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Abstract
While GaN is a crucial semiconductor material for bright light-emitting devices, fabrication of p-
type GaN remains challenging since the Mg acceptor commonly used for p-type doping is not
shallow enough. Doping of GaN with Be is a promising path, yet no reliable p-type GaN has been
achieved by Be doping so far. One of the reasons is a poor understanding of point defects in Be-
doped GaN that can be studied by photoluminescence (PL). The yellow (YLge) band at 2.15 eV is
the dominant PL band in Be-doped GaN. In this work, we discovered a blue PL band named the
BLge band. It has a maximum at 2.6 eV and a lifetime of 0.8 ps at temperatures below 100 K. The
BLge band is observed in GaN samples with relatively high concentrations of Be (>10'® cm™).
Both the YLge and BLg. bands likely originate from the isolated Bega defect, namely from electron
transitions via the —/0 and 0/+ thermodynamic transition levels of the Bega. The 0/+ transition level
is located at 0.1-0.2 eV above the valence band. We also observed other broad PL bands in Be-

doped GaN that are preliminarily attributed to Be-containing complexes.
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1. Introduction

GaN-based semiconductor materials are widely used in light-emitting devices and other
applications.['*l Magnesium (Mg) is currently the only known viable acceptor for achieving low-
resistivity p-type material in these devices. Yet, its use in AlGaN alloys is limited by relatively
large ionization energy (E4 = 0.22 eV in GaN, and it increases with increasing Al content in
AlGaN). Beryllium (Be) was proposed as an alternative to Mg in p-type doping of GaN -7 and
AIN.9 Early studies suggested that Be substituting for Ga (Bega) is responsible for the shallow
ultraviolet luminescence (UVLge) band with a sharp peak at 3.38 eV and that it is the shallowest

10-31 However, more recent studies indicated

acceptor in GaN with an ionization energy of 0.11 eV.!
that the 3.38 eV band is likely caused by the BecaOnBeca complex acting as an acceptor in GaN.['#!

At the same time, the isolated Bega is a dual-nature acceptor!!> with three —/0 levels: at 0.24+0.02

eV (labeled Be3), 0.33+0.05 eV (Bel) and 0.38+0.03 eV (Be2) above the valence band maximum

[16.171 A hole at the Be3 level is delocalized, whereas holes

(VBM) in the limit of low temperatures.
at the Be2 and Bel levels are localized at the nearest N atom in the 0001 direction of the wurtzite
lattice (Be2) or one of the three remaining equivalent in-plane directions (Bel). Note that recent
first-principles calculations by others,'®?!) using the HSE hybrid functional, predicted only
polaronic states of the Bega acceptor with transition levels at 0.55-0.80 eV above the VBM (our
calculations in Ref. 16 predicted 0.58 eV).

It is known that defects may have more than one charge transition level in the gap. The Cn
defect in GaN is one of the best examples. In agreement with theoretical predictions,'*?! the Cx
defect has the —/0 level at 0.916+0.003 eV and the 0/+ level at 0.33+0.01 eV above the VBM.[2>24]

Electron transitions via the —/0 and 0/+ levels cause the YL1 and BL¢ bands with maxima at 2.17

and 2.85 eV, respectively, in C-doped GaN. In n-type GaN:C, the BLc intensity increases



superlinearly with excitation intensity Pex. because the Cn must capture two holes before radiative
recombination occurs. The BLc can be called the secondary PL band of the Cn defect.
In this paper, we present plausible evidence that a new PL band with a maximum at 2.6 eV

in Be-doped GaN (called hereafter the BLg. band) is the secondary PL band of the Beg. defect.

2. Results

2.1. Three Types of GaN:Be Samples
In low-temperature steady-state PL (SSPL) spectra of GaN:Be samples (Figure 1) the near-band-
edge (NBE) emission with a main peak at about 3.47 eV and its LO phonon replica at 3.38 eV
were attributed to the donor-bound exciton.[*>?°! At lower photon energies, the Be-related UVLge
band with the ZPL at ~3.38 eV, the Mgga-related UV Ly band with the ZPL at ~3.28 eV (several
LO phonon replicas follow both the 3.38 and 3.28 eV peaks), and the broad YLge band with a
maximum at about 2.15 eV were observed. In all GaN:Be samples, the YLge band, assigned to a
deep polaronic state of the Bega acceptor,'® was the strongest defect-related PL band with the
internal quantum efficiency (IQE) approaching unity in some samples.

To resolve broad overlapped PL bands, we used deconvolution of PL spectra based on the
known shapes of well-studied PL bands. The shapes of the defect-related PL bands were fitted

with the following expression obtained in a one-dimensional configuration coordinate model.*”!
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Here, S. is the Huang-Rhys factor in the excited state of the defect, dic = EO —h is the

Frank-Condon shift in the ground state, EO =E +0.5% | Ey is the zero-phonon line (ZPL)



energy, 7 is the energy of the effective phonon mode in the excited state, # and 7 are

the photon energy and position of the PL band maximum, respectively. The A is a small shift of
the PL band maximum due to sample-dependent reasons such as in-plane biaxial strain in thin GaN

layers grown on sapphire substrates or local electric fields.
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Figure 1. Normalized PL spectra from selected GaN:Be samples at 7= 18 K and Pe. = 10*
W/cm?. The dashed line is calculated using Equation (1) with the following parameters: S, =
22, Ey" =3.2 €V, itomax = 2.15 €V. A weak peak at 3.39 eV for sample R68 is the LO phonon
replica of the donor-bound exciton peak (labeled NBE), whereas peaks at about 3.37 eV for
samples R41 and R95 are attributed to the UVLg. band.

