PHYSICAL REVIEW B 95, 054120 (2017)

Hydrogen-related excitons and their excited-state transitions in ZnO
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The role of hydrogen in the photoluminescence (PL) of ZnO was investigated using four different types of bulk
ZnO single crystal, with varying concentrations of unintentional hydrogen donor and Group I acceptor impurities.
Photoluminescence spectra were measured at 3 K, with emission energies determined to 50 eV, before and
after separate annealing in O,, N,, and H, atmospheres. Using this approach, several new hydrogen-related
neutral-donor-bound excitons, and their corresponding B exciton, ionized donor, and two electron satellite (TES)
excited state transitions were identified and their properties further investigated using hydrogen and deuterium
ion implantation. The commonly observed I, (3.36272 eV) emission due to excitons bound to multicoordinated
hydrogen inside an oxygen vacancy (Hp), that is present in most ZnO material, was noticeably absent in
hydrothermally grown (HT) ZnO and instead was replaced by a doublet of two closely lying recombination lines
Ly, (3.36219, 3.36237 eV) due to a hydrogen-related donor with a binding energy (Ep) of 47.7 meV. A new and
usually dominant recombination line I 5 (3.36085 eV) due to a different hydrogen-related defect complex with
an Ep of 49.5 meV was also identified in HT ZnO. Here, 14;, . and Is.; were stable up to approximately 400 and
600 °C, respectively, indicating that they are likely to contribute to the unintentional n-type conductivity of ZnO.
Another doublet /5 (3.36137, 3.36148 eV) was identified in hydrogenated HT ZnO single crystals with low Li
concentrations, and this was associated with a defect complex with an Ep of 49.1 meV. A broad near band edge
(NBE) emission centered at 3.366 eV was associated with excitons bound to subsurface hydrogen. We further
demonstrate that hydrogen incorporates on different lattice sites for different annealing conditions and show that
the new features Iy ., sz, and Is most likely originate from the lithium-hydrogen defect complexes Liz,-Ho,

Alz,-Ho-Liz,, and Vz,-Hj 4, respectively.
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I. INTRODUCTION

Hydrogen is a ubiquitous defect found in nearly all
semiconductors [1-3]. It is highly mobile and is unavoidably
introduced during material growth and processing as it is
usually a significant residual contaminant in most vacuum
deposition systems [4,5]. In most materials, hydrogen is
amphoteric in nature, tending to counteract the prevailing
conductivity caused by other impurities and defects [5,6].
This behavior was explained by Van de Walle and Neugebauer
[6], by considering the Fermi-level position e(+/—) at which
the donor (H') and acceptor (H™) forms of hydrogen have
the same formation energies. In most semiconductors, the
&(4/—) level lies within the band gap, and consequently, the
formation of H* is energetically favored in p-type material
and H™ in n-type material [6]. The same authors also showed
that, in the case of ZnO, the &(4+/—) level lies above the
conduction band minimum, and in this case, only H™ is stable,
and hydrogen behaves exclusively as a donor, capable of
providing a significant contribution to the unintentional n-type
conductivity of ZnO [6,7].

Hydrogen’s role as a shallow donor in ZnO was first
recognized in the 1950s when the hydrogenation of ZnO
was shown to increase its n-type conductivity [8,9]. Since
then, many different hydrogen donors have been identified
in ZnO, primarily by infrared (IR) and Raman spectroscopy,
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with considerable debate concerning their relative contribution
to its unintentional n-type conductivity. Theoretical support
for the behavior of hydrogen as a shallow donor in ZnO
was provided by the first-principles density functional theory
(DFT) calculations of Van de Walle [7], who showed that
both interstitial hydrogen (H;) and substitutional H located
on the oxygen lattice site (Hp) were shallow donors. Janotti
and Van de Walle [10] subsequently showed that Hp involves
multicentered bonding between an H atom and all four
Zn nearest neighbor atoms and proposed that tetrahedrally
coordinated Hg plays a significant role in the unintentional
n-type conductivity of ZnO, explaining the latter’s thermal
stability and oxygen partial pressure dependence. Further
support for this argument was provided by the first-principles
calculations of Wardle et al. [11] that predicted H; to be mobile
at low temperatures in ZnO and that thermally stable hydrogen
donors must therefore be associated with hydrogen trapped at
secondary defects. Lavrov ef al. [12] experimentally identified
two shallow hydrogen donors in hydrogenated vapor-phase
(VP) grown ZnO single crystals using a combination of
Raman, IR, photoluminescence (PL), and photoconductivity
spectroscopy: These were interstitial bond-centered hydrogen
(Hpc) with an ionization energy of 53 meV and Hp with an
ionization energy of 47 meV [12]. The same authors also
showed that Hpc is unstable against thermal treatment at
190 °C and forms a reservoir of electrically inactive hidden H,
molecules [13] that, as initially proposed by Shi ez al. [14], can
be incorporated into other defect complexes during subsequent
thermal treatment. In contrast, Ho has a significantly higher
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TABLE 1. Hydrogen-related defects identified via (a) IR and
Raman spectroscopy, and (b) PL spectroscopy, with their physical
assignment and upper thermal stability limit (temp. limit).

Assignment Temp. limit (°C) Ref.
(a) IR/Raman line (cm™")
742/792 Ho 500-700 [12,15,16]
3326/3358 XH — [17-19]
3577.3 Li-H-O 1200 [20-23]
3611 Hpc 150-190 [12]
4145 H, 300-700 [13,24]
3312/3349 Vza.-H, — [25]
3303/3321 Vz.-Hs 750 [26]
(b) PL Line (eV)
3.3628 (1y) Ho 500-700 [12]
3.3601 Hpc 150-190 [12]
3.3610/3.3617 Vzo-Hi 4 — [27-29]

thermal stability (typically up to 600°C) than Hpc as its
multicentered bonding makes it more stable against ther-
mal dissociation [15,16]. Other H-related defect complexes
identified via IR and Raman spectroscopy include single
and multihydrogenated zinc vacancies (Vz,-H,), hydrogen-
lithium complexes (Li-H-O), and an unknown defect XH
involving OH bonds. A complete list of hydrogen-related
defects identified via Raman and IR spectroscopy is given
in Table I.

Hydrogen is also present at the surface of ZnO in the form
of an ubiquitous hydroxyl termination of the bulk lattice that
causes the conduction and valence bands to bend downwards,
thereby creating a potential well in which a two-dimensional
surface electron accumulation layer is confined [30-32]. We
have recently shown a direct association between the extent of
the hydroxyl termination and the downward band bending of
the surface electronic bands [31,32], while Piper ez al. [33] and
Ozawa and Mase [34] have found evidence of quantized states
inside the hydroxyl-induced potential wells at ZnO surfaces.

