Passivation of acceptors in GaN by hydrogen and their
activation

Michael A. Reshchikov”, Oleksandr Andrieiev, Mykhailo Vorobiov, Dexian Ye, and Denis O.

Demchenko
Department of Physics, Virginia Commonwealth University, Richmond, VA 23220, USA
Benjamin McEwen and Shadi Shahedipour-Sandvik

College of Nanoscale Science and Engineering, SUNY-Albany, Albany, New York 12203, USA

Abstract

GaN is an important semiconductor for energy-efficient light-emitting devices. Hydrogen plays a
crucial role in gallium nitride (GaN) growth and processing. It can form electrically neutral
complexes with acceptors during growth, which significantly increases the acceptor incorporation.
Post-growth annealing dissociates these complexes and is widely utilized for activating Mg
acceptors and achieving conductive p-type GaN. In this work, we demonstrate that other acceptors,
such as C and Be, also form complexes with hydrogen similar to Mg. The effect of thermal
annealing of GaN on photoluminescence (PL) was investigated. In samples moderately doped with
Be, the Bega-related yellow luminescence (YLge) band intensity decreased by up to an order of
magnitude after annealing in N> ambient at temperatures 7un, = 400-900 °C. This was explained
by the release of hydrogen from unknown traps and the passivation of the Bega acceptors. A similar
drop of PL intensity at Tum = 350-900 °C was observed for the Cn-related YL1 band in
unintentionally C-doped GaN and also attributed to passivation of the Cn acceptors by hydrogen
released from unknown defects. In this case, the formation of the CnHi complexes was confirmed
by the observation of the rising BL2 band associated with these complexes. At 7uq > 900 °C, both
the YLge and YL1 intensities were restored, which was explained by the removal of hydrogen from
the samples. Experimental results were compared to the first principles calculations of complex

dissociation and hydrogen diffusion paths in GaN.
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|. INTRODUCTION

Hydrogen plays a critical role in GaN processing, affecting devices' optical and electrical
properties by creating complexes with impurities, leading to their passivation.! Annealing stands
as a widely utilized technique for defect activation. The most important example emphasizes the
role of hydrogen in p-type GaN grown by metalorganic chemical vapor deposition (MOCVD) and
doped with Mg.

The as-grown GaN:Mg has high resistivity (~10° Qcm) because H (an abundant by-product
in MOCVD) passivates Mg by forming inactive Mg-H complexes.”>*° Nakamura et al.>* has
discovered that the high-resistivity GaN:Mg converts into conductive p-type (~2 Qcm) after
annealing in N> ambient at temperatures (7un,) above 600-700 °C. Annealing of this high-
conductivity material in the NH3 ambient at 7., > 600 °C converts it back to the high-resistivity
state. These reversible processes were explained by the dissociation of the Mg-H complexes that
activated the Mg acceptors and by the passivation of Mg with H, respectively. It was proposed that
the NH3 dissociates into hydrogen atoms at the GaN surface at 7> 400 °C, which diffuse into the
bulk and form the Mg-H complexes. Nakamura et al. also noticed a correlation between the hole
conductivity and room-temperature photoluminescence (PL) features. Namely, the Mg-related
blue luminescence (BLwmg) band with a maximum at 2.8 eV was stronger in conductive p-type and
was diminished by hydrogen passivation. On the other hand, the defect-related red luminescence
(RLwmg) band correlated with the presence of hydrogen.

Later, the passivation of Mg acceptors by H and their activation by annealing in hydrogen-
free ambient were studied and explained in more detail. Early first-principles calculations
predicted that hydrogen is in the 1+ charge state when the Fermi level is lower than 2.2-2.4 eV

above the valence band maximum (VBM), and it is negatively charged when the Fermi level is



closer to the conduction band.®’ These calculations also showed that the barrier for diffusion of
H" in the ¢ direction is 0.94 eV and that for H™ is 1.99 eV.” These predictions agree with
experimental results, according to which hydrogen diffuses readily in p-type GaN at 7> 600 °C,
while no diffusion could be observed in n-type GaN up to 1050 °C.5*1° More recent calculations
revealed that the —/+ transition level of hydrogen is at 3.0 eV above the VBM,!! the barrier for the
H' diffusion along the c axis is 1.08 eV, and the barrier for the dissociation of the MggaH; complex
is 1.88 eV!% or 1.3 eV.!! In addition to the complex dissociation and H" diffusion barriers, there is
a barrier for hydrogen to leave a GaN sample. Myers et al.'* estimated the activation energy for
recombinative desorption of hydrogen to be at least 2 eV i.e., the release of hydrogen from GaN
is limited by a surface permeation barrier, not by dissociation or diffusion. At least 700 °C is
needed to remove hydrogen from the sample.'!"!* The presence of the Mg-H complexes in GaN:Mg
grown by MOCVD and their dissociation after thermal annealing was also confirmed with infrared
absorption experiments where local vibrational modes of the Mg-H and Mg-D complexes were
identified.!®!-16

