
Recently, Du et al. have also computed the HH stretch frequency
of such a defect using a hybrid functional.>* They obtained a
stretch frequency of 4460 cm ™! which is blueshifted by 12 cm ™!
compared to the calculated wave number for free H, reported in
ref. 24. Since they did not correct for errors due to anharmonicity
and the chosen exchange correlation functional, this result is rather
arbitrary which is why the results of ref. 24 does not agree with the
other calculations and the measured frequency.

This journal is © the Owner Societies 2012
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The formal removal of an 0>~ anion from the ideal wurtzite
structure leads to an Vo>" defect. At such a vacancy a meta-
stable®* H2—V02+species can be formed. The HH stretch
frequencies of this defect is 3991 cm™!. This stronger redshift—
compared to the free hydrogen molecule—allows an easy
distinction between this meta-stable species and the interstitial
(H>)cage defect. Despite the larger deviation of the calculated
HH stretch frequency for this species from the frequency
measured in ref. 23, it might be an alternative candidate for
the hidden hydrogen species that should be taken into account
in future investigations.

3.3 Hydrogen complexes at zinc vacancies

Another important point defect in ZnO are zinc vacancies
(Vzn).>* Some experiments report OH stretch frequencies
which are assigned to hydrogen complexes at such vacancies.*’
Therefore, we investigated nH-Vz, complexes withn = 1,2,3,4
and computed the equilibrium structures which are shown in
Fig. 6. In order to compare the formation energies of these
complexes, we will discuss the reaction enthalpy per hydrogen
atom (YAH,) for the formation starting from free H, and the
empty zinc vacancy, according to the following reaction:

n
EHg(g) + VZn — nH — VZn (3)

The results are listed together with the OH stretch frequencies
in Table 3. The energetically most favoured H-Vz,, complexes
are those, where the additional hydrogen atom is inserted in a
bond-centered position, just as in the vacancy free structures
(see Section 3.1). But the BC species are strongly stabilized
by the vacancy so that the energy difference between the BC
and AB variants is about 100 kJ mol™"!, which is ten times as
large as in the vacancy free bulk. According to our calculation,

o

Hpc,-Vzn Hgc -Vizn
?
Hgpc, -Hec-Vza 2HBc, -Vzn

Fig. 6 Cutouts of the equilibrium structures of hydrogen complexes
at zinc vacancies (color code: see Fig. 2).

the Hap~Vza species, which has the highest formation
enthalpy and has also been reported in ref. 20, is a transition
state: it has one normal mode with a negative Eigenvalue.
In contrast to this, the AB, variant (which has not been
reported in ref. 20) has a lower energy and is indeed a local
minimum on the potential energy surface.

A comparison of the vibrational spectra for the H-V,,
defects with the interstitial hydrogen species discussed in
Section 3.1 reveals that the OH stretch frequencies of the BC
species are strongly redshifted by the introduction of the zinc
vacancy while the OH bands of the AB variants are blue-
shifted. As a result of these shifts, the OH stretch peaks of the
AB species now occur at higher frequencies than the corre-
sponding signals of the BC species. Furthermore, the splitting
between the signals of the orthogonal and parallel variant is
about four times larger than it is for the interstitial hydrogen
species without a zinc vacancy.

The LSDA calculations of ref. 20 predicted wave numbers
for the BC complexes which are up to 176 cm ™' lower than the
PBE results presented by us, but the calculated values for the
AB, species are nearly the same at both levels of theory
(difference 12 cm™").

Assuming that a second hydrogen atom prefers a BC
position leads to the 2Hgc,~Vz, and the Hpe—Hpc,~Vza
species which have a nearly identical enthalpy of formation per
hydrogen atom (the difference is only 4 kJ mol™") that is only
20-30 kJ mol™! larger than for the Hg—Vy, defects.

The vibrational spectra of these two 2H-Vz, complexes are
characterized by the bands from two normal modes which are
positive and negative linear combinations of the two OH
stretch modes. Contrary to what has been assumed in
ref. 49, it is according to the current results not possible to
assign these signals to individual OH bonds of the complex.
Compared with the vibrational frequencies observed in ref. 49
the calculated frequencies are slightly higher (25 cm™' and
50 cm™! for species Hpc,~Hpc,~Vzn; 79 em ! and 74 cm ™! for
species 2Hpc —Vz,), which, as mentioned above, can be
explained by the constraints for the geometry optimization
in a finite cluster model. Also the calculated frequency splitting
between the two signals (63 cm ! for species Hpe ~Hpc ,—Vzn
and 31 cm™! for species 2Hpc,—Vza) is in good agreement
with the splitting of 38 cm ™' observed in ref. 49.

The Hpc,—Hpc,—Vza complex has also been studied in
ref. 20 within the LSDA where a frequency splitting of
39 cm™' has been found and the OH stretch frequencies are
84 cm™! and 83 cm ™! lower than the experimental observations.

