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Towards understanding the hydrogen molecule in ZnO
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The hydrogen molecule H, (or “hidden” hydrogen) in ZnO is studied by Raman scattering spectroscopy. It
is shown that H; is practically a free rotator stable up to 700°C, which is formed by two mobile interstitial
hydrogen atoms. The concentration profile of the hydrogen molecule anticorrelates with hydrogen substituting
for oxygen (Hp) created at the sample surface during the high temperature hydrogenation. The H, dissociation
at elevated temperatures in the bulk regenerates interstitial (Hgc) hydrogen, whereas the formation of Hp and
hydrogen out-diffusion are dominant decay channels of the molecule near the surface. The latter mechanisms are
responsible for the lower stability of H, in the subsurface region. An ortho-para conversion between the nuclear
spin states 1 and O of the molecule at 79 K was found to occur within 7.5 h, whereas the back conversion at
room temperature occurs faster than 0.5 h. A shift in frequency of the H, local vibrational mode with annealing
time and temperature is associated with the thermal anneal of lattice imperfections. The coupling of transitions
between rotational states of the molecule and lattice phonons influences the ro-vibrational properties. Interstitial

lattice sites and/or larger vacancy clusters are preferred trapping centers for H, in ZnO.
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I. INTRODUCTION

Molecular hydrogen (H,) in semiconductors was theoreti-
cally predicted to be stable already in the 1980s [1,2]. Since
then, experimental evidences for the H, presence were found
in GaAs [3], Si [4,5], and Ge [6] where the molecule can be
trapped at various lattice sites.

The existence of H in ZnO was originally proposed by Shi
et al. who argued that some hydrogen in the crystal may exist
in the “hidden” form, i.e., be electrically neutral and invisible
for IR absorption [7]. Raman scattering studies established
molecular hydrogen via detection of local vibrational modes
(LVMs) of H; and its isotopes [8].

H; exhibits two total nuclear spin states / = 0 (para state,
p-Hy) or 1 (ortho state, 0-H;). The fermionic nature of
hydrogen nuclei limits the corresponding rotational quantum
number J to an even or odd value, respectively [9]. In
free space the transition time between both species is huge,
exceeding the lifetime of the universe [10]. Because of
this, the natural abundance ratio of the two species (o0:p) is
determined by the nuclear spin degeneracy and in the absence
of external perturbation remains constant at 3:1. In Raman
scattering the ortho-to-para ratio is directly reflected by the
vibrational transitions Q(0) and Q(1) at 4161 and 4155 cm™!,
respectively [11].

Rotational and vibrational states of H, are affected if the
molecule is placed in a semiconductor host. Experimentally,
a decrease of the LVM frequency is observed. This finding
is explained by the weakening of the hydrogen bond due to
the screening by the electron density from the surrounding
host atoms [12]. In Si, the interaction with the host and/or
trapping centers also results in an ortho-to-para conversion
of H,, which was found to strongly depend on the nature
of the defect complexes [13—17]. So far, an unambiguous
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mechanism explaining the nuclear spin flip of H, in Si has not
been proposed [13,15]. For other semiconductors ortho-para
conversion between o- and p-H; has not been reported.

First principles calculations suggest that hydrogen
molecules in ZnO are stable and located at an interstitial lattice
site [18,19]. The conclusions of the theory are supported by
the results of the Raman scattering studies which revealed that
the LVM of H, at 4145 cm™! is split into two components
separated by 8 cm~! with an intensity ratio of approximately
3:1 assigned to o- and p-H, [8]. Theoretical considerations by
Karazhanov and Ulyashin, however, suggest H} as the ground
state of the hydrogen dimer in unstrained ZnO. The complex
comprises two weakly coupled hydrogen atoms each of which
is bound to the neighboring oxygen and zinc atoms [20]. In the
case of strained and oxygen-deficient ZnO the configuration
of separated hydrogen substituting for oxygen (Hp) and
interstitial hydrogen (Hpc) was found to be more stable than
H3 [21]. Contrary to these authors, Du and Biswas claim that
molecular hydrogen in ZnO is stable but located within the
oxygen vacancy rather than at an interstitial lattice site [22].
Experimentally, the issues related to the formation, stability,
and position in the lattice of hydrogen dimers in ZnO have not
been addressed yet.

Here, we present the results of a Raman scattering study of
molecular hydrogen in ZnO. We discuss the formation process,
the thermal stability, the interplay with the lattice phonons, the
interaction with other hydrogen-related defects, the position
in the host lattice, as well as the ortho-para conversion rates.

