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High mobility two-dimensional electron systems in GaN/AlGaN heterostructures have been realized
by plasma assisted molecular beam epitaxy on GaN templates. In the density range of 10" cm™ to
10" cm™, mobility values exceeding 160000 cm*/Vs have been achieved. Scattering mechanisms that
presently limit the production of higher mobility samples are discussed. We present results of a systematic
study of the weak localization and antilocalization corrections to the classical conductivity at very low
magnetic fields. The unambiguous observation of a conductivity maximum at B =0 suggests that
spin—orbit scattering is not negligible in GaN heterostructures as one might expect for a wide-bandgap
system. We have recently realized electron transport through GaN nanostructures. We report on the trans-
port properties of the first quantum point contacts (QPCs) in GaN. These devices are used to study one-
dimensional transport in the Nitride system.
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1 Introduction

Many experiments on mesoscopic semiconductor systems have been based on GaAs/AlGaAs het-
erostructures. Reasons include clean interfaces accompanied with an almost perfect lattice match, and
mature growth and processing techniques developed over the last 30 years. GaN with a much larger band
gap compared to GaAs, has drawn recent interest in industry for the use in blue laser diodes and micro-
wave power field-effect transistors. GaN/AlGaN heterostructures also possess some unique physical
properties that are of fundamental interest. First, no modulation doping is needed to produce a two-
dimensional electron gas: the reduced symmetry of the crystal structure induces a spontaneous polariza-
tion and the lattice mismatch between GaN and AlGaN induces a piezoelectric polarisation, the combina-
tion of both causes a two-dimensional electron gas accumulated at the interface [1]. Avoiding doping
removes one major source of scattering. Second, the higher effective electron mass of ~0.2m, (0.067 in
GaAs) [2, 3] and the lower dielectric constant of ~9 (~13 in GaAs) make electron—electron interactions
in GaN more important. Third, the g-factor of ~2 (—0.44 in GaAs) makes it easier to manipulate electron
spins with magnetic fields. In order to utilize the unique material properties of GaN for physics experi-
ments, a high mobility two-dimensional electron gas (2DEG) is required.
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During the last few years, ongoing efforts to improve the mobility of two-dimensional electron gases
in the GaN/AlGaN material system have made rapid progress. Two groups have recently and independ-
ently reported mobility over 100 000 cm*Vs [4, 5]. A key ingredient to higher mobility is the ever-
improving quality of GaN templates used in molecular beam epitaxy (MBE) growth. It has now been
established that in the density range <10'? cm? the electron mobility is limited by long-range Coulomb
scattering from charged threading dislocations with densities >10% cm™ [6, 7]. In order to improve mo-
bility we must therefore work with GaN templates with dislocation densities significantly below 10® cm™.
Improvements in the quality of our GaN templates grown by hydride vapour phase epitaxy (HVPE) have
directly resulted in record low-temperature mobility.

2 Growth and characterization
of high electron mobility AlIGaN/GaN 2DEGs

The heterostructures discussed here were grown by plasma-assisted molecular beam epitaxy on 50 mm
GaN templates prepared by HVPE. The HVPE templates are typically 100 pm thick and are known to
have threading dislocation densities of <10® cm™. The HVPE GaN has been compensated with Zinc at a
level of ~10' cm™ to suppress any residual conductivity that may obscure the observation of the 2DEG
properties at very low carrier densities. In these structures no parasitic conduction is observed from room
temperature down to 300 mK, even at electron densities of ~3 x 10'' cm™. The MBE grown epitaxial
layer sequence consists of a 1 um thick GaN buffer followed by a 16 nm Al .Ga,_ N undoped barrier
capped with ~2 nm GaN. The Al mole fraction x varies between 0.05 and 0.1 to cover a wide range in
electron density and has been verified in reference samples by X-ray diffraction. The entire structure is
grown under slightly Ga-rich conditions at a substrate temperature of ~745 °C with the nitrogen plasma
source power set to 205 W and a nitrogen flow rate of 0.50 sccm. The MBE operating pressure during
growth is ~2 x 107 Torr maintained by two closed-cycle ‘Helium cryopumps.

