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Abstract

The Be-related ultraviolet luminescence (UVLge) band with a maximum at about 3.38 eV
in GaN:Be is caused by the shallowest acceptor in GaN with the —/0 transition level at
0.113 eV above the valence band. The luminescent properties of this acceptor were
studied in detail. First-principles calculations identify this acceptor as the BecaOnBega
complex. These calculations also predict a deep level, at 0.34 eV above the valence band.
However, we were not able to find evidence for this level in photoluminescence

experiments.
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|. INTRODUCTION

Wide-bandgap semiconductors, such as GaN and its alloys with AIN, attract significant attention
from researchers due to their numerous applications in optical and high-power devices.!*
However, despite the impressive success of GaN-based technology, p-type doping remains a
bottleneck because Mg, the only known viable acceptor in these semiconductors, is not shallow
enough in GaN (the ionization energy is £4 = 0.22 eV), and it becomes too deep in AlGaN with
increasing Al content (E4 = 0.5-0.6 eV in AIN). Alternative approaches, such as superlattice
structures and polarization-induced hole doping, have been proposed.’® However, these
approaches have downsides, such as lower vertical than lateral conduction.”* Co-doping of GaN
and AlGaN with Mg and O also showed promising results with an apparent reduction of the E,4
but limited progress was demonstrated.”!!! Thus, there is a strong demand for a shallower
acceptor in GaN, AIN, and AlGaN, i.e., which has a lower E,4 than that of Mg. The Bega acceptor
was suggested as an alternative p-type dopant. There are several reports on conductive p-type
GaN:Be,'*!'¢ and even p-type AIN:Be,!”"! yet these materials are more often semi-insulating, and
the reasons for inconsistent results remain unknown.

A shallow acceptor with E4 = 0.113 eV was experimentally found in GaN and initially
(mistakenly) attributed to the isolated Bega acceptor. This shallow acceptor is responsible for the
photoluminescence (PL) band (called the UVLge) with the zero-phonon line (ZPL) at about 3.38
eV followed by LO phonon replicas.?®** However, recent PL studies provided convincing
evidence that the Beg, is, in fact, a dual-nature acceptor’* with two polaronic deep states at
0.38+0.03 eV and 0.33+0.05 eV above the valence band maximum (VBM) and a shallow state
with a delocalized hole at 0.24+0.02 eV above the VBM at low temperatures.”® The polaronic

states are responsible for the broad yellow luminescence (YLge) band with a maximum at about



2.15 eV, whereas transitions via the shallow state can be observed only at 7> 100 K as the
ultraviolet luminescence band with the ZPL at ~3.26 eV (labeled UVLge3). Note that in recent first-
principles calculations, where adjustments were made to reproduce the GaN bandgap, the
polaronic states of the Bega acceptor were predicted at 0.55-0.80 eV and no shallow states were
reported.?%%’

The findings of Ref. 25 indicated that the UVLg. (3.38 eV) band cannot be caused by the
isolated Bega acceptor. Nevertheless, the defect responsible for the 3.38 eV band clearly contains
Be and demonstrates features of the shallowest acceptor in GaN. Thus, identifying the 3.38 eV
band in Be-doped GaN is not just an interesting puzzle; it could also lead to the discovery of new
efficient p-type doping in IlI-nitride materials.

In this work, we present a comprehensive PL study of the UVLg. (3.38 e¢V) band, which
was detected in about fifty Be-doped GaN samples grown by metal-organic chemical vapor
deposition (MOCVD) and molecular beam epitaxy (MBE) under various conditions. First-
principles calculations attributed this PL band to the BecaOnBega complex, which could be the

shallowest acceptor in GaN with E4 = 0.113 eV.

Il. METHODS
A. Samples

The UVLge (3.38 V) band was studied in more than 50 GaN:Be samples grown by MOCVD
and MBE. Several GaN:Be samples were selected for detailed analysis and illustrations (Table I).
Samples with the prefix “R” are ~500 nm-thick GaN:Be layers grown by MOCVD on
unintentionally doped GaN on c-plane sapphire substrates. Beryllium acetylacetonate (Be(acac)z)
from Strem Chemicals was used as a Be precursor. Nitrogen-rich conditions were maintained.

Immediately after growth, the material was annealed in sifu under flowing N> at 500 Torr and 750



°C for 30 min without removing from the growth chamber. The concentration of Be (Table I) was
determined from secondary-ion mass-spectrometry (SIMS) measurements. The MOCVD samples
were moderately contaminated with oxygen and magnesium impurities. The typical concentration
of O from SIMS is 10'7-10'"® cm™. The concentration of Mgca acceptors could be estimated from
PL measurements. For MOCVD samples, it varied in a wide range (between 10'* and 10'¢ cm™).
The dislocation density was estimated to be lower than 10° cm™ from X-ray rocking curve scans.
To study the effect of dislocations on PL spectra, several GaN:Be layers (not included in Table I)
were grown on freestanding HVPE GaN substrates with a dislocation density of ~10° cm™. We did
not notice any significant difference in intensities of the YLge and UVLg. bands in samples grown
on sapphire and on freestanding GaN substrates and concluded that both PL bands are unrelated
to dislocations. Samples 0408a and 0410a are Be-doped GaN layers grown by MBE at 675-770
°C on the c-plane sapphire substrate at West Virginia University.>° The PL spectra from as-grown
MBE GaN:Be samples often contain the GL2 and RLg. bands attributed to the isolated Vn and the
Beg.Vn complexes, respectively. This confirms the assumption that the MBE GaN:Be samples
were grown in Ga-rich conditions.’! More details about GaN:Be samples grown by MBE can be
found in Refs. 22 and 30. Selected samples were annealed in N2 or N2Hz ambient for one hour at
temperatures Tz = 400-1000 °C.

Table 1. Parameters of GaN:Be samples

Sample Growth method [Be] (cm™)
R29 MOCVD 5x10'8
R41 MOCVD 2x10"
R87 MOCVD 4x10'8
R96 MOCVD 3x10'®
0408a MBE 5x10"

0410a MBE 1x10'8




B. Photoluminescence measurements

Steady-state PL (SSPL) 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. Time-resolved PL (TRPL) was excited with a pulsed nitrogen laser and
analyzed with an oscilloscope. 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 100 and
680 K. The internal quantum efficiency for each PL band, #;, was estimated by comparing the
intensity after integrating over the PL band with that from calibrated GaN samples.*?* Other
details of PL experiments can be found elsewhere.*?*° The as-measured PL spectra were corrected
for the measurement system's spectral response, and PL intensity was additionally multiplied by
\*, 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.**3>

C. Theory

Theoretical calculations were 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 BecaOnBega complex. Details of error corrections and
Koopmans’ tuning procedure for the deep and shallow states are described in Ref. 37. The resulting
HSE parametrizations are obtained with values of the fraction of the exact exchange « of 0.245
and 0.33 for the deep and shallow states, respectively, of the BecaOnBega complex (the range
separation parameter is kept at 0.2 A™!). These parametrizations essentially eliminate the self-
interaction energy from the defect state orbitals. However, they respectively underestimate and
overestimate the HSE-calculated bandgap of the bulk GaN. Therefore, transition energies were

calculated from the HSE defect total energies using the experimental bandgap of GaN E“? = 3.50



eV. The —/0 thermodynamic transition level of the acceptor relative to the VBM (Eyaum) is
calculated as E(0/-) = E(-) — Evam — E(0), where E(—) and E(0) are the HSE total energies of the
negative and neutral charge states of acceptor in their relaxed lattice geometries, respectively. The
E(-) and E(0) total energies were corrected for the artificial interactions in periodic supercells,
following the correction procedure in Ref. 37. The energy of the ZPL (Eo) is then Ey = E,*7 —
E(0/-), and that of the PL. maximum i8S % @max = Eo— Arc, where Arc is the lattice relaxation energy
following the transition at the PL maximum (Franck-Condon shift). All calculations were
performed 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 configuration coordinate diagrams were obtained by performing parabolic fits into HSE
computed transition energies (i.e., within the harmonic approximation) to map the atomic

displacements AR; onto the configuration coordinate Q following Ref. 38.

