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Magnesium acceptor in gallium nitride. I. Photoluminescence from Mg-doped GaN
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Defect-related photoluminescence (PL) is analyzed in detail for n-type, p-type, and semi-insulating Mg-doped
GaN grown by different techniques. The ultraviolet luminescence (UVL) band is the dominant PL band in
conductive n-type and p-type GaN:Mg samples grown by hydride vapor phase epitaxy (HVPE) and molecular
beam epitaxy. The UVL band in undoped and Mg-doped GaN samples is attributed to the shallow Mgg, acceptor
with the ionization energy of 223 meV. In semi-insulating GaN:Mg samples, very large shifts of the UVL band
(up to 0.6 eV) are observed with variation of temperature or excitation intensity. The shifts are attributed to
diagonal transitions, likely due to potential fluctuations or near-surface band bending. The blue luminescence
(BLye) band is observed only in GaN:Mg samples grown by HVPE or metalorganic chemical vapor deposition
when the concentration of Mg exceeds 10" cm 3. The BLjy, band is attributed to electron transitions from an
unknown deep donor to the shallow Mgg, acceptor. Basic properties of the observed PL are explained with a

phenomenological model.
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L. INTRODUCTION

Mg impurity in GaN is important because it is the only
dopant available to produce p-type GaN, which is a necessary
part of GaN-based electronic and optical devices. In spite of
many years of research, the electronic structure of the Mgg,
acceptor and the attribution of photoluminescence (PL) bands
in Mg-doped GaN are still the subject of intense debates. The
experimental basis for these debates is the following. Low
concentrations of Mg in GaN (below 10'7—10'8 cm~3) cause
a very strong ultraviolet luminescence (UVL) band with a
relatively sharp peak at 3.27 eV followed by several LO phonon
replicas with decreasing intensities [1-5]. These samples are
usually n type because of high background concentrations
of shallow donors such as Oy and Sig,. p-type conductivity
can be achieved in GaN samples grown by metalorganic
chemical vapor deposition (MOCVD) doped with Mg with
the concentration exceeding 10" cm™ after activation of
the Mg acceptors by thermal annealing. However, in such
samples, the blue luminescence (BLy,) band with a maximum
between 2.7 and 3.0 eV is the dominant PL band [2,3,5-10].
p-type conductivity can also be achieved without annealing
in heavily doped GaN:Mg grown by molecular beam epitaxy
(MBE) [11]. In such samples, only the UVL band is observed
[2,4,12,13]. The characteristic feature of the BLy band is
its significant shift to higher energies (by up to 0.2 eV) with
increasing excitation intensity [2,3,5-7,9]. The BLyj, band is
most commonly attributed to transitions from a deep donor
to the shallow Mgg, acceptor [2]. The identity of the deep
donor, which is created in significant amounts in GaN:Mg
samples grown by MOCVD, is also a subject of debate, and the
most popular candidates for this donor are the VNMgg, com-
plex [6,14] and a hydrogen-related complex defect [3,15-17].
The interpretation of PL spectra is often complicated by the
presence of potential fluctuations, which may cause significant
shifts and distortions of PL bands in heavily Mg-doped GaN
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[7,18]. The UVL and BLy; bands are often confused because
of these shifts and distortions. There is also no understanding
of how to explain the very wide range of PL lifetimes for
defect-related bands in GaN:Mg: from subnanoseconds [19]
to hundreds of nanoseconds [20], to microseconds [21,22] and
milliseconds [23].

First-principles calculations using density functional theory
(DFT) initially predicted that Mgg, is a shallow acceptor
in GaN [24,25]. However, recently Lany and Zunger [26]
proposed the concept of the dual nature of acceptors in GaN.
In particular, they predicted that the Mgg, acceptor in GaN has
two states: a deep ground state (DGS) with a localized hole and
a metastable, shallow transient state (STS) with a delocalized
hole. According to their calculations, the thermodynamic — /0
transition level (E4) of the STS for the Mgg, is very close
to that of the DGS (0.15 and 0.18 eV, respectively), while
the optical transition levels are different (about 0.15 and
0.62 eV, respectively). The thermodynamic transition level
corresponds to the position of the zero-phonon line (ZPL)
of the defect-related luminescence relative to the band gap
(Eq4 = E; — EzpL), whereas the optical level corresponds to
the position of the PL band maximum (Awp,y), i.e., Eg =
E, — hwpax. According to Ref. [26], the barrier between the
metastable (STS) and stable (DGS) states is AE ~ 0.02 eV.
Therefore, it is expected that in conductive n-type GaN doped
with Mg, transitions involving the STS will dominate, because
the electron-hole recombination may occur faster than the
transition to the DGS state over the barrier. The STS transitions
can explain the UVL band at 3.27 eV. In high-resistivity GaN
samples, transitions involving the DGS will dominate, because
the recombination time is expected to become longer. In this
case, a luminescence with a maximum at about 2.9 eV should
be observed [26]. Finally, in conductive p-type GaN samples,
most Mgg, acceptors are expected to be in the ground state
already before photoexcitation, and no PL signal correspond-
ing to the STS should be observed. According to Ref. [26],

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.205204&domain=pdf&date_stamp=2018-05-17
https://doi.org/10.1103/PhysRevB.97.205204

M. A. RESHCHIKOV, P. GHIMIRE, AND D. O. DEMCHENKO

PHYSICAL REVIEW B 97, 205204 (2018)

TABLE 1. Parameters of GaN:Mg samples.

Sample Growth method Thickness (;«m) Conductivity type [Mg] from SIMS (cm~3) porn(cm™)
3590 HVPE 500 n 1.3 x 107 1.6 x 1002
3589 HVPE 500 SI 1.5 x 108 Undetermined
1840 HVPE 4.7 P 2 x 10" Undetermined
9599A MBE 7 p 49 x 10" 1.3 x 10'8®
9600A MBE 7 P 2.3 x 10" 6.1 x 10'7°
At T = 100 K.

PAtT =295K.

this theoretical model well explains early experimental results
of Monemar et al. [1], where two Mg-related acceptors have
been suggested: the Al acceptor responsible for the 3.27 eV
peak and the A2 acceptor responsible for the broader band
at 3.15 eV. However, later Monemar et al. [3] concluded that
only the 3.27 eV is related to an isolated Mgg, acceptor, while
the 3.15 eV band is caused by the same defect perturbed by a
nearby basal plane stacking fault.

In partial accord with Lany and Zunger [26], other groups,
employing hybrid density functional calculations, have found
that the hole bound to the Mgg, acceptor in the ground state is
highly localized; however, they did not confirm the existence
of the shallow (STS) state [27,28]. In these calculations, the
values of E4 = 0.26 eV [27] or E4 = 0.38 ¢V [28] and Ey =
0.54 eV [27] were obtained for the Mg, acceptor. Inrelation to
experiments, the £y = 0.54 eV value was associated with the
BLyg band observed at 2.7-2.9 eV in GaN heavily doped with
Mg, while the 3.27 eV band was attributed to the Mgg,-H;
complex [27]. Although it may appear that the calculations
carried out in Refs. [26-28] agree with experiments, careful
analysis of the experimental data reveals multiple inconsisten-
cies, which are discussed in this work.

In this paper, we analyze in detail experimental results ob-
tained from n-type, p-type, and semi-insulating GaN:Mg sam-
ples grown by different techniques. The results are explained
quantitatively with a simple phenomenological model. In the
follow-up paper [29], we present results of first-principles
calculations that resolve the controversy between theory and
experiment.

II. EXPERIMENTAL DETAILS

Mg-doped GaN samples grown by different techniques have
been studied. Five samples with parameters listed in Table I
were selected for more detailed analysis. Freestanding GaN
samples 3589 and 3590 were grown at Kyma Technologies,
Inc., by hydride vapor phase epitaxy (HVPE). The top surface
was treated with chemical-mechanical polishing. Sample 3590
is n type, with a concentration of free electrons of 1.6 x
10! cm—3 at 100 K, as obtained from time-resolved PL by
using electron capture coefficients found from analysis of a
large number of GaN samples [30]. The conductivity type in
semi-insulating (SI) sample 3589 could not be determined from
electrical measurements. Sample 1840 from Nitride Crystals,
Inc., is a 1-pum-thick Mg-doped GaN grown on 3.7-um-thick
undoped GaN on sapphire substrate. The concentration of
holes in the top GaN:Mg layer of this sample could not be

established with the Hall effect method because of stronger
n-type conductivity in the 3.7-pum-thick n-type GaN buffer
layer. Samples 9599A and 9600A were grown on sapphire
substrate by MBE at Paul-Drude Institute in Berlin, Germany.
The preliminary results of PL characterization for these two
samples are published in Refs. [31,32]. These MBE-grown
samples are nonuniform and exhibit two sharply defined
regions with very different properties: a region where the
UVL band intensity does not change much with increasing
temperature from 20 to 300 K (group A samples) and a
region where PL demonstrates abrupt and tunable thermal
quenching (group B samples). The behavior of Mg-related PL
was explained only for group B samples in Ref. [31]. In the
present work, we study in detail group A samples and explain
their PL behavior. The p-type conductivity for samples 1840,
9599A, and 9600A was confirmed by PL measurements as will
be explained in Sec. III B and the Appendix.

