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Identification of Hydrogen Molecules in ZnO
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Hydrogen molecules in ZnO are identified by their local vibrational modes. In a Raman study,
interstitial H,, HD, and D, species were found to exhibit local vibrational modes at frequencies 4145,
3628, and 2985 cm™!, respectively. After thermal treatment of vapor phase grown ZnO samples in

hydrogen atmosphere, most hydrogen forms shallow donors at the bond-centered site (Hpc). Subse-

quently, Hgc migrates through the crystal and forms electrically inactive H,. These results imply that the
“hidden” hydrogen in ZnO [G. A. Shi et al., Appl. Phys. Lett. 85, 5601 (2004)] occurs in the form of

interstitial H,.
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Molecular hydrogen in semiconductors was predicted by
theory to be stable more than 20 years ago [1,2]. Since
then, properties of isolated interstitial H, were carefully
studied in GaAs [3], Si [4-7], and Ge [8].

For ZnO, no direct experimental evidence for the pres-
ence of H, has been presented so far. Nonetheless, the H,
molecule was assumed to be responsible for the so-called
“hidden” hydrogen in ZnO, which is not seen by IR
absorption but can be converted into a shallow donor in
the course of sample processing [9]. For most ZnO appli-
cations, stable and reproducible n and p doping is a neces-
sity [10,11]. Therefore, the uncontrolled influence of this
hidden species on the electrical properties of ZnO is dis-
astrous for applications and should be avoided.

Hydrogen is often present in the crystal growth environ-
ment, and it is very difficult to prevent its incorporation
into the crystal during semiconductor processing. Device
applications require a deep understanding of the behavior
of hydrogen in ZnO; in particular, the nature of the hidden
species has to be unraveled.

Interest in hydrogen in ZnO began in the 1950s, when
Mollwo [12] and Thomas and Lander [13] showed that
hydrogenation of ZnO at elevated temperatures gives rise
to n-type conductivity. Since then, hydrogen in ZnO has
been an object of active research [14-27]. First-principles
calculations carried out by Van de Walle revealed that
isolated hydrogen in ZnO acts as a shallow donor [28].
Recent experiments confirmed this theoretical prediction.
Bond-centered hydrogen Hgc primarily bound to the
O atom with the O-H bond aligned parallel to the ¢ axis
was shown to be a shallow donor in ZnO with an activation
energy of 53 meV [29]. It was established that bond-
centered hydrogen is unstable against thermal treatment
at 190 °C. The dominant sink for Hg- was suggested to be
the hydrogen molecule [29]. No direct experimental evi-
dence, however, was presented in support of this model.

In this Letter we present the results of a Raman scatter-
ing study, which unambiguously shows the existence of H,
in ZnO and supports the assumption that the hidden species
in ZnO originates from hydrogen molecules.
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PACS numbers: 61.72.uj, 63.20.Pw, 78.30.Fs

The ZnO crystals used in this work were hexagonal
prisms with a diameter of about 2 mm and a length of
~10 mm. The nominally undoped n-type single crystals
with resistivity of 10-100 ) cm were grown from the
vapor phase at the Institute for Applied Physics,
University of Erlangen (Germany) [30,31]. Hydrogen
and/or deuterium was introduced via thermal treatment of
the samples in sealed quartz ampoules, filled with H,
and/or D, gas (pressure of 0.5 bar at room temperature).
The treatments were performed at 1000 °C for 1 h and were
terminated by quenching to room temperature in water.
Under these conditions, the hydrogen concentration in ZnO
directly after the treatment was around 10'® cm™3 [12,13].

Raman measurements were carried out in a 90° geome-
try using the frequency doubled 532 nm line of a Nd:YVO,
laser for excitation. The scattered light was analyzed using
a single grating spectrometer and a cooled Si CCD detector
array. Spectral resolution was 2.5-5 cm™!. The measure-
ments were performed with the sample mounted in a cold
finger cryostat using liquid helium for cooling. During the
measurements the temperature of the bulk sample was
varied by an electrical heater. A detailed description of
the Raman setup is given elsewhere [6].

The scattering geometry is defined with respect to the ¢
axis of ZnO. The x, y, and z axes are parallel to the
crystallographic orientations [1010], [1210], and ¢, respec-
tively. In the notation a(b, ¢)d, a(d) refers to the propaga-
tion vector of the incident (scattered) light, whereas b(c)
characterizes the polarization vector of the incident (scat-
tered) light. The notation a(b, —)d implies that the scat-
tered light is measured without a polarizer.

