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The work is devoted to the study of p-GaN: Mg epitaxial layers grown by the ammonia MBE technique. We find
that the conductivity of GaN layers doped with Mg does not change with a postgrowth heat treatment. Formation
of MgsNy nanocrystallites on GaN surface during epitaxial growth of the GaN layer with a high magnesium
doping level was detected by the RHEED technique for the first time. It was shown that the MgsNy nano-
crystallites formation competes with the acceptor states formation process. It has been proposed that the growth
temperature can be applied as an additional “tuning” mechanism which affects the Mg incorporation into the

1. Introduction

A p-type gallium nitride (p-GaN) is widely applied as an operating
and contact layer of light-emitting and photodetectors structures based
on Ill-nitrides. Moreover, p-GaN layers are used to create photocathode
with negative electron affinity [1] and normally-off transistors [2].

One of the main difficulties in II-nitride technology is obtaining of
high-quality layers with the p-type conductivity and high concentration
of charge carriers. The problem is caused by the lack of suitable doping
impurities for p-GaN layers that would provide shallow donor levels,
like boron in silicon or beryllium in gallium arsenide. To obtain the p-
type GaN layers the magnesium (Mg) doping is widely used [3]. Sig-
nificant amount of the incorporated Mg atoms remains often electrically
inactive because of hydrogen passivation. Another reason of low hole-
carrier concentration in p-type GaN layers is follow. The temperature
dependence of the hole concentration studied by the Hall effect had
shown that the thermal activation energy of acceptors is in the range of
110-215 meV [4-6]. It means that at room temperature only about 1%
of Mg atoms become ionized.

Many ideas proposed by the Nobel laureates S. Nakamura, I. Akasaki

* Corresponding author.
E-mail address: mal-tv@isp.nsc.ru (T.V. Malin).

https://doi.org/10.1016/j.jcrysgro.2020.125963

and H. Amano that was formed on the basis of development of the
metalorganic chemical vapor deposition (MOCVD) GaN technology are
widely accepted. Investigations performed by these authors devoted to
development of the light-emitting devices on base of IlI-nitrides are very
significant. They showed that the main form of Mg incorporation into
GaN layers is the Mg-H complexes that are electrically inactive. In this
case, to make the Mg electrically active as an acceptor, it is required to
irradiate samples with low-energy electrons or to apply a post-growth
annealing procedure at temperature of about 700 °C [6-10] in a
hydrogen-free environment or in vacuum. An increase of the hole-
concentration during such post-growth treatments occurs due to a Mg-
H complexes destruction and further hydrogen desorption from the
epitaxial layer in the result of diffusion process. Later it was found out
that the annealing is not required to obtain p-type conductivity in the Mg
doped GaN layers (GaN:Mg) grown by both plasma assisted and
ammonia molecular beam epitaxy (MBE) [11-13].

An increment of the hole concentration in the GaN epitaxial layer can
be achieved by increasing of dopant to main components (Ga and N)
fluxes ratio. However, there is a solubility limit of Mg in GaN, which is
10%° em 3. Later it was found, that in parallel to the Mg incorporation
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process into GaN lattice as an acceptor, the Mg atoms can participate in
the formation of another nitride phase, namely MgsNa. As a result some
specific “pyramidal” defects (Mg3N» nanocrystallites) appear in the GaN
matrix [14-18]. A negative impact of nanocrystallites formation on the
properties of p-doped GaN layers was discussed in [19]. Besides, a high
concentration of MgsN» nanocrystallites can cause a polarity inversion
of the GaN epitaxial layer [20,21]. However, an exact form in which the
Mg3Ns phase (pyramidal defects) is appeared in GaN matrix has not yet
been finally established. Literature data indicate that TEM images of
Mg3N2 inclusions can be interpreted by specialists in the field of TEM in
different ways: inversion domain boundaries which consist of MgsNy
building blocks GaN inversion defect (IPD) [17-18,20-21]; hollow de-
fects MgsN» (empty inside) [15,16]; and precipitates or nanocrystallites
[14].