The LSDA calculations agree with our PBE calculations
qualitatively regarding the decreasing stability of 3H- and
4H-V,, complexes. Adding further hydrogen atoms leads to
complexes with higher formation enthalpies. Furthermore the
OH bond strength of these complexes is lower which leads
to strongly redshifted OH stretch frequency—the 4H-V,
complex even exhibits an OH stretch band below 3000 cm ™.

3.4 Hydrogen complexes as substitutes at the Zn position

Zn0 can be doped with copper.>*~>® Such a doping can lead to
the formation of Cu—H complexes which have already been
observed experimentally.’>> We have studied Cu—H complexes
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Table 3 OH stretch frequencies in cm ™!, OH bond lengths (4(OH)) in A, and reaction enthalpies per hydrogen atom (%AHr, according to eqn (3))

in kJ mol™! of ”H-V, complexes

Species 1AH, d(OH) v(OH)* W(OH)’ Vexp(OH)*
Hpce, Vo -277 0.99 3448 3272 —
HpeVz, -274 0.99 3393 3255 —
Hap~Vz! -163 0.98 3542 3554 —
Hagp,~Vza ~178 0.98 3490 — —
2Hpc,~Vza ~254 0.99, 0.99 3391, 3424 — 3312, 3350
Hpe,~Hpe—Vzo -250 0.99, 0.99 3337, 3400 3228, 3267 —
3Hpc,~Vzn ~167 0.99, 0.99, 0.99 3329, 3333, 3379 — —

2Hpe ~Hpe~Vza —166 0.99, 0.99, 0.99 3191, 3277, 3327 — —
4H-V7, -108 0.99, 0.99, 0.99, 1.00 2799, 3010, 3077, 3085 — —

“ Calculated in this work. ? Calculated in ref. 20. ¢ Observed in ref. 49. ¢ Transition state.

Hgc, -Cuzn Hpc-Cuzn Hag,-Cuza
.O/{/ .m.
./;\.
Hag, -Cugy Hpc,-Hpe-  2Hpc,-Cuza
Cug,

Fig. 7 Cutouts of equilibrium structures of H-Cuyz, and 2H-Cug,
complexes (color code: see Fig. 2, brown spheres are copper atoms).

at Cug, defects which are formed starting from the ideal
wurtzite structure by the substitution of a zinc atom by a
copper atom (see also ref. 57). Fig. 7 shows the relaxed
geometries of these complexes. In Table 4 we compare the
OH stretch frequencies and the reaction enthalpy (AH,) of the
formation process of the Cu—H complexes out of free hydrogen
in the gas phase and the pure Cug, defect:

gHz(g) + Cuy, — nH — Cug, ()

Also at such a Cug, defect, an additional single hydrogen
atom prefers again a BC position. The resulting Hgc—Cuz,
complexes orthogonal and parallel to the c-axis are, respectively,

49 kJ mol™! and 67 kJ mol™!' lower in energy than the
corresponding AB variants. The OH stretch frequency of the
AB species are, similar as for the H-Vz, complexes, strongly
blueshifted by 268 cm™'-370 cm ™! compared to the OH bands
of the BC defects. Again, the splitting between the variants
with the OH bond orthogonal and parallel to the c-axis is quite
large (38 cm ™! for the AB species and even 69 cm ™! for the BC
species). Therefore, it should be easier to resolve e.g. the
individual BC; and BC; peaks in the experimental spectrum.
Compared to the experimental results of ref. 59, where a
main peak at 3191.8 cm~! has been reported, the calculated
frequencies of the BC species (3192 cm™! and 3123 cm™!) are
in good agreement. In fact, the calculated wave number of the
BC, species—which has furthermore the lowest enthalpy
of formation—is identical with the observed one, but of
course this ‘perfect agreement’ is far beyond the accuracy of
the applied method and therefore rather the result of an
accidental good error cancellation. Besides this main peak
at 3191.8 cm™ !, ref. 59 reports 19 side peaks with much
lower intensities and wave numbers in the range of about
3180 cm~'-3500 cm ™. These signals may originate from less
stable species occurring after Cu and H doping in ZnO and
further investigations are needed in order to accurately inter-
pret these side peaks. Nevertheless, it is interesting, that,
although the calculated formation enthalpies of both BC
species are quite the same, only one main peak has been
observed in ref. 59, which suggests that under experimental
conditions one BC species is favoured.

