
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a .c a r diff.ac.uk/id/e p rin t/14 3 9 8 9/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Dyer, D., Ch u r c h,  S. A., Jain,  M., Kap p e r s ,  M. J., F r e n t r u p ,  M.,  Wallis, D. J.

ORCID: h t t p s ://o rcid.o r g/00 0 0-0 0 0 2-0 4 7 5-7 5 8 3,  Oliver, R. A. a n d  Binks,  D. J.

2 0 2 1.  The  effec t  of t h e r m al  a n n e aling  on  t h e  op tical p rop e r ti es  of M g-dop e d

zincble n d e  Ga N  e pilaye r s .  Jou r n al  of Applied  P hysics  1 3 0  (8) , 0 8 5 7 0 5.

1 0.1 0 6 3/5.00 5 7 8 2 4  file  

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.10 6 3/5.005 7 8 2 4

< h t t p://dx.doi.o rg/10.10 6 3/5.00 5 7 8 2 4 >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



J. Appl. Phys. 130, 085705 (2021); https://doi.org/10.1063/5.0057824 130, 085705

© 2021 Author(s).

The effect of thermal annealing on the
optical properties of Mg-doped zincblende
GaN epilayers
Cite as: J. Appl. Phys. 130, 085705 (2021); https://doi.org/10.1063/5.0057824
Submitted: 25 May 2021 . Accepted: 14 August 2021 . Published Online: 27 August 2021

 D. Dyer,  S. A. Church, M. Jain, M. J. Kappers, M. Frentrup, D. J. Wallis,  R. A. Oliver,  D. J. Binks, et al.

ARTICLES YOU MAY BE INTERESTED IN

P-type conductivity and suppression of green luminescence in Mg/N co-implanted GaN by
gyrotron microwave annealing
Journal of Applied Physics 130, 085704 (2021); https://doi.org/10.1063/5.0049101

N-polar ScAlN and HEMTs grown by molecular beam epitaxy
Applied Physics Letters 119, 082101 (2021); https://doi.org/10.1063/5.0055851

Measurement and analysis of photoluminescence in GaN
Journal of Applied Physics 129, 121101 (2021); https://doi.org/10.1063/5.0041608



The effect of thermal annealing on the optical

properties of Mg-doped zincblende GaN epilayers

Cite as: J. Appl. Phys. 130, 085705 (2021); doi: 10.1063/5.0057824

View Online Export Citation CrossMark
Submitted: 25 May 2021 · Accepted: 14 August 2021 ·

Published Online: 27 August 2021

D. Dyer,1 S. A. Church,1 M. Jain,2 M. J. Kappers,3 M. Frentrup,3 D. J. Wallis,2,3,4 R. A. Oliver,3

and D. J. Binks1,a)

AFFILIATIONS

1Department of Physics and Astronomy and Photon Science Institute, University of Manchester, Manchester M13 9PL,

United Kingdom
2Kubos Semiconductors Ltd., Future Business Park, Cambridge CB4 2HY, United Kingdom
3Department of Materials Science and Metallurgy, University of Cambridge, Cambridge CB3 0FS, United Kingdom
4Centre for High Frequency Engineering, University of Cardiff, Cardiff CF24 3AA, United Kingdom

a)Author to whom correspondence should be addressed: david.binks@manchester.ac.uk

ABSTRACT

The effects of thermal annealing on the optical properties of Mg-doped cubic zincblende GaN epilayers grown by metalorganic chemical
vapor deposition on 3C-SiC/Si (001) substrates are investigated. The photoluminescence spectra show near band edge features and a blue
luminescence band that depend on Mg concentration, temperature, and excitation power density. Annealing the sample in a N2 atmosphere
causes the intensity of the blue band to increase by a factor of 5. Power dependent photoluminescence measurements show a reduction in
the laser excitation density required for saturation of the blue band after annealing, indicating an increase in the recombination lifetime.
Time decay measurements confirm this increase, which is attributed to a reduction in the concentration of non-radiative defects after
annealing. The results presented here are compared to those reported previously for Mg-doped hexagonal wurtzite GaN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057824