A specific feature was revealed [13,22] during investigation of the p-
GaN:Mg growth by the ammonia MBE, namely the p-GaN:Mg layers
conductivity decreases with growth temperature increasing. Dussaigne
et al. believe that this effect may results from an increase in the hydrogen
concentration in the samples that was grown at a higher temperature.
However, Cristophe et al. had systematically studied the impact of the
annealing on the GaN:Mg epitaxial layers by Hall measurements and
secondary ion mass spectroscopy (SIMS) measurements, and it was
shown that this effect is not connected with presence of hydrogen. Hall
measurements of the temperature dependence of the holes concentra-
tion showed that the samples grown at 840 °C were highly compensated.
Consequently, the authors of this work claim that the compensation
effect can be explained by the presence of a large number of N vacancies.

The present work is devoted to a comprehensive study of GaN:Mg
epitaxial layers grown by ammonia MBE. Formation of MgsNy nano-
crystallites on GaN surface during epitaxial growth of the GaN layer with
a high magnesium doping level was detected by the RHEED technique
for the first time. This study is aimed to identify the main reasons pre-
venting the increase of the hole concentration with increasing of Mg flux
during the p-GaN:Mg growth by the ammonia MBE technique. Besides,
the effect of the growth temperature on the holes concentration in GaN:
Mg layers is not established now, is still should be clarified.

2. Experimental equipment and samples p-GaN:Mg

The studied series consists of nine samples that include the 1000 nm
thick GaN:Mg layer. Samples were grown by ammonia MBE (Riber-32
NH3) on sapphire substrates over a 300 nm thick AIN buffer layer. The
Mg concentration in GaN layer was changed in the range from 8.1 x
10'7 em ™3 to 1.5 x 10%° em ™2 by varying of Mg flux. The nitridation
conditions of sapphire substrates and the AIN buffer layer growth con-
ditions are described in details elsewhere [23]. The GaN layers were
grown at the temperature of 800 °C. The temperature control method is
described in details elsewhere [24]. The ammonia flux supplied to the
growth chamber was set by the mass flow controller at 200 sccm. The
GaN layers were doped by magnesium by using a dual-zone valve solid-
state source. Evolution of the surface of GaN samples doped by Mg was
studied in situ by the reflection high-energy elector diffraction (RHEED)
technique using the kSA 400 system for diffraction patterns (DP) pro-
cessing. The Mg doping level in the samples and the amount of back-
ground impurities such as oxygen (O) and/or carbon (C) were
determined by Secondary Ion Mass Spectrometry (SIMS). The hole
concentration was determined using the Hall effect by the van der Pauw
method. The Ohmic contacts preparation to the Hall bridges was per-
formed by using the Ni/Au layers, which allow to lower the potential
barrier due to formation of binary intermetallic phases Ni-O/Ni-Ga-O
during a burning procedure of the contacts [25]. Edge and screw dis-
locations densities were determined from X-ray diffraction (XRD) data.
Characteristic lines in the Raman spectra (Raman) were used to compare
the amount of incorporated Mg into the GaN layers grown under
different Mg fluxes.

Percentage, corresponding to a valve opening value of the Mg source,
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that controls the magnesium flux, as well as the Mg concentration in the
GaN layers, measured using SIMS, and the hole concentration, calcu-
lated on the basis of Hall measurements, are given in the Table 1.

3. The effect of sample annealing on the GaN:Mg conductivity

To reveal the post-growth heat treatment effect of the samples on the
p-GaN:Mg layers conductivity, prepared by the ammonia MBE, two
samples with hole concentrations of 1.9 x 10! ¢m™ and 6.8 x 107
cm 3 were selected from the grown series. After the Hall bridges for-
mation, the chosen samples were annealed consequently at a tempera-
ture of 750 °C in ultrahigh vacuum at a pressure no more than 5.0 x
1078 Torr for 12 min, 1 h, and 5 h. After each annealing procedure, the
Hall measurements were performed repeatedly. On the both samples no
any post-growth annealing effect on the hole concentration was found,
see Fig. 1. Thus, we can conclude that post-growth heat treatment does
not lead to Mg activation, and, therefore, upon GaN layers doping by Mg
atoms in the case of ammonia MBE technique, the passivation of the Mg
acceptor with hydrogen does not occur.