Steady-state PL 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 photomul-
tiplier tube. Calibrated neutral-density filters were used to
attenuate the excitation power density (Pe.) over the range
2 x 1078 to 0.3 W/cm?. Power density up to 100 W/cm? was
achieved by focusing the laser beam. Time-resolved PL was
excited with a pulsed nitrogen laser (pulses with duration of
I ns, repetition frequency of 6 Hz, and photon energy of
3.68 eV) and analyzed with an oscilloscope. A closed-cycle
optical cryostat was used for temperatures between 15 and
320 K, and a high-temperature cryostat (model VPF700 from
Janis Research Company) was used for temperatures between
150 and 500 K. All of the samples were studied under identical
conditions, and the PL spectra were corrected for the response
of the optical system.

The quantum efficiency of PL is defined as n = I7X/G,
where 1% is the PL intensity (in photons per second per
cubic centimeter) and G is the electron-hole generation rate
in the region from which the PL originates. For samples
with very high efficiency (such as sample 3590), the absolute
internal quantum efficiency of PL could be determined from
a quantitative description of the PL. quenching and concurrent
rise of other PL bands by using a method explained in detail in
Refs. [33,34]. Samples with n approaching unity were used as
calibrated samples. For samples with low efficiency of PL,
this method could not be applied. In this case, to estimate
the absolute internal quantum efficiency, we compared the
integrated intensity of a particular PL band with that from a
calibrated GaN sample.
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FIG. 1. Evolution of the PL spectrum with temperature for HVPE
GaN:Mg sample 3590.

III. RESULTS
A. Conductive n-type GaN:Mg grown by HVPE

Figure 1 shows the PL spectrum from n-type, conductive
GaN:Mg sample with low concentration of Mg. The near-
band-edge (NBE) emission contains a sharp peak at 3.471 eV,
which is attributed to an exciton bound to a neutral shallow
donor in stress-free GaN. A weaker peak at 3.466 eV is
assigned to an exciton bound to the Mgg, acceptor [3]. Its
relative intensity increases with the excitation intensity due
to increasing population of the Mgg, acceptors with holes in
n-type GaN. We did not observe the 3.455 eV line attributed to
an exciton bound to the Mgg, acceptor perturbed by a nearby
basal plane stacking fault [3].

In the spectral region containing PL from defects, three
bands can be resolved: the UVL band with a maximum at
3.26 eV, the yellow luminescence (YL 1) band with a maximum
at 2.20 eV, and the red luminescence (RL) band with a
maximum at 1.67 eV at 18 K. The strongest peak of the UVL
band shifts from 3.253 to 3.263 eV with increasing Pey. from
3 x 1073 to 0.2 W/cm?. It is followed by a few LO phonon
replicas. The UVL and YL1 bands are identical to those in
undoped GaN [35]. The origin of YL1 and RL bands is beyond
the scope of this work.

With increasing temperature, the intensity of the donor-
acceptor-pair (DAP) peaks of the UVL band gradually de-
creases, and these peaks are replaced with very similar in shape
but blueshifted free electron-to-acceptor (e-A) peaks with the
7ZPL at3.280eV at T = 50 K (Fig. 2). The shape of the band is
very similar to the UVL band shape in undoped GaN (Fig. 2).
The small redshift and broadening of peaks in GaN:Mg can
be caused by weak potential fluctuations, which are negligible
in the undoped GaN sample. The quantum efficiency of the
UVL band, as determined from comparison with calibrated
samples [34], is about 20% for the GaN:Mg sample and 2%
for the undoped GaN sample. From the analysis of a large
number of undoped and Mg-doped GaN samples grown by
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FIG. 2. The UVL band in GaN:Mg (sample 3590) at 18 and 50 K
and from the undoped GaN sample (H203) at 18 K, all excited with
Pey. = 0.008 W/cm?. The UVL band at 7 = 18 K includes the ZPL
at 3.253 eV (attributed to DAP-type transitions involving a shallow
donor and the shallow Mgg, acceptor) and a set of LO phonon replicas
at distances multiples of 91.5 meV from the main peak. At 50 K, a
series of (e-A)-type transitions appears, which correspond to electron
transitions from the conduction band to the same shallow acceptor.
The spectrum from sample H203 is shifted by 5 meV to lower energies
to compensate strain-related blueshift in a relatively thin GaN layer
on a sapphire substrate, and its intensity is multiplied by a factor of
10 to match the peak intensity of sample 3590.

HVPE, it was established that the quantum efficiency of the
UVL band increases linearly with the concentration of the
shallow acceptors up to about 10'® cm~2 and saturates at higher
concentrations [35].

The striking similarity of the UVL band shapes in undoped
and Mg-doped GaN samples points to the same origin (Mgg,)
of the shallow acceptors in these samples. The transition level
— /0 of this defect is located at 223 &+ 3 meV above the valence
band maximum, the same value for undoped and Mg-doped
GaN [36]. This estimate is made from the position of the e-
A ZPL (3.280 eV) and the band gap of GaN (3.503 eV) at
temperatures below 50 K. Earlier, the value of 224 meV was
found for the Mgg, acceptor in GaN implanted with Mg [37]. In
undoped GaN samples, the Mgg, defect with low concentration
is expected from contamination of the Ga source with Mg.
The concentrations of Mg lower than 10" cm™ are below
detection limit of the secondary ion mass spectrometry (SIMS),
yet they cause a relatively strong UVL band due to the large
hole-capture coefficient of the shallow acceptor [35]. Note that
other previously suggested candidates for the shallow acceptor
in undoped GaN, such as Siy and Cy defects [2], should be
discarded. Modern first-principles calculations predict that the
Cn and Siy are deep acceptors with the —/0 transition level
at 0.9 eV and 2.05 eV, respectively, above the valence band
[38,39].

The integrated intensity of the UVL band remains nearly
unchanged up to 130 K. At higher temperatures, the UVL
band is quenched and disappears at 260 K (Figs. 1 and 3).
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FIG. 3. Temperature dependence of PL quantum efficiency for
selected PL bands in GaN:Mg samples. The solid line for sam-
ple 3590 is calculated using Egs. (1) and (2) with the following
parameters: 19 = 0.6, 7p = 20 us, Cpa = 0.5 x 107 %cm?/s, N, =
3.2 x 108732 cm™3, E4, = 185 meV. Other lines are from numerical
solutions of Eqs (A1)—(A9) in the Appendix with parameters given
in Table II.

The temperature dependence of the quantum efficiency of the
UVL band, n(T), can be fitted with the following equation
obtained from the solution of rate equations for competing
electron-hole recombination flows through defects in an n-type
semiconductor [34,40]:

1o

INN= —————.
) 1+ Cexp (—f—;)

ey
Here, 19 is the PL quantum efficiency in the limit of low tem-
peratures, E, is the activation energy of thermal quenching,
and k is Boltzmann’s constant. The quenching of the UVL band
above 130 K is explained by thermal emission of holes from
the Mgg, acceptor to the valence band. In this case, E 4 is the
ionization energy of the acceptor and

C=(-n0)1CpaN,g™ ", )

where C 4 is the hole-capture coefficient for the acceptor, g is
the degeneracy of the energy level, N, is the effective density
of states in the valence band, and 7 is the lifetime of the UVL
band at temperatures just before its quenching.

The value of 7y = 20 us was found from time-resolved PL
measurements. The characteristic time of the thermal emission
of holes from the acceptor A to the valence band, Tiherm, can be
defined as

gexp (¢7)
(I —n0)CpaN,
At Tiherm > To, PL intensity is independent of temperature,
and at Tyerm <K To, an exponential decrease is observed. The

transition from the temperature-independent region of the n(7")
dependence to the exponential decrease occurs at the charac-

3

Ttherm =

teristic temperature 74 =~ 135 K (Fig. 3), which can be found
from the condition Tyerm(7T4) = To.

It is important to note that no defect-related bands, other
than the UVL band, could be found at photon energies between
2.7 and 3.3 eV (Fig. 1). Simultaneously with the quenching
of the UVL band, the intensities of the YL1 and RL bands
increase by a factor of 3 with increasing temperature from
100 to 160 K (Figs. 1 and 3). This is an indication of a very
high internal quantum efficiency of the UVL band. The rise
of the YL1 and RL bands [41] is explained by redistribution
of holes thermally emitted from the Mgg, acceptor to the
valence band between all recombination channels. From the
value of this rise we estimate [34] that ng = 0.6—0.7 for the
UVL band. Independently, using comparison with calibrated
GaN samples [34,35], n for the UVL band is estimated as 20%
at the lowest temperature. The former should be considered as
a more accurate value because the internal quantum efficiency
of PL can be reliably determined when it is very high, by using
a simple phenomenological model [40]. On the other hand,
comparison with calibrated samples can cause an error by up
to a factor of 3 due to different light extraction efficiencies in
different GaN samples [35].

The concentration of Mg in this sample was determined
from the SIMS analysis as 1.3 x 10'7 cm™3, and the concen-
tration of free electrons at 7 = 100 K was found to be 1.6 x
10'® cm~3 from time-resolved PL measurements by a method
described in Refs. [30,42]. The thermal quenching of the UVL
band above ~100 K with the activation energy of ~0.2eV
is a clear fingerprint of the n-type conductivity, as explained
in the Appendix. Observation of such I”*(T) dependence in
GaN:Mg can serve as a proof of n-type conductivity when the
Hall effect measurements are inconclusive or cannot be done.
A very different temperature behavior is observed for the UVL
band in conductive p-type GaN.

B. Conductive p-type GaN:Mg grown by MBE

The evolution of the PL spectrum with temperature for p-
type GaN:Mg grown by MBE is shown in Fig. 4. At the lowest
temperature, the UVL band has the usual shape with the ZPL at
3.27 eV, yet the peaks are noticeably broadened. The excitonic
peak (labeled NBE) is much weaker, which is typical for p-type
GaN:Mg samples. The second defect-related band, which has a
maximum at 2.38 eV, is identified as the GL2 band and has been
attributed to the nitrogen vacancy (Vy) defect [32]. Afteralaser
pulse in time-resolved PL. measurements, the UVL intensity
decays very fast (faster than time resolution of our system,
which is 10 ns).