II. EXPERIMENTAL

The ZnO samples used in this study were nominally
undoped vapor phase grown single crystals grown at the Insti-
tute for Applied Physics, University of Erlangen (Germany)
[23,24]. Hydrogen was incorporated at temperatures of 800—
1000°C for 1 h with the samples placed in sealed quartz
ampoules filled with H, gas (pressure of 0.5 bar at room
temperature). This thermal treatment was terminated by
quenching the sample to room temperature in water. For
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FIG. 1. Sketch of the Raman scattering geometry employed in
this study. Depth profile measurements were performed along the
dashed line. The scattering position in the middle of the sample and
at the surface are labeled “center” and “surface,” respectively. The
sample thickness is denoted by “d.”

isotope substitution experiments, hydrogen was replaced either
by deuterium or by a mixture of H, and D, (1:1). Directly after
hydrogenation the samples exhibited a gray surface which was
removed via polishing of about 50-150 pm from each face of
the sample. Subsequent annealing steps were carried out in Ar
atmosphere for 0.5-1 h in the temperature range 100—1000 °C.

The Raman measurements were performed in 90° geometry
using the frequency doubled 532-nm line of a Nd:YVO, laser
with a power of 1 W for excitation in the temperature range
50-300 K. The scattered light was analyzed using a single
grating monochromator and a liquid-nitrogen-cooled Si CCD
detector array. The spectral resolution was 2.5-3.6 cm™!.
The integration time depended on the spectral region and
ranged from 1 min for the phonon spectrum of ZnO to
2 h for the hydrogen-related vibrational modes. To account
for misalignments in the sample mounting, Raman spectra
were calibrated with respect to the intensity and frequency of
the A;(TO) phonon mode at 380 cm ™.

The scattering geometry is defined in the coordinate system
of the sample, with the x, y, and z axes parallel to the [1010],
[1210], and ¢ axes, respectively. If not noted otherwise the
x(z—)y configuration was employed [25]. Here “-” indicates
that no polarization for the scattered light was selected. The
laser was focused on the dashed line shown in Fig. 1. At this
position the laser beam exhibits a minimal diameter of about
35 pm.

Laser light scattered only from points on the dashed line was
selected by using a mask placed on the xz face of the sample.
Depth profiles were obtained via shifting the sample along the
y direction and recording the spectra as a function of y.

III. RESULTS

A. Formation process

In order to investigate the formation process of Hj, a
ZnO sample was hydrogenated at 800 °C and subsequently
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FIG. 2. Raman spectra obtained at 7 < 55 K for an as grown (a)
and hydrogenated ZnO crystals with the hydrogenation temperatures
of 800 °C (b), 900 °C (c), and 1000 °C (d). The upper curves refer to
the as treated samples, whereas the lower ones were obtained after
annealing in Ar at 500 °C.

annealed at 500 °C for 1 h in Ar. This procedure was repeated
with the same sample for the hydrogenation temperatures
of 900 and 1000 °C. Raman spectra of this sample recorded
with the excitation laser focused in the center of the sample
are presented in Fig. 2. The hydrogenation results in the
formation of bond-centered hydrogen (Hpc), which reveals
the 1s — 2s(2p) shallow donor transition at ~330 cm™! and
the LVM at 3611 cm™' as well as the quenching of the
E{(LO) phonon line due to the Fano resonance with the energy
spectrum of the electronic states in the conduction band [26].

Subsequent annealing at 500 °C eliminates the Hgc-related
signals and recovers the E|(LO) phonon line, since the
concentration of shallow donors is significantly reduced. The
ls — 2s(2p) transition of another hydrogen-related shallow
donor Hg at around 265 cm™! is too weak to be detected in
our spectra, because the amount of oxygen vacancies in the
bulk of the sample is marginal compared to that at the sample
surface [27].

The annealing also results in the appearance of a broad
band close to the LVMs of H,. With increasing hydrogenation
temperature the peak intensity of this signal grows in, the line
narrows, and the frequency decreases approaching the value
reported previously for H, in ZnO [8].

This result agrees with an earlier suggestion that the
molecule is formed via trapping of two mobile Hpc [26]:

H. + Hf. +2¢~ = H,. (1)

The red-shift of the LVM frequencies due to the molecule
with increasing hydrogenation temperature [see Figs. 2(b)—
2(d)] indicates a significant dependence of the amount of lattice
damage on the temperatures of the two-step “hydrogenation-
annealing” treatment as will be discussed below in more detail.
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The overall intensity of the Hpc-related signals in the
sample hydrogenated at 1000 °C is somewhat less compared
to that treated at 900 °C. On the other hand, the solubility
limit of hydrogen quadruples as the temperature enhances
from 800°C to 1000°C [28]. This is in good agreement
with the intensity ratio 4.6 = 0.8 of the Hj-related signals
in Figs. 2(b) and 2(d). We take this as an indication that
the high temperature treatment creates additional traps for
hydrogen, e.g., zinc and/or oxygen vacancy agglomerates,
which decreases the amount of interstitial hydrogen [27].
Annealing at 500 °C releases hydrogen from these traps, thus
enhancing the concentration of Hj.

