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Edge magnetoplasma modes are studied in the two-dimensional electron gas confined at the
GaN/AlxGa1−xN interface using standard microwave resonance spectroscopy. The position and shape of the
resonance line are described by the theory for the dimension-dependent plasmon-cyclotron coupling and the
Drude model of momentum relaxation. The analysis of the resonance line shape provides a contactless method
for the determination of the sheet electron concentration and the mobility of the two-dimensional electron gas.
In addition, we observe Shubnikov–de Haas oscillations using the same microwave resonance spectrometry.
We compare values for the cyclotron and quantum mobilities obtained from the plasmon-cyclotron linewidth
and the magnetic field dependence of the Shubnikov–de Haas signal, respectively.
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I. INTRODUCTION

Early work on the two-dimensional electron gas
�2DEG� in silicon inversion layers1 or in GaAs-based
heterostructures2–5 showed that when the plasma frequency
of the 2D electrons approaches the cyclotron frequency, the
two modes hybridize into a coupled excitation. Neglecting
retardation effects4 for a disk-shaped sample, the plasmon-
cyclotron spectrum is characterized by two branches, which
at zero magnetic field converge at the frequency of the
plasma oscillations. For high magnetic fields, the upper mag-
netoplasma branch, a cyclotronlike mode, asymptotically ap-
proaches the cyclotron frequency, while the lower branch,
the so-called edge mode, approaches zero.

In order to correctly evaluate parameters from the cyclo-
tron resonance spectrum, particularly the value of the effec-
tive mass, it is important to consider the plasmon-cyclotron
coupling. The latter becomes important when the resonance
frequency in the experiment is comparable to both the
plasma and the cyclotron frequency.

In this paper, we present the results for the two-
dimensional electron gas confined at the GaN/AlGaN inter-
face. Using a standard electron spin resonance �ESR� spec-
trometer, we have observed a broad line resembling a
cyclotron resonance, whose position corresponds, however,
to an apparent cyclotron mass of 1.3m0. This value is far
from the effective mass of conduction electrons in GaN,
0.2m0, previously determined for GaN/AlGaN heterostruc-
tures in cyclotron resonance experiments.6–10 The shift of the
observed line indicates plasmon-cyclotron coupling, and this
is further corroborated by the detailed analysis of the spectra.

We show that the observed resonance is due to the edge
magnetoplasma mode.

Plasmon-cyclotron coupling has been extensively studied
in GaAs-based heterostructures, for which high sheet elec-
tron mobilities of up to 106 cm2/V s can be achieved.3–5 The
high mobility of the 2D electrons is an essential prerequisite
for studying this type of excitations, as the electron scatter-
ing time can be directly related to the linewidth of the reso-
nance peak.11 The higher the mobility of the 2D electrons,
the narrower the linewidth.

Mobilities reaching 106 cm2/V s have not been achieved
yet for GaN/AlGaN. However, thanks to the progress in
GaN-based technology, due in particular to the use of native
GaN substrates, it is possible to obtain samples with mobili-
ties as high as 104–105 cm2/V s.12,13 Such samples have
been used for studying properties of the two-dimensional
magnetoplasma in this paper.

II. SAMPLES AND EXPERIMENTAL DETAILS

Heterostructures were grown on semi-insulating GaN
bulk substrates14 on the Ga-polarity �0001� surface by
plasma-assisted molecular beam epitaxy �MBE�. The surface
of the substrates was prepared for the growth by the standard
method including mechanical polishing followed by mecha-
nochemical polishing. The MBE-grown heterostructure con-
sisted of a 0.9 �m GaN layer followed by a 25-nm-thick
Al0.09Ga0.91N barrier and a 3-nm-thick GaN cap layer.12,13

The polarization-induced 2DEG at the GaN/AlGaN inter-
face exhibits high Hall mobility, of the order of �H
=75 000–80 000 cm2/V s, measured at 4.2 K, owing to the
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high quality and low dislocation density of the substrate
used. The screw dislocation density is typically as low as
104–105 cm−2 in these samples. The sheet carrier density
amounts to n2D=2�1012 cm−2.