lll. RESULTS

A. Experiment

1. Luminescence bands related to Be in GaN

Figure 1 shows PL spectra at 18 and 170 K from a representative GaN:Be sample grown by MBE
and annealed at 850 °C. The UVLge band with the strongest peak at 3.362 eV (7' = 18 K) is
attributed to the ZPL of the Be-related shallow acceptor. It is followed by three phonon replicas
separated by the energy of the LO phonon in GaN (91-92 meV). The YLg. band is attributed to a
deep polaronic state of the isolated Bega acceptor. The near-band-edge (NBE) emission is

dominated by the donor-bound exciton peak at 3.47 eV at 7= 18 K.



101§ L B L B A A
YL, UVL

— —
o o o
) BN =}

PL intensity (arb. units)

-
o
&

-
o
IS

E L . | N 1 N X L [ ]
1.5 2 2.5 3 3.5
Photon energy (eV)

Fig. 1. SSPL spectra from Be-doped GaN grown by MBE (sample 0408a annealed for one
hour in N, ambient at Ty, = 850 °C). Pex = 0.02 W/cm?.

With increasing temperature, the UVLge band quenches and disappears at 7= 120 K. At
higher temperatures, the isolated Bega acceptor-related UVLge; band with a maximum at ~3.26 eV
emerges (Fig. 1). The characteristic feature of the UVLges and YLge bands is that their intensities
ratio increases with temperature exponentially as
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in all Be-doped GaN samples (about 50 samples grown by MOCVD and MBE for which the
temperature dependence was studied).? Figure 2(a) shows this ratio for selected samples subjected
to different experimental conditions. In all the cases (see more examples in Ref. 25), the UVLge3

and YLge bands correlate, and the parameters of the fit vary in narrow ranges (4EF = 140-150 meV

and 6= 15-30). According to the model proposed in Ref. 25, AE is the distance between the deep



and shallow states of the Bega acceptor (AE = Epe> — Epe3), and O is the ratio of PL lifetimes
associated with these two states (0= e/ 78.3). This correlation of the UVLges and YLg. intensities
is crucial evidence for the dual nature of the Beca. acceptor.®> On the other hand, there is no
correlation between the UVLge and YLge bands in the same samples (Fig. 2(b)). The temperature
dependence of the UVLg. and YLg. intensities ratio in Fig. 2(b) is governed by the quenching of
the UVLg. band at 7 > 60 K. Moreover, the UVLg. band was not observed in several samples,
while the YLge band was always very strong. This indicates that the UVLg. (3.38 ¢V) band is
highly unlikely to be caused by the isolated Bega acceptor. Below, the properties of the UVLge

band, which is responsible for the shallowest acceptor in GaN, will be analyzed in detail.
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Fig. 2. Ratios of PL intensities as a function of inverse temperature. (a) UVLge3(3.26
eV)/YLge(2.15 eV) and (b) UVLg(3.38 eV)/YLg(2.15 eV). Experimental conditions:
MOCVD GaN:Be sample R29 at P, = 50 W/cm? (1), 0.13 W/ecm? (2), and 0.0001 W/cm?
(3); MOCVD GaN:Be sample R41 at P, = 12 W/cm? (1) and 0.0001 W/cm? (2); MBE
GaN:Be sample 0408a annealed at 550°C (1) and 900°C (2) and measured at Pe.. = 0.02
W/cm?. The lines in (a) are calculated using Eq. (1) with 6 = 20 and AE = 140 meV (the
solid line) and 6= 32 and AE = 150 meV (the dashed line).



2. Comparison of photoluminescence from Mg- and Be-related shallow acceptors

We established earlier that the UVLge band at 7= 18 K is caused by a recombination of
electrons at shallow donors with holes at a shallow acceptor with the level at 0.113+0.005eV,>* the
recombination process via the donor-acceptor pair (DAP) transition mechanism.>* With increasing
temperature, at 7= 50 K, the DAP components are replaced with very similar components shifted
by 20 meV to higher energy. They are attributed to transitions from the conduction band to the
same acceptor, the eA transition mechanism. We observed such transformation of the UV Lge band
in all GaN:Be samples, including those grown by MBE,* MOCVD,* and in GaN grown by
hydride vapor phase epitaxy (HVPE) and implanted with Be.*!

The Huang-Rhys factor S for the UVLge band is defined as the ratio of intensities of the first
phonon replica and the ZPL (about 0.2 in Fig. 1). The advantage of the studied MBE-grown
GaN:Be samples is the absence of the Mg-related UV Ly band that may obscure the UVLg. band
spectrum at photon energies below 3.3 eV. On the other hand, our MOCVD-grown GaN:Be
samples have better crystal quality, resulting in narrower PL lines. Unfortunately, Mg is a
contaminant in our MOCVD growth, and the UVLyg band is commonly observed in the PL
spectrum. Figure 3 compares the fine structure of PL in the UV region from two MOCVD-grown

GaN:Be samples.
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Figure 3. SSPL spectra (normalized at a maximum of the UVLg. band) from two Be-doped
GaN samples grown by MOCVD (R87 is as-grown GaN:Be and R96 is GaN:Be annealed at
1000 °C). T = 18 K and Pex. = 0.005 W/cm?. The spectra are red-shifted by 8 meV to

compensate for biaxial strain in GaN/sapphire layers.

For sample R87, § = 0.15, and the contribution of the UV Ly band is negligible at 7= 18 K
(it could be noticed at 7= 100 K when the UVLg. band is quenched). For sample R96, the UVLg
band is stronger than the UVLg. band. Another distinction between the samples analyzed in Fig. 3
is that sample R96 was additionally annealed in N> ambient for one hour at 7., = 1000 °C. The
annealing led to a significant enhancement of eA components (relative to DAP components) in the
UVLmg and UVLge bands. This effect was reproduced in all (total of four) MOCVD GaN:Be
samples annealed at such high temperature and is attributed in the literature to a reduction of the
shallow donor concentration.***

The PL spectra in Fig. 3 are red-shifted by 8 meV to compensate for the biaxial-strain-related

blue shift of PL lines. Then, the DBE peak is at 3.471 eV, and its two-electron satellite is at 3.45
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eV, which agrees with other reports for unstrained GaN.* The free exciton (FE) peak contributes
as a high-energy shoulder to the DBE peak and can be better resolved at higher temperatures. The
eA and DAP components of the UVLge band ZPL are at Zm.a = 3.3885 eV and Zapapr = 3.3705
eV, respectively. They are followed by LO phonon replicas at distances multiple of 91.5 meV. For
sample R87 (as well as for several other high-quality MOCVD GaN:Be samples), we also resolve
phonon replicas shifted by 742 =37.5 meV from the ZPL and its LO phonon replicas. We attribute
these peaks to a pseudo-local phonon mode. The ZPL of the UVLy, band (the eA component in

sample R96) is observed at #@.a = 3.2805 eV.

