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In this Letter we apply an innovative experimental approach, which allows us to improve the sensitivity
of detecting local vibrational modes (LVMs) even in highly absorbing spectral regions. This photo-
conductive technique allowed us to confirm a recent suggestion of a new multicenter bond for hydrogen in
ZnO [A. Janotti and C.G. Van de Walle, Nature Mater. 6, 44 (2007)]. The two LVMs of the hydrogen
substituting oxygen in ZnO are identified at 742 and 792 cm~!. The modes belong to a nondegenerated A,
and a twofold degenerated E representations of the Cs, point group. The tetrahedral coordination of the
hydrogen atom is the result of a newly detected multicenter bond for defects in solids.
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Local vibrational modes (LVMs) are “‘fingerprints” of
light defects in solids which characterize the symmetry
and chemistry of the defects in the host lattice and the
type of interaction with the neighbors. LVM detection by
Fourier-transformed IR absorption spectroscopy has been
developed as the most versatile technique for defect
studies [1]. The theoretical description of defects in
solids has advanced lately and allows the calculation
of LVMs to a very high precision. Hence, predictions
of defect properties can be easily verified by LVM
spectroscopy.

Recent first principles calculations by Janotti and Van de
Walle suggested that hydrogen substituting for oxygen
(Hp) in the binary metal oxides ZnO and MgO binds
equally to all metal neighbors. The authors introduced
the concept of the hydrogen multicenter bond in solids to
visualize their results [2]. Theoretical considerations also
indicate the general role of multicenter bonds for hydrogen
transport, storage mechanisms and for the influence on
magnetic properties [3—6].

Calculated LVMs of hydrogen substituting for oxygen in
ZnO and MgO were found at 760(50) and 995(50) cm ™!,
respectively [2]. These values are lower than the LVMs of
1497 and 1490 cm ™! for two-center H-Zn and H-Mg bonds
due to the higher coordination numbers and the larger H-
metal-atom distances in the multicenter configurations [7].
Infrared absorption lines at 1027, 1034, and 1056 cm™!
have been reported in MgO, whose frequencies match the
theoretical predictions for the Hg species [8,9].

The calculation by Janotti and Van de Walle was chal-
lenged by Takenaka and Singh [10] and more recently by
Du and Singh [11] who, in the framework of standard local
density approximation have found that hydrogen trapped in
anion vacancies of Zn-based II-VI semiconductors is sta-
bilized by the ionic bonding rather than by the multicenter
covalent bond. In the case of ZnO, however, Du and Singh
agree with Janotti and Van de Walle that hydrogen is
fourfold coordinated giving rise to a local vibrational

mode at 723 cm ™.
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Photoluminescence and photoconductivity studies un-
veiled the shallow donor behavior of Hy in ZnO based
on which it was concluded that it is hydrogen substituting
for oxygen that is responsible for the unintentional n-type
conductivity of ZnO grown by chemical vapor transport
[12—-14]. The chemical bonding of hydrogen in the oxygen
vacancy was, however, not addressed in these experimental
studies. The predicted LVM frequency of the complex is
positioned in the strongly absorbing region of ZnO close to
the Reststrahlen band [15], which made IR absorption and
thus direct verification of the theoretical predictions practi-
cally impossible.

In this Letter we present experimental approach for the
detection of the LVMs, which is suitable for probing vibra-
tional modes even in highly absorbing regions of the
spectrum. The results of a photoconductivity study of
hydrogenated ZnO reveal the LVMs of Hy and demon-
strate that hydrogen substituting for oxygen in ZnO is
equally bound to all four neighboring Zn atoms.

The nominally undoped ZnO samples used in this work
were grown from the vapor phase at the Institute for
Applied Physics, University of Erlangen, Germany
[16,17]. The hexagonal prisms were cut into thin plates
with typical dimensions of 10 X 3 X 0.3 mm?. Hydrogen
or deuterium was introduced into the samples via thermal
treatments in sealed quartz ampules, filled with H, or D,
gas (pressure of 0.5 bar at room temperature). The treat-
ments were performed at 730-800 °C within 1 h and were
terminated by quenching to room temperature in water. To
produce Ohmic contacts, the samples were first etched with
orthophosphoric acid (85%) for 1 min at room temperature.
Afterwards, two contacts with an area of approximately
2 X 2 mm? were generated by scratching an In-Ga eutectic
onto the sample surface.