The effects of H on defects other than Mg in GaN and the effect of hydrogen on PL are
less studied. We have shown earlier that the Cn acceptor readily forms complexes with hydrogen
(CnHi) in undoped or C-doped high-resistivity GaN.!"!” The Cx and CnHi defects are revealed in
PL experiments as the yellow luminescence (YL1) band with a maximum at 2.17 eV and the blue
luminescence (BL2) band with a maximum at 3.0 eV, respectively. An interesting feature in PL is
that under UV light at low temperatures (< 80 K), the BL2 band bleaches (i.e., its intensity
decreases with time under contentious laser illumination at a fixed temperature), and
simultaneously, the YL1 band rises. This unique transformation of the PL spectrum was explained

by the dissociation of the CxH; complex as a result of a photo-induced defect reaction.!!



In this work, we examined the effects of annealing in N> and N>+H> ambients on PL
properties of acceptors in GaN, with emphasis on the Bega and Cn acceptors. The changes in PL
intensities upon annealing are attributed to the passivation of acceptors with H and their activation.

Il METHODS

A. Experimental Details
We studied the effect of thermal annealing on PL properties in several Be-doped GaN samples
grown by MOCVD (Table I). The ~500 nm-thick GaN:Be layers were grown under nitrogen-rich
conditions on ~3 um-thick unintentionally doped GaN on c-plane sapphire substrates.'® In sample
R134, the GaN:Be layer was grown directly on sapphire. Beryllium acetylacetonate (Be(acac)z)

from Strem Chemicals was used as a Be precursor. Immediately after GaN:Be growth at 970 °C,

Table I. Parameters of MOCVD-grown GaN:Be samples before and after annealing in
N, ambient at T = 750 °C. Peak PL intensities at Pexe = 0.13 W/cm? and 7= 18 K are

given in relative units.

Be flow [Be] PL intensity before/after annealing at 750 °C

Sample (o olminy 108 em® P Y UVLse UVLyg
R26 1000 0.8 n 12/13 <0.01 0.35/0.35
R40 3010 40 p 11/11 0.7/0.9 <0.01
R41 3010 20 SI 8.1/7.9% 0.06/0.06 @ <0.01 @
R57 455 3 SI 7.2/4.6 0.2/0.2 0.35/0.27
R60 80 <0.1 SI 0.55/0.24 <0.1 14/11
R62 137 <0.1 SI 1.3/0.8 <0.1 1.5/0.8
R68 455 1 SI 5.3/1.2 <0.1 0.07/0.06
R69 455 ~19 SI 5.9/1.3 <0.1 0.42/0.36
R&7 910 4 SI 7.2/4.8 2.8/3.3 <0.1
R96 910 3 SI 4.9/0.6 0.1/0.1 0.4/0.34
RO98 910 ~39 SI 3.5/0.5 0.1/0.1 0.77/0.52
R134 910 ~3° SI 5.8/44 1.9/2.5 <0.1

» PL data for sample R41 are given at 7= 80 K before and after annealing in vacuum at 7,,, = 400 °C.
% For these samples the approximate values of [Be] are given based on comparison with the SIMS data

for samples grown in the same conditions.



the material was annealed in situ under flowing N> at 500 Torr and 750 °C for 30 min without
removing from the growth chamber. Samples R41 and R69 were not annealed in situ. The
concentration of Be was measured by secondary ion mass spectrometry (SIMS) with a detection
limit of about 10'7 cm™ for [Be]. Sample R26 is conductive n-type with a room-temperature
concentration of electrons of about 10'® cm™.!° Temperature-dependent Hall effect measurements
were conducted for sample R40 and confirmed that it is p-type with a concentration of free holes
of about 10" cm™ at room temperature.?’ Hot-probe measurements indicated p-type for samples
R40, R41, and R87. From PL measurements, all the samples in Table I, except for R26, behaved
as semi-insulating (SI) semiconductors. Namely, PL quenching (i.e., decreasing PL intensity with
increasing temperature) occurred by the abrupt and tunable mechanism.?!

The effect of thermal annealing on Cn acceptors was studied in undoped GaN sample
s1587. This sample was investigated before with an emphasis on the BL2 band attributed to the
CnHi complex.!! From the SIMS measurements, the C, H, and O concentrations in this sample are
1.7x10"73.0x10'7, and 1.3x10'7 cm™, respectively. The room-temperature concentration of free
electrons is n = 2.6x10'® cm™ from the Hall-effect measurements. From detailed PL studies, we
concluded that concentrations of the isolated Cn acceptors and CnHi complexes are 0.7x10'7 and
1x10'7 cm™, respectively, in this sample before subjecting it to thermal annealing or intense UV
light exposure at low temperatures.'!