The separation between the eA peaks of the UVLge and UVLy bands is 1081 meV, and
their full width at half maximum (FWHM) is about 10 meV at 7= 18 K. Observation of eA peaks
at such low temperatures allows us to find more accurately the energy of the —/0 transition level
above the VBM. Indeed, E4 = E; — hiwea, where E, is the GaN bandgap. By taking the following
values for unstrained high-quality GaN, DBE at 3.471 eV, FE at 3.477 eV and E; =3.502 eV at T
=2 K,* we obtain E4 = 113.5 meV for the Be-related acceptor and E4 = 221.5 meV for the Mgaa

acceptor.

The attribution of the UVLge and UV Ly peaks to eA and DAP transitions has been verified
by careful analysis of their evolution with variations in temperature or excitation intensity Pexc.
Figure 4 shows how the DAP component of the UVLge. ZPL shifts with increasing excitation
intensity. The shift is identical to that of the UVLwmg ZPL in high-quality undoped GaN grown by

HVPE (shown with empty symbols in Fig. 4).
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Figure 4. The shift of the DAP component of the UVL band ZPL (for Be in GaN:Be and for
Mg in undoped GaN) with excitation intensity at 7= 18 K. The inset shows the shift of the eA
component of the UVL band ZPL in GaN:Be sample R96 with increasing temperature. The
line is calculated using Eq. (2).

The shift of the DAP component of ZPLs (by about 7 meV with increasing Pex from 10
to 0.3 W/cm?) is very similar for several acceptors in GaN,*>4¢ because the same shallow donor
(O~ with the ionization energy of Ep = 33 meV)* is unintentionally introduced with typical
concentrations in the 10'7-10'® cm™ range. The average separation of distant pairs can be estimated
as Rn = (27Np)'3, where Np is the concentration of shallow donors.>* The value @ea — Aapap =
20 meV, which is smaller than Ep by the Coulomb interaction energy (~13 meV), implies that R,

~ 12 nm and Np ~ 10" cm™ for samples R87 and R96 analyzed above.

The dependence of /iawpap on Pex. can be found from the following expression **
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where D is a constant, Ec = iawpar — (Eq— Ep— E4), and Ep = x/Rp is the Coulomb interaction
energy for a pair with a separation equal to the Bohr radius Rp of a shallower component in the
effective-mass approximation. The total shift of the DAP-related PL band in a wide range of Pex.

is not expected to exceed the ionization energy of the shallower component *®

The TRPL experiments also confirmed the DAP nature of the UVLg. band at 7= 18 K.
The PL decay after a laser pulse is nonexponential, /”%(f) oc " with n ~ 1. The peak maximum
gradually redshifts with time delay, totally by 7 meV between 0.3 and 100 ps. Such behavior is

typical for DAP transitions in GaN and other semiconductors.*>°

With increasing temperature from 18 to 60 K, both the DAP and eA components of the
UVLg: and UVLyg bands shift to higher photon energy by about 3 meV. The inset in Fig. 4 shows
the 7 wea(T) dependences for sample R96, in which the eA components are well resolved in a wide
range of temperatures. Similar shifts were observed earlier for the UVLg. and UVLwmg bands with
increasing temperature from 4 to 50 K in a bulk GaN:Be sample grown by the high nitrogen
pressure method.’! From the above analysis, we conclude that the UVLyg and UVLg, bands are
caused by two shallow acceptors in GaN: the Mgca and a Be-related acceptor other than the isolated

BeGa.

3. Arguments favoring the shallowest acceptor attribution
The fact that a PL line is found at 0.113 eV below the £, does not necessarily mean that it is caused

by an acceptor with the —/0 level at 0.113 eV above the VBM (which would be the shallowest
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acceptor in GaN to date) because the attribution of PL lines is not always straightforward. Below,
we will consider alternative attributions and provide arguments in favor of the shallowest acceptor.

Small Huang-Rhys factor. In general, with increasing ionization energy of an acceptor, E4,

a bound hole becomes more localized. This results in increasing electron-phonon coupling, the
strength of which is measured with the Huang-Rhys parameter S.°>>* This parameter can be found
from the PL band’s shape for broad, structureless PL bands (Sec. IIIA6) or as a ratio of intensities
of the first phonon replica and the ZPL peak when the phonon-related fine structure can be
resolved.*>** Figure 5 shows the values of S for the UVLge and UV Ly, bands in comparison with
the experimentally found S values for other known acceptors and donors in GaN.*? Thus, the shape

of the UVLg. band corresponds to a very shallow acceptor, shallower than Mgga.

100: T T T I T T T T T T T T T I T T T
RL2 |
prag
%) GL2.
5 O 7
" or VL1,
> -
K
o
>
c 1+ 4
= F
T
O acceptors ||
UVL [] donors ||
o1 £ B
0 0.2 04 0.6 0.8 1

E, (eV)

Figure 5. Dependence of the Huang-Rhys factor on ionization energy for acceptors and donors

in GaN. Lines are guides to the eye.
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DAP mechanism transforms into eA mechanism. PL spectra from several acceptors in GaN

reveal the ZPL and phonon-related fine structure. In addition to Mgga, these are Znga (the BLzn
band with a maximum at 2.9 eV), Cx (the YL1 band with a maximum at 2.17 eV), and a Fe-related
RY3 defect (the YL3 band with a maximum at 2.07 eV).*? For all these acceptors, the DAP peaks
are observed at 7 < 20 K, and the eA peaks emerge at 7> 40 K. Exactly the same transformation
of PL was observed for the UVLge band in all GaN:Be samples (except for the samples annealed
at 1000 °C where the eA peaks were observed already at 18 K). Such behavior is different from
that for PL bands caused by donors in GaN where the PL is always caused by internal transitions:
from an excited state near the conduction band to the ground state of the same defect.>? For the
donors, the ZPL does not shift with a variation of excitation intensity, and the PL decay is
exponential even at very low temperatures.

Large hole- and electron-capture coefficients. One distinction of the UVLge band from

other acceptor-related PL bands in GaN is that the UVLg. band is very weak (if present at all) in
conductive n-type GaN:Be. Indeed, other acceptors (often caused by unintentional contamination
with impurities, such as Mg, Zn, and C) are efficient centers of radiative recombination in n-type
GaN because they capture holes very quickly due to the attractive nature of negatively charged
acceptors. In such samples, it is easy to experimentally find important characteristics and
parameters of defects, including their concentration, hole-capture, and electron-capture
coefficients.*? Be is not a common contaminant in GaN growth. When it is intentionally introduced
during growth or by ion implantation, the samples are usually semi-insulating with an unknown
conductivity type. However, in some GaN:Be samples the concentration of shallow On donors
exceeds the concentration of acceptors, and such samples are conductive n-type. We have

discovered only three such samples grown by MOCVD (out of more than 50) and one n-type
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sample grown by MBE (out of 20). No UVLg. band could be found in these four samples (it could
be in part because of strong excitonic emission and LO phonon replicas of the NBE peaks near
3.38 eV in n-type samples). More conductive n-type samples were also obtained after co-
implantation of Si-doped GaN with Be and F ions, and three Si-GaN:Be,F samples revealed the
UVLg. band.*! From the analysis of SSPL and TRPL at different temperatures in these samples
we determined electron- and hole-carrier capture coefficients for the UVLge-related defect: C, =
1x10'"! em?/s and C, = (1-20)x107 cm?/s, respectively. While there is significant uncertainty in
the value of C,, the extremely large value of C, supports the attribution of the UVLge band to the
shallowest acceptor and matches the trend for other acceptors in GaN (Fig. 6). Note that the C,
could not be found for donors in GaN because the eA emission is not observed. As for the weakness
(or absence) of the UVLge band in conductive n-type GaN:Be, we conclude that the related
acceptors are unlikely to form in such samples due to unfavorable growth conditions. We will

return to this issue in Sec. IV.
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4. Thermal quenching of the UVLge band

