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Bistability of a hydrogen defect with a vibrational mode at 3326 cm−1 in ZnO
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Results from illumination-sensitive infrared absorption and photocurrent spectroscopy measurements on the
hydrogen defect in ZnO characterized by a local vibrational mode with a frequency of 3326 cm−1 are reported. It
is shown that photoexcitation with h̄ω � 2.7 eV results in two new axial oriented O-H stretch vibrational modes
at 3170 and 3589 cm−1, which appear at the expense of the previously reported azimuthal oriented 3326- and
3358-cm−1 modes. We propose a tentative configurational-coordinate energy diagram of the defect and discuss
its microscopic origin.
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I. INTRODUCTION

The influence of impurities, native defects, and their com-
plexes on the optical and electrical properties of ZnO has been
investigated and debated for decades. Hydrogen is an om-
nipresent impurity in ZnO that can be unintentionally incor-
porated into the material during crystal growth and/or device
processing. Interest in hydrogen comes from its high mobility
and strong impact on the electrical behavior of ZnO, which
results from its ability to form shallow donor states and/or
passivate acceptors [1–12]. Unambiguous spectroscopic iden-
tification of hydrogen-related complexes is therefore of key
importance for gaining control over the parameters of ZnO-
based semiconductor devices.

Interstitial hydrogen in ZnO occurs in the bond-centered
configuration, HBC, which acts as an effective-mass-like shal-
low donor with an ionization energy of 53 meV [3,12]. HBC

comprises a strong c-oriented single dative O-H bond charac-
terized by a local vibrational mode (LVM) with a frequency of
3611 cm−1 (10 K) [13]. Interstitial hydrogen is highly mobile
at room temperature and readily gets trapped by other defects
or/and forms electrically neutral hydrogen molecule H2 with
another HBC in the course of a few weeks [12,14,15].

The subject of the present work is an electrically active
hydrogen-related defect comprised of a single O-H bond
aligned approximately perpendicular to the c axis of a crystal
and characterized by a 3326-cm−1 LVM at 10 K. The defect
was originally associated with an isolated hydrogen located
at the antibonding site of the ZnO lattice (HAB) [9]. Later on,
other microscopic models were put forward to account for an
origin of the 3326-cm−1 line, none of them, however, being
fully consistent with available experimental data [15–18]. De-
pending on the hydrogen isotope we label this defect XH/XD.

The electrical activity of the XH complex remains contro-
versial. A correlation between the intensity of the 3326-cm−1

line and free carrier concentration was taken as a strong
indication that the defect is a shallow donor [19,20]. Later on,
it was shown that the XH behavior can be also understood in a
framework of a deep acceptor model, whereby the free carrier
concentration actually correlates with the intensity of the
3611-cm−1 line of HBC rather than with that of the 3326-cm−1

line [15,20].
It was also demonstrated that illumination of ZnO samples

with red light (h̄ω ≈ 1.9 eV) at liquid helium temperatures
transforms XH from the ground to a metastable state char-
acterized by a LVM with a frequency of 3358 cm−1 [15]. In
both states the O-H bond was found to lie in the basal plane of
the ZnO crystal. The ground and the metastable configuration
were assigned to the (n) and (n + 1) charge states of the same
complex, respectively.

In the present paper we report on two new metastable
configurations of the XH complex which appear as a result of
photoexcitation by light with h̄ω � 2.7 eV at helium tempera-
tures. The O-H bond in both configurations is aligned parallel
to the c axis of the ZnO crystal. A configurational-coordinate
energy diagram of XH is proposed to explain all known
experimental data. The microscopic origin of the complex is
discussed.