Steady-state PL was excited with a HeCd laser at 325 nm, dispersed by a 1200 rules/mm
grating in a 0.3-m monochromator, and detected by a Peltier-cooled photomultiplier tube and a
photon-counting module. A closed-cycle optical cryostat was used for temperatures between 18

and 320 K, and a high-temperature optical cryostat was used for temperatures between 80 and 673



K. The as-measured PL spectra were corrected for the measurement system's spectral response,
and PL intensity was additionally multiplied by A3, where A is the light wavelength, to present the
PL spectra in units proportional to the number of emitted photons as a function of photon
energy.'’?? All the samples were measured in identical conditions, and standards were used to
verify the reproducibility of PL spectra.

The GaN:Be samples in Table I were annealed for one hour in N> ambient at 7., = 750
°C. The peak intensities of the YLge (at 2.15 eV), UVLge (3.38 ¢V) and UVLyg (3.27 eV) bands
before and after this annealing are shown in the last three columns. Four samples (R62, R68, R96,
and R98) were annealed for one hour in a wide range of 7., (between 300 and 1000 °C). For this,
2-inch wafers were cut into 5x5 mm squares, and for each piece, PL at 18 K was studied before
and after annealing at a particular temperature. Several samples (including R69 in Table I) were
also annealed in the H>+N> ambient at T4, = 750 °C to explore possible passivation with H in
these conditions. Finally, samples R41, R62, R68, R69, R87, and R98 were also subjected to
isochronal annealing (30-min steps) in a high-temperature optical cryostat, in a vacuum, and at
temperatures up to 400 °C. PL in these samples was measured at 80 K before and after each
annealing step. Details about the annealing of undoped GaN sample s1587 can be found in Ref.
11.

B. Computational Details
Ab initio modeling of the dissociation of BegaHi, Mga.Hi, and CxHi complexes was performed
using the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®® as implemented in the VASP code.
The HSE functional was tuned to fulfill the generalized Koopmans’ condition for the Beca, Mgaa,
and Cn acceptors separately. Details of the supercell error corrections and tuning procedures are

described in Ref. 24. The resulting HSE parametrizations were obtained with values of the fraction



of the exact exchange « of 0.226, 0.274, and 0.268 for the deep states of Bega, Mgaa, and Cn
acceptors, respectively (the range separation parameter was kept at 0.2 A™). All calculations were
performed using the nudged elastic band method in 300-atom hexagonal supercells at the I'-point,
with plane-wave energy cutoffs of 500 eV. All defect atomic structures were relaxed using HSE
to minimize the forces to 0.05 eV/A or less. The calculations were performed for the neutral charge
state of the acceptor-hydrogen complexes, which is the lowest energy charge state for most Fermi
energies.
L. EXPERIMENTAL RESULTS
A. Passivation of the Bega acceptors in GaN

In Be-doped GaN samples grown by MOCVD, in addition to the excitonic near-band-edge (NBE)
emission with a maximum at about 3.47 eV, three defect-related PL bands are commonly observed
(Fig. 1). These are the YLge band with a maximum at 2.15 eV (attributed to a polaronic state of

the Beca acceptor),?” the UVLge band with the strongest peak at 3.38 eV followed by a few LO

11 I T T T
10k E
i YL, ]
c
3
S 0%k .
>
‘B
o
£ 10°% L
— : T
o o
7 i
100 - R41 L
| | I'

1.5 2 2.5 3 3.5
Photon energy (eV)

Fig. 1. PL spectra at 7= 18 K and P... = 0.13 W/cm? from representative GaN:Be samples not

annealed in situ.



phonon replicas (attributed to the shallow state of the BecaOnBeca complex),?® and the UVLyg
band with the strongest peak at 3.27 eV followed by LO phonon replicas (attributed to the Mgga
acceptor).?’ The latter is caused by contamination of GaN with Mg during MOCVD growth,
typically with concentrations below 10'® cm™. Assuming that Beg. and Mg, are similarly
passivated during the growth,?® and their activation requires annealing, the samples were annealed
in situ under flowing N> at 500 Torr and 750 °C for 30 min without removing from the growth
chamber. However, three samples (R39, R41, and R69) were not annealed, and no significant
difference was observed in their PL behavior between the annealed and not annealed GaN:Be
samples. This may indicate that Be-related acceptors in as-grown GaN:Be were not passivated

with H or the passivation was insignificant in contrast to the Mg passivation in p-type GaN:Mg.

