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Dual nature of the Beg, acceptor in GaN: Evidence from photoluminescence

M. A. Reshchikov

, M. Vorobiov, O. Andrieiev, and D. O. Demchenko

Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23220, USA

B. McEwen and F. Shahedipour-Sandvik
College of Nanoscale Science and Engineering, SUNY Polytechnic Institute, Albany, New York 12203, USA

® (Received 18 April 2023; revised 7 July 2023; accepted 27 July 2023; published 15 August 2023)

Experimental studies of Be-doped GaN by photoluminescence (PL) confirmed theoretical predictions that
the Beg, acceptor in GaN has dual nature, namely a coexistence of a deep state with a localized hole and a
shallow state with a delocalized hole. Electron transitions via the deep polaronic states of this defect cause the
broad yellow luminescence band with a maximum at 2.1-2.2 eV. Analysis of the PL. dependence on temperature
reveals two polaronic configurations (labeled Bel and Be2) with the —/0 transition levels at 0.3-0.4 eV above
the valence band. The Bel-related luminescence band transforms into the Be2-related luminescence band at a
critical temperature of about 100 K. In addition, the shallow state of the Beg, (Be3) is found at 0.2 eV above the
valence band. The associated ultraviolet PL band with the main peak at 3.26 eV can be activated by transitions
of holes from state Be2 to state Be3 over a potential barrier at 7 > 100 K. The origin of another Be-related
acceptor with a level at 0.113 eV above the valence band, which is responsible for the ultraviolet PL band with
a maximum at 3.38 eV, remains unknown. We do not find experimental evidence for the dual nature of other

acceptors, such as Mgg, in GaN and Liz, in ZnO.

DOI: 10.1103/PhysRevB.108.075202

I. INTRODUCTION

First-principles calculations predict the dual nature of
acceptors in semiconductors [1,2]. Lany and Zunger [1] pro-
posed in particular that the Beg, acceptor in GaN has two
configurations: a deep (polaronic) state with the —/0 charge-
transition level at 0.45 eV above the valence-band maximum
(VBM) and a “shallow transient state” with a delocalized
wave function and the —/0 level at 0.15 eV above the VBM.
According to Lyons et al. [3], the polaronic state of the Beg,
(hole localization on c-axis N neighbor) is at 0.55 eV above
the VBM, by about 0.02 eV deeper than another polaronic
state (hole localization on planar N neighbors). Cai et al. [4]
calculated the deep state at 0.65 eV above the VBM. Dem-
chenko et al. [5], using the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional tuned to fulfill the generalized Koopmans
condition, found for the Beg, acceptor a deep polaronic state
at 0.58 eV and a shallow effective-mass state at 0.24 eV above
the VBM.

Photoluminescence (PL) is a powerful tool for analyzing
point defects in semiconductors. The charge-transition lev-
els can be found with high accuracy from PL experiments
when a zero-phonon line (ZPL) is observed [6]. However,
due to strong electron-phonon coupling, PL bands from deep
defects in GaN are usually broad and structureless. The
charge-transition level (or acceptor ionization energy) for such
defects can be found from PL quenching dependence, yet the
error in such cases may be significant.

Several attributions of Be-related PL bands in GaN (to be
revised in the current work) were proposed from PL exper-
iments. In particular, the ultraviolet luminescence (UVLg.)
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band with a maximum at 3.38 eV, followed by a few LO
phonon replicas, was ascribed to the shallow state of the Beg,
acceptor with the —/0 level at 0.113 eV above the VBM [5,7—
10]. The yellow band with a maximum at 2.2 eV in GaN:Be
was attributed to the Beg,On donor [11], the Beg,VnBega
acceptor [12], and the Be; Vg, complexes [13]. The red band
with a maximum at 1.8 eV was associated with the VyBeg,
complex [12].

Recently, we investigated Be-related PL from more than
100 GaN samples, including Be-doped GaN layers grown on
sapphire substrates by molecular-beam epitaxy (MBE) [5,12],
GaN layers grown by hydride vapor-phase epitaxy (HVPE)
and implanted with Be [14] or coimplanted with Be and F
[15], and Be-doped GaN layers on sapphire grown by met-
alorganic chemical vapor deposition (MOCVD) [16,17]. In
almost all the samples, the dominant PL band was the broad
yellow band (YLg,) with a maximum at 2.15 eV. Initially, we
associated it with the Beg, VnBeg, complex [12]. However,
recent experimental data favored its attribution to the deep
(polaronic) state of the Beg, acceptor [17]. The quantum effi-
ciency of the YL, band approaches unity in GaN:Be samples
grown by MOCVD [16,17].

In this work, we show that the YLg. band consists of
two unresolved bands (YLge; and YLgey) caused by electron
transitions via two deep polaronic states of the Beg, acceptor
(Bel and Be2) with the levels at 0.3-0.4 eV above the VBM
(throughout the paper, by “energy levels” we mean acceptor
binding energies or thermodynamic transition energies). In
addition, a shallow state of the Beg, acceptor is found at
0.2 eV above the VBM. The properties of another Be-related
acceptor, which is thought to be the shallowest acceptor in
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TABLE I. Parameters of GaN:Be samples (SI is semi-insulating).

Sample Growth method Source of Be [Be] (cm™) n (cm™3)
R26 MOCVD Doping 6 x 10V 1 x 10"
R39 MOCVD Doping 2 x 10" SI
R50 MOCVD Memory effect <10" 1 x 10
R68 MOCVD Doping 1 x 10 SI
R95 MOCVD Doping 3x 108 SI
0408a,b MBE Doping 5 x 10" SI
0020-1 MBE Doping 7 x 10'% 5 x 10"
Si-12-12-1100 HVPE Implantation 5% 10 1x10"®

GaN (responsible for the UVLg, band caused by electron
transitions via the level located at 0.113 eV above the VBM
[5]) are beyond the scope of this paper.

II. EXPERIMENTAL DETAILS

A. Samples

Several GaN:Be samples were selected for detailed analy-
sis (Table I).

Samples with prefix “R” are ~500 nm-thick GaN:Be layers
grown on unintentionally doped GaN on c-plane sapphire
substrates in a vertical cold-wall MOCVD reactor. Beryllium
acetylacetonate [Be(acac),] from Strem Chemicals was used
as Be precursor. Immediately after growth, the material was
annealed in situ under flowing N, at 500 Torr and 750° C for
30 min without removing from the growth chamber. Sample
R50 was contaminated with Be due to the “memory effect”
after several MOCVD growths with Be source. Other details
about the growth can be found elsewhere [16,17]. Sample
0020-1 is a Be-doped GaN layer grown by MBE on the
c-plane sapphire substrate at West Virginia University [18].
The sample is conductive n type. More details can be found
in Ref. [12]. Sample Si-12-12-1100 is a Si-doped GaN layer
grown on a sapphire substrate by HVPE. The sample was

implanted at 600° C with °Be* and 9F" jons. After im-
plantation, the sample was annealed in N, ambient at 7,,, =
1100° C for 1 h. Other details can be found in Ref. [15].

B. Measurement details

Steady-state PL (SSPL) was excited with a HeCd laser,
dispersed by a 1200-rules-per-millimeter grating in a 0.3-m
monochromator, and detected by a cooled photomultiplier
tube. Time-resolved PL (TRPL) was excited with a pulsed ni-
trogen laser and analyzed with an oscilloscope. A closed-cycle
optical cryostat was used for temperatures between 18 and
320 K. The internal quantum efficiency (IQE) for each PL
band, n;, was found by comparing the intensity after integrat-
ing over the PL band with that from calibrated GaN samples
[6,19,20]. The as-measured PL spectra were corrected for
the measurement system’s spectral response. The PL inten-
sity was additionally multiplied by A, 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 [6,21]. Other details of PL experiments can be found
elsewhere [6,21].

