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Magnesium incorporation in GaN grown by molecular-beam epitaxy
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A pronounced dependence of Mg incorporation on surface polarity was observed in a series of Mg
step-doped epitaxial GaN layers grown by rf-plasma-assisted molecular-beam epitaxy.
Incorporation was studied for both~0001!, or Ga-polarity and(0001̄) or N-polarity orientations. Up
to a factor of 30 times more Mg was incorporated in Ga-polarity layers under certain conditions, as
determined by secondary ion mass spectrometry. Measurements indicate surface accumulation of
Mg occurs during growth, with stable accumulations of close to a monolayer of Mg on the
Ga-polarity surface. The presence of atomic hydrogen during growth significantly increased
incorporation of Mg without also incorporating potentially compensating hydrogen. ©2001
American Institute of Physics.@DOI: 10.1063/1.1339255#
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At present, the only technologically feasiblep-type dop-
ant for GaN is Mg, which exhibits a large thermal activati
energy of;200 meV.1 This results in the ionization of only
a few percent of the acceptor atoms at room temperat
Thus, large concentrations of Mg are required to achieve
p-type conductivity necessary for many device applicatio
Further complications occur when Mg is used as thep-type
dopant for metalorganic chemical vapor depositi
~MOCVD! growth of GaN since the Mg must be activate
by either electron irradiation2 or thermal annealing,3 which
dissociates Mg–H complexes to electrically activate the M
In addition, the high growth temperatures~.1000 °C! and
severe ‘‘Mg memory’’ effect in MOCVD growth lead to
broad doping profiles, making careful junction placeme
difficult.4

Molecular beam epitaxy~MBE! is an alternate growth
technique that may ameliorate these problems. For exam
high p-type activation in as-grown MBE GaN layers has r
cently been reported for conditions that also give sh
interfaces.4 While there have been several studies of M
doping during MBE growth of GaN,5–7 many effects remain
poorly understood. In addition, both~0001!, or Ga polar, and
(0001̄), or N polar, GaN can be grown by MBE dependin
upon the nucleation conditions. The different surface pol
ties can yield vastly different results, with some research
obtainingp-type conduction with Mg only for Ga polarity.6

Our study of Mg incorporation indicates there is a s
nificant difference in Mg incorporation between Ga-a
N-polar surfaces. This difference can explain many of
puzzling results obtained for Mg doping by MBE, partic
larly when combined with Mg-induced surface polarity i
version. Our results also provide strong evidence that sur
segregation of Mg occurs during growth. In addition, w
report results supporting theoretical predictions8 that hydro-
gen enhances Mg incorporation in GaN.

Mg-doped GaN layers were grown by rf plasma-assis
MBE using an EPI Unibulb nitrogen plasma source. Conv
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tional effusion cells were used for Ga and Mg. N-polar
GaN was obtained by nucleating GaN buffer layers direc
onto sapphire.9 Incorporation in Ga-polarity GaN was stud
ied by growth on MOCVD GaN templates on~0001! sap-
phire substrates. The doped layers were grown at a rat
0.25mm/h, which corresponds to a nitrogen flow rate of 0.
sccm and rf power of 200 W. The samples were grown un
Ga-stable conditions that result in high quality Ga
growth.9–11 Mg step-doped structures were produced by
quentially opening and closing a Mg shutter. Importantly, t
in situ growth rate was monitored using laser interferomet
allowing a precise correlation between source shuttering
Mg incorporation profiles. All changes in oven and substr
temperatures occurred with the Mg shutter closed. Atom
hydrogen was produced using a thermal cracker~EPI-AHS,
EPI Vacuum Products, Inc.!. Secondary ion mass spectrom
etry ~SIMS! determination of Mg and H concentrations w
performed at Charles Evans and Associates~Sunnyvale,
CA!.

Figure 1 contains the SIMS measurement of the Mg c
centration profile for a Ga-polarity Mg step-doped structu
The general features observed in this profile are represe

FIG. 1. Mg concentration in a Ga-polarity step-doped GaN layer. The
shutter opening and closing are shown schematically.
© 2001 American Institute of Physics
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TABLE I. Mg concentrations@Mg# for various growth and doping conditions. The@Mg# dependence on polarity~the last two columns! is compared for similar
growth conditions from layers grown in similar time periods. Comparison of Mg incorporation for growth with and without atomic H is also given~ND: Not
detected.!