4. Reflection high energy electron diffraction studies (RHEED)

In situ studies of the GaN epitaxial layer growth process upon Mg
doping were performed by the RHEED technique. Fig. 2 (a) shows
diffraction patterns (DP) of the non-doped and low Mg-doped (Nyg <
7.2 x 10'° em™3) GaN layer surfaces. Such DP with a bright (2 x 2)
reconstruction is typical for GaN layers with metallic polarity [26]. A
specific DP of the GaN surfaces of the Mg doped samples in the range of
Mg atom concentrations from 3.9 x 10'° ecm™3 t0 9.5 x 10'° em 2 is
shown in Fig. 2(b). Although the reconstruction spots weaken as the
incorporated Mg amount in the GaN film increases, see Fig. 2(b), the
presence of the 2 x 2 reconstruction allows us to conclude that the Ga
polarity is maintained when the layers are doped by Mg below the level
of 9.5 x 10%° em 3. Fig. 2(c) corresponds to the specific DP of strongly
Mg doped GaN surfaces. The concentration of incorporated Mg into the
film for these “magnesium-modified” samples is greater than 1.0 x 10%°
cm 3. A DP of the heavily doped GaN:Mg surface has 3D transmission
diffraction indications, which are manifested as point spots demon-
strating developed 3D surface morphology and does not contain
reconstruction spots corresponding to the metallic polarity.

In addition, the appearance of new spots with a periodicity (2.8-2.9
1°\) is visible on the DP, which differs from the lateral lattice parameter of
the GaN crystal (3.19 A), that indicates a new crystalline phase forma-
tion. The new periodicity agrees well with the known periodicity of the

Table 1
The atomic magnesium and hole concentrations in GaN: Mg layers according to
different magnesium fluxes.

Mg flux Nug, p, em 3

(valve), % em 3

15 8.1 x No conductivity
1017

20 1.6 x Low conductivity, Hall electromotive force sign
10'8 corresponds to p-type

23 3.9 x 1.9 x 10"
1019

25 5.5 x 7.8 x 10"
1019

28 7.2 % 6.8 x 10"
1019

30 8.7 x 6.3 x 10"
1019

35 9.5 x 3.1 x 10Y7
1019

50 1.5 x Low conductivity, no Hall electromotive force
1020

75 1.4 x Very low conductivity, no Hall electromotive force
1020
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Fig. 1. Dependence of the annealing time influence of p-GaN: Mg layers on the hole concentration.
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Fig. 2. DP of the GaN epitaxial layer surfaces doped with Mg to different levels, obtained at a temperature of 500 °C in an ammonia flux of 25 sccm.

MgsN; crystal — aMg3N2/(2\/3) = 2.873 A [27], therefore, the newly
formed crystalline phase, similarly to authors [18], we associate with
the formation of MgsNy nanocrystallites in GaN layers. These data
indicate the existence of a competing mechanism for the Mg atoms
incorporation, which can also occur at lower Mg fluxes, however, this
competing mechanism is not detectable usually by the RHEED method
for the last case.

In order to confirm the detection by the RHEED technique the Mg3N,
nanocrystallites formation at high doping level of GaN layers with Mg
atoms, experiments dedicated to the crystalline MgsN, formation on an
350 nm thick AIN buffer layer by the ammonia MBE technique were
carried out. AIN layers were grown on a sapphire substrate. The Mg3sNy
layer was grown at a substrate temperature of 600 °C in the ammonia
flux 55 sccm. The Mg flux was provided by the effusion valve source. The
reflective DP of the initial AIN surface (a) and the transmission DP after
1.5 h of Mg3N, growth are shown on Fig. 3, demonstrating the stripes
from the initial AIN and newly formed crystalline MgsNy phase (b).
Estimation of the newly formed MgsNy crystalline phase lattice
parameter, in terms of the well-known AIN lattice parameter (3.11 10\),
gives a value of 2.86 A, which confirms the conclusion that MgsNy
nanocrystallites are formed on the growing GaN surface in the case of
the heavy Mg-doping.