II. EXPERIMENTAL DETAILS

ZnO samples used in the present study were commercial
melt-grown a- and c-cut ZnO wafers purchased from Cermet,
Inc. and had dimensions of about 5 × 5 × 0.4 mm3. Hydrogen
and/or deuterium were introduced into the samples via ther-
mal treatments (anneals) in closed quartz ampules filled with
H2, D2, or a mixture of H2 and D2 gas. The treatments were
performed at 730 °C for 1 h and terminated by quenching the
ampules to room temperature in water.
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For photoconductivity measurements the ZnO samples
were first etched with orthophosphoric acid for 2 min at room
temperature. Ohmic contacts with an area of about 2 × 1 mm2

were generated by scratching a mixture of an In-Ga alloy onto
the sample surface. Contacts were located on the illuminated
face of the samples.

Fourier transform infrared (FTIR) absorbance and photo-
conductivity spectra were recorded using a Bomem DA3.01
Fourier spectrometer equipped with a globar light source
and a KBr beam splitter. Absorbance and photoconductivity
measurements were performed with a spectral resolution of
0.5 and 1 cm−1, respectively, with the temperature of the
samples stabilized within 1 K in the range of 7–13 K. Unless
noted otherwise, unpolarized light was used with the wave
vector k directed perpendicular to the c axis of the samples.
Polarized light was produced by a wire grid polarizer with a
KRS-5 substrate. Absorption spectra were corrected for the
absorption lines of residual CO2 in the spectrometer using
reference spectra.

Illumination of the samples was performed with unpolar-
ized light supplied by commercial high-power LEDs with
nominal peak emissions at either 375 nm (‘UV’), 395 nm
(‘UV 2’), 460 nm (‘blue’), 530 nm (‘green’), 640 nm (‘red’),
or 850 nm (‘NIR’). Unless noted otherwise, illumination took
place at ∼10 K and was continued until no further change in
absorption spectra was observable. The radiant flux density
was in the range of 20–200 Wm−2. Spectra shown were
recorded after illumination had been switched off.

III. RESULTS

A. General properties of the IR lines

Figure 1 shows sections of IR absorption spectra obtained
for ZnO samples treated in H2 (top) and D2 (bottom) gas.
The black spectra were recorded at 10 K without additional
illumination (‘reference’), whereas the red and blue ones
were obtained after subsequent illumination by LEDs with
wavelengths of 640 nm and 460 nm, respectively. Only the
ground state modes of the XH and XD defects at 3326 and
2471 cm−1, respectively, are seen in the reference spectra.
The signals due to the LVMs of HBC and DBC donors are also
observed (not shown). They are insensitive to the illumination
and will not be further discussed here.

The red illumination results in the appearance of two lines
positioned at 3358 and 2489 cm−1 at the expense of the main
signals at 3326 (XH) and 2471 cm−1 (XD), respectively. For
the sake of clarity, only the deuterium modes are shown.
Virtually full interconversion takes place within less than
one minute. The same behavior was reported in Ref. [15]
and was associated with an n → n + 1 charge transition of
the XH defect. In accordance with that study, intensities of
the photoinduced modes are a factor of about 7 (hydrogen)
and 4.8 (deuterium) weaker than the original modes. The
photoinduced state is metastable and persists up to about 70 K.
We label the ground and the metastable states of the XH defect
as XHA and XHB, respectively.

As can be seen from the figure, illumination with the
blue LED results in a significantly different picture. The
XHA/XDA signals also become strongly suppressed compared

FIG. 1. Sections of IR absorption spectra obtained at 10 K for a
hydrogenated (top panel) and deuterated (bottom panel) melt-grown
ZnO samples subjected to illumination from high-power LEDs with
different wavelengths: black—reference (no illumination), red—
640 nm, blue—460 nm. Spectra in the top panel are vertically offset
for clarity. Insets show the measurement/illumination geometries.

to the preilluminated state, but conversion to the XHB/XDB

configurations does not occur. Instead, two new lines appear in
the spectra: at ∼3174 and 3589 cm−1 in the case of ZnO:H and
at 2371 and 2651 cm−1 in the case of ZnO:D. The frequency
ratios of each pair, 3174/2371 = 1.339 and 3589/2651 =
1.354, are close to the value expected for a harmonic oscillator
consisting of a hydrogen/deuterium atom bound to oxygen.
Based on this we conclude that all photoinduced lines are due
to the local vibrational modes of the O-H/O-D species as well.