INTRODUCTION

Light-emitting diodes (LEDs) based on InGaN/GaN quantum
wells (QWs) grown in the wurtzite (wz) crystal phase emit light in

the blue spectral region with an external quantum efficiency
(EQE) > 80% and are used in combination with a yellow phosphor
as the basis of efficient LED lighting.1,2 However, producing white

light by combining separate red, green, and blue LEDs would avoid
Stokes’ loss inherent to the use of the phosphor and also enable

more control over the emitted spectrum of the lighting. While effi-
cient red-emitting LEDs based on III-phosphide materials are avail-

able, intrinsic green-emitting devices with sufficient efficiency have
not yet been produced—an issue which has become known as the

“green-gap.”2,3 Green emission can be obtained from InGaN/GaN
QWs by increasing the indium fraction but these devices have sig-
nificantly reduced efficiency compared to their blue-emitting coun-

terparts, having EQE’s of typically 20%–50%1 depending on the
specific emission wavelength. There have been several mechanisms

suggested for this reduction in efficiency.1,3,4 The higher indium

content needed to get into the green spectral region increases the
polarization fields across the QW, which reduces the electron–hole
overlap and, thus, the rate of radiative recombination. Also, the
higher indium content is achieved by growing the QW at a lower
temperature, resulting in a higher concentration of point defects
that act as centers of non-radiative recombination.4 Thus, overall,
non-radiative recombination competes more successfully with radi-
ative recombination in green wz QWs than their blue counterparts.

The zincblende (zb) crystal structure is an alternative GaN
phase, which does not produce polarization fields across the QW,
and the consequent reduction in radiative rate, when grown along
the [001] direction.5 It also has a smaller bandgap than wz-GaN6

so that a smaller indium fraction is required to achieve green emis-
sion, despite the absence of the quantum confined Stark effect.7

This allows higher InGaN growth temperatures to be used, thus
decreasing the density of non-radiative recombination centers.

The p-type layer used in GaN-based LEDs is typically produced
by doping with Mg, the effects of which have been investigated thor-
oughly for wz-GaN.8–16 Passivation is a common problem in
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metalorganic chemical vapor deposition (MOCVD) grown
Mg-doped GaN and occurs when hydrogen introduced during
growth forms electrically inactive complexes with Mg. These com-
plexes must be dissociated for the material to be p-type,9,16 which is
typically achieved by post-growth thermal annealing.9

Reports of Mg-doped zb-GaN have so far been limited.
Molecular beam epitaxy (MBE) grown layers have been studied on
both GaAs and SiC/Si substrates and characterized by photolumi-
nescence (PL) and Hall effect measurements.17–22 The advantage of
MBE grown Mg-doped GaN is that Mg-H complexes are less likely
to form as there are no carrier gases used in this growth technique.
However, MBE is not a scalable method for mass production of
LEDs due to low growth rates and the long cycle times required to
achieve an ultrahigh vacuum; in contrast, MOCVD is not limited
by these factors. There has only been one report discussing the
effects of annealing on MOCVD grown Mg-doped zb-GaN.17 In
this paper, the effects of pulsed laser annealing on its own and in
combination with rapid thermal annealing on the room tempera-
ture optical properties of Mg-doped zb-GaN were studied.17

In this work, we investigate the effect of conventional thermal
annealing in a N2 atmosphere on the optical properties of
Mg-doped zb-GaN epilayers grown by MOCVD on 3C-SiC/Si sub-
strates. First, the Mg concentration, temperature, and excitation
power dependence of the PL spectra are used to identify the fea-
tures associated with Mg doping. The effect of annealing on the
features is then studied using steady-state and time-resolved PL
measurements.

