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Molecular-beam epitaxy of p-type m-plane GaN
M. McLaurin, T. E. Mates, and J. S. Specka!

Materials Department, University of California, Santa Barbara, California 93106

sReceived 7 April 2005; accepted 23 May 2005; published online 22 June 2005d

We report on the plasma-assisted molecular-beam epitaxy of Mg-dopeds101̄0d GaN on s101̄0d
6H–SiC. Secondary ion mass spectroscopy measurements show the incorporation of Mg into the
GaN films with an enhanced Mg incorporation under N-rich conditions relative to Ga-rich growth.
Transport measurements of Mg-doped layers grown under Ga-rich conditions show hole
concentrations in the range ofp=131018 to p=731018 cm−3 and a dependence between hole
concentration and Mg beam equivalent pressure. An anisotropy in in-plane hole mobilities was

observed, with the hole mobility parallel tof112̄0g being higher than that parallel tof0001g for the

same hole concentration. Mobilities parallel tof112̄0g were as high as,11.5 cm2/Vs sat p,1.8
31018 cm−3d. © 2005 American Institute of Physics. fDOI: 10.1063/1.1977204g

Internal electric fields produced by discontinuities in the
spontaneous and piezoelectric polarization along thef0001g
direction of group III wurtzite–nitride heterostructures have
been utilized to make devices, such as the dopant-free high
electron mobility transistors. However, the polarization-
induced electric fields also give rise to the quantum confined
Stark effect, which results in the spatial separation of holes
and electrons in quantum wells and the subsequent reduction
in both the transition probability and the ground-state transi-
tion energy.1,2 In an effort to eliminate the effects of internal
polarization-induced electric fields, wurtzite group III nitride

films have been grown in thea-plane s112̄0d and m-plane

s101̄0d orientations.3,4 These growth directions orient the po-
larization in the plane of heterointerface and, thus, there are
no polarization-related electric fields in laterally uniform de-
vices. Plasma-assisted molecular-beam epitaxysPAMBEd-
grownc-face GaN suffers from a second deleterious effect in
that doping with the commonly used acceptor Mg at high
concentrations or low III/V ratios often results in the forma-
tion of inversion domains that degrade the quality of the
crystal.5 Since thec axis is oriented in the growth plane,
inversion should not occur for planar growth of anm-plane
film. Nonpolar GaN, therefore, is an obvious choice for a
route to high-quality relatively highly dopedp GaN. While
both a-plane and m-plane films have been grown by
PAMBE, to datep-type doping of nonpolar PAMBE-grown
GaN has only been reported fora-plane GaN.6 In this letter,
we report on our PAMBE growth of Mg-dopedm-plane
GaN.

Samples were grown in a Varian Gen-II MBE system
with Ga and Mg provided by standard elemental effusion
cells and active nitrogen produced using a Veeco Unibulb
radio-frequency plasma source. Unless otherwise noted, all
temperatures reported were measured using a thermocouple
located behind the sample. Sample surface temperatures, as
measured by optical pyrometry, were typically,145°C
higher than those measured via thermocouple. GaN:Mg lay-
ers were grown on pieces of an unintentionally dopedsUIDd
m-plane-oriented template grown by MBE on a commer-
cially available 6Hm-plane SiC substrate at 585 °C. The

UID m-plane template consisted of a 40 nm A1N nucleation
layer capped with 750 nm GaN grown with an excess of Ga.
The template was then removed from the growth system,
etched with concentrated HCl to remove Ga droplets, and
cleaved into approximately 1 cm wide square pieces. Tem-
plate pieces were prepared for growth by exposure to ac-
etone, methanol, and isopropanol in an ultrasonic cleaner for
3 min each, bonding with indium to a silicon backing wafer,
and heating under a vacuum to 400 °C for 1 h. All samples
were grown with 275 W plasma power and a nitrogen flow of
0.3 sccm, which corresponded to a growth rate of approxi-
mately 225 nm/h. All sample structures were initiated with
the growth of an at least 10 nm thick UID GaN layer grown
Ga rich. Transport measurements were performed on
GaN:Mg layers that varied in thickness between 500 and
1000 nm, were grown Ga rich, and capped with a 40 nmp+