Film Tsub TMg

Surface
polarity @Mg# @Mg#:H

@Mg# ratio
with/

without H

@Mg# Ratio between
Ga/N polarity

Without H With H

9942 705 250 N ND ND
705 300 N 1.031018 2.031018 2.0
705 350 N 4.531018 6.031018 1.3
705 400 N 8.031018 1.031019 1.3

9950 700 350 Ga 7.031019 2.031020 2.9 16a 33a

725 350 Ga 9.031018 2.331019 2.6

9973 650 250 N ND 8.131016 .200
675 250 N ND 1.031017 .250
650 300 N 3.331017 2.131017 0.6
675 300 N 2.331017 5.431017 2.3
700 300 N 6.531016 5.931017 9.1

9974 650 250 Ga ND 3.331017 .165 4.1b

675 250 Ga ND 2.831017 .140 2.8b

650 300 Ga 5.831018 5.331018 0.9 18b 25b

675 300 Ga 1.131018 1.531018 1.4 4.8b 2.8b

700 300 Ga 1.931017 2.731018 14 2.9b 4.6b

aComparison between films 9950 and 9942.
bComparison between films 9974 and 9973.
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trate
tive of all the structures investigated. The opening and c
ing of the Mg shutter are indicated schematically along
bottom of Fig. 1, with the associated Mg oven temperat
listed. By monitoring the growth rate throughout lay
growth and by combining with other chemical markers m
sured in SIMS, the correlation with the shutter is accur
within an uncertainty of 100 nm. The various substrate te
peratures investigated are also listed in the appropriate
gions. A summary of the results measured for all the M
step-doped structures is given in Table I.

Several features are immediately obvious. First, at
lower Mg oven temperatures and higher substrate temp
tures there is no evidence of Mg incorporation. It does
pear that Mg may start to incorporate for a Mg oven te
perature of 250 °C and a substrate temperature of 650 °C
at a gradually increasing rate rather than an abrupt onset
is seen to incorporate at larger Mg flux, with strong substr
temperature dependence as reported previously.7 A key fea-
ture is that incorporation is out of phase with the opening a
closing of the shutter, with the peak in incorporation occ
ring either when or after the Mg shutter was closed. This
shown for the most significant cases in Fig. 2 for nitroge
polarity and gallium-polarity growth. Note that significa
amounts of Mg are incorporatedafter the Mg shutter was
closed, strongly indicative of surface segregation and ac
mulation of Mg. Indeed, for the Ga-polar growth shown
Fig. 2~b! the SIMS result indicates that approximately 3
31014 Mg atoms/cm2 were incorporated after the shutter w
closed, corresponding to between 1/4 and 1/2 monolaye
Mg on the surface of the growing layer. This is consiste
with calculations12,13 which predict stable surface configur
tions involving either 1/4 or 3/4 monolayers of Mg in su
stitutional sites on the GaN surface. By assuming abou
monolayer of Mg on the surface, the measured concentra
would indicate approximately 331024 of the Mg incorpo-
Downloaded 24 Jul 2001 to 13.1.101.37. Redistribution subject to AIP
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rates into each monolayer of growth while the remaind
segregates to the new surface. This fraction is quite clos
the number of surface sites available for capturing Mg ato
estimated previously through indirect means to be;5
31024 using a surface segregation model for similar grow
conditions.14 Other reported evidence for surface accumu
tion of Mg for Mg-doped GaN has been based on Aug
spectroscopy of layers after growth15 and on the observation
that Mg acts as a persistent surfactant for the growth
GaN.16 In the latter case, the surfactant effect of Mg rema
for a significant period of time after closing the Mg shutte
indicating that Mg remains on the surface in the absence
Mg flux.

