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We report for the first time that the Subnikov-de Haas (SdH) pattern can be greatly
enhanced by recording the changes in the quantum oscillations of magnetoresistance
due to microwave radiation. In order to understand the origin of the enhancement, the
dependence of the enhanced SdH signal on temperature, microwave frequency and power
has been studied. It is concluded that the enhancement can be attributed to the effects
of free carrier absorption and the suppression of the nonoscillatory magnetoresistance.
The technique shown here can be used to detect the SdH oscillations at relatively high
temperature and in samples with moderate mobilities without perturbing the carrier
concentration.
PACS. 72.15 Gd. - Galvanomagnetic and other magnetotransport effects.
PACS. 78.70.Gq. - Microwave and radio-frequency interactions.
PACS. 73.61.C~. - Elemental semiconductors.

It is well known that the Subnikov-de Haas (SdH) oscillatory magnetoresistance is a
powerful tool for determining tansport parameters in semiconductor heterostructures, such
as the carrier concentration in the subbands of the two-dimensional electrons gas (2DEG),
the effective mass and quantum lifetimes. Due to the Landau level broading, the SdH
technique is not suitable for the measurement at high temperature or in samples with low
mobilities. To enhance the sensitivity of the SdH technique, a modified method that is based
on measuring the changes in magnetoresistance by a chopped laser light source has been
developed [l]. H owever, because the additional laser source can generate excess carriers, it
makes very difficult to obtain the exact carrier concentration as well as to determine the
underlying mechanism of the enhanced SdH pattern.
In this Letter, we present a novel technique which can greatly enhance the SdH pattern without changing the carrier concentration. The enhanced SdH pattern is obtained by
recording the changes in the quantum oscillations of magnetoresistance due to microwave
radiation. The underlying mechanism of the enhancement has been studied by the dependence of the enhanced SdH signal on temperature, microwave frequency and power. We
concluded that the enhacement is due to the effects of free carrier absorption and the suppression of the nonoscillatory magnetoresistance. We point out that the technique shown
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here can be used to study the magnetoresistance at relatively high temperature and in
samples with moderate mobility.
The experimental setup is similar to a conventional SdH equipment with an additional
microwave source which is modulated by a function generator. The sample is placed near
the transmitter head of a microwave coaxial cable, and no cavity or waveguide system is
needed. The sample is cooled down in a 7T Oxford superconducting magnet and measured
under Faraday geometry. The change in the longitudinal voltage drop is measured by a
lock-in amplifier with the reference frequency provided by the function generator.
The samples used in this study were grown on n-type (001) silicon substrates at 550
OC using a home-made hot-wall multi-wafer ultrahigh-vacuum chemical vapour deposition
system. The construction and operation of our system is similar to that which has been
reported elsewhere [2]. The modulation-doped two-dimensional hole gas (2DHG) structures
consist of a 1 pm undoped Si buffer layer, a 250 8, Si c.7rGeu.29 layer, a 100 8, undoped Si
spacer, and a 1 p,,, B-doped Si layer. Details of the growth technique used and the results
of the structural characterization have been described in our previous publication [3]. The
concentration of the 2DHG formed in the SiGe layer due to charge transfer from the B-doped
Si layer was determined to be 1.05 x 1Or2 cmm2 from SdH measurements.
Figure l(a) and (b) s h ow the regular SdH measurement and the modulated SdH
pattern under the illumination of a 25GHz microwave radiation with a power of lOdbm,
respectively. Both spectra were taken at 4.2K on the same SiGe quantum well sample.
We can clearly see that the enhancement of the SdH pattern by the modulated microwave
radiation is quite obvious. A comparion of Fig. 1 (a) and (b) indicates that both spectra
have the identical frequency of oscillation which give a carrier concentration of 1.05 x 1012
cme2 in the 2DHG.
In order to explore the underlying mechanism of the enhanced SdH pattern, let us look
at the magnetoresistance measurement under continuous microwave illumination without
modulation as shown in Fig. 2(b). C om pared with the spectrum of Fig. 2(a) obtained in
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FIG. 1. SdH oscillations at 4.2 K on a modulation-doped SiGe/Si quantum well with n = 1.05x 1012
crnm2 and jLh = 7500 cm2/Vs. (a) regular SdH, and (b) modulated SdH under microwave
illumination.
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FIG. 3. Dependence of modulated SdH oscillations on microwave frequency, taken at 4.2 K. The
power is fixed at 10 dbm for each microwave radiation.
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FIG. 4. Dependence of modulated SclH oscillations on microwave power, taken at 4.2 K. The microwave frequency is fixed at 25 GHz.

temperature Tj, is also increased. The higher Th during illumination, the larger the difference between the oscillatory SdH amplitudes will be. Thus, the enhancement factor is
increased.
Figure 5 displays the measurements of the modulated SdH oscillations at different
temperatures. We can still observe SdH oscillations at 13 K. Considering the hole mobility
of the studied SiGe sample is not too large (ph = 7500 cm’/Vs at 4.2 K); the observation
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FIG. 5. Temperature dependence of modulated SdH oscillations under a 25 GHz microwave illumi-

nation.
of SdH oscillations at this relatively high temperature demonstrates the advantage of the
modulated SdH measurement under microwave radiation.
In summary, we report the observation of the enhacement of SdH oscillations by
measuring the changes in magnetoresistance due to microwave radiation. According to the
studies of the dependence on microwave power, microwave frequency, and temperature, we
attribute the mechanism of the enhancement to the effect of free carrier absorption and
the suppression of the nonoscillatory background. By the measurement of a modulationdoped SiGe quantum well, we demonstrate that this technique can be used to study the
magnetoresistance of samples with moderate mobilities at relatively high temperatures.
This work is partially supported by the National Science Council of the Republic of
China.
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