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The effect of Cp2Mg/Ga ratio on the properties of p-GaN was explored by
scanning Hall probe, photoluminescence (PL), and atomic force microscopy
measurement. It was found that p-GaN has an optimal doping concentration
under 2% Cp2Mg/Ga ratio, and higher or lower doping concentration is not
beneficial to the conductivity. Hole concentration under the optimum condi-
tion is 4.2 9 1017 cm�3 at room temperature. If the Cp2Mg/Ga ratio exceeds
the optimum value of 2%, surface morphology and electrical conduction
properties become poor, and blue emission at 440 nm, considered deep donor-
to-acceptor pair transitions in the PL spectra, are dominant. The decrease in
electrical properties indicates the existence of compensating donors because
the hole concentration decreases at such high Cp2Mg/Ga ratio. The obtained
results indicate that Mg is not incorporated in the exact acceptor site under a
heavy doping condition, but acts as a deep donor, instead.
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INTRODUCTION

Mg-doped GaN post-annealing was the solution to
realize low resistance p-type GaN material, and Shuji
Nakamura was awarded a Nobel prize in physics in
2014 for the great discovery. p-GaN will supply holes
to the active region and recombine with electrons to
emit visible blue or green light. The hole concentration
and conductivity in p-GaN is important to obtain a
high efficiency light-emitting diode (LED) device.
Thus, further investing the growth parameter on the
properties of p-GaN is important for us to realize high
conductivity p-GaN. However, p-GaN is difficult to
obtain high conductivity owing to high Mg activation
energy, reportedly in the range of 120–250 meV,1–4

the compensation of deep donors, and the limited
solubility of Mg in GaN.5–7 Especially, the

compensation phenomenon is very important to deter-
mine the conductivity inp-GaN. The origin and nature
of compensating donors are still controversial, and
several donor candidates and mechanisms are consid-
ered in the literature.8–10 Little is known about the Mg
doping state at p-GaN and its effects on the optical
properties of GaN. The effects of Cp2Mg/Ga ratio or
doping concentration on the p-GaN grown by metal-
organic chemical vapor deposition (MOCVD) have
been investigated in the literature.11–14 However,very
few reports have focused on the relationship of its
electrical properties with optical properties and sur-
face morphology. It is, therefore, necessary to inves-
tigate further the effects of Cp2Mg/Ga ratio on the
properties of p-GaN and the relationship between
electrical and optical properties.

In this paper, p-GaN samples were grown under
different Cp2Mg/Ga ratios in gas phase. The elec-
trical properties such as carrier concentration,
mobility, and resistivity were measured with Hall(Received October 12, 2015; accepted March 1, 2016;
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test. The surface morphology was tested with
atomic force microscopy (AFM). The optical proper-
ties were analyzed by measuring photolumines-
cence (PL) spectroscopy.

EXPERIMENTAL

The p-GaN films were grown on sapphire using a
3 9 2¢¢ wafer MOCVD (Aixtron TS300) system,
with trimethylgallium (TMGa), ammonia (NH3),
and magnesocene (Cp2Mg) as the metal–organic
precursors for Ga, N, and Mg, respectively. A series
of 0.5-lm-thick Mg-doped GaN films with different
Cp2Mg/Ga ratios of 1%, 2%, 3%, 4%, and 5% in gas
phase were grown on 2-lm-thick undoped GaN with
a donor background concentration of 4 9 1016 cm�3.
The growth temperature and pressure of the p-GaN
films were 960�C and 150 mbar, respectively. The
TMGa flow rate was fixed with 21.3 lmol/min and
the Cp2Mg flow rate varied at 0.21 lmol/min,
0.42 lmol/min, 0.63 lmol/min, 0.84 lmol/min, and
1.05 lmol/min, corresponding to Cp2Mg/Ga ratio of
1%, 2%, 3%, 4%, and 5%, respectively. Afterwards,
annealing was carried out in a nitrogen environ-
ment at a temperature of 750�C for 15 min to
depassivate the Mg-H complexes in the p-GaN thin
films.

The electrical and optical properties were mea-
sured using Hall (HMS-300) and PL (RMS2000)
instruments. The electrical properties were charac-
terized at room temperature by the van der Pauw
Hall measurement method using an In electrode for
ohmic contacts. The optical properties were mea-
sured by PL using a 266 nm wavelength of a pulsed
Nd-YAG laser with an excitation density of 17 W/
cm2 as the excitation source. The surface morphol-
ogy was studied by AFM (SPA-300HV) in tapping
mode, and the tip radius curvature was 10 nm. For
each wafer, four samples are cut off with 1 9 1 cm2

chosen from the center part on the 2-inch wafer to
avoid a possible error from the nonuniform growth
environment across the entire wafer. At each
Cp2Mg/Ga ratio, two runs with the same Cp2Mg/
Ga ratio were adopted to avoid the run to run
variation. The run-to-run variation such as thick-
ness, doping concentration, composition, and
growth rate is less than 5%, which ensures the
results are exact.