When the blue illumination is switched off, the intensities
of the photoinduced signals remain constant at T � 10 K for
at least one hour. Moreover, a weighted sum of the signal
intensities from the A and B states together with the new lines
remains constant, independently of whether the illumination
is switched on or off and which illumination duration or
geometry has been applied. The inverse of the weighting
coefficients is proportional to the oscillator strengths f of each
LVM, that is, correlates the LVM specific absorption coeffi-
cients to the concentration of the species. Normalized values
of f are gathered in Table I. These values are, within the
accuracy of our measurement, independent of the particular
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TABLE I. LVM frequencies (in cm−1) and corresponding oscil-
lator strengths f of the XH defect. Oscillator strengths are given
relative to the A configuration.

XH XD

Configuration ω f ω f

A 3326 1 2471 1
B 3358 0.13 ± 0.01 2489 0.22 ± 0.02
C 3589 0.22 ± 0.06 2651 0.26 ± 0.04
D 3174 1.61 ± 0.18 2371 1.69 ± 0.13

sample, which strongly indicates that the observed vibrational
modes originate from different states of the same complex.
Throughout this work we will label the defect states associated
with the new absorption lines at 3589 and ∼3174 cm−1 XHC

and XHD, respectively. As evident from the figure, the FWHM
(full width at half maximum) of LVMs due to the XD complex
is significantly less compared to those due to XH. Because of
this, in the following discussion, we will concentrate on the
results obtained for the deuterium counterpart of the defect
without, however, loss of generality.

The relative intensities of the photoinduced lines strongly
depend not only on the wavelength of the secondary illumi-
nation but also on the measurement/illumination geometry
which are shown as insets in Fig. 1. Importantly, the A → C
conversion was found to be much faster compared to the
A → D one: The C state saturates within less than a minute,
whereas the transition to the D state is not completed even af-
ter several hours of blue LED illumination. From the entirety
of our data we conclude that the different populations of the C
and D configurations observed in Fig. 1 can be explained by
these differences in the conversion rate. However, an influence
of other experimental parameters, like, e.g., the orientation
of the incident secondary illumination or sample thickness
cannot be completely excluded.

Figure 2 reveals polarized properties of the LVMs due
to the XD complex. Surprisingly, IR absorption spectra

FIG. 2. Polarized IR absorption spectra of a deuterated ZnO
sample subjected to 2 h of blue LED illumination. The spectra were
taken at 10 K.

demonstrate that the O-D bond of the XDC and XDD con-
figurations is aligned along the c axis of the ZnO lattice.
In contrast, the O-D (O-H) bond in both A and B states
is aligned perpendicular to c (see also Refs. [9,15]). We
conclude from here that transitions from A and B to the C and
D configurations of the defect and vice versa are accompanied
by a rearrangement of its hydrogen bond.

B. Wavelength dependence of the photoinduced conversion

The effect of illumination on the states of XH and their
interconversion was investigated for different illumination
wavelengths. First, we discuss the results obtained from mea-
surements where the sample was cooled down from room
temperature to ∼10 K in the dark and then exposed to light
with a specified wavelength. In this case a predominant
XHA → XHB conversion is achieved by the light with the
wavelength of 640 nm (red spectrum in Fig. 1). Illumination
by NIR (850 nm) or green (530 nm) light does not result in any
observable changes of the ground state. For the wavelengths
shorter than 530 nm, i.e., 460, 395, or 375 nm the additional
excitation paths to the XHC or XHD states emerge.

We now turn to experiments where the samples were
exposed to light from the NIR LED after conversion into
the B configuration had been accomplished. Exemplary
spectra obtained for the XD complex in a course of such a
‘two-stage’ illumination procedure are shown in the top panel
of Fig. 3. The black and red spectra were recorded before
and after the red light illumination. As one can see, such a
procedure results in a full conversion of the ground XDA to
the metastable XDB state.