The coupling of the E;(LO) phonon and the plasmon
vibrations mediated by the Coulomb interaction leads to
a frequency shift and line broadening of the E;(LO)-like
phonon-plasmon proportional to the free carrier concentra-
tion [29,30]. After hydrogenation of the sample at 800°C
the E;(LO) mode observed at room temperature strongly
broadens. The observed blue-shift of 12 & 4 cm™! corresponds
to a free carrier concentration of (3.4 £ 1.1)x10" cm™3.
Since the line shape is additionally affected by the Fano
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resonance, this value is only a rough estimation. At elevated
hydrogenation temperatures the line intensity drops below
the detection limit of our setup preventing us from a direct
verification of the correlation between the free carriers and
the LVM intensity of Hgc. Previously, however, we have
established that the Hpc concentration after hydrogenation
at 1000 °C is about 5x10'7 cm™3 [27]. From the comparison
of the LVM intensities in Fig. 2 the Hgc concentration after
the 800°C treatment is about 4.2x10'7 cm™3. This value
agrees well with the free carrier concentration and gives further
evidence that Hgc is the predominant shallow donor directly
after the treatment. After annealing in Ar the majority of Hpc
in the bulk is converted into H, (see below) indicating an H;
concentration of the same order of magnitude.

B. Thermal stability
1. Isochronal annealing

Figure 3 presents Raman spectra of an isochronal annealing
series of ZnO samples which were treated in H,, D,, and a
mixture of D, and H, at 1000 °C. Spectra on the top of the
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FIG. 3. Isochronal annealing series of a hydrogenated (left), deuterated (middle), and hydrogenated and deuterated (right) ZnO sample.
The Raman spectra were recorded from the bulk (top) and near the sample surface (bottom) at 7 < 55 K. The spectra at some temperatures
are scaled by the depicted factor.
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figure were recorded with the laser focused in the center of
the sample, whereas those on the bottom were taken with the
scattering volume close to the sample surface.

The behavior of the hydrogen-related defects, e.g., Hpc
and Ho, for annealing temperatures below 200 °C is discussed
elsewhere (see Ref. [27]). No LVMs due to the hydrogen
molecule are detected for these annealing temperatures.

After annealing of ZnO:H at 200°C a weak and broad
feature at 4175 cm~! appears in the bulk of the sample [see
Fig. 3(a)]. This signal experiences a significant narrowing and
red-shifts by 8 cm~! after annealing at 300 °C. Note, that these
values are above the frequency of free H, at 4161 cm~ ! [11].
The formation of hydrogen molecules at 300 °C agrees with
earlier IR absorptions investigations [7] and with recent Hall
measurements on ZnO:Al and Zn;_(Mg,O:Al films [31]. The
appearance of H, directly after the quenching of Hgc gives
further support of reaction (1). With increasing temperature,
the band red-shifts and narrows until its frequency approaches
4145 cm™' and reveals the two components due to o- and
p-H; [8]. At 650 °C the molecule starts to dissociate with Hgc
being the end-products. After annealing the sample at 700 °C
no H, can be seen in the spectra.

Figure 3(b) shows the results of an identical annealing series
conducted at the surface of the same sample. The behavior
of H, is basically similar to that in the bulk except that the
signal disappears already at 600°C. On the other hand, no
spectroscopic features of Hgc were detected for the annealing
temperatures above 200 °C. Instead, the hydrogen is trapped
by the oxygen vacancies generated at the sample surface by
high temperature treatment resulting in the formation of the
Ho shallow donor [27].

The results of a similar measurement series obtained for the
Zn0O:D sample are presented in Figs. 3(c) and 3(d). Isotopic
substitution of hydrogen with deuterium practically does not
change the frequencies of the electronic transitions, whereas
LVMs red-shift by a factor of about 1/4/2. With respect to
the thermal stability, deuterium-related defects anneal out at
higher temperatures as compared to hydrogen. We explain
this finding by the smaller mobility of deuterium compared
to hydrogen resulting from its heavier mass and smaller zero-
point energy [26].

Finally, the results obtained for the ZnO:H:D sample are
presented in Figs. 3(e) and 3(f). In addition to the lines
discussed above, a local vibrational mode of the HD molecule
appears at 3637 cm™! after annealing the sample at 210°C.
The line position stabilizes at 3628 c¢cm~! for annealing
temperatures exceeding 500 °C.

The final LVM frequencies of the molecules match the
values that have been reported previously [8]. Note that
the limited resolution of our setup did not allow us to observe
the ortho-para splitting of D,.

Hydrogen molecules located at the sample surface anneal
out at lower temperatures compared to those in the bulk. We
explain this behavior as follows. At elevated temperatures H,
partially dissociates into the Hgc species which diffuse towards
the surface of the sample. The reappearance of the Hgc (Dgc)
signal already after annealing at 450 °C in the bulk supports
our suggestion. A reappearance of the bond-centered hydrogen
was reported previously for low temperature hydrogenated
ZnO by Shi et al. [32]. A similar behavior was observed

PHYSICAL REVIEW B 90, 205212 (2014)

after annealing ZnO samples at 400 °C for the zinc vacancy
decorated with two hydrogen atoms and a hydrogen-related
mode at 3326 cm~' [7,33,34]. At the surface, however,
interstitial hydrogen either outdiffuses or gets trapped by the
subsurface oxygen vacancies thus accounting for the missing
Hpc in the Raman spectra [27].