III. RESULTS
A. Two-step quenching of the YLg, band

Low-temperature PL spectra for two representative sam-
ples are shown in Fig. 1. The near-band-edge (NBE) band
consists of the donor-bound exciton (DBE) and free-exciton
(FE) peaks that can be distinguished with increasing tem-
perature. The UVLy, band with the main peak at 3.27 eV
followed by LO phonon replicas is attributed to the shallow
Mg, acceptor unintentionally introduced during MOCVD
growth. The broad YLg. band with a maximum at 2.15 eV
is attributed to the Beg, acceptor and will be analyzed below.

In all Be-doped GaN samples, the YLg, band is quenched
by the two-step mechanism [17]. In the first step, at
T =~ 100 K, the YLg. intensity decreases by R;. For the
majority of GaN:Be samples, R; = 1.3 — 2. However, for a
few samples grown by MBE, the magnitude of the first step
is larger, up to R; = 10. After the first step, a plateau is
usually observed in the temperature dependence before the
second quenching begins at 7, & 200 K. For conductive n-
type GaN:Be samples, the activation energy E4 = 0.30 eV
and hole-capture coefficient C, ~ 4 x 10~7 cm?/s were found
from the second quenching [12]. Sometimes the slope in the
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FIG. 1. Normalized PL spectra from MBE and MOCVD GaN:Be
samples at 7 = 18 K. NBE band consists of unresolved DBE and FE
peaks at about 3.48 eV and two LO phonon replicas of FE peak.
UVLy;, band with main peak at 3.27 eV is caused by contamination
with Mg during MOCVD growth. Broad YLg, band with maximum
at 2.15 eV is attributed to polaronic state of Beg, acceptor.
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FIG. 2. Temperature dependences of /i,y (Symbols) and I™* (solid lines) for YLg, band in GaN:Be grown by MOCVD. (a) Sample R95,
P... = 0.002 W /cm?. (b) Sample R50, Py = 1.5 % 107°,107*, and 0.0047 W/cm?. At T ~ 80—100 K, YLg, intensity drops by R, ~ 2, and

YLz, band redshifts by Aliwy,x = 40—50 meV.

Arrhenius plot is smaller, yet still it can be concluded that
E4 =~ 0.30 eV [17]. In semi-insulating (SI) GaN:Be samples,
both steps are tunable by excitation intensity, and the sec-
ond quenching occurs by the abrupt and tunable quenching
mechanism [20]. From the analysis of the 71(G) and T>(G)
dependences in SI samples, where G is the electron-hole
generation rate, we concluded that these steps correspond
to activation energies of about 0.15 and 0.3 eV, respectively
[12,17].

The second step at T, & 200 K was previously explained
by the thermal emission of holes from the Beg, state at
0.30 eV to the valence band [17]. The main proof for this
quenching mechanism (the Schon-Klasens mechanism) is the
concurrent increase in the NBE emission intensity [6,19]. The
rise of PL intensity by up to a factor of 10 in some GaN:Be
samples indicates that the IQE of the YLg, band just below T,
is about 0.9 in these samples [17].

However, the first step cannot be explained by the thermal
emission of holes to the valence band [17]. In particular, in
samples with the IQE close to unity, the first step of the YLg,
quenching does not cause any changes in the intensities of
other PL bands. Below, we present experimental evidence
indicating that the first step corresponds to replacing the broad
yellow band with a very similar one, redshifted by 40-50 meV.
Hereafter, we will call these components of the YLg, band the
YLBel and YLBeZ-

1. Abrupt redshift of the YLg, band

Figure 2 shows the temperature dependences of the YLg,
band’s position of the maximum, fiwmay, and PL intensity, 7%
Concurrently with the first quenching step between 70 and
100 K, the band maximum redshifts by Afiopm.x ~ 40 meV
[Fig. 2(a)]. In SI samples, where the quenching is tunable by
excitation power density, Pex, the shifts coincide with the first
quenching step [Fig. 2(b)]. The abrupt redshift of the YLg,
band’s maximum concurrently with the first quenching step
was confirmed in more than ten GaN:Be samples, including

conductive n-type and SI samples grown by MOCVD and
MBE. In other samples, the position of the YLg, band could
not be reliably analyzed, mainly because of severe Fabry-
Perot interference modulating the spectrum.

2. Temperature dependence of the YLg, lifetime

For electron transitions from the conduction band to a
defect level in conductive n-type GaN, the temperature de-
pendence of PL intensity, IQE (n = I*-/G), and PL lifetime
() can be fitted with the following expression [22,23]:

IPHT) _ (™) _ (1)
Mo o  w

1
14+ (1 —no)toC,Nyg ' exp (—E4/kT)’

ey

Here, ng, I“(0), and 7, are, respectively, the IQE, PL
intensity, and PL lifetime at temperatures before quenching,
C, is the hole-capture coefficient, g is the degeneracy of the
defect level (assumed to be 2), N, is the effective density of
states in the valence band (N, = 3.2 x 10" 732 ¢cm™3), k is
Boltzmann’s constant, and E4 is the activation energy (the
energy distance from the defect level to the valence band
plus a barrier for the hole capture if any). The parameter 7
can be found in TRPL measurements. When the PL decay is
not purely exponential (e.g., when the contribution of donor-
acceptor pair transitions is significant at low temperature), 7
can be defined as the time at which the I"“(¢)t dependence
has a maximum [24]. o depends on the concentration of free
electrons (n) in conductive n-type GaN as

! 2
o=~ c (2
where C,, is the electron-capture coefficient.

The YLp. lifetime is inversely proportional to the =,
with C, =1 x 107" cm?3/s [15,17]. This observation indi-
cates that the YLg. band is caused by electron transitions
from the conduction band to the deep defect level. The t(T)
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FIG. 3. (a) Temperature dependence of YL, lifetime (circles) and PL intensity (solid line) in n-type HVPE GaN implanted with Be and
F and annealed at 1100° C (sample Si-12-12-1100). (b) Temperature dependence of YLjg, intensity (normalized at 18 K) for MOCVD-grown
GaN sample R68 measured in two geometries. Poye = 5 x 107> W/cm?.

dependence for the YLg, band in one of the samples is shown
in Fig. 3(a). This initially Si-doped HVPE GaN sample was
implanted with Be and F and then annealed at 7 = 1100° C
[15]. The sample behaves as a degenerate n-type GaN with
n~ 10 cm™3. The YLg, lifetime does not change between
18 and 100 K (79 ~ 11 us). However, concurrently with the
first quenching step, T decreases to 3 us. The IP%(¢)t depen-
dence broadens near T = Tj, and the effective lifetime returns
to a higher value (to & 9 us) between 135 and 180 K. At
T > Ty, the 7(T') dependence is identical to the I°(T") depen-
dence and can be fitted with Eq. (1) with typical parameters
for the YL, band. The discontinuity of the YLg, lifetime
concurrently with the first quenching step was confirmed in
all GaN:Be samples where temperature dependence of TRPL
was carefully studied.

3. Origin of the first quenching step

From the analysis of the temperature dependences of the
YLg. band position and PL lifetime, we conclude that the
broad YLg. band consists of two unresolved components:
YLge; and YLge,. The YLge; band has a slightly longer PL.
lifetime and dominates at 7 < T;. It is caused by electron
transitions from the conduction band (or from shallow donors
in nondegenerate samples at 7 < 50 K) to state Bel with the
characteristic time ;. At T > T, the YLg.; band vanishes
and is replaced with the YLg., band. The latter has a max-
imum at lower photon energies (by about 0.05 eV) and is
caused by electron transitions from the conduction band to
state Be2 with PL lifetime t,. The drop of PL intensity by R)
in the first step is explained below.

Suppose the hole-capture mechanism does not change
during the first quenching step. In that case, the IQE of re-
combination via the Beg, defect should not change, which
raises the question of why PL intensity decreases. We assume
that the IQE of the YLg, band inside the sample does not

change at T = T, while different light-extraction efficiencies
of PL from the YLg.; and YLg., bands cause the step in the
measured PL signal. In other words, optical dipoles parallel to
the ¢ axis of the crystal are expected to have lower extraction
efficiency for PL observed from the sample’s ¢ plane. To test
this assumption, we measured the temperature dependence
of the YLjg, intensity after turning the sample by 90 ° and
collecting PL from the cleaved edge of the sample. The IP-(T)
dependence from the sample edge is shown in Fig. 3(b) in
comparison with that obtained from the sample’s face in the
usual geometry. The R, decreased from 1.7 to 1.1, whereas
other features of the YLg, band, including the shape, position,
and the redshift of the PL band during the first step, remained
unchanged.