Interestingly, subsequent illumination with NIR light for
30 s (orange spectra) results in an appearance of the XDC

configuration. At the same time the ground XDA state partially
regains its intensity. Prolonged exposure to the NIR light for
1220 s leads to a continual decrease in the XDB and XDC LVM
intensities and a recovery of the XDA state. The dynamics of
the back conversion is shown in the lower panel of Fig. 3.
These findings demonstrate that the C configuration of the XH
defect can be populated by: (i) illumination by light with a
wavelength shorter than 530 nm or (ii) a ‘two-step’ procedure
consisting of subsequent illumination by red and near IR light.
Our experimental data also indicate that a C → A transition is
induced by the NIR illumination.

C. Thermal stability

The photoinduced conversion from the ground state of
XH to the metastable configurations is completely reversible
by annealing the sample at elevated temperatures. Figure 4
demonstrates the process for the XD complex. The black spec-
trum (labeled ‘ref.’) was recorded at 10 K after a sample was
cooled down in darkness. Subsequently, it was illuminated for
3 h by a blue LED to populate the metastable states of XD.
The corresponding spectrum is given in blue. Further on, the
spectra were recorded at 10 K after each step in a series of
5 min anneals at gradually increasing temperature. Interest-
ingly, annealing at ∼48 K results in a full conversion from
the XDC to the XDB configuration, while the intensities of
the ground XDA state and the metastable XDD configuration
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FIG. 3. Top: IR absorption spectra recorded on a deuterated ZnO
sample after consecutive steps of a two-stage illumination exper-
iment: black—reference (no illumination); red 5 min illumination
with a red LED; orange 30 and 1200 s illumination from a NIR LED.
Spectra are offset vertically for clarity. Bottom: LVM intensities of
the XDA, XDB, and XDC signals as a function of the cumulated
illumination time with the NIR LED after conversion to the XDB

defect configuration has been established by illumination with the
red LED. Illumination has been switched off during absorption
measurements.

remain constant. Further annealing at 90 K transforms the
XDB to XDA configuration. Earlier, this reconversion process
was found to be thermally activated with an activation energy
of about 220 meV [15]. The intensity of the XDD mode
remains constant at this annealing step. Finally, annealing
the sample at temperatures above 160 K results in complete
recovery of the ground XDA state.

D. Photoconductivity

Recently, photoconductivity (PC) was shown to be an
efficient method to probe vibrational excitations of defects in
semiconductors [21–24]. The basic principle of this technique
is an interaction of a vibrational mode with the continuum of
electronic states in the conduction/valence band resulting in
the appearance of Fano resonances in the photoconductivity
spectra (see Fig. 1 in Ref. [23]). Compared with conventional
IR absorption, PC-based vibrational mode spectroscopy has
three major advantages:

(i) exceptional selectivity and sensitivity [23,24],
(ii) possibility to detect local vibrational modes even in

strongly absorbing and/or reflecting spectroscopic regions
[21], and

FIG. 4. IR absorption spectra recorded at 10 K on a deuterated
ZnO sample before (black) and after (blue) illumination with the blue
LED. Subsequent spectra were obtained after annealing for 5 min
at indicated temperatures (see text for details). Spectra are offset
vertically for clarity.

(iii) the sign of the Fano resonance allows us to gain direct
insight into the electrical activity of defects resulting in the
LVM [23,25].

The method has been successfully applied to probe HBC

and HO in ZnO [21–23], interstitial oxygen in ultrathin Si
films [24], and interstitial hydrogen in rutile TiO2 [22,23].
Here, this method is applied to gain insight into electrical
activity of the different configurations of XH.

Figure 5 shows sections of photoconductivity (top panel)
and absorption (bottom panel) spectra taken for two differ-
ent D2-treated ZnO samples labeled 1© and 2©, which were
subjected to the secondary illumination supplied by the red
and blue LED, respectively. As expected, only the mode
at 2471 cm−1 due to the ground XDA state is observed in
the absorption spectra of both samples without secondary
illumination. Unexpectedly, the same mode appears in the
PC spectra as a positive Fano resonance, which strongly
indicates that the defect must have an electronic level above
Ec − 0.3 eV [25].