With increasing temperature from 50 to 150-200 K, the
intensity of the UVL band decreases as 17 o exp(Ep/kT)
with Ep ~ 20 meV (Figs. 3 and 4). This decrease is explained
by thermal emission of electrons from shallow donors to the
conduction band and their recapture by nonradiative centers.
The experimentally observed I ”Z(T') dependencies for p-type,
MBE-grown GaN:Mg samples can be explained in a wide
range of temperatures (between 18 and 300 K) only on the
assumption that the dominant nonradiative center is a deep
acceptor with high-capture cross sections for both electrons
and holes (see Appendix). Electrons in p-type GaN are mi-
nority carriers, and several recombination channels compete

205204-4



MAGNESIUM ACCEPTOR ... . 1. PHOTOLUMINESCENCE ...

PHYSICAL REVIEW B 97, 205204 (2018)

--100K GL2 UVvL

PL Intensity (rel. units)

104....|....\‘..‘|....|l
1.5 2 25 3 3.5

Photon Energy (eV)

FIG. 4. Evolution of the PL spectrum with temperature for MBE
GaN:Mg sample 9599A. P.,. = 0.001 W/cm?.

for their capture. The activation energy of PL quenching in
this case is the ionization energy of the shallow donor. At
temperatures between 200 and 500 K, the UVL band intensity
is nearly independent of temperature (Fig. 3), in contrast to
n-type GaN:Mg. Such IPL(T) dependence proves that the
MBE-grown GaN:Mg samples are p type and the Fermi level
is close to the shallow Mgg, level. Indeed, the concentration of
holes bound to the Mgg, acceptor, Ng, is of the same order of
magnitude as the concentration of Mg (more than 10" cm™3)
in the entire range of temperatures in our experiment. The
thermal emission of the holes to the valence band depletes
the acceptors of bound holes by less than 10% up to room
temperature and does not play any significant role in the
recombination statistics, as shown in the Appendix. Contrary to
p-type GaN:Mg, NY in n-type GaN:Mg is very low atlow Peyc,
and it decreases with temperature above critical temperature
T4 = 130 K with the activation energy equal to the ionization
energy of the Mgg, acceptor.

Another interesting feature in the 1”*(T) dependence for
p-type GaN samples is the rise of NBE emission intensity
with temperature above ~200 K (Figs. 3 and 4). This rise
is explained by increasing concentration of holes in the
valence band. The concentration of free holes increases as
p xexp(—E4/kT) (see Appendix), and the NBE intensity
at these temperatures is proportional to the product of p
and n, where n is independent of temperature. Unlike the
stepwise rise of PL in n-type GaN:Mg (Fig. 3), this exponential
rise cannot be explained by enhancement of all PL. bands
when one, very efficient recombination channel is quenched.
Indeed, the quantum efficiency of PL in conductive p-type
GaN is very low, and only the NBE intensity is rising with
temperature at 7 > 200 K. We observed similar rise of the
NBE band intensity in other conductive p-type GaN:Mg
samples grown by different techniques and did not observe
such behavior in semi-insulating or conductive n-type GaN
samples.
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FIG. 5. Evolution of the PL spectrum with temperature for HVPE
GaN:Mg, sample 3589. The UVL band does not shift, while the
UVL* band monotonically shifts to lower energies with increasing
temperature.

C. Semi-insulating GaN:Mg grown by HVPE

Evolution of the PL spectrum with temperature in semi-
insulating GaN:Mg is shown in Fig. 5. At T = 18 K, the UVL
band with the ZPL at 3.26 eV is the dominant feature in the
spectrum. Its quantum efficiency is very high, about 20% from
comparison with calibrated samples. The shape of the UVL
band at 18-50 K is distorted by another, structureless band,
which has a maximum at about 3.1 eV at these temperatures
(Fig. 5). We call this band the UVL* band and below provide
the evidence that this is the Mgg,-related UVL band, which
originates from semi-insulating regions of the nonuniform
sample and whose shape and position are distorted by diagonal
transitions due to either potential fluctuations or near surface
band bending. With increasing temperature, the UVL* band
is quenched and disappears under background signal at T >
250 K. Interestingly, the quenching of the “normal” UVL
band stops at T = 200 K (Fig. 5), and its intensity remains
unchanged at higher temperatures, at least up to 320 K (not
shown). The intensity of the NBE band reaches its minimum
at T = 140 K and gradually increases at higher temperatures
(totally, by a factor of 5 at 7 = 320 K). The rise of the NBE
band and the independence of the UVL band intensity on
temperature above 200 K indicate that these bands originate
from conductive p-type regions of the nonuniform sample
(Sec. III B).

Figure 6 shows PL spectra at 100 K at different excitation
intensities, where the UVL and UVL* bands can be clearly
distinguished. To better resolve these two bands, we performed
deconvolution of PL spectra at various excitation intensities
and temperatures. In this deconvolution, the shape of the “pure”
UVL band at each temperature was taken from measurements
at very high excitation intensity (12 W/cm?) where no traces
of the UVL* band could be noticed and the shape of the UVL
band was similar to that in n-type GaN:Mg. The “pure” UVL
band was subtracted from PL spectra measured at much lower
excitation intensities. The remaining spectrum revealed the
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FIG. 6. PL spectra from GaN:Mg, sample 3589, at T = 100 K
and different excitation power densities (indicated with numbers in
mW /cm?). The PL intensity is divided by the excitation intensity for
convenience of comparison. The UVL band does not shift, while the
UVL* band shifts monotonically to higher energies with increasing
excitation intensity.

UVL* band with a characteristic asymmetric shape. The UVL*
band shape was simulated with a formula obtained from a
one-dimensional configuration coordinate model to determine
the position of the band maximum, Awmn.x. We estimate the
error in iwmax as about £0.05 eV for Py, < 0.1 W/ cm?. More
details about the deconvolution and its examples can be found
in Ref. [43].

With increasing excitation intensity, the UVL band does not
change its shape and position, whereas the UVL* band shifts
markedly to higher energies and eventually merges with the
UVL band (Fig. 6). Figure 7 shows the temperature dependence
of the PL band maxima for the UVL and UVL* bands at
different excitation intensities. The shift of the UVL band
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which the rate of the shift abruptly changes.

T(K)
80 70 60 50
T

200 150 120 100
P

_\_\
o o o
Y EN =)
90
>
< 139
[0

PL quantum efficiency
=

10 P (mW/cm?)
5 ° 041

10 . 0014
- 4 0.002

107 ¢ v 0.0002

10—7 | 1 L PRI | | | o
4 6 8 10 12 14 16 18 20

FIG. 8. Temperature dependence of the UVL* quantum efficiency
at different excitation intensities for sample 3589. The symbols are ex-
perimental data (multiplied by a factor of 5 for convenience of compar-
ison). The lines are from the numerical solution of Egs. (A1)—-(A9) in
the Appendix with the following parameters: Ny = 1.5 x 10'%, Ny =
8 x 10", Np =5x 10" (all in cm™3); C,y =5 x 1077, Cp5 =
1x 1071, Coa =32 x 10712, Cpy =1 x 1073, C,p = 1 x 1078,
C,s =1x107% (all in cm®/s); Ep =20 meV, E, = 185 meV;
P.ic = 0.1 mW/cm? (solid line), and 0.0002 mW /cm? (dashed line).

maximum is negligible when the temperature is varied between
18 and 250 K at fixed excitation intensity, or when the exci-
tation power density increases from 2 x 107 to 0.1 W /cm?
at fixed temperature. The shift of the UVL* band is very
large, both with temperature and excitation intensity (between
2 x 1077 and 4 x 1073 W/cm?). Interestingly, the rate of the
shift with temperature changes at some critical temperature 7p:
at T < Ty, the red shift of the UVL* band is moderate, while
at T > Ty, the shift of the UVL* band becomes enormous,
especially for very low excitation intensities (Fig. 7). Note
that 7j increases with increasing excitation intensity (Fig. 7).
Simultaneously with a very large shift, the abrupt thermal
quenching of the UVL* band is observed at T =~ T (Fig. 8). We
observed abrupt and tunable thermal quenching for all major
PL bands in this sample: the NBE, UVL, and UVL*, similarly
to the case of GaN:Zn [34]. Below the effect of abrupt and
tunable quenching of PL is briefly explained.

The abrupt and tunable quenching of PL can be qualitatively
understood with the help of the schematics shown in Fig. 9.
Detailed quantitative analysis is given in the Appendix. This
mechanism of PL. quenching requires at least two recombina-
tion channels: radiative recombination via the Mgg, acceptor
A and a competing nonradiative recombination via a deep
donor S. The quenching mechanism hinges on the balance
of radiative/nonradiative rates between these channels. The
hole capture coefficient C,4 for the Mgg, is found from
quenching of steady state PL in n-type GaN (Sec. III A), while
other parameters are varied within reasonable range to obtain
agreement with observed behavior of PL (see Appendix for
details).
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FIG. 9. Schematics of transitions explaining abrupt and tunable
quenching of PL. Radiative recombination channel A competes with
nonradiative recombination channel S for nonequilibrium electrons
and holes generated with rate G by a laser. The thick and thin lines
indicate high and low transition rates, respectively. The solid and
dashed lines show the electron and hole transitions, respectively. The
C;; are capture coefficients described in the text. The nonradiative
recombination channel is partially blocked at T < T, because deep
donors § are saturated with electrons (small N 5+ ) due to large C,s.
The acceptor A is not saturated with holes, because it is partially
compensated by shallow donors. The PL efficiency is very high. At
T > Ty, thermal emission of holes from acceptor A to the valence band
becomes very efficient. These holes unblock the nonradiative channel,
and PL is abruptly quenched in a narrow range of temperatures. The
Ty increases with G, because higher temperature is needed to satisfy
parity of thermally emitted and photogenerated holes in the valence
band.