The step can also be formally explained by the assumption
that the transition via state Bel is purely radiative while that
via state Be2 is partly nonradiative (or reduced extraction
efficiency), with the nonradiative fraction y = l—Rl’l. Before
describing the model of the Beg, acceptor in more detail,
we will solve an exciting puzzle about the UVL band in
Be-doped GaN.

B. New UVL band
1. Emerging with temperature UVL band

The second unique feature observed in most GaN:Be
samples is the emergence of the UVL band after the first
quenching step is completed, but the second one has yet to
begin. It is well known that the UVL band in undoped GaN,
with the first peak at about 3.27 eV followed by weaker LO
phonon replicas (labeled UVLy, hereafter), is caused by
transitions from the conduction band (or from shallow donors
at T < 50 K) to the Mg, acceptor, the —/0 level of which
is located at 0.223 eV above the VBM [6]. In conductive
n-type GaN, the UVLy, band is quenched in agreement with
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FIG. 4. SSPL spectra from MBE-grown n-type GaN:Be (sample
0020-1) at selected temperatures.

Eq. (1). For the Mgg, acceptor, C,, = 1 x 107%cm?/s and
C, =3.2 x 1072 cm?/s [25,26].

The quenching of the UVLy, band in n-type GaN begins at
T ~ 120 K, with the slope in the Arrhenius plot correspond-
ing to E4 &~ 160—180 meV [6]. However, in Be-doped GaN
samples, the UVL band intensity increases(!) exponentially
with a temperature above 120 K. An example is shown in
Fig. 4 for a conductive n-type GaN:Be sample grown by MBE
[12]. At temperatures between 18 and 110 K, the UVLy, band
cannot be found in that sample. The feature at about 3.3 eV
at 110 K in Fig. 4 is likely the second LO phonon replica
of the NBE peak. The intensity of the UVL band increases
with temperature by nearly two orders of magnitude instead
of quenching between 110 and 200 K. The shape and position
of this UVL band are similar to those of the UVLy, band in
Mg-doped GaN [25,27].

The emergence of the UVL band at 7 > 140 K was ob-
served in all GaN:Be samples (about 50 samples) except for
samples with relatively weak YLp. band and strong back-
ground signal (e.g., from the NBE or UVLy bands) in the
blue-UV spectral region. Another example can be found in
Ref. [17], where a conductive n-type GaN:Be sample was
grown by MOCVD (sample R26). In that case, the UVLy,
band was clearly observed at low temperatures (most of our
MOCVD-grown GaN:Be samples were contaminated with
Mg, in contrast to MBE-grown GaN:Be samples studied ear-
lier [12]). Figure 5 shows Arrhenius plots for the integrated PL.
intensities (or quantum efficiencies) of three PL bands in that
sample (the relative intensities of these PL bands in Fig. 3 of
Ref. [17] are slightly different because peak intensities were
plotted there). In the fits, parameters include index i (i = 1, 2,
and 3 for the YLg., UVLyg, and NBE bands, respectively).

2. “Negative” thermal quenching of the NBE and UVL bands

At T > 110—-120 K, the UVLy; quenching begins in
agreement with Eq. (1) (line 3 in Fig. 5). However, at T >
180 K, the UVL band intensity increases, and it remains

PL quantum efficiency

L L L L | L | L | L L
0 5 10 15 20 25
10%T (K™

FIG. 5. Temperature dependences of PL. quantum efficiencies of
YLg., UVL, and NBE bands in MOCVD-grown GaN:Be (sample
R26). Symbols are experimental data, and lines are calculated. Lines
3,6, and 7 are calculated using Eq. (1) with 1,(0)=0.91,C,; =1 x
1077 cm? /s (line 6); 19, (0)= 0.9998, Cpi=3x 1075 cm? /s (line 7);
701 = 10 us and Ex; = 300 meV for both lines; and 79, (0) = 3.5 x
107, Cp=1x10"cm?®/s, 19, = 0.3 us, and Exr = 160 meV
(line 3). Line 1 is calculated with Eq. (4) with 1y3(0) = 1.5 x 1073,
C'=C"=20, E'=6.5 meV, and E” = 30 meV. Lines 2,4, and
5 account for quenching of channel 1 according to Eq. (3) with
101(0)= 0.91 (lines 2 and 4) and 1y (0)= 0.9998 (line 5).

relatively strong up to room temperature. The NBE intensity
also increases by order of magnitude between 200 and 300 K.
In Ref. [17], we explained this increase (often called “negative
thermal quenching”) by a competition between recombination
channels for holes in the valence band. However, quantitative
analysis of the data shown in Fig. 5 reveals contradictions
with that explanation. Indeed, the quenching of a strong PL
band (with the quantum efficiency 1) in conductive n-type
GaN must increase all PL bands (with quantum efficiencies n;,
i>1)byR~ (1—1np )~!, where i labels a particular PL band
and 7o is the IQE of the strong PL band before its quenching
[19]. For example, the quenching of the Zn-related BL.1 band
with ng; &~ 0.8—0.9 resulted in a concurrent stepwise rise of
the YL1 and NBE intensities by order of magnitude [6,19].
When 7y, changes with temperature (i.e., due to its quench-
ing), the simplified approach may not be accurate, and the
value of 79, can be found from the following expression, in
which all parameters may depend on temperature [19]:

e _m_1=m
55 ne 1—no

3

Here, IP" (IFV) is the integrated PL intensity of channel i
with (without) account for the quenching of channel 1, and
m = U7 /I5)mor.

The 7no;(T) dependence for the NBE band up to 200 K
in Fig. 5 is fitted with the following empiric expression (the
dashed line 1):

_ 1i0(0)
1+ Cexp(—E'/kT)+ C"exp (—E"/kT)’

Nio “
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FIG. 6. (a) High-energy part of PL spectrum from MBE GaN:Be (samples 0020-1 and 0408b) at T = 190 K in comparison with spectrum
from Mg-doped GaN grown by HVPE (sample 3590). DBE peak is at 3.446 eV. ZPL of UVL band is at 3.270 eV (GaN:Mg) and 3.260 eV
(GaN:Be). Two phonon replicas at distances of 90 meV are shown. (b) Dependence of PL peak positions on temperature for MOCVD GaN:Be
(blue circles, sample R68), MBE GaN:Be (red triangles, sample 0408b), and HVPE GaN:Mg (green squares, sample 3590). Data for samples
R68 and 0408b are shifted to lower energies by 7 meV to account for corresponding shift in excitonic lines due to strain in GaN layers grown
on sapphire substrates. Solid symbols show DAP peaks, and empty symbols show eA peaks. At T > 150 K, UVLy;, band disappears, and
UVLg3 band emerges in MOCVD GaN:Be sample. There is no UVLy;, band in sample 0408b.

where C’ and C” are dimensionless parameters and E’ and
E" are activation energies corresponding to the dissociation
of bound and free excitons, respectively. By fitting the whole
temperature dependence of the NBE band with Egs. (3) and
(4) (solid line 2), we find ng9; = 0.91 for the YLg, band before
its quenching. However, using this 79, we obtain significant
disagreement (line 4) with the experimental UVL band depen-
dence. To achieve a formal agreement (line 5), unreasonably
high values of 7g; (0.9998) and C, (107 cm?/s) are needed.
Note that in these fits, the 1;(7) dependences (lines 6 and
7) were simulated to reach an agreement with the UVL and
NBE data with Eq. (3), where 79, is the only fitting parameter.
These simulated 1;(7") dependences do not fit the experi-
mental dependence for the YLg. band well, an issue to be
discussed later. We conclude that the UVL band increasing
with temperature is not the Mg-related UVLy;, band, despite
their apparent similarities. We propose that this UVL band
(labeled UVLg.3, hereafter) is caused by electron transitions
from the conduction band to the shallow state of the Beg,
acceptor located at about 0.2 eV above the VBM.