Figure 2 shows the dependences of the YLge, UVLwMe and NBE intensities on 7, for four
GaN:Be samples with [Be] = (1-3)x10'® cm™ annealed for one hour in N> ambient. An increase in
the UV Ly intensity begins at 7T,., = 700 °C and can be attributed to the activation of the Mgga
acceptors, in agreement with earlier findings.>® The most interesting behavior was observed for
the YLge band: its intensity abruptly decreased at 7., = 350-400 °C. The YLge drop was measured
more carefully when annealing was conducted in a vacuum using a high-temperature optical
cryostat (Fig. 3). The YLge. intensity remained reduced up to 800 °C, after which it increased and
approached the initial value. Note that very similar behavior was observed both for GaN:Be
samples annealed in situ under flowing N> at 750 °C and for samples cooled down after the growth
without additional annealing. There was no change of PL intensity in n-type GaN:Be (sample R26)
and in samples with high concentrations of Be (R40 and R41). For other samples, the YLge
intensity drop was always observed at 7un, > 350 °C, but the magnitude of the drop was different

in different samples (Table I).
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T T T T T LI — T

R68
R68 (+1 year)
R96

>eom]

R96 (+1 year)
R87

R69 vacuum
R87 vacuum // |
R98 vacuum

4> o

PL intensity (arb. units)
SO
o ?
@"”’;ﬁd ;
*
»
!
on

10-1..|‘.v.‘|.‘.|.‘|.
0 200 400 600 800 1000

Tann (°C)
Fig. 3. Low-temperature PL intensities of the YLg. band in selected GaN:Be samples as a
function of annealing temperature for one hour in N, ambient (large symbols) and for 30 min
in vacuum (small symbols). The empty symbols show the PL intensities one day after the
annealing, and the filled symbols show the PL intensities after one year. The lines are guides

for the eyes.



10

At first glance, a simple explanation for the YLg. intensity drop would be the passivation of
the Bega acceptors with hydrogen. Indeed, it is observed only in semi-insulating or p-type GaN:Be
samples where H' ions are mobile at moderate temperatures. In principle, gallium and nitrogen
vacancies (Vga and V) could also be mobile at T, = 400 °C in GaN.”?%2%3132 However, as will
be shown in Sec. V, passivation of the Bega by the vacancies is not expected in our MOCVD-

grown GaN:Be samples.

At Tunn = 1000 °C, the YLge intensity is restored, which can be explained by removing H
from GaN samples. To verify this assumption, we annealed sample R68 at 750 °C after it was
annealed at 1000 °C, and the YLg. intensity did not change. We also tried hydrogenating the Bega
acceptors by annealing samples at 750 °C in the N>+H; ambient. However, in contrast to the
successful hydrogenation of the Cx acceptors in these conditions,!! annealing of GaN:Be samples
(as-grown or annealed in N> at 7,,, = 300-800 °C) in the N>+H; ambient caused the same effect as

annealing in N> at 750 °C.

The drop in the Y Lge intensity is not permanent. After a year of storage at room temperature
in air ambient conditions, at least for samples annealed at 7u,, < 600 °C, the YLge intensity was
completely restored (Fig. 3), which was also accompanied by reproduced shapes and intensities of
the UVLwmg and NBE bands. This YLge restoration is slow (at the scale of months) and apparently

not activated by temperature. More discussion of these processes will be presented in Sec. V.

B. Passivation of the Cn acceptors in GaN

Earlier, we studied the effect of thermal annealing on the BL2 band, which is caused by the CnH;
complexes in GaN.!! The effect of the annealing on the YLI band, which is attributed to the Cx

acceptors, was overlooked in that work. The evolution of the YL1 intensity with 74, is shown in
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Fig. 4. Very similar to the YLg. band in GaN:Be, the YLI1 intensity drops at 7,.» = 350 °C and
restores at Tumm > 900 °C. Note that these annealing experiments were done in “face-to-face”
geometry when the GaN surface was covered by another GaN sample. In these conditions, the BL2
band also started disappearing only at 7y, > 900 °C because the contact with another GaN sample

obstructed the evaporation of hydrogen from the surface.!!
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Fig. 4. The YL1 intensity in undoped GaN (sample s1587) as a function of annealing
temperature for one hour in N, ambient (solid squares) and for 30 min in vacuum (empty
symbols). The solid squares (1) show changes in the YLI intensity at 18 K in separate 5x5
mm pieces after annealing them for one hour in N, ambient at selected 7a., (between 350 and
1000 °C. The empty squares (2) show the evolution of the YL1 intensity in another piece of
as-grown GaN sample s1587 after consecutive 30-min annealing steps in a vacuum at 7, =
100-350 °C. Then the YL1 band was restored at 7= 80 K by extended (2 hours) exposure to
high-intensity UV light. The empty triangles (3) show the annealing-related evolution of the
YL1 intensity after this UV exposure. The lines are guides for the eyes.

