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Identification of two hydrogen donors in ZnO
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A combined study of Raman scattering, IR absorption, photoluminescence, and photoconductivity was
performed in ZnO. Two shallow donors—hydrogen at the bond-centered lattice site, Hgc, and hydrogen bound
in an oxygen vacancy, Ho—were identified. Donor Hg has an ionization energy of 53 meV. The recombina-
tion of an exciton bound to Hpc gives rise to the 3360.1 =0.2 meV photoluminescence line. A 15— 2p donor
transition at 330 ¢cm™! is detected in the Raman scattering and photoconductivity spectra. The stretch mode of
the associated O-H bond is detected in IR absorption at 3611 cm™! with an effective charge of (0.28 + 0.03)e.
The concentration of Hg was determined from the frequency shift of the E£,(LO) phonon-plasmon mode at
591 cm™'. The Hg donor in ZnO [A. Janotti and C. G. Van de Walle, Nat. Mater. 6, 44 (2007)] has an
ionization energy of 47 meV. The excitonic recombination at Hp leads to the previously labeled I, line at

3362.8 meV. Photoconductivity spectra reveal the 1s— 2p donor transition at 265 cm
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I. INTRODUCTION

In the 1950s, Mollwo! and Thomas and Lander? detected
n-type conductivity after introducing hydrogen into ZnO at
elevated temperatures. Since then, the influence of hydrogen
on doping and defect passivation in ZnO is an object of
active research.

Three types of hydrogen-related defects are discussed in
the literature. These are (i) hydrogen-related donors, (ii)
acceptor-hydrogen complexes, and (iii) hydrogen molecules
H,. The latter is suggested to be the main reservoir for the
so-called “hidden” hydrogen in ZnO, which is not detected
by IR spectroscopy but could be converted into a shallow
donor in the course of sample processing.? No direct experi-
mental evidences for the existence of H, have been presented
so far.

Contrary to H,, the detailed spectroscopic features of
many acceptor-hydrogen complexes were studied and con-
tributed to our understanding of the microscopic structure of
these complexes.*"'* Hydrogen donors are the topic of the
current study. In particular, the properties of the most funda-
mental species, isolated bond-centered hydrogen, Hgc, are
discussed.

First-principles investigations carried out by Van de Walle
and co-worker'"1? revealed that isolated hydrogen and hy-
drogen trapped within the O vacancy, Hg, act as shallow
donors in ZnO, and might be responsible for the natural
n-type conductivity of this material.

Several experimental studies including muon spin
rotation,'3!# electron paramagnetic resonance,'® photolumi-
nescence (PL),!® IR absorption,>'” Hall-effect measure-
ments,'® and photoconductivity!® demonstrated the existence
of several hydrogen induced shallow donor states in ZnO.

Previous IR absorption studies revealed two possible hy-
drogen donors. The one labeled H-I was tentatively identified
as a hydrogen bond-centered along the ¢ axis.> At 10 K the
defect results in the absorption line at 3611 cm™' originating
from the stretch local vibrational mode (LVM) of the O-H
bond. The second donor was assigned to hydrogen located
perpendicular to the ¢ axis at the antibonding site of the ZnO
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lattice, Hpp.!” Its LVM frequency at 10 K was found to be
3326 cm~'. The identification of the shallow donors was,
however, tentative.

Recent experiments on hydrogen motion in ZnO as well
as first-principles calculations rule out Hyg as a model for
the 3326 cm™' line.?%?! Instead, a negatively charged Zn va-
cancy passivated by a single hydrogen atom, V,,H~,%° or a
calcium-hydrogen complex was suggested.?! In addition, ex-
periments and theoretical studies have shown that isolated
hydrogen is not stable at room temperature (RT) and thus,
cannot account for the native n-type conductivity of
Zn0.22—24

In PL studies a line at 3362.8 meV labeled 1, was detected
and identified as a recombination of an exciton bound to a
hydrogen donor.!®? This signal anneals out at around
500 °C. Based on the thermal stability the donor was tenta-
tively identified with Hp.'? No additional experimental evi-
dence have been presented in support of this assignment.

In this paper the results of a combined Raman scattering,
IR absorption, photoluminescence, and photoconductivity
study on two hydrogen shallow donors in ZnO are presented.
We identify Hpc as the dominant shallow donor which ap-
pears immediately after hydrogenation. In addition, the spec-
troscopic features of Hy are studied in detail.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

The ZnO crystals used in this work were hexagonal
prisms with a diameter of about 2 mm and a length of
~20 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 Er-
langen (Germany).2%-?

Hydrogen and/or deuterium was introduced into the
samples from a remote dc plasma or via annealing in a sealed
quartz ampoule. In the case of the dc plasma, the exposure
time was 1 h. The sample temperature during the treatment
was held at 350 °C. A detailed description of our plasma
system is given elsewhere.’
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The plasma treatment results in a strongly nonuniform
concentration profile with more hydrogen located in the near
surface layer of the sample. This, however, was not suitable
for our Raman measurements, where the 532 nm laser line
probes the bulk of ZnO samples. A uniform distribution of
hydrogen was achieved by thermal treatments in sealed
quartz ampoules filled with hydrogen and/or deuterium gas
(pressure of 0.5 bar at room temperature). The thermal treat-
ments were performed in the temperature range of
695-765 °C for 1 h and were terminated by quenching to
room temperature in water.

The thermal stability of hydrogen donors was determined
from a series of isochronal treatments (anneals) at tempera-
tures from 50 to 290 °C. Each anneal had a duration of 30
min and was carried out in an argon atmosphere. Spectra
were recorded after each temperature step.

Uniaxial stress was applied to a sample which was cut
with the dimensions of 3.8 X 1.9 X 1.1 mm?>, and with axes

parallel to [1010], [1210], and ¢, respectively. The stress was

applied parallel to [1010].

Etching of the ZnO samples at RT in orthophosphoric acid
allows determining of the spatial distribution of hydrogen
donors. Samples with a typical length of 1 cm were gradually
immersed into the acid with constant speed. The resulting
width of the sample was changed linearly with height: with
the maximum (d,,,,) and minimum thickness (d,,) on the
top and the bottom of the sample, respectively. The differ-
ence in width A=d,,,,—d,,;, Was in the range of 2-30 um.
Photoluminescence spectra were recorded with the excitation
laser spot focused at different heights of the sample. The spot
size was less than 50 um.