3. Shapes and positions of the Beg,- and Mg,-related UVL bands

The assumption that the UVL bands in GaN:Be and
GaN:Mg samples are caused by different defects is supported
by careful analysis of PL spectra. Figure 6(a) compares the
PL spectrum near the UVL band from two GaN:Be samples
at T = 190 K with that from n-type GaN:Mg sample grown
by HVPE and lightly doped with Mg ([Mg] = 10" cm™—3).
The DBE peak is at 3.471 eV at T = 18 K and 3.446 eV
at T = 190 K. The ZPLs at 3.270 eV (GaN:Mg) and 3.260
eV (GaN:Be) are attributed to transitions from the conduction
band to the Mg and Be acceptor levels at 7 = 190 K. Up to
two LO phonon replicas can also be resolved. The GaN band

gap is 3.48 eV at this temperature [28]. We conclude that the
acceptor level is located at 0.21 eV in GaN:Mg and 0.22 eV
in GaN:Be at T = 190 K.

In samples where the Mg-related UVLy, band was ob-
served at 7 < 150 K (such as sample R26 in Fig. 5), the
UVL maximum abruptly redshifted by 0.01-0.02 eV af-
ter the UVLg,s intensity began increasing with temperature.
Figure 6(b) shows the shifts of the UVL band with tem-
perature in the Be-doped GaN sample grown by MOCVD
(sample R68) in comparison with the data for the Mg-doped
freestanding GaN template grown by HVPE (sample 3590).
In both samples, at T < 50 K, the UVLy; band is caused by
electron transitions from shallow donors to the Mg, acceptor,
the so-called donor-acceptor pair (DAP) transitions [25]. At
higher temperatures, transitions from the conduction band to
the same acceptor (the eA transitions shown with empty sym-
bols) cause the UVLy, band. In both samples, the quenching
of the UVLy;, band begins at T = 110 K. The UVLjy;, band
in the GaN:Mg sample gradually redshifts with increasing
temperature from 50 to 220 K, totally by less than 10 meV.
Note that the band gap shrinks by 30 meV in this temperature
range [28]. The eA peak of the UVL band in the GaN:Be
sample redshifts abruptly (by 10-15 meV) at T &~ 150 K. At
the same temperature, the emergence of the UVLgp.3; band
begins. At T > 200 K, the UVLge3 band abruptly quenches,
together with the YLg, band. The quenching is tunable by ex-
citation intensity. This abrupt shift of the UVL band before its
intensity started increasing was observed in several GaN:Be
samples.

C. Time-resolved PL

Analysis of TRPL provides additional evidence that the
UVLpe; band is unrelated to Mg. In conductive n-type
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FIG. 7. TRPL results for MBE GaN:Be (sample 0020-1). (a) Normalized SSPL and TRPL spectra at T = 200 K. TRPL spectra at 106
and 107* s after a laser pulse are nearly identical, indicating that YLg. and UVLg.; bands decay with about the same characteristic time. (b)
Temperature dependences of YLg, (at 2.2 eV) and UVLg; (at 3.25 eV) lifetimes in comparison with YLg. SSPL intensity.

GaN:Be samples, the PL lifetimes of the YLg, and UVLy,
bands are related as 30:1 in agreement with their electron-
capture coefficients (C, = 1 x 107" and 3.2 x 1072 cm?/s
for these PL bands, respectively) [26]. However, the emerging
at T > 140 K UVL band decays after a laser pulse, similarly
to the YLg. band [Fig. 7(a)]. The temperature dependences
of PL lifetimes for these PL bands are shown in Fig. 7(b). At
T < T\ ~ 100 K, the PL lifetime of the YLg. band is about 60
us. Concurrently with the first quenching step, the PL lifetime
decreases to 30 us and then shows a plateau at 40-45 us
up to 7> ~ 180 K. The IP*(T) and 7(T) dependences for the
YLg. band at T > T, are identical, in agreement with Eq. (1).
Surprisingly, not only the magnitude but also the temperature
dependence of PL lifetime for the UVLgp.3 band at 3.25 eV are
nearly identical to those of the YL, band at 2.2 eV.

The temperature dependences of the YLg. and UVL life-
times for sample R26 are shown in Fig. 8. The YLg, lifetime
is 11 us at T < 100 K, begins decreasing at 7} ~ 110 K, and
returns to the 10-us plateau at T =~ 140 K. The PL lifetime
of the UVLy band is 0.3 us at T < 120 K, in agreement
with Eq. (2) for the sample with n =1 x 10" cm™3. The
quenching of the UVLy, band at T > 130 K and simulta-
neous decrease of its PL lifetime with the same activation
energy is explained by the thermal emission of holes from the
Mg, level to the valence band, in agreement with Eq. (1). The
UVLg.3 band appears at higher temperatures. This band’s PL.
lifetime magnitude and temperature dependence are identical
to those of the YLg. band.

D. Summary of the experimental results

The experimental results from a large set of Be-doped
GaN samples indicate that one defect (isolated Beg, acceptor)
is responsible for three PL bands. Two of these bands are
very broad and contribute to the yellow part of the spectrum.
The YLg.; band with a maximum at 2.15 eV is observed at
T < 100 K. At higher temperatures, the YLg., band replaces

the YLge; band. This transition causes a stepwise decrease of
the YLp, intensity, an abrupt redshift of the PL band by up to
0.05 eV, and a discontinuity in the temperature dependence of
the YLg, lifetime. The third PL band is the UVLg.; band with
the main peak at 3.26 eV. The UVLg3 band appears at T >
100 K, and its intensity increases exponentially with tempera-
ture. In a wide temperature range, the intensities of the YLg,
and UVLg.; bands correlate.

The ratio of the integrated intensities UVLpe3/YLpe for
several GaN:Be samples is shown in Fig. 9. The ratio in-
creases with temperature as exp(—AE/kT), with AE =

10"k < =
—— YL (SSPL)

——UVL (SSPL) |
O YL (TRPL)

o UVL (TRPL) 1

PL lifetime (us), PL intensity (arb. units)

| L " L L | L " L L L
5 10 15
10%T (K™")

FIG. 8. Temperature dependences of YLg. (at 2.2 eV) and
UVLge; (at 3.25 eV) lifetimes (symbols) in comparison with
SSPL intensity dependences (solid lines) in MOCVD-grown n-type
GaN:Be (sample R26). SSPL curves are shifted vertically to match
TRPL data. Dashed line is calculated using Eq. (1) with typical
parameters for YLg, band (E4 = 0.30 eV).
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FIG. 9. Temperature dependence of ratio of integrated UVLg.3
and YLg, bands in selected GaN:Be samples. Pey. (in W/cm?) is
given in brackets. Solid line is fit for sample 00201 using Eq. (17)
with following parameters: AEy; = 140 meV and § = 18.

0.14 eV. Note that the slope of the dependence does not
change after the YL quenching begins (the characteristic
temperature 7; is indicated for sample 0020-1). The same
dependence is observed in all Be-doped GaN samples grown
by MOCVD and MBE, including conductive n-type and semi-
insulating samples (in about 50 samples except for a few
samples where the YLp, band was too weak or a strong back-
ground signal obstructed the UVLg.3; band). In SI samples,
the YLg. band is quenched by the abrupt and tunable quench-
ing mechanism, and both the YLg. and UVLgs intensities
abruptly drop at T ~ T5.

Below, the most important experimental findings are sum-
marized.

(1) The UVLg,3 band is caused by electron transitions via
a shallow acceptor level at E3 = 0.21 eV above the VBM
at 7 = 190 K. In the limit of low temperatures, this level is
expected at 0.23-0.24 eV, about 10-15 meV deeper than the
—/0 level of the Mg, acceptor. The UVLg.3 band cannot be
found at T < 100 K.