Figures 7 and 8 show an example of PL spectrum evolution with increasing temperature
from 18 to 100 K and the Arrhenius plot for the UVLg. intensity at selected Pex.. The UVLge band
in semi-insulating GaN:Be is quenched with increasing temperature above ~70 K by the tunable
quenching mechanism.** This quenching mechanism is common for PL from semi-insulating GaN
and other semiconductors.” Defect-related PL intensity in such samples drops above a critical
temperature 7o. The main feature of this mechanism is that 7o increases with increasing Pexc. At
low temperatures (7' < Tp), an inverse population of charge carriers occurs in conditions of SSPL.
Namely, dominant nonradiative donors become saturated with photogenerated electrons (because
they capture nonequilibrium electrons quickly), while acceptors become saturated with holes
(because of the fast capture of holes by acceptors). The drop of PL at 7j is explained by the thermal
emission of holes from the acceptors to the valence band, which initiates a transformation of the

charge carrier population from inverse to equilibrium.
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Figure 7. Evolution with temperature of PL spectrum in GaN:Be (MBE GaN:Be sample 0408a
annealed at T, = 850 °C). Pexe = 0.005 W/cm?.
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MOCVD GaN:Be sample R29 at selected P.... The lines are calculated using Eq. (3) with E4

=85 meV and the following parameter C: 4x10° (Pex. = 50 W/em?), 9x10° (6 W/cm?), 2.2x10°

(0.13 W/ecm?), 5%10° (Pexe = 0.005 W/cm?), 1.8x107 (0.0001 W/cm?).

In the case of the UVLge band, the quenching is tunable but not abrupt. Such dependence is
expected when a shallow acceptor is quenched first, but the transformation of the charge carrier
population from inverse to equilibrium occurs at higher temperatures — when a deeper acceptor
with higher concentration is quenched.’® Such behavior, called the two-step quenching, was
observed in semi-insulating GaN samples doped with Zn and contaminated with Mg.>® The
quenching of the Mg-related UVLwmg band at 7> 100 K was tunable by Pe.. but not abrupt, and
only the second step of the PL quenching associated with the Zn-related BLz, band was abrupt and
tunable. According to the two-step quenching mechanism, the quenching of the shallow acceptor
occurs with the activation energy E4 equal to the acceptor ionization energy.

The I’(T) dependence (Fig. 8) can be formally described with the following expression
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Jrr (0)

L 3)
1+Cexp( kl;‘“j

JPL (T) =

where parameter C decreases with increasing Pexc.°® The slope of the UVLge quenching reveals E
=60-95 meV in different samples (85 meV in Fig. 8). Note that the value of £4 from the Arrhenius
plot is typically smaller than E4 found from PL spectroscopy at low temperatures (often by ~30
meV) due to potential fluctuations, variation in E4 with temperature, nonexponential PL decay,
and other reasons.’>>’ Thus, the E4 from the Arrhenius plot agrees well with E4 = 113 meV
obtained from low-temperature PL spectroscopy.

In summary, all experimental data indicate that the UVLge band is caused by electron
transitions from shallow donors (at 7' < 50 K) or predominantly from the conduction band (at 7 >
50 K) to a shallow acceptor with the —/0 transition level at 0.113 eV above the VBM. Deep donors
in GaN sometimes have levels close to the valence band (such as the CnH; complex with £4=0.15
eV above the VBM, the donor responsible for the BL2 band with a maximum at 3.0 eV).*®
However, the electron-phonon coupling is strong for such defects (large S), and PL is caused by
internal transitions — from an excited state near the conduction band to the ground state. The UVLge
band also cannot be attributed to electron transitions from an unknown donor to the valence band.
Such transitions are not observed in GaN (mostly because of the lack of samples with reasonably
high concentrations of free holes at cryogenic temperatures).** Finally, it is unlikely that the UVLge
band has an excitonic nature. Excitons bound to structural defects or point defects gettered by
extended defects can cause sharp PL lines at photon energies between 2.7 and 3.45 eV (the so-
called Y lines).>® However, the temperature behavior of the UVLge band (the transformation from

the DAP to eA type transitions) and TRPL features (nonexponential and relatively slow decay of
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PL at low temperature and exponential decay at 7= 50 K with m = 0.3 ps in a conductive n-type

sample) are inconsistent with the excitonic nature.

5. Effect of annealing

Previously, the effect of thermal annealing on the UVLge band was studied only for MBE-grown
GaN doped with Be. For MBE GaN:Be samples grown at UWYV, annealing during two hours in
N2 ambient at 7u., = 900 °C consistently resulted in the appearance or significant enhancement of
the UVLge band.?>*%% Interestingly, others reported on strong UVLg. band in GaN:Be samples
grown by MBE at 740-750 °C without mentioning post-growth annealing.?**!*! We investigated
the effect of annealing at different temperatures on the intensity of the UVLg. band in Be-doped
GaN samples grown by MBE (from UWV) and MOCVD (from SUNY).

In as-grown MBE GaN:Be samples, the UVLge band was either very weak or absent. It
emerges at Ty, > 700 °C and its intensity increases by orders of magnitude in a narrow temperature
range (Figs. 9 and 10). The intensities of the YLg. and NBE bands remained nearly unchanged in
this temperature range. This indicates that the Be-containing shallow acceptor responsible for the
UVLge band is passivated in MBE-grown GaN:Be, and it can be activated by the annealing. The
annealing temperature of 700-800 °C corresponds to an activation energy of about 3.0 eV. It is
likely that either H; or VN donors (which are both mobile at growth temperatures) passivate the
Be-containing shallow acceptor. However, additional annealing in H> ambient at 7., = 550 °C or
in No+H> ambient at 7,,, = 600-850 °C did not cause any significant changes in the UVLge
intensity. This result contrasts with findings for the Cn acceptor in GaN, which could be reversibly
passivated with hydrogen by annealing in N>+H; ambient and activated by annealing in N>

ambient.”®
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Fig. 9. The PL spectra at 7 = 18 K from MBE-grown GaN:Be (sample 0408a) annealed at
selected temperatures in N> for one hour. For 7., = 400 °C, the PL spectrum at A= 3.2-3.4

eV reveals LO phonon replicas of excitonic lines and no traces of the UVLg, band.
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Fig. 10. PL quantum efficiency of the UVLg. band in two MBE and two MOCVD GaN:Be
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that the UVLge efficiency for sample 0408a was lower than 2x10¢ — the background level.
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Most of our GaN:Be samples grown by MOCVD were annealed immediately after growth
in flowing N> at 750 °C for 30 min without removing from the growth chamber. However, three
samples were grown without any annealing. We did not notice any significant difference between
PL spectra from annealed and not annealed samples. Additionally, selected MOCVD samples were
annealed for one hour in N> at different temperatures. In samples where the UVLg. band was strong
after the growth, its variation with 7,,, was insignificant (sample R87 in Fig. 10). In some as-
grown MOCVD GaN:Be samples the UVLg. band was weak or could not be resolved because its
position was close to the LO replica of the DBE line. In such samples, the UVLg. intensity
increased with 7., but much slower than in MBE GaN:Be samples (sample R96 in Fig. 10). The
effect of annealing on GaN:Be samples grown by MBE and MOCVD will be discussed in more

detail in Sec. IV.

