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Abstract

We report the drastic enhancement of Shubnikov—de Haas (SdH) oscillations observed in a GaN/AlGaN heterostructure
by microwave modulation. The dependence of the SdH pattern on microwave power and temperature are investigated.
The underlying mechanism is attributed to the effect of carrier heating. This technique has the advantage of keeping the
carrier concentration fixed and not requiring expensive high-energy laser facilities compared with carrier-modulated SdH
measurements. Moreover, we have investigated the low-temperature transport properties of front-gated Alg13Gags:N/GaN
heterostructures. By changing the applied gate voltage, we can vary the carrier density in our sample. At high carrier densities
(n > 4.65 x 10'? cm~?), the measured mobility (x) is found to be a decreasing function of carrier density as pu~n""3'.
Loss of mobility with increasing carrier density is dominated by interface roughness scattering. At low carrier densities
(n < 4.24 x 10" cm™?), the measured mobility is found to be an increasing function of carrier density as u~n"3*. This is
consistent with remote ionized impurity scattering, although the measured exponent 0.34 is smaller than the typical value
(0.7-1.5) observed in an AlGaN/GaN electron system. A possible reason is that our sample mobility is approximately five
times lower than those in other devices for a similar electron density.
© 2003 Elsevier B.V. All rights reserved.
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Recent efforts in developing III-V nitride family, studied with great interest. A high-quality 2DEG can
InN, GaN, and AIN have led to significant progress in form in the GaN/AlGaN heterointerface because of
improving material quality. Alloys and heterostruc- the large band offs'et a}nd Fhe strong pijczoelectric and
tures based on these materials are therefore being spontaneous polarization in this material system. We

know that observation of the Shubnikov—de Haas
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the SdH technique is not suitable for the mea-
surement at high temperatures or for samples with
relatively low mobility. Many experimental tech-
niques have been developed to enhance the sensitivity
of the conventional SdH measurements. For example,
the carrier-modulated SdH technique [1,2], which is
based on measuring the changes in magnetoresistance
by a chopped laser light source. However, because
the additional laser source can generate excess car-
riers, it is very difficult to obtain the exact carrier
concentration as well as to determine the underlying
mechanism of the enhanced SdH pattern.

In this paper, we present measurements of
microwave-modulated and conventional SdH oscil-
lations in GaN/AlGaN electron systems. Our experi-
mental results fall into two categories. In the first
part of the paper, we present a novel technique that
can greatly enhance the SdH pattern without chang-
ing the carrier concentration. The enhanced SdH
pattern is obtained by recording the changes in the
quantum oscillations of magnetoresistance due to
microwave radiation. We demonstrate that this tech-
nique is suitable for studying the magnetoresistance
at relatively high temperature and in samples with
moderate mobilities. In the second part of the pa-
per, we report magnetotransport measurements on a
gated GaN/Alj 3sGags;N electron system. We will
investigate both the carrier density dependence of the
electron mobility in our system.

In the first part, the measurements were per-
formed on a metalorganic chemical vapor deposition
(MOCVD) grown GaN/Al,,GageN heterostructure.
The sample was grown on a sapphire substrate and
consists of an undoped 250 A thick Aly4GaggN,
an undoped GaN of 2.5 pm thickness, and a GaN
buffer layer. The carrier concentration of the sam-
ple is 7.4 x 10> cm~2 and the electron mobility is
2500 cm?/V s at 4.3 K. The sample was placed in-
side a 6 T Oxford superconducting magnet, and
was immersed in liquid helium. Raising the tem-
perature is done by a balance between the con-
trolled heating and the injected liquid helium. For
the microwave-modulated SdH measurements, the
microwave was generated by Gigatronics GT 9000
S microwave sweeper and guided to the sample
surface by a microwave coaxial cable. The oscil-
latory resistivity was measured by a conventional
lock-in amplifier with a reference frequency provided

by a function generator modulating the microwave
output.

It is known that the longitudinal resistivity py, in
the SdH oscillation is given by [3,4]

Pxx = ,00[1 + 4DT(X) CXp(fTC/COC’L'q)].

We know the temperature-dependent term is D7 (X )=
X/sinh X, where X =2n%kgT/fiw.. Therefore, the am-
plitude of the SdH oscillations is given by

Apx)c = 4p0DT(X) exp(—n/wcrq)

that depends on the carrier temperature-dependent fac-
tor D7(X). We can easily find that D7 (X) decreases
progressively with increasing temperature 7. We thus
observe the reduction of the SdH oscillatory ampli-
tude under the illumination of continuous microwave.
Our observation can be attributed to the effect of car-
rier heating [5,6]. The free carriers near the Fermi
level absorb the incident microwave and become hot
carriers. When considering the thermal energy with
background temperature (4.3 K) in liquid helium, that
provides about 0.4 meV smaller than the band gap en-
ergy of GaN (=/3.5 eV). However, the frequency of
the microwave is 300 MHz-300 GHz, we have elec-
tric energy E = hv~10~3 meV. Therefore, we provide
the energy to the carriers but do not excite electrons in
the valance band. These hot carriers possess an equiv-
alent temperature that may be higher than the lattice
temperature, since the sample is immersed in liquid
helium at 4.3 K. Hence the SdH amplitude decreases
compared with that obtained without microwave radi-
ation.