(2) The YLg and UVLg.; intensities correlate in a wide
range of temperatures at 7 > T} (Fig. 9), irrespective of the
temperature dependence of the YLp, band (the characteristic
temperatures and the effective activation energies of the YLg,
quenching in different samples vary significantly). The emer-
gence of the UVLg,3 band at 7 > 100 K and the exponential
ratio of the UVLp.3/YLp, intensities are explained by the
temperature-activated transition of the bound hole from deep-
state Be2 to shallow-state Be3. The exponential dependence
of the PL intensities ratio with the activation energy 0.14 eV
indicates that the Be2 state is located 0.14 eV deeper than the
Be3 state, or at £, = 0.38 eV above the VBM (in the limit of
low temperatures).

(3) The Be2 state of the Beg, acceptor is slightly deeper
than the Bel state. This follows from the fact that with in-
creasing temperature the YLp.; band is replaced with the
YLge; band, and the transition is thermally activated above a
potential barrier. Since the YL, maximum redshifts by about

0.05 eV and the shape of the yellow band does not change
upon the transition from Bel to Be2 at T ~ T}, we assume that
the shift in the band ZPL is also about 0.05 eV, i.e., E; = 0.33
eV above the VBM.

(4) It appears that in the whole temperature range, photo-
generated holes are captured by only one of the three Beg,
states, and this state feeds two others. Indeed, the intensi-
ties of other PL bands (NBE and UVLy) do not show any
deviation from their expected temperature dependences in
samples where the IQE of the YLg., band is close to unity
ath < T < 1.

(5) The most likely scenario is that the shallow, effective-
mass level Be3 captures holes from the valence band. The
captured hole almost immediately transits to the Bel level at
low temperatures. The transition to the Be2 level is obstructed
by a potential barrier. The Be2 level is the deepest of the three
states. It becomes populated with holes at 7 > 7; when holes
overcome a potential barrier (either between Be3 and Be2 or
between Bel and Be2), and the defect relaxes to the lowest
minimum.

(6) At T > T5, the thermal emission of holes from the
Beg, acceptor (from the Be3 level, as will be shown below)
becomes significant. Since the deeper state Be2 feeds the Be3
level with holes at these temperatures, the quenching of the
UVLges and YLge, bands is shifted to higher temperatures
from the expected quenching for a shallow acceptor with the
ionization energy of 0.2 eV.

(7) The measured PL lifetimes for the UVLg3 and YLgeo
bands are identical, which seems surprising at first glance.
However, one should look at what is actually measured in
TRPL experiments. Let us assume that the real UVLg,3 life-
time is much shorter than that of the YLg., band. After a laser
pulse at T > Tj, a photogenerated hole is captured by the Be3
level and quickly transits to the Be2 level. The population of
these two levels corresponds to the temperature and the energy
difference between the two potential minima. Even if the hole
in state Be3 quickly recombines with a free electron (with
the characteristic time 7,3 = (nCp3)‘1 in one Beg, acceptor,
it will stay longer in state Be2 of another Beg, acceptor
and eventually may transit to the Be3 level and produce the
UVLges band at longer delay times. In other words, the Be2
level holds the majority of holes after the laser pulse and feeds
the Be3 level during the YLg, lifetime.

The experimental data with many constraints can be ex-
plained in the model suggested below.

IV. MODEL

Based on extensive experimental findings, we propose that
the neutral Beg, acceptor has three states in the gap: deep
states Bel and Be2, and a shallow state Be3 [Fig. 10(a)].
HSE calculations suggest that the deep states correspond to
the localization of the bound hole at the nearest N atom
in the 0001 direction of the wurtzite lattice and in one of
the three remaining equivalent in-plane directions. From the
experiment, the —/0 transition levels of the Bel, Be2, and
Be3 states are, respectively, located at E; = 0.30 eV, E, =
0.34 eV, and E5 = 0.20 eV above the VBM (at T ~ 200 K).
Accordingly, the separations between the potential minima
are AEzl = E21 — E12 =0.04 eV, AE23 = E23 — E32 =0.14
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@ " barriers. Ny = N{ + N + N + N, and Ny = N§ + N . For
SI samples, one must also include shallow donors with the
concentration Np and charge-conservation equations [20].
moomoom s = However, for conductive n-type GaN and low-excitation
l_s g intensities, we can assume N, = Na, NJ =Ns, take n
B2 A g from the experiment, and solve the system of Egs. (5)—(9)
Bel =y, s 6 F analytically.
T{z_vlfz 1z ;_!Ee3 | The solutions for the IQEs of PL via states Bel, Be2, and
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FIG. 10. Model of Beg, acceptor in GaN. (a) Band diagram with YL ;is o
three states of Beg, acceptor (—/0 transition levels) and nonradiative NBe2 = @2MBet> (12)
defect S. Solid and dashed lines show transitions for electrons and VL YL
holes, respectively. (b) Schematic adiabatic potentials for Beg, ac- nge3 = a1Mgeo- (13)

ceptor: Bel and Be2 are polaronic deep states, and Be3 is shallow
state.

eV,and AE;3 = Ej3 — E31 = 0.10 eV, where E;; is the barrier
height from state i to state j [Fig. 10(b)]. The above values
will be justified by comparing the fitting curves with experi-
mental data.

The rate equations are written below according to charge
flows shown in Fig. 10(a). The concentrations of the Beg,
acceptors in states Bel, Be2, and Be3 are NIO, Ng, and Né),
respectively. The concentrations of free holes and electrons
are p and n. In steady-state conditions, the flows of holes via
state Be3 can be described with the following equation:

dN? N? N? 1 1 1 1
Sk S A B —N3°<— +—+—+ —> =0.
dt 1,3 T3 T3 T3 T T3 T3p

()
For state Be2:
dNy  N) ONY (1 11
——=—+—=-N|—+—+—|=0. (6
dt T2 T3 T2 T 23
For state Bel:
dNO  NY N 1 1 1
dt 31 T2 Ta T13 T12

Finally, for the nonradiative S center (assumed to be a deep
donor for certainty):

ANg _ p _N§ _

0. 8
dt Tps Tns ®)

The balance equation for holes in the valence band is

dp 1 1 N
—=G—-p|l—+— ) +—==0. )
dt T3 Tps T3p

That for electrons in the conduction band is
dn _ . N N} NN

= = =0. (10)
dt Tnl Tn2 Tn3 Tns

In these equations, the characteristic times are

-1 ~1 _

T3 = (CaNy) s = (CpsNG) ™ 135 = (CaNu) ™'g exp
(Es/kT),  ©j = v;;' exp(Eij/kT), T = (Cun)”', and
Tys = (Copsn)~", where i, j=1, 2, 3. E5 is the ionization
energy for the Be3 state. v;; (all of the order of 1013571
are vibrational frequencies for transitions over potential

Here, no = (1 + 1,3 /rps)‘1 is the IQE of the Beg,-related
luminescence in the limit of low temperatures, and parameters
ai, a, and az are

L4+ (2 (1 24 22)]

Tn3 23 Tnl 713 21 23
| = TN
(142242 22

_mlta+p+d) 15
aZ—T ]+£+W_2(1+ﬂ)7 ( )

32 23 1 732

T, T, T3(1 —
ay =14 2y oy Tl =) (16)

732 731 T3p

It can be shown that at 7 > 100 K and for pro-
posed parameters, the ratio between the UVLg.3 and YLge
intensities is

IUVL AE
B3 _ 4 & Sexp (— 23), (17)
jag? kT

with § = 7,0/7,3. Thus, the I§%"/I}5 ratio is a straight line
with a slope AEj3/k in the Arrhenius plot. The ratio of the
integrated intensities UVLg.3/YLg, for several GaN:Be sam-
ples is shown in Fig. 9. The fit using Eq. (17) with AEy; =
140 meV and § = 18 is shown for sample 0020-1, for which
the UVLg.3 band could be studied in the broadest temperature
range. The parameter § is slightly smaller or larger for other
samples, but the AE,3 (the slope) is the same. The variation
in § can be partly attributed to uncertainties in PL lifetimes
since the PL decays are not strictly exponential, especially in
SI samples.