Of particular interest are the results summarized in Ta
I that also indicate a strong dependence of Mg incorpora
on surface polarity for identical growth conditions. In pa

FIG. 2. Mg concentration profiles for~a! N polarity and~b! Ga polarity
exhibiting evidence of surface accumulation layers. The Mg shutter ope
and closing are shown schematically. Both layers were grown at a subs
temperature of 650 °C and a Mg source temperature of 300 °C.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ticular, at higher Mg flux and growth temperatures, Mg
corporation is found to be approximately 15–20 times l
for N-polar GaN. A significant difference was observed f
each set of comparable conditions examined, with larger
corporation always occurring for the Ga polarity.

Lower Mg-incorporation rates for N-polar material e
plains one of the puzzling results obtained for large Mg fl
conditions associated with Ga-polarity growth. The prese
of greater than a monolayer of Mg on the Ga-polarity G
surface during growth results in the surface inverting to
polarity.13 SIMS measurement of a Ga-polarity step-dop
sample indicated a dramaticdecreasein Mg incorporation,
from ;1020 to ;1018cm23, upon increasing the Mg ove
temperature from 350 to 400 °C. The latter oven tempera
should result in a flux of approximately 1 monolayer/s
greater of Mg arriving at the surface of the growing sam
in our system. Subsequent transmission electron microsc
characterization indicated inversion from Ga to N polar
occurred when the growing layer was exposed to this la
Mg flux.17 That is, the large Mg flux at the growing surfac
led to polarity inversion, which then resulted in a drama
decrease in Mg incorporation since the sample was now
polarity. Thus, the decrease in electrical activation repor
previously4,5 for a large Mg flux on Ga-polar material can b
understood in terms of surface polarity inversion followed
reduced Mg incorporation. Additionally, this polarity
dependent incorporation is consistent with the lower elec
cal activation observed for N-polar growth compared to G
polar growth for the same growth conditions.6

The results shown in Fig. 1 and Table I also repres
verification of the prediction8 that the presence of hydroge
will enhance Mg incorporation. Without hydrogen, no inco
poration was observed for low Mg flux. The addition
atomic hydrogen caused incorporation at levels more con
tent with higher Mg flux incorporation rates. The effect
hydrogen on maximum Mg incorporation was less p
nounced at higher Mg flux or lower substrate temperatu
Atomic hydrogen has little effect or may slightly lower th
maximum incorporation at 650 °C for reasonable Mg flu
Although diffusion effects are also present in our samp
the presence of atomic hydrogen appeared to sharpen
interfaces. However, the profiles still indicate that surfa
accumulation layers form, suggesting that the increase
sharpness is due to enhanced incorporation as opposed
suppression of surface accumulation. Note also that w
hydrogen generally enhances incorporation for both pol
ties, it does not eliminate the polarity dependence of
incorporation and in most cases accentuates this effect. S
indicated that, while hydrogen significantly increases Mg
corporation, hydrogen itself is not incorporated at signific
levels. That is, if hydrogen is incorporated at the growi
surface, it anneals out during growth at the temperatu
used.

The concentration profiles of the Mg step-doped str
tures show the effects of both surface accumulation and
fusion during the long growth times used. Although comp
cated by the surface accumulation effects, analysis of
Downloaded 24 Jul 2001 to 13.1.101.37. Redistribution subject to AIP
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profiles yields an estimate for an upper limit of the Mg d
fusion coefficient. For growth temperatures between 650
700 °C, we estimate the Mg diffusion coefficient to be abo
1310215cm2/s, which is large enough that Mg diffusio
may be of concern in the growth of multilayer structures.

In conclusion, a dramatic difference for Mg incorpor
tion rates was observed between the N- and Ga-polarity
faces during Mg doping of GaN by rf-plasma MBE. Th
decrease in electrical activation previously reported
higher Mg flux conditions during doping of Ga-polar mat
rial can now be understood in terms of a combination
surface polarity inversion coupled with the lower incorpor
tion rate for N-polarity GaN. Difficulties in Mg doping o
N-polarity GaN can also be better understood in terms of
reduced incorporation rate. The presence of hydrogen
shown to enhance Mg incorporation rates for most grow
conditions. Strong evidence for surface accumulation of
was also observed.
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