Interestingly, the isochronal annealing series also show that
not only the intensities of the Raman lines due to the molecular
hydrogen but also the frequencies of the corresponding LVM
modes depend on the annealing temperature. We take this as
an indication that the apparent properties of the molecule are
affected by some other, not yet identified defect(s) introduced
into ZnO samples via the process of high temperature
hydrogenation.

In order to get insight into the effect of the annealing
temperature on the lattice potential, we consider the LVM
frequency shift in more detail. Molecular vibrations can be
well described by the Morse potential [35],

V(r) = Dolexp(—2a[r —ro]) — 2exp(—a[r —roD)], (2)

where Dy is the dissociation energy, o defines the anhar-
monicity and potential width, whereas r( is the equilibrium
distance between the hydrogen nuclei. The eigenvalues of the
rotational-vibrational Hamiltonian are given by [9]

EWw,J) = hw, (V + %) — Xxchw, (V + %)2
+ Ero(-]) + Erovib(vy J), (3)

where w, is the harmonic frequency and y,. stands for the
anharmonicity. A detailed analysis of the relation between the
Morse potential parameters and the Q(J) mode frequencies
can be found in the literature [35,36].

The ortho-para splitting A,, caused by the ro-vibrational
coupling depends on the interatomic distance in the molecule.
Ab initio calculations revealed a linear relation between
the force constant & and the interatomic distance ry in
semiconductors [12]. From the experimental values of gaseous
H, and interstitial H, in Si as well as the relation k = pcwf we
determine

ro(A) = —0.007548 k (eV/A%) + 1.013531. 4)

The results for the different annealing steps of the deuter-
ated/hydrogenated ZnO sample are summarized in Table I.
Some values known from the literature for other hosts are
listed below for comparison [11,37-39].

With increasing annealing temperature the dissociation
energy D slightly decreases, whereas the parameter o
marginally increases. The interatomic distance remains almost
constant during the annealing procedure. This finding indicates
that the frequency shift is mainly caused by a change of the
dissociation energy. All values, except x., are in reasonable
agreement with that of gaseous H, and H, trapped in
Si platelets, which supports the model of a free rotating
molecule and indicates that the Morse potential can explain
the vibrational properties of Hy in ZnO reasonably well. The
anharmonicity parameter x, deviates from that of the gaseous
species by about 5%—-8%, which results in the blue-shift of
the Q(J) modes above 4161 cm™!. The calculated ortho-para
splitting differs from the experimental observation by a factor
of 1.7-2.
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TABLE 1. Ro-vibrational properties and lattice potential of H, in the isochronal annealing series.

Tanneal 0(0)p, 0O)up 0O, 0D, W, XeWe k. Dy o o Agp(Cale.)
°C cm™! cm™! cm™! cm™! cm™! cm™! eV/A? eV 108 cm™! A cm™!
300 2996.5 3637.7 4169.3 4161.6 4403 117 36.0 5.1 1.87 0.742 3.9
400 2992.1 3631.5 4161.9 4155.0 4401 120 35.9 5.0 1.89 0.742 4.1
450 2989.6 3628.5 4157.6 4150.5 4398 120 35.8 5.0 1.89 0.743 4.1
500 2989.0 3627.5 4157.1 4149.6 4398 121 359 5.0 1.90 0.743 4.1
550 2989.3 3627.7 4157.9 4150.0 4399 122 35.9 4.9 1.91 0.743 4.2
600 2989.6 3628.1 4158.1 4150.7 4400 121 359 4.9 1.90 0.743 4.2
(H2)gas 4413 127 36.1 4.8 1.95 0.741 4.5
(H,)2" 406 124 360 48 1.93 0.742 43
(HQ)iS“il 4015 194 29.9 2.6 2.41 0.788 7.8

2. Isothermal annealing

In order to separate the effect of thermal stability of H,
from the influence of lattice damage an isothermal annealing
series was performed.

Figure 4(a) presents Raman spectra taken for a ZnO sample
hydrogenated at 1000 °C and subsequently annealed at 300 °C.
As the annealing time grows the LVM frequency of the H,
molecule red-shifts and saturates at about 4155 cm™! after
41 h.

Assuming that the concentration N of the defects affecting
the LVMs of H; is given by a simple exponential decay,

dN AE
E:—Nv:—Nwexp(— kTa)’ 5)
and the frequency shift is proportional to N we obtain

AE, 6
T >] + 0. (6)

o(t) = (0p — 0x) EXP [—vot exp (—

Here vy = 1.17x 103 s7! is equal to the TO phonon frequency
of ZnO, and AE, is the activation energy of the annealing
process.
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FIG. 4. Isothermal annealing series of H, performed at 300 °C.
Raman spectra (7" < 55 K) of aZnO sample hydrogenated at 1000 °C
(a). LVM frequency of H, as a function of annealing time (b).