Let us analyze the results of calculations for the Beg,
defect with states Bel, Be2, and Be3. Photogenerated holes
are captured by state Be3 (we ignore the capture of holes
by the Bel and B2 states and the emission of holes from
these states to the valence band). The system almost im-
mediately transfers from Be3 to Bel over an insignificant
barrier (E3; < 0.02 eV). Otherwise, the UVLg.3 band should
be observed at T = 18 K. The experimental results can be
well explained in two possible models. In model A, barriers
between Bel and Be2 are high, and the barrier from Be3
to Be2 is relatively low (E3; = 0.05—0.07 eV). The mag-
nitude of barrier E3, affects the characteristic temperature
Ti, at which state Be2 becomes populated with holes from
Be3. The barrier E}, is 0.20 eV or higher (it is only essen-
tial that AE,; = 0.04 eV). In model B, barrier E3, is high
(0.10 eV or larger value provided that AE; = 0.14 eV).

075202-9



M. A. RESHCHIKOV et al.

PHYSICAL REVIEW B 108, 075202 (2023)

10%
- (a)

107

PL IQE

10
10%T (K™

T T T T T T
10°¢ (b) o E
i YL
Be
107F 3
1]
g 2
1 107°F E
N ; UvL, 3
[ P B
10° 3 3
10-4 " P L L '
0 5 10 15 20
10%T (K™

FIG. 11. Temperature dependences of PL IQE for YLg. and UVLg.; bands. Symbols show experimental data. Lines Bel, Be2, and Be3 are
calculated using Eq. (11)—(13) with following parameters: £, = 260 meV, E;; = 300 meV, Ej3 = 120 meV, E3; = 20 meV, Ey; = 210 meV,
and E3; = 70 meV (model A, solid lines), and E;; = 170 meV, Ey; = 210meV, Ej3 = 120meV, E3; = 20meV, Ey; = 300 meV, and E5, = 160
meV (model B, dashed lines). v;; = 103 s~ foralli, j,y = 0.3,and Cpy=4x 1077 cm? /s for both models. (a) MBE GaN:Be, sample 0020-1.
T, = 60 us, 7, =40 us, 7,3 = 3.5 us, no = 0.7, and E; = 155 meV. (b) MOCVD GaN:Be, sample R26. 7,; = 11 us, t,, = 10 us, 1,3 =
1.7 ps, no = 0.9, and E3 = 190 meV. Dotted line for UVLy, band is calculated using Eq. (1) with following parameters: 19(0) = 3.7 x 1073,

C,=1x10"%cm%/s, 1p = 0.4 s, and E4, = 165 meV.

The magnitude of the barrier E1, (about 0.17 eV) determines
the characteristic temperature 7;. In this case, the state Be2
is populated with holes only via state Bel and not directly
from Be3.

In model A (high barriers between states Bel and Be2), the
critical temperature of the first step 77 can be found from the

following equation:
AE;; + Ex
. 18
exp ( e ) (1)

It can be interpreted as the system transits from Bel to Be2
via Be3, not directly. In model B (high barriers between states
Be2 and Be3), T} can be determined from

1 Ep
T ~XTp=—exp|— ).
nl 12 2 p T

In this case, the system directly transfers from Bel to Be2
at T = T,. For 7,; = 10—60 us, T} ~ 100 K when AE;; +
E5; (model A) or Ej; (model B) is about 0.17 eV. Note that the
characteristic time of the transfer in model A is equal to the
product of partial transfer times; i.e., 7|32 = T|3T3 = T12.

T3 V3
Tpl ~ —T32 =

731 Vi3V32

19)

V. DISCUSSION
A. Dual nature of the Beg, acceptor in GaN

The experimental data shown in Fig. 9 suggest that the
UVL band emerging at T > T; is the UVLg.3 band caused by
electron transitions from the conduction band to the shallow
state of the Beg, acceptor. A single slope in the temperature
dependence of the UVLg.3/YLg, ratio at 7, > T > T and
T > T, indicates that populations of states Be2 and Be3 with
holes depend only on the relative positions of these states
(AE»; = 0.14 eV), even when thermal emission of holes from
one of the state (Be3) to the valence band begins.

The high IQE of the recombination via states Bel and Be2
is dictated by the fast capture of photogenerated holes by state
Be3 and the high concentration of the Beg, acceptors. The
first quenching step corresponds to the transition from Bel to
Be2 at T ~ T; with no change in their total IQE because the
same hole-capture channel (via the Be3 state) feeds both Bel
and Be2 recombination channels.

1. Explanation of SSPL

The suggested rate-equation model allows us to explain
a large amount of experimental data. In particular, the fits
of the temperature dependences of the YLp. and UVLg.s
intensities with Egs. (11)—(13) are shown in Fig. 11(a) for
a conductive n-type GaN:Be sample grown by MBE. For
selected parameters, there is no difference between models
A (solid lines) and B (dashed lines) except for the region at
T < 70 K for the Be2 component of the YLg, band. The fits
with model A for n-type GaN:Be sample grown by MOCVD
are shown in Fig. 11(b). Note that the parameters of the Beg,
acceptor for both samples are the same, but the PL lifetimes
and IQE are different according to detailed SSPL and TRPL
measurements.

Itis essential to understand why the YL, band is quenched
at T > T, with the activation energy of E4 = 0.30 eV. Previ-
ously, we attributed this quenching to the emission of holes
from a level located at 0.3 eV above the VBM [12]. In our
newer model, we propose the thermal emission of holes from
the shallow Be3 level located at 0.2 eV above the VBM. One
may expect that the emission of holes from such a shallow
level would cause PL quenching at much lower temperatures
and with a smaller slope in the Arrhenius plot, similar to
the quenching of the Mg-related UVLy, band [Fig. 11(b)].
However, analysis of the suggested model shows that the
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quenching of both the YLg., and UVLg.3 bands occurs at
higher temperatures because the Be2 state feeds the Be3
state with holes. In particular, for conductive n-type GaN:Be,
from Egs. (5), (6), and (9), one can obtain an expression for
the YLg. quenching identical to Eq. (1) in which 7y = 1,0,
Cp = Cp3, and Ey = E3 + AEy;, where AEy; = 0.14 eV. The
value of Ej3 in the fits [0.155 eV in Fig. 11(a) and 0.19 eV in
Fig. 11(b)] is smaller than the expected location of the UVLg,3
level above the VBM (0.21 eV at T = 190 K and 0.24 eV at
T = 18 K). It is common that the ionization energies obtained
from PL quenching (or from electrical measurements) are
smaller than the energies E; obtained from PL spectroscopy
experiments, such as from observation of the ZPLs. In partic-
ular, the activation energy of the Mg-related UVLy, band is
usually 0.15-0.19 eV (E; = 0.223 eV at T = 18 K), and that
of the Zn-related BL1 band is 0.30-0.35 eV (E; = 0.40 eV
at T = 18 K). There may be several reasons for this apparent
disagreement [22].

The value of Cp3 = 4 x 10~7 cm?/s is found from the best
fit of the thermal quenching of the YLg. band. However, an
acceptable agreement with the experiment can be achieved
if parameters E3 and C,3 are increased or decreased simul-
taneously within certain limits [29]. In particular, with C3 =
1 x 107%cm?/s and E3 = 0.185 eV, the calculated curves in
Fig. 11(a) still reasonably agree with the experimental data.
Finally, from our experimental data, the possibility of insignif-
icant capture of holes by polaronic states and thermal emission
of holes from these states to the valence band cannot be ruled
out. The rates of these processes should be lower than those
via the shallow Beg, state in proportion to the related hole-
capture coefficients. We conclude that the C, found earlier
from the quenching of the YLg, band (4 x 1077 cm?/s) is
associated with the shallow Beg, state and is likely underes-
timated. The hole-capture coefficients for the deep polaronic
states responsible for the YLp. band are unknown.

2. Explanation of TRPL

Numerical calculations of differential equations (5)—(7)
generally lead to the nonexponential decay of PL after pulse
excitation. However, the decay can often be approximated
with a single exponent where the effective PL lifetime is
the time at which the IP“(z)t dependence has a maximum
[24]. These effective PL lifetimes for the YLg. and UVLg;
bands and their temperature dependences agree with the ones
found in the experiment with the same approach. In particular,
assuming that 7,3 < 7,2, we obtain from numerical solutions
of differential equations (5)—(7) that the UVLg.3 band decays
with the same PL lifetime as the YLg., band (7,,), and these
PL lifetimes have the same temperature dependence.