Concerning the YLge band shape, PL spectra from many GaN:Be samples can be formally

divided into three types (Table 1). Representative PL spectra are shown in Figure 1.



Table 1. Parameters of GaN:Be samples grown by metal-organic chemical vapor
deposition (MOCVD). Conductivity type: n, p, or semi-insulating (SI) as determined
from PL, Hall effect, and hot probe (HP) measurements. Peak PL intensities are given in
relative units, all divided by Pexc (given in W/cm? units in parentheses). The secondary-

ion mass-spectrometry (SIMS) detection limit for [Be] is ~10'7 cm™.

Type Sample  Be flow [Be] Conductivity UVLge BLge NBE NBE YLI

number (nmol/min) x10" type (0.13)  (100) (10%) (0.13) (10
R25 455 0.8 n(PL Hall)  — 0.5 1 0.4
R26 1000 0.8 n(PL Hall)  — 01 04 04
R27 1370 6 n(PL Hall) - 1 4 0.2
R28 910 4 SI (PL) 02 004 001 1 001
RS5 455 1.5 SI(PL) 03  <0.02 0.0l 3
R56 501 1 SI(PL) ~ <001 08 200 0.1

| R57 455 3 SI(PL) 0.1 <004 02 40 0.2
R59 910 0.1 SI(PL) - 10 70
R60 910 0.1 SI(PL) - 40 120
R62 137 0.1 SI(PL) - 2 80 0.2
R68 455 1 SI(PL) - 1 100 0.05
RS0 910 3 SI(PL) - 0.2 8
R89 910 ~3 p (HP) 03 005 0.3 5
R96 910 3 SI (PL) 0.02 02 100
R77 910 3 SI(PL) 07  0.04 1 60
R78 910 4 SI(PL) 3 1.1 0.0l 2
R79 1140 4  p(HP,Hall) 2 1 0.01 1
R81 910 3 SIPL) 1 0.1 0.1 1
RS2 910 20 SI (PL) 4 1 001 04
2 R87 910 4 p (HP) 04 05 006 30 001
R95 910 3 SI (PL) 1 03 0.0l 4
R134 910 ~3 p (Hall) 3 1 0.04 10 -
R169 910 10 SI (PL) 2 1 0.02 9
R170 910 12 SI(PL) 1.5 1 000l 0.5
RI172 910 18 3 1 0.05 20
R29 557 5 SI(PL) 15 .1 0001 02 _
R39 3010 20 p (HP) 03 15 03 1 -
R40 3010 30 p(HP,Hall) 2.5 1 000l 005 -
3 R41 3010 20 p (HP) 1 0.001 001 -
R45 1370 20 SI(PL) 3 26 0001 06 -
R48 455 1 p (HP) 2 1.1 0003 3 -
R49 557 5 SI(PL) 3 38 0002 1 -
R54 464 7  p(HP,Hall) 3 1.5 001 08 -
R182 910 6 24 02 0.02 3




Below, the main characteristics of PL from these three groups are briefly reviewed. Note
that the division into the three types is nominal and depends on the detection limit for resolving

additional PL bands in GaN:Be samples.

Type 1 (sample R68 in Figure 1). The YLge band has a “normal” shape that did not change
with variation of excitation intensity. It can be fitted using Equation (1) with the following
parameters: Se = 22-24, fiiax = 2.15 eV, and Eo” = 3.2 eV. The UVLg. band is absent or weak in
these samples, whereas the NBE band is usually strong and often increases linearly with Pey. All
n-type samples (R25, R26, and R27) fall into this group, yet it also contains semi-insulating

samples.

Type 2 (sample R95 in Figure 1). The YLg. band has a “normal” shape in the limit of low
Pexe, whereas a new PL band (the BLg. band with a maximum at 2.6 eV) emerges as the YLge
intensity saturates at high Pe... The BLge band shape is the same in time-resolved PL (TRPL) and
SSPL, and it can be fitted using Equation (1) with the following parameters: Se = 12, /1 @max = 2.6
eV, and Eo’ = 3.4 eV. The BLge band in SSPL is quenched at 7> 100 K, revealing the activation
energy of the quenching £4 = 0.15 eV. The NBE emission is very weak in these samples, increasing
as (Pexc)” with m = 1.5-2. It was found from the temperature-dependent Hall effect measurements
and hot-probe measurements that at least some samples in this group (R79 and R134) are resistive

(28] The PL from samples of this type always showed the UVLge band along with the BLg.

p-type.