Notably, the PC peak intensity resulting from XDA in
sample 1© appears to be stronger than that detected in
sample 2©. This can be understood if one takes into account
that both the shape and intensity of Fano resonances due
to LVMs critically depend not only on the nature of the
defects but also on its concentration and the presence of other
donors/acceptors (for details see Ref. [25]).

As discussed in the previous sections, a full conversion
from XDA to XDB takes place if the sample is illuminated
with the red light, whereas transition to XDD dominates
upon illumination with the blue LED. This can be seen from
the IR absorption spectra presented in the bottom panel of
Fig. 5. As expected, the positive Fano resonance due to
XDA disappears from the photoconductivity spectra after the
defect is converted from the ground state to its metastable
configurations. Importantly, the XDD state of the defect with
a vibrational mode at 2371 cm−1 manifests itself as a negative
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FIG. 5. Sections of photoconductivity (top panel) and absorption
spectra (bottom panel) obtained on two different deuterated ZnO
samples (labeled ©1 and ©2) recorded before and after illumination
from LEDs with different wavelength: black—reference (before
illumination), red—640 nm (‘red’), blue—460 nm (‘blue’). Spectra
are vertically offset for clarity.

Fano resonance in the photoconductivity spectrum. This find-
ing strongly indicates that the D state has no level above
Ec − 0.3 eV.

No signal related to the XDB configuration is detected in
the PC spectra. The weakness of this line and the substantial
noise in the spectra could presumably explain why the latter
signal escapes observation.

IV. DISCUSSION

A. Earlier studies

Light-induced effects of the XH complex in ZnO were
first considered by Shi et al. [20] and Nickel. [26] Shi et al.
have found that illumination of samples by white light from
a tungsten lamp reduces the intensity of the 3326-cm−1 line.
Similar results were obtained by Nickel who employed a blue
LED with a wavelength of 450 nm. None of the photoinduced
modes discussed here or a complementary change in the
intensity of other hydrogen-related IR absorption lines have
been reported by both groups. Later on, Herklotz et al. have
observed the 3358-cm−1 line which appears at the expense
of the 3326-cm−1 mode as a result of illumination with red
633 nm light from a He-Ne laser or the broadband quartz lamp

of the Fourier spectrometer [15]. The C and D configurations
of XH have escaped observation so far. This fact can be
explained by a combination of the following circumstances.

(i) All earlier IR absorption studies were conducted on c-
cut ZnO wafers with the incident light polarized perpendicular
to the c axis (see Ref. [26]). Such a measurement geometry
makes observation of the O-H bonds aligned parallel to c
basically impossible.

(ii) The LVM of XHC occurs in a spectroscopic region
strongly disturbed by absorption lines of residual water vapor
in the spectrometer.

(iii) The photoinduced transitions between the XH configu-
rations are strongly dependent on the spectrum of the incident
light.

(iv) The A → D transformation requires a relatively high
power and/or long illumination time.

B. The VZnH model

A number of models were proposed to account for the
defect giving rise to the 3326-cm−1 IR absorption line. First,
we discuss a Zn vacancy passivated by a single hydrogen
atom, VZnH [15,16]. The zinc vacancy is a native double
acceptor in ZnO [27–29], acting as a compensating cen-
ter in n-type material. Several first-principles calculations
conclusively predict that the vacancies are further stabilized
by binding one or more hydrogen atoms to form vacancy-
hydrogen complexes, VZnHn [27,29–31]. In this process, the
hydrogen atoms passivate the double-acceptor states of VZn

by terminating the dangling O 2p bonds. Theory predicts that
the vacancy-hydrogen complexes, once spontaneously formed
during growth or subsequent processing of ZnO, are relatively
stable due to the high dissociation energies.