B. Raman scattering

Raman measurements were performed in a 90° geometry
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 charge-coupled
device detector array. Spectral resolution was 5 cm™'. The
measurements were performed with the sample mounted in a
cold finger cryostat using liquid helium for cooling. The tem-
perature of the bulk sample was varied by an electrical
heater. The actual temperature (7,.) within the laser excita-
tion volume was determined from the Stokes to anti-Stokes
ratio of the optical phonons of ZnO. It was possible to deter-
mine correctly temperatures down to approximately 60 K.
For lower temperatures the anti-Stokes intensity was too low
to be detected within a reasonable measurement time. For T
below 60 K, the temperature was obtained by extrapolation
of the experimental dependence of Ty VS Tyt

The scattering geometry is defined with respect to the ¢
axis of the ZnO sample. The x, y, and z axes are parallel to

the crystallographic orientations [1010], [1210], and ¢, re-
spectively. In the notation a(b,c)d, a(d) refers to the propa-
gation 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 scattered
light is measured without polarizer.
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C. IR absorption

The infrared-absorption spectra were recorded with a
BOMEM DA3.01 Fourier transform spectrometer equipped
with a globar light source, a KBr beam splitter, and a liquid-
nitrogen-cooled InSb detector. The spectral resolution was
0.25-0.5 cm™'. Uniaxial stress was applied to the samples
in a home-built stress rig mounted in a He exchange-gas
cryostat equipped with ZnSe windows. The stress was sup-
plied by a pneumatic cylinder and transferred via a push rod
to the sample. The measurements were performed at 6 K.
Polarized light was produced by a wire-grid polarizer with a
KRS-5 substrate. More details about Fourier transform infra-
red setup, and the uniaxial stress rig can be found
elsewhere.?8

D. Photoluminescence

For PL measurements the samples were immersed in lig-
uid He (4.2 K) and excited by the 325 nm line of a HeCd
laser with a typical excitation power of 2 mW. The emitted
light was dispersed by a f=1 m single grating monochro-
mator equipped with a 1200 rules/mm grating and detected
by Peltier-cooled photomultiplier (RCA C31034). The spec-
tral resolution was 0.025 nm. The monochromator was cali-
brated against the lines of a Hg lamp. Spectra were converted
from wavelength to energy units taking into account the re-
fractive index of air.?

E. Photoconductivity

For photoconductivity measurements the ZnO samples
were first etched with orthophosphoric acid for 1 min at
room temperature. This procedure thins each side of the
sample by 0.6 0.1 um. Ohmic contacts with an area of 2
X2 mm? were generated by scratching a mixture of an
In-Ga alloy onto the sample surface. The contacts were ap-
proximately 1 cm apart and were located on the illuminated
face of the sample.

Photoconductivity spectra were recorded with a BOMEM
DA3.01 Fourier transform spectrometer equipped with a glo-
bar light source, and a mylar (3.5 wum thick) beam splitter.
With this configuration, the frequency range from 100 to
600 cm™' could be covered. The spectral resolution was
3 cm™L

The samples were positioned in an exchange-gas cryostat
equipped with polypropylene windows. The temperature was
stabilized within 0.1 K in the range of 9-30 K. A platinum
resistor was used as a thermometer. Polarized light was pro-
duced by putting a wire-grid polarizer with a KRS-5 sub-
strate in front of the cryostat.

III. RESULTS
A. Raman scattering
1. General properties

The Raman spectra measured at 7=20 K in the
x(z,—)y geometry are shown in Fig. 1. Before hydrogen
treatment [spectrum (a)], the well-known lattice phonon lines
are observed. The E;(LO) phonon is of particular interest for
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FIG. 1. Sections of Raman spectra obtained on a ZnO sample at
T=20 K in the x(z,-)y geometry: (a) virgin sample, (b) directly
after thermal treatment in the H, gas at 725 °C, and (c) the same
procedure after replacement of H, with D,.

the current study. The corresponding Raman transition in the
virgin sample at helium temperatures is detected at
591 cm™'.30

After treatment of the ZnO sample in H, gas at 725 °C,
two additional features with frequencies at 330 and
3611 cm™' appear in the Raman spectra [spectrum (b) of
Fig. 1]. The 3611 cm™' line has been previously observed in
IR absorption spectra directly after hydrogen incorporation.’
This line is a stretch local vibrational mode of an O-H bond.
The defect labeled H-I was tentatively assigned to Hgc. To
the best of our knowledge the Raman line at 330 cm™' has
not been reported in the literature.

Spectra of a ZnO sample treated in D, gas at 725 °C were
also recorded. These are shown as spectrum (c) of Fig. 1.
The LVM of the H-I defect shifts downward in frequency by
around \2 to the value of 2668 cm™!. Note that, to distin-
guish between hydrogen and deuterium, we label the latter
D-I.

Contrary to the stretch mode of H-I, the position of the
330 cm™! signal remains unchanged. Insight into the nature
of the 330 cm™! line is obtained from the polarization sen-
sitive Raman spectra presented in Fig. 2. The 330 ¢cm™! sig-
nal has the strongest intensity in the x(z,z)y geometry. Note
that the nonzero intensity of the 330 c¢cm™' line obtained in
other geometries comes mainly from the nonperfect mount-
ing of the sample in the cryostat and the nonideality of the
polarizer.

The polarization of the 330 cm™' line implies that the
Raman tensor of the corresponding transition is diagonal.
Point defects in ZnO show localized modes which belong
either to the A; or E irreducible representation of the Cjy,
point group. Therefore, only the A; mode fulfills the required
diagonality.

Hydrogen has also a strong influence on the E;(LO) pho-
non mode of ZnO at 591 cm™' (see Fig. 3). The solid line in
Fig. 3 shows the spectrum recorded in the x(z,x)y geometry
at T=20 K from a virgin ZnO sample. The E,(LO) phonon
mode is asymmetric with more intensity located on the low-
frequency side of the line.
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FIG. 2. Polarization sensitive Raman spectra obtained on a ZnO
sample treated in H, gas at 725 °C. T=20 K.

The dashed line in Fig. 3 represents the spectrum obtained
on the same sample after thermal treatment in the H, gas for
1 h at 725 °C. Obviously, both the intensity of the line and
the shape changes: the line becomes weaker and more sym-
metric. A detailed study of the asymmetric line shape will be
presented in the next subsection.