Properties of the 2DEG at the GaN/AlGaN interface were
studied by standard microwave resonance spectrometry us-
ing a Bruker ELEXSYS E-580 ESR spectrometer. The spec-
trometer was operating at a frequency of f =9.48 GHz with a
rectangular TE102 cavity, where the sample was placed in the
maximum of the microwave magnetic field. Coupling to the
cyclotron-plasmon modes occurs due to inevitable in-plane
components of the microwave electric field owing to the fi-
nite sample size and fringe fields in the perturbed cavity. The
temperature in the experiment was lowered down to 2 K
using a continuous-flow Oxford cryostat. The static magnetic
field B was swept up to 1.5 T.

III. EXPERIMENTAL RESULTS

A. Shubnikov–de Haas oscillations

As shown in Fig. 1, Shubnikov–de Haas �SdH� oscilla-
tions are observed due to non-resonant microwave absorp-
tion without any electrical contacts to the sample. Here, the
magnetic field B was modulated with the amplitude of 5 G at
100 kHz. The modulation parameters were selected to avoid
distortion of the SdH signal. Due to the modulation of the
magnetic field, the spectra recorded represent the first deriva-
tive of the microwave absorption vs the magnetic field.

In Fig. 1, the measured Shubnikov–de Haas signal is plot-
ted as a function of the inverse magnetic field B−1. The spec-
trum depends only on the perpendicular component of the
applied magnetic field �not shown in the figure�, confirming
the two-dimensional character of the observed spectrum. The
onset of the oscillations occurs at a magnetic field of about
1 T, which corresponds to a Landau level filling factor as
high as �=39. Fast Fourier transform �FFT� of the signal vs
the inverse magnetic field shows one dominant oscillation
frequency F �see inset to Fig. 1� due to a single occupied

electrical subband in the GaN quantum well. From the FFT
peak position, we obtain a sheet electron concentration
of n2D=1.95�1012 cm−2 for this GaN/AlGaN sample
�n2D=2eF /h�, in good agreement with Hall data obtained on
a companion sample grown in the same process.

The amplitude of the SdH oscillations for low magnetic
fields ���C�kBT� measured by the dc resistivity � is propor-
tional to15–17

��B� �
	T

B
exp�−

	�T + TD�
B

�cos�2

hn2D

2e

1

B
� , �1�

where 	=2
2kBm* /�e. Here, n2D is the sheet electron con-
centration, m* stands for the effective mass of the conduction
electrons, which is m*=0.2m0 for GaN,6,8,18 and TD is the
Dingle temperature related to the quantum mobility by
�q=
 /	TD.

The experimental data presented in Fig. 1 show oscilla-
tions of the ac conductivity measured at a frequency of
�=0.6�1011 s−1. In Ref. 19 it has been shown that Eq. �1� is
also valid for the microwave-detected SdH effect �at low
magnetic fields�, resulting in values for the quantum mobility
that are consistent with those of dc resistivity measurements.

The first derivative of Eq. �1� was fitted to the SdH spec-
trum recorded for a GaN/AlGaN sample, yielding a Dingle
temperature of TD=1.25 K, which corresponds to a quantum
mobility of �q=8600 cm2/V s. This value is by a factor of 9
smaller than the Hall mobility obtained from magnetotrans-
port measurements ��H=75 000–80 000 cm2/V s� and by a
factor of 18 smaller than the cyclotron mobility determined
in the resonance experiment ��CR=152 000 cm2/V s�, as
will be presented in Sec. III B.