Upon completion of growth, the samples are processed into Hall bars for electrical characterization.
The Hall bar is 100 pm wide by 2 mm long. Fourteen voltage probes are placed symmetrically along the
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Fig. 1 (online colour at: www.pss-b.com) Electron mobility versus density in a gated Hall bar at
300 mK. The solid black curve is the experimentally measured mobility. For comparison, the red line dis-
plays the function u, ~ n} at low density and the blue line represents u, ~ #;"* in the high-density regime.
The open black squares are calculated from g = 1/(;" + 153").
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device. Mesas of 100 nm height are defined with a chlorine-based dry etch. Ohmic contacts consist of a
Ti/Al/Ni/Au metal stack that is thermally annealed at 750 °C for 30 sec. These simple Hall bar structures
are used for preliminary characterization of the wafer’s sheet carrier density and mobility. In order to
control the density within a single device, insulated gate field-effect transistors (FETs) are also used.
After Ohmic contact definition, 50 nm of SiO, is deposited on the Hall bar. The additional SiO, layer
results in suppressed gate leakage current. Finally 10 nm of Ni and 100 nm of Au are deposited over the
Si0, along the Hall bar forming an insulated gate structure. At 7= 0.3 K, the gate leakage is insignificant
(<1 nA) over a wide range of gate voltages.

3 Transport properties of 2DEGs

Measurement of the longitudinal (R,,) and transverse (R,,) magnetoresistance is carried out in *He cry-
ostat operated at a base temperature of 300 mK. A measuring current of <1 pA at a frequency of 13 Hz
is used. R, and R, are detected using standard lock-in techniques. Figure 1 displays mobility vs. density
for a typical FET. For low densities up to 1 x 10'? cm™ the mobility rapidly increases with increasing
density. In this sample the mobility peaks at 80 000 cm?/Vs, and then decreases for further increase of
density. This decrease above 2 x 10'> cm™is known to be a consequence of increased alloy and interface
roughness scattering [8—10]. In the low-density regime, the mobility is limited by Coulomb scattering
mainly from charged surface states, background impurities and charged dislocations [11, 12]. The actual
peak mobility value and sheet density at which the peak occurs depends on the relative strength of these
competing mechanisms. The solid black curve in Fig. 1 is the experimentally measured mobility. For
comparison, the red line displays the function g ~ n, at low density and the blue line represents s, ~ n,™'”
in the high-density regime. The open black squares are calculated from g = 1/(z7" + 15").

The magnetic field dependent longitudinal resistance for a high mobility 2DEG [4] is shown in Fig. 2.
This sample exhibits low temperature mobility of 167 000 cm?/Vs at a density of 9.1 x 10'' cm™. The
integral Quantum Hall Effect is fully developed at a magnetic field of 3 T and the onset of the Shub-
nikov—de-Haas (SdH) oscillations is visible below 1 T at a temperature of 300 mK.

4 Spin—orbit coupling in GaN

At present, the role of spin—orbit coupling in GaN heterostructures is not well understood. In order to
study spin—orbit coupling in our GaN/AlGaN heterostructures, we have systematically studied the weak
localization and antilocalization corrections to the classical conductivity at very low magnetic fields. It is
well established that a maximum in longitudinal conductivity at B =0 originates from spin—orbit cou-
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T I Fig. 3 (online colour at: www.pss-b.com)
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pling [13, 14]. The unambiguous observation of a conductivity maximum at B =0 in our data suggests
that spin—orbit coupling is not negligible in GaN heterostructures as one might expect for a wide band-
gap material system. In a gate tunable sample we examined the density dependent behavior of the antilo-
calization feature. Figure 3 shows the mobility versus density and gate voltage for the investigated sam-
ple. Here it is possible to tune the density from 9 x 10" cm™ to 1.8 x 10> cm ™, resulting in mobilities
between 55 000 cm?/Vs and 86 000 cm?/Vs.

In Fig. 4 magneto-conductance data are shown for different densities at a temperature of 300 mK. The
data are plotted as the change in conductivity, Ac = 0;yue(B) = OyquareB = 0), With 0, e(B) = 1/R e B)
and o, (B = 0) = 1/R;y,0e(B = 0). This data reveals a conductivity maximum at B = 0 and a conductivity
minimum at B ~ 2 mT which is symmetric in magnetic field. The magnetic field position of the minima
is determined by the strength of the spin—orbit coupling. Here we note that the field position of the con-
ductivity minima does not change over this fairly narrow density range. This suggests that the strength of
spin—orbit coupling (the spin-relaxation rate) is not changing dramatically. However, the amplitude of
the central conductivity peak does change significantly over this density range. The amplitude of the
peak is governed by the ratio of the phase-breaking and spin-relaxation rates. For smaller phase-breaking
rate and larger spin-relaxation the amplitude of the antilocalization peak is enhanced. As we move to
lower density and mobility, the phase-breaking rate becomes larger such that the antilocalization feature
is diminished.