6. Search for a deep polaron state
Some acceptors are predicted to have a dual nature (a shallow state with a delocalized hole

and a deep state with a localized hole).?*

Experimentally, the dual nature was convincingly
confirmed only in one case — for the Beca acceptor in GaN.?* Normally, one would expect that
holes are localized at the deeper state at low temperatures. PL from the shallow state may appear
with increasing temperature due to the Boltzmann distribution of holes between the deep and
shallow states. Such interplay between PL from deep and shallow states of the same acceptor
(identical in different samples) was observed for the Beg, acceptor in GaN.? PL from the shallow
state can be observed at low temperatures only if a significant potential barrier exists between the
two states. In this case, with increasing temperature, PL from the shallow state is expected to be

replaced by PL from the deep state after the system overcomes the potential barrier (this will be

discussed in more detail in Sec. 11IB2).?°> Below, we will report on the search for the deep state
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that could be associated with the UVLge-related acceptor performed by varying experimental
conditions.

In several GaN:Be samples (both MOCVD- and MBE-grown) the saturation of the YLge
band was accompanied by the emergence of a blue luminescence band (labeled BLge) with a
maximum at 2.6 eV (Fig. 11). For MOCVD GaN:Be sample R87, the NBE intensity increased
superlinearly with Pex (what is typical for semi-insulating GaN), and the UVLg. intensity
increased linearly between 0.0001 and 0.13 W/cm?. The saturation of the YLge band began at about

0.005 W/cm?. At higher Pe.., a shoulder appeared at its high-energy side (BLg. in Fig. 11).

PL intensity (rel. units)

TR I R N S L '
1.5 2 2.5 3 3.5
Photon energy (eV)

Fig. 11. Low-temperature (18 K) PL spectra from MOCVD GaN (sample R87) at two Pex.
divided by the excitation intensity. The BLg. band emerges with increasing Pey.. The dashed
lines are calculated using Eq. (4) with the following parameters: S. = 23, Eo" = 3.2 €V, 7 max
=2.15 eV (the YLg. band); S. = 12, Ey* = 3.4 €V, fitomax = 2.6 €V (the BLg. band). A = 0 for
P =0.13 W/em? and A = -15 meV for Pe,. = 0.0001 W/cm?. Empty circles show the sum of
the calculated YLge and BLg. shapes at Pe,. = 0.13 W/cm?.
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To deconvolute the PL spectra, the shapes of broad PL bands were simulated with the

following expression obtained in a one-dimensional configuration coordinate model
[ 2
E —h
"™ (n h 28 |, [—— 1 @
| dye '

Here, S. is the Huang-Rhys factor in the excited state of the defect, drc® = Eo — /i thnax is the Franck-
Condon shift in the ground state, Eo = Eo+ 0.5 /.42, Eo is the ZPL energy, /42, is the energy of the
effective phonon mode in the excited state, 7@ and % max are the photon energy and position of
the PL band maximum, respectively. The A is a small shift of the PL band maximum (< 0.02 eV)
due to several reasons, such as the DAP/eA nature of transition, the presence of local electric fields,
and in-plane biaxial strain in thin GaN layers grown on sapphire substrates. The parameters for the
YLge band have been previously found from the analysis of the band shape in many GaN:Be
samples grown by MBE and MOCVD (S, is slightly decreased here to account for a small
broadening of the band).?>**%* The shape and position of the BLge band were reconstructed from
the analysis of PL from more than ten GaN:Be samples measured at high Pexc. Figure 12 shows
the PL spectra from GaN:Be sample with the strongest contribution of the UVLge band measured
at high P and selected temperatures. The PL spectra were deconvoluted by using shapes of the
YLsge and BLge bands, and the integrated PL intensities were converted to PL quantum efficiencies
(Fig. 13). The quenching of the UVLg. and BLge bands begins at ~70 and 100 K, with £4 = 85 and

120 meV, respectively.
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Fig. 12. Evolution of PL spectrum with temperature for MOCVD GaN:Be sample R29. The
dashed lines show the shapes of the YLg. and BLg. bands at 7= 100 K calculated by using
Eq. (4) with the following parameters: S, =24, Ey" = 3.2 €V, and /i hax = 2.15 eV for the YLge
band and S. =12, Eo" = 3.4 eV, and %@max = 2.6 eV for the BLg. band.
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Fig. 13. Temperature dependence of PL quantum efficiencies for three PL bands in GaN:Be
sample R29. The lines are calculated using Eq. (3) with the following parameters: 7 = 0.055,
C =2x10° and E, = 85 meV (the solid line), and 70 = 0.018, C = 2x10° and E4 = 120 meV
(the dashed line).
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An important feature of the BLg. band is exponential decay after a laser pulse at 18 K, the
lowest temperature accessible in our experiment. The BLg. band lifetime, 7, is 0.75+£0.15 us and
sample-independent (in six samples where TRPL of the BLg. band was studied). Such behavior is
typical for internal transitions from a shallow excited state near the conduction band to the ground
state of a donor in GaN.*? This PL band could be caused by transitions via the 0/+ level of the Bega
defect located at 0.12-0.15 eV above the VBM. More statistical data are needed to establish the
correlation between the YLg. and BLg. bands before they can be reliably attributed to two charge
states of the Bega. For the current work, it is important that there is no clear correlation between
the BLge and UVLg. bands. At least, we can find several samples revealing the UVLg. band and
no BLg. band. This indicates that the BLg. band is unlikely to be caused by transitions via a deep
state of a dual-nature acceptor with the shallow state responsible for the UVLge band at 3.38 eV.
The suspected deep state of the UVLge-related acceptor may still hide under the YLg. and BLge
bands but then its intensity must be very weak.

B. Theory

1. First-principles calculations

Since the experiment strongly suggests that the UVLg. band originates from a Be-related shallow
acceptor, other than the isolated Bega, we have performed the initial preliminary search for a Be-
related acceptor, with the results published in Ref. 63. In that work, we have calculated isolated
Be defects in GaN (Bega, Ben, and Be;) along with the complexes among them and with common
native defects (Vn, VGa, Ni) and oxygen donor (On). Of the defects analyzed in the reference above,
only the isolated Bega and BeGaOnBeaa exhibited shallow acceptor transition levels. However, the
latter was dismissed for having a low binding energy (we address this below). The only other

defect that exhibited acceptor properties for the Fermi level around midgap was the BecaVnBeca
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complex, which was initially used in an attempt to explain the Be-related yellow YLge band. We
later revised the attribution of the YLge band to the deep polaronic transition level of the isolated
Beaa acceptor.?® The above reference also provides convincing evidence that the UVLg. band at
3.38 eV did not originate from the shallow state of the same Bega acceptor. Therefore, since the
BecaOnBeca 1s the only other Be-related shallow acceptor we find, here we revisit this defect
complex in order to analyze its possible relation to the shallow UVLge band.

Koopmans tuned HSE calculations predict the co-existence of both deep polaronic and
shallow states of the BegaOnBeaa acceptor (Fig. 14), somewhat similar to the case of the isolated
Bega acceptor. There are two deep polaronic states of the neutral BecaOnBega acceptor, with the
hole localized on the nitrogen atom nearest to Bega along the wurtzite c-axis (Fig. 14(a)), and the
hole localized along one of the three in-plane Be-N bonds (Fig. 14(b)). There is also a shallow
state of the neutral BecaOnBeca acceptor, which, in contrast to the isolated Bega, is significantly

more delocalized (Fig. 14(c)).