The photoconductivity measurements were performed
with a Bomem DA3.01 Fourier spectrometer equipped
with a globar light source and a KBr or Mylar (3.5 um
thick) beam splitter. The samples were positioned in an
exchange-gas cryostat equipped with polypropylene or
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ZnSe windows. The frequency range 100-5000 cm™!
could be covered. The spectral resolution was 1 to
4 cm™!'. The temperature of the sample was stabilized
within 0.4 K in the range of 10-14 K. Polarized light was
produced by a wire-grid polarizer on a KRS-5 substrate in
front of the cryostat.

Photoconductivity spectra of ZnO are recorded in two
spectral regimes: A region below the Reststrahlen band
revealing internal electronic transitions of shallow donors
and a region above the Reststrahlen band, which shows
the direct ionization of these donors into the conduction
band. The upper spectrum of Fig. 1(a) was obtained from a
ZnO sample treated in H, gas at 735 °C. Such a treatment
results in the formation of Hg close to the sample surface
which gives rise to the internal 1s-to-2p donor transition at
265 cm™! [12,18]. Furthermore a band at about 310 cm ™!
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FIG. 1. Photoconductivity spectra of ZnO recorded at 11—
12 K. The samples were treated in the H, or D, gas at 735 °C.
(a) Internal transition of shallow donors. (b) Direct ionization of
shallow donors. All spectra shifted vertically for clarity. In (b),
the spectra are background corrected to a reference. The features
marked by an * are not related to the defect discussed in this

paper.

can be seen, which consists mainly of the internal elec-
tronic transition from the ground 1s to the first excited 2p
state of the Al and interstitial hydrogen (Hpc) shallow
donors [12,19]. The upper part of Fig. 1(b) presents a
spectrum of the hydrogenated sample which has been
background subtracted using a photoconductivity spectrum
of a sample where no Hy was incorporated. Note that the
features marked by an asterisk occur at the positions of
strong two-phonon absorption bands of ZnO [15]. They are
a result of a nonperfect background subtraction. However,
independent of the subtraction procedure, two dips at 742
and 792 cm™~! are always seen in this spectrum, whose
frequencies match the theoretical prediction for the LVMs
of hydrogen substituting for oxygen in ZnO [2,11].

Frequencies of local vibrational modes are inversely
proportional to the square root of the masses of vibrating
species. This allows us to verify the nature of the 742 and
792 cm™! lines since electronic transitions of H, practi-
cally do not change after replacement of hydrogen with
deuterium [12]. The lower spectra in Fig. 1 were obtained
from a sample treated in the D, gas. As expected, the
1s-to-2p transition of the Dy donor does not shift and
occurs at the same frequency of 265 cm™!. On the other
hand, no absorption lines at 742 and 792 cm ™! are seen in
the spectrum of the deuterium-treated ZnO which agrees
with the assignment of these lines to the vibrational modes
of hydrogen. Note that the expected local vibrational
modes of Dy at about 742/+/2 = 525 and 792/2 =
560 cm™! are to be found within the Reststrahlen band
of ZnO where practically no light can enter the sample
[15], which explains why these LVMs can be detected
neither by photoconductivity nor IR absorption.

Formation of Hp in ZnO occurs via oxygen out-diffusion
and subsequent trapping of interstitial hydrogen at the
oxygen vacancies in the near surface layer. The thickness
of this layer d depends on the temperature and duration of
the treatment [12,18]. With the parameters employed in our
experiments (735 °C, 1 hr) it should resultin d = 2.5 um.
This property was used to further corroborate the origin of
the 742 and 792 cm™! modes. In order to do this, photo-
conductivity measurements were performed after a series
of etchings of a hydrogenated ZnO sample in orthophos-
phoric acid (for details of the etching procedure see
Ref. [12]).