We investigated two different 2H-Cugz, complexes (Hpc,—
Hpc,~Cugz, and 2Hgc | ~Cugz,, see Fig. 7) in which each of the
H atoms occupies a BC position. The formation enthalpies
per hydrogen atom (—2 kJ mol™! for Hgpc —Hpc,~Cuz, and
1 kJ mol™! for 2Hpc,~Cugzy,) of these complexes are about
50 kJ mol™! larger than for the Hpc—Cuy, species. Thus
2H—-Cuy, species are energetically less favoured. The calculated

Table 4 Vibrational frequencies and reaction enthalpies of H-Xz,, complexes, where X = Zn, Be, Mg, Ca, Cu is a substituent in the Zn position.
AH, is the reaction enthalpy according to eqn (5) in kJ mol™", all wave numbers are given in cm ™

None (Zn) Be Mg Ca Cu
Substituent Xz, = v(OH) AH, v(OH) AH, v(OH) AH, v(OH) AH, v(OH) AH,
Hag, 3331 146 —BCy 3284 152 3479 119 3493 18
Hag, 3320 141 3426 135 3413 137 3453 92 3455 -5
Hgc, 3538 132 3486 102 3452 164 —AB | 3123 —49
Hpgc, 3548 139 3627 111 —AB | —AB | 3192 —54
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OH stretch frequencies of the complexes (3261 cm™' and

3284 cm™' for Hpe ,—Hpc,~Cuzn; 3233 cm™' and 3264 cm™!
for 2Hpc ,—Cugz,) are about 90 em~'=110 cm™' higher than
those observed in ref. 55 (3347 cm ™! and 3374 cm '), but the
computed splitting between the modes which can be inter-
preted as symmetric and antisymmetric linear combinations
of the two individual OH stretch modes is with, respectively,
32 cm~! and 23 em ™! in excellent agreement with the measure-
ments reported in ref. 55, where a splitting of 27 cm™' has
been found.

For comparison, we also investigated similar H-Begz,,
H-Mgz,, and H-Cag, defects. In these complexes, a zinc
cation of the ideal wurtzite structure is not replaced by a
copper atom, but by a group II (earth alkali) atom. Table 4
summarizes the calculated vibrational frequencies and a com-
parison of the enthalpies for the following reactions:

%HZ(g) + XZn - H7X2n (5)

Especially the H-Caz, are of interest. In ref. 19 it has been
suggested that such a defect might be a possible alternative
origin for the IR signal at 3326 cm™', which we assign to the
Hag, and Hap | species.

Again, the local minima of the potential energy surface are
quite flat, which is why the geometry optimizations easily
converge towards the global minimum which is of course
much deeper in energy. Hence, in some cases we could not
identify some of the possible flat local minima and therefore
only focus at the most stable structures.

If the zinc atom is replaced by a Be atom, the interstitial
hydrogen atom again prefers the BC positions, similar as for
the H-Cug, and H-V,, species. But the substitution with a
Mg or Ca cation, which both have large ionic radii, leads to a
destabilization of the BC positions, so that the AB, position
becomes favoured. With the exception of Hap~Mg—which
is not the preferred H-Mg complex—all H-X species with
X = Be, Mg, Ca have OH stretch frequencies above 3410 cm ™.
Therefore our calculations do not support the assumption in
ref. 19.

4 Conclusions

Our PBE calculationst mostly support the qualitative results
of several previous L(S)DA calculations,'® %2 but show
a better and more consistent agreement with experimental
results.'®172 Atomic hydrogen can occupy interstitial positions
in ZnO. The resulting Hpc , Hpc,, Hap,, and Hap, species
have similar formation enthalpies, but can be distinguished by
their vibrational spectra. We obtained vibrational spectra for
interstitial hydrogen species in ZnO bulk which are in good
agreement with the experimental findings. They especially
support the assignment of the 3326 cm™' signal to interstitial
hydrogen atoms in AB positions. Since our calculations
further predict OH stretch frequencies of the most stable
H-Bez,, H-Mgz,, and H-Caz, complexes to appear above
3400 cm ™!, these types of defects can be excluded as the origin
of the peak at 3326 cm ™.

In addition to these atomic interstitial species, we studied
also a molecular hydrogen species. We could demonstrate that
the molecular interstitial hydrogen species (H»)cage is @ promising

candidate to explain the unknown hidden hydrogen species
discussed in ref. 21. The computed HH stretch frequency
agrees well with the Raman measurements reported in ref. 23.

Hydrogen atoms may also accumulate at zinc vacancies and
at Cug, defects, where preferentially H-Vz,, 2H-Vz,,
H-—Cuy,, and 2H-Cuy, are formed. These defects have char-
acteristic vibrational spectra which allows us to distinguish
such defects from other interstitial hydrogen species. The
vibrational spectra obtained for these complexes are in good
agreement with experiment.*>->>>

For all investigated Vz,, Bez,, Mgz,, Caz,, and Cug,
complexes we could show that these defects—which are just
a few examples of the large zoo of possible point defects in
ZnO—have a strong influence on the stability and on the OH
stretch frequencies of nearby interstitial hydrogen species.
Hence for the interpretation of experimental spectra it is
crucial to consider the amount of such defects.
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