3. Comparison with HSE calculations

Our preliminary calculations (300-atom hexagonal su-
percells, nudged elastic band method for potential barrier
calculations) using the HSE hybrid functional used in our
previous work (o = 0.25, u = 0.161 10\’1) [5,30] qualitatively
agree with the suggested model of the Beg, acceptor. These
calculations predict three different configurations of the neu-
tral Beg, acceptor shown in Fig. 12. The polaronic state
with a hole localized on one of planar N neighbors (in-plane
polaron) is the Bel state [Fig. 12(a)]. The polaronic state
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FIG. 12. HSE-calculated spin density (isosurfaces at 10% of
maximum values) of neutral Beg, acceptor in two differently ori-
ented deep polaronic states (a), (b), and weakly localized shallow
state (c). Arrow indicates ¢ axis of wurtzite GaN. Beg, acceptor
configurations are labeled Bel-Be3 according to model introduced
in Sec. IV.

with a hole localized on N neighbor along the wurtzite ¢
axis (axial polaron) is the Be2 state [Fig. 12(b)]. In both
configurations, the hole is trapped by a significant distortion
of the Be-N bond, to 2.63 and 2.66 A for Bel and Be2
configurations, compared to 1.72 A for the remaining Be—
N bonds. From these HSE calculations the transition levels
for the Bel and Be2 configurations (0.57 and 0.58 eV for
in-plane and axial polarons, respectively) and the expected
PL band maxima (1.76 and 1.72 eV, respectively) are close,
within the error of calculations. (see Ref. [5] for computa-
tional details). The small difference between the energies of
the Bel and Be2 configurations (0.01 eV in our calculations
and 0.02 eV in Ref. [3]) agrees with our experimental findings.
The calculated Huang-Rhys factors for two polaronic bands
are also very similar, 34 and 32 for Bel and Be2, respec-
tively. The delocalized state [Fig. 12(c)] corresponds to the
model state Be3. In this case, the hole is weakly localized on
multiple nitrogen neighbors of Be acceptor, with a lattice
structure similar to that of bulk GaN, and the Be-N bonds
decrease only slightly compared to bulk Ga-N bonds, by
about 0.1 A.

Figure 13 shows the calculated adiabatic potential land-
scape as a function of the absolute value of the configuration
coordinate Q, as defined in Ref. [5], of the neutral Beg,
acceptor in comparison with models A and B that explain the
experiment. (Strictly speaking, the directions of the Q coordi-
nate for transitions Bel to Be2, Be2 to Be3, and Bel to Be3
are not the same, as a one-dimensional picture might imply.
However, this is insignificant for thermally activated processes
discussed here.) The HSE calculations favor model A (a rel-
atively high barrier between configurations Bel and Be2).
However, our HSE calculations yield significantly deeper po-
laronic states (thermodynamic transition level is 0.58 eV from
the VBM) than what follows from the experiment (0.33—
0.38 eV). As a result, the barriers for transitions from deep-
states Bel and Be2 to shallow-state Be3 are much higher
(Fig. 13).
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FIG. 13. Schematic one-dimensional potential landscape of Beg,
acceptor in the neutral state. Potential minima Bel and Be2 corre-
spond to two polaronic states, and Be3 is shallow state. Solid blue
and dashed red curves represent models A and B, respectively, with
parameters given in caption to Fig. 11. Dotted curve shows minima
and barriers calculated using HSE hybrid functional.

4. On the origin of the UVLg, band at 3.38 eV

We proposed earlier that the UVLg, band with the first
peak at 3.38 eV is caused by the shallow state of the Beg,
acceptor located at 0.113 eV above the VBM. The YLg, band
was not associated with the deep state of the Beg, acceptor
in that work because no correlation between the UVLg, and
YLg. bands could be found [5,12]. Now, these attributions are
revised. We conclude that the YLg, band is caused by two po-
laronic states of the Beg, acceptor (Bel and Be2). The shallow
state of this acceptor is the Be3 state located at 0.24 eV above
the VBM (in the limit of low temperatures). It contributes to
PL spectra only at 7 > 100 K as the UVLg.3 band with a
maximum at 3.26 eV. The question about the origin of the
UVLjg. band at 3.38 eV remains unanswered, a challenge for
future theoretical and experimental studies. What is known
is that the related defect is the shallowest acceptor in GaN,
which efficiently captures both electrons and holes (with C, ~
107" em?/s and C, ~ 107 cm3/s) [12,17]. It certainly con-
tains Be, at least as a component. The defect can be passivated
with hydrogen in GaN samples grown by MBE and MOCVD
and requires annealing at 7 ~ 750 — 900° C for its activation.
The results of the current work show that it is unlikely to be
an isolated Beg, acceptor. It may be a Be-containing complex,
the composition of which we could not find.

B. On the dual nature of other defects
Mg, acceptor in GaN

The dual nature of acceptors was predicted also for other
defects, including Mgg, acceptor in GaN and Liz, acceptor
in ZnO [1]. In particular, Lany and Zunger [1] proposed that
the UVLye band in n-type GaN:Mg is caused by transitions
via the shallow state of the Mgg,, while the broad blue band
(BLpg) with a maximum at 2.7-2.9 eV in p-type samples

T T e LI |
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10°F —18K ﬂg .
- U\ NBE |
c
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FIG. 14. PL spectra from Mg-doped n-type GaN (sample 3590)
grown by HVPE on sapphire. Dashed curves are calculated shapes
using one-dimensional configuration coordinate model [33] for
Cy—related YL1 band (1) and predicted deep state of the Mg,
acceptor (2). Curve 2 has maximum at 2.7 eV, according to Ref. [3].
Integrated PL intensity of curve 2 is 100 times lower than that of
UVLy; band. PL lifetime of UVLy; band is T = 20 us for UVLy,
band at 7 = 100 K.

is caused by transitions via its deep state. This explanation
conflicts with the widely accepted attribution of the BLy,
band to electron transitions from deep donors to the shallow
Mg, acceptor [25,27,31,32]. Moreover, as we established
for the Beg, acceptor in this work, a correlation between PL
signals from deep and shallow states should be the same in
all samples, independent of their conductivity type and the
concentration of free charge carriers (see Fig. 9). However,
in n-type GaN:Mg no contribution of the predicted blue band
could be found in a wide temperature range [27]. Indeed,
from analysis of the PL spectra, it follows that the integrated
intensity of the predicted blue band (if this deep state exists) is
lower, at least by a factor of 10-100, than that of the UVLy,
band at temperatures between 18 and 100 K (Fig. 14).

From experimental studies, the existence of two Mg-
related acceptors (Al and A2) in GaN was suggested by
Monemar et al. [34]. In lightly doped GaN:Mg, the UVLy,
band with the ZPL at 3.27 eV was observed along with
the acceptor-bound exciton (ABE) line at 3.466 eV. These
features were attributed to an acceptor complex containing
Mg and likely hydrogen (the A1 acceptor). In heavily doped
GaN:Mg and especially after thermal annealing, a broad and
weak PL band with a maximum at about 3.15 eV appeared,
along with the ABE peak at 3.454 eV. These features were
initially attributed to the isolated Mg, acceptor (A2). How-
ever, later these researchers revised the above assignments
[35]. The UVLy band and the ABE peak at 3.466 eV were
attributed to the isolated Mg, acceptor, while the band at 3.15
eV and the ABE peak at 3.454 eV were associated with Mg
atoms at stacking faults.

