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Landau level splitting in a two-dimensional electron gas (2DEG) confined in an ultrapure GaN/AlGaN
heterostructure grown by molecular beam epitaxy on bulk GaN is verified spectroscopically. The
Landau level fan reconstructed from magneto-photoluminescence (PL) data yields an effective mass
of 0.24m0 for the 2D electrons. Narrow excitonic PL line widths < 100 μeV, an atomically flat surface
of the layer stack, as well as the absence of the 2DEG in the dark environment, are important ancillary
experimental findings while focusing on magneto-PL investigations of the heterostructure.
Simultaneously recorded Shubnikov-de Haas and magneto-PL intensity oscillations under steady UV
illumination exhibit an identical frequency and allow for two independent ways of determining the 2D
density. Published by the AVS. https://doi.org/10.1116/1.5088927

I. INTRODUCTION

While gallium nitride (GaN) based devices mature and
increasingly emerge in power and high-frequency applica-
tions,1,2 inherent material properties such as a large bandgap
of 3.4 eV, a large electron g-factor of ∼2 (Ref. 3), and a
large effective mass of ∼0.2m0, combined with high electron
mobilities in two-dimensional electron gases (2DEGs) in
excess of 105 cm2/V s (Ref. 4), allow access to a new regime
of meso- and macroscopic physics compared with gallium
arsenide (GaAs).5,6 Landau level (LL) splitting of the
density of states at moderate magnetic fields (∼1 T), for
example, is a hallmark of high-quality 2DEGs confined in
semiconductor heterostructures. In magnetotransport experi-
ments, LL splitting gives rise to Shubnikov-de Haas (SdH)
oscillations in the longitudinal resistance. Minima in the lon-
gitudinal resistance occur at magnetic field values, at which
the magnetic field-dependent density of states at the Fermi
level exhibits a minimum. For large enough magnetic fields,
the density of states can even become zero, which in turn
results in zero longitudinal resistance and the well-known
quantized and universal values of the Hall voltage.7 The
optical detection of LLs in photoluminescence (PL) experi-
ments manifests itself as a direct mapping of the Fermi distri-
bution function, originating from the recombination of
electrons from all occupied conduction band states to nondis-
persive hole states in the valence band. LL splitting in
magneto-PL experiments was verified for 2DEGs confined in
GaAs-based8 and zinc oxide (ZnO)-based9 heterostructures.
Experimental observation of 2DEG-related PL features was

mentioned previously for GaN/AlGaN heterostructures;10–13

however, some of the reported energy positions caused
noticeable controversy.14

Here, LL splitting in the density of states of 2D electrons
confined at an ultrapure GaN/AlGaN interface is reported.
From the resulting LL fan, an effective electron mass of
0.24m0 is extracted. In addition, using a Hall bar device
allowed for simultaneous measurements of SdH oscillations
in magnetotransport and oscillations of the magneto-PL
intensity. These two independent measurements result in
identical 1/B oscillation frequencies and thus give rise to
identical electron densities.

II. EXPERIMENT

Detailed explanations on the sample growth and process-
ing as well as on the measurement procedures and setups
used will be given in Secs. II A and II B.

A. MBE growth and lateral Hall bar device processing

The discussed GaN/AlGaN heterostructure was grown in
a customized VG V80H molecular beam epitaxy (MBE)
system reaching a base pressure <10−10 mbar. The layer
stack (presented in Fig. 1) consists of 1 μm GaN and 16 nm
Al0.06Ga0.94N barrier material capped with 3 nm GaN.
It was grown at a rate of 240 nm/h on a 650 nm thick,
dislocation-lean (<105 cm−2) and a 2-in., hexagonal, Ga-polar
GaN bulk substrate at a growth temperature of ∼700 °C. This
is slightly below the rapid Ga desorption point. The resulting
2DEG is located at the GaN/AlGaN interface. The source
materials Ga and Al with purities of 8N and 6N5, respectively,
were evaporated from single-filament effusion sources. Active
nitrogen was supplied from an inductively coupled radiofre-
quency plasma source fed with purified nitrogen at a nominal
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purity of 10N. The sample was rotated during growth at
10 rpm. Following a trend previously described in detail,15,16

the only traceable unintentional impurity in the GaN material
grown by this procedure is oxygen. Its level was determined
to 2 ⋅ 1016 cm−3 by secondary ion mass spectroscopy in
reference samples. Routinely, samples grown in our labora-
tory are screened with respect to their structural properties by
atomic force microscopy (AFM, DI/Veeco DIMENSION
3100 operated in contact mode) and high-resolution x-ray
diffraction (Bruker D8 Discover) before and after growth.
Immediate consequences of the growth of ultrapure GaN/
AlGaN material on dislocation-lean GaN substrates on struc-
tural, optical, and electrical sample properties will be dis-
cussed in Sec. III A.