When we consider the microwave-modulated SdH
oscillations, as shown in Fig. 1. Let us see the differ-
ence between p,, with and without microwave illumi-
nation, which is

pxx(T) - pxx(T + AT)

—T
=4po exp <w .

crq

) [Dr(X) — Dryar(X)].

Then the amplitude of the SdH oscillation depends
sensitivity on the temperature-dependent factor
Drp(X) — Dryar(X), that is an increasing function
with increasing AT. Now we have an enhanced am-
plitude of the SdH oscillations, as shown in Fig. 1(b).
Therefore, the sensitivity of the SdH measurement
can be improved.
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Fig. 1. (a) The conventional SdH oscillations on the
GaN/Al, 4GagsN heterostructure taken at a background temper-
ature of 4.3 K; (b) the microwave-modulated SdH pattern under
the modulation of a 3 GHz microwave radiation at the same tem-
perature of 4.3 K.

0.0015

0.0010

SdH Signal (V)

0.0005

1
3.0 35 4.0 4.5 5.0 55 6.0

Magnetic Field (T)

Fig. 2. The dependence of microwave-modulated SdH measure-
ments on microwave power at temperature 4.3 K. The microwave
frequency is 4 GHz.

Fig. 2 shows the dependence of the SdH pattern on
microwave power (5—20 dBm). It is evident that the
SdH amplitude increases with increasing microwave
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Fig. 3. The dependence of microwave-modulated SdH measure-
ments on temperature with microwave frequency 3.7 GHz and
microwave power 20 dBm.

power. This result can also be interpreted in terms of
the electron heating effect from microwave absorption.
The amount of electron heating is increased as mi-
crowave power is increased. Therefore, increasing mi-
crowave power brings about higher carrier-equivalent
temperatures. The higher the electron temperatures
during illumination, the larger the difference be-
tween the oscillatory SdH amplitude. Thus, the
microwave-modulated SdH pattern is enhanced.

We also increase directly the temperature of the
sample to see the effect of microwave-modulated
SdH oscillations. Fig. 3 shows the dependence of
microwave-modulated SAH measurements on temper-
ature. We see that the SdH amplitudes decrease as the
sample temperature increases. At a fixed microwave
power, an increase in the lattice temperature decreases
the difference Dr(X) — Driar(X), resulting in a
smaller SdH amplitude. However, the SdH oscillatory
signal can be observed at a temperature up to about
10 K. Therefore, the observation of SdH oscillations
at this relatively high temperature clearly demon-
strates the usefulness of the microwave-modulated
SdH measurement.

Let us now turn our attention to the second part
of this paper. We investigate the transport properties
of a gated GaN electron system. By changing the ap-
plied gate voltage, we are able to vary the electron
density in our system. Fig. 4 shows the four-terminal
longitudinal magnetoresistivity as a function of per-
pendicular magnetic field at various gate voltages. In
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Fig. 4. Four-terminal magnetoresistivity measurements at different
gate voltages. From top to bottom: Vg =+40.6 to —0.3 V in 0.1V
steps.

all cases, the carrier densities determined from the pe-
riod of the SdH oscillations and those measured from
the classical Hall effect at low fields are within 2.8%
difference. These results, together with the fact that
we only observe a single series of SdH oscillations,
show that there is only one 2D subband occupied in
the GaN quantum well.

By changing the applied gate voltage (V) from
—3.5t0 +0.5 V, we can vary the electron density from
3.11x10"% t0 6.95x10'2 cm~2 in our system. We now
use a simple parallel-plate capacitor model in which
one plate of the capacitor is the metallic surface gate
whilst the other is the 2DEG. Our simple model al-
lows us to estimate the averaged distance between the
2DEG and the GaN/AlGaN interface. Fig. 5 shows the
electron density as a function of V. We can see that
the electron density shows a linear dependence on V.
From the linear fit the depth of the 2DEG is estimated
to be 640 A below the surface. This is somewhat larger
than the as-grown thickness of the AlGaN layer 400 A.
Our simple model allows us to estimate the averaged
distance between the 2DEG and the GaN/AlGaN in-
terface to be 240 A. This is not unexpected since in
a triangular quantum well, the maximum of the elec-
tron wave function distribution is at a certain distance
away from the semiconductor interface.