An as-grown GaN sample (s1587) was annealed in a vacuum at 400 °C for 30 min, and PL
spectra at 80 K before and after the in sifu annealing were compared (Fig. 5). To avoid bleaching

of the BL2 band due to dissociation of the CnH; complexes, the PL measurements were carried out
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at very low excitation intensity (10 W/cm?). After the annealing at 400 °C, the YL1 intensity
dropped by two orders of magnitude. Then, the sample was subjected to high-intensity UV light
(325 nm, 0.13 W/cm?) irradiation at 7 = 80 K for one hour. This resulted in almost complete

restoration of the YL1 band (Fig. 5) due to photo-induced dissociation of the CxH;i complexes.
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Fig. 5. Evolution of PL spectrum in GaN (sample s1587) at 80 K as a result of ir sifu annealing

for 30 min at 400 °C, the following exposure of the sample to high-intensity (0.13 W/cm?) UV
light for 1 hour at 80 K, and additional in sifu annealing for 30 min at 400 °C.

Next, 30-minute-long in sifu annealing steps in a vacuum were repeated. The evolution of
the PL spectrum at 7= 80 K and Pex. = 10* W/cm? is shown in Fig. 6. In these conditions, the drop
of the YL1 band began already at 7u., =100 °C. Simultaneously, the BL2 band intensity increased.
The above results indicate that while the passivation of the Cn acceptors by hydrogen begins at
~350 °C in as-grown GaN, it occurs at much lower temperatures (100-150 °C) if the YLI band is

restored by photo-induced defect reaction at low temperatures. The explanations for these effects

will be given in Sec. V.
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Fig. 6. Evolution of PL spectrum in undoped GaN (sample s1587) at 80 K after consecutive

30-min-long steps of in situ annealing at indicated temperatures.

IV. COMPUTATIONAL RESULTS

The initial acceptor-hydrogen complex geometries were those of the respective lowest energy.
These are different for the complexes considered here. For the Beg.H; and Mgag.H; complexes,
these are where the H; occupies a bond-center interstitial site nearest an acceptor (Fig. 7(a)). For
the CnH;, the lowest energy geometry is where H; is occupying the carbon anti-bonding site (ABc),
a C-H bond length is 1.1 A along the direction opposite the C-Ga bond (Fig. 7(b)). The bond center
CnHi geometry is 0.5 eV higher in energy. In contrast, the H; acceptor anti-bonding sites for Beg.H;
and Mga.H; complexes are 2.9 and 3.1 eV higher in energy than the respective bond-center sites.
The hydrogen atom was moved to the nearest anti-bonding nitrogen (ABn1) site (Fig. 7), as the
first step in the dissociation process, then to the next ABn; site further along the wurtzite ¢ axis,

and the next stable ABn3 site to model hydrogen diffusion.
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Fig. 7. Dissociation pathways of (a) Be(Mg)s.H; and (b) CxH;i complexes in GaN lattice.

The resulting energy barriers along these dissociation paths for the BecaHi, MgcaHi, and CnHi
complexes are shown in Fig. 8, where the defect total energies are plotted as a function of the
hydrogen displacement. Since the defect complexes consist of different chemical species, their
total energies cannot be compared directly. In Fig. 8, defect total energies are plotted bringing the
total energies of the dissociated complexes (i.e., an isolated acceptor and hydrogen at the most
distant site) to the same value. Overall, Fig. 8 shows that potential barriers for the acceptor-
hydrogen association are about 2-3 times lower than for the complex dissociation. Furthermore,
the complex formation barriers between an isolated acceptor and an interstitial hydrogen are
similar 0.6-0.7 eV for all three complexes. In contrast, there is a significant difference in the
dissociation and binding energies among the complexes. While the dissociation barriers of CnH;
and Mgg.H; are 1.3 and 1.5 eV, respectively, the dissociation barrier of the Bec.Hi complex is 2.2
eV. The slope of the potential curves of the dissociated hydrogen towards the acceptors also
indicates the presence of the long-range Coulomb attraction between an acceptor and the

dissociated hydrogen. An additional relatively low diffusion barrier of ~0.5 eV 1is predicted to
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move hydrogen farther away from the Cn acceptor. This barrier is higher (~0.8 eV) for Bega and

MgGa.

[ ] BeGaHi I
B Mg H,
* CH

Fig. 8. Total energies of Beg.Hi, Mgg.Hi, and CxH; complexes along the hydrogen pathways

shown in Fig. 7.

