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We have performed a magnetotransport study on an AlGaN/GaN heterostructure at low
temperatures. The effective-mass values have been evaluated by analyzing the exact form of the
temperature-dependent Shubnikov–de Haas oscillation function. The values obtained increase with
the magnetic field. This mass enhancement is attributed to conduction-band nonparabolicity. The
effective-mass variation with the magnetic field was extrapolated to zero field, together with further
correction due to the triangular confinement of the carriers, yielding an effective mass of 0.185
60.005 of the free-electron mass. Our result is in excellent agreement with the results obtained by
first-principle calculations and the tight-binding method, and suggest the significance of
magnetic-field-induced nonparabolicity in transport measurements. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1380245#
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Recently, there have been increasing experimental s
ies aimed at clarifying the properties of group-III nitride
These materials have the advantages of band structures
direct-transition nature and widely varied band gaps. Th
are suitable for fabricating blue and ultraviolet light-emittin
and laser diodes. Furthermore, their structures will be str
ger and more chemically stable, and the devices made u
them can be operated in a high-power and in hig
temperature environment. One of the important system
the AlGaN/GaN two-dimensional electron gas~2DEG! for its
promising future in high electron mobility transistors.

From the technological point of view, some importa
electron parameters must be clarified, such as the elec
effective mass, which is of crucial importance to optimi
device performance. However, widely scattered values of
effective mass have been reported in previously publis
reports.1–5 The reported experimental results were somew
larger than the predictions of theoretical calculations.6,7 The
authors compensated the discrepancies between theory
experiment by including the nonparabolicity resulting fro
different carrier densities and spatial confinements. Yet,
improvements are not quite satisfactory. Recently, the
ported values have ranged from 0.215 to 0.23m0 .3,4 The
purpose of this study is to elucidate the nature of the disc
ancies between the experimental outcomes and th
retical calculations. We performed temperature-depend
Shubnikov–de Haas~SdH! measurements to determine th
electron effective mass in the interface. Contrary to previ
studies, which assumed that the effective mass is a con
and independent of the magnetic field, we studied the va
tion of the effective mass with the magnetic field. We o
tained the nonlinear variation of the effective mass and
tributed it to the conduction-band nonparabolicity. Thus,
demonstrate the significance of the nonparabolicity effect
660003-6951/2001/79(1)/66/3/$18.00
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two-dimensional~2D! electrons confined at the AlGaN/Ga
heterojunction.

The sample used in this study was grown by meta
organic chemical-vapor deposition. A GaN buffer of 25 n
thickness was grown on the sapphire substrate, and it
followed by a 1.3-mm-thick GaN, a 5-nm-thick Al0.2Ga0.8N
barrier layer, and finally, by 25-nm-thick Si-dope
Al0.2Ga0.8N. The one-side doping results in the triangul
confinement of carriers in the heterojunction. The mobility
1900 cm2/V s at 77 K. The properties of the 2DEG at th
Al0.2Ga0.8N/GaN interface were investigated by magn
totransport measurements at low temperatures and mag
fields up to 15 T in a3He refrigerator. The sample was im
mersed in liquid helium. The temperature could be coo
down to as low as 0.3 K and be controlled from 0.3 to 1.2
by carefully adjusting the heater. It is also possible to rea
higher temperatures up to 4.3 K by adjusting the4He absorp-
tion rate. The data were taken by conventional lock-in te
niques. During the measurements, the current was monit
and kept small to avoid electron-heating effects~smaller than
1 mA!.

SdH measurement has been a very welcomed tool
studying the properties of two-dimensional carriers, such
effective masses, carrier concentrations, and scattering tim
Figure 1~a! shows typical Shubnikov–de Haas oscillatio
taken at 0.3 K. There is only one series of oscillations a
the SdH oscillations can be resolved from 6 to 15 T.

