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Abstract

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 (BLysg) band is observed only in GaN:Mg samples grown by
HVPE or metalorganic chemical vapor deposition when the concentration of Mg exceeds 10"
cm™. The BL, 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.



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" cm™) 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.'*** These
samples are usually n-type because of high background concentrations of shallow donors such as
On 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 (BLyg) band with a maximum between 2.7 and 3.0 eV is the dominant PL
band.>*>¢78%10 p_type conductivity can also be achieved without annealing in heavily doped
GaN:Mg grown by molecular beam epitaxy (MBE).!" In such samples, only the UVL band is
observed.>*'*"* The characteristic feature of the BLyg band is its significant shift to higher
energies (by up to 0.2 eV) with increasing excitation intensity.*”>%"’ The BLyg band is most
commonly attributed to transitions from a deep donor to the shallow Mgg, acceptor.” 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

61415 and a hydrogen-related complex defect.'®!” The interpretation of PL

VNMgg, complex
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.”"® The UVL and BLwg



bands are often confused because of these shifts and distortions. There is also no understanding
of how to explain very wide range of PL lifetimes for defect-related bands in GaN:Mg: from sub-
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nanoseconds ~ to hundreds of nanoseconds,”” to microseconds. and milliseconds.

First-principles calculations using density functional theory (DFT) initially predicted that

423 However, recently Lany and Zunger *° proposed the

Mg, is a shallow acceptor in GaN.
concept of the dual nature of acceptors in GaN. In particular, they predicted that the Mgga
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 (£4) 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 (E4= E; —
Ezp1), whereas the optical level corresponds to the position of the PL band maximum (% @ax),
1.e. Ey= Ey — hmax. 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.” 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 corresponding to the STS should be observed. According to

Ref. 26, this theoretical model well explains early experimental results of Monemar ef al.,' where



two Mg-related acceptors have been suggested: the A1 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.’
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,” other groups, employing hybrid density functional
calculations, have found that the hole bound to the Mgg, acceptor in the ground state is highly

2728 I these

localized; however, they did not confirm the existence of the shallow (STS) state.
calculations, the values of £, =0.26 eV T orE4=0.38eV 2 and Ey= 0.54 eV >’ were obtained
for the Mgg, acceptor. In relation to experiments, the Ey= 0.54 eV value was associated with the
BLy 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.”” Although it may appear that the calculations carried out in

Refs. 26,27,28 agree with experiments, careful analysis of the experimental data reveals multiple

inconsistencies, which are discussed in this work.

In this paper, we analyze in detail experimental results obtained from n-type, p-type, and
semi-insulating GaN:Mg samples grown by different techniques. The results are explained
quantitatively with a simple phenomenological model. In the follow-up paper,” 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



Table I. Parameters of GaN:Mg samples

Sample Growth Thickness | Conductivity [Mg] from porn (cm'3)
method (um) type SIMS (cm™)
3590 HVPE 500 n 1.3x10" 1.6x10" ¥
3589 HVPE 500 SI 1.5x10"® | undetermined
1840 HVPE 4.7 p 2x10" undetermined
9599A MBE 7 p 4.9x10" 1.3x10" ®
9600A MBE 7 p 2.3x10" 6.1x10"7 ®
Yat T=100 K
Pat 7=295K

(HVPE). The top surface was treated with chemical-mechanical polishing. Sample 3590 is n-
type, with the concentration of free electrons of 1.6x10'® cm™ at 100 K, as obtained from time-
resolved PL by using electron capture coefficients found from analysis of a large number of GaN
samples.”” The conductivity type in semi-insulating (SI) sample 3589 could not be determined
from electrical measurements. Sample 1840 from Nitride Crystals, Inc. is a I um-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 um-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 and 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 samples of 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. I1IB and 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 photomultiplier
tube. Calibrated neutral-density filters were used to attenuate the excitation power density (Pexc)
over the range 2x10™®* — 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 1 ns and 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 7= I"*/G, where I'* 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 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 77 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.
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.” 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

Mg, acceptor perturbed by a nearby basal plane stacking fault.’

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 (YL1) 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 P,,. from 3x 107 to 0.2 W/em?. Tt
is followed by a few LO phonon replicas. The UVL and YL1 bands are identical to those in

undoped GaN.»® The origin of YL1 and RL bands is beyond the scope of this work.
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Fig. 1. (color online) Evolution of the PL spectrum with temperature for HVPE GaN:Mg
sample 3590.
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Figure 2 (color online). The UVL band in GaN:Mg (sample 3590) at 18 and 50 K and
from undoped GaN sample (H203) at 18 K, all excited with P, = 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 multiple of 91.5 meV from the main peak. At 50 K, a series of (e-A)-
type transitions appears, which corresponds 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 blue shift in a relatively thin GaN layer on
sapphire substrate, and its intensity is multiplied by a factor of 10 to match the peak
intensity of sample 3590.