We interpret the effect of hydrogen on the asymmetry
with Fano resonance’! between the E,(LO) phonon and the
continuum of the electronic states in the conduction band.
Incorporation of hydrogen enhances the n-type conductivity
by the formation of shallow donors. The ionization energies
of shallow donors in ZnO are below 73 meV (591 cm™'),
which implies that the main condition for the existence of a
Fano resonance is fulfilled. Such a behavior is well known in
many semiconductors®? but to the best of our knowledge has
not been reported in ZnO so far. The 330 cm™' mode corre-
sponds to a typical 1s—2s or 1s—2p.(2p,,) transitions of
shallow donors in ZnO.!® The 15— 2p,, transition is the E
mode and, therefore, should be ruled out since this assign-

Ei(LO)
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560 600
Raman shift (cm™1)

FIG. 3. Raman spectra obtained on a ZnO sample in the x(z,x)y
geometry at 7=20 K. Solid line—before hydrogenation. Dashed
line—recorded directly after treatment in the H, gas at 725 °C.
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ment contradicts the polarized Raman data presented in Fig.
2.

From theory, the splitting between the 2s and 2p_ states
depends on the ionization energy of the donor, and is around
20 cm™'.1% In principle, both 2s and 2p, states could be de-
tected in Raman scattering.3® The substantial linewidth [full
width at half maximum (FWHM)~30 cm™'], however, pre-
vents us from a definitive assignment of the 330 cm™' line.
Later we will show that our data are more in favor of the 2p,
state.

In the following sections, we will give strong evidence
that the 330 cm™' electronic transition, the 3611 cm™' (H-I)
vibrational mode, and the donor ionization energy of 53 meV
all belong to the Hgc donor in ZnO.

2. Thermal stability of Hgc

The thermal stability of the Hgc donor is studied by iso-
chronal annealing. Figure 4 represents normalized intensities
of the 330 cm™! line as a function of the annealing tempera-
ture. The three panels in the figure show the results obtained
on the ZnO samples treated in the H, (top), D, (mid), and
H,+D, (bottom) gas at 725 °C for 1 h. In addition, the nor-
malized intensities of the local vibrational modes of the H-I
(3611 cm™) and D-I (2668 cm™!) defects are presented.

The temperature dependences of the 330 and 3611 cm™!
lines are almost identical. In the case of hydrogen, the sig-
nals remain constant up to 110 °C and anneal out at 190 °C.
Note that this finding is consistent with the previous IR ab-
sorption studies on the 3611 c¢cm™' line.?? The identical ther-
mal behavior of the H-I defect and the 330 cm™ line is a
strong evidence that the two signals have the same origin.

The annealing data obtained from a ZnO sample treated
with deuterium indicate a somewhat higher stability for D-I:
the stretch mode at 2668 ¢cm™' and the 330 cm™! line retain
constant intensity up to 150 °C, and anneal out at about
230 °C.

The different thermal stabilities of H-I and D-I are an
important result. The data presented in the top and the mid
panels of Fig. 4, however, were obtained on different
samples. To exclude the possibility of some secondary ef-
fects, not related to the nature of H-I, annealing experiments
on a ZnO sample treated in a mixture of H, and D, were
performed. The results are presented in the bottom panel of
Fig. 4. Under these conditions D-I remains more stable as
compared to H-I. What is also important, the intensity of the
330 cm™! line follows neither of the other two curves but is
positioned approximately in between. The finding gives ad-
ditional support for the electronic nature of the 330 cm™!
line.

Summarizing the results, we propose that the different
thermal stability of H-I (Hgc) and D-I (Dge) comes from
different diffusion rates of the two isotope species. A transi-
tion of Hyc into another configuration, i.e., Hpp, should be
ruled out since, according to theory, bond-centered hydrogen
aligned along the ¢ axis is the ground state of isolated hy-
drogen in ZnO.!-* In addition, no local mode appearing at
the expense of the 3611 cm™! line is observed in the IR
spectra.
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FIG. 4. Normalized intensities of the 330 cm™! line and the
local vibrational modes of the H-I (3611 cm™') and D-I
(2668 ¢cm™!) defect as a function of annealing temperature. The
hydrogenation was performed via thermal treatment at 725 °C in
H, (top), D, (mid), and a mixture of Hy+D, (bottom) gases in the
ratio 1:1. The solid lines are a guide to the eye.

In our model, H-I (Hpe) anneals out via diffusion and a
subsequent trapping at some other defect. Provided Hpc is
dominant, the formation of a dihydrogen complex, i.e., a
hydrogen molecule, H,, seems to be plausible.® Indirect in-
dication to this possibility follows from the higher thermal
stability of D-I in the ZnO sample treated in D, as compared
to the mixture of H, and D, (see Fig. 4). Formation of the
HD molecule is a natural explanation for this behavior in the
framework of our model.

Hydrogen motion in ZnO was recently investigated by the
stress-induced dichroism.!®?%3 In particular, it was estab-
lished that the activation energy of the hydrogen motion in
copper-hydrogen complexes is thermally activated with an
activation barrier for deuterium being somewhat higher than
that of hydrogen. Such a behavior is known from other ma-
terials already. Usually, it is explained by the difference in
the zero-point energy of the X-H and X-D species.’® Here, X
denotes the host atom.
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FIG. 5. Asymmetry of the E,(LO) phonon line at 591 cm™! in
ZnO measured at 7=20 K in the x(z,x)y geometry. The samples
were treated in H,, D,, or Hy+D, at 725 °C. The solid lines are a
guide to the eye.

In the case of the copper-dihydrogen complex (CuH,) the
onset of hydrogen motion around Cu atom occurs at 87 K,
compared to 116 K for deuterium.'” This difference in tem-
perature corresponds to a difference in the activation energy
of about 0.1 eV.

Our model is consistent with the previous assignment of
H-1 to bond-centered hydrogen.’ Indeed, Hyc is a shallow
donor in ZnO,!! and therefore the electronic transition at
330 cm™! and the H-I stretch mode should exhibit an iden-
tical annealing behavior. Moreover, we expect a direct cor-
relation of the E,(LO) phonon line shape with the Hg con-
centration.

In order to describe quantitatively the influence of the
annealing temperature on the line shape of the E;(LO) pho-
non, we introduce the asymmetry A=(w,—wy)/(wy—w_) of
the line. Here, w, is the frequency at maximum intensity,
whereas w, and w_ are the frequencies obtained at half maxi-
mum on the high- and low-frequency sides of w,, respec-
tively.

Figure 5 shows the asymmetry of the E;(LO) phonon
mode at 591 cm™! obtained on the same set of ZnO samples
as those presented in Fig. 4. The comparison of the figures
suggests a very similar annealing behavior of the 330 cm™!
line and asymmetry of the E;(LO) phonon mode.