Our RHEED data, namely the observation of transmission diffraction
spots, indicate that the MgsN; phase most likely consists of nano-
crystallites with a bulk-like lattice, since transmission diffraction is
observed in the case if an electron beam passes through 3D islands. It is
important to emphasize that in our case, if MgsN, were to manifested

exclusively as 2D planar defects (appearing on the inversion domain
boundaries of GaN) [17-18,20-21], then the DP would not allow to
detect 3D transmission diffraction spots. The bases of the inverted pyr-
amids are parallel to the growth plane (0 0 0 1), so they cannot give
transmission diffraction spots on the DP. The faces of the Mg3N2 pyra-
midal inclusions lie on the facets of the IPD and most likely should lead
to the appearance of DP with whiskers, similar to the picture corre-
sponding to crystalline quantum dots [28,29]. Our suggestion about
formation of the MgsN» precipitates is in good agreement with the re-
sults and model presented in [14].

5. Secondary ion mass spectroscopy (SIMS)

Fig. 4 demonstrates the concentration profiles of magnesium, oxy-
gen, and carbon atoms obtained by SIMS in GaN layers prepared using
different opening positions of the valve controlling the Mg flux.

Table 1 shows, that with Mg flux increasing the amount of incor-
porated to GaN magnesium increases, and as a result, the hole concen-
tration firstly increases. However, the hole concentration decreases at
higher fluxes when the threshold value (about 5.5 x 10"° cm_?’) is
reached. This behavior is consistent with onset of the new Mg3N», phase
formation, which was observed by RHEED technique, and indicates that
the MgsN; nanocrystallites formation competes with the incorporation
of magnesium into the gallium sites of the GaN crystal lattice, i.e., with
the acceptor states formation. In addition, SIMS data show an increase in
the background impurities O and C, for the Mg doped GaN layers at
concentrations higher than 1.0 x 10%° em 3. Since the MgsN» crystalline
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Fig. 3. The DPs and the intensity profiles of the spots glow intensity from the clean AIN surfaces (a) and the newly formed Mg3N, crystalline phase on the AIN surface

(b) at a temperature of 600 °C.

phase was detected by RHEED technique only on samples, mentioned
above, and according to [20,21], the MgsNy pyramidal defects can
provoke the polarity inversion in the GaN layers. Taking into account
the statement of authors of the works [30-32], that the layers grown
with nitrogen polarity is characterized by a significantly higher level of
background impurities O and C, one can conclude that when doping
level in GaN layers increases above the threshold value of 1.0 x 10%°
cm™3, the MgsN, nanocrystallites formation initiates the inversion do-
mains formation with nitrogen polarity in the growing GaN layers and,
as a result, the Mg incorporation into the growing layer decreases.

6. Dislocation density

Some selected samples from the grown series were studied by the X-
ray diffraction (XRD) method. The full width at half maximum (FWHM)
of the symmetric diffraction spot (0 0 0 2), which reflects the micro-
misorientation of the (0 0 0 1) planes due to defects, mainly, vertical
screw dislocations (pscrew) Was measured. The FWHM of the skew-
symmetric spot (10-15) (skew-geometry), which is sensitive to dis-
placements, in particular, due to the presence of vertical edge and mixed
type of dislocations (pedge) Was also measured. The dislocation densities
were estimated by using the formula of randomly distributed disloca-
tions [33]. The studies showed a sharp dislocations density increasing of
both edge and screw types, see Fig. 5, at a Mg doping level in GaN layers
above 1.0 x 10% e¢m™3, which can be caused by the pyramidal (non
point-like) defects appearance associated with the MgsN2 nano-
crystallites formation. This behavior is explained by the significant
mismatch of lattice parameters for the MgsN, and the gallium nitride
matrix, which is about 9% [27].