The quantum mobility �q, as determined from the mag-
netic field dependence of the amplitude of SdH oscillations,
is usually lower than the transport mobility �H determined
from Hall measurements. This is due to the fact that �q is
related to the mean time a carrier remains in a particular state
before being scattered to a different state, while the transport
mobility is related to the mean time a carrier moves in a
particular direction. Thus, in calculating quantum lifetimes
all scattering events are weighted equally, while in the case
of transport lifetimes weighting by a factor of �1−cos���	
�where � is the scattering angle� has to be included. In other
words, transport lifetimes emphasize the importance of large-
over small-angle scattering events.20

The low-field amplitude of SdH oscillations is very sen-
sitive to fluctuations of the Fermi level. It has been shown
earlier for GaN/AlGaN heterostructures �grown on GaN
templates prepared on sapphire substrates� that in the pres-
ence of fluctuations of the sheet electron density by as little
as a few percent, the value of �q determined from the SdH
oscillations is substantially lowered with respect to the true
quantum mobility. In these samples, �q did not exceed
4000 cm2/V s.21 The higher value of �q=8600 cm2/Vs de-
termined for our homoepitaxial layers indicates higher ho-
mogeneity of the 2D electron gas. The obtained value for �q
is also closer here to the actual quantum mobility.

The cyclotron mobility �CR deduced from a half-width at
half maximum of the cyclotron resonance line has been re-

FIG. 1. Microwave-detected Shubnikov–de Haas oscillations
measured for a GaN/AlGaN sample �B"c�, solid line. Fit of Eq. �1�
with TD=1.25 K, dotted line. The background originating from a
magnetoplasma resonance was subtracted. Inset: fast Fourier trans-
form spectrum of the SdH signal. It shows one dominant oscillation
frequency, corresponding to a sheet electron concentration of
n2D=1.95�1012 cm−2.
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cently investigated for GaN/AlGaN samples having a sheet
electron concentration in the range of �1–4.5��1012 cm−2

and transport mobilities of 10 000–40 000 cm2/V s.21 It has
been shown that �CR coincides with the transport mobility
�H for lower electron densities, while for higher densities
�CR becomes much lower than the �H. The cyclotron mobil-
ity has been identified with the quantum mobility, and the
discrepancy at higher electron densities has been attributed
to dominant large-angle scattering in the samples investi-
gated. It appears rather natural, however, to equate cyclotron
and transport mobilities, as they both arise from the same
Drude formalism. Then, the discrepancy between �CR and
�H observed at higher sheet electron densities should be ac-
counted for by other mechanisms broadening the cyclotron
resonance line, e.g., electron-electron interaction and inho-
mogeneities in the sample. In any case, n2D=2�1012 cm−2,
which is the concentration of our homoepitaxial samples, is
still in the range where �CR and �H give the same values in
Ref. 21. In our experiment, however, we still observe a dis-
crepancy ��CR is higher than �H�, which will be discussed in
Sec. III B.

Sample illumination changes the carrier concentration,
which also leads to a change of the �CR and �q. Details are
described in Sec. III B.

B. Line shape of the coupled plasmon-cyclotron resonance

Figure 2 shows a strong electric dipole-type resonance
�first derivative of microwave absorption� recorded in a
GaN/AlGaN sample. The spectra were measured for various
orientations of the magnetic field B, clearly showing a com-
mon dependence on the perpendicular component of the ap-
plied field, B cos �, as is usual for two-dimensional electrons.
Here, � is the angle between B and the GaN c axis, which is
perpendicular to the sample plane. The resonance position of
the observed line is shifted, however, toward higher mag-
netic fields, B cos �=0.42 T, with respect to the pure cyclo-
tron resonance expected for the cyclotron mass of GaN elec-
trons, B cos �=0.07 T. Such a shift may originate from the
coupling of the cyclotron motion to plasma oscillations.1–5,22

It has been observed, e.g., for GaAs-based 2D hetero-
structures, that the cyclotron motion of an electron and the
plasma oscillations hybridize when the frequencies of the
two modes approach each other. The two resonance frequen-
cies for plasmon-cyclotron coupling, the upper cyclotronlike
branch and the lower edge mode, are then given by2,22

�res
± = ±

�c

2
+
�p

2 + ��c

2
�2

, �2�

where �C stands for the cyclotron frequency and �p is the
plasma frequency, which scales with the plasmon wave vec-
tor and thus with the sample size. For a disk-shaped sample
with a radius R, this relation is given by4,23

�p
2 =

n2De2

m*�1 + 
�
0R
. �3�

Here, n2D is the sheet electron concentration, 
0 the vacuum
permittivity, and 
 a static dielectric constant, which equals
10.4 for GaN.24 The dependence of the coupled plasmon-
cyclotron resonance frequencies on the magnetic field is
plotted in the inset in Fig. 3.