On small pieces of the 2-in. wafer, Hall bars were
lithographically defined and mesa structures were patterned
in a reactive ion etch step using a chlorine-based plasma.
Ti/Al/Ni/Au stacks annealed at 800 °C in the nitrogen atmo-
sphere (6N) for 30 s serve as ohmic contacts. Typical dimen-
sions of the Hall bars are 1.5 mm and 500 μm in length and
width, respectively, to facilitate the PL signal acquisition.

B. Magnetotransport and magneto-PL setups

A Physical Property Measurement System by Quantum
Design Inc. with a home-made optical access was used to
perform temperature- and illumination-dependent magneto-
transport measurements between 2 and 300 K. A standard
low-frequency (17 Hz) lock-in technique with an excitation
current of 100 nA was employed.

Magnetotransport and magneto-PL studies below 1 K
were executed in 3He cryostat equipped with a superconduct-
ing magnet reaching 15 T. The entire Hall bar was uniformly
photoexcited with a HeCd laser at 325 nm wavelength via a
bare fiber end. The distance of ∼20 mm between the bare
fiber end (numeric aperture = 0.22) and the sample surface
ensures good homogeneity of both the illumination and the
resulting 2DEG density as confirmed by the onset of SdH
oscillations. The photoexcitation power was attenuated by
optical filters and measured at the fiber input, and the fiber
optical transmission amounts to ∼80%. Magnetotransport
traces were recorded using a low-frequency lock-in technique.

To acquire PL data, light from the sample was collected
with a second fiber in close proximity to the sample and then
sent through a 1 m focal length monochromator with an
1800 lines/mm grating. The second diffraction order of the
dispersed light was detected by a deeply cooled CCD detector.
The overall spectral resolution of the setup amounts to 70 μeV
as verified with atomic neon transition lines. The penetration
depth of the exciting ultraviolet (UV) radiation allows for
probing the 2DEG at the GaN/AlGaN interface as well as sec-
tions of the 1 μm thick MBE GaN layer. The excitation does
not reach the GaN substrate, which is located at a depth of
1 μm below the surface.

III. EXPERIMENTAL FINDINGS AND DISCUSSION

A. Consequences of the growth of ultrapure
GaN/AlGaN material on dislocation-lean GaN

Before focusing on the magnetic field-dependent photolu-
minescence and transport properties of the investigated
heterostructure, some results immediately arising from the
growth of the ultrapure GaN/AlGaN stack on defect-lean
material should be addressed.

As a result of the low areal defect density, AFM scans
over macroscopic distances (5 μm × 5 μm) do not show any
surface defect decoration such as pits or hillocks, which are
typical for screw and mixed-type dislocations.17 Alongside
such smooth surfaces, monolayer steps of ∼0.25 nm in height
originating from slight crystallographic misorientations of the
substrate surface become visible.

The next finding, attributed to the bulk character of the
GaN substrate, is the excited states and narrow PL line
widths of the donor-bound exciton transition at ∼10 meV
below the free exciton (A) transition in PL spectra at zero
magnetic field (Fig. 2). Experimentally, a full width at half
maximum of ∼100 μeV for the most intense line around
3.47 eV was confirmed (inset of Fig. 2). Due to the setup

FIG. 1. Schematic of the investigated GaN/AlGaN stack (not to scale). The
MBE growth sequence starts with a 1 μm thick GaN layer, followed by a 16
nm thick AlGaN barrier and a 3 nm thick GaN cap layer. A 2DEG can be
generated at the GaN/AlGaN interface in the MBE material with the electron
wave function predominantly localized in the GaN layer.

FIG. 2. Low-temperature PL data around the excitonic transition of the ultra-
pure GaN/AlGaN heterostructure. The free exciton transitions at 3.48 eV and
the donor-bound transitions around 3.47 eV originate from the 1 μm thick
GaN MBE layer. The inset shows high-resolution data of the most intense line
around 3.4717 eV, exhibiting a line width of ∼100 μeV. The PL band around
3.45 eV can be attributed to the 2DEG confined at the GaN/AlGaN interface.
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resolution of 70 μeV, the true line width of this transition is
likely even narrower and among one of the smallest values
ever reported for GaN.18 Yellow luminescence around
2.2 eV (not shown) is practically absent, consistent with its
intensity dependence on the incorporated oxygen concentra-
tion as recently suggested.19 Around 3.45 eV, a rather broad
spectral feature is visible, which is attributed to the 2DEG
and explained in detail in Sec. III B.

Finally, the 2DEG is not present in the dark at tempera-
tures between 0.5 and 300 K, as investigated in detail
recently.20 This behavior is attributed to the low uninten-
tional donor level (oxygen at 2 ⋅ 1016 cm−3). However, a
2DEG can be generated optically by UV illumination or
electrostatically. At low temperatures, the 2DEG persists
after UV excitation and subsequent blanking of the radiation.
Under steady illumination at low temperatures, the 2D elec-
tron density depends only weakly on the excitation power.