The solid line in Fig. 4(b) shows the best-fit curve
with AE, =2 eV and a saturated frequency of o =
4155 cm™'. Note that due to the logarithmic dependence of
AE, from vy [AE, = kT In(vy/v)] the activation energy is
rather insensitive to the variations of vy. For instance, a devia-
tion by two orders of magnitude results only in a 10% change
of AE,. The value of o, still deviates by about 10 cm™'
from the vibrational mode of 0-H, after 1-h anneal at 500 °C.
A possible reason for this could be the presence of another
defect(s) with different activation energy(ies).

The missing ortho-para splitting of the Q(1) mode (see
Fig. 4) may also indicate the presence of another defect(s).
In addition to the shift of the LVM its perturbation may also
break up the spherical symmetry of the molecular potential
and split the J = 1 state yielding similar frequencies for Q(1)
and Q(0) [40].

C. Temperature dependence of the Raman signals

Figure 5(a) shows temperature-dependent Raman spectra
of H, obtained for a sample annealed at 450 °C. The local
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FIG. 5. Temperature-dependent Raman spectra of H, (a). Inten-
sity ratio of the Q(1) and Q(0) modes (b). The solid line is a guide
for the eye. The dotted line is the I, /I, ratio of gaseous H,.

205212-5



S. G. KOCH, E. V. LAVROV, AND J. WEBER

temperature in the excitation volume was determined from
the intensity ratio of the Stokes to anti-Stokes lines of the
lattice phonons. Due to the weak intensity of the anti-Stokes
component the lowest temperature that could be determined in
this way was 50 K. The Q(1) and Q(0) modes of o- and
p-H, are clearly seen in the spectra at low temperatures.
With increasing temperature the lines blue-shift and broaden.
Additionally, the Q(0) mode becomes weaker, whereas the
Q(1) mode remains unchanged. The intensity ratio I;/[y of
the two modes is presented in Fig. 5(b).

The dotted line in the figure shows the ratio of I}/l for
gaseous Hj, which can be obtained from

I 1+ 5,4 Njexp(—Ejo/kT)

- =Ny %) ,
I P14+ 3555 Nyoexp(—E, 1 /kT)

(N

where Njj) and E;jo) are the degeneracy ratios of the
rotational J to the J = 1(0) states and the energy differences
between these states, respectively [41]. The prefactor n,, = 3
accounts for the degeneracies of the / = 1 and I = 0 nuclear
spin states of o- and p-H,, respectively. For gaseous H,
this value does not change due to a negligible ortho-to-para
conversion rate.

As the temperature rises, the J = 2 rotational state becomes
populated at the expense of the J = 0 state of p-H, resulting
in the enhancement of 7, /1. The intensity of the J = 1 state
does not change noticeably in this temperature range due to the
larger value of E3; (587 cm™') compared to E,g (354 cm™).

At low temperatures the intensity ratio 1, /Iy for H, in ZnO
matches that of the free species. At elevated temperatures,
however, it increases faster than in the case of gaseous H,.
This behavior can be explained by either a larger N, or a
smaller E () for the molecule positioned in the ZnO lattice.
We favor the former situation for the following reasons. As
depicted in Fig. 6 the value of Eyj (deduced from Table I) is

close to a phonon combination mode at around 320 cm™~' and
ortho-H» E1(LO) —« 600
x10
500
AL(TO) a
400 5
para-H, g
I b
300 g
™ o~ S
I I c
=
— o 296 K <55 K {200
100

0

FIG. 6. Resonance between the lattice phonons of ZnO and the
rotational states of H,. Presented are the corresponding Raman spectra
in the phonon region at 296 and <55 K.
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the A;(TO) mode at 379 cm™!, whereas Ej3, is practically in
resonance with the E;(LO) mode of ZnO at 591 cm~!. The
resonance coupling between rotational modes of H, and the
lattice phonons should strongly enhance the degeneracy factors
of H, in ZnO resulting in the deviation of the temperature
dependencies of H, in ZnO compared to those of the gaseous
molecule. This situation is not unique and was already reported
for interstitial H, in Si [42,43].

The value of 1; /Iy shows a plateau in the temperature range
100-140 K. We explain this behavior by an ortho-to-para
conversion which becomes significant on the time scale of
the experiment (30 min) while competing with the thermal
excitation to the J = 2 state of p-H, (see Sec. IITE). The
dependency of the ortho-to-para ratio n,, in Eq. (7) on
temperature and time prevented us from determining the
parameters Ng and E».

The absence of the Q(2) signal in the Raman spectra at
elevated temperatures is explained by a line broadening due to
the resonance coupling between the rotational states and the
lattice phonons, similar to the case of interstitial H, in Si [43].
Furthermore, it is expected that the lattice potential lifts the
fivefold degeneracy of the J = 2 state also contributing to the
broadening of the Q(2) transition.