In the dark, due to the presence of shallow and deep
donors, Mgg, acceptors are partially filled with electrons.
Under continuous illumination, photogenerated holes are cap-
tured very efficiently by negatively charged acceptors, while
electrons are predominantly captured by deep donors. This
happens because the capture coefficients C,4 for holes on
Mgg, and C,s for electrons on the deep donor are both large
(~107% cm?/s), while other capture coefficients are much
smaller. As a result, in steady-state conditions, deep donors
become saturated with electrons, and acceptors are almost (due
to remaining compensation by shallow donors) saturated with
holes. The saturation of the S centers with electrons, i.e., the
deficit of positively charged deep donors (N =2 x 107N
for parameters used in Fig. 8), leads to a blockade of the
nonradiative recombination channel and consequently to a
significant increase in quantum efficiency of PL associated
with the Mgg, acceptor.

With increasing temperature, thermal emission of holes
from the Mgg, acceptors leads to increased nonequilibrium
concentration of free holes and thus to increased hole capture
rate by nonradiative deep donors. The increased hole-capture
rate opens up the nonradiative channel, leading to abrupt drop
in PL intensity at critical temperature 7. The physical meaning
of the Tj is the critical temperature at which the concentration
of thermally emitted holes in the valence band is approximately
equal to the concentration of photogenerated holes. Therefore,

T, increases with increasing electron-hole generation rate; i.e.,
the PL quenching is tunable by excitation intensity.

The coexistence of the UVL and UVL* bands in the same
sample can be explained if we assume that the GaN:Mg layer is
nonuniform: the UVL* band originates from semi-insulating
regions where potential changes are significant, whereas the
UVL and NBE bands are observed from conductive, p-type
regions with flat potential. Such attributions are supported
by the following experimental facts: (i) only the UVL* band
demonstrates large shifts with increasing excitation intensity
or temperature, while potential fluctuations or near-surface
band bending are expected to cause similar shifts for different
PL bands; (ii) the intensity of the NBE band increases with
temperature and the intensity of the UVL band has very
weak temperature dependence at 7 > 150 K, which is typical
for conductive, p-type GaN samples (see Sec. IIl B and
Appendix).

We observed the coexistence of the “moving” and “fixed”
PL bands originating from the same defect not only for the UVL
band in three GaN:Mg samples grown by HVPE, but also for
the Zn-related blue band in several semi-insulating GaN:Zn
samples. This interesting phenomenon can be attributed to
sample nonuniformity, namely to the presence of distinct
regions either in lateral or in-depth directions. We were unable
to resolve these regions by scanning the sample surface with a
200-um-diameter focused laser beam, as well as by removing
100 nm from the surface with reactive ion etching. Alternative
experimental techniques, such as depth-resolved cathodolu-
minescence [44] or Kelvin probe microscopy [45,46], may be
able to clarify the origins of these nonuniformities, which is
beyond the scope of this work. It is important here that the
moving UVL* band should not be confused with the BLyg
band, the dominant defect-related PL band in MOCVD-grown
p-type GaN:Mg, to be discussed below. The unusually large
shifts of the UVL* band will be compared with the shifts of
the BLyg band and explained in more detail in Sec. IV A.

D. The BLy;, band in GaN:Mg grown by HVPE

The BLy band in heavily Mg-doped GaN grown by
MOCVD was extensively studied in the past [3,5-7,9,14].
In all these works, the BLy band shifts significantly to
higher photon energies with increasing excitation intensity.
The BLy band is attributed to transitions from an unknown
deep donor to the shallow Mgg, acceptor. For such deep
DAP-type transitions, a high concentration of at least one
component (Mg in our case) is needed to cause sufficient
overlap between wave functions of bound electron and hole.
The BLy, band is rarely observed in MBE- and HVPE-grown
GaN, probably because the deep donor is not likely to form in
these growth conditions. However, we have found an HVPE-
grown GaN with high concentration of Mg (sample 1840) in
which the BLy, band can be observed along with the UVL band
(Fig. 10). The UVL band in this sample is quickly quenched
with increasing temperature from 18 to 100 K, so that at
higher temperatures only the BLy band is observed. The
quenching of the UVL band is tunable by excitation intensity.
For example, at P.,. = 0.2 and 100 W/cm?, the quenching
begins at critical temperatures of 100 and 130 K, respectively.
The quenching of the UVL band is also abrupt, and the apparent
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FIG. 10. Evolution of the PL spectrum with temperature for
HVPE GaN:Mg, sample 1840.

“activation energy” of this quenching has no physical meaning.
The BLyg band is quenched above 200 K with the activation
energy of about 0.3 eV.

In contrast to the UVL* band discussed in Sec. III C, with
increasing excitation intensity, the BLyj band in sample 1840
shifts to higher photon energies by only about 0.15 eV, without
changing its shape (Fig. 11). The shift is about the same at
temperatures between 18 and 300 K. Such shape and shift are
very similar to those for the BLyg band in MOCVD-grown
GaN:Mg. More detailed analysis of the shifts of the UVL* and
BLyg bands will be given in Sec. IV A.

In time-resolved PL measurements, the BLyj; band slowly
decays after a laser pulse. The PL decay is not exponential,
yet the effective PL lifetime could be determined by using the
approach suggested in Ref. [47]. This lifetime decreases from
230 to 100 s with increasing temperature from 130 to 220 K,
and an exponential decrease of the lifetime with an activation
energy of 0.34 eV is observed at higher temperatures, similar
to the quenching behavior of the BLy, band intensity. The

.
100:_T=13OK

N
<
T

—0.3

107 £

PL Intensity (rel. units)

-
o
&

RSY

1 | ]
32 34 36

L | | | | |
2 22 24 26 28 3
Photon Energy (eV)

FIG. 11. Normalized PL spectra at 130 K and different excitation
intensities for HVPE GaN:Mg sample 1840.
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FIG. 12. Evolution of PL spectrum with time after a laser pulse
at 130 K for HVPE GaN:Mg sample 1840.

BLyg band maximum shifts to lower energies with dime delay
(Fig. 12). The total shift is 0.13 eV for time delays between 3
ws and 1 ms. The slow, nonexponential decay of the BLy,
intensity and the peak shift with time delay are explained
with a DAP model involving a deep donor and the Mgg,
acceptor [21]. The observed behavior of the BLy, band (shifts
of its maximum with excitation intensity in steady-state PL
and with time delay in time-resolved PL experiments, thermal
quenching, and effective lifetime) is very similar to that for the
BLg band in GaN:Mg samples grown by MOCVD [6-8,21].
The fact that the UVL* band is not observed in MOCVD or
HVPE GaN samples heavily doped with Mg can be explained
by very high intensity of the BLy, band in these samples,
dominating this part of the spectrum.

IV. DISCUSSION
A. Shifts of PL bands in GaN:Mg

Shifts of PL bands with excitation intensity are often
explained with the DAP model or with a model accounting
for potential fluctuations in a semiconductor with random
distribution of charged impurities [7,21,48-51]. We show
below that the DAP model explains the BLy;; band behavior,
whereas very large shifts of the UVL* band can be explained
by diagonal transitions due to significant potential fluctuations
or transitions in the near-surface depletion layer of GaN:Mg.

For distant DAPs, the energy of emitted photons is [49]

ho(r) =E; — Ex — Ep + Ec(r) (€Y

with
2
Ec(r) =

A eger’ ©)
where E| is the band gap energy, Ep and E 4 are the ionization
energies of the donor and acceptor, respectively, Ec(r) is
the Coulomb interaction between the donor and acceptor
ions with separation r, e is the electron charge, ¢y is the
permittivity of vacuum, and ¢ is the low-frequency dielectric
constant (¢ = 9.8 for GaN [52]). The DAP emission maximum,

205204-8



MAGNESIUM ACCEPTOR ... . 1. PHOTOLUMINESCENCE ...

PHYSICAL REVIEW B 97, 205204 (2018)

32 T T T T T T T T L
. e O
° e
31 [ uvt 0 © ]
N
o
£
>
E
x
©
£
©
C
3 ! Sample (T)
271 ’ . 3589p g
5 (18 K)
i o 3589 (130 K)
26 [ I v 1840 (18K)
! A 1840 (130 K)
25 | | | IJ | 1 | | |
108 10°® 10* 10 10°

Excitation power density (W/sz)

FIG. 13. Shift of PL band maxima with excitation intensity at
T = 18 and 130 K. The BLy; band in sample 1840 and the UVL*
band in sample 3589. The solid line is calculated using Eq. (6)
with D = 100W/(eVcem)?, Ez =0.48 eV, and fiw,, = 2.72 V.
The dashed line is calculated using Eq. (9) with the following
parameters: fiwg., = 3.19 eV, Ny = 1.5 x 10 cm™3, and p = 3 x
10" Py [W/cm?] cm 3.

Nwmax, corresponds to the effective Coulomb interaction E¢ =
Ec(rer). It shifts the emission peak to higher energies with
increasing excitation intensity, because emission from distant
pairs saturates and the contribution from close pairs with
higher Coulomb interaction increases [48,49]. In the limit of
infinite separations between the donor and acceptor, fhwq, =
E, — Ep — E4.