With increasing temperature, the intensity of the donor-acceptor-pair (DAP) peaks of the
UVL band gradually decreases, and these peaks are replaced with very similar in shape but blue-
shifted free electron-to-acceptor (e-A) peaks with the ZPL at 3.280 eV at 7= 50 K (Fig. 2). The
shape of the band is very similar to the UVL band shape in undoped GaN (Fig. 2). The small red
shift and broadening of peaks in GaN:Mg can be caused by weak potential fluctuations, which
are negligible in undoped GaN sample. The quantum efficiency of the UVL band, as determined
from comparison with calibrated samples,** is about 20% for GaN:Mg sample and 2% for
undoped GaN sample. From the analysis of a large number of undoped and Mg-doped GaN

samples grown by 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™ and
saturates at higher concentrations.”

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.*® This estimate is made from the position of the e-A ZPL (3.280
eV) and the bandgap 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.>” 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 relatively strong UVL band due to large hole-
capture coefficient of the shallow acceptor.® 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 Cx and Siy are deep acceptors with the —/0 transition
level at 0.9 eV and 2.05 eV, respectively, above the valence band.**’

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). The

temperature dependence of the quantum efficiency of the UVL band, 77(T), can be fitted with the

following equation obtained from solution of rate equations for competing electron-hole

recombination flows through defects in an n-type semiconductor:***’
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Fig. 3 (color online). Temperature dependence of PL quantum efficiency for selected PL
bands in GaN:Mg samples. The solid line for sample 3590 is calculated using Egs. (1) and
(2) with the following parameters: 7o = 0.6, 7= 20 us, C,, = 0.5x10° cm’/s, N, =
3.2x10°7*% e¢m™, E, = 185 meV. Other lines are from numerical solutions of Eqs (A1)-
(A9) in Appendix with parameters given in Table II.

) =—"=o——. 1)
1+Cexp(—”’)
kT

Here, 7], is the PL quantum efficiency in the limit of low temperatures, £ is the activation

energy of thermal quenching, and & 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, E4 is the ionization energy of the acceptor and

C=(1-1,)7,C,N,g™", 2)
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where C,, 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 7, =20 us was found from time-resolved PL measurements. The

characteristic time of the thermal emission of holes from the acceptor 4 to the valence band,

T,..m» can be defined as
gexp| £4
kT
z-therm B PR —— (3)
(1 =T ) CpA N,
At 7, ~>>7,, PL intensity is independent of temperature, and at 7, <<7,, an exponential

decrease is observed. The transition from the temperature-independent region of the 77(7)
dependence to the exponential decrease occurs at the characteristic temperature 7 =135 K (Fig.
3), which can be found from the condition 7, (7,)=7,.

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 *' 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 ** that 77, =0.6—0.7 for the
UVL band. Independently, using comparison with calibrated GaN samples,’**> 7 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
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is very high, by using a simple phenomenological model.*” 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.”

The concentration of Mg in this sample was determined from the SIMS analysis as
1.3x10"" cm™, and the concentration of free electrons at 7= 100 K was found to be 1.6x10'°
cm™ from time-resolved PL measurements by a method described in Refs. 42 and 30. The
thermal quenching of the UVL band above ~100 K with the activation energy of ~0.2 eV is a
clear fingerprint of the n-type conductivity, as explained in 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

Evolution of 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.’’ After a laser pulse in time-resolved PL measurements, the UVL intensity

decays very fast (faster than time resolution of our system, which is 10 ns).
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Fig. 4 (color online). Evolution of the PL spectrum with temperature for MBE GaN:Mg
sample 9599A. P,,.=0.001 W/cm’.

With increasing temperature from 50 to 150-200 K, the intensity of the UVL band

decreases as I™ o exp(E,, / 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 re-
capture by nonradiative centers. The experimentally observed 1™ (T) dependences for p-type,

MBE-grown GaN:Mg samples can be explained in wide range of temperatures (between 18 and
300 K) only in 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
minority carriers, and several recombination channels compete 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

]PL

temperature (Fig. 3), in contrast to n-type GaN:Mg. Such I “(7) dependence proves that the

MBE-grown GaN:Mg samples are p-type and the Fermi level is close to the shallow Mgg, level.
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Indeed, the concentration of holes bound to the Mgg, acceptor, Nj , 1s of the same order of

magnitude as the concentration of Mg (more than 10" ¢cm™) 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 Appendix. Contrary to p-type GaN:Mg, N 2 in n-type

GaN:Mg is very low at low P, and it decreases with temperature above critical temperature 74
= 130 K with the activation energy equal to the ionization energy of the Mgg, acceptor.

Another interesting feature in the I”“(7) 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 pocexp(—E,/kT) (see Appendix), and the NBE intensity at these temperatures is

proportional to the product of p and n, where # 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.

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
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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 7> 250 K. Interestingly, the quenching of the “normal” UVL band stops at 7= 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 7= 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. I1IB).