Most spectroscopic evidence for defects of the VZnHn

series exists for the zinc vacancy decorated by two hydrogen
atoms, VZnH2 [13,32,33]. This electrically neutral defect has
two different configurations: a ground state comprising two
inequivalent O-H bonds aligned parallel and perpendicular to
the c axis of the crystal with LVMs of 3312.2 and 3349.6 cm−1

[13], respectively, and a metastable state that consists of two
equivalent O-H bonds oriented perpendicular to the c axis
with LVMs of 3329.0 and 3348.4 cm−1 [33]. The VZnH2

complex anneals out at about 500 ◦C [13].
The body of experimental data on the VZnH and VZnH3

centers in ZnO is scarce and less conclusive. Recently, absorp-
tion lines at 3303 and 3321 cm−1 observed in hydrogenated
ZnO crystals have been tentatively assigned to LVMs of the
VZnH3 complex [34]. A further mode at 3327 cm−1 has been
attributed to VZnH [35]. This assignment, however, needs to
be validated by further studies.

First principles studies by Lyons et al. [27] and Frodason
et al. [29] agree that the trapping of one or two H atoms at
the Zn vacancy to form VZnH or VZnH2 is highly energet-
ically favorable. Once spontaneously formed during crystal
growth or processing of ZnO, these complexes are unlikely
to dissociate. Frodason et al. [29] and Karazhanov et al. [31]
also suggest that further trapping of hydrogen to form VZnH3

may take place whereby the relative amounts of the VZnHn

complexes are strongly dependent on the concentration ratio
of Hi and VZn as well as the detailed sample history.
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From an experimental point of view, VZnH, VZnH2, and
VZnH3 should be easily observable via IR absorption on their
O-H local vibrational modes. As mentioned earlier, the iden-
tification of a defect with two LVMs at 3312 and 3349 cm−1

as VZnH2 stands on solid ground [13,32,33]. Though less un-
ambiguous, the center with three equivalent hydrogen atoms
characterized by LVMs at 3303 and 3321 cm−1 has been
attributed to the planar configuration of VZnH3 [34]. The
latter two complexes, along with XH, have been simultane-
ously observed in a course of an annealing series performed
on hydrogenated vapor-phase grown ZnO (see Fig. 4 in
Ref. [34]).

A common property of all these defects is a configurational
bistability. VZnH2 has a metastable planar structural configu-
ration, comprising two equivalent O-H bonds [33]. The energy
difference between the ground and the metastable state was
found to be about 75 meV, whereas the activation energy of the
hydrogen motion within the Zn vacancy is ∼0.96 eV. Further,
weak sidebands observed with the main LVMs of the above-
mentioned triple-hydrogen complex have been attributed to a
metastable nonplanar defect configuration [34]. Metastability
of these centers and XH is consistent with the VZnHn model
since first principles calculations predict that differences in
the total energy between axial and basal configurations of this
series of complexes are marginal [27,29,30,36]. For example,
energies of the axial and azimuthal configurations of VZnH
differ by less than 50 meV.

The calculations by Lyons et al. and Frodason et al.
also address optical transitions and electrical levels of VZnH
[27,29]. The complex was found to have four different charge
states across the band gap of ZnO (from −1 to +2), where all
possible thermodynamic charge-state transition levels, (−/0),
(0/+), and (+/2+), occur in the lower half of the band
gap. In n-type ZnO, VZnH therefore occurs as a singly neg-
atively charged deep compensating acceptor. Electron emis-
sion of VZnH− to the conduction band by photons gives
rise to a broad absorption band with a lower threshold of
2.09 eV, which is in rough agreement with our experimental
value of ∼1.7 ± 0.25 eV determined for the optical A → B
transition.