Finally, we note the blue-shift of the LVM with increasing
temperature. Of all semiconductor hosts a similar behavior
was reported only for H; trapped within hydrogen platelets in
Si [16], whereas the majority of semiconductors, where the
molecule was identified, revealed a red-shift (interstitial sites
and voids in Si [5,17,42] and GaAs [44], voids in Ge [45]).
Nonmonotonic behavior of the LVM frequencies with the
temperature was reported for H, trapped in metal-organic
frameworks MOF-5 [46-48] and ZIF-8 [49], whereas LVM
was found to be independent of temperature for the molecule
trapped in Cgq [50].

D. Polarized Raman spectra

The scattering intensity in Raman measurements is given
by

I = le; - %t - e ], ®)

where e; and e, are the polarization vectors of the incident and
scattered light, respectively, and i is the Raman tensor, which
is determined by the symmetry of the scattering center.

Polarized Raman spectra presented in Fig. 7 reveal that
the intensities of H, related LVMs are independent of the
crystal orientation and have nonzero intensities only if the
polarizations of the incident and scattered light are parallel to
each other (e; || e;). We take this as a strong indication that
the molecule in ZnO is a free rotator without any preferential
orientation in the crystalline lattice.

The depolarization ratio A is defined as the ratio of
the scattered light intensity polarized perpendicular to the
excitation light to the intensity parallel to e;. For H, in ZnO
we find that

AF® = (1.02+0.80)x 1072 ©9)
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FIG. 7. Polarized Raman spectra of H, in ZnO obtained at
T <50K.

From here the Raman tensor of H, in ZnO can be obtained
(with z parallel to the interatomic distance) [51]:

A 1 0 0
N~10 1 0 ) (10
0 0 145+0.29

which within the error bars of our measurements agrees with
the values known from the literature for free H, [52-54].

E. Ortho-para conversion

Figure 8(a) shows the Raman spectra of H, in ZnO obtained
for a sample stored and measured at 79 K with an integration
time of 30 min. The intensity ratio of the Q(1) and Q(0) modes
given in Fig. 8(b) decreases with the storage time. The solid
line in the figure is the best-fit curve assuming the exponential
ortho-para conversion process,

% =(23%£03)exp(—t/7p) +(24£0.2), (11
0
yielding the characteristic conversion time of 7,, =7.5 &
2.0 h at 79 K. Note that the starting value of I;/ly|,—0 = 4.7
deviates from the ortho-to-para ratio of 3 due to the partial
excitation of the p-H, rotational state J =0 — 2 state;
see Eq. (7).

After the nuclear spin of H; reached the thermal equilib-
rium, the sample was cooled down below 55 K in order to
freeze out the ortho-para ratio of 79 K. Figure 9 shows Raman
spectra of H; recorded at temperatures below 55 K directly
after the cooling down and after subsequent annealing of the
sample at room temperature. Already the first 30 min bring
the I;/Iy ratio back to the equilibrium value of 3.1 +0.6

PHYSICAL REVIEW B 90, 205212 (2014)
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FIG. 8. Ortho-to-para conversion process of H, in ZnO at 79 K.
Raman spectra taken at 79 K (a). The intensity ratio of the Q(1) and
Q(0) vibrational modes as a function of the storage time (b). The
solid line shows the best-fit curve (see text).

which does not change after 44 h of room temperature
annealing. Based on this we conclude that the para-to-ortho
back conversion rate t,, at room temperature is faster than
0.5 h. Since the warm up and cool down time of our Raman
setup could not be less than 30 min a precise definition of 7,
was not possible.

Q(1)

Q(0)

> 44 h

-

0.5h

Intensity (arb. units)

0h

-

4125 4150 4175
Raman shift (cm™1)
FIG. 9. Para-to-ortho conversion process of H, in ZnO at room

temperature after annealing at the depicted time. The Raman spectra
were recorded at 7 < 55 K.
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TABLE II. LVMs and ortho-para conversion rates of H, trapped
at different lattice sites in Si and ZnO.

LVM T at LN, T at RT
Host Trap (cm™) (h) (h) Ref.
Si T, site 3627 229+14 8.1£05 [15,38]
Oxygen 3736 238+£43 45+£05 [1542]
K complexes 3830 62+ 15 8+2 [17,56]
Platelets 4150 9+4 6+4 [16,57]
ZnO Interstitial 4154 7.5+2.0 <05 This work

The results obtained are summarized in Table II together
with the ortho-to-para conversion rates of H; trapped at various
sites in Si—the only semiconductor host where the ortho-para
conversion process of the molecule was investigated. As
one can see, the conversion rates decrease with decreasing
deviation between the LVMs of H, trapped at the defects
and the gaseous H;. This trend indicates a correlation for the
coupling between the molecule and the host lattice. Various
reasons for the conversion between the molecular species have
been discussed in the literature for Si [15]. Here we consider
the interaction of the nuclear spin of H, with nearby magnetic
moments of the host atoms [55].