EXPERIMENTAL METHOD

The GaN epilayers were grown by MOCVD in a 6 × 2-in.
Thomas Swan close-coupled showerhead reactor on 2 × 2 cm2

pieces of a 150 mm diameter (001) 3C-SiC/Si substrate provided by
Anvil Semiconductors Ltd. The substrate consists of a 2.7 μm thick
layer of 3C-SiC grown on a 1.00 mm thick Si wafer with 4° miscut
toward the [110] in-plane direction. Note that the lattice mismatch
between zb-GaN and 3C-SiC is 3.4%.23 A GaN nucleation layer
was first grown followed by ∼300 nm GaN and ∼400 nm thick
GaN:Mg epilayers. The Ga, Mg, and N sources were trimethylgal-
lium (TMG), bis-(cyclopentadienyl)magnesium(II) (Cp2Mg), and
ammonia (NH3), respectively, and hydrogen was used as the carrier
gas, while nitrogen gas was used during the thermal annealing step.
Further growth details can be found elsewhere.24 The microstruc-
ture of samples grown by this method has previously been studied
in detail,25 where it was shown that stacking faults are the domi-
nant defect, having a density of order 105 cm−1. Moreover, these
stacking faults can propagate to the surface, causing significant
roughening.26 Two sets of samples were grown. The first set con-
sisted of a nominally undoped zb-GaN epilayer and two Mg-doped
samples both annealed in N2 atmosphere post-growth at a tempera-
ture of 740 °C for 1200 s. The Mg-doped samples were identical
except for the Mg flow rate during growth, resulting in Mg concen-
trations of 8.6 × 1018 and 1.9 × 1019 cm−3, as determined by secon-
dary ion mass spectrometry (SIMS). The higher of these Mg
concentrations is similar to that used in previous investigations of
Mg-doped wz-GaN,10,11 while the lower value results in PL spectra
with more easily identifiable features, as will be seen below. The

second sample set consisted of Mg-doped samples with the same
concentration of 1.7 × 1019 cm−3 but with only one sample ther-
mally annealed (also in the reactor post-growth in a N2 atmosphere
at 740 °C for 1200 s). The Mg concentrations investigated here are
similar to those investigated in Refs. 18 and 20 but lower by about
an order of magnitude than the samples used in Ref. 17.

The SIMS analysis was performed commercially by Evans
Analytical Group Laboratories and measured the concentration of
Mg using a negative oxygen ion beam. X-ray diffraction (XRD)
measurements were carried out using a PANalytical Empyrean dif-
fractometer, equipped with Cu-Kα1 source, 2-bounce hybrid
monochromator, and PIXcel solid state area detector. The optical
properties of the samples were investigated using PL measurements
to probe the carrier-dopant interactions. Steady-state PL measure-
ments were obtained using a continuous wave (cw) HeCd laser
emitting at 325 nm (3.8 eV) to excite the sample above the zb-GaN
bandgap (3.3 eV at low temperature).6 The sample temperature was
controlled by attaching the samples onto the cold finger of a closed
cycle He cryostat. The emission was collected by a spectrometer
with resolution ≤5 nm and passed onto a cooled photomultiplier
tube. The measured spectra were corrected for the system response
using a calibrated black body source. Uniformity across a sample
was checked by comparing spectra collected from different posi-
tions; and no significant difference in these spectra was observed,
as shown in Fig. S1 in the supplementary material.

Time-resolved measurements were obtained using time corre-
lated single photon counting (TCSPC) with pulsed excitation from
a frequency tripled 80MHz Ti-sapphire laser (wavelength 266 nm)
to excite the samples above the zb-GaN bandgap. A cooled micro-
channel plate with a temporal resolution of 70 ps was used to
detect the incoming single photons.