Let us now describe the carrier dependence of mo-
bility in our system. For a fixed gate voltage, we are
able to measure the electron density from the period
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g. 5. The electron density versus gate voltage at 7 = 4.3 K.
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Fig. 6. The logarithm of mobility In(x) as a function of the
logarithm of electron density In(#).

of the SdH oscillations. From the relation ¢ = neu
where ¢ is the zero-field conductivity, we can readily
calculate the mobility u. By repeating this process, we
can calculate the mobility u at different electron den-
sity n. In order to elucidate the underlying physics of
the mobility dependence on electron density, we plot
In(p) as a function of In(n), as shown in Fig. 6. In our
system at higher electron concentrations (7 > 4.65 X
10'2 cm—?) the measured electron mobility is found
to be a decreasing function of electron concentra-
tion u~n~%3!. The decreasing mobility with increas-
ing concentration is consistent with interface rough-
ness scattering [7,8]. The effect of interface roughness
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is expected to decrease mobility with increasing elec-
tron concentration as the electron wave function is
pressed closely against the GaN/AlGaN heterointer-
face. At lower electron densities (n < 4.65 x 102
cm~2), the measured electron mobility is found to
be an increasing function of electron concentration as
u~n"3*. This is consistent with remote ionized im-
purity scattering [9,10] in GaN/AIGaN electron sys-
tems. This behavior is well known and is typical of
GaAs/AlGaAs heterostructures. In this regime, mobil-
ity increases with density as u~n* where o typically
varies from 0.7 to 1.5 [7,11]. At a low temperature
of 4.3 K, the major contribution to electron mobility
comes from temperature-independent scattering pro-
cesses such as remote ionized-impurity scattering and
interface roughness scattering. At low electron den-
sities, the contribution from interface roughness scat-
tering can be expected to be very small. On the other
hand, as the electron density in the quantum well in-
creases, the potentials of the remote ionized impuri-
ties are screened more effectively by the electron gas.
Therefore, the electron mobility will increase. The
measured electron mobility is found to be an increas-
ing function of electron density as u~n®3*. A possible
reason for the smaller exponent 0.34 is that the mo-
bility in our system is approximately five times lower
than those reported for a similar carrier density in a
GaN electron system [7,10].

In conclusion, we have presented conventional and
microwave-modulated Shubnikov—de Haas (SdH)
measurements on GaN electron systems. By using
the microwave-modulation technique, we are able to
drastically enhance the sensitivity of SdH measure-
ments. According to the studies of the dependence
on microwave power and lattice temperature, we at-
tribute the mechanism of the enhancement to the hot
electron effect induced by microwave absorption. This
technique has the advantage of keeping the carrier
density fixed and is very useful for wide-band-gap
heterostructures in which moderate mobilities and
heavier effective mass (rapid damping SdH ampli-
tudes) are common. We have also investigated the
transport properties of a gated GaN electron system.
By changing the applied gate voltage, we are able to
vary the carrier concentration so as to study the mobil-
ity dependence on electron density. At higher electron

concentrations (7 > 4.65 x 10'> cm~2) the measured
electron mobility is found to be a decreasing function
of electron concentration u~n~3'. The decreasing
mobility with increasing concentration is consis-
tent with interface roughness scattering. At lower
electron densities (7 < 4.65 x 10'2 cm™2), the mea-
sured electron mobility is found to be an increasing
function of electron concentration as u~n®3*. This
is consistent with remote ionized impurity scattering,
though the measured exponent 0.34 is smaller than the
typical value (0.7-1.5) observed in an AlGaN/GaN
electron system. A possible reason is that our sample
mobility is approximately five times lower than those
in other devices for a similar electron density.

Acknowledgements

This work was funded by the NSC, Taiwan, and the
MOE programme for Promoting Academic Excellence
of University (89-N-FA01-2-4-3). Gil-Ho Kim was
supported by National R&D Project for Nano Science
and Technology (Contract No. M1-0212-04-0003) of
MOST.

References

[1] S.E. Schacham, E.J. Haugland, S.A. Alterovitz, Appl. Phys.
Lett. 61 (1992) 551.

[2] H. Linke, B. Kowalski, P. Ramvall, P. Emanuelsson, P.
Omling, K. Oettinger, M. Drechsler, B.K. Meyer, Appl. Phys.
Lett. 62 (1993) 2725.

[3] A. Isihara, L. Smrcka, J. Phys. C.: Solid State Phys. 19
(1986) 6777.

[4] P.T. Coleridge, R. Stoner, R. Fletcher, Phys. Rev. B 39 (1988)
1120.

[S] HY. Fan, in: R.K. Willardson, A.C. Beer (Eds.),
Semiconductors and Semimetals, Vol. 3, Academic Press,
New York, 1967, p. 405.

[6] J.C. Fan, Y.H. Chang, Y.F. Chen, J.F. Whang, F.F. Fang,
W.J. Tsai, C.Y. Chang, China J. Phys. 35 (1997) 917.

[71 M.J. Manfra, L.N. Pfeiffer, K.W. West, H.L. Stormer, K.W.
Baldwin, J.W.P. Hsu, D.V. Lang, R.J. Molner, Appl. Phys.
Lett. 77 (2000) 2888.

[8] B.R. Nag, S. Mukhopadhyay, M. Das, J. Appl. Phys. 86
(1999) 459.

[9] W. Walukiewicz, H.E. Ruda, J. Lagowski, H.C. Gatos, Phys.
Rev. B 29 (1984) 4818.

[10] L. Hsu, W. Walukiewicz, Phys. Rev. B 56 (1997) 1520.
[11] T. Ando, J. Phys. Soc. Japan 51 (1982) 3900.



	Conventional and microwave-modulated Shubnikov--de Haas oscillations in GaN electron systems
	Acknowledgements
	References