band.
Type 3 (sample R41 in Figure 1). A shoulder to the YLg. band at the high energy side is

observed even in the limit of low Pe... Typical representatives are samples R39, R40, R41, R4S,

and R49. The PL spectra from all type-3 samples contain the UVLg. band, and the concentration

of Be from SIMS measurements is typically very high in these samples. Deconvolution of PL



spectra from type-3 samples reveals an additional PL band, with a maximum at ~2.45 eV
(temporarily labeled GLg.). Similar to type-2 samples, with increasing Pex. in SSPL experiments,
the BLg. band in these samples emerges superlinearly with P... when the YLg. band saturates, and
the fast component in TRPL experiments (0.7-0.8 us) reveals the shape of the BLge band.
Interestingly, the slow, nonexponential component repeats the SSPL shape with the high-energy
shoulder (unresolved YLge and GLge bands). The NBE emission is very weak, and its intensity
increases superlinearly with Pex. (similar to type-2 samples). Most of these samples showed p-type
behavior in hot-probe measurements. Two samples (R40 and R54) were confirmed to be p-type
with the Hall effect measurements.?®]

PL spectra from type-1 samples (containing only the YLg. band at iw < 3.0 eV at low
temperatures) were studied in detail earlier.'!”>") Below, the additional Be-related PL bands (the
BLge band at 2.6 eV and the GLg. band at 2.45 eV), which appear in type 2 and 3 samples, will be
analyzed in detail.

2.2. The BLge Band

2.2.1. Steady-State Photoluminescence

Figure 2 shows low-temperature SSPL spectra from a type-2 sample at three excitation intensities.
With increasing Pe, the YLg. intensity saturates at Pew. > 0.001 W/cm?. Concurrently, the BLge
band with a maximum at 2.6 eV emerges at the high-energy side of the YLge band with increasing
Pexe. These two PL bands are sufficient to explain PL spectra in a wide range of Pex. In contrast to
the YLge band, no significant saturation of the BLg. band could be observed up to Pexe = 100
W/cm?. From a comparison of the intensities of the YLge and BLg. bands with the PL intensities
from calibrated GaN samples, we estimated that the highest internal quantum efficiencies of these

PL bands in our SSPL experiments are about 1 and 0.03, respectively.
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Figure 2. PL spectra divided by excitation intensity at 7= 18 K for GaN:Be sample R172. The
dashed lines are calculated using Equation (1) with the following parameters: S. =23, £y’ =3.2 eV,
A@max = 2.15 eV for the YLge band, and S. = 12, Ey" = 3.4 eV, hwmax = 2.60 eV for the BLg. band.
The % symbols show the sum of the calculated curves for the YLg. and BLg. bands at Pe.. = 100
W/em?.

2.2.2. Time-Resolved Photoluminescence

In all the samples where the BLg. band could be detected, the PL decay at photon energies close
to 2.6 eV is exponential at 7= 18 K. The PL lifetime is 7= 0.7510.15 ps in all the samples. This
indicates that the BLge band is caused by internal transitions.*%! Indeed, at such low temperatures,
only two types of defect-related transitions in nondegenerate GaN are observed in PL experiments:
electron transitions from shallow donors to acceptors always demonstrate nonexponential PL
decay after a laser pulse, while internal transitions (from an excited state to the ground state) are

[30

typical for positively-charged donors and always show an exponential PL decay.*”) Figure 3

shows PL decays at 7= 18 K and selected photon energies. At zw= 2.7 eV, the PL decay is purely



exponential up to a few ps. In contrast, at 7w = 1.75 eV, the PL decay is nonexponential, close to
the power dependence, I"(f) = " with n ~ 0.8 in a wide range of time delays, at least up to =

107 s (not shown in Figure 3). The PL decay at i = 2.0 eV contains both components.

PL intensity (rel. units)

108 107 10°® 10° 10"

Figure 3. PL decays at selected photon energies at 7= 18 K for GaN:Be sample R172. The

dotted line is calculated using the following equation: I'* = I"(0)exp(-t/ 7o) with 7 = 0.75 ps.

TRPL spectra at time delays of 0.5 and 50 us are shown in Figure 4. One can see that the fast
exponential component (7~ 0.7 ps) originates from the BLge band, and the slow nonexponential

component belongs to the YLg. band.



10

— T T T
100k T=18K Lo, |
o  BL o,
e/ Be .
,{B., ":’ \!.
§ l."l ‘fo
— 10-1 e ° ’r’ '.‘. -
E [ ] '@’oﬁb lli. L
= o Yl b\ Ve
) & e \ |
o p 7 '
g L] ’ \ \
€ 102 P 8 x20 o o
d fp;?.‘ (Je) ' 3
[P/ e 05us " % OO
/ ",' o 50 us \\2 ®00 l'.‘1
10-3 P B BRI S SR S
1.5 2 25 3 3.5

Photon energy (eV)

Figure 4. TRPL spectra for GaN:Be sample R172 at ¢ = 0.5 us (filled symbols) and ¢ = 50 pus
(empty symbols) at 7= 18 K and Py = 5x10%° cm?s™!. The data at 50 us is multiplied by 20.
The dashed lines are calculated using Equation (1) with the following parameters: S, = 12, E,"

=3.4¢eV, itmax=2.60eV (1)and S. =24, Ey" = 3.2 eV, homax = 2.15 eV (2).