Interstitial hydrogen was suggested to be positively charged and mobile in GaN when the Fermi
level is lower than 3.0 eV above the VBM.!! The lowest energy charge state of Hi is singly negative
in n-type GaN for the Fermi levels above ~3 eV, which significantly reduces its mobility. Our HSE
calculations suggest that if interstitial hydrogen is available in p-type and high resistivity samples,
it should readily bind to the isolated negatively charged acceptors at room temperature due to the
low complex association barriers. Dissociation of acceptor-hydrogen complexes can be expected
for annealing at moderate temperatures. However, a relatively flat potential landscape for H;
around an acceptor, Coulomb attraction between H;" and a negatively charged acceptor, and low
association barrier suggest that the dissociated complexes will quickly re-bind during the sample
cooling following annealing. Lower energies of interstitial H; around Cn suggest that CnH;

complex is quicker to bind than Beg.H; and Mgg.Hi. Therefore, it is expected that annealing
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experiments followed by the low-temperature PL measurements cannot extract acceptor-hydrogen
dissociation energies. Rather, hydrogen would have to be annealed out of the sample in order to
activate acceptor-related PL bands. Further analysis of the acceptor-hydrogen complex

dissociation/association energetics is given in Sec. V.

V. DISCUSSION

The isochronal annealing process leading to the dissociation of H-containing complexes can

be described as 333

E
]Vl"*'l = NOO +(Ni o Nw)exp |:tannv exp(— kT/lq J:| ’ (1)

ann

where i denotes the annealing step, 7 is the annealing time, vis the dissociation attempt frequency
(can be taken as the phonon frequency, about 10'* s), and E4 is the activation energy of the
dissociation. Figure 9 shows examples of isochronal annealing in a vacuum, where relative PL
intensity is fitted with Eq. (1) in the assumption that the PL intensity is proportional to the
concentration of the isolated Bega or Cn defects.

For a rough estimate, the relation between E4 and the critical temperature at which the

dissociation begins can be found from

w=t, v exp[— k? J ~1. (2)

ann
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Fig. 9. Evolution of the YLg. intensity in GaN:Be (filled symbols) and YL1 intensity in undoped
GaN (empty symbols) as a function of annealing temperature for 30 min in a vacuum. The
experimental data are taken from Figs. 2 and 3. The lines are calculated using Eq. (1) with the
following parameters: t,,, = 1800 s, v =108 s", E,=2.0 eV (1,2), 1.8 eV (3), and 1.1 eV (4),
Nx/No = 0.45 (1), 0.15 (2), 0.01 (3) and 0.02 (4). The arrows show the critical temperatures
obtained from Eq. (2) for E,4=1.1, 1.8, and 2.0 eV.

Figure 10 shows the calculated E4(7unn) dependences for selected #..,. Note that if the formation
of the H-containing complexes requires overcoming a potential barrier E4, the probability of the

complex formation will also be described with Eq. (2).
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Fig. 10. The dependence of the dissociation energy £, on annealing temperature for selected

annealing times calculated with Eq. (2).

According to Fig. 10, Tumm = 900 °C, at which an increase of the YLge and YL1 intensities
begins, corresponds to E4 = 3.8 eV. This is significantly larger than the acceptor-hydrogen
dissociation barriers predicted by HSE calculations, 1.3 and 2.2 eV for Beg:Hi and CyH;
complexes, respectively. According to a detailed study of the dissociation of H-containing
complexes in Mg-doped GaN,!* a large portion of hydrogen may remain in the sample after
annealing temperatures up to 900 °C because of a high surface permeation barrier. This is also
consistent with our earlier findings showing that removal of H from undoped GaN samples occurs
at critical temperatures of ~650 and 1000 °C, respectively, for the open-surface and face-to-face
geometries of the annealing, which revealed the activation energies of 3.0 and 4.2 eV,
respectively.!! The estimates for the YL1 band in the current work agree with the results reported
in Ref. 11 (for the sample annealed in the face-to-face geometry). The GaN:Be samples were

annealed in the open-surface geometry, and £4 = 3.8 eV for them seemingly contradicts the smaller
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value (3.0 eV) obtained for the BL2 band in undoped GaN.!! However, this apparent disagreement
can be explained by different near-surface band bending in the GaN:Be and undoped GaN samples.
In high-resistivity n-type GaN samples studied in Ref. 11, an upward band bending is expected,
which favors the extraction of positively charged hydrogen atoms. In contrast, the near-surface
band bending in the studied GaN:Be samples (p-type and semi-insulating) is most likely
downward, as it is typical for p-type semiconductors. The related electric field repels H' ions, and
higher temperatures are needed to remove hydrogen from GaN:Be samples. We conclude that at
Tann < 900 °C hydrogen remains in GaN samples and inevitably forms H-containing complexes

after cooling down to room temperature.