It may be worthwhile to note here that Eq. �2� leads to a
1/cos � dependence of the resonance magnetic field, as it is a
case of a pure cyclotron resonance. It is thus not possible to
distinguish pure cyclotron resonance and the plasmon-
cyclotron coupling only from the angular analysis. For
plasmon-cyclotron coupling, the resonance position �for the
edge mode� is shifted toward higher magnetic fields, and the
shift depends on both the sample size and the sheet electron
concentration.

For a sample with a rectangular shape, two different
plasma frequencies exist, which are related to the sample
length and width. These modes are coupled in the presence
of a magnetic field. In our experiment, we had rectangular
samples. Due to the orientation of the sample inside the mi-
crowave cavity, however, the applied linear polarized micro-

FIG. 2. Plasma-cyclotron resonances in GaN/AlGaN, measured
at various angles � between the external magnetic field B and the
direction normal to the sample plane, are plotted as a function of
B cos �. Inset: resonance magnetic field vs tilt angle � �points� fol-
lowing a 1/cos � dependence �solid line�.

FIG. 3. Dots: First derivative of microwave absorption due to
the plasmon-cyclotron resonance measured in a GaN/AlGaN
sample ��=0, sample dimension 3.5�4 mm2�. Some data points
have been omitted for the clarity of the picture. Solid line: least
squares fit of Eq. �6� with the best fit parameters listed in Table I.
The inset shows the upper and the lower branch of the coupled
plasma-cyclotron resonance calculated according to Eq. �2�. The
arrows mark plasma and microwave frequencies.
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wave electric field was always perpendicular to the longer
edge of a sample, so that only one plasma frequency related
to the smaller sample dimension could be excited here. To
analyze the recorded resonance, we have thus used a one-
mode approximation, which, as shown below, gives a good
agreement with experimental results.

To describe the line shape of the ac electric absorption of
the coupled resonance recorded in our GaN/AlGaN hetero-
structures, we assumed a Lorentzian dependence for the ab-
sorption of circular polarized electromagnetic waves in the
frequency domain, with the two resonance frequencies given
by Eq. �2�,

F±��,B� =
A�C




1

1 + �C
2 �� − �res

± �B�	2 , �4�

for �+ �cyclotron resonance active� and �− �cyclotron reso-
nance inactive� polarization, respectively.22 The function de-
cribed by Eq. �4� reflects the ac Drude conductivity,6 where
the scattering time �C is related to the mobility �CR by the
relation

�CR =
e

m*�C. �5�

In order to fit the shape of the line recorded in our reso-
nance experiment, we need to take into account the linear
polarization of the absorbed microwaves and the fact that we
measure the first derivative of the absorption vs magnetic
field due to the use of modulation of B and lock-in detection.
We treat the linear polarization as a sum of �+ and �− polar-
ization. This leads to a final expression, which reproduces
the characteristic asymmetric line shape of the magneto-
plasma resonance in the magnetic field domain,

f��,B� =
1

2

�

�B
�F+��,B� + F−��,B�	 . �6�

Figure 3 shows a fit of Eq. �6� to the spectrum recorded at
�=0. The best fit parameters in this case are �p
= �1.63±0.1��1011 s−1 and �C= �1.73±0.1��10−11 s−1,
which correspond to �CR= �152 000±8000� cm2/V s. The
microwave frequency was set to the experimental value of
�res=0.6�1011 s−1.