This result is consistent with our suggestion that the
change in the line form of the E;(LO) phonon signal is due
to the Fano resonance resulting from the continuum of the
electronic states in the conduction band of shallow donors
formed via hydrogenation. Moreover, the correlation be-
tween the stretch mode of H-I, electronic transition at
330 cm™!, and the asymmetry of the E,(LO) phonon sug-
gests that the dominating donor is the bond-centered hydro-
gen.

If the 330 cm™' line is the 1s—2p, transition we can
estimate the ionization energy (E,) of Hgc. With the param-
eters presented in Ref. 16 we obtain E;~53 meV, which is
very close to the ionization energy of the effective-mass shal-
low donor in ZnO at 50.15 meV.!®

3. Concentration of Hyc

In polar semiconductors the Coulomb interaction between
the infrared-active lattice vibrations and the free carriers
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FIG. 6. Raman spectra of the E,(LO) phonon measured at 340
K in the x(z,—)y geometry on a virgin ZnO sample and the same
sample after treatment in H, at 725 °C.

leads to a coupling of the LO optical phonons and the plas-
mon vibrations.>> The resulting phonon-plasmon modes
show a distinct frequency shift compared to the uncoupled
excitations. We use changes in the line shape to estimate the
concentration of Hgc.

Figure 6 shows Raman spectra of the E,(LO) phonon
mode at a sample temperature of 340 K before and after
hydrogenation. As expected, the hydrogenation results in a
frequency shift Aw and a broadening of the Raman line.
From the data presented in the figure we obtain Aw
=4 cm™L,

In the limit of small Aw, the frequency shift is a linear
function of free-carrier concentration n (Ref. 37)

2
Ao~ —2
2(.0L0 €

€)— €y

(1)

Here, w,=\4me’n/e.m* is the plasma frequency, m*
=0.27m, the effective mass of the electron, e the elementary
charge, and €,=4 and ;=8 are the high-frequency and the
static dielectric constants, respectively.’® Note that for the
sake of simplicity we assume that €, and €, are isotropic.
The plasmon damping is also disregarded.

Substituting the value of Aw=4 cm™! into Eq. (1), we
obtain at 340 K a concentration of free carriers of around
10'7 cm™. This concentration corresponds directly to the
amount of electrically active shallow donors.

In Fig. 7 the free-carrier concentration determined from
Aw is plotted against the sample temperature. The solid line
is calculated for one shallow donor ionization energy.

The density of the states in the conduction band at RT was
assumed to be N,=4 X 10'"® c¢m™.3° The best agreement with
the experimental data is obtained for a donor ionization en-
ergy of E;=52*2 meV and the concentration of N,
=(1.5+0.2) X 10'7 c¢m™. The value of E, agrees quite well
with the one obtained from the frequency of the electronic

transition at 330 cm™!.

165210-5



LAVROV, HERKLOTZ, AND WEBER

L Ng=15x107 ecm™®

L Ed = 52 meV

3

-
X
o

o

>

Concentration (cm~3)
o
it
o

1 n 1 n
100 200 300
Temperature (K)
FIG. 7. Free carrier concentration in a ZnO sample obtained
from the E{(LO) phonon frequency as a function of temperature.

Solid line—fit assuming that the main donor has an ionization en-
ergy of E;=52 meV and concentration of 1.5X 10'7 cm™,

Note that our value of N, is about a factor of 1.5 less than
the one obtained from free-carrier absorption experiments.??
In the referenced work, ZnO samples received a hydrogen
treatment very similar to ours. Earlier studies of the phonon-
plasmon coupling in ZnO have already established that the
free-carrier concentration determined from the frequency
shift of the E,(LO) phonon is somewhat underestimated as
compared to the one determined from the electrical
measurements.’” The difference decreases with increasing
concentration. For the concentration of N,=1.5%X10'7 cm™
in our samples, the discrepancy is within 30%. Despite the
differences in the donor concentration we find no change in
the value of E, if we scale up n(T) by a factor of 1.3.

The passivation of compensating acceptors could also
contribute to an E,(LO) phonon shift. This situation is ob-
served, for example, in hydrothermally grown ZnO where
introduction of hydrogen results in formation of the neutral
Li...H-O complex rather than Hg.8%° In this case, however,
the corresponding shallow donors give rise to 1s—2s(2p,)
transitions with frequencies distinctly different from the
330 cm™! line.*! We rule out a pronounced acceptor passi-
vation in our samples and attribute the phonon shift only to
the generation of shallow Hgc donors.

B. IR absorption

1. Calibration of the 3611 cm™ mode

Previously, the concentration of hydrogen defects was ob-
tained qualitatively from the absorption of different stretch
LVMs.>!7 In IR absorption, the concentration of absorbing
species is usually calculated from the intensity of the local
mode and the corresponding effective charge e*.*?> Our Ra-
man data presented in the previous section give us the con-
centration of Hp- and allow directly a calibration of the
stretch mode at 3611 cm™'. For a concentration of N,
=N,=1.5%10" cm™ we determine the value of e*. If a
denotes the absorption coefficient of the local mode, the ef-
fective charge can be estimated from*

#2
e “Nagiy
— (2)
ne-mo-H

AEJ(J{((r)a’a'=

where n is the refractive index, ¢ the velocity of light, uo_y
the reduced mass of the O-H bond, and o=\""! the wave
number.
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A value of A=3.6 cm™? was determined for the sample
from Fig. 7. We obtain ¢*=(0.28 +£0.03)e¢ with an error due
to the uncertainty in N34;;. For practical purpose Eq. (2) is
rewritten to allow a direct determination of the Hgc concen-
tration,

N3gii = (4.6 = 0.4) X 10'° cm“j a(o)do. (3)

Equal concentrations of absorbing species give according
to Eq. (2) an absorption coefficient which is inversely pro-
portional to the effective mass u. We checked this depen-
dence by treating a ZnO sample in D, gas. From the Raman
shift on E;(LO) and the position of the 330 cm™ line, we
established that the concentration of shallow donors and their
ionization energy are equal in the H, and D, treated samples.
In accordance with Eq. (2) the absorption coefficient mea-
sured on the 2668 cm™! line of D-I dropped by a factor of
1.6, which is in reasonably good agreement with the ex-
pected ratio of ug.p/pmop=1.9.