Zacks and Halperin [53] proposed a phenomenological
model, in which liwnax, as a function of the excitation intensity
Py, can be found from the following expression:

E} 4Eg
— . 6
EB—ECGXP( EC) ©

Pexc:D

Here, D is a constant, Ec = hwmax — hweo, and

82

Eg @)

" 4megeRp
is the Coulomb interaction energy for a pair with the separation
equal to the Bohr radius Rg of a shallower component in
the effective-mass approximation. The total shift of the DAP-
related PL band in a very wide range of P does not exceed
0.5Ep [53]. The fit of the BLy;, band position with Eq. (6)
is shown as a solid line in Fig. 13. According to the fit, for a
noninteracting donor and acceptor (in the limit of low excita-
tion intensity and low concentrations of donors and acceptors),
the PL band maximum is expected at iw,, = 2.72 eV. From
analysis of the BLy, band shape (Fig. 11), its ZPL is shifted
by § = 0.15—-0.20 eV to higher energies from the BLyj, band
maximum (the Franck-Condon shift). Then, by taking the
ionization energy of the Mgg, acceptoras E4 = 0.2 eV and the
band gap of GaN as E, = 3.5 eV, we find the ionization energy
of the deep donor as Ep = E, — E4 — (iwee +8) ~ 0.4 eV.
This energy agrees with the activation energy of the BLyg

band quenching (about 0.3 eV), which is attributed to thermal
emission of electrons from the deep donor to the conduction
band. Note that the shift of the BLy, band maximum in
HVPE-grown GaN with high concentration of Mg is very
similar to the shift of this band in MOCVD-grown GaN:Mg
samples [3,6,7].

Now let us analyze the UVL* band, which can be confused
with the BLyg, band if the PL spectrum is taken only at one
excitation intensity (Figs. 5 and 6). The shift of the UVL* band
with excitation intensity is enormous, especially at elevated
temperature (Fig. 13). It cannot be explained with the DAP
model [43]. Indeed, according to Eq. (5), for such large shift
due to the Coulomb interactions (Ec > 0.4—0.5 eV), the
distance between the donor and acceptor of the DAP should be
about 0.3 nm. For such small distances, approximations used
in Eq. (4) are invalid [49]. We also notice that the average
separation, r,ye, in the DAPs is too large in GaN:Mg sample
3589 with the Mg concentration of Ny = 1.5 x 10'® cm~3,
Indeed [54],

Fave = QTN 3, ®)

from where r,. = 4.7 nm. Thus, the DAP model cannot
explain large shifts of the UVL* band with excitation intensity
and temperature.

However, the very large shifts of the UVL* band can be
explained in a model accounting for the potential fluctuations.
Indeed, for transitions from the conduction band (or a shallow
donor) to the Mgg, acceptor, the UVL band maximum depends
on the potential fluctuation amplitude y as [2,50,51]

hwm = Eg - EA - 2]/7 (9)
where

2 NP

= — £ 10
Y= drece p'3 (10

The fit for the UVL* band maximum using Eq. (9) is shown
in Fig. 13 with a dashed line. We conclude that the UVL*
band is in fact the UVL band redshifted and broadened due to
diagonal transitions in the semi-insulating GaN:Mg sample.
The UVL* band maximum reaches 3.16 eV at the highest
excitation intensities, which is slightly lower than the energy
of the UVL ZPL (~3.27e¢V). However, the difference occurs
because the shape of the UVL* band does not fully convert
into the UVL band shape and its maximum corresponds to the
maximum of the envelope function describing contributions of
LO phonon replicas to the UVL band. The two bands coexist in
one sample due to its nonuniformity; i.e., areas with negligible
potential fluctuations produce the UVL band, while areas with
strong potential fluctuations produce the UVL* band.

Although the fit in Fig. 13 looks very good, it should
be noted that the model is simplified. In particular, at low
temperatures, photogenerated charge carriers would screen
potential fluctuations to the level that the height of remaining
barriers for electrons and holes would not exceed several kT.
This explains why the overall shift of the UVL* band is smaller
at 18 K than at 130 K (Fig. 13). Furthermore, the extremely
large shifts of the UVL* band (up to 0.6 eV at 100 K in Fig. 7)
occur at temperatures and excitation intensities corresponding
to abrupt and tunable quenching of PL.
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FIG. 14. Schematics of GaN bandgap and electron transitions
resulting in the UVL and UVL* bands. (a) The potential fluctuations
cause diagonal transitions. At T < Ty, nonradiative deep donors S are
saturated with photogenerated electrons, and the Mgg, acceptors are
saturated with holes. Under illumination, electrons accumulate in the
conduction band because the nonradiative recombination channel is
blocked and radiative transitions are very slow. Potential fluctuations
are screened by accumulated electrons, and radiative transitions are
almost vertical. At T > T, holes are emitted from the Mgg, to the
valence band, the concentration of charged donors and acceptors
sharply increases, while the concentration of photogenerated free
electrons abruptly drops. This results in large unscreened potential
fluctuations and diagonal radiative transitions. (b) The downward
band bending near the sample surface causes diagonal transitions.
Transitions of electrons from the conduction band (or shallow donors)
at the surface to the Mgg, acceptors in the depletion region are
responsible for the UVL* band, whereas such transitions in the bulk
are responsible for the UVL band.

The role of the critical temperature 7 in the energy of
emitted photons is illustrated for the potential fluctuations
model in Fig. 14(a). In the case of abrupt and tunable quenching
of PL in semi-insulating or p-type GaN, accumulation of elec-
trons is expected in the conduction band at low temperatures
(T < To) [34]. These free electrons partially screen potential
fluctuations. Additionally, deep donors become saturated with
electrons, and acceptors become partially saturated with holes,
even at very low excitation intensity, the so-called population
inversion [34]. As a result, significantly fewer defects remain
charged, which removes the origin of the potential fluctuations.
Above the critical temperature (T > Tj), the concentration of
electrons in the conduction band abruptly drops, nonradiative
donors also lose bound electrons, and shallow acceptors lose
bound holes, both becoming charged. These phenomena,
explained with the model of abrupt and tunable quenching
of PL [34], would cause potential fluctuations to rise in a
narrow temperature range near 7y. The rise (and the associated
shift of PL bands) is especially large at very low excitation
intensities (Fig. 7) when the material becomes nearly insu-
lating at T > Ty. However, at high excitation intensity, the
concentration of free electrons is higher, and they partially
screen the potential fluctuations. For a given concentration
of free electrons, the amplitude of the potential fluctuations
will increase with temperature, because the free electrons
will be able to overcome higher and higher potential barriers
and reduce the screening effect caused by accumulation of
electrons in potential minima. This explains the large shifts of
the UVL* band with temperature (at fixed excitation intensity)
and with excitation intensity (at fixed temperature) at 7 > T
(Fig. 7).

An alternative explanation for the simultaneous observation
of the UVL and UVL* bands is that the electric field causing
diagonal transitions exists near the sample surface [Fig. 14(b)].
In p-type GaN, the downward band bending near the sample
surface creates a barrier for free holes. At room temperature,
the barrier height is about 2 eV in the dark, and it is lower
than 1 eV under weak UV light [55,56]. The UVL band may
originate from the region beyond the depletion region for holes,
whereas the UVL* band can be attributed to recombination
of electrons accumulated at the surface (in the conduction
band or at shallow donors) with holes at the Mgg, acceptors
located in the depletion region [Fig. 14(b)]. The behavior of
PL originating from the depletion region should be similar to
that from SI regions with strong potential fluctuations.

B. Attribution of PL bands in GaN:Mg

The results of this work, as well as the experimental data
from numerous publications, indicate that the UVL band is
caused by transitions from a shallow donor (at very low temper-
atures) or from the conduction band (at elevated temperatures)
to the shallow Mgg, acceptor. The shape of the UVL band is
typical for a shallow delocalized state with a weak electron-
phonon coupling (the Huang-Rhys factor is about 0.5). The
shape and the transition energy level —/0 of this defect at
223 + 2 meV above the valence band maximum are the same
in undoped and Mg-doped GaN samples. This finding supports
the assumption that the UVL band in undoped GaN is caused
by the residual Mg [35,57,58], which may originate from
the Ga source. The typical concentrations of the UVL-related
defect in undoped n-type GaN grown by HVPE are lower than
10" em~3 [35], which is below the SIMS detection limit for
Mg. In n-type GaN samples (undoped or doped), the UVL
band is strong because the related acceptor has a very high hole-
capture coefficient (~10~° cm?/s) [35]. In n-type samples with
the concentration of Mg close to 10'7 cm™ (sample 3590),
the UVL band is the strongest defect-related band with the
quantum efficiency approaching unity. No other PL bands can
be found in the blue or UV region of the PL spectrum when
the temperature is varied between 18 and 260 K and the UVL
intensity decreases by more than three orders of magnitude
(Figs. 1 and 3). Monemar et al. [1] previously proposed that the
UVL band is caused by the Mgg,-H; complex. However, later
investigations by this group provided sufficient evidence that
the UVL band is caused by the isolated Mgg, acceptor [3]. The
weak localization of the hole at the Mgg, acceptor responsible
for the UVL band has also been confirmed by optically detected
magnetic resonance (ODMR) studies of high-purity GaN:Mg
[4,59].