Thus, PL experiments show no reliable evidence for the
deep polaronic state of the Mg, acceptor in GaN. We may
speculate that it is either unstable or causes very weak PL. It
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FIG. 15. Temperature dependence of 755 /1P ratio calculated us-
ing Eqgs. (20)—(22). Solid blue lines are calculated using Eq. (21)
with 7,_,5s = 0.01 ms and Ess_,ps = 10, 20, 50, 100, and 150 meV.
Dashed lines are calculated using Eq. (22) with 7,_.s5/7,—ps = 100
and AEpsss = 10, 30, and 50 meV. Solid green line is calculated
using Eq. (20) with 7,55 = 0.01 ms, 7,_.ps = 1 ms, Ess_.ps = 20
meV, and AEpsss = 30 meV. Solid orange line is calculated using
Eq. (20) with 7,_,ss = 0.01 ms, 7,_.ps = 10 ms, Ess_.ps = 10 meV,
and AEpgss = 100 meV. v;; = 103 s~! in all cases. In experiment,
I8 /IS > 100 in the whole temperature range, and boundary for this
condition is indicated with horizontal dotted line.

will be shown below that specific barriers between the shallow
and deep states can explain why PL from only the shallow
Mg, state is observed.

From Egq. (6), modified to keep only two states, shallow
and deep, the ratio of related PL intensities can be found as

ss
I - TSS—DS <1 + Thn—DS )
DS Tu—SS TDPS—>SS

—Eps_.
I+ 7 .psvps—ss exp (Fhbsess) 20)
= — ,
TuosssVss—Ds eXp (55208)

where n, SS, and DS indicate the conduction band, shallow-
and deep states, respectively. The temperature dependence
includes two regions, low- and high temperature, which are
approximated, respectively, with the following expressions:

ss

(I ) __ Tss—»DS 1
DS = = >
12 ) owr Tn—SS Ty SSVSS—> DS EXP (%)

(21

55 Tys = —AE
(ﬁ) _ DSVDS—SS exp ( DS,SS ) (22)

IP JyiohT  Tn>sSVSs—DS kT
Lany and Zunger [1] calculated that the difference between
the shallow and deep states of the Mg, acceptor in GaN is
AEps ss = 30 meV, and the barrier for the transition from the
shallow to the deep state is about Ess_,ps = 20 meV. They
suggested that only the UVLy, band from the Mgg, shal-
low state is observed in n-type GaN because the PL lifetime

(Ty—ss) is much shorter than the time of transfer to the deep
state (tss—.ps); see Eq. (21).

Figure 15 shows the temperature dependence of the
I53/IP8 ratio calculated using Eq. (20) with AEpsss =
30 meV, Essps =20 meV [1], T,oss = 107> s, and
T,ps = 1073 s (the solid green curve). The ratio decreasing
with temperature corresponds to thermally activated transi-
tions of holes from the shallow state to the deep state over
the barrier Ess_,ps and can be fitted with Eq. (21). The
ratio increasing with temperature [described with Eq. (22)]
corresponds to thermally activated transitions of holes from
the deep state to the shallow state, similar to the processes
depicted in Fig. 9 for the Beg, acceptor. We can see that
for the chosen parameters, the PL from the shallow Mgg,
state (the UVLy, band) should be weaker than the blue PL
band from the deep state at temperatures between 18 and 100
K, which contradicts experiments for n-type GaN where the
deep state of the Mg, could not be found (755/I°S > 100)
between 18 and 100 K (Fig. 14) [27]. To resolve the con-
tradiction, the parameters must be modified. An example is
shown with the orange line for which 7,_.ps/7,—ss = 1000,
AEDS,SS =10 meV, and ESS—)DS = 100 meV. Note that the
T,—Ds/Tnss ratio is equal to the ratio of electron-capture
coefficients C55 /CPS in n-type GaN, and the latter is unlikely
to exceed 10° [6,25].

We conclude that the barrier between the two configura-
tions must be at least 100 meV, and the deep state (if it exists)
must be deeper than the shallow state by less than ~10 meV.
Then, only the UVLy;, band will be observed in a wide range
of temperatures in n-type GaN. Note that if the PL band from
the deep state has a maximum at higher photon energies (the
theoretical predictions may not be accurate), the restrictions
for the barrier between the two states are softened. For exam-
ple, if Ziwmax = 3.1 eV, the deep-state related structureless PL
band would be hidden under the UVLjy;, band and might not
be resolved with increasing temperature if the barrier between
the two configurations was ~50 meV.

C. Liz, acceptor in ZnO

The Liz, acceptor in ZnO with the —/0 level at 0.65 &
0.10 eV above the VBM is responsible for the orange lumines-
cence (OL or OLy;) band with a maximum at 2.0 eV [36-39].
Two deep polaronic states of the Liz, acceptor were studied
by electron paramagnetic resonance (EPR) and luminescence
[37,38]. In particular, Meyer et al. [38] have found that the
“axial” configuration (a hole trapped at an oxygen ion located
along the ¢ axis of the crystal in the neighborhood of the Liz,
defect) has a minimum 34 meV deeper than that of “nonaxial”
centers (a hole trapped at one of three nonaxially bound oxy-
gen atoms). The population of the axial and nonaxial centers
with holes can be varied by temperature and quantified by the
strength of the EPR signals [38] or luminescence polarization
[37]. Meyer et al. [40] also observed in some ZnO:Li samples
at T = 4.2 K a UVL band with the strongest peak at 3.05 eV
followed by LO phonon replicas. The binding energy of the
related acceptor was estimated to be 300 meV. Since this UVL
band completely disappeared after rapid thermal annealing
at 820° C for 5 s, it was attributed to a hydrogen-containing
complex such as Liz,-H-Liz, [40].

Lany and Zunger [1] predicted the dual nature of the Liz,
acceptor and calculated that the difference between the deep
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FIG. 16. Temperature dependence of PL intensities of OL; band
(deep state of Liz, ) and UVLy; band (shallow state of Liz, ) calculated
with Eq. (20). Ess—.ps = 100 meV (solid lines) and Ess_.ps = 20
meV (dashed lines). AEps ss = 430 meV, tss = 1 us, tps = 100 us,
and v;; = 10" s7! for all curves.

and shallow states is 0.43 eV. These authors proposed that
the OLy; band (2.0 eV) and the UVL;; band (3.05 eV) in
Li-doped ZnO are associated, respectively, with the deep and
shallow states of the Liz, acceptor. Based on the results for
the Beg, in GaN, we expect a correlation between PL from
shallow and deep states, identical in all samples. However, at
least in some ZnO samples, the integrated PL intensity of the
OLy; band is 10°~10° times higher than a possible contribu-
tion of the shallow state (at 3.05 eV) between 10 and 250 K
[39,41]. Our calculations with Eq. (20) and AEpg ss = 430
meV indicate that the UVL band would not be observed in
this temperature range if the shallow- to deep-state barrier is
lower than 20 meV (Figs. 15 and 16). Otherwise, the UVLy;
band (the shallow state) must be stronger than the OL;; band

(the deep state) in all ZnO:Li samples, at least at 7 < 20 K,
which contradicts experiments [39,41]. Unlike the UVLges3
band in GaN:Be (AEpsss = 0.14 eV), the UVLy; band in
ZnO will not emerge with increasing temperature provided
that AEDS,SS > 0.4¢eV.

Thus, experiments do not confirm so far the predicted
dual nature for acceptors such as Mgg, in GaN and Liz,
in ZnO. The Beg, acceptor in GaN seems to be the only
reliable experimental confirmation of this prediction. In light
of these findings, we revise our previous conclusions pre-
sented in Ref. [5]. For dual-nature defects in semiconductors,
deep polaronic states are observable in PL experiments, even
if the carrier-capture rates for these states are significantly
lower than those for the accompanying delocalized states.
According to the above analysis, potential barriers between
these states may be crucial for observing PL from the deep or
shallow state.

VI. CONCLUSION

The theoretically predicted dual nature of acceptors in
semiconductors is confirmed by PL experiments with an ex-
ample of the Beg, defect in GaN. The defect has three states:
two deep (polaronic) states with the —/0 transition levels at
0.3-0.4 eV above the VBM and a shallow state (delocalized
hole) at 0.2 eV above the VBM. Only one of these states (the
shallow-state Be3) efficiently captures holes from the valence
band and emits them back at 7 > 200 K. We do not find
experimental evidence for the dual nature of other defects,
such as Mgg, in GaN and Liz, in ZnO. The rate-equation
model indicates that the observation of both states (shallow
and deep) in PL experiments may be hampered by too-high or
too-low potential barriers between the defect configurations.
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