It can be seen from Figs. 9 and 10 that the critical temperatures 7um, = 350-400 °C at which
PL intensities of the Cn-related YL1 and Bega-related YLge bands significantly decrease during
30-60 min of annealing correspond to £4 = 1.8-2.0 eV. Note that finding £, from the critical Tun
is more accurate than finding it from the slope in the Arrhenius plot dependence because the latter
may be abnormally small if the number of experimental points is insufficient or some other
processes occur simultaneously with the dissociation. The obtained activation energies (E4 = 1.8-
2.0 eV) cannot be attributed to the barriers for complex formation (the calculated values are 0.6-
0.7 eV). We suggest that in as-grown GaN, hydrogen is trapped at some unknown defects
(nonradiative or electrically inactive), and the dissociation energy of the related H-containing
complexes is about 1.8-2.0 eV. The origin of these defects, called X hereafter, is unknown (they
may be point or extended defects). These defects trap a significant portion of hydrogen atoms after

the growth.

In situ annealing of GaN:Be samples at 750 °C in N2 ambient does not remove hydrogen

from the samples (higher than 900 °C temperature is required for this), and a significant portion of
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hydrogen atoms remains trapped at the X defects. Unlike the case of undoped GaN, where both
the Cn and CnH; defects are radiative, we cannot say if the Bega acceptors in GaN:Be samples are
all activated or if some of them are passivated with H after the growth and cooling down to room
temperature. However, the fact that additional annealing at 7..,, = 400-800 °C passivates a
significant portion of the isolated Bega defects (up to 90% for samples demonstrating the reduction
of the YLge intensity by a factor of 10), suggests that in as-grown GaN:Be samples most Bega
acceptors are free of hydrogen and that H;" are not readily available, but are rather bound to some

other defects.

A remarkable feature is that at least for 7w, = 400-600 °C the Bega acceptors are activated
back after storing them for one year at room temperature (Fig. 3). If the restoration was thermally
activated, the barrier for this process would be about 1.2 eV from Fig. 10. Simple rate-equations
models with two types of defects (a radiative acceptor and the defect X that may trap and release
hydrogen) cannot explain the observed complex behavior of PL under different annealing and

storing conditions. More information is needed to explain the results consistently.

It 1s important to notice that the above situation is similar to that in Mg-doped p-type GaN.
Myers et al.!* emphasized that electrical activation of Mg acceptors occurs at T = 500-600 °C,
while practically all hydrogen atoms remain in GaN:Mg samples after annealing at these
temperatures. This means that after MOCVD growth of GaN:Mg and cooling down to room
temperature, most of the hydrogen atoms are bound to Mgg. acceptors (X centers in case of
GaN:Be), whereas after annealing at 500-600 °C hydrogen atoms become bound to unknown
defects (Bega acceptors in case of GaN:Be). Based on our findings for MOCVD-grown GaN:Be,

we expect that after a long time of storage at room temperature (about a year for GaN:Be), Mgga
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acceptors may also become passivated again. This can detrimentally affect the performance and

longevity of GaN-based devices.

Let us now discuss the abrupt decrease of the YL1 intensity in GaN:C samples at 7, = 100
°C after it is restored by UV light (Fig. 4). According to Figs. 3 and 4, this process corresponds to
E4=1.1¢eV. This value also agrees with the fact that it takes several days at room temperature to
fully restore the BL2 and YL1 intensities after the CnH; dissociation under intense UV illumination
at low temperatures. We conclude that free H interstitials must overcome a barrier of about 1.1 eV
to form the CnHi complexes and the estimated activation energy is slightly larger than the CnHi
association energy of 0.7 eV predicted by theory (Sec. IV). We also obtain a migration barrier of
about 0.5 eV (Fig. 8) to move a dissociated H; to a more distant ABns3 site (Fig. 7). Previously, the
barrier for Hi” migration in GaN, which involved bond-center sites, was theoretically predicted to
be about 1.0 eV.>* Careful analysis of PL spectra (such as shown in Fig. 5) indicates that after the
photo-induced restoration, the YL1 band is blue-shifted by 30-40 meV as compared to its position
in the as-grown sample. This shift can be explained by the Coulomb attraction between the Cn~

and H" ions located close to each other.