RESULTS AND DISCUSSION

The electrical properties of the samples were
characterized at room temperature by Hall mea-
surement. At each Cp2Mg/Ga ratio, two runs with
the same Cp2Mg/Ga ratio were adopted to avoid
run-to-run variation. For test results from different
runs, there are no obvious variation, which indi-
cates that the runs were uniform. For each Cp2Mg/
Ga ratio, eight points were tested to calculate
carrier concentration and mobility. Figure 2 shows
the average carrier concentration and mobility from

eight test points of p-GaN as a function of Cp2Mg/Ga
ratio with error bars. It is observed that the hole
concentration initially increases with increasing
Cp2Mg/Ga ratio from 1% to 2% in gas phase. When
the Cp2Mg/Ga ratio is larger than 2%, the hole
concentration gradually decreases. The doping con-
centration increases with the increase of Cp2Mg/Ga
ratio in gas phase. This indicates that excess Mg
doping is not beneficial to obtain high hole concen-
tration and decreases the hole concentration
instead. The reason for the hole concentration
decrease at higher Cp2Mg/Ga ratio will be discussed
later. The mobility tends to decrease with Cp2Mg/
Ga ratio. The decrease in mobility at higher doping
concentration may originate for two reasons:
increased impurity scattering produced by Mg dop-
ing and effect of defects induced by Mg doping. The
I–V curves of the samples are shown in Fig. 2. The
p-GaN sample with 2% Cp2Mg/Ga ratio has the
smallest slope, which indicates the best conductiv-
ity. Its resistivity is 1.14 X cm, which is the small-
est. The conductivity becomes worse as the Cp2Mg/
Ga ratio increases from 2% to 5% (Fig. 1).

The AFM images in Fig. 3 show the surface
morphology of p-GaN with different Cp2Mg/Ga
ratio. Striking morphological differences are notice-
able. The p-GaN with 2% Cp2Mg/Ga ratio shows
rough surface morphology, as delineated by steps.
Hillocks can been observed on the surface. The
rough surface means that the epilayer is grown
three dimensionally in addition to two-dimensional
lateral growth. The surface of p-GaN with 3%
Cp2Mg/Ga ratio is covered with very small grains
along with steps. For 5% p-GaN, the grain size
further increases, and there is no stepped morphol-
ogy at the surface. It is known that in situ analysis
provides reflectivity information such as growth
rate during the growth. There are almost no
changes in growth rate because there are no obvious
variations in the in situ curve recorded during
different Cp2Mg/Ga ratio growth. The obvious
changes of surface morphology indicate that there
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Fig. 1. Average carrier concentration and mobility from eight test
points of p-GaN as a function of Cp2Mg/Ga ratio with error bars.
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is a change in growth mode, which originates from
high Mg doping concentration. Combined with the
Hall test results, it can be concluded that for an
excess Cp2Mg/Ga ratio, the surface exhibits grains
for which the size increases with an increase of
Cp2Mg/Ga ratio. Thus, through AFM observation,
whether the Cp2Mg/Ga ratio is excess can be judged
by the grain size.

PL study on semiconductors can give us infor-
mation on the energy level of dopants from the PL
spectra and the recombination progress via these
energy levels. Thus, in order to study the energy
state of Mg dopants at different Cp2Mg/Ga ratio,
PL measurement was carried out to study the
optical properties of the series of Mg doped sam-
ples. Figure 4 shows the room-temperature PL
spectra of the p-GaN with different Cp2Mg/Ga
ratio. The photo-excitation source is a pulsed Nd-
YAG laser operating at 266 nm with power density

of 17 W cm�2. Three dominant emission peaks at
360 nm, 385 nm, and 440 nm are observed in these
samples, which can be resolved by Gaussian fitting.
However, the emission bands of these three peaks
are quite different. The 1% and 2% Cp2Mg/Ga ratio
samples show only 360 nm and 385 nm bands, and
the 2% sample has higher intensity at 385 nm, but
lower at 360 nm compared with the 1% sample.
The other three samples exhibit nearly quenched
360 nm emission and gradually weakened 385 nm
emission at higher Cp2Mg/Ga ratio. The peak at
360 nm is the near-band-edge emission in GaN and
the intensity of this peak weakens gradually with
an increase of Cp2Mg/Ga ratio. The emission band
peak at around 385 nm can be observed at lower
doping level. The origin of this emission band has
been extensively investigated in the literature.15,16