(a) (b)

Fig. 14. Isosurfaces of the spin density of the hole localized on the neutral Beg.OnBeca
acceptor at 10% of the maximum value. (a) The deep polaronic state localized along the

wurtzite c-axis; (b) in-plane deep polaronic state; (c) shallow state.
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The BegaOnBega acceptor complex consists of the tightly bound Bec.On dimer, with a Be-
O bond of 1.6 A, and the second Bega that is weaker bound with a Be-O bond length of 2.6 A. The
structure of the BecaOnBeca acceptor in the deep small polaronic states (Fig. 14 (a,b)) is
characterized by significant lattice distortions. In these states, the hole is localized on the nitrogen
atom that is the nearest neighbor of Bega, where the Be-N bond is increased to 2.7 A, in comparison
with the 1.96 A Ga-N bond. The total energies of the two configurations of the small polaron are
very close, with the in-plane polaron having a total energy of 0.03 eV lower than that of the c-axis
polaron. The polaronic lattice distortions are slightly larger than those in the isolated Bega. acceptor,
where the Be-N bond was calculated to be 2.6 A.%

The shallow state of BecaOnBea. acceptor is much more symmetric, with all Be-N bonds
equal to 1.8 A, and two slightly different Be-O bonds of 2.0 and 2.1 A. The hole in this state is
very weakly localized around the Beca.OnBea. acceptor and is not fully reproduced in a 300-atom
supercell.

The binding energy of the BecaOnBeca acceptor with respect to separation into a BegaOn
and Bega is a relatively low 0.3 eV and practically independent of the Fermi energy. This binding
energy is defined as the formation energy difference between the isolated constituents (BecaOn
plus Bega) and the BecaOnBega complex. The binding energy of 0.3 eV does not necessarily imply
that BegaOnBega complex is unstable. HSE tests using ab initio molecular dynamics on the GaN
surface suggest that on the surface Bec.OnBega defect is stable at the MOCVD growth
temperatures. (Note, we did not perform detailed ab initio molecular dynamics modeling of
MOCVD growth, which is beyond the scope of this work.) Once formed during sample growth,
this complex requires large energies to dissociate in the bulk GaN. Namely, our HSE calculations

show that moving the Be atom from the Ga site of the BecaOnBega complex into the nearby
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interstitial (Bei), which leaves behind a gallium vacancy Vga, leads to an unstable structure. HSE
relaxations from a number of the initial lattice structures where Be;i is placed next to the VgaOnBega
complex, result in the Be atom relaxing back into the gallium vacancy, restoring the BecaOnBeca
complex. In order to estimate the dissociation energy of the BecaOnBega acceptor, we calculated
the diffusion path of removal of Be atom from the complex to the next nearest interstitial site,
using the nudged elastic band (NEB) method. NEB calculations were performed using the HSE
parametrization of the deep polaronic state of the BecaOnBeaa acceptor. This diffusion path along

with the dissociation energy is shown in Fig. 15.

Bei ]

Fig. 15. Dissociation path of the Bec.OnBeca complex in (a) GaN crystal lattice; 1.e., moving

Beaa to the next nearest Be;, (b) HSE total energy along this path obtained using NEB.

While the binding energy of the BecaOnBeca complex is a relatively low 0.3 eV (with respect
to isolated Bega and BegaOn dimer), the dissociation energy of this complex in bulk GaN is a large
~5.4 eV. In addition to the crystal lattice deformations that the dissociation requires, this is also
due to the strong electrostatic interaction between the double donor Bei** and a deep double

acceptor Va2~ which is left in place of the removed Beca. Therefore, once the BecaOnBeca complex
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is formed on the surface during GaN growth, it remains stable in the bulk of the material in the
post-growth annealing and subsequent experiments at high temperatures.

The HSE calculated 0/ transition level of the deep polaronic state is at 0.34 eV above the
VBM for a slightly more stable in-plane polaronic state of the acceptor. The shallow state is
calculated to have the 0/— transition level at about 0.12 ¢V above the VBM. Therefore, HSE
predicts the ground state of the hole localized on the BegaOxBega acceptor is a deep in-plane
polaron, while the shallow state is metastable. A weakly localized nature of the shallow state
suggests a more efficient capture of the photogenerated hole by this state, compared to the strongly
localized small polaron. In order to analyze the stability of a captured hole, we use the NEB method
within HSE to calculate the energy pathway between the shallow and deep polaronic states.
Koopmans tuned HSE for the deep polaronic state was used in this calculation. Since this
parametrization of HSE does not fulfill the Koopmans’ condition for the shallow state, total energy
correction was applied to the shallow state to bring the total energy differences between the states
in accord with the thermodynamic transition levels calculated by the appropriate HSE functionals.
In addition, the shallow-state post-processing energy corrections were also applied to the
intermediate states where the defect state wavefunctions retain shallow character. This energy

path, along with the corresponding hole spin densities, are shown in Fig. 16.
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Fig. 16. Potential barrier path as a function of the defect configuration coordinate Q for the
hole captured at the shallow state of BecaOnBega acceptor towards the deep ground state of the

in-plane small polaron. Corresponding hole spin densities are shown for reference.

HSE calculations predict a relatively low energy barrier of 0.065 eV for a photogenerated
hole captured on the weakly localized shallow state to be transferred to the deep ground state. This
barrier value suggests that the PL originating from the shallow state should be quenching at
temperatures of around 30 K. In the PL experiments, the quenching of the UVLge band is observed
at 7> 60-90 K which suggests that this barrier is likely underestimated in HSE calculations. Details
of PL kinetics and its dependence on the relative energies between the shallow and deep states are
given in Sec. [I1.B.2.

HSE calculated optical transitions via BecaOnBega acceptor are shown in Fig. 17, where
configuration coordinate diagrams for the deep polaronic and shallow states of this defect are
presented. In Fig. 17 the solid lines show adiabatic potentials obtained by fitting into HSE optical
transition energies within the harmonic approximation. Solid symbols connected by dotted lines

show adiabatic potentials obtained by the direct static HSE calculations in the Q-direction between
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the relaxed neutral and 1- charge state lattices. Defect energies in each lattice configuration were
corrected for the artificial interactions in the periodic supercells following Ref. 37. Deep polaronic
and shallow states exhibit the resonant absorption of 3.45 eV and 3.4 eV, respectively, which are
close to the bulk GaN bandgap of 3.50 eV. Absorption of a photon with the above bandgap energy
creates an electron-hole pair, which upon thermalization end up in respective band edges (dashed
E(—)*E, potential in Fig. 17). Subsequent nonradiative hole capture by the negatively charged
BegaOnBeca acceptor into both shallow and deep states is predicted to be efficient, with no
potential barrier for hole capture. However, the delocalized nature of the shallow state suggests a

more efficient hole capture by the shallow state.

in-plane polaron shallow state
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Fig. 17. Configuration coordinate diagram for (a) the deep polaronic and (b) shallow states of
BecaOnBeaa acceptor calculated with the Koopmans tuned HSE. Solid arrows show radiative
optical transitions, and dashed arrows indicate the non-radiative transition path in the deep
acceptor state. Solid lines show adiabatic potentials obtained by fitting within harmonic
approximation into HSE optical transition energies. Filled symbols show direct HSE
calculations of the series of defect lattice geometries along the Q-direction connecting the

relaxed neutral and 1-— lattice structures.
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For the neutral deep state, we obtain two contradictory results regarding the possible
radiative or non-radiative nature of the deep polaronic state of the BegaOnBega acceptor. On the
one hand, the barrier for the non-radiative electron-hole recombination (dashed arrows in Fig.
17(a)) obtained from the fitted adiabatic potentials (solid lines) is a low 0.08 eV. This suggests that
the localized polaronic state of the BecaOnBega acceptor could be non-radiative. On the other hand,
adiabatic potentials obtained by direct static HSE calculations (filled symbols with dotted lines)
suggest a somewhat anharmonic potential in the neutral polaronic state and a large potential barrier
for the nonradiative recombination of about 1.5 V. It remains an open question whether a different
vibrational mode exists for the deep polaronic state of the BecaOnBeaga acceptor, which would
allow for nonradiative recombination via this defect. In either case, if the barrier between the
shallow and deep states is low for a thermal jump, the photogenerated hole is initially captured by
the shallow state, then transfers to the deep polaronic state, and recombines with the electron from
the conduction band (or a shallow donor) radiatively or non-radiatively. Radiative transitions
associated with the deep state are expected to produce a broad red PL with a maximum at 1.81 eV
and ZPL at 3.16 eV. In the following, we will consider both possibilities for electron-hole
recombination via the deep states — radiative with a PL band at ~1.8 eV and nonradiative.