Of all constituents of ZnO only ®Zn with a natural
abundance of p(%’Zn) = 4.1% exhibits a nonzero magnetic
moment. In an assumption that the preferential diffusion path
of H, is along the ¢ axis [58], the thermally activated motion of
the molecule in the ¢ channel could provide the magnetic field
gradient necessary for the ortho-para conversion process. The
probability that H, did not face at least one ¢’Zn atom after N
diffusion steps between the neighboring O interstitial sites is

P =[1— p("Zn)PN+Y. (12)

The number of steps Ns at which P = 0.5 corresponds
to the characteristic diffusion length [ = Nz§ at which the
ortho-to-para conversion takes place. Here, § = 2.60 A is
the distance between two neighboring O sites [59]. For the
ortho-para conversion rate of 7.5 h obtained at 79 K the
diffusion constant for H, parallel to the ¢ axis accounts
5.1x107" cm?/s. Since the prefactor D, for interstitial
diffusion is about 2x 10~* cm?/s [42,60,61], the estimation of
the diffusion barrier E, yields 0.23 eV. Due to the logarithmic
dependence on Dy, the diffusion barrier is only weakly
influenced by the uncertainty of the prefactor. With the value
of E, the back conversion at room temperature is expected to
happen within a fraction of seconds. Note that the estimated
diffusion barrier of H, is about half the value of that for the
interstitial atomic hydrogen [62].

We emphasize that this is only an estimate. Recently, it was
shown that ortho-para conversion of interstitial H, in Si cannot
be mediated by nearby >°Si [15]. A significantly better signal-
to-noise ratio of Raman spectra as well as theoretical analysis
are prerequisite to distinguish between different mechanisms
of the ortho-para conversion.

F. Position in the lattice

Figure 10 presents depth profiles of Hp and H, obtained
for a ZnO sample hydrogenated at 1000 °C and subsequently
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FIG. 10. Depth profiles obtained for a ZnO sample hydrogenated
at 1000 °C and subsequently annealed at 400 °C. (a) Raman spectra
recorded at 7 < 55 K as a function of y (see Fig. 1). (b) Normalized
intensities of the Hp (triangles) and H, (squares) signals. For
comparison a depth profile of Hgc (x) directly after hydrogenation is
included (see Ref. [27]). Here the “y” scale is compressed by a factor
of 0.89 for adjustment.

annealed at 400°C. The spectra were recorded at different
excitation spots along the y axis (see Fig. 1). In the near surface
region the H, related LVMs are broadened due to the lattice
imperfections. The anticorrelation of the depth profiles of H;
and Hg near the surface implies that trapping of hydrogen
at the oxygen vacancy is energetically more favorable than
a molecule formation. This finding agrees with calculations
of formation energies of hydrogen-related defects in ZnO
by Du and Biswas [22]. It follows also from the figure that
the annealing at 400 °C reduces the formation depth of Hg
from 280 (directly after the hydrogenation) to about 200 um
(see Ref. [27]).

Theory suggests three different positions of the molecule
in the ZnO lattice:

(i) Van de Walle [18] and Wardle et al. [19] found that
the interstitial H, is positioned at the antibonding Zn site
in the ¢ channel and is roughly aligned along the ¢ axis.
No rotational barrier for the molecule was calculated. The
interatomic distance as well as the LVM of interstitial H,
were found to be very close to those of the gaseous H, [19].
Moreover, the formation energy for H, was found to be
practically the same as for two isolated interstitial hydrogen
atoms.

(i) Karazhanov and Ulyashin have found that the only
stable hydrogen dimer in unstrained ZnO is a so-called H}
complex with one hydrogen atom (H1) bound to oxygen and
the second one (H2) to a nearby zinc atom with only a weak
coupling between H1 and H2 [20]. The interatomic distance
was found to be 1.25 A. The Hj complex dissociates, however,
upon charge transfer caused by a lattice strain or an oxygen
deficiency into an interstitial and a substitutional hydrogen
atom,

H: — H; + Ho.

205212-8
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(iii) Du and Biswas have determined that the molecule is
located in the oxygen vacancy Vg rather than at the interstitial
site [22]. The formation process of this complex is given by
the reaction,

VST 4 2H; — VZTH, +2e7.

The molecule was found to be located preferentially close to
the surface near the boundary of the surface depletion region.
The dissociation process was suggested to happen via

VZTH, — H +HY.

The results presented in Fig. 10 show the anticorrelation
behavior between Hp and H, signals which rules out the
oxygen vacancy as a trapping center for the molecule.
This conclusion is supported by recent calculations of the
LVM frequency of H, located at the Vo to be 3991 cm™!,
which significantly deviates from the experimentally observed
value [63]. In addition, the negatively charged interstitial
hydrogen H; is unstable for all Fermi levels in the band
gap preventing the formation mechanism proposed by Du and
Biswas [18,22,64].