Although many different forms of hydrogen have been
identified in ZnO via IR and Raman spectroscopy (Table I),
far less is known about the role of hydrogen in the PL
of ZnO, despite the fact that it is an intense ultraviolet
(UV) emitter. Photoluminescence is a sensitive probe of the
discrete electronic states introduced by impurities and defects.
Furthermore, the large binding energy (60 meV) and lifetime
of free excitons in ZnO allows them to bind to a wide range of
lattice defects, resulting in a highly rich PL spectra [35-37].
Despite this, only a few hydrogen-related excitonic features
have been identified in ZnO, and these are also given in
Table I: The most commonly observed feature is the I line
(3.3628 eV) that was first associated with hydrogen by Meyer
et al. [36] and subsequently assigned to the recombination of
an exciton bound to the Hp shallow donor defect [12]. Other
reported hydrogen-related features, include a recombination
line at 3.3601 eV due to an exciton bound to Hpc [12]
and recombination lines at 3.3617 and 3.3610 eV that were
associated with defects involving multiple O-H bonds inside a
Zn vacancy (Vz,-H,,) [27-29].
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In this paper, we present a detailed investigation of the
role of hydrogen in the PL of ZnO via a comparative study
of four different types of bulk single crystal with different
hydrogen and lithium impurity concentrations. Freestanding
ZnO single crystals were used as their high crystallinity, low
defect density, and the lack of substrate-induced strain results
in very narrow line-width radiative transitions, allowing the
perturbations caused by the incorporation of hydrogen in
defect complexes to be resolved. These crystals were selec-
tively annealed in N;, O,, and forming gas (FG; both N,/H;
and Ar/H,) and implanted with hydrogen and deuterium.
Several new hydrogen-related neutral donor-bound excitons,
Io-y (3.36085 eV), Is (3.36137, 3.36148 eV), L4 . (3.36219,
3.36237 eV), and their excited state transitions were identified,
along with their associated donor binding energies and thermal
stability.

II. EXPERIMENTAL
A. Bulk ZnO single crystals

ZnO single crystal wafers (dimension 10 x 10 x 0.5 mm?)
grown via three different bulk crystal growth techniques
were investigated: (i) VP ZnO single crystals grown via
chemical vapor transport by Zn Technologies Inc. (USA);
(i1) melt ZnO single crystals grown by high-pressure induction
crystallization by Cermet Inc. (USA); and (iii) hydrothermal
(HT) ZnO single crystals grown from supercritical aqueous
solutions by Tokyo Denpa Co. Ltd. (Japan) [38—40].

As-grown ZnO single crystals are always n-type, irrespec-
tive of the growth method, and possess the highest reported
electron mobilities for ZnO of ~200cm? V~!s~! due to their
very high crystal quality with dislocation densities typically
<10*cm™2 [38]. Vapor-phase and melt ZnO have typical car-
rier concentrations of 10'°~10'7 cm~3 due to the unintentional
incorporation of Al, Ga, In, and H shallow donors. In contrast,
HT ZnO crystals are characterized by a much lower carrier
concentration of 10'3-10'*cm™3. This is attributed to a high
degree of donor compensation by Li acceptors introduced
from the Li,CO3 and LiOH mineralizers used to increase
the solubility of ZnO. Other Group I impurities, such as
Na and K, are also introduced but with approximately an
order of magnitude lower concentration [38]. The relatively
high concentration of Li impurities in HT ZnO (typically
10'7-10" cm=?) provides a significant point of difference
compared to other ZnO material [38].

Consequently, we have also investigated HT ZnO single
crystals from Tokyo Denpa Co. Ltd. (Japan) with reduced
Li concentration that we will refer to as low-Li HT ZnO
[41]. These low-Li HT ZnO crystals consist of conventional
HT material that has been annealed at 1400°C for 2 h to
drive Li and other Group I impurities to the surface, where
they are removed by subsequent regrinding and repolish-
ing steps. This reduces the Li impurity concentration to
10'4-10' cm™3 and results in less-compensated material with
carrier concentrations similar to that of VP and melt ZnO [41].
Since VP and melt ZnO should contain only trace amounts
of Li, a comparative study involving both types of HT ZnO
allows the role of Li in the PL of ZnO to also be investigated.
This is important as Li can act as both a donor and acceptor in
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ZnO and readily combines with hydrogen to form a range of
defect complexes.

With respect to hydrogen incorporation, VP ZnO uses H,
as a carrier gas to decompose the ZnO precursor material
(at ~1150°C) and then transport it to a lower temperature
growth zone. As such, VP ZnO typically contains the highest
concentration of hydrogen impurities [38]. Hydrothermal ZnO
also contains significant amounts of hydrogen due to its low
temperature growth (300400 °C) from a supercritical aqueous
solution [40]. Melt ZnO is grown in a sealed high-pressure
vessel at ~1900 °C, where it is allowed to crystallize in an
over-pressure of oxygen. Since no hydrogen-containing gases
or solvents are used in the production of melt ZnO, it contains
significantly less hydrogen than either VP or HT ZnO. Despite
the high temperatures involved, some hydrogen present in the
precursor material is incorporated into melt ZnO as it is grown
in a closed system [39]. Low-Li HT ZnO contains the least
amount of hydrogen as it is annealed (postgrowth) in an open
system at 1400 °C, and no hydrogen-related defect complexes
have been reported as being stable at this temperature [41].

ZnO single crystal wafers (10 x 10 x 0.5mm?) of each
type were diced into nine equal-sized (3 x 3 x 0.5mm?)
samples so that a complete annealing series could be carried
out on material from the same wafer. Photoluminescence
measurements at multiple positions across each wafer con-
firmed their excellent lateral homogeneity. Each sample was
ultrasonically cleaned in organic solvents (acetone, methanol,
and isopropanol) and dried in N, gas. In each case, the
Zn-polar (0001) face was used because of its smoother surface
morphology and lower defect density [42].

B. PL spectroscopy

All PL measurements were carried out at a temperature of
3 K in a reduced pressure helium flow cryostat (Oxford Opti-
stat). The ZnO crystals were excited in a near-backscattering
geometry (E Le polarization) by the focused beam (using a
single quartz lens) of the 325 nm (3.815 eV) line of a HeCd
laser with a power of 15 mW (excitation power density of
~ 10 W/cm?). Photoluminescence emission was detected in a
E-Lc K| geometry, where E is the electric field vector, ¢
is directed along the (0001) ¢ axis of the wurtzite ZnO crystal
structure, and k is the wave vector. A Jobin-Yvon 1000M
spectrometer with a focal length of 100 cm and a 1200-line/mm
holographic grating was used to disperse the incoming PL
emission. A cooled Hamamatsu R943-02 photomultiplier tube
operating in photon counting mode was used for detection.
Spectral resolution comfortably exceeded 100 weV at the
operating spectrometer slit widths. The sampling step size was
chosen to be 50 peV for most of the near band edge (NBE)
region with finer steps of 10 peV for the donor-bound excitons,
allowing their relative emission energies to be determined to
at least &= 20 ueV.