EXPERIMENTAL RESULTS

PL dependence on Mg concentration

The Mg concentration dependence of the 10 K PL spectrum is
shown in Fig. 1, where all spectra have been normalized to the
peak intensity. The undoped sample has three near band edge
(NBE) peaks at 3.23, 3.11, and 3.05 eV, and there is also a broad
band centered at ∼2.9 eV. The spectral shifts of these features with
both temperature and excitation power density, as shown in Figs.
S3 and S4 of the supplementary material, respectively, allow the
recombination processes associated with each to be identified.
Thus, the peak at 3.23 eV is attributed to recombination of donor
bound excitons (D0X), while the 3.11 and 2.9 eV peaks are attrib-
uted to donor–acceptor pair recombination (DAP), and the 3.05 eV
peak is attributed to recombination between an electron in the con-
duction band and a hole at the acceptor level (e, A0), consistent
with the previous work.27 It has been reported elsewhere that the
band around 2.9 eV is formed of two separate DAP peaks.27

Therefore, the lower energy shoulder at 2.82 eV is attributed to a
separate DAP recombination; the band as a whole is likely to be
composed of a number of overlapping peaks corresponding to dif-
ferent types of donor and acceptor.

Figure 1 also shows that when zb-GaN is doped with Mg to
8.6 × 1018 cm−3, the two DAP peaks at 2.82 and 2.9 eV are replaced
by a broad blue emission band centered around 2.9 eV which
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grows in intensity relative to the other spectral features. Increasing
the Mg concentration further to 1.9 × 1019 cm−3 causes the relative
intensity of the NBE emission to drop even more and is replaced
by a weak and broad emission centered just below 3.2 eV. This
feature likely results from the merging of the D0X peak with a peak
associated with Mg doping previously reported, which has been
designated as the “ultraviolet luminescence” (UVL) band and
attributed to either DAP recombination between a shallow donor
and the Mg acceptor or (e, A0) with Mg as the acceptor.15,28,29

The broad emission around 2.9 eV evident for zb-GaN after
Mg doping has been reported previously and referred to as the
“blue band.”18–20,22 The NBE peaks were also reported to disappear
as the Mg concentration increases for MBE grown Mg-doped
zb-GaN.20 It has been previously suggested that the blue band
emission in MBE grown Mg-doped zb-GaN was similar to that
seen in Mg-doped wz-GaN18 with the emission due to DAP recom-
bination between a shallow MgGa acceptor and VN–Mg complex
acting as a deep donor.13 The peak shifts we observe for increasing
temperature and excitation power density, as shown in the
supplementary material, confirm that this is a feature associated
with DAP recombination. The blue band peak position is similar
for both the wz and zb crystal phases despite the change in the
bandgap energy. This indicates that the change in bandgap energy
is compensated by a change in another parameter associated with
DAP recombination. Theoretical studies have suggested that the
same donor in both crystal phases of GaN have similar ionization
energies,30,31 and Ref. 22 shows that the Mg ionization energy is
again similar between the two crystal phases using both optical and
electrical measurements.22 This suggests a change in the average
separation between donors and acceptors in the different crystal
phases or another donor is responsible for the blue band

recombination in Mg-doped zb-GaN. The temperature and power
density dependent peak shifts of the 3.23 eV peak are consistent
with D0X recombination, as they were for the undoped sample—
see the supplementary material. A weak peak at 3.35 eV, i.e., above
the bandgap of zb-GaN, is present in the PL of all samples investi-
gated and is attributed to small amounts of wz inclusions in the
zb-GaN crystal matrix. However, the intensity of this emission is
two orders of magnitude lower than the dominant recombination
features in the spectrum, indicating wz inclusions have little effect
on the optical properties of the samples.

