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The redistribution behavior of Mg in a sequentially regrown GaN epilayer on a p-type doped GaN
template was studied. All samples in this study were regrown by metalorganic vapor phase epitaxy
on the sapphire substrates. A high density and a slow tail of Mg concentration were observed in a
nominally undoped layer due to the surface segregation. We found that the insertion of a
low-temperature �LT� AlN interlayer was effective to suppress the Mg redistribution in the GaN
regrown layer. Analyzing the temperature dependence of the surface segregation, the activation
energy of the Mg segregation was estimated to be 0.63 eV in GaN and 2.47 eV in a LT-AlN layer,
respectively. © 2008 American Institute of Physics. �DOI: 10.1063/1.2952051�

I. INTRODUCTION

In recent years, III-nitride semiconductors such as GaN,
AlN, InN, and their ternary compounds have been utilized
for high brightness light-emitting diodes �LEDs� and blue
laser diodes. Due to the lack of suitable substrate material,
most GaN devices are made from the GaN templates grown
on either sapphire or SiC substrate. The insertion of a low-
temperature �LT� AlN or GaN interlayer is very effective to
get high crystal quality.1,2 In addition, Mg is widely used as
a p-type dopant for the optical device applications.3 Korot-
kov et al. investigated a highly codoped p-type GaN with
Mg and O with a low resistivity.4 The doping of Mg gener-
ally exhibits strong surface segregation.5 So far, we have
obtained an unintentionally high Mg doping level in a nomi-
nally undoped top layer. Chang et al. reported that the Mg
concentration is mostly attributed to the memory effect, i.e.,
doping mechanism during the metalorganic vapor phase ep-
itaxy �MOVPE� regrowth due to the residual Mg contamina-
tion in the reactor.6

Similar results were demonstrated by Xing et al.7 They
found three types of Mg concentration in a nominally un-
doped GaN layer. A slow decay tail was shown after the
supply of Mg source was turned off. The decay length was of
the order of 100 nm/decade. When the Mg concentration was
less than 1018 cm−3, the decay rate was reduced as long as
750 nm/decade. However, the Mg concentration was rapidly
increased again to 1020 cm−3 near surface. The decay length
of 750 nm/decade was substantially reduced by the surface
treatment of the Mg doped GaN underlayer or the
cleaning-up of the reactor. In consequence, they concluded
that a high Mg background level was due to the accumula-
tion of Mg on the surface during the regrowth. For this rea-
son, it is very significant to eliminate the Mg rich surface for
the reduction of the Mg redistribution. Nevertheless, this
would give a fatal restriction on the fabrication of the elec-
tronic device applications in which an undoped or a n-type

doped thin layer is deposited on the Mg doped material.8 It is
needed to investigate a suitable method for the reduction of
high Mg concentration in a thin layer.

Incidentally, diffusion/segregation in the MOVPE
growth has been known to be caused by the growth tempera-
ture as high as 1000 °C. On the other hand, the sharp change
of Mg concentration was observed at the interface with a
decay length of 2.5 nm/decade in molecular-beam epitaxial
�MBE� growth at 650 °C.9 From these results, the decrease
of the growth temperature is a key point to suppress
diffusion/segregation. However, we used the high-
temperature �HT� MOVPE growth to obtain high material
quality. As for the diffusion of Mg, this growth method gives
only a fractional effect in the emission efficiency of a
InGaN /GaN LEDs.10 That is, the diffusion length of Mg in
the GaN is believed to be as short as several nanometer order
even in that grown under HT conditions. Consequently, we
have paid attention to how to reduce the surface segregation
or the Mg accumulation effect on the surface during the
growth. As a result, we found the remarkable reduction of
Mg concentration by the insertion of a LT-AlN film as an
interlayer.

II. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

All samples used in this study were regrown on the
�0001� Mg doped GaN templates, which were grown on the
sapphire substrates with a horizontal MOVPE system under
an atmospheric pressure. In case of MOVPE growth, tri-
methylgallium �TMGa�, trimethylaluminium �TMAl�, and
ammonia �NH3� were used as the source gases. Additionally,
biscyclopentadienylmagnesium �Cp2Mg� was used as the
p-type doping and hydrogen �H2� was as the carrier gas. In
order to prepare the Mg doped GaN templates, a 30 nm thick
LT-AlN buffer layer was firstly deposited at 420 °C by sup-
plying TMAl and NH3, after finishing the heat treatment of
the substrate. A 1.6 �m thick Mg doped GaN layer was then
grown at 1130 °C as a template. The growth rate of the GaNa�Electronic mail: k-tomita@mosk.tytlabs.co.jp.
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template was around 0.1 �m /min. The doping concentration
of Mg was 2.0�1019 cm−3, which was determined by sec-
ondary ion mass spectrometry �SIMS�. After the deposition
of the GaN template layer, the source supply of TMGa and
Cp2Mg was turned off, and the substrate temperature was
cooled down to 420 °C. A LT-AlN interlayer was deposited
by supplying TMAl, and the substrate temperature was then
raised to 800–1130 °C to grow a 0.4 �m thick nominally
undoped GaN top layer by supplying TMGa. In order to
clarify the effect of the LT-AlN interlayer, we prepared sev-
eral samples with different interlayer thicknesses of
0–70 nm. The depth profiles of Mg, Al, and Ga were esti-
mated by SIMS measurements using O2

+ ion source at 2 keV.
The Mg concentration was obtained by the relative sensitiv-
ity factors derived from the comparison of GaN standard
sample with known doses of Mg implants.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Effect of the LT-AlN interlayer

Figure 1 shows typical Mg concentration profiles in the
samples. In order to understand the role of the LT-AlN inter-
layer, the Mg profiles of the sample grown on the Mg doped
GaN template with a LT-AlN interlayer were compared with
those of the samples without a LT-AlN interlayer and with a
HT-AlN interlayer. All samples showed a high density of Mg
in a nominally undoped regrown layer, and the Mg concen-
tration was decreased to the growth direction. The decay
length �1/slope� at the regrowth interface or that of the slow
tail was L2=90–110 nm/decade. The slow tail was followed
by a monotonous decay �backgroundlike� with a decay
length of L3=650 nm/decade. The concentration was in-
creased again to 1020 cm−3 at the top surface, which was
higher than the doping level of 2�1019 cm−3 in the GaN
template layer.

These obtained results are similar to those reported by
Xing et al.7 In case of the sample with a LT-AlN interlayer
�thickness 10 nm�, however, the Mg concentration showed a
clear peak at the regrowth interface with a rapid decrease. It
was then followed by a slow tail �decay length

L2=90 nm/decade� toward the top surface. Since the peak
position nearly coincided with that of the Al concentration,
this accumulation was attributed to the presence of the LT-
AlN layer. The decay length of the rapid decrease just after
the peak was L1=25 nm/decade that was longer than the Al
concentration profile of which decay length was at
4.3 nm/decade �not shown in the figure�. This suggests that
we have already a kind of redistribution of Mg in the LT-AlN
interlayer or near the GaN/LT-AlN interface.

Meanwhile, we confirmed no accumulation of Mg at the
regrowth interface in the sample without a LT-AlN interlayer.
This result was consistent even in the sample with a LT-GaN
interlayer, which was deposited at the same growth sequence
of the LT-AlN interlayer. Xing et al.7 reported that the inser-
tion of a 100 nm thick LT-GaN layer was effective to reduce
the decay length L2 from 100 to 50 nm/decade. However, we
did not observe any difference by inserting the LT-GaN in-
terlayer because the thickness of the LT-GaN layer was too
thin �10 nm�. In contrast, the insertion of the LT-AlN layer
showed a remarkable effect. The Mg was obviously concen-
trated in the interlayer, and the concentration in the top layer
was reduced to more than a factor.

For the comparison, we tested a HT-AlN interlayer
grown at 1130 °C without a cooldown process. The layer
thickness was 10 nm. The peak of the Mg concentration in
the AlN layer was exhibited in Fig. 1. However, the peak was
not so clear as compared to the case of a LT-AlN deposition.
This suggests that the LT-AlN interlayer is essential in col-
lecting the Mg accumulated on the surface of the Mg doped
GaN template layer.

The slope of a slow tail �L2�90 nm/decade� in the
sample with a LT-AlN layer was changed by the presence of
the LT-AlN layer as shown in Fig. 1. The decay lengths L2 of
the sample without a LT-AlN interlayer and that with a HT-
AlN interlayer were 110 nm/decade. These results were not
so significant change as compared to those reported by Xing
et al.7 However, some kinds of residual strain might influ-
ence the surface segregation of Mg, which will be a subject
of future work.