As the donor-bound-exciton region of ZnO PL is rich
in closely spaced transitions—see for example the work
of Meyer et al. [36] and Fig. 1 here—precise wavelength
comparisons were required to understand the spectra from the
wide range of ZnO single crystal samples studied. For each
experiment, the sharp atomic transitions of a low-pressure Hg
lamp were used for wavelength calibration via comparison
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FIG. 1. (a) NBE PL spectra of four different types of ZnO single
crystals at 3 K: (i) VP ZnO, (ii) melt ZnO, (iii) HT ZnO, and HT
ZnO with low lithium concentration (low-Li HT ZnO); (b) neutral
donor-bound exciton (D°X4) region for each of the four crystals.
The Zn-polar (0001) face was investigated in all cases. The spectra
have been vertically displaced for clarity.

with tabulated values of wavelength in vacuum [National
Institute of Standards and Technology (NIST) Atomic Spectra
Database]. From this comparison, the wavelength-dependent
refractive index of air (n,;) in the UV region was determined
and used to convert the measured PL emission wavelengths
(Aqair) to vacuum photon energies (using E = hc/ngirAair)-
Repeated measurements on the same single crystal reference
sample over multiple days indicated an absolute calibration
accuracy of +50 ueV. Wherever possible, PL measurements
were performed on samples mounted on the same aluminum
sample holder with the samples measured consecutively during
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the same experimental run. The samples were mounted to
the holder using silver colloidal paste at room temperature,
employing surface tension for adhesion so that strain was
not introduced. An as-received single crystal ZnO reference
sample of each type was also repeatedly mounted in the
cryostat alongside the corresponding processed samples in
order to provide a consistent reference spectrum for the
comparison of spectra taken during different experiments.

C. Annealing and ion implantation

Annealing studies were performed on 3 x 3 x 0.5 mm?
samples of each type of bulk ZnO single crystal in a quartz
furnace tube in the presence of flowing O, or N, gas at 600 °C
for 90 min or in flowing FG (5% H,/95% N;) at 600 °C for
60 min. A FG mixture of 5% H,/95% Ar was also used to
rule out the influence of nitrogen incorporation in any of the
hydrogen-related features introduced by FG annealing.

Hydrogen and deuterium ion implantation was carried out
on samples from the same wafer at the National Isotope Centre
at GNS Science (Lower Hutt, New Zealand) under normal
incidence with fluences of 7 x 10'* and 7 x 10" ions cm—2.
Theoretical implantation profiles were calculated via Transport
of Ions in Matter (TRIM) simulations to achieve a boxlike
implantation depth centered at 20 nm beneath the surface using
multiple implantation energies between 4-18 keV [43,44].
The samples were implanted at room temperature under
ultra-high vacuum conditions with an ion current of <0.1 uA,
using raster scanning to produce a laterally homogeneous
implantation. The implanted samples were annealed in 100 °C
steps at temperatures from 200 to 600°C for 30 min per
step in a flowing O, atmosphere, with PL spectra measured
after each annealing step. As well as introducing higher
concentrations of hydrogen into the samples, the implantation
process also creates a higher density of intrinsic defects. The
subsequent stepwise annealing process has the dual effect of
gradually increasing the mobility of the implanted hydrogen,
thereby allowing it to be captured by the introduced defects,
while also gradually repairing the implantation damage.

III. RESULTS

A. As-received ZnO single crystals

Figure 1(a) shows the NBE PL of the four different ZnO
single crystals. All spectra were taken at 3 K from the Zn-polar
(0001) face, and the most prominent features have been labeled
using the line notation introduced by Reynolds et al. [35] and
further expanded by Meyer et al. [36] The NBE region contains
the radiative recombination of A- and B-valence band excitons
bound to neutral donors (D°X, and D°Xp, respectively),
A-valence band excitons bound to ionized donors (DX ,),
and the longitudinal (A;) and transversal (A7) free excitons
(Fx). The donor origin of the D°X 4 recombination lines I
(3.36060 eV), I3 (3.35984 V), and 1y (3.35657 V) have been
identified using ion implantation and radio-tracer experiments
as due to substitutional Al, Ga, and In (on the Zn site),
respectively [36,45]. These are usually the most common
nonhydrogenic impurities in ZnO, and the corresponding
D°X 4 lines were present in all four ZnO crystals, as shown in
Fig. 1(a). Surprisingly, the commonly reported Hp-related 14
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line (3.36272 eV) was only present in VP and melt ZnO and
was completely absent in HT ZnO. The very high intensity of
the I, line in VP ZnO is expected as H, gas is directly used in
the growth of this material. The lower intensity of I, in melt
ZnO is not surprising given that this material is grown without
the use of hydrogen-containing processing gases or solvents,
with hydrogen just introduced from the precursor material.

Figure 1(b) shows the DX, region in greater detail,
revealing the fine structure of the Al-related /s emission. Three
different recombination lines can be observed in the vicinity
of Is (3.36060 eV) depending on the ZnO material. In HT
ZnO0, a previously unreported line labeled as /5.5 (3.36085 eV)
that we will show (using FG annealing and H/D implantation
experiments) is hydrogen related, can be clearly resolved on
the high energy side of Is. Here, 1.5 also appears to be present
atamuch lower intensity in VP ZnO, in which /¢, (3.36041 eV)
seems to be the dominant Al-related recombination line. In
low-Li HT ZnO, both I and I, were observed, whereas for
melt ZnO, only I was present. The presence or absence of
these close lying recombination lines is likely to be related to
different concentrations and configurations of Al impurities
introduced by the different growth processes and growth
temperatures for these ZnO materials.

The absence of the Hp-related I, (3.36272 e¢V) line in HT
ZnO is surprising. Hydrothermal ZnO is known to contain
significant concentrations of hydrogen due to its growth from
a supercritical aqueous solution [38,40]. In place of Iy, a
doublet Iy . consisting of two closely lying recombination
lines, Iy, (3.36219 eV) and 14, (3.36237 eV), was observed
in HT ZnO that we will also show is hydrogen related. Since
Meyer et al. [36] have already assigned an unknown transition
at 3.3620 eV as I4,, our assignment will use Iy, and I4
to maintain consistency with their notation. A strain-related
effect is unlikely to be responsible for the energetic difference
between the conventional /4 line and the new Iy . doublet,
as all other recombination lines showed no shift in their
expected position. Neither I, nor Iy, was present in low-Li
HT ZnO, although there was a small residual emission peak
at the energetic position of I4.. This suggests that the donor
responsible for Iy, has been removed by the high-temperature
annealing (1400 °C) process used in the production of low-Li
HT ZnO.

Temperature-dependent PL. measurements (3 to 300 K)
were performed on HT ZnO to determine whether the
hydrogen-related recombination lines .y (3.36085 eV), 14
(3.36219 eV), and 14, (3.36237 eV) involve ground or excited
excitonic states. The intensities of these recombination lines
versus temperature are shown in the Arrhenius plots of Fig. 2,
alongside that of the Al donor-related /g recombination line
for comparison. The peak intensities of Is and Is.y decrease
monotonically with increasing temperature, a behavior typical
of donor-bound excitons in their ground state [46,47]. The solid
lines in Fig. 2 represent fits to the data from which the decay
and activation energies were obtained, following the procedure
described by Shibata [48]. In the case of Iy, a decrease in
intensity with increasing temperature was observed, indicating
a ground state, whereas I;, showed an initial increase in
intensity, suggesting that it may involve an excited state,
although the effect is relatively small compared to that reported
by Meyer et al. [46] for other known excited states.
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FIG. 2. Arrhenius plots of (a) the recombination lines I and I¢.p
and (b) the recombination lines Iy, and I, of HT ZnO. Dots are
the experimental peak intensities, and the solid lines are the fits to
the data with the corresponding decay energies E; and activation
energy E 4 [note: the intensity scaling of panel (a) is 2.5 times that of
panel (b)].

