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We report the drastic enhancement pattern of Shubnikov—de (Sdéd oscillations observed in an
AlGaN/GaN heterostructure by microwave modulation. The dependence of the SdH pattern on
microwave power and temperature is investigated. The underlying mechanism is attributed to the
effect of carrier heating. This technique helps study the transport properties of two-dimensional
electrons in many wide-band-gap heterostructures, in which moderate mobilities and heavier
electron effective masgapidly damping SdH amplitudgare frequently encountered. In addition,

this method has the advantage of keeping the carrier concentration fixed and not requiring expensive
high-energy laser facilities compared with carrier-modulated SdH measurement200%
American Institute of Physics[DOI: 10.1063/1.1539286

I. INTRODUCTION realize by conventional superconducting coil. Therefore, this
technique is less effective for studying many structures in
Two-dimensional electron ga@-DEG) systems based which carrier mobilities are low in most cases.
on semiconductor heterostructures are of great importance AlGaN/GaN heterostructures have attracted much atten-
for applications in modern optoelectronic technology. One oftion in the past several years due to their unique material and
the most frequently used tools to characterize the transpoglectronic propertie§:*?> They have advantages including
properties of a semiconductor system is the Shubnikov-deigh thermal conductivity, high breakdown voltage, radiation
Haas(SdH measurement. It is known that the conductivity resistance, chemical inertness, and mechanical stability.
depends on the density of states at the Fermi energy andigh-quality 2-DEG can form in the heterointerface because
oscillates as Landau levels shift to higher energies with inof the large band offset and the strong piezoelectric polariza-
creasing magnetic field. Observation of the oscillations retion in this material system. Therefore, the study of this ma-
quires that the thermal energy and the scattering-induced eterial system contributes to the full realization of electronic
ergy broadening be smaller than the Landau level separatiodevices capable of operating at high temperatures, high
To detect SdH oscillations, the measurements must be pepower densities, and in hostile environments. In this article,
formed at low temperatures, and the sample mobility needwe report SdH measurements on a wide-band-gap AlGaN/
to be relatively high. Many experimental techniques haveGaN heterostructure based on a technique that can drastically
been developed to enhance the sensitivity of the converenhance the SdH pattern without altering carrier
tional SdH measurements. In the carrier-modulated Sdtoncentrationd® The strengthened resolution comes from
technique, the carrier concentration is modulated by dhe additional modulation of microwave. The signal is de-
chopped laser beam. The carrier modulation is capable dected electrically in phase with the microwave modulation.
enhancing the SdH pattetrf,however, excess carriers gen- We studied the dependence on microwave power and 04
erated by the light source make the exact determination demperature. The enhancement mechanism is attributed to
carrier concentration difficult. the hot carrier effect induced by microwave absorption and
The microwave-detected SdH technique is based oithe suppression of the nonoscillatory background. We dem-
measuring the change in magnetoresistance due to the micrenstrate that this technique is suitable for studying many
wave absorptiodi-® This technique is flawed by the fact that wide-band-gap heterostructures in which moderate mobilities
the SdH oscillations are less evidentdf, than inp,,, since  and heavier effective magsapid damping SdH amplitudes
the SdH amplitudes decrease as 2.f/Br higher magnetic ~are frequently encountered at relatively high temperatures or
fields for o, . It is shown that the sensitivities of the carrier- low magnetic fields, without altering the carrier concentra-
modulation technique and the magnetic-field-modulatiorfion and without the risk of laser heating.
technique are comparatfieThe shortcoming of utilizing
magnetic-field-modulation technique is that it is not easy tdl. EXPERIMENT

The measurements were performed on a metalorganic-
dElectronic mail: yfchen@phys.ntu.edu.tw chemical-vapor-deposition-grown AGa, N/GaN hetero-
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FIG. 1. (@ The conventional SdH oscillations on the AIGaN/GaN hetero- F|G. 2. The electrically-detected, microwave-modulated SdH oscillations at

structure taken at a temperature of 4.3 K. For clarity, only the range ofy temperature of 4.3 K for the same sample. The microwave frequency is 3

magnetic fields higher than 3 T is shown. GHz. The onset of the SdH oscillations occurs at a lower magnetic field of
3.2 T. The inset shows the experimental configuration.

structure, which is of increasing importance for future elec-
tronic technology. The sample structure was grown on a

sapphire substrate and consists of an undoped—ﬂso displays the microwave-modulated SdH pattern under the
—thick Alp Ga N, an undoped _GaN Pf 2.pm thickness, .modulation of a 3-GHz microwave radiation at the same
and a GaN buffer layer. The dimensions of the sample 'Semperature. The inset shows the experimental configuration