We also analyzed the dependences of the peak PL intensities after a laser pulse on excitation
intensity. Figure 5 shows the 7(P) dependences for the YLge and BLge bands where 7 is the
absolute IQE (7 = I"/P) and P is the photon flux expressed in cm™s™!. For the BLge band, the
maximum IQE (about 0.1) was estimated from comparison with a calibrated GaN:Zn,Si sample,
in which 7 > 0.9 for the Zn-related blue band with similar PL lifetime (0.6 ps).*!) The absolute
IQE for the YLge band could not be estimated from TRPL measurements because its decay is
nonexponential, and its approximate value (close to 1) was obtained from a comparison of SSPL
spectra from GaN:Be and GaN:Zn,Si samples measured in identical conditions. The YLge intensity

increases linearly with P (constant 7) up to ~10*?> cm™s™!. Above a critical photon flux (Po) the
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YLge band begins to exhibit saturation behavior (77 decreases with P). The PL saturation is due to

a limited number of defects, and the concentration of these defects can be found as [*?]
N=ant F, (2)

where « is the absorption coefficient (~10° cm™! for GaN at 3.68 eV), 7 is the PL band’s IQE

before saturation, and #; is the laser pulse duration (1 or 3 ns in our experiments). For the YLge

band, Po'’ = 5x10%! cm™s™! and 5t = 1, which results in N'% = 10'® cm™.
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Figure 5. Dependences of TRPL IQE on excitation intensity at 7= 18 K for selected GaN:Be
samples. At P < Py ~ 5x10?! cm?s™!, the YLg. intensity (at i = 2.2 eV) increases linearly
with P (17 = 1) while the BLg. intensity (at iw = 2.7 eV) increases superlinearly (the dashed
and solid lines show the 77 oc P> and 7 oc P dependences, respectively). The saturation of the

BLge band begins at P = Py®* ~ 5x10?> cms™'. The lines are guides to eyes.

The BLge. intensity increases superlinearly at P < Py’ ~ 5x10%' cm™s’!, and its saturation

begins at Po?r = 5x10%2 cms™!. From Equation (2) with 7%F = 0.1 we find N* ~ 10'® cm™ . Note
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that the accuracy of these estimates is low (plus-minus half an order of magnitude) because of
difficulties in finding the absolute IQE of PL and the simplified model of PL.3%-32]

The superlinear I”2(P) dependence for the BLgpe band at P< 5x10?! cm™s™! (/7 oc P" with m
= 1.5-2) is similar to observed dependences for the BL3 and GL1 (also known as GL) bands in
GaN grown by hydride vapor phase epitaxy (HVPE)** and the BLc band in GaN:C.[*}! Such
behavior is typical for a “secondary” PL band, which requires two holes to be captured by a defect
before PL occurs. The GL1 band is caused by an unknown defect in HVPE-grown GaN that
captures two holes to produce the green PL (in Ref. [33], we erroneously attributed it to the 0/+
level of the Cn defect). The BL3 band is attributed to the RY3 defect, which is likely related to the
Feca. The BLc band is caused by transitions via the 0/+ level of the Cx defect.* The behavior of
the YLge and BLg. bands in Figure 5 seems consistent with their attribution to the —/0 and 0/+
levels of the Bega acceptor with a concentration of ~10'® cm™, although more statistical data are

needed for the convincing conclusion.

2.2.3. Temperature Dependences

With increasing temperature, the BLg. intensity in samples from groups 2 and 3 did not change
up to 7= 100 K. At higher temperatures, SSPL quenching with an activation energy of about 0.10-
0.15 eV was observed for P = 12-100 W/cm? [Figure 6 and 7(a)]. The temperature dependence
of PL lifetime, «(7), was nearly identical to the /”*(T) dependence for the BLge band in the SSPL

experiment [Figure 7(b)].
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Figure 6. PL spectra at selected temperatures for GaN:Be sample R170 at Pe.. = 100 W/cm?.
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Figure 7. Temperature dependences of the BLg. intensity and lifetime in selected GaN:Be
samples. (a) normalized PL intensities, (b) PL lifetime at 2.7-2.8 eV. The lines in (a) are calculated
using Equation (3) with the following parameters: £, = 100 meV, C = 2x10* (1), E4 = 150 meV,
C=4x10°(2), E4=200 meV, C=1.5x10° (3). The line in (b) is calculated using Equation (3) and
(4) with the following parameters: E4 = 130 meV, % = 0.75 ps, C, = 6x107 cm’/s, (1 —1) ~1.
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The IX(T) and «(T) dependences can be fitted with the following expression:>%

1"(T) (M) _o(T) _ ! (3)
17"(0) 770 o 1+ Cexp [ —L. j
kT

Here, I"%(0), no, and 7 are the PL intensity, IQE, and PL lifetime, respectively, at temperatures
before the quenching begins, and k is Boltzmann’s constant. For the I*Z(T) dependence in
conductive n-type GaN, parameter E4 is the defect ionization energy (the distance from the defect
level to the valence band) and