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 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, 7 @m.x. We estimate the
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Fig. 5 (color online). Evolution of the PL spectrum with temperature for HVPE GaN:Mg,
sample 3589. The UVL band does not shift, while the UVL" band monotonously shifts to
lower energies with increasing temperature.
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Fig. 6. (color online) PL spectra from GaN:Mg, sample 3589, at 7= 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 monotonously to higher energies with increasing excitation

intensity.
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error in /i hax as about +0.05 eV for P, < 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
maximum is negligible when the temperature is varied between 18 and 250 K at fixed excitation
intensity, or when the excitation power density increases from 2x10° to 0.1 W/cm? at fixed

temperature. The shift of the UVL’ band is very large, both with temperature and
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Fig. 7 (color online). Peak position of the UVL and UVL" bands in GaN:Mg (sample 3589)
as a function of temperature at different P,,. (indicated with numbers in mW/cmz). To is the
characteristic temperature at which the rate of the shift abruptly changes.
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Fig. 8. (Color online) Temperature dependence of the UVL" quantum efficiency at different
excitation intensities for sample 3589. The symbols are experimental data (multiplied by a
factor of 5 for convenience of comparison). The lines are from numerical solution of Egs.
(A1)-(A9) in Appendix with the following parameters: N, = 1.5x10", Ns = 8x10"7, N, =
5x10" (all in cm™); C,y = 5x107, C,s= 1x10", C,4=3.2x10"%, Cp,=1x10", C,p=
1x10%, C,s = 1x10° (all in cm’/s); Ep = 20 meV, E, = 185 meV; P,,. = 0.1 mW/cm?® (solid
line), and 0.0002 mW/cm’ (dashed line).

excitation intensity (between 2x107” and 4x10~ W/cm?). Interestingly, the rate of the shift with
temperature changes at some critical temperature Ty: at T < Ty, the red shift of the UVL" band is
moderate, while at 7> Ty, the shift of the UVL" band becomes enormous, especially for very low
excitation intensities (Fig. 7). Note that 7, increases with increasing excitation intensity (Fig. 7).
Simultaneously with a very large shift, the abrupt thermal quenching of the UVL" band is
observed at 7' = Tj (Fig. 8). We observed abrupt and tunable thermal quenching for all major PL
bands in this sample: the NBE, UVL, and UVL*, similar to the case of GaN:Zn.** Below the

effect of abrupt and tunable quenching of PL is briefly explained.
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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 Appendix. This

mechanism of PL quenching requires at least two recombination channels: radiative

T'<T, T>T,
—T n _A n
C ¢Ngn C ¢N;n
C Nin l C Nin 1
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Fig. 9. (Color online) Schematics of transitions explaining abrupt and tunable quenching of
PL. Radiative recombination channel 4 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 7' < Tj, because deep

donors S are saturated with electrons (small N ) due to large C,s . The acceptor 4 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 4 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 T, increases with G, because higher
temperature is needed to satisfy parity of thermally emitted and photogenerated holes in the
valence band.

recombination via the Mgg, acceptor 4 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. II1IA), while other parameters are varied within reasonable

range to obtain agreement with observed behavior of PL (see Appendix for details).
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In dark, due to the presence of shallow and deep donors, Mgg, acceptors are partially
filled with electrons. Under continuous illumination, photogenerated holes are captured 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 (~10° 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 ( Ni =2X10°N_ 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 non-equilibrium 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 7
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, Tj
increases with increasing electron-hole generation rate; i.e., the PL quenching is tunable by

excitation intensity.

Co-existence of the UVL and UVL" bands in the same sample can be explained if we
assume that the GaN:Mg layer is non-uniform: 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
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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, what is typical for conductive, p-type GaN samples (see Sec. IIIB and

Appendix).

We observed the co-existence 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 samples non-uniformity, 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

46 may be able to clarify

depth-resolved cathodoluminescence,* or Kelvin probe microscopy
the origins of these non-uniformities, which is beyond the scope of this work. It is important here
that the moving UVL" band should not be confused with the BLy 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 BLy band and explained in

more detail in Sec. IVA.
D. The BLy, band in GaN:Mg grown by HVPE

The BLyg band in heavily Mg-doped GaN grown by MOCVD was extensively studied in

3,5,6,7,9,14

the past. 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
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deep donor to the shallow Mgg, acceptor. For such deep DAP-type transitions, high
concentration of at least one component (Mg in our case) is needed to cause sufficient overlap
between wavefunctions of bound electron and hole. The BLyj, 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 Py, = 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 “activation energy” of this quenching has no physical meaning. The

BLwg band is quenched above 200 K with the activation energy of about 0.3 eV.
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Fig. 10. (color online) Evolution of the PL spectrum with temperature for HVPE GaN:Mg,
sample 1840.
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In contrast to the UVL band discussed in Sec. ITIC, with increasing excitation intensity,
the BLy, 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 BLy, band in MOCVD-grown GaN:Mg.