B. Effect of the LT-AlN thickness

In order to understand the effect of the LT-AlN layer, we
tested several samples with different LT-AlN layer thick-
nesses D from 0 to 70 nm. Figure 2 shows the depth profiles
of the samples. The regrown layer thickness was fixed at
400 nm. The peak concentration was increased, and the con-
centration of the slow tail was decreased with increasing the
LT-AlN thickness in Fig. 2. The decay lengths L1 of the rapid
decay just after the peak were around 25 nm/decade, and
thus we could not find any notable differences.

We found that the maximum concentrations were ob-
tained in the LT-AlN layers for all samples. The peak con-
centration was linearly increased as a function of the LT-AlN
thickness. However, the maximum value could not be deter-
mined to an exact concentration in the AlN layers as thin as
a few tens of nanometers due to the poor resolution in the
SIMS measurements �the slope of the Al concentration was
4.3 nm/decade�. In case of the samples with D=30–70 nm,

FIG. 1. �Color online� Typical Mg concentration profiles in samples grown
on Mg doped GaN templates, with a 10 nm LT-AlN interlayer and a 10 nm
HT-AlN interlayer and without an interlayer. The LT-AlN and HT-AlN in-
terlayers were grown at 420 and 1130 °C, respectively.
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however, the peak position was clearly shifted to the tem-
plate side. This explains that the Mg species were accumu-
lated in the LT-AlN layer. As a result, the slow tail was
substantially reduced by inserting a thick LT-AlN layer.

Figure 3 shows the Mg concentration N2 of the slow tail
as a function of the LT-AlN thickness. It was determined at
the crossover between the rapid decay L1 and the slow tail
L2, as shown in Fig. 1. The concentration N2 was exponen-
tially decreased with increasing the layer thickness in Fig. 3.
Since the value was largely related to the concentration at the
regrown GaN/LT-AlN interface, the slope might be repre-
sented as the decay of the Mg concentration “in the LT-AlN
layer,” which was estimated to be 33.6 nm/decade. The value
was almost a third of that found in GaN.

In order to characterize the decay properties in the LT-
AlN layer, similar experiments were carried out with differ-
ent temperatures. The top undoped layer was grown at
1050 °C on the LT-AlN layer at 420 °C. These results were
shown in Fig. 3. The Mg concentration in the slow tail was
clearly reduced in the LT growth, and the slope as a function
of the LT-AlN thickness was slightly changed. In this par-
ticular case, the decay length in the LT-AlN layer was re-
duced to 27.4 nm/decade. Since the deposition temperature
of the LT-AlN layer was the same, the reduction of the decay
length was influenced by the growth process of the top layer.
The slopes L1 in the rapid decay just after the peak is sensi-

tive to the regrowth temperature, which will be discussed in
the next section. If the diffusion of Mg in the GaN can be
negligible, this results from the reformation of microcrystal-
line in the LT-AlN layer. Therefore, we speculated that the
accumulation of Mg on the surface in the Mg doped GaN
could be caused by the presence of a LT-AlN layer.

The decay length L2 of the slow tail was rather insensi-
tive to the LT-AlN thickness, as shown in Fig. 2. It was
110 nm/decade obtained from the samples with D=0–5 nm,
while it was 92 nm/decade estimated from those with D
=10–30 nm. The slight difference might be attributed to the
residual strain induced by the insertion of the LT-AlN layer.
Further studies are now in progress to include the results of
the samples grown on the GaN substrates. Details will be
described elsewhere.