The spectrum in Fig. 2(a) was obtained directly after the
hydrogen treatment. Both electronic transitions of Hg at
265 cm™! and the 742 cm™! mode are seen. On the other
hand, no Hg-related signals are detected in spectrum
(b) recorded after removal of 3.5 um from each surface
of the sample. This is consistent with the known properties
of hydrogen trapped in the oxygen vacancy in ZnO and
supports the assignment of the 742 and 792 ¢cm™! modes to
the LVMs of hydrogen trapped in the oxygen vacancy. Note
that the concentration of the Hy complex in this sample is
much weaker compared to the one presented in Fig. 1.
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FIG. 2. Photoconductivity spectra obtained at 13 K from a
ZnO sample thermally treated in the H, gas at 735°C:
(a) directly after the treatment and (b) after a removal of about
3.5 um from each surface of the sample. The spectra were
shifted vertically for clarity and background corrected to a
reference.

Further insight into the nature of the 742 and 792 cm™!
modes can be obtained from polarized photoconductivity
measurements presented in Fig. 3. The 742 cm ™! mode is
polarized parallel, whereas the one at 792 cm™! perpen-
dicular to the ¢ axis of the crystal. The frequencies of the
modes o of Hy can be obtained in the valence force
approximation from the secular equation [20]

IFG — o’E|| = 0, (1)

where E is the identity matrix and

A E
m Elc
=
3
a
&
+—
c
g
3
3 E|c
[o]
=
o
1 " 1 " 1
740 760 780

Wave number (cm™!)

FIG. 3. Photoconductivity spectra taken at 13 K from a hydro-
genated ZnO sample background corrected with a reference
sample without Hg. The incident light was polarized perpen-
dicular (top) and parallel (bottom) to the ¢ axis, respectively.
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Here, 1/ = 1/my, + 1/my with myz, = 65 a.u.; f and
f1 are the force constant parallel and perpendicular to the
c axis, respectively; and ¢ = 109°47' is the < Zn-H-Zn
angle, which we for simplicity assumed to be tetragonal.

The results of the fit presented in Table I suggest that the
742 cm™! mode should be associated with the nondegen-
erate mode A, whereas the one at 792 cm™! transforms as
the double degenerate mode E of the Cs,, point group. The
mode at 83 cm ™! basically does not involve the motion of
hydrogen and falls beyond the detection limit of our setup
at 100 cm™ .

These results can be interpreted on the basis of the
universal empirical relation between the interatomic dis-
tance / and the vibrational frequencies o of diatomic
molecules obtained by Morse [21]

PPo = const. 3)

From the known parameters of the ZnH molecule (I =
1.595 A, o = 1497 cm™! [7]) and the weighted average
frequency of Hy (775 = (742 +2 X 792)/3 cm™!) we
obtain that the mean distance between hydrogen and the
neighboring Zn atoms in the defect equals 1.99 A. This is
very close to the average Zn-O bond length in ZnO and
agrees with the theoretical value reported by Du and
Singh [11].

Furthermore, Eq. (3) can be employed to estimate the
difference between the Zn-H bond lengths parallel lgn_H
and perpendicular /,_; to the ¢ axis. With the values of f
and f, (see Table I) we find that lgn_H is 3% longer
than [ ;. Here, we took into account that o = /f. This
correlates with the parameters of the perfect ZnO lattice
with I} o =1986 A and Ik ,=1952A, yielding
Al/l = 2% [22].

TABLE I. Best-fit parameters of Eq. (2) for the LVMs of Hg.
Mode o (cm™h) Polarization
A 83 [l e

A 742 [l ¢

E 792 lec

fi = 0.585 N/m f1 =0.699 N/m
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Finally, we comment on the charge state of H.
Obviously, only the neutral donor can give rise to the
742- and 792-cm ™! dips in the photoconductivity spectra.
As a shallow impurity, however, Hg is ionized at room
temperature, which should affect the frequencies of the
LVMs. The wave function of an electron is weakly local-
ized at the core of a shallow donor which leads us to the
suggestion that the LVMs of H) are close to those of the
neutral defect (see, for example, Ref. [23]).

In conclusion, a sensitive photoconductive technique
for probing local vibrational modes in highly absorbing
regions of the spectrum is explored to investigate LVMs
of hydrogen substituting for oxygen in ZnO. Our study
reveals that in the neutral charge state, the defect has LVMs
at 742 and 792 cm™!, which are assigned to the A; and E
representations of the Cs,, point group, respectively. These
results agree with the theoretically predicted properties of
the fourfold coordinated hydrogen trapped in the oxygen
vacancy.
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