No passivation effects were observed in GaN:Be samples with a high concentration of Be
([Be] > 10" cm™ in samples R40 and R41). This can be explained by the assumption that the
concentration of H is much smaller than that of Be, and the effects of passivation/activation remain
unnoticed. From SIMS measurements, the concentrations of Be and H in the 200 nm near-surface
layer of sample R40 are ~4x10'? and ~3x10'® cm™, respectively, where the latter is close to our H
detection limit (1-2x10'® ¢m™) and could be caused by kick-on of the impurity atoms from the

surface contaminations into the depth by the primary ion beam. This contrasts to Mg-doped GaN
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grown by MOCVD, for which the concentration of hydrogen increases with Mg doping and is

nearly equal to that of Mg.3%%¢

It is known that the Vga and Vn defects are also mobile in GaN at annealing temperatures
explored in the current work. According to the literature data, the isolated Vga defects are mobile
at T > 300-500 °C.>"¥237 We expect that the isolated Va defects are unlikely to remain in GaN
after the growth, post-growth annealing, and cooling down because they either diffuse to the
surface or preferentially form stable complexes with On donors that are omnipresent in GaN. The
V6O~ complexes dissociate only at 7> 1300 °C.>!*® We also do not expect Vn defects in our
MOCVD-grown GaN:Be because these samples were grown in N-rich conditions. The Vn and
BegaVn defects can be reliably identified in PL spectra from semi-insulating GaN.**#%4! Namely,
the green luminescence (GL2) band at 2.33 eV is caused by the isolated Vx defect,***” and the red
luminescence (RLg.) band with a maximum at 1.8 eV is caused by the BegaVn complexes.***! In
MBE-grown GaN:Be, these PL bands appear and become very strong after annealing at 900 °C,
apparently due to the abundant formation of nitrogen vacancies at such high temperatures in this

material. However, we did not observe the GL2 and RLg. bands in our GaN:Be samples grown by

MOCVD in N-rich conditions, even in samples annealed at high temperatures.

We observed a significant reduction of the YLge band intensity with annealing (attributed to
the passivation of the Bega acceptors with H) but did not observe such an effect for the UVLwmg and
UVLge bands in the same GaN:Be samples. The UV Ly band is caused by the Mgga. acceptor. Its
intensity slightly increased at 7., > 800 °C (Fig. 2), which can be attributed to the dissociation of
the MgagaHi complexes and the removal of hydrogen from the samples. Note that these samples
contained very low concentrations of Mg, below the detection limit of SIMS measurements. Thus,

when Bega and Mgaa acceptors are present, hydrogen preferably forms complexes with Be.
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Similarly, Bega acceptors win a competition for hydrogen in samples containing Bega and Cn
acceptors. Indeed, MOCVD-grown GaN:Be samples contain a significant amount of carbon
impurities, which is confirmed by SIMS measurements and the presence of a weak Cn-related YL1
band in PL spectra of some GaN:Be samples. However, we never observed the CnHi-related BL2
band in these samples. All these experimental findings agree with theoretical predictions,
according to which, the BecaHi complexes are the most stable among the complexes containing

Be, Mg, or C (Fig. 8).

The UVLge band with the strongest peak at 3.38 eV is attributed to the BecaOnBeca
complex.’® In contrast to the YLge band (which is always strong), its intensity is high only in semi-
insulating or p-type GaN:Be samples with a relatively high concentration of Be. For as-grown
MOCVD GaN:Be samples with high intensity of the UVLg. band (R87 and R134), annealing for
one hour in N2 ambient at T = 400-900 °C resulted in a modest increase of the UVLge intensity.
In as-grown MOCVD GaN:Be samples with a very weak UVLge band (R96 and R98), the UVLg.
intensity started increasing at 7,,,» > 800 °C, and it increased by about an order of magnitude by
Tunn = 1000 °C. These changes can be attributed to the removal of hydrogen from GaN:Be samples
and partial activation of the BegaOnBega defects. Interestingly, in MBE-grown GaN:Be samples
the UVLge band appears after annealing at 7u., > 700 °C, and its intensity increases by orders of
magnitude at 800 °C. Additional annealing in H> ambient at 74:» = 550 °C or in N2+H> ambient at

Tann = 600-850 °C did not cause any significant changes in the UVLge intensity.

VI.  CONCLUSIONS

Unusual behavior of PL was observed for the Bega-related YLge band and Cn-related YL1 band in

GaN (both PL bands have a maximum at ~2.15 eV). Namely, the low-temperature YLg. and YL1
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intensities dropped by up to 1-2 orders of magnitude after annealing in a vacuum or N> ambient at
annealing temperatures between 350 and 800 °C. The drop was attributed to the passivation of
these acceptors by hydrogen. The critical temperature of ~350 °C corresponds to a release of
hydrogen trapped at unknown defects after overcoming a potential barrier of about 2 eV. At Tun, >
900 °C, hydrogen is removed from the samples, and the yellow bands’ intensities are restored. The
observed behavior of hydrogen and technologically important acceptors in GaN could help identify
post-growth processing for acceptor activation, and help search for more efficient p-type dopants

in nitrides.
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