Though it would be tempting to assign the XH complex
to VZnH, in view of our findings, this model meets serious
difficulties. First of all, our photoconductivity spectra strongly
indicate that XH has a level located above Ec − 0.3 eV. This
finding is consistent with the shallow donor behavior of XH
suggested by the work of Ref. [19]. Unless the defect has a
(2 − /−) level in the upper part of the band gap it cannot
be VZnH since all theoretical calculations predict that the
highest (−/0) level of VZnH is located in the lower part
of the band gap. Secondly, our data also reveal that illu-
mination with blue light results in reorientation of the O-H
bond from perpendicular to the parallel alignment relative
to the c axis. In the framework of the VZnH model this
would imply that hydrogen should break up the O-H bond
and move to the nearby oxygen atom. The energy budget of
this jump, however, is expected to be too high to take place at
10 K. For comparison, activation energy of hydrogen motion
within the VZnH2 complex is about 0.96 eV [33]. Finally, all
theoretical calculations performed for the VZnHn complexes
so far did not find a vibrational mode with a frequency as high

FIG. 6. Schematics in the (112̄0) plane of the hydrogen sites near
a Ca impurity. The black sites mark those considered theoretically in
Ref. [18].

as 3589 cm−1. Though we still do not rule out completely
the VZnH model of the XH defect, we admit that it cannot
satisfactorily account for all available experimental findings.

C. The CaH model

Secondary-ion mass spectroscopy and delayed gamma
neutron activation analysis revealed that Cermet ZnO contains
approximately 4 × 1016 cm−3 of Ca [17]. Since the 3326-
cm−1 line was found to be the strongest in this material, it
was suggested that Ca is the missing constituent of the XH
complex. First principles theory finds that substitutional Ca
at the Zn site with H bound to the nearby O with the O-H
bond aligned perpendicular to the c axis (site Ca-AB⊥ in
Fig. 6) could account for the stability and LVM frequency
of the XH complex [18]. Earlier, it was pointed out that
due to the isoelectronic nature of Ca with respect to Zn, the
CaH complex is expected to act as a shallow donor [15].
Our photoconductivity spectra presented in Fig. 5 clearly
reveal that XH must have a level above Ec − 0.3 eV, which
is consistent with the suggestion about the electrical activity
of CaH. In view of this finding as well as our results on
the secondary illumination it is worth revisiting the CaH
model.

The experimental observations presented in this work con-
clusively demonstrate that the XH complex possesses four
different states with distinctively different orientational prop-
erties: The A and B states contain O-H bonds aligned per-
pendicular to the c axis of the ZnO crystal, whereas the O-H
bonds of the other two states, C and D, are aligned parallel
to the c axis. Unexpectedly, such a transformation occurs
at 10 K. This leads us to the conclusion that independent
of the configuration, hydrogen remains bound to the same
oxygen atom. The CaH model seems to be consistent with
this suggestion. The red spots labeled Ca-AB∗

‖ and Ca-BC∗
‖ in
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FIG. 7. Configurational-coordinate energy diagram of the XH
complex.

Fig. 6 together with the ground state Ca-AB⊥ would be the
likely sites for hydrogen to occupy.

Figure 7 presents a tentative configuration-coordinate en-
ergy diagram of the XH complex. The ground A state corre-
sponds to the neutral charge state of the defect with hydrogen
positioned at the Ca-AB⊥ site. Illumination with the red light
transforms the A configuration into the positively charge state
B leaving orientation of the O-H bond unchanged. Subsequent
illumination with NIR light would transform the B state into
C corresponding to the Ca-BC∗

‖ site. Secondary illumination
with the blue light would transform the A state into C and
D, the latter being the Ca-AB∗

⊥ site. The reason why the
Ca-BC∗

‖ site is associated with the C state rather than with
Ca-AB∗

‖ is a frequency of its LVM of 3589 cm−1. Theory finds
that hydrogen located at the bond-centered sites of ZnO has
LVMs with significantly higher frequencies compared to the
antibonding positions [3].

The thermal stability of XH presented in Fig. 4 let us
estimate energy barriers separating the C and D states from
B (ECB and EDB, respectively). Transition temperatures of
48 and 160 K suggests that they are ECB ≈ 0.15 and EDB ≈
0.45 eV. Earlier it was established that the back B → A
transition is also thermally activated with the time constant
of τ = τ0 exp(EBA/kT ) with τ0 ≈ 3.4 × 10−15 s and EBA =
220 meV [15]. Since ECB < EBA < EDB this explains why
the back D → B transition was never observed, whereas the
C → B one is easily detected (see Fig. 4).