More detailed analysis of the shifts of the UVL" and BLy, bands will be given in Sec. IVA.

In time-resolved PL measurements, the BLyig band slowly decays after a laser pulse. The
PL decay is not exponential, yet the effective PL lifetime could be determined by using approach
suggested in Ref. 47. This lifetime decreases from 230 to 100 us 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 BLy, band maximum shifts to lower energies with dime delay (Fig. 12). The total
shift is 0.13 eV for time delays between 3 Uus and 1 ms. The slow, nonexponential decay of the
BLyg intensity and the peak shift with time delay are explained with DAP model involving a
deep donor and the Mg, acceptor.”' The observed behavior of the BLwvg 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 BLy;, band
in GaN:Mg samples grown by MOCVD.*"#?! 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.
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Fig. 11 (color online). Normalized PL spectra at 130 K and different excitation intensities
for HVPE GaN:Mg sample 1840.
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Fig. 12 (color online). Evolution of PL spectrum with time after a laser pulse at 130 K for
HVPE GaN:Mg sample 1840.
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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.”"****°%! 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 *

h(l{l’):Eg—EA—ED‘FEc(V) (4)
with
eZ
EC(r) - 47'['8087" > (5)

where E, is the bandgap energy, Ep and E4 are the ionization energies of the donor and acceptor,

respectively, Ec(7) is the Coulomb interaction between the donor and acceptor ions with

separation 7, e is the electron charge, &, is the permittivity of vacuum, and £1is the low-frequency

dielectric constant (€= 9.8 for GaN 52). The DAP emission maximum, 7 @y,y, corresponds to the
effective Coulomb interaction Ec = Ec(7¢p). It shifts 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.*** In the limit of infinite

separations between the donor and acceptor, Ziar. = E; — Ep — E4.
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Zacks and Halperin,” proposed a phenomenological model, in which /i @, as a function

of the excitation intensity P,,., can be found from the following expression:

3
P, =D exp| -2En |, (©)
EB - Ec Ec
Here, D is a constant, E.=ho_ —ho_, and
eZ
- 7
" 4me,eR, @)

is the Coulomb interaction energy for a pair with the separation equal to the Bohr radius R of a
shallower component in the effective-mass approximation. The total shift of the DAP-related PL
band in very wide range of P,,. does not exceed 0.5 Ejp.> The fit of the BL\, band position with
Eq. (6) is shown as a solid line in Fig. 13. According to the fit, for non-interacting donor and
acceptor (in the limit of low excitation intensity and low concentrations of donors and acceptors),
the PL band maximum is expected at i, =2.72 eV. From analysis of the BLy;; band shape
(Fig. 11), its ZPL is shifted by 4= 0.15-0.20 eV to higher energies from the BLy, band
maximum (the Franck-Condon shift). Then, by taking the ionization energy of the Mgg, acceptor
as E4= 0.2 eV and the bandgap of GaN as E, = 3.5 eV, we find the ionization energy of the deep
donor as Ep = E; — E4— (ha. + A) = 0.4 eV. This energy agrees with the activation energy of the
BLy band quenching (about 0.3 ¢V), 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 ol
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Fig. 13 (color online). Shift of PL band maxima with excitation intensity at 7= 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 = 100 W/(eV cm)’, Ez = 0.48 ¢V, and /ia., = 2.72 ¢V. The
dashed line is calculated using Eq. (9) with the following parameters: 7 @,.. = 3.19 eV, Ny
=1.5x10" em™, and p = 3x10" P, [W/cm*] cm™.

Now let us analyze the UVL' band, which can be confused with the BLy, 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.* Indeed, according to Eq. (5), for such large shift due to the
Coulomb interactions (E¢ > 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.*
We also notice that the average separation, 7., in the DAPs is too large in GaN:Mg sample 3589

with the Mg concentration of Ny = 1.5x10"% cm™. Indeed, >4
r;zve = (Zﬂ-NA )_1/3 2 (8)

from where r,,. = 4.7 nm. Thus, the DAP model cannot explain large shifts of the UVL’ band

with excitation intensity and temperature.