C. Effect of the growth temperature

As already shown in the previous section, the decay
length L2 in the slow tail region was insensitive to the LT-
AlN layer thickness. This implies that redistribution behavior
in the slow tail region should be controlled by diffusion/
segregation during the growth. Since the decay behavior in
this region is well expressed by a single exponential func-
tion, the model of the surface segregation is more suitable.
Moreover, an additional supply of Mg species from the re-
growth interface would be ruled out. We investigated the
effects of the reactor cleaning on the Mg concentration, as
presented by Xing et al.7 After heat treatment of the reactor
in H2 ambient, we found a notable change neither in the slow
tail nor in the maximum value of the LT-AlN region. How-
ever, the background such as L3 component was substantially
reduced, and the concentration at the topmost surface was
decreased to 1019 cm−3. This explains that the slow tail L2 is
determined by the segregation during the growth, while the
background component L3 is attributed to the memory effect
in the reactor. The residual Mg species on the wall of the
reactor should be eliminated as a function of time after Mg
source gas is turned off. The decay length of 650 nm/decade
in this region represented the decay rate of the memory ef-
fect. This component was lower in the samples with the
thicker LT-AlN layers, as shown in Fig. 2. The growth rate of
the LT-AlN layer was 15 nm /min. Distinct time is needed for
the growth and additional process time to vary the substrate
temperature. Therefore, the appreciable reduction of the
memory effect would take place during the growth process
of the LT-AlN layer in good agreement with the observa-
tions.

Based on these results, we observed the segregation of
Mg during the growth by varying the growth temperature of
the GaN top layer. Figure 4 shows the depth profiles as a
function of the growth temperature. The thickness of the LT-
AlN interlayer was fixed with D=10 nm. The concentration
in the regrown layer and the decay length in this region were
remarkably reduced with decreasing the temperature.

As mentioned in the previous section, the decay length
L1 for the rapid decay was also short by the reduction of the
temperature. It was as short as 6.0 nm/decade at 800 °C,
which was nearly equal to the slope of the Al concentration.

FIG. 2. �Color online� Mg concentration profiles in samples with different
LT-AlN layer thicknesses. The thickness of the top GaN layer was fixed at
400 nm and the growth temperature was 1130 °C.

FIG. 3. �Color online� Mg concentration of the slow tail component for
samples grown at 1130 and 1050 °C as a function of the LT-AlN thickness.
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This suggests that we have no clear redistribution in the LT-
AlN layer at 800 °C. This is in good agreement with the
results of the sample by the MBE method.9

The concentration N2 at the regrowth interface and the
decay length L2 in the slow tail region were of most interest
in the present study. Figures 5 and 6 show, respectively, the
concentration and the decay length as a function of the
growth temperature. The slope of the exponential depen-
dence represents a kind of activation energy for the phenom-
ena. The former gives a value �E�N2�=2.47 eV, while the
latter gives a value �E�L2�=0.63 eV. The large value for the
N2 indicates the strong accumulation effect in the LT-AlN
layer at low temperature. However, since the growth tem-
perature of the LT-AlN layer is the same for all samples
under study, it does not have an impact on the enhanced
accumulation in the LT-AlN layer. The reformation of micro-
crystalline in the LT-AlN layer during the growth might sig-
nificantly influence that. Consequently, the LT-AlN layer
should be independent of the regrowth temperature. As dis-
cussed above, an additional supply of Mg source into the
slow tail region was ruled out, and the reformation of the
AlN layer to determine the interface concentration N2 would
be established during the temperature rise before the re-
growth. Hence, both the accumulation effect and the refor-
mation of the LT-AlN layer would cause the reduction of the
Mg concentration in the slow tail region.

On the other hand, the activation energy �E�L2�
=0.63 eV deduced from the slope in the slow tail should
represent the physical process in the GaN layer. Sun et al.
reported the energetics of the Mg atoms on a clean GaN
surface.11 They showed that the adsorption energy for a Mg
adatom on a �0001� GaN surface was typically 1.83 eV. Ac-
cording to their results, the adsorption energy could be varied
with the coverage as well as the surface configuration; that
is, the adsorption energy was reduced by increasing the Mg
coverage. We do not know the Mg coverage in our samples
at the moment; however, we obtained high Mg density more
than 1019 cm−3 at the topmost surface, as shown in Fig. 1.
The value of 0.63 eV might indicate the adsorption energy of
Mg on the �0001� GaN surface. If this is the case, the redis-
tribution of Mg in the present sample can be determined by
the surface diffusion/segregation during the growth.

IV. CONCLUSION

We have investigated the redistribution behavior of Mg
in the GaN layer during the MOVPE regrowth. We observed
the behavior on a nominally undoped layer grown on the Mg
doped GaN template layer. It was found that the insertion of
the LT-AlN interlayer between the regrown layer and the
p-type GaN template was effective to reduce the Mg segre-
gation from the p-type doped GaN layer. The decay length of
the Mg concentration was of the order of 100 nm/decade,
which was much shorter by decreasing the growth tempera-
ture.
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