It is ascribed to the shallow donor–acceptor (D–A)
recombination involving isolated Mg substituting
the Ga site (MgGa) acting as acceptor. The isolated
Mg acceptor is in a shallow acceptor state with an
activation energy around 200 meV, around 1% of
which can be activated after post-annealing. The
increase in PL intensity at the 385 nm peak
through the increase of Cp2Mg/Ga ratio from 1%
to 2% indicates that the incorporated Mg is in a
shallow acceptor state. More Mg in the shallow
acceptor state with an increase of Cp2Mg/Ga ratio
will supply more holes in p-GaN. When the Cp2Mg/
Ga ratio is 3%, 440 nm emission corresponding to
2.8 eV appears. From Fig. 4, it is apparent that the
440 nm emission peak becomes gradually domi-
nant, and the 385 nm emission peak is gradually
quenched as Cp2Mg/Ga ratio increases from 3% to
5%. This emission peak was previously reported for
highly Mg-doped GaN and attributed to a nearest-
neighbor association of a MgGa acceptor with
nitrogen vacancy (MgGa-VN) complexes showing
deep donor–acceptor pair characteristics.17–19Fig. 2. I–V curves of p-GaN as a function of Cp2Mg/Ga ratio.

Fig. 3. 5 9 5 lm2 AFM images of p-GaN with 2%, 3%, and 5% Cp2Mg/Ga ratio.
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The MgGa-VN complexes are in deep donor state
and will lead to compensation effects. The energy
state model of Mg dopants can been seen in Fig. 5,
which exhibits different recombination processes.
As shown in Fig. 5, the 385 nm emission corre-
sponding to 3.2 eV originates from a shallow donor
to the MgGa acceptor recombination and the
440 nm emission corresponding to 2.8 eV origi-
nates from deep donor MgGa-VN complexes to MgGa

acceptor recombination. The amount of deep
donors increases as Mg incorporation increases,
which indicates that the excess Mg at higher
doping level is in the deep donor state. Mg doping
at higher concentration is not beneficial to obtain
high hole concentration. Through the increase of
Mg concentration, the isolated MgGa state tends to
saturation and MgGa-VN complexes appear and
form self-compensation with shallow acceptors.
Thus, at higher Mg doping concentration, the hole
concentration decreases instead. This result shows
good agreement with the electrical characteristics
shown in Fig. 1. When 440 nm emission appears,
the hole concentration begins to decrease. Com-
bined with the AFM results, the grains at the
surface of p-GaN may be related to the MgGa-VN

complexes and the grain size is determined by the
amount of MgGa-VN complexes.

Based on these analyses, the results of Hall
measurements shown in Fig. 1 can be explained as
follows. With the increase of Cp2Mg/Ga ratio, the
hole concentration first increases and then
decreases, and reaches its maximum at 2% Cp2Mg/
Ga ratio. p-GaN with 2% Cp2Mg/Ga ratio has the
highest hole concentration, 4.2 9 1017 cm�3. At
lower Cp2Mg/Ga ratio, the increase in hole concen-
tration is attributed to the increase of shallow
donors. And at higher Cp2Mg/Ga ratio, the decrease
in hole concentration is due to the self-compensation
effect of deep donor state caused by the MgGa-VN

complexes formed in p-GaN at high Mg doping
levels. This would suggest the difficulty in achieving
high hole concentration through high Mg doping.
AFM and PL measurements are useful tools to
analyze whether Mg doping is excess. If grains
appear on the surface of p-GaN, Mg doping is
excess. Larger grain size means a larger degree of
excess Mg doping. The appearance of 440 nm emis-
sion indicates the formation of MgGa-VN complexes
at deep donor state and compensation of shallow
acceptor, indicating that the Mg doping is excess.

CONCLUSION

In summary, the influence of Cp2Mg/Ga ratio in
gas phase on the properties of p-GaN layers grown
by MOCVD has been investigated. p-GaN has an
optimal doping concentration to obtain high hole
concentration when Cp2Mg/Ga ratio is 2%. Lower
Cp2Mg/Ga ratio leads to less shallow acceptors in p-
GaN. And at higher Cp2Mg/Ga ratio, MgGa-VN

complexes at deep donor state form and compensate
shallow acceptors. Thus, Mg doping has an optimal
doping concentration. AFM and PL tests can deter-
mine whether the Mg doping is excess. Grains
appear on the surface of p-GaN in the AFM test, and
a 440 nm emission peak appears in the PL test
when Mg doping is excess.
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