7. Raman spectroscopy
The Raman spectra of grown samples series also confirmed the

nonlinear behavior of the characteristic peaks associated with Mg atoms
incorporation into the films in coarse of sequential increase in the Mg

flux, as shown in Fig. 6. The high-frequency peak at 2230 cm™! is
associated with the Mg-H bond [34]. However, this kind of bonds is not
necessarily associated with the Mg acceptor, but may be presented in
noticeable amounts in the nanocrystallites of MgsNy enriched by
hydrogen. The increase of intensity of this peak for the samples with a
lower doping level is possibly associated with neutral Mg-H complexes.
However, the effect of acceptor passivation by the hydrogen, which
reduces the hole concentration, has not been manifested itself for our
GaN:Mg samples, as it follows from the results of annealing experiments
performed for these layers. The effect of post-growth annealing did not
been also observed for samples grown by ammonia MBE as was pre-
sented by other groups [13,22]. Indeed, the low energy peaks of 260
cm ™! and 655 cm ™! are related to substitutional Mg dopants according
[35], but in addition, these peaks according [36] were also found in
MgsNy material, so increasing of these peaks intensity can be associated
with both the Mg acceptor and partially the formation of nano-
crystallites MgsNo.

A further increase in the Mg flux leads to the intensities decrease of
Mg-related peaks due to a decrease in the number of built-in Mg and a
sharp increase in the number of inversion domains in GaN.

8. Lateral biaxial stresses in GaN:Mg layers.

We used the XRD technique to measure the bending radius R, which
brings information about homogeneous lateral biaxial compressive
stresses 6, (R < 0) or tensile stresses (R > 0). The o, values were
calculated using the Stoney formula [37]; bending of the initial sapphire
substrates was taken into account in calculations. Also the stresses in the
GaN layer plane were determined by Raman technique using the for-
mula 6, = Awo/K, where Aw — is the difference between the measured
frequency of oscillations of E; symmetry phonons (high) and a value of
567.8 cm~! for unstrained GaN [38] and K = —2.7 cm 'GPa~! [38].

Fig. 7 shows the dependences of lateral stresses in GaN: Mg layers as
functions of the Mg flux, that was determined by XRD and Raman
methods. Both techniques demonstrate very similar stress behavior with
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Fig. 4. SIMS profiles of the Mg, C and O atoms concentration in GaN layers
with different doping levels.

increasing of the Mg flux, namely elastic compressive stresses in the
layers increase with increasing of the Mg doping level. According to data
of the both methods, almost complete relaxation of compressive stresses
is observed for the GaN: Mg layer grown at the highest Mg flux used
here. The increasing of the compressive elastic stresses in GaN at high
Mg doping levels was observed in [39,40]. The authors of [40] have
reported that there are two thresholds in the elastic stresses behavior:
the first threshold was observed at Mg concentration of 7 x 10'® em ™3,
where the compressive stresses have changed to tensile stresses, and the
second one takes place at Mg concentration of 2 x 10'° cm 3, where
opposite behavior was detected (namely, tensile stresses have changed
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Fig. 5. Dependence of the edge and screw dislocation densities in the GaN: Mg
epitaxial layer on the percentage of Mg source valve opening.

to compressive stresses). Kirste et al. have associated the tensile stresses
with nitrogen vacancies and the compressive stresses were attributed to
Mg-H complexes or the incorporation of other defects such as inversion
domains or oxygen. According to the authors of work [39], Mg incor-
poration into GaN leads to generation of compressive stresses possibly
by influencing of Mg on crystal nucleation or by Mg interaction with
crystal defects. Since the GaN: Mg layers under the present study were
grown on sapphire substrates, the absence of tensile stresses in the
sample with a low Mg doping level Ny;g = 1.6 x 108 cm™3 can be related
to the compensation of tensile stresses by compressive stresses caused by
the sapphire substrate [41].

Flynn et al. in their work [39] referencing to the results of calcula-
tions performed by the Van de Walle have concluded that the induced
compressive stress is not attributable to the size effect of Mg impurity
atoms. On the other hand, Lange et al. reported, that at Mg concentra-
tions above 3 x 10'® cm™3, a parasitic MgsNy phase appears [19].
Hence, the increase in compressive stresses with increasing of the Mg
doping level in our case most likely can be associated with the formation
of Mg3Ns nanocrystallites. In its turn, the almost complete relaxation of
the stresses for the sample grown at the Mg flux of 75% (see Fig. 7) can
be explained by a sharp increase of the dislocation density in the GaN
layer for this extremely high Mg-doping level (see Fig. 5).