B. Annealing HT ZnO in different atmospheres

Figure 3 shows the results of an annealing study performed
on samples from the same HT-ZnO single crystal. Two samples
were separately annealed, one in N, and the other in O, at
600 °C, with the O, annealed sample subsequently annealed at
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600 °C in FG, followed by a second 600 °C anneal in O,. Fig-
ure 3(a) shows the entire NBE region, while Fig. 3(b) shows the
DX 4 emission in greater detail. A remarkable decrease in the
background intensity of the NBE emission between 3.363 and
3.372 eV was observed after annealing in both N, and O, ambi-
ents, revealing a host of previously obscured features [Fig 3(a):
spectra (ii) and (iii)]. Of these, the transitions 183 (3.36435¢eV),
IGB (3.36496 eV), and Iélf y (3.36520 eV) are attributed to
neutral donor-bound excitons that involve a hole from the
B-valence band. The energetic separation of ~4.4 meV above
their respective ground states (the A-valence band transitions
I3, Ig, and Is ) is in good agreement with the theoretical A-B
valence band splitting [36,49]. The decrease in background
intensity also allows the ionized donor-bound exciton emission
(D™ X 4) to be resolved in greater detail, and the closely spaced
I (3.37261 eV) and I, (3.37291 eV) recombination lines
can now be separately identified [Fig 3(a): spectrum (ii)].
Significant differences can be seen in the evolution
of the new hydrogen-related lines sy (3.36085 eV), Iy
(3.36219 eV), and I4. (3.36237 eV) on annealing in different
atmospheres that provides an insight into their origins, as
shown in Figs. 3(a) and 3(b). In particular, Is.z was almost
unaffected by annealing at 600 °C in N, gas [spectrum (ii)],
while I6.; and its excited state transitions 12, and I, were
completely removed by annealing at the same temperature
in O, gas [spectrum (iii)]. Here, Is.z could be subsequently
reintroduced by a 600 °C FG anneal [spectrum (iv)], and then
removed again by a further 600 °C anneal in O, [spectrum
(v)]. The reintroduction of Is.y by FG annealing and the
observation that /5.5 could only be removed by annealing in
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FIG. 3. (a) NBE 3 K PL spectra of HT ZnO single crystals after annealing at 600 °C in different atmospheres: (i) as-received, (ii) N,
(90 mins), (iii) O, (90 mins), (iv) O, (90 mins) followed by FG (60 mins), and (v) O, (90 mins) followed by FG (60 mins) followed by O,
(60 mins); (b) neutral donor-bound exciton (D°X ,) region for each of the annealing conditions; and (c) TES region for each of the annealing
conditions. The Zn-polar (0001) face was investigated in all cases. The spectra have been vertically displaced for clarity.
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0O,, and not N,, suggests the involvement of both hydrogen and
oxygen vacancies in Is.g. Note: the 600 °C FG annealing step
[spectrum (iv)] was repeated using both (5% H»/95% N) and
(5% H,/95% Ar) FG mixtures with no significant difference
in the resulting spectra, ruling out the influence of nitrogen
incorporation in /¢ g. Interestingly, the adjacent Ig emission
and its associated transitions (I and Igr ) were largely
unaffected by 600 °C annealing in any of the above ambients.

In contrast, the I4, . doublet was removed by 600°C
annealing in both N, and O, atmospheres, although with
some residual 4, . emission in the case of N, annealing [see
spectra (ii), (iii)]. Stepwise annealing at 50 °C increments in
0, gas of a similar HT ZnO sample (not shown) showed
that I4, . anneals out at 400 °C, significantly lower than the
Ho-related I, line observed in VP and melt ZnO that is
usually removed at ~600°C [36,50]. As Iy, and I4. are
unstable above 400 °C, the incorporation of hydrogen via
600 °C FG annealing only produced a slight recovery in their
intensity [spectrum (iv)], especially compared to /s g, which
was strongly reintroduced and therefore must have a higher
thermal stability. Interestingly, the Hp-related I, line was not
created by the FG annealing of HT ZnO, indicating that either
an insufficient density of Vg sites were available or that I
and Iy, 14, were preferentially formed.

The large decrease in the broad background intensity of
the NBE emission between 3.363 and 3.372 eV after 600 °C
annealing in both N, and O, atmospheres was reversed by the
600 °C FG anneal [Fig. 3(a) spectrum (iv)]. This introduced
a broad emission band centered at 3.366 eV that could again
be removed by a second 600 °C O, anneal and subsequently
reintroduced by another FG anneal. Separate experiments (not
shown) involving PL from HT ZnO, measured through thin
(~5 nm) radiofrequency (rf)-sputtered iridium oxide overlay-
ers (deposited at room temperature) that also removed the same
emission band, showed that this broad emission comes from
the near-surface region of ZnO. It is also very similar in energy
to the broad surface-related exciton feature reported in ZnO
nanostructures [51,52]. It is therefore likely that this broad
feature is linked to excitons bound to near-surface hydrogen
that can be reversibly removed and reintroduced by annealing
in different atmospheres.

Figure 3(c) shows the two electron satellite (TES) tran-
sitions of the A-valence band neutral donor-bound excitons
(DX 4). The recombination of a neutral donor-bound exciton
can leave the donor in the 1s ground state or in an excited 2s
or 2p state. These 2s and 2p states can be resolved for the
donor-bound excitons I (2s: 3.3227 eV and 2p: 3.3218 eV)
and Ig (2s: 3.3202 eV and 2p: 3.3192 eV). Significantly, a
distinct shoulder (colored area) on the high energy side of
1TE5(2s) at 3.3240 eV was observed that correlates with the
presence of the Is g line in the sample. Like the I gy line,
this shoulder anneals out after 600 °C in O,, but not N, gas,
and reappears after 600 °C FG annealing. This correlation was
consistently observed in several other HT ZnO samples, and
therefore this shoulder is assigned to the TES of Is_g . Similarly,
a weak but reproducible feature was observed at 3.3272 eV in
as-received HT ZnO (also consistently observed in other HT
ZnO samples) that annealed out in both N; and O, atmospheres
in the same way as Isp ., and consequently, this transition is
assigned to the TES of Iy .