The position of the donor (0/+) level of XH can be
estimated independently from the temperature dependence of
the LVM intensity of XHA. Since the integrated intensity of an
IR absorption line depends on temperature as coth(h̄ω/2kT )
[37], temperature should have no effect on the intensity on
any LVM from 10 to 300 K. This implies that the intensity
of the 3326-cm−1 line as a function of temperature will
directly reveal the amount of XH in the neutral charge state.
At room temperature (RT) the 3326-cm−1 mode is shifted

to a frequency of ∼3336 cm−1 [38]. It turned out that in
our samples the LVM intensity of the A configuration at RT
is half as strong compared to the low temperature value.
An exact determination of the Ec − EXH level is, however,
hardly possible since there are too many unknown param-
eters affecting the outcome of the fit, e.g., concentrations
of XH, amount and type of other donors (assuming that XH is
a donor), concentration of compensating acceptors, etc. Still,
the fact that only half of XH becomes ionized at RT implies
that the defect cannot be a standard shallow donor.

This is not the only flaw in the CaH model. Since the A and
B configurations represent different charge states of the same
defect, the energy difference between the two configurations
should match the position of the Ec − EXH level in the band
gap of ZnO, i.e., EB − EA < 0.3 eV. This is about an order
of magnitude less than the energy quantum of light employed
for the secondary illumination. We find it puzzling, because no
effects due to the secondary illumination were found for the
LVM of interstitial hydrogen HBC acting as a shallow donor in
ZnO.

To verify whether Ca is involved into the XH defect
formation we undertook an attempt to introduce Ca ions into a
vapor-phase grown sample of ZnO [39] which does not reveal
the 3326-cm−1 line upon hydrogenation. The sample was
boiled in a water solution of calcium hydroxide to cover its
surface with a thin layer of Ca(OH)2. Subsequently the sample
was annealed for 1 hour at 725 °C in a sealed quartz ampule
filled with a mixture of hydrogen and deuterium. The only
new absorption lines appearing after this treatment were those
of bond-centered hydrogen and deuterium, and a pronounced
broad peak centered at 3650 cm−1, which we attribute to
the A2u fundamental OH stretching mode of Ca(OH)2 [40].
The deviation from the reported value (3644 cm−1) is possibly
due to lattice mismatch with that of bulk calcium hydroxide
or the lower temperature of our measurement. The obtained
results imply that calcium hydroxide neither decomposes nor
diffuses into the ZnO crystals at the applied temperature. Thus
the issue of calcium involvement into formation of the XH
defect remains unresolved.

Finally, we note that it is possible that additional configu-
rations of XH might have escaped observation in the present
study. This particularly applies to possible configurations of
XH which have either low configurational transformation
rates or LVM’s with low absorption strength and, thus, easily
result in a failure to detect LVMs due to low signal-to-noise
ratio. EPR measurements on the XH complex as well as
further theoretical calculations are called for to unveil the
nature of the XH defect.

V. SUMMARY

The hydrogen defect in ZnO with a local vibrational mode
at 3326 cm−1 is studied by a combination of illumination-
sensitive infrared absorption and photocurrent spectroscopy.
It is shown that the defect possesses at least four different
charge configurations. Two of these, the ground state with
the 3326-cm−1 mode and the previously observed metastable
state with a LVM at 3358 cm−1, have an azimuthal oriented
O-H bond configuration. Conversion to and reconversion from
the metastable state is achieved by illumination with red light
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(h̄ω ≈ 2 eV) and annealing at about 70 K, respectively. Two
further previously unreported metastable states with axial ori-
ented O-H bonds and LVMs at 3589 and ∼3174 cm−1 appear
upon photoexcitation with h̄ω � 2.7 eV. Back conversion to
the azimuthal defect configuration occurs upon annealing at
about 40 and 160 K, respectively.
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