2. Shift of the 3611 ecm™! mode in an uniaxial stress field

The local vibrational mode of Hyc was predicted to shift
upward in frequency by 4—5 cm™'/GPa under hydrostatic
compression.*** In our study, we derive the hydrostatic shift
from the splitting of the Hgc mode under uniaxial stress.

In linear approximation, the frequency of a nondegenerate
LVM shifts with stress oy, as

Aw= D Ayoy. (4)
ik

For hydrostatic pressure o=y and Eq. (4) becomes
Aw=0Tr(A). (5)

Thus, the hydrostatic shift of LVM is given by the trace of
Aji. The trace of a second-ranked tensor does not depend on
the coordinate system. Tr(A) can therefore be determined
from the uniaxial stress experiments provided the stress pat-
tern is known for three orthogonal directions.

Local vibrational modes of several hydrogen-related de-
fects were recently studied under uniaxial stress and hydro-
static compression.”?34¢ None of the defects investigated re-
vealed the proposed hydrostatic shift of LVM upward in
frequency. The influence of uniaxial stress parallel to the ¢
axis on the 3611 cm™' line was also investigated
previously.*® It was found that this mode does not shift with
the stress (A;=0 cm~!/GPa). No experiments for stress ap-
plied perpendicular to ¢ were carried out and the hydrostatic
shift could not be determined. In the present study we per-

form uniaxial stress experiments for F I[1010]. The results
are presented in Fig. 8.

For FI[1010], the 3611 cm™' mode shifts upward in fre-
quency with stress. The data in figure are fitted by A
=1 cm™!/GPa. For trigonal symmetry the hydrostatic pres-
sure shift is given by Tr(A)=A;+2A =2 cm™'/GPa. The
factor of two stands for two orthogonal directions perpen-
dicular to c. The result is roughly half the value of the the-
oretical prediction*** but is in qualitative agreement with
the identification of Hyc as the H-I center.
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FIG. 8. IR absorption spectra and frequency shift of the
3611 cm™' mode of the H-I defect obtained at T=10 K under

uniaxial stress F[[1010]. klI[1210].

C. Photoluminescence
1. Identification of an excitonic recombination at Hgc

First, we consider the PL results obtained on the ZnO
samples hydrogenated from plasma. Previously, it has been
shown that this method results in the formation of H-1.> The
plasma treatment generates a strongly nonuniform hydrogen
profile with most of the hydrogen located at the sample sur-
face. The laser only excites the surface-near regions and
therefore the PL spectra are not disturbed by the low hydro-
gen bulk concentrations. The hydrogenation from plasma is
performed at substantially lower temperatures in comparison
with the thermal treatment in the H, gas. This results in
much less surface damage and reduces the generation of non-
radiative recombination centers.

Figure 9 shows the PL spectra of a ZnO sample taken at
4.2 K in the no-phonon region of excitons bound to shallow
donors. The solid line in the figure is the spectrum recorded
from the virgin sample, whereas the dashed line represents
the spectrum taken after hydrogenation at 350 °C in a
plasma.

The dominant signals in the virgin ZnO sample are those
labeled D*X, Is, I, and Iy. The D*X features are assigned to
the excitons bound to ionized donors,'® which indicates that
some residual acceptors, most likely substitutional Li,*’ are
present in the virgin material. The /5 and I, lines are associ-
ated with excitons bound to the shallow donors due to sub-
stitutional Al and In, respectively.'® The nature of the I5 line
remains unknown. Introduction of hydrogen changes the PL
spectrum. The D*X features disappear implying that hydro-
gen passivates the residual acceptors. What is more impor-
tant, a new signal labeled Hpc at 3360.1 meV dominates the
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FIG. 9. Sections of PL spectra of a ZnO sample taken in the
bound exciton region at 4.2 K. Solid line—virgin material. Dashed
line—after hydrogenation in a dc plasma at 350 °C. The spectra are
normalized to the Iy line and are offset for clarity.

spectrum. Two features labeled Iz, (3360.4 meV) and I,
(3360.0 meV) could, in principle, be associated with Hgc.'®
However, usually line positions in ZnO are strongly affected
by sample conditions. A difference of around *=0.2 meV
was reported.'®? Therefore, an identification of PL lines
based solemnly on line positions is very speculative. A left-
side shoulder at the /4 line in the spectrum of the virgin ZnO
sample indicates that the I4,/I; lines are present already in
the PL spectra before hydrogenation and, thus, cannot be
assigned to hydrogen centers.

From our results reported in the previous sections, we
know that our hydrogenated sample contains concentrations
of the shallow hydrogen donor Hpc in the order of
10'7 cm™. The energy of the corresponding excitonic no-
phonon transition (EHBC) can be predicted on the basis of
“Haynes rule.”'®> From the donor energy of E,=53 meV
obtained in Sec. III A, we determine a line position at Eyy.
~3360.0 meV. The estimated energy for the exciton bound
to the shallow donor due to Hpc is in remarkable agreement
with the line position of the new PL at 3360.1 meV. Later on,
we will give additional support for the identification of the
PL line as due to Hgc donor. We will in the following label
the PL line as Hyc instead of using the /, nomenclature.

Figure 10 represents the two electron satellite (TES) sec-
tions of the same samples used in Fig. 9. A TES transition
occurs when, in the exciton recombination process, the donor
electron is excited from the ground state in a higher state.
The energy difference between the bound exciton line and
the TES line corresponds to the energy difference between
the excited and the ground states of the donor. The strongest
TES lines are excitations into the 2s and 2p states. Transi-
tions to higher excited states were not reported in ZnO.

Figure 10 shows a strong signal at 3319.3 meV in the
hydrogen plasma treated sample. This signal correlates with
the 3360.1 meV line. The energy difference between the two
signals 3360.1-3319.3=40.8 meV matches quite well the
330 cm™'=40.9 meV line of Hgc from the Raman spectra.

Additional support for Hgc as the origin of the 3360.1
meV line comes from the thermal behavior of the PL line.
The annealing data presented in Fig. 4 show a different ther-
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FIG. 10. Sections of the PL spectra of a ZnO sample taken in the
TES region of excitons bound to neutral donors. 7=4.2 K. Solid
line—virgin material. Dashed line—after hydrogenation from a dc
plasma at 350 °C. The spectra are normalized to the /g line.

mal stability for bond-centered hydrogen and deuterium. The
PL data should also reveal this difference between the two
isotopes.