Figure 1 shows Raman spectra recorded at 7 = 20 K
from a ZnO sample treated in H, gas. A line at 3611 cm ™!
dominates the spectrum obtained directly after the treat-
ment. This signal is due to a stretch local vibrational mode
of a hydrogen-related defect originally labeled H-I [18].
Recent studies of hydrogen donors in ZnO revealed that
H-I is an isolated hydrogen (Hpc) located at the bond-
centered site of the ZnO lattice [29]. In as-hydrogenated
samples, Hpc is the dominant shallow donor with an
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FIG. 1. Raman spectra of a ZnO sample measured at 7 =
20 K in the x(z, —)y geometry. Top: Directly after hydrogena-
tion; bottom: after subsequent anneal at 550 °C. Spectral reso-
lution is 5 cm™!. Spectra are vertically offset for clarity.

ionization energy of 53 meV. For the samples of this study
the donor concentration was around 10'® ¢m™3.

Bond-centered hydrogen is known to be mobile already
at room temperatures [29,32]. After annealing the ZnO
sample at 550 °C for 30 min, the 3611 cm™' line dis-
appears (see bottom spectrum in Fig. 1). A new line at
4145 cm™! shows up in the spectrum at the expense of the
Hpc signal. The frequency of this transition is close to that
of free H, observed at 4161 cm™! [33].

The results of isotope substitution experiments are pre-
sented in Fig. 2, which shows Raman spectra obtained from
ZnO samples treated in H, and/or D, gas. As follows from
the figure, substitution of hydrogen by deuterium results in
a redshift of the 4145 cm™! line to 2985 cm™!. These
modes plus an additional one at 3626 cm ™! are detected
in the sample treated in a mixture of H, and D,. These
findings unambiguously show that the 4145, 2985, and
3626 cm ™! lines are vibrational modes of H,, D,, and
HD, respectively.

Thermal treatment of ZnO at 1000 °C results in a pref-
erential loss of oxygen atoms and, subsequently, to the
formation of oxygen vacancies Vg [34,35]. The concentra-
tion profile of Vj is strongly nonuniform with the maxi-
mum value to be found at the sample surface [29]. An
oxygen vacancy readily traps Hgc and forms a shallow
donor Hy with an ionization energy of 47 meV [29]. In
Raman spectra, Hy is detected via internal 1s — 2s(p)
donor transition at 265 cm~! [36]. We found that the
concentration profiles of Hy and H, anticorrelate. This
implies that relative strengths of the Raman signals due
to H,, HD, and D, depend on the sample depth, and the
intensities given in the top spectrum of Fig. 2 cannot be

Raman shift (cm_l)

FIG. 2. Raman spectra of ZnO samples measured at 7 = 20 K
in the x(z, —)y geometry. The samples were treated at 1000 °C in
H, (bottom), D, (middle), and H, + D, (top) gas and subse-
quently annealed at 550 °C. Spectral resolution is 5 cm™!.

Spectra are vertically offset for clarity.

directly related to the H-to-D isotope ratio during the
treatment.

We also note that the weak intensity of the H, line
compared to that of Hgc shown in Fig. 1 does not imply
that only a small fraction of Hgc forms molecular hydro-
gen. Intensities of Raman lines depend on many parame-
ters such as type of chemical bond, host semiconductor,
excitation laser frequency, charge state of the defect, etc. A
separate investigation will be performed to calibrate the
concentration of H, from the Raman data.

First-principles calculations predict a stretch mode of
H,, D,, and HD trapped at the interstitial site of the ZnO
lattice at frequencies of 4032, 2852, and 3497 cm™!, re-
spectively [37]. The computational method employed in
Ref. [37], however, seems to underestimate the experimen-
tal values by about 100 cm™!. Taking into account this
systematic correction we assign the 4145 cm™! mode to
interstitial H, in ZnO.

The hydrogen molecule consists of two equivalent nu-
clei with spin 1/2. Thus, the total nuclear spin of H, is
either 0 or 1. These states are referred to as para- and
ortho-H,, respectively. The protons are fermions, and ac-
cording to the Pauli principle the total wave function of the
molecule must be odd with respect to permutations of the
nuclei. Since the spin wave function of para-H, is odd, the
rotational wave function must be even with even values of
J, the rotational quantum number. The J values of ortho-H,
must be odd [38].

Because of rovibrational coupling, the frequency of the
stretch mode of H, depends on the rotational state J. This
leads to different frequencies of the stretch modes of ortho-
and para-H,. The difference in frequencies between the
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modes with J = 1 and J = 0, which are referred to as the
Q,(1) and Q,(0) states, respectively, is called the ortho-
para splitting. For free H, it equals 6 cm™! [33], whereas
for interstitial H, trapped in semiconductors the ortho-para
splitting was found to be around 8-9 cm™! [3,6,8].

A large magnetic field gradient is needed to transfer
ortho- to para-H, [39]. Under ‘“‘normal” conditions (low
pressure gaseous phase, nonparamagnetic host, no mag-
netic impurity nearby) the two states do not thermalize and
once formed, ortho- and para-H, remain independent. In
Si, for example, it takes more than 500 h at 77 K to reach
thermal equilibrium for interstitial ortho- and para-H, [7].