PHYSICAL REVIEW B 95, 054120 (2017)

Apart from these TES transitions, a comparatively very
narrow and intense recombination line Y (3.33282 eV) and an
associated broad emission hump (on its low-energy shoulder)
that scales with the intensity of Y appeared in HT ZnO after
600 °C annealing in either N, or O, atmospheres [Fig. 3(c)].
It is known that, Yy and another sharp emission line Y,
(3.33641 eV) observed in melt ZnO (and epitaxial ZnO films)
originate from the radiative recombination of excitons bound
to extended structural defects [53]. Here, stepwise annealing
at 50 °C increments in O, gas (30 min per step) on similar
HT ZnO samples (not shown) showed that Y, emerges at
temperatures between 450-500°C. Figure 3(c) shows that
although Y, is not removed by 600°C FG annealing, its
intensity does appear to decrease and is increased again
following a second 600°C O, gas anneal. Although not
conclusive, this behavior suggests that hydrogen may have a
passivating effect on the associated extended structural defect.

C. Annealing VP, melt, and low-Li ZnO in different
atmospheres

For comparison, we also annealed VP ZnO, melt ZnO,
and low-Li HT ZnO at 600 °C in different atmospheres, and
the resulting D°X 4 and TES PL is shown in Fig. 4. For VP
Zn0, both Iy and 14 were removed by the 600 °C O, anneal,
but only I, was reintroduced by annealing in FG [Fig. 4(a)].
Significantly, /sy was not reintroduced by the FG annealing
of VP ZnO, as it was in HT ZnO, indicating that a different
nonhydrogen-related recombination may occur at the same
energy as Ig.y in VP ZnO. The I, line in melt ZnO was also
removed and then reintroduced after 600 °C annealing in O,
and FG, respectively, but again no /sy emission was observed
[Fig. 4(c)]. Neither Iy, nor I, was introduced into VP ZnO or
melt ZnO by FG annealing.

In the case of low-Li HT ZnO, 600 °C annealing in O,
(not shown) had little effect as this material has already been
annealed at 1400 °C for 2 h in its production. However, the
Is-p line was introduced by the 600 °C FG annealing of low-Li
HT ZnO (using both H, /N, and H,/Ar), although at a lower
intensity than in HT ZnO [see Fig. 4(e)]. The fact that Is_y can
be reintroduced into both HT ZnO and low-Li HT ZnO by FG
annealing, but not into VP ZnO or melt ZnO, indicates that
the donor complex responsible for /¢ g is related to impurities
uniquely present in HT ZnO material.

D. Hydrogen and deuterium implantation

To further explore the nature of the hydrogen-related
excitons Ig.y and Iy ., hydrogen (H) and deuterium (D)
ions were implanted at room temperature into HT ZnO and
low-Li HT ZnO single crystals at doses of 7 x 10'* and
7 x 10" jons cm~2. Following implantation, the crystals were
stepwise annealed in O, gas from 200 to 600 °C at 100 °C
intervals. The PL spectra (and the changes on annealing)
for both doses were very similar, and the DX, spectra for
the 7 x 10" ion cm™2 dose are shown in Fig. 5, with the
exception of the H-implanted HT ZnO sample for which
the thermal evolution of the new features following the
7 x 105 cm~2 dose was slightly clearer. Figure 5(a) and 5(b)
shows the D°X, spectra for H- and D-implanted HT ZnO,
respectively, after each annealing step. After ion implantation,
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the D°X, emission showed a general decrease in intensity
and peak broadening due to the introduction of structural
defects and the creation of nonradiative recombination centers
by the implantation process. In both H- and D-implanted
samples, a broad feature at 3.36272 eV appeared at the
same energetic position as the Hp-related I, line that is not
usually present in HT ZnO. It is therefore likely that both
H and D implantation into HT ZnO leads to the preferential
incorporation of hydrogen in the I; configuration (i.e. Hp)
in contrast to the I . (3.36219, 3.36237 eV) configuration
usually observed in unimplanted HT ZnO [see the unimplanted
reference spectrum in Figs. 5(a) and 5(b)]. After annealing at
400 °C, the I4 line disappeared, and emission lines appeared
at the usual 14 . energetic positions. There was no observed
isotope shift in the energetic position of the 14/l . emission
(H versus D) and no local mode phonon replicas of 14/14p ,
that might show an isotope shift, were detected.

Surprisingly, in H- and D-implanted HT ZnO, Is. 4z was
still present after 600 °C O, annealing, although its relative
intensity compared to Ig decreases above 400 °C. This is in
contrast to the behavior of unimplanted samples in which s
was removed by 600 °C O, annealing [Fig. 3(a)]. However, Ip
et al. [54] also reported a higher thermal stability for hydrogen
incorporated by ion implantation, due to increased trapping
at residual damage. The temperature stability of the I, and
Is.y peaks was remarkably consistent for both hydrogen and
deuterium implantation, despite their mass difference.

The DX 4 spectra for H- and D-implanted low-Li HT ZnO
are shown in Fig. 5(c) and 5(d). The Hp-related 4 line (not
previously present) was again observed after implantation and
disappeared after annealing at 400 and 500 °C, respectively.
After implantation, /¢y was introduced in low-Li HT ZnO
(although also not previously present), and this also annealed
out at 400 and 500 °C for H and D implantation, respectively.
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FIG. 5. 3 K PL spectra of the neutral donor-bound exciton (D°X 4) region of HT ZnO before and after implantation (and subsequent 30 min
annealing steps in O, gas from 200 to 600 °C) with (a) hydrogen and (b) deuterium; and the same experiment repeated for low-Li HT ZnO with
(c) hydrogen and (d) deuterium implantation. All spectra were taken from the Zn-polar (0001) face of samples of the same wafer. The spectra
have been vertically displaced for clarity.

054120-7



R. HEINHOLD et al.

DX, DX, DX Ex
B,B.B

I 18‘\‘1\6‘\16-H14b,c’114 _/I’g,rlg,ls-ﬂ Ig Ig I;-H‘I:b,SA]:‘AL

I HT ZnO

T T T
—

Lol

PL Intensity (linear scale) %

L ‘ ‘
3360 3361 3.362
Photon Energy (eV)

/

—— Al covered + 600°C anneal
— As (e;e'ved

3.359

T T T T

N

M./

T T T TR

PL Intensity (arb. units, log scale)

W

g.....l TR ETY! B A Ty

PHYSICAL REVIEW B 95, 054120 (2017)

the 500 °C anneal before disappearing again after annealing at
600 °C.

E. Aluminum coverage and N, annealing

The location of /4.y on the high-energy shoulder of the well-
known Alz,-related I line suggests the possible involvement
of Al in the defect complex responsible for Is. . To test
this hypothesis, the Zn-polar face of another HT ZnO sample
was covered with a thin (~10 nm) layer of Al, deposited at
room temperature via dc sputtering, that was then annealed
for 30 min at 600°C in N, gas to diffuse the Al into the
sample (note: Is.y was earlier shown to be stable against Nj
annealing at this temperature). Figure 6 shows the NBE PL
spectra of the HT ZnO sample before and after Al coating and
600 °C N, annealing. This clearly shows a large increase in the
intensity of both /g and /s and also the corresponding ionized
donor-bound emission /¢ and /", in the HT ZnO sample after
Al coating and annealing, confirming the involvement of Al
in Ig and I . The other noticeable change was the large

T=3K reduction in Iy . although this is not surprising since it has
PR PRI 1YY PSS | U SO T 1 N B O already been shown that this hydrogen-related doublet is not
3.355 3.360 3.365 3.370 3.375 3.380 thermally stable at 600 °C in either N, or O, atmospheres.
Photon Energy (eV)

FIG. 6. NBE 3 K PL spectra of HT ZnO before and after coverage
with a thin (~10 nm) layer of aluminum followed by 30 min annealing
at 600°C in N,. The inset shows the neutral donor-bound exciton
(D°X ,) region in greater detail using a linear scale. The spectra were
taken from the Zn-polar (0001) face of the same wafer.