Figure 11 shows the intensity of the 3360.1 meV line as a
function of the annealing temperature. The filled circles and
triangles stand for the results obtained on the samples treated
with hydrogen and deuterium, respectively. As expected, the
thermal stability of the 3360.1 meV line depends on the hy-
drogen isotope: the signal due to Hpc does not change up to
110 °C, whereas that of Dy retains constant intensity up to
150 °C. This behavior agrees quite well with the thermal
stability of Hp (Dgc) obtained from the Raman data.

At higher annealing temperatures the intensity of the
3360.1 meV line increases again. This behavior seems to
contradict the data presented in Fig. 4. We explain the
growth of the 3360.1 meV line at higher temperatures by a
local enhancement of the bond-centered hydrogen concentra-
tion. At elevated temperatures bond-centered hydrogen be-
comes mobile and diffuses from the bulk to the surface, thus
increasing the concentration close to the surface.

2. 1, donor

A no-phonon recombination of excitons bound to a hydro-
gen donor, the I, line, was reported at 3362.8 meV. The

Normalized intensity
N w

—

0 50 100 150 200 250
Temperature (°C)

FIG. 11. Intensity of the 3360.1 meV line as a function of the
annealing temperature. The samples were hydrogenated via thermal
treatment in the H, (@) or D, (A) gas at 725 °C. The signals are
normalized to the /g line. The solid lines in the figure are a guide to
the eye.
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FIG. 12. PL spectra of a ZnO sample taken in the bound exciton
region at 4.2 K. Solid line—virgin material. Dashed line—after
treatment at 725 °C in the H, gas for 1 h. The spectra are normal-
ized to the Iy line.

ionization energy of the corresponding shallow donor I, is 47
meV.'%? Theory proposes two hydrogen donors in ZnO:
bond-centered hydrogen, Hpc, and hydrogen trapped within
the oxygen vacancy, Hp.!"'?> Our results strongly indicate
that the latter donor is a reasonable model for /.

As shown in Fig. 9, the treatment of the samples in a
hydrogen plasma at 350 °C gives rise only to Hgc. In con-
trast, samples treated in H, gas at higher temperatures exhibit
the I, line. Results are presented in Fig. 12.

Two spectra are given in the figure: the one taken on a
virgin ZnO sample (solid line) and the one obtained directly
after thermal treatment in the H, gas at 725 °C for 1 h
(dashed line). Only thermal treatment at high temperatures in
H, gives rise to the I, line. The corresponding TES signal
due to the 2p excitation, shifted by 33.2 meV from the main
line at 3362.8 meV, was also detected.

We note a broadening of all PL lines in the H, gas an-
nealed samples. Apparently, the high-temperature treatment
damages the sample surface, and leads to defects and strain
close to the surface. The plasma treatment at moderate
350 °C generates sharp PL lines, indicating a damage free
introduction of hydrogen into the sample. In Fig. 12 the in-
tensities of I, and Hy are approximately equal. On the other
hand, the 1s—2p excitation of the I, donors at 265 cm™!
(see Ref. 16) could not be detected in our Raman spectra
from this sample (see Sec. IIT A).

3. Hyc versus 1,4

A ZnO sample was treated in H, gas at 745 °C for 1 h.
Subsequently, the sample was etched in orthophosphoric acid
to generate a wedge (see Sec. II). The PL spectra were re-
corded at different heights of the sample, which corresponds
to different depths below the original surface. Figure 13 plots
the normalized PL intensities of Hgc and 7, donors vs sample
depth.

The profiling experiments were performed for several
samples treated at temperatures from 695 to 765 °C. In all
cases we found that the concentrations of /, and that of Hyc
anticorrelate: the majority of the /, donors is located at the
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FIG. 13. Intensity profiles of the PL lines due to Hpc and I,
taken at 4.2 K as a function of ZnO sample depth. The sample was
treated in H, at 745 °C for 1 h. The intensities are normalized to /.
The lines are fits to the data (see text).

sample surface and decreases exponentially with the sample
depth, whereas the bond-centered hydrogen has a minimum
concentration at the sample surface and a constant concen-
tration in the bulk of the sample. The solid line in Fig. 13
corresponds to an exponential profile for / ,4ocexp(— vx). The
dashed line for the Hp concentration assumes a complemen-
tary dependence IHBCOCA—exp(—yx). The penetration depth
¥ '=2 um is the best fit to the data.

The inhomogeneous donor concentrations explain the
missing Raman signal of the I, donor in the samples treated
in H, gas. Our Raman measurements probe the bulk rather
than the surface of the ZnO samples. The anticorrelation be-
tween Hgc and /4 is an important result which implies that
the formation of the I, donor occurs at the expense of the
bond-centered hydrogen.

Annealing of ZnO in oxygen-poor ambient at elevated
temperatures leads to a preferential loss of oxygen atoms.
Close to the surface the excess of Zn leads to a nonstoichio-
metric composition.*® The oxygen vacancy, V, is a low en-
ergy defect and should be easily formed at elevated tempera-
tures in high concentrations.*® This implies that the dominant
defect resulting from the high-temperature treatment of ZnO
in the oxygen-poor ambient is V.

In n-type ZnO the oxygen vacancy would be neutral and
electrically inactive but the incorporation of hydrogen turns
the vacancy into a shallow donor. The calculated binding
energy of Hq with respect to Hg and V; was found to be 0.8
eV,!! which is consistent with the thermal stability of I,.

The absence of I, in the PL spectra after hydrogenation
from plasma is explained by the low treatment temperature:
there is no Vg available to form Hg at 350 °C. On the other
hand, the formation of V is consistent with the concentra-
tion profiles of I, and Hpc shown in Fig. 13. The maximum
excess of Zn is expected at the sample surface.

The identification of I, was supported by an experiment
where first a virgin ZnO sample was annealed in vacuum at
725 °C for 1 h. The PL spectrum taken after this treatment is
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FIG. 14. PL spectra of a ZnO sample taken in the bound exciton
region at 4.2 K. Solid line—after anneal in vacuum at 725 °C for 1
h. Dashed line—after subsequent hydrogenation from plasma at
350 °C. The spectra are normalized to the /g line.

shown by the solid line in Fig. 14. Obviously, the vacuum
anneal does not result in formation of any hydrogen donor
but generates V in high concentrations. Subsequently, the
ZnO sample was treated in a hydrogen plasma at 350 °C.
Now the PL signals of I, and Hgc are detected in approxi-
mately equal intensities (dashed line of Fig. 14). A low-
temperature plasma treatment without a preanneal at high
temperatures gives no PL from 1, (see Fig. 9).