B. Landau level splitting in the 2DEG verified by
magneto-PL

The broad spectral feature at 3.45 eV in Fig. 2 is absent
when recording PL from GaN layers without the AlGaN
barrier layer. In case this feature represents the Fermi distri-
bution at B = 0, a width of ∼20 meV corresponds to a 2DEG
density of ∼2 ⋅ 1012 cm−2, which is expected for the
discussed layer stack containing a low Al mole fraction of
only 6% in the barrier.21 By applying a magnetic field
perpendicular to the 2DEG, peaks arising between 3.45 and
3.46 eV above 10 T clearly split proportional to the magnetic
field (Fig. 3, upper panel), as expected for LLs. These peaks
are unambiguously attributed to split Landau levels of the
2DEG, which is better seen in a contour plot of the PL inten-
sity versus magnetic field and energy (Fig. 3, lower panel).
At a fixed magnetic field above 10 T, multiple bright spots
are visible. If the intensity maxima positions are plotted
versus the magnetic field, an almost text-book-like Landau
level fan can be reconstructed (Fig. 4). From the energy split-
ting associated with the Landau levels, an effective mass of
0.24m0 is extracted. The magnetic field-dependent intensity
oscillations following the dashed line in Fig. 3, lower panel,
will be discussed in more detail in Sec. III C.

C. Simultaneously detected oscillations in
magneto-PL intensity and longitudinal
magnetoresistance

While the focus in Sec. III B was on the PL intensity
maxima at fixed magnetic field representing LL splitting,
we now turn to the magnetic field-dependent PL intensity
variations along a selected LL, in particular the lowest one.
The lowest LL is indicated by the dashed line in Fig. 3,
lower panel. The PL intensity shows oscillatory behavior
similar to the well-known SdH oscillations (Fig. 5, upper
panel). The magneto-PL oscillations were simultaneously
recorded with its magnetotransport counterpart from the
same Hall bar device at T = 0.5 K under steady UV illumina-
tion at 70 μW. The onset of the SdH oscillations in the longi-
tudinal resistance is observed at <2 T, representing decent

quantum transport. Clear zero resistance values at large fields
exclude any parasitic conduction path. Zeeman splitting
(lifting of the spin degeneracy within a spin-degenerate LL)
commences and becomes clearly visible above 7 T. These
features are not as pronounced for the optically detected
intensity variations. Here, the oscillations commence at ∼3 T
with no signs of Zeeman splitting up to fields of 15 T.
Neither the minima nor the maxima in magneto-PL intensity
match the well-understood minima in the transport traces.
While the exact mechanism of the variation in PL intensity
is still not fully understood (but seems to originate from the
electrostatic potential changes near the heterojunction and
subsequent redistribution of the electron wave functions),22 it
is interesting to note that its periodicity in 1/B is identical
to its magnetotransport counterpart (Fig. 5, lower panel).
From this frequency, a carrier density of 2.8 ⋅ 1012 cm−2 can

FIG. 3. Upper panel: Low-temperature magneto-PL data (T = 0.5 K) of the
GaN/AlGaN heterostructure. At magnetic fields >10 T, clearly separated
peaks with spacing proportional to the magnetic field in the energy region
between 3.45 and 3.46 eV become visible, which are attributed to split
Landau levels of the 2DEG. The dotted lines are a guide to the eye and
follow the energetic positions of the two lowest LLs. Lower panel:
Magneto-PL intensity plotted vs magnetic field and wavelength. Dark spots
represent low intensity and bright ones high intensity regions. The dashed
line following the lowest LL is a guide to the eye. At high fixed fields, mul-
tiple bright spots (encircled) are visible representing intensity changes due to
LL splitting. The magnetic field-dependent intensity variations are discussed
in Sec. III C and Fig. 5.
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be derived. Since magneto-PL is only sensitive to the 2DEG
density and not to all conduction paths, it represents a nonin-
vasive and contactless method of determining the 2D carrier
density whenever other electrical methods fail, e.g., due to
processing or contact issues, or heavy parasitic conduction.
While simultaneous recording of both oscillation types was
previously barely possible for GaAs- or ZnO-based material,
those measurements seemingly work flawlessly for the case
of the GaN/AlGaN system. One possible reason could be the
channel density robustness under heavy optical excitation,
which has been recently described in detail.20

IV. SUMMARY AND CONCLUSIONS

Landau level splitting in the density of states was observed
in magneto-PL spectra for two-dimensional electrons confined
in an ultrapure GaN/AlGaN heterostructure grown on bulk
GaN. From the reconstructed LL fan, an effective electron
mass of 0.24m0 could be extracted. The combination of ultra-
pure GaN grown on bulk GaN yields record narrow excitonic
line widths of 100 μeV and atomically flat surfaces, both origi-
nating from a low substrate defect density. A direct comparison
of simultaneously recorded magnetoresistance and magneto-PL
oscillations yields identical 2DEG density for both oscillation
types. The magneto-optical determination of the 2D carrier
density represents a noninvasive and contactless measurement
when other electrical methods fail.
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