Thermally annealed Mg-doped zb-GaN

Figure 2 compares the 10 K PL spectra of the annealed and
unannealed Mg-doped zb-GaN epilayers. The blue band is the
dominant feature in both spectra but NBE peaks are also evident
and change after annealing. For the unannealed sample, the NBE is
composed of a merged UVL band and D0X peak with the latter
evident as a high energy shoulder at 3.23 eV. There is also evidence
of a small peak located above the bandgap of zb-GaN (3.3 eV) that
is attributed to very small amounts of wz inclusions in the zb-GaN
crystal matrix, in agreement with XRD measurements of the phase
purity (see the supplementary material). The UVL band is signifi-
cantly suppressed in the annealed spectrum obtained at
10W cm−2, and the D0X peak is clearly defined again (however, as
shown in Fig. S8 in the supplementary material, the UVL band is
more evident at low power densities.) The suppression of the UVL
band in Fig. 2 after thermal annealing suggests that it is associated
with Mg–H complexes. The NBE PL spectrum of the annealed
sample in Fig. 2 differs from that of the high Mg-doped sample
shown in Fig. 1 when both are excited at 10W cm−2 with the
former retaining a distinct D0X peak. However, the two spectra

FIG. 2. 10 K PL comparison of Mg-doped zb-GaN samples with
[Mg] = 1.7 × 1019 cm−3 before and after annealing in N2. Samples were excited
with a cw power density of 10 W cm−2.

FIG. 1. Normalized 10 K PL comparison of nominally undoped and annealed
Mg-doped zb-GaN samples. Samples were excited at a cw power density of
10 W cm−2.
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become similar as the excitation power density is reduced further
(see Fig. S9 in the supplementary material), consisting in both
cases of merged UVL and D0X peaks, which illustrates the sensitiv-
ity of the NBE PL to the interplay between Mg concentration and
excitation power density. Figure 2 also shows that the peak intensity
of the blue band emission is increased significantly after annealing
by a factor of ∼5. Similar behavior has been observed in wz-GaN
samples and attributed to the reduction in the density of Mg-H
complexes by the annealing process.9,15 Reference 17 reports an
increase of the blue emission intensity (which itself is part of a
broader emission feature) in the room temperature PL after pulsed
laser annealing (PLA) of MOCVD grown Mg-doped zb-GaN,17

which was attributed to the separation of Mg-H related complexes
passivating the Mg-related deep donors. However, further rapid
thermal annealing at 850 °C for 3 min of the same epilayers
resulted in the reduction of the emission intensity,17 in contrast to
the increase in blue band emission obtained by the longer duration
thermal annealing employed in our study. This behavior was attrib-
uted to the PLA not resulting in the removal of the dissociated H
from the Mg-doped layer due to the short timescale of the laser
pulses, thus allowing the Mg–H complexes to re-form during the
subsequent rapid annealing stage.17

Figure 3 shows the spectrally integrated intensity of the blue
band as a function of the excitation power density with the data fit
with a straight line. The unannealed sample shows a linear relation-
ship between intensity and excitation power density that does not
change even at the highest power densities shown here. After anneal-
ing, in contrast, two distinct regions can be observed in the figure.
For power densities up to 3.5W cm−2, there is a linear increase in
intensity as power density increases similar to the unannealed
sample. As the power density is increased above 3.5W cm−2,

however, the intensity exhibits a sublinear relationship indicating
that the blue band emission from the annealed sample is saturating.
An increase in the density of optically active Mg acceptors following
annealing might be expected to increase the saturation intensity of
the blue band. However, since under cw excitation the steady-state
carrier density increases with the recombination lifetime, a signifi-
cant increase in this lifetime could increase the carrier density suffi-
ciently to more than compensate for the increased acceptor density,
resulting in the saturation behavior observed.

To investigate this further, low temperature time-resolved PL
measurements were carried out on the annealed and unannealed
samples, and the resulting decay transients are shown in Fig. 4. The
decays consist of an initial fast component followed by a second
slow component that, as shown in the inset, persists to the sub-
millisecond time scale. Similar decays have been reported previ-
ously for Mg-doped wz-GaN.32–34 It can be seen from Fig. 4 that
the intensity of the blue band decays much more quickly prior to
annealing, dropping to 1/e of the initial intensity in ∼5.2 ns com-
pared to ∼21 ns after annealing. Similar behavior is seen for emis-
sion energies across the blue band as shown in Sec. S3 of the
supplementary material in greater detail. The decays can be
described by a combination of single and stretched exponential (as
shown in Sec. S3 in the supplementary material). The stretched
exponential, describing the long tail of the decay, is governed by
the dispersion factor δ, which describes the level of disorder in the
system.35 The value of δ is in the range 0 < δ < 1, with δ = 1 corre-
sponding to complete order and δ = 0 corresponding to complete
disorder. As shown in S3 in the supplementary material, the value
of δ increases upon annealing, suggesting a decrease in disorder.
The different values of δ between the annealed and unannealed