Since our ZnO samples were kept at room temperature,
one should expect that both ortho- and para-H, will ap-
pear in the ratio determined solely by the degeneracy
of the nuclear spin states, (2 X 1 + 1):(2 X 0+ 1) = 3:1.
Figure 3 shows a Raman spectrum of H, in ZnO taken with
a resolution of 2.5 cm™!. In addition to the 4145 cm™!
line, a weaker component blueshifted by 8 cm™! is also
present in the spectrum. The two lines appear in the spec-
trum with intensities close to the expected ortho-to-para
ratio 3:1. This result is fully consistent with the model of
H, as a free rotator located at the interstitial site of the ZnO
lattice. Table I summarizes the experimental and theoreti-
cal frequencies of the vibrational modes due to the H,
molecule in ZnO. For comparison, we also give the stretch
modes of H, in vacuum [33].

The formation of the H, molecule depicted in Fig. 1 has
to be considered in more detail. According to first-
principles calculations, Hg is the ground state of hydrogen
in ZnO for nearly all Fermi level energies except those
close to the conduction band minimum [28]. This is con-
sistent with our results: Directly after the high temperature
hydrogenation most hydrogen occupies the bond-centered

T<20K
o-H»> )

x(z,2)y | 8 cm™
— |
2
c
=1
£
L
fy
2 o-H
o} 2
£

s ! s
4100 4150 4200

Raman shift (cm™!)

FIG. 3. Raman spectrum of a ZnO sample measured at 7 =
20 K in the x(z, z)y geometry. The sample was treated at 1000 °C
for 1 h in H, gas and subsequently annealed at 500 °C. Spectral

resolution is 2.5 cm™!.

site of the ZnO lattice and gives rise to the 3611 cm™!
stretch mode [29]. Bond-centered hydrogen is a shallow
donor with an ionization energy of 53 meV [29], and the
Hgc concentration determines the Fermi level position in
our nominally undoped ZnO samples. As the Fermi level
approaches the bottom of the conduction band, H, be-
comes energetically more favorable compared to Hpc
[28]. Therefore, Hpc occurring in high concentrations
should not be stable against the formation of H,. With
the parameters employed in this study, the amount of
Hgc in our samples directly after the treatment was around
10" cm™! [13,29]. This quantity ensures that the Fermi
level is positioned at the bottom of the conduction band,
which, in turn, implies that isolated hydrogen should even-
tually convert into H,. This formation process of H, in ZnO
is consistent with theory.

Finally, we comment on the diffusion of hydrogen in
ZnO. Theory predicts an activation energy of Hgc in ZnO
below 0.5 eV [40]. This means that isolated hydrogen
should be very mobile already at room temperature.
Secondary ion mass spectrometry data on ZnO samples
exposed to a deuterium plasma seem to be consistent with
theory: The activation energy for deuterium diffusion was
found to be 0.17 = 0.12 eV [41].

The elementary diffusion step of hydrogen in ZnO was
recently studied by stress-induced dichroism of the CuH
complex. The results were linked to hydrogen diffusion,
and it was suggested that the activation energy of hydrogen
motion in ZnO is around 0.5 eV [42]. These results dis-
agree with the early studies of hydrogen diffusion in ZnO.
Mollwo [12] and Thomas and Lander [13] investigated
hydrogen diffusion by detecting the change in conductivity
of the ZnO samples. They suggested that hydrogen diffu-
sion in ZnO occurs with an activation energy of 0.9-1.1 eV.

Our results on H, imply, however, that the experiments
by Mollwo and Thomas and Lander should be reconsid-
ered. The hydrogen molecule is electrically inactive and,
therefore, cannot be directly detected in conductivity mea-
surements. Moreover, the Coulomb repulsion between the
two neighboring, positively charged Hgc defects should
contribute to the stability and/or diffusion of hydrogen in
7Zn0O and thus result in an enhancement of the apparent
activation energy of hydrogen diffusion determined from
conductivity experiments.

TABLE I. Experimental and theoretical frequencies of H, in
ZnO (cm™!). The values for free H, are given for comparison.

Isotope Mode Free H, [33] Exp. Theory [37]

H, 0,(0) 4161 4153 4032
0,(1) 4155 4145

HD 0,(0) 3632 3626 3497

D, 0,(0) 2994 2985 2582
0,(1) 2991
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In conclusion, the results of Raman scattering studies on
vapor phase grown ZnO hydrogenated via annealing in
hydrogen and/or deuterium atmospheres are presented. It
is determined that the hidden hydrogen in ZnO occurs in
the form of interstitial H,. The molecule is a free rotator
with the stretch modes of para- and ortho-H, being 4153
and 4145 cm™!, respectively.

The authors are indebted to R. Helbig for providing us
with the ZnO samples. M. Stavola is greatly acknowledged
for numerous and helpful discussion. S. Koch is acknowl-
edged the help with the samples preparation.
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