Fig. 4 (online colour at: www.pss-b.com) Magneto-
conductivity data at a temperature of 300 mK for
different gate voltages (for corresponding densities
see Fig. 3). The magnetic field position of the minima
does not change within the measurement accuracy,
while the amplitude of the antilocalization feature is
largest for the highest density and mobility.
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7 : : : Fig. 5 (online colour at: www.pss-b.com) GaN
QPC was measured at 300 mK. It shows well-
quantized plateaus with resonances. The reso-
nances were reduced after increasing the magnetic
field to 1 T. 1 T is considered as low field in our
experiment because of the high 2DEG density in
our GaN heterostructure. The inset shows the
split-gate GaN QPC we fabricated, the width of
the constriction between the two gates is 80 nm.
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5 One-dimensional transport: quantum point contacts

A quantum point contact (QPC) is a narrow constriction between two electron reservoirs. The width of
the constriction can be tuned to pass one or more channels of electrons, each with a quantized conduc-
tance of 2¢*/h. The devices investigated in this work are fabricated on a GaN/AIGaN heterostructure with
a 2DEG formed 19 nm below the surface. The 2DEG has a low temperature mobility of 56 000 cm*/Vs
at a density of 1.0 x 10'? cm™. Ti/Al metal pads were annealed to contact the 2DEG. Next, a mesa was
patterned by photolithography followed by a Cl-based plasma etch. The split-gate structure that forms
the QPC was realized by electron beam lithography followed by evaporation and liftoff of Ni gates
(Fig. 5, inset). The low temperature differential conductance G = d//dV,; was measured at 300 mK using
a lock-in technique with a 20 uV, 77 Hz excitation added to a variable dc voltage V', applied between
source and drain.

Near zero magnetic field the linear conductance G = dI/dV, (V4= 0) shows two clear quantized pla-
teaus at 2e*/h and 4e*/h (Fig. 5). The third and fourth plateaus are obscured by resonances that might be

5

Fig. 6 Linear conductance G(V,) at perpendicu-
lar magnetic field B=1T,2 T, 4 T and 6 T. Spin-
split plateaus at multiples of e’/A start to appear at
4T.
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caused by backscattering from defects: the mean free path in the system is only 700 nm, comparable to
the largest features of the split-gate structure. A small perpendicular magnetic field improves the quanti-
zation of the plateaus. Several resonances periodic in gate voltage are evident at B=0.1 T. As the mag-
netic field is increased to 1 T, the third plateau appears clearly and the resonances are suppressed as
backscattering is reduced by the perpendicular magnetic field.

A strong magnetic field induces a large Zeeman energy difference (g*u;B) between spin up and spin
down subbands. This energy difference results in conductance quantized in units of e%/h rather than 2e%h.
Figure 6 shows the linear conductance G(V,) at four different perpendicular magnetic fields. In addition
to its effect on spin in a QPC a perpendicular magnetic field changes subband energies by adding an
extra effective lateral confinement. This does not alter the 1D nature of transport in our QPC and does
not further discriminate between different spin states. Each quantum plateau simply becomes longer in
higher magnetic fields because of the larger subband energy. At B=1T, three conductance plateaus
quantized in units of 2¢*/h are observed and a shoulder emerges below the first plateau. At B =4 T spin-
split plateaus e’/h, 3¢*/h, 5¢*/h have already formed and they are more pronounced at 6 T. From these
measurements an effective Landé g-factor of 2.5 is derived [15].

6 Summary and conclusion

High mobility two-dimensional electron systems in GaN/AlGaN heterostructures have been grown by
MBE on HVPE GaN templates with electron densities <10 cm™. A maximum electron mobility
of 167 000 cm?/Vs was achieved. In these samples the integer Quantum Hall Effect is fully developed at
magnetic fields around 3 T, with Shubnikov—de-Haas oscillations commencing below 1T. In
GaN/AlGaN heterostructures antilocalization at low magnetic fields has been observed. The appearance
of this antilocalization feature suggests that spin—orbit coupling is strong in GaN. The origin of the
strong coupling is still under investigation. In addition, high electron mobility two-dimensional GaN
systems have been used to demonstrate ballistic transport in one-dimensional Quantum Point Contacts.
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