28

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 yas *'

haw,=E;—E4 -2y, )
where
62 Nj/3
= . 10
4 dree p'° (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 red-shifted and broadened due to diagonal
transitions in the semi-insulating GaN:Mg sample. The UVL" band maximum reaches 3.16 ¢V at
the highest excitation intensities, which is slightly lower than the energy of the UVL ZPL (~3.27
eV). 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 non-uniformity, 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 k7. 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
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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 (color online). Schematics of GaN bandgap and electron transitions resulting in the
UVL and UVL" bands. (a) The potential fluctuations cause diagonal transitions. At 7' < T,
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 7 > 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 energy of emitted photons is illustrated for the
potential fluctuations model in Fig. 14(a). In case of abrupt and tunable quenching of PL in semi-
insulating or p-type GaN, accumulation of electrons is expected in the conduction band at low
temperatures (7'< Ty).”* These free electrons partially screen potential fluctuations. Additionally,

deep donors become saturated with electrons, and acceptors become partially saturated with
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holes, even at very low excitation intensity, the so-called population inversion.’* As a result,
significantly fewer defects remain charged, which removes the origin of the potential
fluctuations. Above the critical temperature (7> T), 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,** would cause potential fluctuations to rise in a
narrow temperature range near 7). The rise (and the associated shift of PL bands) is especially
large at very low excitation intensities (Fig. 7) when the material becomes nearly insulating at T’
> To. 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 dark, and it is lower than 1 eV
under weak UV light.”>”® 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,
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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
temperatures) 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 22342 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,

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'° cm™,”® 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).** 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 ef al.' 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.” The weak localization of the hole at the Mgg, acceptor responsible for the UVL band
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has also been confirmed by optically-detected magnetic resonance (ODMR) studies of high-

purity GaN:Mg.”®

Our experimental results on the BLy, 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
Mgga acceptor. 078514161 yory hioh concentrations of Mg (usually close to 10* cm™) are
needed to observe the BLy, 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 defect involving hydrogen,”™'® because the BLyg band can be
greatly enhanced by water vapor remote plasma treatment containing atomic hydrogen,'® and it
disappears when the hydrogen carrier gas is replaced with nitrogen during MOCVD growth.® 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;z band
also cannot be found in MOCVD-grown GaN samples where high concentrations of Mg
(between 10" and 10*' cm™) are introduced by ion implantation: only the UVL band is observed
in these samples.’' 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.® 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.” The BLwg band should
also be distinguished from the broadened and red-shifted UVL band (UVL" band in this study)
that can exhibit very large shifts with variation of temperature or excitation intensity.'® As was
already noted by Monemar et al.,” these properties of the BLy, band disagree with the
predictions recently put forth by theorists for the Mgg, acceptor.”®*"** In particular, proposals on

the origin of the BLy;; band made in Refs. 26 and 27 are not supported by the experimental data.
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Our time-resolved PL measurements on n-type GaN with the concentration of Mg of 1.3x10'’
cm™ reveal the lifetime of 20 ps 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 107 and 107 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 AE 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 ~0.2 eV 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 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.*'*"* Thus, it is unlikely that the BLwg 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™, typically grown by MOCVD and sometimes by HVPE, the BLwg
band is observed at 2.7-2.9 eV. 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,
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acceptor. The deep donor responsible for the BLy, 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
wavefunction. The extensive experimental 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 wide range of PL lifetimes reported but not explained in literature,
become 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 4 (the shallow
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Mg, acceptor in our case), and the dominant nonradiative recombination center S (Fig. 15).**
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.
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Fig. 15 (color online). Band diagram of GaN:Mg. The solid arrows show transitions of
electrons, and the dashed arrows show transitions of holes. 4 is the Mgg, acceptor, D is a
shallow donor, and § is a nonradiative deep acceptor. Model parameters are defined in the
text.

The rate equations describing flows of electrons and holes (when S center is a deep

acceptor) can be written down from transitions shown in Fig. 15 as

g_lz:G_CnANjn_CnSNgn_CnDN;n—'—NgQD’ (Al)

dp - - 0

§=G—CPANAp—CpSNSp+NAQA, (A2)
0

aa% = CnDNgn_CDANgNg _NBQD ) (A3)

INg - 0
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Here, C,,, C,,, and C, are electron-capture coefficients for 4, D, and S centers, respectively;
C,, and C ¢ are hole-capture coefficients for 4 and S centers; C,, is the effective coefficient of
DAP recombination; n and p are the concentrations of free electrons and holes, respectively; N 2 ,
N, Ng , N, N 2 ,and Ny are the concentrations of 4, D, and S centers in different charge

states. When S center is a deep donor, N¢, and N should be replaced with N, and N,

respectively. Thermal emission coefficients for electrons at shallow donors and for holes at the

Mgg, acceptors are

0,=C,,N.g " exp(-E, / kT) (A6)
and

0,=C,N,g " exp(-E, /kT), (A7)

respectively. Here, Ep and E, are the ionization energies of the shallow donor and the Mgg,
acceptor, respectively, g is the degeneracy factor of the donor and acceptor levels (assumed to be
equal to 2 for both), N, and N, are the effective densities of states in the conduction and valence
bands, respectively (N, = 5x10"* 7°? c¢m™ and N, = 3.2x10"° 7¥* cm™ for GaN).** Equations
(A1) and (A2) describe the rates of change of the free hole and free electron 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+N;,=n+N,+N, (A8)

if S center is a deep acceptor, and
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p+N,+N;=n+N,, (A9)
if S center is a deep donor.