The Al-related emission line /g, (3.36041 eV) observed in low-
Li HT ZnO but not HT ZnO was unaffected by heat treatment.
However, another new recombination line /5 (3.36143 eV) was
introduced into both HT ZnO and low-Li HT ZnO by H and
D implantation, but this disappeared after annealing at just
300 °C. However, in the case of implanted low-Li HT ZnO
only, this /s line reappeared after 400 °C annealing in the form
of a doublet (3.36137, 3.36148 eV), with a fine splitting of
just 110 peV that reached a remarkably strong intensity after

IV. DISCUSSION

In this paper, FG annealing and H and D implantation
were used to identify two new hydrogen-related excitons Iup
and I gy, in the low-temperature PL spectra of HT ZnO,
with a third feature I5 also very likely related to hydrogen.
Table II summarizes the energies of the hydrogen-related
exciton transitions in ZnO (highlighted in gray) and the binding
energy of the corresponding donor. The donor binding energy
was obtained from the 1s-2p energetic separation between
the neutral donor-bound exciton recombination (D°X 4) and
its corresponding TES transition [shown in Figs. 3(c), and
Figs. 4(b), 4(d), and 4(f)] using the effective mass approxima-
tion and applying the corrections proposed by Meyer et al. [36]
for the effects of anisotropy and polaron interactions. In each
case, the localization energies are given from the transverse

TABLE II. Energies of the PL transitions of the hydrogen-related (highlighted in gray) donor-bound excitons I, to I 5 and their associated
excited states compared to those of substitutional Al (I, Is,), Ga (I7), and In (lo): DX 4E(1s) is the recombination energy of the neutral
donor-bound A-valence band exciton in its 1s ground state, E)q. is its localization energy with reference to A7, E is the donor binding energy,
TES(2p) is the energy of the TES in the 2p excited state, E(1s-2p) is the energetic separation between D°X, and TES(2p), D°Xp, is the
energy of neutral donor bond exciton involving a B-valence band hole, and D' X, is the energy of the A-valence band exciton bound to an
ionized donor.

Exciton D°X,E (1s) (eV) Ep. (meV) Ep(meV) TES@2p) (V) E(1s-2p)(meV) D°Xz(eV) DV X, (eV) Assignment
Iy 3.36272 12.68 45.8 3.3295 33.2 3.37470 Ho

Ly, 3.36237 13.03 .

Ly 336219 13.21} 47.7 3.3272 35.1 3.3665 3.3740 Liz,-Ho
Is 3.36143 13.97 49.1* — — — 3.37373 Vo-H;
Ion 3.36085 14.55 49.5 3.3240 36.9 3.36520 3.37291 Aly,-Ho-Liz,
Is 3.36060 14.80 51.4 3.3218 38.8 3.36496 3.37261 Aly,

Ioq 3.36041 14.99 51.8 3.3212 39.2 — 3.37261 Algz,

I3 3.35984 15.56 53.2 3.3192 40.6 3.36435 3.37189 Gaz,

Iy 3.35657 18.83 63.5 3.3057 50.9 — 3.36874 Ing,

2The value of Ep for I5 has been estimated using Haynes’ rule.
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free exciton (A7 = 3.37540eV). The energies of the dominant
nonhydrogenic I (Alz,), Is (Gaz,), and Iy (Inz,) donor-bound
excitons, determined from the PL. measurements in this paper,
are also listed for comparison.

Figure 7 shows the localization energies for the neutral
(D°X4) and ionized donor-bound (D1X,) excitons as a
function of their donor binding energy. The linear relationship
for the D°X 4 excitons is known as Haynes’ rule [55]. This
relationship was shown by Meyer et al. [46,56] to also
apply for D" X, excitons. Linear fits to our experimental
data (Fig. 7) yield Ej,c = 0.34Ep — 2.71 meV for the DX,
excitons, similar to previously reported trends [36,56,57],
and Ejo. = 0.34Ep — 14.7meV for the DT X4 excitons. The
common slopes indicate identical hole masses for the neutral
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FIG. 8. Likely physical structures of the hydrogen-related defect
complexes associated with the neutral donor-bound excitons Iy,
Lypc, Is, and Is.p, observed in ZnO PL. (Note: the I, defect
structures shown would require an additional H atom in the Liz,-H-O
configuration to act as an overall donor, rather than as a neutral
donor-acceptor pair).
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and ionized donor-bound excitons [46]. The newly identified
hydrogen-related excitons Is.y and Iy, . lie close to both the
DX 4 and DT X 4 trend lines, confirming their assignment as
due to shallow donors. (Note: the uncertainty in the position of
the Iy exciton is significantly larger than for the other data
points in Fig. 7 due to the fact that the TES of Iy could only
be resolved as a shoulder on the high-energy side of IsT55(2s),
as shown in Fig. 3(c). This results in a higher uncertainty in
the calculated value of Ep for Iy, which may explain the
small deviation of Is from both trend lines). The D°X 4
relationship was also used to estimate a donor binding energy
of 49.1 meV for the likely hydrogen-related /5 exciton from its
localization energy. For donor binding energies lower than 43.2
meV, an exciton cannot bind to the respective ionized donor,
as its localization energy would approach zero. The location
energy of 1,7, obtained from the PL spectra of VP ZnO, is only
0.7 meV, as it is associated with the lowest binding energy
hydrogen-related shallow donor.

We now discuss the assignment of the hydrogen-related ex-
citons, lup ¢, Io-n, and Is and their correlation with previously
identified hydrogen-related features observed in IR and Raman
spectroscopy (see Table I). The most likely hydrogen-related
defect complexes involvedin lyp ¢, I6. 57, and I5 are illustrated in
Fig. 8. We also discuss the origin of the broad hydrogen-related
NBE emission band between 3.363 and 3.372 eV.