Obviously, both hydrogen and the thermal treatment in
the oxygen-poor ambient are necessary to form /4. This result
strongly supports our model of /, as a hydrogen bound to the
oxygen vacancy, Hq.

The local mode of Hg is expected to be much lower in
frequency compared to Hge at 3611 cm™!. Theory finds a
value around 760 cm~'.!? It follows from here that IR ab-
sorption of LVM of Hg is almost impossible to detect be-
cause of the extremely strong absorption of ZnO in the cor-
responding spectroscopic region.!® Raman scattering could
be another means to detect the local mode. However, all Hq
is located at the sample surface (see Fig. 13) and escapes
detection in our Raman studies. An additional Raman inves-
tigation on ZnO samples with homogeneous concentration
profiles of Hg is needed to detect the local vibrational mode
of the defect.

D. Photoconductivity

The shallow hydrogen donors are studied by photothermal
ionization spectroscopy (PTIS). Light excites an electron
from the ground to one of the excited states of a donor and
additional phonon absorption leads to an ionization of the
donor.*>? PTIS is an extremely sensitive photoconductive
technique. In Si and Ge a detection limit of shallow-impurity
concentrations was calculated as low as 107 ¢cm™.

The high sensitivity of PTIS is of special importance for
ZnO where all 15— 2p transitions of the shallow donors are
within or close to the Reststrahlen band between the lowest
TO (380 cm™!) and the highest LO (591 cm™') phonon
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FIG. 15. Photoconductivity spectra taken at 12 K on a ZnO
sample treated in the H, gas at 725 °C. kll[1010]

modes. In this spectral range the reflectivity and/or absorp-
tion of the bulk ZnO are large,>*>° thus making a direct
absorption measurement on these transitions an extremely
challenging task.

Recently, two photoconductivity studies of shallow do-
nors in ZnO were reported. ZnO samples similar to the ones
considered in this paper'® and a virgin ZnO obtained from
Eagle Picher’’ were investigated. It was shown that a number
of photoconductivity lines appears after hydrogenation from
a dc plasma, whereas the others are present in the virgin
material already. In particular, the PTIS lines at 180, 240,
and 268 cm~! were tentatively associated with hydrogen
shallow donors. The preliminary studies, however, did not
lead to an identification of the shallow donors.

In this section we will present photoconductivity mea-
surements on the ZnO samples, which were heat treated in
H, gas. Figure 15 shows PTIS spectra obtained from a ZnO
sample treated in H, at 725 °C. The measurements were
performed with the polarizer aligned either parallel or per-
pendicular to the ¢ axis. The line at about 265 cm™' domi-
nates the spectrum. The exact frequency of this transition
depends on the polarizer orientation: 262 and 267 cm™! for
Ellc and E L ¢, respectively. This frequency difference cor-
responds quite well to the splitting between the 2p, and 2p,,
states of a shallow donor in ZnO.'®

Moreover, the 265 cm™' line matches exactly the energy
of the 15— 2p transition obtained on the I, donor from PL
studies.'®? The donor excitation confirms the identity of the
I, donor with Hg. The arrows in Fig. 15 indicate the ex-
pected frequencies of the 1s— 2p transitions of the other
shallow donors seen in the PL spectra.

No signal from Iq or the direct transitions from the donor
ground state to the conduction band are detected due to the
strong absorption in the Reststrahlen band. The estimated
frequencies of the 1s—3p (325 cm™') and 1s—4p
(345 cm™) transitions of the Hg donor coincide with the
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FIG. 16. Photoconductivity spectra taken at 12 K on a ZnO
sample treated in the H, gas at 725 °C: (a) measured directly after
the treatment, and (b) after removal of 5 wm from each surface of

the sample. kII[1010]

ls— 2p transitions originating from the Hgc and I3 donors,
respectively.'® Therefore, we cannot rule out the possibility
that part of the Hgc and /g signals seen in Fig. 15 originates
from the 3p and 4p states of the Hy donor. Due to the con-
siderable line broadening a more detailed analysis of the
PTIS lines is not possible at present.

The 310 cm™ line labeled Iy was identified as the 1s
— 2p transition of the shallow donor Al. In Al doped ZnO
samples the 310 cm™! line dominates the spectra.*! The line
splits into two signals positioned at 307 and 312 cm™ if the
polarizer is aligned parallel and perpendicular to ¢, respec-
tively. This behavior is consistent with the splitting between
the p, and p,, states of a shallow donor in Zn0.10

In Fig. 16 two spectra from a ZnO sample treated in H,
gas at 725 °C are given. Spectrum (a) belongs to the original
sample, whereas (b) is measured after removing of 5 um
from the sample surface. The intensity of the H signal drops
in spectrum (b), and two new lines at 180 and 235 cm™!
appear.

The change in the PTIS spectrum of the polished sample
occurs in accordance with the PL results presented in Sec.
I C. With sample depth the intensity of the Hq line be-
comes weaker than that of Hpc. Thus, photoconductivity
measurements are consistent with depth profile of Hy ob-
tained from PL.

The 265 cm™' line dominates the PTIS spectra even
though the Hq donors are located only within 5 um of the
sample surface. Such a high surface sensitivity makes PTIS a
favorable technique to study ZnO thin films.

IV. DISCUSSION

Bond-centered hydrogen is a shallow donor in ZnO. We
identified signals due to Hgc in Raman scattering, IR absorp-
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tion, photoluminescence, and photoconductivity. This al-
lowed us to determine the ionization energy of Hpc and in-
vestigate its thermal stability. From comparison of our
experimental data against first-principles calculations micro-
scopic structure of the defect was deduced: hydrogen prima-
rily bound to an oxygen atom with the O-H bond aligned
parallel to the ¢ axis. The stretch mode of the O-H bond was
shown to have a frequency of 3611 cm™.

Literature data seem to contradict our identification of
Hgc. Previously, the local mode of H-I at 3611 cm™' was
associated with two electronic transitions at 1430 and
1480 cm™'. From the frequency of these modes, a deep do-
nor energy of around 200 meV was estimated.'® Based on the
connection of the H-I local mode with a deep donor, no
correlation with the shallow donor Hge was made.

A more careful analysis reconciles our interpretation of
Hgc. Experiments have shown that Hpe is the dominant do-
nor in our ZnO samples, which determines the position of the
Fermi level. On the other hand, the Fermi-level position fixes
the charge state of the defects. The LVM frequency of de-
fects depends on the charge state. Therefore, a shift in Fermi
level, e.g., by hydrogenation, will lead to a change in the
intensity of the local mode. In the annealing experiments
reported in Ref. 19 the intensity of the local modes was
wrongly interpreted as the total defect concentration instead
of the concentration of one charge state of the defect.