The parameters of the model for three samples (- and p-type GaN:Mg) are given in

Table II. The C,.4 and C,4 for the shallow acceptor in GaN are equal or close to the previously

Table II. Parameters of the samples

Parameter n-type p-type p-type
(sample 3590) | (sample 9599A) | (sample 9600A)
Cpa (cm’/s) 105 2.5%x107"2 2.5%107"?
Cpi (cm’/s) 3.2x107"2 3.2x107"2 3.2x107"2
Cps (cm’/s) 0.5x10°° 0.5x10° 0.5x10°°
C,s (cm’/s) 3x10° 3x10° 3x107°
C,s (cm’/s) 10° 10° 10°
C,p (cm’/s) 107 107 107
B (cm’/s) 3x107™"! 3x107"! 3x107™"!
Np (cm”) 2.5x10"7 10" 10"
N, (cm™) 1.3x10"7 4.9x10" 2.3%x10"
N (cm™) 4x10'° 10" 10"
Ep (meV) 15 20 20
E, (meV) 185 150 150

reported parameters.” The activation energy for the Mgg, acceptor in lightly Mg doped GaN is
found from thermal quenching of the UVL band (Sec. IITA), and that in heavily Mg doped GaN

is found from the temperature-dependent Hall effect on samples with similar doping.®*® Ep =
15-20 meV for GaN with the concentration of shallow donors between 2x10'® and 3x10'" cm™
(Ref. 30). The values of Ny = [Mg] are found from SIMS measurements (Table I), and the
concentrations of D and S centers are chosen as the most reasonable expectations. The Cpy
parameter is expected to be about the same order of magnitude as the C,4 parameter.”® However,
it decreases with increasing DAP separations, that are larger in lightly Mg doped GaN sample.

The parameters C,p, C,s, and C,s are close to previously found parameters for defects in

GaN.>'”* They also agree with typical nonradiative recombination and capture parameters
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reported in 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 107-10” cm’/s for temperatures between 20 and 200 K768

Figure 16 shows the temperature dependence of free electrons in n-type GaN:Mg (sample

3590) and that of free holes in p-type GaN:Mg (sample 9600A) in dark, calculated by using the

following expressions *

it Nyt N) N xp(‘&} (A10)
N,-N,—N;,-n g kT

N, E
2PN, =—Vexp(‘_Aj’ (AL
N,~N,-p g kT
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Fig. 16 (color online). 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
using Eq. (A11). The thin dash-dotted and dotted curves for p are from numerical solutions of
Egs. (A1)-(A9) for P... = 0.3 and 0.0003 W/cm?, respectively. The parameters are given in
Table II.
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with parameters from Table II. With these parameters, the concentration of free electrons at 100
K is 1.5x10'° cm™ in sample 3590, and the concentrations of free holes at 295 K are 1x10'® and
6x10" cm™ in samples 9599A and 9600A, 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
condition, the electron-hole generation rate G = 10°° cm™s™ 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.

A. 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
NS <<N,=N,, Ni<<N; =N, N =N,+N,,and N, =N,—N;—N,. For T'>50 K, the
thermal (dark) concentration of electrons greatly exceeds the concentration of optically generated
electrons (n1qy = 10" cm™ for G = 10" cm™s™). With these approximations, Egs. (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:

Ty = (CPANA )_1 =1.5x10""s and 7, :(CpSNS )_1 =8.3x107"s (both independent of
temperature if Cpy and Cys are constant); 7,, =(C,n) = 6.7x10s, 7,, =(C,,n)" =2x107s,

T, = (CDANg)“z 1.3x10™ s, and 7,; = (C,gn) " =2.2x10"" s (all at 100 K when 7 =1.5x10'

cm™).
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For example, 7,, is the lifetime of the UVL band in n-type GaN. Indeed, the rate of
electron transitions from the conduction band to the acceptor 4 can be presented as
I’ =C, Njn=n/7,,. For temperatures below PL quenching, the last term in Eq. (A5) can be

ignored, and the equation can be written as

Ny _p N, Ny (A12)
at TpA TnA TDA

With 7, <<7,,,7,,, the solution of Eq. (A12) for t >> 7,4 is N(t)=Ny(0)exp(~t/7,),"”

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:

1 g_Vj =1 eU_Vj (0) eXp(—t /T, A) . This lifetime, %) = 7,4, experimentally determined from time-

resolved PL measurements, allows finding the concentration of free electrons and its temperature
dependence n(7), when the electron-capture coefficient C, is known.”
Time constants 7,, and 7, are the characteristic times of capture of photogenerated

holes by 4 and S centers, respectively. For temperatures below PL quenching, last term in Eq.