C= (1—770)T0CpNvg71 > 4)

where N, is the effective density of states in the valence band (we assumed N, = N,'T>? with N,’
=3.15x10" em™K? for GaN), g is the degeneracy of the defect level (assumed g = 2), and C, is
the hole-capture coefficient for the defect. In semi-insulating GaN, the defect-related PL is usually
quenched by the abrupt and tunable quenching mechanism,*! i.e., PL intensity abruptly drops
(with a slope much larger than E4/k) at a critical temperature 7o, and 7y increases with increasing
Per.. In such a case, the I”/(T) dependence can still be formally fitted with Equation (3), yet
parameters C, and E4 will not have physical meaning. The abrupt and tunable quenching of PL is
explained by the inverse population of levels in the gap of a semi-insulating semiconductor
(acceptors become saturated with photogenerated holes and donors — with electrons) at 7' < T,
which abruptly switches to equilibrium population at 7'~ Ty due to thermal emission of holes from
the acceptor to the valence band.* In contrast to the /”X(T) dependence in the SSPL experiment,
the «(7) dependence in both conductive and semi-insulating GaN can be fitted with Egs. (3) and
(4),3%36] see Figure 7(b) for SI and p-type GaN:Be and Ref. [29] for n-type GaN:Be, and

parameters C, and E,4 can be found (given in the figure caption). This can be explained by the
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assumption that the inverse population is not achieved in our TRPL measurements in contrast to
the SSPL conditions.

Interestingly, the quenching of the BLg. band in the SSPL experiment is tunable but not
abrupt. This is typical for defects with levels close to the valence band.*”! Similar behavior was
observed for the BL2 and UVLge bands caused by the CnHi and Bec.OnBeca defects,
respectively.['*3¥ In this case, the slope of the quenching reveals the ionization energy E4. Overall,

from SSPL and TRPL dependences, we estimate that £4 = 0.15+£0.05 eV for the BLg. band.

2.3. PL Bands in Type-3 GaN:Be Samples

2.3.1. Steady-State Photoluminescence

In low-temperature PL spectra of type-3 samples a noticeable shoulder at the high-energy side of
the YLg. band is observed already at very low Pey. (sample R41 in Figure 1). With increasing Pexe
the shoulder rises and eventually develops into the BLge band with a maximum at 2.6 eV (Figure
8). However, unlike the case of type-2 samples, the PL spectra cannot be deconvoluted by using
shapes of only the YLge and BLge bands. In the assumption that the shapes of PL bands are the
same in different samples, and in order to keep the minimum number of components in the
deconvolution, we will add one more band, with a maximum at ~2.4 eV, and temporarily call it
the GLge band due to its location in the green part of the spectrum. In contrast to the YLge and
BLge bands, the shapes of which can be reliably found at least under certain experimental
conditions (Figure 1,2,4 and 8), the GLg. band is always buried under stronger PL bands. As a
result, its shape and position remain uncertain. For simplicity, the GLg. band shape in Figure 8
was simulated using a Gaussian curve with a maximum at 2.4 eV and fixed width. However,
similar results could be obtained by using a shape given by Equation (1) with a wide range of

fitting parameters.



16

PL intensity (arb. units)

L T T R S L L .
15 2 25 3 3.5
Photon energy (eV)

Figure 8. Evolution of low-temperature (18 K) SSPL spectrum with P, (given on the right side
in W/cm?) for the type-3 GaN:Be sample R41. The PL spectra are arbitrarily shifted vertically for
clarity. The broad band is deconvoluted by using known shapes of the YLg. (dashed curve) and
BLg:. (solid curve) bands. An additional PL band with a maximum at about 2.42 eV (the GLg.
band shown with the dotted line) is needed for a perfect agreement of the sum of the components
(YLge + GLge + BLg., shown with symbols) with the experimental PL shape between 1.5 and 3.0
eV.

With increasing Pex, the YLp. and GLge bands start saturating at P > 0.1 W/cm?, while the
ratio of their intensities remains nearly constant up to Pex = 100 W/cm? (Figure 8). The BLge (2.6

eV), UVLge (3.38 eV) and NBE (3.47 eV) intensities increase superlinearly with Pexe up to Pexe =

12 W/cm? and linearly at higher Pex..

2.3.2. Time-Resolved Photoluminescence
As before, we tried to resolve components of the broad PL band between 1.5 and 3.2 eV by using

TRPL. Examples of TRPL spectra for a type 3 sample at 7= 18 K are shown in Figure 9. At small



17

% .” .
..o - BLB A
- .. 4 ‘\.
E 1005_ [ ] / \\‘. B
= g :
3 ‘\
® 10"k .
> "
2 9
c 2 B
2 10%F o 5x107 s (1) \ f
E F o 8x10°s (1)
10°L 4 1x10% s (0.001) .
F ——SSPL
10-4 i [ R R L M
1.5 2 25 3 3.5

Photon energy (eV)