The inset in Fig. 3 shows two branches of magnetoplasma
modes calculated according to Eq. �2� with parameters ob-
tained from the fit. As can be clearly seen, the fitted plasma
frequency is substantially higher than the microwave fre-
quency, so the main contribution to the line shape of the
observed resonance originates from the edge magnetoplasma
branch. Due to the finite width of the resonance line, the
cyclotronlike branch contributes slightly to the spectrum for
magnetic fields close to B=0.

The obtained cyclotron mobility is by a factor of 2 higher
than the transport mobility determined from a Hall experi-
ment. As argued in Sec. III A the cyclotron resonance in the
GaN/AlGaN heterostructure should give a cyclotron mobil-
ity close to that detemined from transport, at least for
samples with low sheet electron concentration.21 The

discrepancy between the two mobilities values observed in
our experiment can be explained in terms of an ac character
of the cyclotron resonance measurement, which becomes
more pronounced for high-mobility samples. The main con-
tribution of the electron gas �oscillating at the resonance fre-
quency �res=0.6�1011 s−1� stems from electrons confined in
high-quality areas of the sample, where scattering potentials
originating from residual and remote impurities are well
screened. The mobility measured here in a cyclotron reso-
nance experiment can thus be closer to the value limited by
intrinsic properties of the GaN host crystal, namely, by
acoustic phonon scattering. Moreover, the interpretation of
dc conductivity measurements assumes a uniform current
distribution. When the current is not uniform, e.g., due to
long range potential fluctuations, the resulting Hall mobility
is smaller than that corresponding to the scattering time.

C. Dependence of the plasmon-cyclotron resonance on the
sample size

The plasma frequency in a 2D electron gas depends on the
sample dimensions, as expected according to Eq. �3�. To
show that the observed resonance in GaN/AlGaN is really
sample size dependent, we have measured a set of samples
cleaved from the same wafer, having equal sheet electron
concentrations and mobilities but different sizes. The three
samples measured had an approximately rectangular shape,
with their bigger dimension equal to about 4 mm �plasma
oscillations related to this dimension are not excited in our
experiment� and the smaller one equal to 3.5, 2.0, and
1.5 mm. The results are shown in Fig. 4. Indeed, with
decreasing sample size, the resonance is shifted toward
higher magnetic fields, reflecting an increase of the
plasma frequency. All spectra can be fitted with very
good precision using Eq. �6�, supporting the assignment to
the magnetoplasma resonance. The best fit parameters for
all samples are listed in Table I. The obtained �C=const
= �1.8±0.1��10−11 s, while �p is size dependent.

From the fitted plasma frequencies, taking the sheet elec-
tron concentration equal to n2D=1.95�1012 cm−2, we can

FIG. 4. Plasmon-cyclotron resonance in GaN/AlGaN with dif-
ferent sample dimensions but the same sheet electron concentration
and mobility. Dots are experimental data, with some data points
omitted for clarity. The solid lines represent least squares fits of Eq.
�6� with best fit parameters listed in Table I.
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calculate the effective diameter of the measured samples us-
ing Eq. �3�. We obtain 2Ref f =2, 1.46, and 0.84 mm, which
are comparable to the actual widths of the sample �3.5, 2.0,
and 1.5 mm, respectively�, but some discrepancies are
clearly visible. The observed discrepancy may be accounted
for considering the nonradial sample geometry and the fact
that the 2DEG may not occupy the whole area of the mea-
sured sample.

The frequency f of the magnetoplasma oscillations for a
millimeter-sized sample with a sheet electron density of 2
�1012 cm−2 is of the order of a few GHz. Reducing the
sample dimensions down to the micrometer regime, the
plasma frequency is expected to fall into the THz region,
which can be interesting for the generation or detection of
the THz radiation.25 Making use of the plasmon-cyclotron
coupling, the resonance frequency can be further tuned to-
ward both higher and lower frequencies by applying rela-
tively low magnetic fields. The properties of GaN-based het-
erostructures have already been successfully used in blue
optoelectronics as well as in high-power and high-
temperature electronics. Here, we see that they can be also
considered as a promising candidate for the THz technology.