Our experimental results on the BLyjg band with a maximum
at 2.7-2.9 eV support the assumption that it is caused by
electron transitions from an unknown deep donor to the shallow
Mgg, acceptor [2,3,5-9,14—17]. Very high concentrations of
Mg (usually close to 10*° cm~3) are needed to observe the
BLyg band, because the distances between the deep donors and
the shallow Mgg, acceptors must be small enough for efficient
deep DAP-type transitions. The deep donor is likely to be a
complex defectinvolving hydrogen [3,8,16], because the BLy,
band can be greatly enhanced by water vapor remote plasma
treatment containing atomic hydrogen [16], and it disappears
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when the hydrogen carrier gas is replaced with nitrogen during
MOCVD growth [8]. In agreement with these results, the
BLy, band does not appear in conductive p-type GaN grown
by MBE, because of much lower contamination with H in
this growth technique. The BLy;, band also cannot be found
in MOCVD-grown GaN samples where high concentrations
of Mg (between 10'° and 10%>' cm—3) are introduced by ion
implantation: only the UVL band is observed in these samples
[60]. The BLy band in heavily Mg-doped GaN should not be
confused with the BL1 band (with a maximum at 2.9 eV) in
undoped and Zn-doped GaN, which is associated with the Zng,
acceptor [61]. It is also different from the BL2 band (with a
maximum at 3.0 eV) in high-resistivity GaN, which is assigned
to the carbon-hydrogen complex [62]. The BLye band should
also be distinguished from the broadened and redshifted UVL
band (UVL* band in this study) that can exhibit very large
shifts with variation of temperature or excitation intensity [18].
As was already noted by Monemar et al. [3], these properties
of the BLyj, band disagree with the predictions recently put
forth by theorists for the Mgg, acceptor [26-28]. In particular,
proposals on the origin of the BLyj, band made in Refs. [26,27]
are not supported by the experimental data. Our time-resolved
PL measurements on n-type GaN with the concentration of
Mg of 1.3 x 10'7 cm™ reveal a lifetime of 20 us for the
UVL band at 100 K, and no other bands could be found in
the blue and UV region of the PL spectrum at time delays
between 10~7 and 1073 s. If the transition from the STS to
the DGS occurred across the energy barrier AE, we would
observe thermal quenching of the UVL band with the activation
energy of A E with concurrent appearance of a PL. band at lower
photon energies, which is inconsistent with the data shown in
Fig. 1. Note that the quenching of the UVL band with the
activation energy of ~0.2eV is caused by thermal emission
of holes from the Mg acceptor to the valence band, which
is unambiguously proven by the observation of a concurrent
intensity rise for other PL bands (Fig. 3). If the DGS exists,
the barrier between the STS and DGS should be larger than
the Mgg, ionization energy. Moreover, in p-type GaN:Mg the
majority of the Mg acceptors are filled with holes that should
be in the DGS according to Ref. [26]. In this case, instead of
the UVL band, a band from DGS should be observed at lower
photon energies. However, in p-type GaN grown by MBE only
the UVL band is observed [4,12,13]. Thus, it is unlikely that
the BLyg band is caused by the isolated Mgga.

V. CONCLUSION

The UVL band in GaN is caused by the shallow Mgg,
acceptor. It is the dominant and often the only defect-related
PL band in conductive n-type Mg-doped GaN grown by
different techniques, as well as in conductive p-type, Mg-
doped GaN grown by MBE. In GaN with the concentration
of Mg exceeding 10" cm ™3, typically grown by MOCVD and
sometimes by HVPE, the BLy;; band is observed at 2.7-2.9 e V.
This PL band shifts with excitation intensity by up to ~0.2 eV
to higher photon energies, and it is attributed to transitions from
a deep donor to the shallow Mgg, acceptor. The deep donor
responsible for the BLyj, band is most likely a complex defect
containing hydrogen. In studied semi-insulating GaN:Mg, a
PL band resembling the BLy;; band is in fact the UVL band

redshifted and broadened due to large potential fluctuations or
near-surface band bending. No experimental evidence can be
found in support of a deep acceptor state, which is sometimes
proposed to explain the blue band in GaN:Mg. Thus, from
the experimental point of view, the Mgg, in GaN is a shallow
acceptor with delocalized wave function. The extensive ex-
perimental data on Mg in GaN indicate that the hole is weakly
localized at the Mgg, acceptor, which raises a question why the
dual nature of the Mg acceptor is not observed in experiment.
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APPENDIX: SOLUTION OF RATE EQUATIONS FOR
n- AND p-TYPE GaN:Mg

The complex behavior of PL in Mg-doped GaN with
variation of temperature and excitation intensity, as well as the
wide range of PL lifetimes reported but not explained in the
literature, becomes more apparent if we derive approximate
analytical expressions by using a simple phenomenological
model. Three major types of defects should be included to
describe adequately the kinetics of PL in GaN: a shallow donor
D, a radiative acceptor A (the shallow Mgg, acceptor in our
case), and the dominant nonradiative recombination center S
(Fig. 15) [34]. This nonradiative center can be a deep donor or a
deep acceptor. The exciton or near-band-edge (NBE) emission
can be ignored in the first approximation, because it is weak.

The rate equations describing flows of electrons and holes
(when the S center is a deep acceptor) can be written down
from transitions shown in Fig. 15 as

3_” _ 0, 0, + 0
i G — CyaNyn — CosNgn — C,pNpyn + NpQp,
(AD)
ap _ - - 0
E—G_CpANAP_CpSNSP‘i‘NAQA, (A2)

n

N A
CnDNBn\4_/N ?)Q[_)
D

CnSNgn

G C,Nin CpaNiNp 5
-—A :
A \ CpSNSpE

FIG. 15. Band diagram of GaN:Mg. The solid arrows show
transitions of electrons, and the dashed arrows show transitions of
holes. A is the Mgg, acceptor, D is a shallow donor, and S is a
nonradiative deep acceptor. Model parameters are defined in the text.
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TABLE II. Parameters of the samples.

Parameter n type (sample 3590) p type (sample 9599A) p type (sample 9600A)
Cpa (cm?/s) 10713 2.5x 10712 2.5x 10712
Cypa (cm?/s) 32 x 10712 3.2 x 10712 3.2 x 10712
Cpa (cm?/s) 0.5 x 107° 0.5 x 10~ 0.5 x 10~°
C,s (cm?/s) 3x 107 3x 107 3x 107
Cps (cm3/s) 10°° 10° 10-°
C,p (cm?/s) 10°8 1078 10-8
B (cm?/s) 3x 107! 3x 107! 3x 107!
Np (cm™3) 2.5 x 107 107 107
N4 (em™) 1.3 x 107 4.9 x 10" 2.3 x 10"
Ng (cm™3) 4 % 10' 10'8 10"
Ep (meV) 15 20 20
E, (meV) 185 150 150
AN if the § center is a deep acceptor, and
a—tD = CapNpn — CpaNpNy = Np Q. (A3) p+N}+N&=n+Nj, (A9)
N, 2 _ 0 if the S center is a deep donor.
Tar CpsNs p = CasNsn, (A4) The parameters of the model for three samples (n- and
INY ~ o 00 o p-type GaN:Mg) are given in Table II. The C,, 4 and C ), 4 for the
ek CpaN,p—ChaNgn — CpaNsNp — NyQ 4. shallow acceptor in GaN are equal or close to the previously

(A5)

Here, C,,4, C,p, and C, g are electron-capture coefficients
for A, D, and S centers, respectively; C,4 and C,s are
hole-capture coefficients for A and S centers; Cpy is the
effective coefficient of DAP recombination; n and p are the
concentrations of free electrons and holes, respectively; Ng,
Ny, NY, Nj, N2, and Ny are the concentrations of A, D,
and S centers in different charge states. When the S center is
a deep donor, NY and Ny should be replaced with Ny and
Ng, respectively. Thermal emission coefficients for electrons
at shallow donors and for holes at the Mgg, acceptors are

Op = CupN.g ' exp(—Ep/kT) (A6)

and

Q4 = CpaN,g " exp(—E4/kT), (A7)

respectively. Here, Ep and E 4 are the ionization energies of the
shallow donor and the Mgg, acceptor, respectively, g is the de-
generacy factor of the donor and acceptor levels (assumed to be
equal to 2 for both), and N, and N, are the effective densities of
states in the conduction and valence bands, respectively (N, =
5% 10732 cm™3 and N, = 3.2 x 101°73/2 cm~3 for GaN)
[34]. Equations (A1) and (A2) describe the rates of change
of the free electron and free hole concentrations, respectively;
Eq. (A3) describes the gain and loss of electrons by the shallow
donors; Egs. (A4) and (AS5) describe the gain and loss of holes
by the nonradiative centers S and Mgg, acceptors, respectively.
For steady-state conditions, all derivatives are equal to zero.
The charge neutrality requires that

p+Nj=n+Ny+Ng, (A8)

reported parameters [2,30]. The activation energy for the Mgg,
acceptor in lightly Mg-doped GaN is found from thermal
quenching of the UVL band (Sec. III A), and that in heavily
Mg-doped GaN is found from the temperature-dependent
Hall effect on samples with similar doping [63,64]. Ep =
15—20 meV for GaN with the concentration of shallow donors
between2 x 10'°and 3 x 10'7 cm~3 (Ref. [30]). The values of
N4 = [Mg] are found from SIMS measurements (Table I), and
the concentrations of D and S centers are chosen as the most
reasonable expectations. The Cp4 parameter is expected to be
about the same order of magnitude as the C, 4 parameter [50].
However, it decreases with increasing DAP separations, that
are larger in the lightly Mg-doped GaN sample. The parameters
Cup, Cps, and C)s are close to previously found parameters
for defects in GaN [31,34]. They also agree with typical nonra-
diative recombination and capture parameters reported in the
literature. The highest electron- and hole-capture coefficients
in different semiconductors are observed for attractive centers
(donors for electrons and acceptors for holes) and are in the
range of 1077 to 107> cm? /s for temperatures between 20 and
200 K [65-67].