Figure 9. Low-temperature (18 K) TRPL spectra for GaN:Be sample R40 (type 3) at £ = 0.5
us and £ =8 us (P=5x10% cm?s™) and at £ = 100 ps (P = 5x10*° cm™s™"). The intensity of the
PL spectrum at 100 ps (green triangles) is multiplied by 100. The attenuation of P is shown in
brackets. The dashed lines are calculated using Equation (1) with the following parameters: S.
=12, Eo’ =3.4 €V, lhitomx = 2.60 €V (1) and S, = 22, Ey* = 3.2 €V, hithmax = 2.15 €V (2). The
solid line shows an SSPL spectrum measured at low excitation intensity (Pex. = 10 W/cm?)

and arbitrarily shifted vertically to match the TRPL spectra.

time delays, the BLg. band dominates, and its decay is exponential at 7= 18 K. At 7> 107 s, the
BLge band disappears, and the YLge band decays nonexponentially at longer time delays (not
shown in Figure 9). Interestingly, the high-energy shoulder to the YLg. (supposedly the unresolved
GLge band) remains at > 107 s, and the TRPL spectrum matches the SSPL spectrum (Figure 9).
Sometimes, PL bands can be resolved in TRPL experiments if they have different decay rates after

a laser pulse.*?! However, the YLge and supposed GLg. bands remain unresolved when TRPL is

measured at P = 5x10%° and 5x10% cm™s™! (Figure 9).
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In MBE-grown GaN:Be samples, the BLg. and GLg. bands can also be found. Figure 10
shows the evolution of low-temperature PL spectra with time after a laser pulse with high (a) and
low (b) excitation intensities. At small time delays, the BLge band dominates, and its decay is
exponential at 7= 18 K (not shown). At > 107 s, the BLge band disappears, and the broad band
is observed. Similar to PL spectra from our MOCVD GaN:Be samples of type 3, the shape of this
band has a shoulder at the high-energy side that can be attributed to an additional GLg. band with

a maximum at about 2.45 eV.
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Figure 10. TRPL and SSPL spectra (normalized at the YLg. maximum) at 7= 18 K from
MBE GaN:Be sample 0414b (type 3). SSPL: P = 10 and 100 W/cm? (shown with
numbers near SSPL spectra). TRPL: P = 5x10% cm?s™! (a) and P = 5x10% ¢m™s™! (b). The
dashed lines 1 and 3 are calculated using Equation (1) with the following parameters: S, =
12, Ey" = 3.4 eV, homx = 2.6 €V (1), and S, = 22, Ey" = 3.2 €V, homax = 2.15 €V (3). The
dash-dotted line 2 is a Gaussian curve with a maximum at 2.45 eV. The X symbols in (b)

show the sum of the calculated curves 2 and 3.

2.3.3. Temperature Dependences
Figure 11 and 12 show the evolution of SSPL spectra with temperature in two MOCVD GaN:Be

samples at selected excitation intensities. Deconvolution of these PL spectra reveals three Be-
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related PL bands: the YLge, GLge, and BLge. Figure 13 shows the Arrhenius plot for Be-related
PL bands for one of the type-3 GaN:Be samples. The lines in Figure 13 are given as examples of
the fits (not the best fits because of insufficient data points). The /”2(T) dependences for the UVLge,
BLge, and YLge bands are the same as in samples of types 1 and 2. The data for the GLg. are less
certain because of the poor resolution of this band. Nevertheless, it is clear that its intensity is

nearly constant up to ~200 K, after which it quenches together with the YLg. band.

PL intensity (rel. units)
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Figure 11. Evolution of SSPL spectrum with temperature at high excitation intensity (Pex. =
12 W/cm?) for GaN:Be sample R41 (type 3). The broad band between 1.5 and 3.2 eV is
deconvoluted by using known shapes of the YLg. (dashed curve) and BLg. (solid curve) and

GLg. (dotted line) components. The circles show the sums of three calculated curves.
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Figure 12. SSPL spectra at low excitation intensities and selected temperatures from MOCVD
GaN:Be sample R39 (type 3). @) Pexc = 10* W/cm?, b) Per. = 0.15 W/cm?. The lines are calculated
using Equation (1) with the following parameters: S, = 22, Ey" = 3.2 €V, fitomax = 2.15 €V (1,3)
and S, = 30, Ey" = 3.6 eV, hwmax = 2.43 €V (2,4). The circles show sums of the two calculated

curves.
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Figure 13. Temperature dependences of peak PL intensities at Pex. = 12 W/cm? for Be-related
PL bands in GaN:Be sample R41 (the PL spectra are shown in Fig. 11). The lines are calculated
using Equation (3) with the following parameters: C = 3x10° (1,2), 1.8x10° (3), 1x10® (3a),
and 5x10° (4), E4 =300 meV (1,2), 100 meV (3), 200 meV (3a), and 85 meV (4).
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3. Discussion