layer grown at 480 °C.
Carrier type and concentration were determined from

Hall effect measurements on lithographically defined Hall
bars. The sample sheet resistance and specific contact resis-
tivity were derived from linear transmission line method
sTLM d measurementss1003200 mm2 contacts with 5 to 50
µm spacingsd. Hole mobilities were derived from the mea-
sured values of hole concentration and sheet resistance from
eachp-type film. Both the Hall bars and TLM patterns were

oriented parallel to both thef0001g and f112̄0g azimuths of
the m-plane surface and used nonalloyed Pd/Aus20 nm/200
nmd contacts and isolation mesas produced by reactive ion
etching. A schematic representation of the Hall bars and
TLM structures and their orientation relative to the crystal-
lographic directions ofm-plane GaN is given in Fig. 1sbd.
Hall measurements were made using a Lakeshore Cryotron-
ics 7504 Hall effect system. TLM measurements were made
using a Suess MicroTec probestation in conjunction with an
HP 4145 semiconductor parameter analyzer. No postgrowth
treatment was necessary to electrically activate the Mg.
Depth dependent profiles of Mg concentration were mea-
sured using secondary-ion-mass spectroscopysSIMSd. SIMS
analysis was performed in both positive and negative ion
modes on a Physical Electronics 6650 DSIMS. For negative
ion detection, an 8 kV 300 nA Cs+ beam was rastered over a
3503450 mm2 area. For positive ion analysis, a 3 kV O2

+

beam was rastered over a 3003380 mm2 area. In both cases,adElectronic mail: speck@mrl.ucsb.edu
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secondary ions were accepted only from the central 15% of
the sputtered areas. The SIMS system base pressure prior to
negative ion analysis was 9310−11 Torr.

Much like c-plane anda-plane GaN,7,8 there are two
growth regimes ofm-plane GaN where the growth front con-
tains excess Ga.9 In the Ga-rich intermediate regime, Ga ac-
cumulates as a wetting layer of finite steady-state thickness
on the samples’ surface, while in the Ga-rich accumulation
regime a wetting layer is formed and excess Ga accumulates
in the form of droplets. Figure 2 shows the SIMS profile for
Mg and Al content in a sample where the III/V flux ratio was
varied from N rich to Ga rich and back, while the nominal
Mg flux was held constant. The concentration of incorpo-
rated Mg was essentially constant between the Ga-rich and
intermediate growth, but is higher by almost a factor of 5
under N-rich conditions. This difference in incorporation is
not fully explained by the difference in growth rates between
the excess-Ga and excess-N growth regimes. In this sample,
N-rich growth conditions were achieved by reducing the Ga
flux while keeping the nitrogen plasma conditions constant.
The N-rich slimited by Ga-fluxd growth rate was 160 nm/h,
or about 70% that of the Ga-rich and intermediate condi-
tions. Figure 2 is also indicative of the sharp doping profiles
that can be achieved with molecular-beam epitaxysMBEd
growth at lower temperatures. The transitions from doped to
UID GaN for both Ga-rich and N-rich conditions show rela-
tively steep slopes of,7 nm/decade.

Figure 3 shows representative TLM measurements for
samples spanning the range of hole concentrations measured
in this work. Since the contact lengths were relatively large
s100 µmd and the Pd/Au contacts were unannealed, it is rea-
sonable to approximate the specific contact resistivity asrC

=w2RC
2 /RS whereRC andRS are, respectively, the contact and

sheet resistances as determined by TLM. Using this method,
we measured specific contact resistivities in the range of 1.6
to 4.7310−4 Ohm cm2, which are reasonable values for un-
optimized contacts top-type GaN.