D. Influence of illumination

It is widely recognized that a 2DEG is present at the
GaN/AlGaN interface even without any intentional doping
due to the presence of strong polarization fields in the het-
erostructure. Native defects from the surface of the AlGaN
barrier have been proposed as a source of the two-
dimensional electrons in the GaN quantum well.26 There, it
has been calculated that the polarization fields are pushing
native defect levels above the Fermi level, promoting trans-
fer of electrons from localized defect states at the surface to
the triangle well at the interface.

It has been also shown that illumination, which affects the
charge distribution in the GaN/AlGaN heterostructure, si-
multaneously influences the electron concentration in the 2D
channel and the surface barrier height.27 Under ultraviolet
illumination, the 2D electron concentration can be increased
and the surface barrier height is reduced. This effect was
explained in terms of migration of holes, photogenerated at
the AlGaN barrier, toward the surface and the accumulation

of photogenerated electrons at the GaN/AlGaN interface.
Photoionization of localized defect states in the AlGaN bar-
rier can be also considered as a source of excess electrons in
the quantum well. Slow recombination of the photocarriers
has been observed due to the charge separation by the AlGaN
barrier width and possibly due to capturing by impurities
localized in the barrier.

In order to vary the electron concentration in the 2D chan-
nel, the GaN/AlGaN sample �3.5�4 mm2� was illuminated
in the spectrometer cavity and the resonance spectra were
recorded. The sheet electron concentration under illumina-
tion was monitored by measuring the SdH oscillations. This
approach allowed us to test the applied model of the
plasmon-cyclotron coupling without changing the sample di-
mensions. Experimental data are shown in Fig. 5.

Illumination with a white halogen lamp light led to a slow
increase of the electron concentration. After 15 min of
illumination, the 2D concentration increased from
1.95�1012 to 2.2�1012 cm−2, and the effect did not satu-
rate. Illumination with infrared light had almost no influence
on n2D, while illumination with UV laser light �multiline 351
and 363 nm� increased drastically the concentration up to
3.5�1012 cm−2. After switching off the UV illumination, the
concentration slowly came back to its “dark” value, reaching
n2D=3�1012 cm−2 after 10 min. The observed response of
the sample is consistent with results described in Ref. 27.

Figure 5�a� shows the fast Fourier transform spectra of the
measured Shubnikov–de Haas oscillations in the dark and
under illumination. The shift of the FFT peak toward higher
frequencies under illumination is clearly visible, together
with the broadening of the FFT line, which may suggest a
decrease of the mobility. Indeed, fitting Eq. �1� to the SdH
spectra obtained under illumination reveals a drop of the
quantum mobility from �q=8600 cm2/V s in the dark
down to �q=2900 cm2/V s under the UV illumination
�see Table I�.

Plasmon-cyclotron resonances recorded simultaneously
with the SdH oscillations in the illumination experiment are
shown in Fig. 5�b�. With increasing sheet electron concentra-
tion �under illumination�, the edge magnetoplasma resonance
moves toward higher magnetic fields, reflecting an increase
of the plasma frequency, as described by Eq. �2�.

Figure 6 shows all data collected in the illumination ex-
periment. The upper panel shows the square of the plasma

TABLE I. Transport parameters for GaN/AlGaN heterostructures obtained from the Shubnikov–de Haas
oscillations �n2D and �q� and from the analysis of the plasmon-cyclotron resonance line shape ��p, �C, and
�CR�.