Based on the strong identification of the shallow donor
Hgc, we suggest that the similar annealing behavior of the
1430, 1480, and 3611 cm™! absorption lines is accidental,
and the electronic transitions at 1430 and 1480 cm™! are not
related to Hpc.

Another correlation between the intensity of the
3611 c¢cm™! line and a line at 3326 ¢cm™! was detected.?? Be-
cause the structure of the two defects is different (Hge vs
possibly V, H™), a direct association with the Fermi-level
shift with hydrogenation was proposed.?’

The 330 cm™' Raman line of the Hyc shallow donor as-
signed to the 1s—2s(2p,) transition should be difficult to
observe according to theoretical consideration.>? An excep-
tion could be expected, however, near resonance. For ex-
ample, the 1s—2s(2p,) transitions due to Cl donor in CdS
were detected using the 488 nm line of the argon laser, which
is close to the band gap of CdS.** Such a resonance is not
possible in our study since the 532 nm line does not match
the band gap of ZnO.

An investigation of the band structure of ZnO reveals an-
other possible resonance.® The energy difference between
the minimum of the conduction band and the next energy
level at the I" point of the Brillouin zone (I'3) is 2.25 eV. This
value plus the ionization energy of an ideal shallow donor in
ZnO gives 2.3 eV. This energy coincides with the 2.33 eV
energy quantum of the 532 nm line. A strong intensity of the
Is—2s(2p) Raman transitions of shallow donors in ZnO is,
therefore, possible by selecting the proper excitation energy.

The stability of isolated hydrogen (Hgc) is unexpected.
Theory calculates a diffusion barrier of around 0.5 eV.2* Un-
der these conditions bond-centered hydrogen should be mo-
bile at room temperature and high concentrations of Hpc
would not be possible. Our experiments suggest that, how-
ever, the apparent stability of Hpc is due to the interaction
with other defects.
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Directly after hydrogenation the dominant defect in our
ZnO samples is Hpc. Therefore, formation of hydrogen mol-
ecules, H,, in the course of sample annealing can account for
the apparent stability of isolated hydrogen.

As a shallow donor, bond-centered hydrogen is ionized
and, therefore, positively charged at RT. The Coulomb repul-
sion between two neighboring Hf slows down the forma-
tion rate of H, and explains the relative stability of bond-
centered hydrogen in our samples.

Additional support for H, as a sink for Hyc comes from
annealing data presented in Fig. 4. As pointed out already,
the D-I signal is somewhat more stable in the sample treated
in D, gas as compared to the mixture of H, and D,. The
diffusion of Hpc and Dy, and the formation of the HD mol-
ecule explains this peculiarity.

Hydrogen molecule is expected to be invisible in IR ab-
sorption but could be detected in Raman scattering. First-
principles calculation find that interstitial H, in ZnO is a free
rotator with a stretch mode frequency of 4032 cm™'.3* We
studied the corresponding spectroscopic region in the course
of the annealing process of Hgc. No signal appeared in the
Raman spectra at the expense of the 3611 cm™' mode. We
take this as an indication that the detection limit of our setup
has to be enhanced in order to observe H,.

Our identification of Hq is somewhat less profound in
comparison with Hpc. This assignment is mainly based on
the anticorrelation between the concentration profiles of
these donors determined from the PL data presented in Sec.
IIT C. Previous photoluminescence studies established that
the shallow donor giving rise to the I, line is stable up to
500 °C.!1%25 This agrees with theoretical calculations pre-
sented in Ref. 12 and favors our assignment of the /, line to
HO.

Direct insight into the microscopic structure of Hy could
be obtained from local mode frequency of this defect. Theory
reports the value around 760 cm™'.'?> Direct IR absorption
studies in this region are, however, hardly possible.!® A sepa-
rate investigation of the local modes due to Hgy by other
means is needed to get insight into the chemistry of this
defect.

Finally, we want to comment on the PTIS signals at 180
and 235 cm™! (see Fig. 16). These lines appear after hydro-
genation and were previously associated with hydrogen.'”
Assuming that these are 1s—2p transitions we obtain that
the ionization energies of the corresponding shallow donors
are 35 and 42 meV, respectively. A hydrogen donor with the
ionization energy of 35 meV was also reported.'> These find-
ings indicate that Hgc and Hg are not the only hydrogen
donors in ZnO, and further investigations are needed to
deepen our knowledge of hydrogen behavior in this material.

V. CONCLUSIONS

Hydrogen donors in ZnO are studied by Raman scatter-
ing, IR absorption, photoluminescence, and photoconductiv-
ity. Two shallow donors are identified: bond-centered hydro-
gen, Hpc, and hydrogen bound within the oxygen vacancy,
Ho.

Hpgc is the dominant donor and appears directly after hy-
drogenation of vapor phase grown ZnO. The decay of an
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exciton bound to Hgc results in the photoluminescence line
at 3360.1 =0.2 meV. The internal 1s— 2p transition of Hpc
is detected at 330 cm™' in the Raman scattering and photo-
conductivity spectra. The local vibrational mode of the O-H
bond comprising the bond-centered hydrogen has a fre-
quency of 3611 cm™' (H-I) and an effective charge of
(0.28 £0.03)e. The concentration of Hg- was determined
from the frequency shift of the E,(LO) phonon-plasmon
mode at 591 cm™!. The ionization energy of Hgc at 53 meV
was established from the temperature dependence of the free-
carrier concentration. Bond-centered hydrogen was found to
be unstable against annealing at 190 °C. The stability is,
however, determined by the diffusion process and the trap-
ping by other defects. There is evidence that Hgc captures
another Hgc and forms hydrogen molecules.

PHYSICAL REVIEW B 79, 165210 (2009)

The Hg donor was shown to have an ionization energy of
47 meV. In photoluminescence, an excitonic recombination
of the Hy donor results in the well-known 1, line at 3362.8
meV. A 1s—2p.(2p,,) electronic transition at 265 cm™! of
Hy, is detected in the photoconductivity spectra. The donor is
created by an anneal in oxygen-poor ambient with subse-
quent or simultaneous incorporation of hydrogen. The forma-
tion occurs via trapping Hpc at the vacancies left by the
out-diffusing oxygen.
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