9. Growth temperature effect on the GaN layers doping with
magnesium

To determine the growth temperature effect on Mg incorporation to
the p-GaN:Mg layers, the samples series were grown at both an increased
growth temperature of 850 °C and a reduced growth temperature of
750 °C, using three different Mg fluxes corresponding to opening per-
centages of Mg source valve 15%, 30% and 45%. The conductivity
measurements of the samples grown at different temperatures, but
under the same Mg fluxes, did not show a systematic change in con-
ductivity depending on the temperature change. So, for samples grown
under Mg fluxes corresponding to a 15% valve opening, no changes in
the conductivity of the layers were observed either with decreasing or
increasing temperature. The samples conductivity measurements grown
with Mg fluxes corresponding to a 30% valve opening showed an in-
crease in conductivity with decreasing temperature and a decrease in
conductivity with increasing one (in this case, the hole concentrations in
the GaN layers were changing to 6.7 x 10*” em ™3 and 5.2 x 107 em 3,
respectively). The unusual (observed by RHEED) result was obtained
during the sample growth under the Mg flux corresponding to 45% valve
opening at a growth temperature of 850 °C. In contrast to the sample
grown with the same Mg flux at the temperature of 800 °C, the
diffraction patterns observed after growth are differed radically, see
Fig. 8.

The DP of the sample grown at elevated temperature, Fig. 8(b),
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Fig. 7. Dependences of lateral stresses in GaN: Mg layers as a function of Mg
flux, determined by the XRD and Raman methods.
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Fig. 8. Diffraction patterns of the GaN:Mg surfaces recorded at a temperature
of 500 °C in a 25 sccm ammonia flux. Layers was grown at the temperatures of
800 °C and 850 °C and the Mg flux corresponding to a 45% valve opening.

1070 K

became exactly the same as for the samples grown with Mg flux corre-
sponding to 50% and 75% valve opening. At the same time, the p-GaN:
Mg layer growth at an identical Mg flux, but at the temperature of

Mg fluxes leads to compensation effect and also leads to a decrease in the
fraction of Mg acting as an acceptor due to the formation of MgsNy
nanocrystallites (competing mechanism of Mg consumption). Additional
effect that decrease the conductivity of GaN:Mg layers is connected with
onset of GaN inversion domains (i.e. with N polarity) stimulated by the
MgsN; nanocrystallites formation.

10. Conclusions

The Mg3N» nanocrystallites formation on the surface of heavily Mg
doped GaN layers was detected by the RHEED technique in situ for the
first time. The MgsNy nanocrystallites formed at a high doping level lead
to a decrease of the hole concentration in the epitaxial GaN layers. The
found results can be very useful for the development of MBE growth
technology of Mg doped GaN layers. In the case of low conductivity of
the GaN epitaxial layers there considering that Mg is a “deep” shallow
acceptor, is an intuitive decision to increase the Mg impurity flux to the
growing layer that probably is a wrong decision. Relying on the
diffraction pattern it is possible to identify in situ the MgsN2 nanocrystals
formation. As a result it can be established that the reason for the low
conductivity of the layers is, in contrast to intuitive impression, the
excess Mg flux. The decrease in hole concentration during the Mg3Ns
nanocrystallites formation in GaN:Mg layers is due to the fact that Mg,
which is part of MgsNy nanocrystallites, does not act as an acceptor. In
addition, Mg3sNs nanocrystallites stimulate the N-polar inversion do-
mains formation [20,21], which have n-type conductivity and
compensate holes in the GaN:Mg layers.

It was established that the amount of Mg incorporated into the
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growing GaN film can be affected by the growth temperature variation.
The effect is probably connected with the increasing of Ga vacancies
concentration resulting from increasing of growth temperature.
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