The model of H} is also not consistent with our experimental
findings on the LVMs: The frequencies, the ortho-para split-
ting, the temperature behavior of the Q modes, the ortho-para
conversion process, and the polarization properties of the
Raman signals cannot be explained by the H} model. In
addition, IR absorption measurements performed as a part
of this investigation have shown no signal for all isotopic
combinations of the molecule, which implies that the complex
exhibits no dipole moment.

Thus, we conclude that our results are more consistent
with a model of H, as an almost free rotator only weakly
interacting with the host lattice. Room temperature uniaxial
stress measurements performed as a part of this study did not
reveal any shift or additional splitting of the LVM of H; in
support of this assignment. This agrees with a model proposed
earlier by Van de Walle as well as Wardle ez al. [18,19]. These
authors, however, have found that H, is aligned parallel to
the ¢ axis. A similar situation was reported for the interstitial
molecule in Si with a rotational barrier of at least 0.17 eV [65].
Nevertheless, the experimentally observed behavior of H; in Si
was consistent with a freely rotating species. Only the J = 2
state was split into two components due to the interaction
with the host lattice [66]. In the wurzite structure even the
J =1 state is supposed to split into two sublevels which
belong to a nondegenerated A; and a twofold degenerated
E representation of the C3, point group. No splitting of the
Q(1) mode, however, was observed due to a weak perturbation
of the host.

The wurtzite-type crystal structure possesses two highly
symmetric interstitial sites: an octahedral O (Ojy) and a
tetrahedral T one. To the best of our knowledge the formation
energies for H, at these interstitial sites in ZnO have not
been considered theoretically. On the other hand, for other
wurtzite-type semiconductors it was found that the O site is
the most likely location for the molecule [67,68]. A simple
estimate of the open space at the two interstitial sites in ZnO
reveals for H, a larger volume at the O site compared to the T
site. Based on this simple consideration and in agreement with
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theory we tentatively suggest O to be the trapping site for the
molecule observed in our experiments.

An interstitial site is not the only position that can provide
enough space to trap the molecule. The formation of one-,
two- and three-dimensional voids filled with hydrogen during
the crystal growth [69] or after proton implantation [70,71]
was reported in the literature. Zinc vacancies formed via
ion bombardment were found to coalesce into the bub-
bles filled with hydrogen after annealing at temperatures
200 °C-500 °C [70]. Further treatments at higher temperatures
releases the hydrogen from those traps. It was also shown,
that subsequent annealing results in a significant decrease of
lattice strain [71]. Recently, zinc vacancy-related defects were
shown to be formed after annealing ZnO in oxygen or nitrogen
atmosphere above 900 °C [72].

The results reported here can be understood in terms of
vacancy clustering. Hgc is the predominant hydrogen species
directly after the hydrogenation at 1000°C. However, its
concentration is only half in the sample center compared to the
maximum closer to the surface. Apparently, the presence of
other defects, like vacancy clusters, slows down the formation
of Hpc in the bulk of the sample. The dependence of the
LVM frequency of H, on temperature of hydrogenation or
annealing (see Figs. 3 and 4) could also be related to vacancy
agglomeration during the hydrogenation process. Figure 3
indicates that the threshold temperature for the clustering is
about 200 °C. Ripening of the vacancy clusters with annealing
temperature or time provides bigger volume for the molecules
and leads to the red-shift of the LVM frequencies and the line
narrowing. An equilibrium state is reached at 500 °C.

The vacancy cluster formation should strongly depend on
the treatment temperature, which, in turn, can explain the fre-
quency shift presented in Fig. 2. No hydrogen molecules were
observed for the samples hydrogenated below 800 °C further
favoring the vacancy clustering model. Moreover, both the
threshold temperature for the clustering and the temperature
at which the LVM frequency of H, stabilizes are in good
agreement with the results of positron annihilation experiments
on open-volume defects assigned to vacancy clusters in ZnO
without hydrogen [73]. Theoretical investigation of H, is
called for to unambiguously assign the trapping center for
the hydrogen molecule.

IV. CONCLUSIONS

In summary, a Raman scattering study of H, in ZnO is
presented. The molecule was found to be a nearly free rotator
stable in the temperature range 300°C-700°C. Interstitial
hydrogen (Hgc) is identified as the major source for the
molecule formation. The dissociation happens both via form-
ing substitutional (Hp) and interstitial (Hgc) hydrogen. An
ortho-para conversion rate at 79 K was found to be 7.5 h,
whereas the back conversion at room temperature occurs
within less than 0.5 h. A coupling between the rotational
states of H, and lattice phonons are found to influence the
ro-vibrational states of the molecule. The local vibrational
modes shift during the annealing procedures which is assigned
to the lattice imperfection. The interstitial site or vacancy
clusters are suggested as the most likely position for the
molecule in the ZnO lattice.
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