The shallow state of the BecaOnBega acceptor, on the other hand, does not exhibit a
possible non-radiative recombination pathway, i.e., the £(0) and E(-)+E, adiabatic potentials do
not intersect. Therefore, at low temperatures, where the hole captured by the shallow state does
not transfer to the deep state, HSE calculations predict a sharp UVL band with ZPL at 3.38 eV and
PL maximum at 3.4 eV (Fig. 17(b)). In comparison with the UVL band produced by the isolated
Beca acceptor (HSE calculated transition level is 0.18 eV),>” the UVL band produced by the

BecaOnBeaa acceptor is sharper, with calculated Franck-Condon shift of ~0.01 eV, which is at the
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limit of accuracy of HSE defect energy calculations. This low value of the Franck-Condon shift is
due to a low AQ = 0.2 amu”A displacement between the relaxed neutral shallow state and
negatively charged defect lattice geometries. The Franck-Condon shift of the isolated Bega was
calculated at a slightly larger 0.05 eV. Therefore, HSE-calculated PL parameters suggest that
Bec.OnBeaa exhibits an acceptor level that is shallower than that of the isolated Bega.

The HSE-calculated vibrational parameters for the shallow state of the BecaOnBega
acceptor are as follows. The vibrational energies of the ground E(—) and excited E(0) states,
calculated along the Q-direction connecting the two relaxed defect lattice geometries are 51 and
61 meV, respectively. The corresponding ground and excited states’ Huang-Rhys factors are 0.24
and 0.28. For the deep polaronic state, vibrational energies of the ground E(-) and excited £(0)
states are 34 and 16 meV, respectively (within harmonic approximation as shown by solid
adiabatic potentials in Fig. 17 (a)). The corresponding ground and excited states’ Huang-Rhys

factors are 40 and 19.

2. Phenomenological model

Temperature dependences of PL intensities associated with shallow and deep states of a dual-
nature acceptor can be simulated by using the rate equation model.>>*” The internal quantum
efficiencies (IQEs) of electron-hole recombinations (radiative or nonradiative) via the deep-state

(np) and shallow-state (7s) should have the following dependence on temperature 3’
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where A=1+7, (l/rHD +1/TD,therm) and B=1+7g (l/THS +1/TS,therm); np(0) and 75(0) are

IQEs for the deep and shallow states, respectively, at 7 — 0; 7,5, and 7,,; are PL (or
nonradiative recombination) lifetimes for the deep and shallow states; 7, ,, = V; exp(E s | KT ) and

Tg,p =Vs Xp(Eg, / kT) are transfer times from the deep to shallow (D—S) or shallow to deep

(S—D) states with vibrational frequencies vp and vs over barriers Eps and Esp, respectively. The

characteristic times of thermal emission of holes from the deep and shallow states to the valence
—1 -1
band (7p ey and Ty oy ) are: z,,,,. =(C,,N,) gexp(E,/kT) and 7., =(C,N,) gexp(Es/kT)

, where C,p and Cps are the hole-capture coefficients for the deep and shallow states; Ep and Es
are the energies of the deep and shallow —/0 transition levels above the VBM, g is the degeneracy
factor, and N, is the effective density of states in the valence band.

Examples of calculated 7p(7) and 7s(7)) dependences for electron-hole recombination via

the deep and shallow states of the proposed BecaOnBega complex are shown in Fig. 18. According
to first-principles calculations in Sec. [1IB1, Ep =0.34 eV, Es=0.12 eV, Eps=0.285 eV, and Esp

=0.065 eV. Other parameters were presumed in this example (given in the caption of Fig. 18).
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Fig. 18. Temperature dependences of IQE for electron-hole recombination via the shallow
(ns) and deep (7p) states of the BecaOxBeaga acceptors in GaN calculated using Egs. (5) and
(6) with the following parameters: Ep = 0.34 eV, Es = 0.12 eV, C,p = 10® cm¥/s, Cps = 10°

cm’/s, T,,p =10%s, T,,¢ =10%s, vp = vs = 10" s, np(0) + 75(0) = 0.5. Two sets of

dependences are shown: for the HSE-calculated barriers (Esp = 0.065 eV, Eps=0.285 ¢V) and
for higher barriers (Esp = 0.20 eV, Eps = 0.42 eV) between the shallow and deep states.

Let us first consider predictions of the phenomenological model (with HSE-calculated
parameters) and assume that recombination via the deep state is radiative (if it is nonradiative, just
replace “PL” with “nonradiative recombination efficiency”). At low temperatures (7 < 25-30 K),
the PL from the shallow state is stronger than from the deep state by a factor of C,s/Cpp. We
anticipate that the shallow state captures holes more efficiently and, therefore, Cps >> Cpp. With
increasing temperature, holes at the shallow level get enough energy to overcome the potential
barrier Esp. Then, the PL intensity from the shallow state decreases with temperature as
exp(Esp/kT), and the PL intensity from the deep state increases with the same slope. At

temperatures between 50 and 200 K, only PL from the deep state would be observed. At higher
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temperatures, the PL quenching with the activation energy equal to £p = 0.34 eV should occur due
to the thermal emission of holes from the deep state to the valence band. The PL intensity from
the shallow state is expected to increase at temperatures above 150 K due to the thermal emission
of holes from the deep ground state into the shallow state (this mechanism was explained in Ref.
25), but its IQE remains below 10~ (not shown in Fig. 18) because of relatively large value of AE

=Ep—Es.

The PL lifetimes, 7,,, = 100 ps and 7,,; = 1 ps, were assumed according to typical

values of C, for acceptors in GaN (Fig. 6). Note that increasing or decreasing 7,_,; by a factor of

10 only slightly shifts critical temperature 7y at which the quenching of PL from the shallow state

begins (between 40 and 55 K) but does not affect PL IQEs in regions where they are independent

of temperature. Moreover, the temperature dependences at 7 < 150 K are insensitive to 7,_,, (for

T ., between 1071 and 1 s). In particular, if the electron-hole recombination via the deep state is

nonradiative, the temperature dependence of the nonradiative recombination efficiency at 7 < 150
K would be the same as shown with the dashed curve in Fig. 18. Since the total IQE of the
recombination via the BecaOnBega acceptor is much smaller than unity, such variations in the
nonradiative recombination with temperature would remain unnoticed in the PL experiment.