We found a clear dependence of room-temperature hole
concentration in the transport samples on the nominal beam
equivalent pressuresBEPd of Mg fsee Fig. 4sadg, and were
able to achieve hole concentrations as high as 7.2
31018 cm−3. This is a significant improvement over typical
metalorganic chemical vapor deposition and MBE values for
c-plane GaN, which typically lie below 1–231018 cm−3. We
speculate that the lower growth temperatures experienced by
MBE-grown samples results in a decreased driving force for
the formation of compensating defects in thep-type GaN.
One should expect a similar increase in hole concentration
with increasing Mg doping inc-plane GaN grown by MBE,
however PAMBE-grownc-plane GaN is commonly seen to
invert in crystallographic orientationse.g., from Ga face to N
faced under heavy Mg doping. We speculate that the ob-
served upper limit of about 1–231018 cm−3 for hole concen-
trations in PAMBE-grownc-face GaN is a result of a com-

FIG. 1. sad Schematic representation of transport sample structure. Un-
hatched layers belong to the template structure.sbd Schematic representation
of Hall bars and TLM patterns used in this study. Hall measurements were
taken with the Hall current flowing between Contacts 1 and 3 and Hall
voltage measured between Contacts 2 and 4.

FIG. 2. SIMS data from a sample where the III/V ratio was varied during
growth. The Al signal indicates positions of AlGaN layers marking transi-
tions between different III/V ratios or Mg BEP. UID regions were grown Ga
rich. The inverse slope of the Mg signal is indicated for the transitions from
intentionally doped to UID material for both Ga-rich growth and N-rich
growth.

FIG. 3. Representativea-azimuth TLM measurements for samples of vari-
ous hole concentrations. Specific contact resistances are given in the figure.
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bination of reduced structural quality of the filmsi.e.,
introduction of defects due to the formation of inversion do-
mains that lead to higher scattering rates for holes and hence
much lower layer conductivityd and a reduction in the con-
centration of incorporated Mg in the inversion domains of
the crystal.10 Hall measurements made before and after the
removal of thep+-contact layer from everywhere but under
the metal contacts using a low power reactive ion etch were
compared to assess the contribution of the contact layer to
the sheet charge of the samples. It was determined that the
contact layer’s contribution was negligible.

Figure 4sbd shows the measured hole mobilities parallel

to the f112̄0g and f0001g as functions of hole concentration.
The hole mobility decreased with increasing hole concentra-
tion, which is attributed to increased ionized impurity scat-
tering and, as yet, undetermined effects due to the incorpo-
ration of Mg at higher doping levels. In-plane hole mobilities
were found to be anisotropic, with the mobilities measured
parallel to thea direction two to three times higher than
those measured parallel to thec axis. The anisotropy in hole

mobility has yet to be fully explained, but may be related to
anisotropy in the hole effective mass in the plane of the
m-plane GaN surface. Recent theoretical work has shown
that light holes should exhibit a similar anisotropy in their
effective masses, with the effective mass ratio of
mf0001g /mf112̄0g=7.4 at zero strain, and effective mass ratios
ranging from 1 to more than 10 depending on the, as yet,
unknown residual strain state of them-GaN films.11 We must
also consider nonuniform increases in hole scattering due to
the basal plane stacking faults which are ubiquitous in non-
polar GaN films.12,13The inset of Fig. 4sbd shows the depen-
dence of the conductivity on hole concentration. The sample
conductivity increased monotonically with increased hole
concentration but appeared to saturate at approximately
5 Ohm−1 cm−1 and 2 Ohm−1 cm−1 for the a andc azimuths,
respectively, at the highest hole concentrations.

In summary, we have grownp-type m-plane GaN films
on 6H m-plane SiC substrates using Mg as an acceptor. We
have measured hole concentrations as high as 7.2
31018 cm−3 without postgrowth annealing and have
achievedp-type conductivity as high as 5 Ohm−1 cm−1 par-
allel to thea azimuth of them-plane GaN films. We mea-
sured an anisotropy in hole mobilities, with mobility parallel

to the f112̄0g azimuth being larger than mobility parallel to
the f0001g at the same hole concentration.
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FIG. 4. sad Hole concentrations as measured by Hall effect versus Mg BEP
during growth.sbd Plot of hole mobility in thea andc directionssclosed and
open circles, respectivelyd vs Hall effect derived carrier concentration. Inset
shows plot of sample conductivity derived from hole concentration mea-
sured via Hall effect and hole mobilities shown in this figure.
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