Figure 16 shows the temperature dependence of free elec-
trons in n-type GaN:Mg (sample 3590) and that of free holes
in p-type GaN:Mg (sample 9600A) in the dark, calculated by
using the following expressions [68]:

ND—NA—Ns—I’l_ 8

P(P+ND) Nv ( EA)
—_— T — xp —_—— .
kT

N, N, N, E
nn+Na+Ns) Xp<_k_;>’ (A10)

(Al1)

Na—Np—p g

with parameters from Table II. With these parameters, the
concentration of free electrons at 100 K is 1.5 x 10'® cm~3 in
sample 3590, and the concentrations of free holes at 295 K are

1 x 10" and 6 x 10'7 cm™3 in samples 9599A and 9600A,
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FIG. 16. Temperature dependences of the concentrations of free
electrons in n-type GaN:Mg (sample 3590) and free holes in p-type
GaN:Mg (sample 9600A). The thick solid curve for n is calculated
using Eq. (A10). The thick dashed curve for p is calculated us-
ing Eq. (All). The thin dash-dotted and dotted curves for p are
from numerical solutions of Eqs. (A1)—(A9) for Pe = 0.3 and
0.0003 W /cm?, respectively. The parameters are given in Table II.

respectively. All these values agree with the experimentally
found values shown in Table I. Below, we derive analytical
expressions for the case of low excitation intensity when PL
intensity from defects is not saturated. To satisfy this condi-
tion, the electron-hole generation rate G = 10%° cm3s7!is
chosen. It corresponds to the excitation power density of about
0.001 W/cm?. Three cases will be considered: (a) conductive
n type, (b) conductive p type, and (c) semi-insulating material.

1. n-type GaN:Mg

In n-type GaN:Mg, the Fermi level is close to the shallow
donor level. At low excitation intensity, the defect states
below the Fermi level are mostly filled with electrons, so
that N < N &~ Na, N) < Ng ~ Ng,N;) ~ N5 + N4, and
Nlo) ~ Np — Ng — Ny. For T > 50 K, the thermal (dark)
concentration of electrons greatly exceeds the concentra-
tion of optically generated electrons (noy &~ 10" cm™ for
G = 10 cm—3s~!). With these approximations, Eqs. (A1)—
(AS) for steady-state conditions become linear and can be
solved. It is convenient to introduce characteristic times
that illustrate a competition between different processes:
TpA = (CpANA)_l =15x10"!"'s and Tps = (Cpst)_l =
8.3 x 10712 s (both independent of temperature if C pa and
C,s are constant); T,p = (C,pn)™' = 6.7 x 107 s, 1,4 =
(Coan)™' =2 x 10755, Tpa = (CpaN2) ' = 1.3 x 1074 s,
and 7,5 = (C,sn)~' = 2.2 x 107! 5 (all at 100 K when n =
1.5 x 10'° cm ™).

For example, 7,4 is the lifetime of the UVL band in n-
type GaN. Indeed, the rate of electron transitions from the
conduction band to the acceptor A can be presented as I:{VI{“ =
Cua Ngn = n/t,4. For temperatures below PL quenching, the

last term in Eq. (AS) can be ignored, and the equation can be
written as

(A12)
ot Tpa  Tha  TDA

With 7,4 < 7,4,Tpa, the solution of Eq. (A12) for t > 1,4
is N(t) = N9(0)exp(—1/10) [42], where 7, ' = 7! + 7).
In fact, the decay of the DAP emission is nonexponential
and appears as a long tail of the (e-A) component, if these
components cannot be spectrally resolved. When the (e-A)
component has the largest contribution, the decay is nearly
exponential: IeU_\;L(t) = IeU_\;L(O) exp(—t/t,4). This lifetime,
T0 X T,a, experimentally determined from time-resolved PL
measurements, allows finding the concentration of free elec-
trons and its temperature dependence n(7), when the electron-
capture coefficient C,, 4 is known [30].

Time constants 7,4 and 7,5 are the characteristic times
of capture of photogenerated holes by A and S centers,
respectively. For temperatures below PL quenching, the last
term in Eq. (A2) can be neglected, and Eq. (A2) becomes

)
W _G_ P p

= . Al3
ot TpA Tps ( )

After a laser pulse (G =0 at ¢ > 0), the concentration
of free holes decays as p(t) = p(0)exp(—t/7,), where 7, =
(rp_f: + 'l:p_sl)’1 ~ 1 x 107! s. The UVL quantum efficiency,
nuve = 1YY/ G = p/(z,4G), is independent of temperature
and is governed by the capture rate of holes. From Eq. (A13)
for steady-state conditions (dp/dt = 0), we have

P
; ‘CpS
nuvL = £ = = 0.6. (Al14)
TpLA + % TpA + TpS

We also find for steady-state conditions from Eq. (A13)
with G = 10* cm =3 s~! that p = Gt, = 1 x 10° cm™>. With
this p, we find that Ng ~ 10° cm™3 from Eq. (A4) and
N9 ~ 10 cm™ from Eq. (A5). These estimates justify
approximations made above.

At temperatures above 130 K, thermal emission of holes
from the Mgg, acceptor to the valence band becomes substan-
tial, and its rate eventually becomes nearly equal to the rate of
hole capture by this acceptor (p/7,4 ~ Ng 0a). Ng decreases
asox exp(E4/kT) and Q 4 increases as o< exp(—E 4/ kT) with
temperature. The critical temperature 74, at which the thermal
quenching of the UVL band begins, can be found from the
condition T) = Tierm, Where 7g is PL lifetime and tyer 1S the
characteristic time of thermal emission of holes from the A
center, defined in Eq. (3). Then,

~ kIn[t,a(1 — 19)Cpag~'N,]

In a wide range of temperatures (50-300 K), the UVL quan-
tum efficiency and its lifetime have the following temperature
dependencies [42]:

~ 130 K.

Ty (A15)

7o
9
1 + 7:0/ Ttherm
70
-, b
I + 70/ Ttherm

n(T) = (A16)

o(T) = (A17)
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where 7,1 = (1 —19)Q4 and 79 ~ 7,4 = (C,an)~". Equa-
tion (A16) is identical to Egs. (1)-(3). At T > Ty, the
measured PL lifetime decreases with temperature as 7(7")
exp(E4/kT) and is equal to the thermal emission time (t &
Tiherm )» Whereas actual PL lifetime (7o) remains unchanged.
The important difference between measured and actual PL
lifetimes is discussed in Ref. [42]. When the UVL band
is quenched, other PL bands rise due to competition for
holes between different recombination channels [34,40]. In
particular, the RL band intensity changes with temperature as
[33]

1 — [UVL(T)no

RL RL 19VL0)

() =1"(0) N ,

(A18)

where IRN(T), 1YVY(T), IRL(0), and TVVE(0) are intensities
of the RL and UVL bands at arbitrary temperature and in the
limit of low temperatures, respectively. From the best fit of the
IRY(T) dependence for sample 3590 (Fig. 3) we find 19 = 0.7
for the UVL band.

The above model reproduces the behavior of the UVL
band in n-type GaN:Mg. In particular, the UVL intensity is
independent of temperature up to 74 & 130 K, and it decreases
with an activation energy of E4 = 185 meV atT > T4 (Figs. 1
and 3). Intensities of other PL bands rise concurrently with
the quenching of the UVL band. The UVL lifetime, measured
with time-resolved PL, is 20 us at T < Ty, and it decreases
exponentially with the activation energy closeto E4 atT > Tjy.

2. p-type GaN:Mg

In p-type GaN:Mg, the Fermi level is close to the Mgg,
acceptor level, not far from the valence band. In a wide range of
temperatures (7' > 100 K), the thermal concentration of holes
(in dark) is higher than the concentration of optically generated
holes (for G = 10%° cm—3s~1). In this case, recombination
channels compete for electrons as minority charge carriers.
The dominant nonradiative recombination center S is a deep
acceptor, with high capture cross section for both holes and
electrons (see parameters in Table II). As will be demonstrated
in next section, the experimental results for conductive p-type
GaN:Mg can be explained on the assumption that the dominant
nonradiative defect is a deep acceptor, not a donor.

At low excitation intensity, the defect states above the
Fermi level are mostly empty, so that Ny < N? ~ Ng,
N) < Nj~Np, Ny~ Np, and N}~ Ny — Np. The
Ng and Ng are small and they depend on T and G,
while the p(7) dependence for T > 100 K is known
(Fig. 16). The characteristic times of transitions in this
case are the following: 1,p = (C,pNp)~!'=10""s,
Tus = (CnSNS)_l =33x 10_13 S, Tha = (CnANg)_l =
1.4 x 1078, Tpa = (CDANg)’1 =1.7 x 10785, and
Tya =(CpaN; )" =2x10"""'s. In particular, very
short hole-capture characteristic time in Mg-doped GaN
(tpa ~ 1 x 107!s) was confirmed by direct femtosecond
pump-probe technique measurements [69].