In the above example, the barrier for the shallow-to-deep state transition is relatively small
(Esp < Es), the quenching of PL from the shallow state occurs without emission of holes to the
valence band, and the IQE of the emerged PL from the deep state (or nonradiative recombination
efficiency) must be the same as that of the shallow state. Alternatively, if the barrier is large (Esp
> Ey), the quenching of the shallow-state-related PL would begin due to the thermal emission of

holes to the valence band (at critical temperature 7o = 90 K in Fig. 18 for any Esp > Eys). In this
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case, the PL from the deep state may remain unnoticed in PL experiments even if this

recombination is radiative.

IV. DISCUSSION

We have established that the UVLge band with the strongest peak at about 3.38 eV in Be-doped
GaN is caused by an acceptor with the —/0 transition level at 0.113 eV above the VBM. This
acceptor cannot be an isolated Be defect such as Beca, Ben, or Bei.% On the other hand, it can be
found only in GaN samples with relatively high concentrations of Be (above 10'7 cm™). These
findings indicate that it must be a Be-containing complex. Our first-principles calculations show
that the only candidate for such a shallow acceptor (besides Bega) is the BegaOnBega complex if
we limit the number of the defect components to three. Note that according to HSE calculations,

64 or it does not have transition levels in the bandgap,®® but it cannot

the Beg.On is a deep donor,
be a shallow acceptor.
From our HSE calculations, the Beca.OnBeca complex is a dual-nature acceptor. The
shallow level with a delocalized hole is predicted at 0.12 eV, and the deep polaronic state — at 0.34
eV above the VBM. Theory predicts a potential barrier Esp = 0.065 eV for the transition of a bound
hole from the shallow state to the deep one. At first glance, such a potential barrier could explain
why PL from the shallow state (the UVLg. band) is observed at low temperatures, in contrast to
the case of the isolated Bega acceptor, where this barrier is smaller than 20 meV.>> However, the
phenomenological model (Sec. I1IB2) predicts the quenching of the UVLge band at 7> 30 K with
the activation energy of Esp = 65 meV and the concurrent emergence of a broad PL band with a
maximum near 1.8 eV (it would not be observed if the recombination via the deep state is

nonradiative). In experiments, the quenching of the UVLg. band is observed at 7> 60-90 K with

an activation energy of 60-95 meV. Most likely, this quenching is caused by the thermal emission
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of holes from the —/0 level to the valence band. A slightly smaller activation energy in the
Arrhenius plot than E4 = 113 meV is due to several reasons and is typical for defects in GaN.>
Importantly, the characteristic temperature of the quenching is tunable by the excitation intensity
and not abrupt, which agrees with the predictions of the phenomenological model.’® This finding
excludes the possibility that the quenching is caused by the escape of the holes from the shallow
state to the deep one. We conclude that the barrier from the shallow state to the deep state is likely
higher than 0.1 eV.

To date, the dual nature of cation-site acceptors was confirmed experimentally only for the
isolated Bega defect in GaN.> In particular, the polaronic state is predicted for the Mgga
acceptor,>*%%7 but only the shallow state is observed as the UVLy, band in GaN.%® This apparent
contradiction could be resolved if the deep and shallow levels of Mgga coincide (with an accuracy
of about 10 meV) and the potential barrier between these two states is at least 50 meV.?*” The
same restrictions may explain why PL from the deeper state is not observed in experiments for the
Znga acceptor.’” According to calculations of the current study, the BecaOnBeca acceptor has a
radiative shallow state at 0.12 eV (responsible for the UVLge band with a maximum at 3.38 eV)
and a deep polaronic state at ~0.34 eV (radiative or nonradiative), which could not be found in PL
experiments. Note that the deep state of the BegaOnBeaa acceptor is predicted to have the same
energy above the VBM as the Bega acceptor, and the latter's concentration greatly exceeds the
former's concentration. Therefore, it may not be possible to confirm its existence by other
experiments such as deep-level transient spectroscopy. For the verification of the polaronic state
of the BecaOnBeaa acceptor predicted at 0.34 eV, experiments with Be-O co-doping are promising.
We expect that the co-doping of GaN with Be and O may lead to an abundance of the BecaOnBega

acceptors so that their concentration will exceed the concentration of compensating donors.
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The idea of co-doping is not new.®” More than 25 years ago, Yamamoto and Katayama-
Yoshida predicted that co-doping of GaN with acceptors A and shallow donors D would lead to
the formation of the tri-component (ADA) complexes that would have the shallowest ionization
energies.”®’! It was suggested that Be or Mg as acceptors (A) and Si or O as shallow donors (D)
form tri-complexes that are shallow acceptors. Since then, several experimental works
demonstrated high p-type conductivity in GaN co-doped with Mg and O,%!%!! co-doped with Be
and O,7>" and GaN co-implanted with Be and O.”*”° By co-doping GaN and Al,Ga;.N (x = 0.4)
with Mg (A) and Si (D), Aoyagi et al.”® demonstrated high hole carrier concentrations (p = 2x10"
and 6x10'"® cm?, respectively). Finally, first-principles calculations show that the triplet
MgaiOnMgai complex in AIN is a shallower acceptor (E4 = 0.34 V) than the isolated Mgai (E4 =

0.50eV).”’

Finally, we would like to address questions raised in Sec. IIIA: Why is the UVLg. band
very weak or absent in n-type GaN:Be samples, and why is thermal annealing necessary for the
Beg.OnBeca activation in MBE-grown GaN:Be? While it may seem counterintuitive, experiments
show that complexes involving several components are abundant in semiconductors. Examples
include tri-carbon complexes with concentrations higher than 10'® cm™ in C-doped GaN,®7%80
and four-component complexes in Si.*! In our MOCVD GaN:Be samples, the typical concentration
of oxygen is 10'-10'"® cm™. The Be and O species are immobile in bulk GaN at growth
temperatures (970 °C for our MOCVD growth).%> One possibility is that the BecsOnxBeca
complexes are formed at the surface during the growth and remain buried. Alternatively, high
concentrations of mobile gallium vacancies may facilitate the formation of the complexes during

growth in nitrogen-rich conditions. Further, hydrogen atoms may participate in forming the

BegaOnBega complexes. This assumption can explain why the UVLge band is usually observed in
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semi-insulating GaN but is very weak or absent in conductive n-type GaN. Indeed, hydrogen in
interstitial sites (H;) is positively charged and very mobile when the Fermi level is in the lower
part of the GaN bandgap, and it is negatively charged and immobile at 1000 °C in n-type GaN
when the Fermi level is close to the conduction band.>®#3% The exact role of hydrogen in forming
the BegaOnBega complexes is unknown, and further experiments with thermal annealing in
hydrogen-rich and hydrogen-free ambients may shed light on this issue. Nitrogen vacancies may
affect the formation of the BegaOnBega complexes, especially in GaN:Be grown in Ga-rich
conditions. The Vn donors may passivate the BecaOnBega acceptors during the growth, while post-
growth thermal annealing may activate them. This mechanism can explain why the UVLge band
emerges in MBE-grown GaN:Be samples (grown under Ga-rich conditions) only at 7uu, > 700 °C

(Sec. IIIAS).

V. CONCLUSION

The shallowest acceptor in GaN, with an ionization energy of 113 meV, is attributed to the
BecaOnBeca complex. This attribution is based on a detailed analysis of photoluminescence results
and first-principles calculations. The dual nature of this acceptor is predicted theoretically, but no
confirmation of it has been currently found in the experimental data. Co-doping of GaN with Be
and O may result in conductive p-type GaN. Understanding co-doping mechanisms may also lead

to breakthroughs in doping ultrawide-bandgap nitride semiconductors.
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