A. Iy, versus I,

The most commonly observed hydrogen-related shallow
donors in ZnO are bond-centered interstitial hydrogen (Hpc)
and multicoordinated H bound inside an oxygen vacancy (Hop)
[12]. Tt is known that, Hp has a significantly higher thermal
stability (~600 °C) than Hpc (<190°C), which readily dis-
sociates to form electrically inactive hydrogen molecules (i.e.
H,) [16,24]. Here, Hp with a donor binding energy of 45.8 meV
is the main hydrogen-related contributor to the unintentional
n-type conductivity of ZnO [10] and is also the origin of the
widely reported I, recombination line at 3.3628 eV in ZnO PL
[12,36]. However, in contrast to VP and melt ZnO that showed
well-defined I; emission, no evidence of I; was found in HT
ZnO. Instead, a doublet of two closely spaced recombination
lines, lap . [1sp (3.36219 eV), I (3.36237 eV)] and their
ionized donor (D*X ), B-exciton, and TES transitions were
consistently observed in HT ZnO. Hydrothermally grown
(HT) ZnO differs from other ZnO material in that it contains
high concentrations of Li that readily forms complexes with
hydrogen [38,40]. As this high-Li content is the outstanding
difference between HT ZnO and other forms of ZnO, it is
reasonable to assume that Li is involved in I4; . and other
hydrogen-related emission lines, such as s g, that are unique
to HT ZnO. Furthermore, Chan et al. [58] reported a striking
correlation (both in terms of the shape and location) between
the Li and H concentrations, measured using secondary ion
mass spectrometry, in H-implanted HT ZnO after annealing
at 600 °C in air. This correlation suggests that H is efficiently
captured by Li-related defects in HT ZnO.

The most commonly reported Li-H defect complex in HT
ZnO is the Liz,-H-O configuration involving a substitutional
Liz, acceptor passivated by an OH group on an adjacent
oxygen site. Halliburton et al. [20] used IR adsorption and
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photoinduced electron paramagnetic resonance experiments
to assign this complex to a 3577 cm~' OH-vibrational line
that is usually dominant in HT ZnO. Wardle et al. [59]
used first-principles DFT calculations to show that the bond-
centered H position is the lowest energy state, while Shi et al.
[21] identified °Li and "Li isotope splitting in its deuterium
(Liz,-D-0O) counterpart. However, Lavrov et al. [22] showed
that the 3577 cm™! local vibrational mode in HT ZnO is very
stable and can only be destroyed at a temperature of 1200 °C
(for several hours) and therefore does not fit the thermal
stability of I4 . that we have shown can be annealed out
at just 400 °C. Johansen et al. [23] proposed that the high
thermal stability of Liz,-OH complexes was most likely due
to the efficient recapturing of H by Liz, and showed that
the 3577 cm™! signal could be removed from HT ZnO by
rapid cooling in deionized H,O after annealing at 650 °C.
However, the samples in this paper were slowly cooled in air
after annealing, and under these conditions, the same authors
observed that the 3577 cm™' signal was present even after
annealing at 1250 °C for 30 min.

The relatively close recombination energy of /s,  (3.36219,
3.36237 eV) compared to the commonly observed Hp-related
(3.36272 eV) neutral donor-bound exciton I4, their similar
donor binding energies of 45.8 and 47.7 meV, respectively,
and the fact that they can both be removed by annealing in
either N, or O, atmospheres (albeit at different temperatures
of 400 and 600 °C, respectively) suggests a similar Hp origin,
with a perturbation due to the presence of Li in HT ZnO.
Vidya et al. [60] used first-principles DFT calculations to
investigate complexes between Li and intrinsic defects in
ZnO. They showed that the complex between Liz, and an
adjacent oxygen vacancy (Vo) has a donor character and
is energetically favorable in ZnO, with a lower formation
energy than Liz, alone. Similar to the conversion of Vg to
Ho, the hydrogenation of Liz,-Vg to form Liz,-Hg is likely to
transform the Vg defect from a deep to a shallow donor state
[10], and therefore I, . in HT ZnO is assigned to the Liz,-Ho
complex [Figs. 8(b) and 8(c)]. Furthermore, the splitting of
Ly (3.36219, 3.36237 eV) is likeky to correspond to the
different position of the substitutional Li in the tetrahedral Zn
nearest neighbor configuration of Hp, i.e. with the Li-Hp bond
either parallel or nonparallel to the ¢ axis.

The assignment of Iy . to the Liz,-Ho complex explains
why it partially reappeared after the 600 °C annealing in FG
(either N,-H, or Ar-H,) of HT ZnO due to the reintroduction
of hydrogen and the formation of new Liz,-Vg sites. It
also explains the unusual behavior following the H and D
implantation of HT ZnO, when I; was introduced but was
only stable up to and including 300 °C O, annealing and was
replaced after annealing at 400 °C by I4p, .: The implantation
process produces an increased concentration of Vg (via
collision displacement) that can trap implanted hydrogen but
also displaces substitutional Liz,. Bgrseth er al. [61] showed
that Zn vacancy clusters formed by ion implantation damage
can also trap displaced Li. Consequently, the majority of the
as-implanted H will initially be trapped at newly created Vg
sites that are not coordinated to a neighboring Liz, atom,
explaining the observation of conventional Hp-related I4
emission. On annealing, the removal of I, in HT ZnO is not
just determined by the out-diffusion of hydrogen from Hg but
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also by the rate at which displaced Li atoms reoccupy vacant
Zn lattice positions, with Liz,-Vo having a lower formation
energy than Liz, [60]. This would explain the lower thermal
stability of I, in implanted HT ZnO (300 °C) compared to other
ZnO material (500-700 °C) and its replacement by I4; . after
400 °C annealing. In H- and D-implanted low-Li HT ZnO, I4;, .
was not observed after the removal of I, probably because of
the significantly lower concentrations of Liz, present in this
material.

The Liz,-Ho complex can be considered as a donor-
acceptor pair with an overall neutral charge state. Therefore,
in order to act as an overall shallow donor, the Liz, acceptor
would need to be passivated by an additional H atom that
is not shown in Figs. 8(b) and 8(c). As already discussed,
the Liz,-H-O configuration involving a substitutional Liz,
acceptor passivated by an OH group on an adjacent oxygen site
is very stable in ZnO [22], and so it is possible that the Liz,-Ho
complex is part of an overall O-H-Liz,-Hp configuration.

B. IG-H and 16

In HT ZnO, a new (and usually dominant) hydrogen-
related recombination line .y (3.36085 eV) located on the
high-energy shoulder of the Al-related I line (3.36060 eV)
was identified. Although some low-intensity emission was
observed at a similar energy in VP ZnO, this was not
reintroduced by annealing in FG, and so this emission is
most likely due to a different nonhydrogen-related feature. A
possible candidate for this feature in VP ZnO is boron as this
was detected by Avrutin ef al. [38] in significant quantities in
three VP ZnO samples from the same source (Zn Technologies,
Inc.) as used here, but not in HT ZnO. Boron is a substitutional
Group III donor impurity in ZnO (similar to the Inz,, Gaz,, and
Aly, donors that are responsible for the Ig, Ig, and /¢ emission
lines, respectively) that would be expected, due to the empirical
trend of decreasing localization energy with decreasing donor
mass, to produce a D° X 4 emission line on the high-energy side
of Is. An alternative explanation is that Ig g is also present in
VP ZnO, but is not reintroduced by FG annealing because
the defect complex involved is present in significantly lower
concentrations compared to HT ZnO.