(A2) can be neglected, and Eq. (A2) becomes

P_G_P_ P (A13)
ot T Ty

After a laser pulse (G = 0 at > 0), the concentration of free holes decays as
p(t) = p(0) exp(—t / Tp) , where 7, = (TPA’I +7," )_1 ~1x10™" s. The UVL quantum efficiency,
Ny, =1""1G=p/ (7,,G), 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
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ya
T T

My, =—4—=—2"=0.6, (Al14)
L_i_i TpA+TpS
T T

We also find for steady-state conditions from Eq. (A13) with G = 10%° cm™s™ that
p=Gr, = 1x10” cm™. With this p, we find that N¢ =10° cm™ from Eq. (A4) and N% =10° ¢cm™

from Eq. (AS5). These estimates justify approximations made above.
At temperatures above 130 K, thermal emission of holes from the Mgg, acceptor to the

valence band becomes substantial, and its rate eventually becomes nearly equal to the rate of

hole capture by this acceptor (p/7,, = N°O)). N decreases as o eXp(EA /kT) and Q,
increases as o< eXp(—E kT ) with temperature. The critical temperature 74, at which the

thermal quenching of the UVL band begins, can be found from the condition 7, =7, where

therm >

7, is PL lifetime and 7,

therm

is the characteristic time of thermal emission of holes from A4 center,

defined in Eq. (3). Then,

EA
T, = -
kin|z,,(1-7,)C,.g"'N, |

~130K. (A15)

In wide range of temperatures (50-300 K), the UVL quantum efficiency and its lifetime have the

following temperature dependences:**

N
\+7,/1,,,

therm

()= (A16)

_
1+7,/7,,,

therm

o(T) = (A17)
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where 7, =(1-7,)Q, and 7, ~7,, = (C"An)fl. Equation (A16) is identical to Egs. (1)-(3). At

therm

T> Ty, the measured PL lifetime decreases with temperature as 7(I) o< exp(E, / kT) and is

equal to the thermal emission time (7 =7, ), whereas actual PL lifetime ( 7, ) 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

34,40

between different recombination channels.” " In particular, the RL band intensity changes with

temperature as 33

1 _ [UVL (T) 77
IUVL (O) 0

I%(T) = I™(0) -

; (A18)

where I™(T), I"*(T), I"™(0) and I""*(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
I™(T) dependence for sample 3590 (Fig. 3) we find 73, =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 £, = 185 meV at T > T, (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 s at 7'< T, and it decreases exponentially with the activation energy

closeto Ey at T> T4.

B. 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 wide range of temperatures (7> 100 K), the thermal concentration of holes (in
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dark) is higher than the concentration of optically-generated holes (for G = 10 cm™s™). 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 in 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¢ = Ny, N} << N}, =N,, N,=N,,and N,;=N,—N,.The N} and N; are
small and they depend on 7" and G, while the p(7) dependence for 7> 100 K is known (Fig. 16).

The characteristic times of transitions in this case are the following: 7,, =(C,, N, )_l =10"s,

- -1 -
7,s=(CsNy) =33x10"s, 7, =(C,,N}) =14x10"s, 7, =(C,,N}) '=1.7x10"s, and
T, = (C iV )_1 =2x107"s. In particular, very short hole-capture characteristic time in Mg-

doped GaN (7, = 1x107"'s ) was confirmed by direct femtosecond pump-probe technique

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

on n
—=G-——, Al19
ot T (AL9)

where 7, is the characteristic time of escape of photogenerated electrons from the conduction

"4z ' +7," =7 . Insteady-state conditions, n =Gz, =3x10” cm”.

+7 D

-1 _
bandand 7,7 =7, S

This concentration is independent of temperature, because it is dominated by the temperature-

independent term 7 .
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At very low temperatures, the DAP-type transitions dominate 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 (7, <<7,,) and
thermal emission of electrons from the shallow donors is too slow compared to the DAP

recombination time (7,, <<, ). Above a critical temperature, T, which can be found from

the condition 7,, =0, as

T, = Ep ——=75K, (A20)
kIn| 7,,C,,g”'N, |

the DAP mechanism yields to the e-A mechanism for the UVL band. At 7>> Tp,
N, Q, >>C,,N) N in Eq. (A3), with the result

CpNpn=NpOy . (A21)
where N, << N; = N, . By expressing N}, from Eq. (A21) and taking n=3x10" cm™ and

N, = 10" ¢m™, we can find the quantum efficiency of the UVL band at 7> 100 K:

UL () = S o8 oxv(E. /kT) |. A22
n (1) c G C exp(E, /kT) (A22)

n4 c

C, N'n+C,,N'N° C, ,N°n {H C,, N
For the chosen parameters of the model, 77”"*(100K)=9.2x10", °"*(200K) =3.0x10", and