Figure 14 shows the charge transition levels and related electron transitions responsible for
the Be-related PL bands in Be-doped GaN. The isolated Bega acceptor, thanks to its dual nature,
has three —/0 transition levels in the gap.!'®! The shallow level at 0.24 eV with a delocalized hole
is responsible for the UVLge3 band with a maximum at 3.26 eV that can be observed only at 7>
130 K because a hole quickly relaxes to the deeper level over a small barrier at low temperatures.
Two deep levels (at 0.38 and 0.33 eV) correspond to small polarons where a hole is localized on
axial (Be2) and nonaxial (Bel) neighbor nitrogen atoms, respectively. These two levels are
responsible for the broad YLg. band with a maximum at 2.15 eV where the Bel and Be2

components are not resolved but explain two-step quenching and a sudden shift of the YLg. band

at 7' ~100 K.
YL
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Figure 14. Energy levels of the Beg. defect responsible for the YLg., UVLg.3, and BLg. bands
and the Beg.OnBeca complex responsible for the UVLg. band at 3.38 eV. The arrows show
electron transitions from the conduction band (or from shallow donors) for the YLg., UVLg3,

and UVLge bands and from an excited state close to the conduction band in the case of the BLg..
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In the current work, we studied in detail the BLge band, which has a maximum at 2.6 eV. Its
superlinear increase with excitation intensity (both in SSPL and TRPL experiments) suggests that
it is likely a secondary PL band, i.e., the PL that requests a capture of two holes before radiative
recombination takes place. Moreover, the decay of the BLg. intensity after a laser pulse is
exponential even at the lowest temperatures (down to 18 K), indicating that this PL is caused by
an internal transition — from an excited state (presumably, close to the conduction band) to the
ground state. Note that such behavior is a unique feature of all donors contributing to PL in GaN.*"]
The superlinear increase of intensity and exponential decay of the BLg. band can be explained by
the assumption that it is caused by transitions of electrons from an excited state to the 0/+ ground
state of the Bega defect. This PL behavior is very similar to that of the Cn defect in GaN, the —/0
and 0/+ levels of which (at 0.915 and 0.33 eV, respectively, above the VBM) are responsible for
the YL1 and BLc bands with maxima at 2.17 and 2.85 eV, respectively.!*)] From temperature
dependences of PL intensity and PL lifetime, the position of the 0/+ level is estimated at 0.10-0.15
eV above the VBM for the BLg. band. However, it is known that for several reasons, the slope of
the PL quenching is typically smaller (by at least 20-40 meV) than the ionization energy of the
defect.2%3] An independent parameter that reveals the ionization energy is the critical temperature
at which the PL quenching and the decrease of PL lifetime begin (7).*®! It follows that £, = 0.15-
0.20 eV from 7o = 110 K. The shape of the Beca band indicates that its ZPL is at 3.3-3.4 eV. From
all these estimates we conclude that £4 = 0.1520.05 eV for the 0/+ level of the Bega defect. Note
that current hybrid functional calculations of Bega acceptor in GaN do not find the 0/+ transition
level of this defect.l*”] We think that the close location of this level to the valence band may be the
reason why calculations fail to find it. Further theoretical and experimental studies, including

complementary techniques, may resolve the apparent controversy.
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The shape of the broad PL band in type-3 samples could be explained by the assumption that
aweak green luminescence (GLge) band with a maximum at ~2.4 eV contributes at the high-energy
side of a stronger YLg. band but remains unresolved when temperature or excitation intensity are
varied in SSPL and TRPL experiments. It was found only in samples with a high concentration of
Be. It might be caused by some complex defect containing one or more Be atoms. Alternatively,
the defects in close vicinity to the Bega acceptor in heavily Be-doped GaN samples may modify
its adiabatic potentials, which would distort the shape of the YLge band and create a shoulder.

Finally, PL spectra from Be-doped GaN contain the UVLg. band with the strongest peak at
3.38 eV followed by LO phonon replicas. This PL band is caused by transitions of electrons from
shallow donors (at 7 < 50 K) or from the conduction band (7> 50 K) to the shallow acceptor with
the —/0 level at 0.113 eV above the VBM. We recently proposed that it is caused by the
BecaOnBeca complex, ' which is likely to form in semi-insulating or p-type GaN:Be during
growth. First-principles calculations predict that the BecaOnBeca complex is a dual-nature
acceptor with shallow and deep levels at 0.12 and 0.34 eV above the VBM.!'Y However, only the
shallow level could be found in our PL experiments. The UVLg. band is detected only in samples
with a relatively high concentration of Be (above 10'® cm™). It is likely that gallium vacancies,
which should be abundant during MOCVD growth in N-rich conditions, assist the formation of
the BegaOnBega complexes. Indeed, the mobile Vg, acceptors are attracted by the stationary On
donors to form the VcaOn complexes, after which the mobile Be; donors substitute for the Vga to
form the BeGaOn complexes. These complexes are neutral (neither donors nor acceptors),”?”! and

can bind another Vga, which eventually is filled with the second Be atom.