The oscillatory part of the SdH oscillations can be e
pressed as1

DrXX'4r0

Z

sinh~Z!
exp~2p/vCt!, ~1!

where Z52p2kBT/\vC , vC5eB/m* , and t is the quan-
tum lifetime.
© 2001 American Institute of Physics
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The inverse magnetic fields of the SdH oscillati
maxima as a function of the successive oscillation numb
are plotted as solid circles in the inset of Fig. 1. The data
be described by the simple linear equation3

1

BN
5N

e

p\n
1C, ~2!

whereN is an integer,C is a constant, andn is the carrier
concentration. The choice of the oscillation number is ar
trary. The solid lines in the inset of Fig. 1 show the fitting
Eq. ~2!. The slope of the line corresponds to the carrier d
sity 9.431012cm22.

To verify the two-dimensionality of the conducting ca
riers, we rotated the sample orientation against the magn
field. Figure 1~b! shows the SdH oscillations taken forQ
516° inclined with respect to the magnetic field. The cor
sponding minimum positions of the SdH oscillations sh
along withB cosQ. The hollow circles in the inset of Fig. 1
show the inverse magnetic fields of the SdH maxima a
function of the successive oscillation numbers. The 2D ch
acter is further confirmed by examining the cosQ value of
the slope ratio between the lines obtained from the tilted
perpendicular magnetic fields. It is in good agreement wit
the precision of our sample holder geometry.

Several selective temperature-dependent SdH osc
tions are shown in Fig. 2. The oscillation amplitudes can
found to increase with the decrease of temperature. The
fective mass can be extracted from the variation of the a
plitude of the SdH oscillation with temperature. From E
~1!,

A1~B,T1!

A2~B,T2!
5

Z1 sinhZ2

Z2 sinhZ1
, ~3!

where Ai is the amplitude of the oscillation andB is the
magnetic-field value where the amplitudes are taken.
effective masses are obtained by solving Eq.~3!. It is also
possible to fit the amplitude by the conventional ln(A/T) vs T
plot.3 The fitting for the effective mass for two magneti
field values is shown in the inset of Fig. 2. The results of
calculated effective mass are shown in Fig. 3. It is found t

FIG. 1. Typical SdH oscillations at temperature 0.3 K:~a! perpendicular
field ~solid line! and~b! tilted field of u516° ~dotted line!. The inset shows
the inverse magnetic field of the SdH maximum as a function of the suc
sive oscillation numbers:~a! result for perpendicular field~solid circles! and
~b! result for tilted field~open circles!.
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the effective mass increases with the magnetic field. The
hancement of the effective mass can be described b
simple linear fit:m* /m050.1710.0092B, or a nonlinear fit
which includes a quadratic term:m* /m050.19510.042B
10.000 25B2, which is plotted as the dashed and the so
lines in Fig. 3, respectively. Both approaches give good
with the data points. The mass variation is a consequenc
the nonparabolicity of the conduction band. The increase
the magnetic field enlarges the electron wave vectorki in the
plane perpendicular to the magnetic field. Then, higher te
of the wave vector are required to describe the physics w
the magnetic field is large. The effective mass is, therefo
altered since the effective mass contains information on
band structure.

It was as early as the late 1950s that Kane8 and Wallis9

successively developed the theoretical approach to inc
k4 terms in the conduction–electron energy expansi
which implied a variation of effective mass with magne
field. It was experimentally observed by Palik an
co-workers,10,11 who studied the effective mass inn-type
InSb. Palik found that the effective mass increases roug

s-

FIG. 2. Temperature-dependent SdH oscillations obtained at 0.3, 1.3,
4.3 K ~from top to bottom!. The inset shows the fitting for the effective ma
for two magnetic-field values, 8.3 and 9 T, and yields the effective-m
values 0.246 and 0.253, respectively.