Sample size
�mm2� Illumination

n2D

�cm−2�

�q

�cm2/V s�
±500

�p

�s−1�
±0.1�1011

�C

�s�
±0.1�10−11

�CR

�cm2/V s�
±8000

3.5�4 Dark �1.95±0.05��1012 8600±500 1.63�1011 1.73�10−11 152000

2.0�4 Dark 1.98�1011 1.89�10−11 166000

1.5�4 Dark 2.58�1011 1.74�10−11 153000

3.5�4 White �2.2±0.1��1012 4300±1000 1.75�1011 1.53�10−11 135000

3.5�4 UV �3.5±0.1��1012 2900±1000 2.45�1011 1.18�10−11 104000

3.5�4 Dark after UV 2.27�1011 1.34�10−11 118000
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frequency obtained from the fit of the magnetoplasma line
shape vs the sheet electron concentration obtained from the
Fourier transform of the SdH signal. A linear dependence is
consistent with Eq. �3�. The slope of �p�n2D� corresponds to
the effective diameter of the sample equal to 2Ref f

=1.8±0.2 mm.
Figure 6�b� shows the cyclotron and the quantum mobili-

ties obtained from the magnetoplasma linewidth and from
the magnetic field dependence of the SdH oscillations, re-
spectively, vs the sheet electron concentration. Both mobili-
ties decrease with increasing n2D. However, the drop of �CR
is much smaller than that of �q. The �CR /�q ratio equals 18
in the dark and 36 under the UV illumination.

As discussed above, illumination increases both the sheet
electron concentration in the GaN 2D channel and the con-
centration of ionized defects in the AlGaN barrier. The in-
creased number of remote scattering centers in the barrier
can be responsible for the drop of both mobility values, �CR
and �q, observed in the experiment. On the other hand, the
increase of the sheet electron concentration in the well is
followed by the enlargement of the screening radius, which
leads to a longer characteristic length of potential fluctua-
tions. This can explain the significant increase of the �CR /�q
ratio.

IV. CONCLUSIONS

To summarize, we observed coupling of plasma oscilla-
tions to the cyclotron motion, an edge magnetoplasma mode,
in the high-mobility 2D electron gas confined at the
GaN/AlGaN interface using microwave resonance spec-
trometry in a conventional ESR spectrometer. We have
shown that the analysis of the coupled plasmon-cyclotron
resonance provides a contactless method to characterize
electronic properties of the 2D electron gas. Both the sheet
electron concentration and the mobility can be determined
with high precision from the resonance position and the line
shape of coupled magnetoplasma modes, for which we have
derived a simple formula based on the theory for dimen-
sional resonances.2,22

We also observed Shubnikov–de Haas oscillations in
GaN/AlGaN using the microwave resonance spectroscopy.
SdH oscillations have been investigated earlier by this
method, e.g., for InGaAs and AlGaAs quantum wells.28–30

The observation failed, however, for high-mobility Si-based
heterostructures, in which large potential fluctuations are
present.31

The observation of the plasmon-cyclotron coupling was
possible, thanks to the high mobility of the electrons

FIG. 5. Illumination experiment. �a� Fast Fourier transform of
the Shubnikov–de Haas signal in a GaN/AlGaN sample, measured
in the dark and under white halogen lamp or UV laser light illumi-
nation. �b� Coupled plasma-cyclotron resonance measured simulta-
neously in the same experiment. Dots are experimental, with some
data points omitted for the clarity. Solid lines represent fits of Eq.
�6� with best fit parameters listed in Table I.

FIG. 6. �a� The square of the plasma frequency determined from
plasmon-cyclotron resonance versus the sheet electron concentra-
tion obtained from the SdH oscillations for a GaN/AlGaN sample
with a width of 3.5 mm. The solid line represents a fit of Eq. �3�,
yielding an effective diameter of the sample equal to 2Ref f

=1.8 mm. �b� Quantum and cyclotron mobilities determined from
the SdH oscillations and from the magnetoplasma linewidth,
respectively.
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confined at the GaN/AlGaN heterojunction in the investi-
gated samples. High mobility was achieved here due to the
optimization of the MBE-growth technique, allowing us to
obtain a high-quality interface between GaN and AlGaN, as
well as the use of a native GaN substrate, which resulted in
low dislocation density in the heterostructure.
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