Lastly, the red luminescence (RLge) band with a maximum at 1.8 eV was recently studied and

[40

attributed to the VnBeca complex.[*! It appears in GaN:Be samples grown by MBE and annealed
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at 900 °C. Interestingly, we did not find the RLge band in GaN:Be samples grown by MOCVD,
even after annealing these samples at temperatures up to 1000 °C. One reason for this is that our
MOCVD samples were grown under N-rich conditions, hindering the formation of nitrogen
vacancies and facilitating the formation of gallium vacancies, Bega acceptors, and BecaOnBega
complexes. Besides, in p-type GaN:Be samples, where the Fermi level is pinned at the Bega level
(~0.35 eV above the VBM), the RLge band could not be observed even if the Vn and VnBeca
defects are present and abundant. Indeed, the VnBega complex is in the 2+ state in such samples,
while the RLg. band is caused by an internal transition (from an excited state close to the
conduction band to the ground state at 0.6-0.9 eV above the VBM) involving the 0/+ charge

transition level.[*"]

4. Conclusion

The main PL band in low-temperature PL spectra from Be-doped GaN is the YLg. band with
a maximum at 2.15 eV attributed to the deep polaronic state of the Bega acceptor with the —/0
transition level at 0.35+0.05 eV above the VBM. In this work, we observed the blue luminescence
(BLge) band with a maximum of 2.6 eV and preliminarily assigned it to electron transitions via the
0/+ level of the Bega defect located at 0.1520.05 eV above the VBM. This attribution is supported
by a superlinear increase of the BLge intensity with excitation intensity (because two holes must
be captured by the Bega) and purely exponential decay of the BLg. intensity after a laser pulse with
a PL lifetime of ~0.75 us in all samples. The exponential decay of defect-related PL at such low
temperatures as 18 K in nondegenerate GaN indicates that it is caused by electron transition from
an excited state to the ground state of the defect, which is typical for donors in GaN. In GaN

samples heavily doped with Be, the UVLge band is observed with the first peak at 3.38 eV. It is
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attributed to the shallow state of the BecaOnBeca complex with the —/0 level at 0.113£0.002 eV

above the VBM.

5. Experimental Section

5.1. Samples

Most of the samples studied in this work are ~500 nm-thick GaN:Be layers grown on
unintentionally doped GaN on c-plane sapphire substrates in a vertical cold wall MOCVD reactor
under N-rich conditions. More details about the growth can be found elsewhere.*!] The
concentration of beryllium (|Be]) was measured by secondary ion mass spectroscopy (SIMS) and
varied between 10'8 and 3x10'” cm™ (Table I). Three samples (R25-R27) were conductive n-type,
in agreement with a relatively high concentration of oxygen ([O] = 1.1x10'® cm™ for sample R26
from SIMS) due to contamination during MOCVD growth. The majority of GaN:Be samples were
semi-insulating (SI), and p-type conductivity was found in nine samples by temperature-dependent
(300-500 K) Hall effect measurements,!**! or by hot-probe (HP) measurements. The concentration
of oxygen was measured in a few samples by SIMS, but the results were inconclusive. In particular,
[0] = 3x10!7 cm™ for sample R29. In the SIMS profiles of samples R48 and R56 [O] gradually
decreased from ~1x10'"® ¢cm™ to 1x10'7 cm™ (which is our detection limit for oxygen) from the
surface to 400-800 nm. Such tails in SIMS depth profiles are likely caused by secondary
implantation of the surface contaminants.!*! The concentration of C is about 10'7 cm™ in our
MOCVD GaN:Be samples, and a weak Cn-related yellow band could be detected in PL spectra of
several samples at 7> 200 K (Table 1). Sample 0414b is a Be-doped GaN layer with [Be] = 10*!
cm™ grown by molecular beam epitaxy (MBE) on the c-plane sapphire substrate at West Virginia
University.[*3] More details about the growth of MBE GaN:Be samples studied in this work can be

found elsewhere.!!>2%43]
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5.2. Photoluminescence Measurements
Steady-state PL (SSPL) was excited with an unfocused He-Cd laser (30 mW, 325 nm), dispersed
by a 1200 rules/mm grating in a 0.3 m monochromator, and detected by a cooled photomultiplier
tube. Calibrated neutral-density filters were used to attenuate the excitation power density (Pexc)
over the range of 10 - 0.2 W/cm?. For high excitation intensities, up to 100 W/cm?, the laser beam
was focused onto a ~0.1 mm diameter spot. A closed-cycle optical cryostat was used for
temperatures between 15 and 320 K.

All the samples were studied under identical conditions, and the PL spectra were corrected
for the spectral response of the measurement system. As in our other works after 2018, the PL
spectra, I’%(1), were additionally multiplied by A* in order to plot the spectra in units proportional

30,44

to the number of emitted photons as a function of photon energy.*%**! The absolute internal

quantum efficiency (IQE) of the PL from a particular defect, 7, was estimated by comparing

integrated PL intensity with the PL intensity obtained from calibrated GaN samples.*!-*"]

The time-resolved PL (TRPL) was excited with a pulsed nitrogen laser (repetition
frequency of 6 Hz, photon energy of 3.68 eV and pulse durations of 1 and 3 ns for two nitrogen
lasers) and analyzed with a digital oscilloscope. The photon flux during the pulse, P, was varied
between 3x10°° and 5x10%* cm™s! by using neutral density filters. The TRPL spectra were
obtained from these transients at selected time delays. The stability of the signal was validated by
measuring the PL decay at a characteristic photon energy (usually at the band maximum) before
and after the PL spectrum measurement. Analyses of temperature-dependent SSPL and TRPL also
allowed us to reliably distinguish n-type conductive GaN from semi-insulating (SI) GaN. In
particular, abrupt and tunable quenching of PL is observed only in SI (or resistive p-type) GaN

samples.**!
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