FIG. 3. Calculated effective mass at some selected fields of maximum
peaks~open circles!. The effective mass increases with the magnetic fie
Dash line A is a simple linear fit:m* /m050.1710.0092B, while solid line
B is the nonlinear fit:m* /m050.19510.0042B10.000 25B2. The low-field
data reported by Saxleret al. ~see Ref. 3! are shown as an open diamond
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TABLE I. Measured sheet carrier concentrations and effective masses~in units of free-electron massm0!
obtained from previous magnetotransport and cyclotron resonance~CR! experiments. The masses obtained
the two experimental methods give different results. The last two rows show the theoretical results
first-principle calculation and tight-binding method. In our results, a linear extrapolation to zero field
Ando’s correction yields an effective-mass value of 0.182560.0125 of the free-electron mass.

Reports Approaches
Carrier

concentration~cm22!
Effective mass

~without correction!

Ref. 3 ~Saxler! SdH 5.131012 0.215
Ref. 1 ~Wong! SdH 5.431012 0.228
Ref. 4 ~Brana! SdH 1.0131013 0.23
Our results SdH 9.431012 0.23 ~low field!
Ref. 5 CR 3.731012 0.242
Ref. 2 CR 3.631012 0.242
Ref. 6 First-principle result 0.18
Ref. 7 Tight-binding

method
0.18
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linearly with the magnetic field and he successfully interp
his results in terms of the Kane–Wallis~KW! approach to-
gether with consideration of band interactions since the K
approach solely yields a slightly parabolic behavior with t
magnetic field when the magnetic field exceeds 3 T.10 Simi-
larly, behavior was observed for different material system
Whall et al.12 studied remote doped Si/SiGe and found th
the effective-mass variation with the magnetic field
roughly linear for a magnetic field lower than 3 T. Thus, w
attribute the mass variation with the magnetic field mainly
the conduction-band nonparabolicity.

Because we do not have data taken in a lower field,
difficult to determine which fit is better by our data alon
However, Saxleret al.3 reported an effective-mass measu
ment taken at magnetic fields between 3 and 4 T. We, th
fore, plot their data as an open diamond in Fig. 3. It may
seen that the data prefers the nonlinear fit. It suggests tha
nonlinear fit would give a better description of the magne
field-induced nonparabolicity. The mass of the extrapolat
to zero field ism* 50.19560.005m0 for the nonlinear fit.
The values are smaller than most experimental outco
previously reported. Since a triangular potential well
formed by the accumulated electrons in the GaN layer cl
to the interface, a further correction can be made by tak
Ando’s formula into account to estimate its contribution
the mass enhancement. The effective mass is lowered
0.01m0 to 0.18560.005m0 .4 It is remarkably close to the
results obtained by first-principles calculations given
Suzuki6 and by the tight-binding method.7 In our measure-
ments, the effective mass obtained at relatively low magn
fields is about 0.23m0 , which is very close to the recen
reported value.3,4 We, therefore, suggest that most previou
reported experimental results contain an additional contr
tion due to magnetic field. When the magnetic-field comp
nent is removed from the data, the effective mass approa
the predictions made by first-principle calculations. This
clearly shown in Table I, where we summarize the repor
effective mass by other groups and ours obtained from m
netotransport measurements. Thus, a complete understa
of the transport measurements of AlGaN/GaN must incor
rate the effect due to the magnetic field.
s indicated in the article. Reuse of AIP content is sub
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In conclusion, magnetotransport measurements h
been performed on electrons confined in a Si-doped G
AlGaN heterostructure. SdH oscillations were evidence
the 2DEG in the heterostructure and were further confirm
for their two-dimensional character. The sheet carrier c
centration determined from SdH oscillations was 9
31012cm22. The effective mass was studied as a function
the magnetic field. The measured effective mass was fo
to increase with the magnetic field and was taken as evide
of conduction-band nonparabolicity. The extrapolation of t
experimental data and the correction of Ando’s formula
gether give m* 50.18560.005m0 , which is in excellent
agreement with the prediction made by first-principle calc
lations. Our results suggest that magnetic-field-induced b
nonparabolicity must be taken into account in magnetotra
port experiments and is responsible for the discrepancies
tween the theory and previous experimental results.
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