However, the dominance of Is.yz in HT ZnO and its
reintroduction on FG annealing (either N,-H; or Ar-H;) does
suggest the involvement of both Li and H in a defect complex.
Furthermore, both the FG annealing of low-Li HT ZnO and
its implantation with either H or D also introduced Is p
emission, albeit with a significantly lower intensity compared
to HT ZnO due to its lower Li concentration. Here, I¢ g
could be removed from H/D implanted low-Li HT ZnO by
annealing at 400/500 °C, compared to 600 °C in HT ZnO. This
difference may be due to the fact that the distribution of Li (and
therefore the distribution of 4 ) is significantly more surface
concentrated in low-Li HT ZnO compared to HT ZnO (due to
its 1400 °C postgrowth heat treatment) [41], and therefore, the
migration barrier for the loss of H/D from Is_y would be lower
for low-Li HT ZnO.

Aluminum is also likely to be involved in /sy due to its
close proximity (~0.2 meV) to the Alz,-related /¢ line and the
fact both I and I i were strongly enhanced by the coverage
of HT ZnO with a thin (~10 nm) layer of Al and subsequent
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30 min annealing in N, at 600 °C. Significantly, Is.y com-
pletely disappeared after annealing as-received HT ZnO in O,
at 600 °C but was unaffected by annealing in N, at the same
temperature, which also indicates the involvement of oxygen
vacancies. Together, these observations suggest that /sy may
originate from a defect complex involving Al, Li, H, and Vo.
A possible model for this defect could be a Liz,-Ho-Alz,
complex, as shown in Fig. 8(e). The donor binding energy
of 49.5 meV for Iy is close to the value of 48 meV deter-
mined by Look [62] using temperature-dependent Hall effect
measurements for a possible Aly, + Liz,-H defect complex.
Interestingly, I g is usually the dominant low-temperature PL
emission line in HT ZnO, suggesting that the hydrogen-related
defect responsible is present in significant concentrations.

C. 15 and VZ“-H,,

After H and D implantation, excitonic emission at the
energetic position of Is (3.36143 eV) was created in HT
ZnO and low-Li HT ZnO that disappeared after 300 °C O,
annealing. Here, /s then reappeared in low-Li HT ZnO (but not
HT ZnO) after 400-500 °C O, annealing, with a much stronger
intensity and in the form of a doublet (3.36137, 3.36148 eV)
that disappeared again at 600 °C. This intensity dependence
with temperature is almost identical to that reported by Shi
et al. [14,50] in both VP and melt ZnO for the IR absorption
line at 3326 cm ™! that was identified as hydrogen related by
McCluskey et al. [18] and can be formed via the thermal
dissociation of hidden H, molecules [14]. Herklotz et al. [63]
referred to the defect involved as XH while investigating
hydrogenated melt ZnO and suggested a possible Vz,-H
model. Due to their very similar temperature dependence, it is
likely that XH and Is have the same origin, and since VP and
melt ZnO only contain trace amounts of Li, it is unlikely that Li
is involved. Zhang et al. [29] observed a PL recombination line
in hydrogen-implanted HT ZnO at 3.3617 eV (i.e. close to the
energetic position of Is) that appeared after 200 °C annealing
in air but disappeared at 300 °C, which they proposed was due
to the shallow donor Vyz,-Hjz involving three O-H bonds (a
second smaller peak at 3.3610 eV was assigned to Vz,-Hy).
Here, I5 disappeared at the same temperature but reappeared
on 400-500 °C annealing in low-Li HT ZnO, but not HT ZnO.
Johansen et al. [64] used positron annihilation spectroscopy to
show that Liz, acts as the primary trapping site for hydrogen
in HT ZnO, as the trapping efficiency of Vz, is much lower in
comparison. Consequently, Vz,-H, complexes will be more
stable in low-Li HT ZnO as it contains significantly less Liz,
to compete with their formation. Significantly, Johansen et al.
[64] observed the formation of the neutral Vz,-H, complex
in Li-poor HT ZnO. It is therefore likely that /5 is due to
the recombination of excitons bound to a Vz,-H,, complex
[Fig. 8(d)], with the shallow donor Vz,-Hs the most likely
candidate (although the involvement of V,-H,4 cannot be ruled
out) due to the energetic location of /5 in the shallow neutral
donor-bound exciton region of the ZnO PL spectrum.

D. Subsurface Hydrogen

A very broad NBE emission band from 3.363 and 3.372 eV
was observed in HT ZnO that covered the entire region
between the D°X 4 and D X 4 emission. This band could be
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completely removed by either N, or O, annealing at 600 °C and
subsequently reintroduced by FG annealing (either N»-H; or
Ar-H) at the same temperature. This removal/reintroduction
process could be repeated multiple times on the same sample.
Separate experiments (not shown) showed that the same band
could also be completely removed by a very thin coating
(~5 nm) of iridium oxide (a material commonly used in the
formation of high-quality Schottky contacts to ZnO) that was
deposited by reactive rf sputtering at room temperature, as
described elsewhere [65]. Significantly, the rest of the NBE
emission was unaffected, suggesting that the band involves
emission from the near-surface region of ZnO. It is also similar
in energy and shape to a broad surface-related excitonic feature
(referred to as S,) reported in ZnO nanostructures [51,52].
Traeger et al. [66] quantified the hydrogen concentration
profile in HT ZnO single crystals using '>N nuclear reaction
analysis and reported a significantly increased hydrogen
concentration in the subsurface region (to ~10 nm below the
surface) of up to a factor of 10 compared to the bulk. They
also observed that part of this subsurface hydrogen was less
strongly bound and could be reversibly removed by heating
to 550 °C and reintroduced by exposure to atomic hydrogen,
similar to the behavior observed here. Consequently, the broad
emission band from 3.363 and 3.372 eV is likely to involve
some form of near-surface hydrogen.

V. CONCLUSIONS

In conclusion, several new hydrogen-related neutral donor-
bound excitons and their B-exciton, ionized donor, and TES
transitions have been identified in the PL of ZnO via a
comparative study of four different types of bulk ZnO single
crystal. Oxygen, nitrogen, and FG annealing were combined
with hydrogen and deuterium implantation to determine the
origin and temperature stability of these new hydrogen-related
excitonic features. The hydrogen-related I, (3.36272 eV)
emission commonly reported in vapor-phase and melt ZnO
crystals was completely absent in HT ZnO and instead was
replaced by a doublet of two closely lying recombination lines
I (3.36219, 3.36237 eV) that were assigned to a Liz,-Hop
defect complex with a donor binding energy of 47.7 meV.
Another new hydrogen-related (and usually dominant) PL
emission line /4y (3.36085 eV) was also identified in HT ZnO
in close proximity to the commonly observed Al-related /4 line
(3.36060 eV) and was associated with an Alz,-Hp-Liyz, defect
complex with a donor binding energy of 49.5 meV. A new
doublet /5 (3.36137, 3.36148 eV) also appeared in HT ZnO
single crystals with low lithium concentrations after annealing
at 400-500°C, and this was associated with a Vz,-Hj 4
defect complex with a donor binding energy of 49.1 meV.
In addition, a broad NBE emission centered at 3.366 eV was
associated with excitons bound to subsurface hydrogen. The
identification of these new hydrogen-related excitonic features
has important consequences for understanding and controlling
the optoelectronic properties of ZnO materials.
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