FIG. 3. Spectrally integrated intensity of the blue band emission as a function
of the cw power density for both annealed and unannealed samples
([Mg] = 1.7 × 1019 cm−3). The data points are fit with a straight line.

FIG. 4. PL decay transients for the annealed and unannealed Mg-doped
zb-GaN samples ([Mg] = 1.7 × 1019 cm−3) taken at a temperature of 10 K and at
a wavelength of 450 nm, corresponding to the peak of the blue band emission
in both samples. The inset shows the decays up to 0.5 ms.
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samples result in the tails of the decays intersecting (at ∼800 ns in
Fig. 4) and the smaller δ value of the unannealed sample leads to
its tail persisting to later times, as shown in the inset of Fig. 4.

The radiative lifetime of the blue band emission will decrease
following annealing since the higher density of active Mg dopants
(i.e., freed from the Mg–H complex) that this produces will
decrease the average separation between the donors and acceptors.
Since annealing produces an increase of the overall PL lifetime,
then this suggests that there is a greater increase in the non-
radiative lifetime associated with the blue band. A reduction in the
non-radiative recombination in Mg implanted wz-GaN samples
has also been reported following annealing based on photothermal
deflection measurements12 and attributed to the reduced density of
VN-VGa complexes after annealing. It should be noted that the
samples investigated in Ref. 12 were annealed at temperatures in
the range 1000–1300 °C for 5 min to recover the damage inflicted
from ion implantation of the Mg.

XRD measurements (see the supplementary material) show
that thermal annealing, under the conditions used in this paper,
had no significant effect on the reciprocal space maps and intensity
profiles along stacking fault streaks. Meaning both the phase purity
and planar structural defects are unaffected by the annealing
process. Thus, the decrease in non-radiative recombination is
unlikely to be caused by planar defects such as stacking faults,
which have been suggested to act as centers of non-radiative recom-
bination in zb-GaN36 and are the dominant defect in zb-GaN epi-
layers.25 However, these XRD profiles do not provide information
on lower dimensional defects such as threading dislocations (1D)
and point defects (0D). Therefore, the dominant non-radiative
recombination mechanisms in Mg-doped zb-GaN are likely associ-
ated with these.

CONCLUSION

In summary, the effect of thermal annealing on the optical
properties of Mg-doped zb-GaN grown on 3C-SiC/Si (001) sub-
strates by MOCVD has been investigated. A blue band was
observed in the spectrum, which is associated with Mg doping. A
significant increase in the intensity of this blue band (by a factor of
5) was observed when thermal annealing of the Mg-doped zb-GaN
epilayers was carried out (at 740 °C in N2 for 20 min), as previously
observed for Mg-doped GaN in the wurtzite phase. Power density
dependent measurements show that a lower saturation power
density is observed for this emission band after annealing, and PL
time decay measurements show that the recombination lifetime is
significantly increased after annealing. It is, thus, concluded that
thermal annealing both increases the density of active Mg dopants,
thereby improving p-type conductivity, and decreases the density
of non-radiative recombination centers in Mg-doped zb-GaN epi-
layers, in agreement with what is observed in Mg-doped wz-GaN.

SUPPLEMENTARY MATERIAL

See the supplementary material for XRD data, peak shifts with
temperature and excitation power that identify spectral features of
the samples, and further analysis of the blue band decay transients.
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