At very low temperatures, the last term in Eq. (A1) can be
ignored, with the result

on n

— =G — —, A19
dat T, ( )

where 7, is the characteristic time of escape of photogener-
ated electrons from the conduction band and 7' =7 +
.o + 1,5 ~ 17,5 . In steady-state conditions, n = G, ~ 3 x
107 cm~. This concentration is independent of temperature,
because it is dominated by the temperature-independent term
Tns-

At very low temperatures, the DAP-type transitions domi-
nate over the (e-A)-type transitions in the UVL band, because
the nonradiative capture of free electrons by shallow donors
is much faster than the radiative recombination via the Mgg,
acceptor (t,p < T,4) and thermal emission of electrons from
the shallow donors is too slow compared to the DAP recombi-
nation time (Tpy < QBI). Above a critical temperature, Tp,

which can be found from the condition Tp4 = QBI as

— ED
~ kln[tpaCupg'N,]

Tp ~ 75K, (A20)

the DAP mechanism yields to the e-A mechanism for the UVL
band. AtT > Tp, NS Op > Cpa NSNS in Eq. (A3), with the
result

CapNjn = NjQp, (A21)

where Ng < N; ~ Np. By expressing Ng from Eq. (A21)
and taking n = 3 x 107 cm~3 and Np = 107 cm™3, we can
find the quantum efficiency of the UVL band at T > 100 K:

CpuaNSn + CpaNIND

G

_ CpaNSn |:1
G

n"VH(T) =

Cpa Npg
CnA Nc

exp (ED/kT):| .
(A22)

For the chosen parameters of the model, V(100 K) =
9.2 x 1072, nYVE(200 K) = 3.0 x 107, and nVV*(300 K) =
2.5 x 107 (compare with data for sample 9600A in Fig. 3).
With further increase of temperature, the nYV% does not
change. The quantum efficiency of the UVL band is orders
of magnitude lower than that of the nonradiative recombi-
nation, because minority carriers (both optically generated
and thermally emitted electrons) are captured much faster by
nonradiative S centers than by the Mgg, acceptors (7,5 << Ty4).

In time-resolved PL measurements, after a laser pulse (G =
0 at ¢t > 0), photogenerated electrons very quickly escape
from the conduction band to all available defects as n(t) =
n(0)exp(—t/1,), where 7, & 3 x 10713 s. At very low tem-
perature, DAP-type recombination with relatively fast decay
(tpa ~ 2 x 1078 s) may have significant contribution to the
PL decay and cause fast and nonexponential decay. With
increasing temperature, when 7p4 > Q;l, the majority of
photogenerated electrons would be redirected to the fast nonra-
diative recombination channel. The observed decay of the UVL
will be very fast in this case, close to the exponential decay with
T,s ~ 3 x 10713 5. These predictions for conductive p-type
GaN:Mg agree with experimentally observed very fast PL
decay (subnanosecond) [19].

AtT > T4, where T4 ~ 170 K from Eq. (A15), the capture
and emission rates for holes at acceptor A become nearly equal
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(CpaN; p ~ N$Q,), and we find that

NO N, — Np)N,
~ AQA_ _ Wy = Np) *exp(—Ea/kT).
CpANA NDg

(A23)

At these temperatures, the intensity of the NBE emis-
sion (exciton or band-to-band transitions) increases as
exp(—E 4/ kT) because it is proportional to the product of
the hole and electron concentrations, and the latter is inde-
pendent of temperature at 7 > T4. In Fig. 3, the temper-
ature dependence of the NBE emission intensity is shown
with the thick dashed line. The NBE emission efficiency is
calculated as nypg = Bnp/G, where n and p are obtained
from numerical solutions of Egs. (A1)-(A9) for sample 9600A
and B =3 x 107" cm?/s, which agrees with the reported
radiative recombination coefficients for GaN [70,71]. Such
rise in the NBE intensity with temperature can be observed
only for conductive p-type GaN:Mg, where the Fermi level is
close to the Mgg, acceptor level, and Ng ~ N4. Thus, it can
serve as a proof of p-type conductivity when the Hall effect
measurements are inconclusive or cannot be done.

The model reproduces the behavior of the UVL band in
conductive p-type GaN:Mg at T > 100 K. In particular, the
UVL intensity decreases with very low activation energy as
temperature increases up to 7 =~ 200 K and it saturates at
higher temperatures (Fig. 3). The UVL quantum efficiency
is very low, much lower than that for n-type GaN:Mg. The
UVL lifetime, measured with time-resolved PL, is shorter than
10 ns (temporal resolution of our time-resolved PL system).
The NBE emission rises with temperature in agreement with
increasing concentration of free holes.

Analysis of rate equations for p-type GaN:Mg at tem-
peratures below 100 K or at arbitrary excitation intensity
is complicated due to nonlinearity of Egs. (A1)-(AS). In
these conditions, interesting phenomena may occur, such as
population inversion and abrupt and tunable quenching of PL.

3. Abrupt and tunable quenching of PL in GaN:Mg

The experimental data for sample 9600A in a wider range
of temperatures are compared with numerical solutions of
Eqgs. (A1)-(A9) in Fig. 17. The temperature dependence of
the quantum efficiency of the UVL band is very weak, and it
is the same at low and high excitation intensity. Interestingly,
theoretical curves are nearly identical at 7 > 100 K, but very
different at 7 < 100 K for two cases: when the S center is
a deep acceptor and when it is a deep donor. Only for the
first case, the calculations agree with experiment in entire
range of temperatures, which indicates that the dominant
nonradiative defect in MBE-grown p-type GaN samples is a
deep acceptor. It may look surprising that the C,, s for the deep
nonradiative acceptor is so large (C,s = 3 x 107® cm?/s),
because a neutral acceptor is not expected to capture electrons
efficiently. However, as was shown by Alkauskas et al. [72],
this apparent controversy can be resolved with the assumption
that the dominant nonradiative defect has an excited state
which quickly captures electrons. Note that the calculated
n(T) dependence is very sensitive to the value of C,s, but
not sensitive at all to the value of C,s (between 1019 and
10~*cm?/s) for the case when the S center is a deep acceptor.
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10" 300 100 70 50 40 35 30 25
- T T T T T T E
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FIG. 17. Temperature dependence of the quantum efficiency of
the UVL band in p-type GaN:Mg. The symbols are experimental
data for sample 9600A at P.,. = 0.0003 and 0.3 W/cm?. The lines
are calculated using Eqgs. (A1)—(A9) with parameters listed in Table II.
Thick dotted and solid lines are calculated for the case of S center as
a deep acceptor, and thin dashed and solid lines are calculated for the
case of S center as a deep donor.

However, when the dominant nonradiative center is a deep
donor, abrupt and tunable quenching of PL is always observed,
if parameters of the model are varied within reasonable
ranges. This phenomenon is explained by saturation of the
dominant nonradiative center with photogenerated electrons
and the ensuing blockade of this recombination channel at
low temperatures [34]. The blockade also results in increased
concentration of electrons in the conduction band and inversion
of the conductivity from p type to n type under illumination.
Indeed, from Egs. (Al) and (A2), when the nonradiative
recombination and thermal emission are ignored, the following
relations are obtained:

CpaNpp = Cya(Ny — Np)n = G. (A24)

FromEq. (A24),wefindn = 1.4 x 102 cm~3 and p =2 x
10° cm~3 for G = 10 cm ™3 s~! and other parameters taken
from Table II for sample 9600A. At T > Ty, n abruptly drops
and the conductivity reverts to p type. It appears that in semi-
insulating GaN:Mg samples grown by HVPE the dominant
nonradiative defect is a deep donor. This would explain the
very high quantum efficiency of the UVL and UVL* bands
and the abrupt and tunable quenching of PL for sample 3589
(Sec. III C).

The dramatic difference between the PL behaviors in these
two cases (Fig. 17) is unexpected, because all the parameters
are identical except for the type of the dominant nonradiative
center. To explain this result, below we derive analytical
expressions for low temperatures and low excitation intensities.
These results demonstrate that the crucial difference between
these two cases is the degree of saturation of S centers with
electrons under illumination.
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In the limit of low temperature and low excitation intensity,
n,p < N4,Np,Ng, CnANgn ~ 0, N?)QD ~ (0, and NSQA ~
0inEgs. (A1)—(A9).Itis also expected for p-type GaN:Mg that
N4 > Ng > Np. Then, analytical expressions for all variables
can be found. To avoid cumbersome formulas [73], we present
here results for the practical case of o = %g—’s) L1 (a~
0.007 for parameters of p-type GaN:Mg in Table II and
a =2 x 107 for parameters used for calculated curves on
Fig. 8).

When the S center is a deep acceptor, N, ~ aN*,
N ~ Ny —aN*, Ng ~Np—aN*, NI~ Ns— Np-+
aN*, N~ GaN*C,a(CpaCpsNaNp)~!, N~ Np,
p~G(CpsNp)™', and n~ GaN*CPA(CpSCnD)‘lN’Z,
where N* = NLZ)(NS — Np)~ L. In these conditions, S centers
are not saturated with electrons (N_g = 0.90N; for parameters
used in Fig. 17 and N? = 0.375N for parameters in Fig. 8),

recombination of photogenerated electrons and holes occurs
mostly via these nonradiative centers, and the UVL quantum
efficiency is very weak.

When the S center is a deep donor, N, ~ Np +
aNg, Ny ~ Ny — Np —aNg, N2 ~ (1 — a)Ng, N§ ~ aNs,
N% ~ G(CDANA)_I, Ng ~ Np,n ~ G(CHDND)_I, and p=
G(CpsNs + CpAND)’l. In this case, S centers are sat-
urated with electrons, even in the limit of low exci-
tation intensity (NQ = 0.993Ng for parameters used in
Fig. 17 and N_g = 0.999998 Ny for parameters in Fig. 8),
the nonradiative recombination channel is blocked, and the
UVL efficiency is high. The population inversion is ob-
served in this case, and nonradiative donors are saturated
with electrons. This quasiequilibrium condition occurs due
to specific relation between capture coefficients, namely
a L 1.
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