7" (300K)=2.5x10" (compare with data for sample 9600A in Fig. 3). With further increase of

temperature, the 77" does not change. The quantum efficiency of the UVL band is orders of

magnitude lower than that of the nonradiative recombination, because minority carriers (both

optically-generated and thermally emitted electrons) are captured much faster by nonradiative S

centers than by the Mgg, acceptors (7,, <<7,,) .
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In time-resolved PL measurements, after a laser pulse (G = 0 at ¢ > 0), photogenerated

electrons very quickly escape from the conduction band to all available defects as

n(t)=n(0)exp(—t/7,), where 7, =3x10™"°s. At very low temperature, DAP-type

recombination with relatively fast decay (7, =2x10°*s) may have significant contribution to
the PL decay and cause fast and nonexponential decay. With increasing temperature, when
T,,>0 A_l, the majority of photogenerated electrons would be re-directed to the fast nonradiative
recombination channel. The observed decay of the UVL will be very fast in this case, close to the
exponential decay with 7,, =3x107" s. These predictions for conductive p-type GaN:Mg agree

with experimentally observed very fast PL decay (sub-nanosecond)."’

At T> Ty, where T, = 170 K from Eq. (A15), the capture and emission rates for holes at

acceptor 4 become nearly equal (C,,N,p = N}Q,), and we find that

~ NSQA — (NA _ND)NV
CpAN; NDg

exp(—E, /kT). (A23)

At these temperatures, the intensity of the NBE emission (exciton or band-to-band transitions)
increases as o< eXp(—E kT ) because it is proportional to the product of the hole and electron
concentrations, and the latter is independent of temperature at 7> 7. In Fig. 3, the temperature
dependence of the NBE emission intensity is shown with the thick dashed line. The NBE
emission efficiency is calculated as 77,,, = Bnp /G, where n and p are obtained from numerical
solutions of Egs. (A1)-(A9) for sample 9600A and B = 3x10™'! cm?/s, which agrees with the

reported radiative recombination coefficients for GaN.”"’* Such rise in the NBE intensity with

temperature can be observed only for conductive p-type GaN:Mg, where the Fermi level is close
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to the Mgg, acceptor level, and Ng = N ,. 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. 2). 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 temperatures below 100 K or at arbitrary
excitation intensity is complicated due to nonlinearity of Egs. (A1)-(AS5). In these conditions,
interesting phenomena may occur, such as population inversion and abrupt and tunable

quenching of PL.

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

The experimental data for sample 9600A in wider range of temperatures are compared
with numerical solutions of Egs. (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
T<100 K for two cases: when 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 =



47

3x10 cm?/s), because a neutral acceptor is not expected to capture electrons efficiently.
However, as was shown by Alkauskas et al.,” this apparent controversy can be resolved with
assumption that the dominant nonradiative defect has an excited state which quickly captures
electrons. Note that the calculated 77(7)) dependence is very sensitive to the value of C,s, but not
sensitive at all to the value of C,s (between 10 and 10 cm3/s) for the case when S center is a
deep acceptor.

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.** 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 Eqgs. (A1) and (A2), when the nonradiative recombination and thermal emission are

ignored, the following relations are obtained:
CN,p=C,(N,—N,)n=G. (A24)

From Eq. (A24), we find n = 1.4x10"> cm™ and p = 2x10° cm™ for G = 10** cm™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 very high quantum
efficiency of the UVL and UVL' bands and the abrupt and tunable quenching of PL for sample
3589 (Sec. IIIC).

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
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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.
T (K)
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Fig. 17 (color online). 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 Egs. (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.

In the limit of low temperature and low excitation intensity, n, p << N ,,N,, N,
C, Nn=0, N)O, =0,and N°Q, =0 in Egs. (A1)-(A9). It is also expected for p-type

GaN:Mg that N, > N > N, . Then, analytical expressions for all variables can be found. To

Cys C
. . S
avoid cumbersome formulas,” we present here results for the practical case of o = —£>—2 << 1
pA nS
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(ar= 0.007 for parameters of p-type GaN:Mg in Table IT and or=2x107® for parameters used for
calculated curves on Fig. 8).

When S center is a deep acceptor, N, =aN , NS=N,—aN , N; =N,—aN",
NY=Ng=N,+aN', N =GaN'C,,(Cy,C,sN,N,) , Nj =Ny, p=G(CN,) ", and
n= GaN*CpA (CpSCnD )71 N,?,where N =N,’(Ng—N,)". In these conditions, S centers are

not saturated with electrons ( N¢ = 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 S center is a deep donor, N, = N, +aN,, N} =N,—N,—aN,, N.= (I-a) Ny,

-1

N; =aNg, Ny=G(C,N,) ", Nj=N,, n=G(C,N,) ,and p=G(C,N;+C,N,) .In
this case, S centers are saturated with electrons, even in the limit of low excitation intensity
(Ng =0.993N for parameters used in Fig. 17 and N, =0.999998N, for parameters in Fig. 8),
the nonradiative recombination channel is blocked, and the UVL efficiency is high. The
population inversion is observed in this case, and nonradiative donors are saturated with

electrons. This quasi-equilibrium condition occurs due to specific relation between capture

coefficients, namely o <<1.
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