4 mmx3 mm. The Hall pattern was made with conventional yoqcrined above. The SdH pattern is considerably enhanced
optical lithography. By using a Cr metal mask, active or-ppq the onset of oscillations is lowered to 3.2 T. Both SdH

thogonal mesa regions of gmx 800um were patterned by ,qijjations gave the same carrier concentration of 7.4
inductively coupled plasma etching using B@tchant. The 102 cm2

specific contact sensitivities-10~® ohm cm 2 were mea- To understand the effect of microwave on the magne-
Zured by mefani OJ tr_‘/e transm;/szlgn Iw;\e/ met’gt/)d [:}_\rlor 1 t¢transport measurements, we measured the regular SdH pat-
eposition of Ti/AI/Ni/Au (150 00 A/400 A/S0A), US- o ynder continuous microwave radiation without modula-

ing an electron bei\gn evaporator in the background VaCuliflyy “as shown in Fig. 3. We first note that the nonoscillatory
of better than % 10~ * and then annealed at a temperature of

. . part of the magnetoresistance remains almost the same,
700 °C. The Hall mobility at 77 K is 1090 ciV s.

h I laced insid ford which indicates that the microwave has little influence on the
The sample was placed inside a 6-T Oxior SlJperconfnagnetoresistance background. Moreover, it is clear that the

dhucting magnet, a_nddwas ikr)nmerrs]ed in quu(ijd he"um:f,RarifiT]Q:ontinuous microwave illumination reduces the amplitudes
the temperature Is done by a heater and a speciiic NigheSt \he ggH oscillation. It is known that the amplitude of SdH

temperature can be maintained by a balance between thgiyation depends sensitively on the temperature-dependent
controlled heating and the injected liquid helium. The sample, .,

temperature is measured by a sensor placed directly on the
other side of the sample holder. A~Z/sinhZ, (1)

~ For the microwave-modulated SdH measurements, thgherez =272 kg T/hwe, # is the reduced Planck constant,
microwave was generate_d by a Gigatronics GT 9000 S Mig, is the Boltzmann's constant, cyclotron frequency.
crowave sweeper and guided to the sample surface by a mi-
crowave coaxial cable. No cavity and no special waveguide
are needed in this way. The shape of the microwave pulses is
a sine wave and the frequency range can b&@ GHz. The 0.00335 +
estimated microwave power density for a 10-dBm surface
irradiation is 0.125W/crm The oscillatory conductivity
caused by a sweeping magnetic field was measured by &
conventional lock-in amplifier with a reference frequency - ocosso-

We now present our main experimental results. Figure 2

Conventional SdH

provided by a function generator modulating the microwave'%;l
output. :‘; SdH under microwave illumination
o
w2
IIl. RESULTS AND DISCUSSION 0.00325
Figure 1 shows the conventional SdH oscillations taken
at 4.3 K. There is only one series of oscillations and the SdH 52 .88 80
oscillations can be resolved from 4.2 T. The two- Magnetic field (T)
dlmen5|0nal|t¥ of the carriers has been Ve_r|f|§d by rotatingsg. 3. conventional SdH measurements with and without the continuous
the sample orientation against the magnetic field. microwave illumination of 3.76 GHz.
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FIG. 4. The dependence of microwave-modulated SdH measurements driG. 5. The dependence of microwave-modulated SdH measurements on
microwave power at temperature 4.3 K. The microwave frequency is 4 GHztemperature with microwave frequency 3.75 GHz. The oscillation can still
be observed at 9.9 K within available magnetic fields.

=eB/m"*, e is the electron charge, B is the magnetic field,

and nf is the electron effective mass. Since the COﬂtinUOUQhe SdH measurement. The dependence on microwave power

microwave radiation decreases the SdH amplitude, our oband temperature is studied. The enhancement mechanism is
servation can be attributed to the hot carrier effédthe free attributed to the hot carrier effect induced by microwave ab-

carriers near the Fermi level absorb the incident microwavgorption and the Suppression of the nonosci”atory back-

and become hot carriers. These hot carriers possess gfound. We demonstrate that this technique is suitable for
equivalent temperature that is higher than the lattice temstudying many wide-band-gap heterostructures, in which
perature. Hence the SdH amplitude diminishes compareghoderate mobilities and heavier effective méspid damp-
with that obtained without microwave radiation. In the jng SdH amplitudesare frequently encountered at relatively
microwave-modulated SdH measurements, the detected sigiigh temperatures or low magnetic fields. Furthermore, this
nal is proportional to the change ¢f,, under microwave technique has the advantage of unchanging carrier concen-
modulation. Since the nonoscillatory background is not aHration, avoiding possib|e laser heating, and not requiring

tered under microwave illumination, this background signalexpensive high-energy laser facilities, compared with carrier-
can be suppressed, and the remaining oscillatory part is efnodulated SdH measurements.

hanced. Therefore, the sensitivity of the measurement can be

improved.
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