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Al0.15Ga0.85N/GaN heterostructures: Effective mass and scattering times
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We have observed well-resolved Shubnikov–de Haas oscillations in the two-dimensional electron gas in
Al xGa12xN/GaN heterojunctions, and determined the GaN electron effective mass (m* ) and the quantum
scattering time (tq). We foundm* 50.18m060.02m0 in agreement with theoretical calculations, but slightly
smaller than the values previously reported from optical experiments. The value oftq was found to be 0.13
310212 sec, which is about a factor of 6 smaller than the classical scattering time (tc50.77310212 sec!. This
difference betweentq andtc is attributed to a significant amount of small angle scattering, most likely due to
charged defects at the epilayer/substrate interface.@S0163-1829~97!01947-4#
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The III-V-nitride-based semiconductors are presently
tracting considerable interest because of their potential
use in blue and ultraviolet optoelectronics and for hig
temperature/high-power/high-frequency electronic dev
applications.1,2 While gallium nitride ~GaN! and other III
nitrides have been studied since the 1960’s,1 the recent dem-
onstrations of a blue-light-emitting diode3 and laser,4 and
microwave field effect transistors5,6 have excited increase
interest. While similar in many ways to the more comm
III-V semiconductors such as GaAs and InP, the nitrid
have several significant differences. They crystallize in o
of two polytypes, a wurtzite type~hexagonal! and a zinc-
blende type~cubic! with the wurtzite type being the mos
common. Unlike the InAs-GaAs-AlAs system, wurtzite InN
GaN-AlN alloys have direct band gaps over the whole al
range, from the 1.9-eV band gap of InN through the 3.4-
gap of GaN to 6.2 eV for pure AlN.1,2 It is this wide range of
band gaps, covering nearly the whole visible spectrum
the ultraviolet, that makes them so attractive for ligh
emitting diodes and lasers, while the high breakdown fi
~200 V! and saturated drift velocity~2.73107 cm/s! ~Ref. 7!
are responsible for the interest in high-power and hi
frequency devices.

Although much work has been devoted to GaN and
other nitride-based semiconductors since the early 197
many of their important properties are still not well defin
compared to the more commonly studied semiconduc
such as Si and GaAs. In particular, the early reported va
for the electron effective mass varied from 0.19m0 to 0.27m0
~Refs. 8–10! with the value of 0.2m0 reported by Barker and
Ilegems9 being the most widely referenced value. Recent
ports of optical measurements ofm* are centering about th
value of 0.22m0. Drechsleret al.,11 studying epitaxial GaN
on sapphire, used cyclotron resonance~CR! to obtain a value
of m* 50.2060.005m0. Wanget al.,12 also using CR, mea
sured a value of 0.023m0 for the electron effective mass i
the two-dimensional electron gas~2DEG! formed at an
570163-1829/98/57~3!/1374~4!/$15.00
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Al xGa12xN/GaN heterojunction, and Perlinet al.13 used in-
frared reflectivity measurements of bulk crystals of GaN
determine a value of 0.2260.02m0, respectively. However,
the two most recent calculations14,15 of m* give values
slightly below 0.2m0. While small, the difference betwee
theory and experiment appears significant and deserves
ther investigation. In addition, there are very few reports
the measurement of the scattering time.

The Shubnikov–de Haas~SdH! effect, quantum oscilla-
tions in the magnetoresistance, has long been an effec
tool for the measurement of the properties of electrons
semiconductors and in 2DEG’s in general. It has been u
to determine bothm* andtqin a variety of materials. How-
ever, in the only previous report of SdH and quantum H
effects in AlxGa12xN/GaN ~Ref. 16! the oscillations were
visible only at fields above 10 T and were too poorly r
solved to analyze. We report here the first well-resolved S
oscillations in this material and the analysis of the data
determine bothm* andtq. Earlier, we reported preliminary
measurements of the electrical properties of this sample
cluding the highest reported low-temperature mobility for
GaN 2DEG.17 These experiments are the first electrical me
surement ofm* in GaN. The value determined,~0.1860.02!
m0, is lower than the recent CR measurements12,13 but in
close agreement with the recent theoretical calculations.14,15

We attribute the small difference between the results
ported here and the other measurement ofm* in a GaN
2DEG by Wanget al.12 to differences in the samples due
the silicon carbide and sapphire substrates used in the
experiments. Our measurement oftq is the first in GaN and
we find that the ratiotc /tq55.92, indicating a high percent
age of small-angle scattering, as will be discussed later.

The standard treatment of the SdH effect in 2DEG s
tems is given in the review by Ando, Fowler, and Stern18 and
in a paper by Coleridge and co-workers.19 For the case where
the carrier density of the 2DEG is low enough so that o
one electric subband is occupied, the oscillating portion
1374 © 1998 The American Physical Society
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the magnetoresistance can be expressed as19

1

2

Drxx

r0
52

x

sinh~x!
expS 2p

vctq
D cosS 2pe

\vc
2p D , ~1!

wherer0 is the zero field resistivity,vc5eB/m* is the cy-
clotron frequency,x is equal to 2p2kBT/\vc , and e, the
energy difference between the Fermi level and the minim
of the first electric subbandE1 is given by e5EF2E1
5p\2n/m* , where n is the carrier density of the 2DEG
occupying the first electric subband. In the case of
samples, only the first electric subband is occupied.

The effective mass of the 2DEG can be determined fr
the temperature dependence of the SdH oscillation ampli
at a fixed magnetic field. If we approximate sinh(x) by
exp(x)/2, we can express the amplitudeA of the SdH oscil-
lation at a given magnetic field as

lnS A

TD'C2
2p2kBm*

e\B
T, ~2!

where C is a temperature-independent term. A plot of ln(A/T)
versus T yields a straight line with a slope of
(22p2kBm* /e\B) from which m* can be evaluated.

The quantum scattering time, also called the sing
particle lifetime tq differs from the more commonly use
transport lifetime, or the classical scattering timetc in that
the former includes all scattering events while the latter
dominated by large-angle scattering events.20,21The classical
scattering time is determined from low-field Hall measu
mentsm5etc /m* . The quantum scattering time is a me
sure of the collision broadening of the Landau levels and
related to the half-width of the broadened Landau le
through G5h/2tq~Ref. 20! and can be obtained from th
amplitude of the SdH oscillations at a given temperature
ing a ‘‘Dingle plot.’’19 If at a fixed temperatureT we use our
data to evaluate the amplitude of the oscillations and
magnitude of the quantity (DR/4R0)/@X/sinh(X)# ~whereR0
is the zero field resistance!, we can evaluate the quantu
scattering time from the slope of the straight line describ
by19,22,23

lnS 1

4

DR

R0

sinh~X!

X D5C2S pm*

etq
D 1

B
, ~3!

The samples used for this study are sing
Al0.15Ga0.85N/GaN heterostructures grown on either SiC
sapphire substrates. The structure of the SiC sample is sh
in the inset of Fig. 1; the sapphire substrate samples w
similar. ~More details on the sample grown are given in R
17, where the low-field mobility and the carrier concent
tion versus temperature data are given.! The samples were
slowly cooled to 0.7 K in a3He cryostat equipped with a 9-T
superconducting magnet. The temperature was then va
between 0.7 and 15 K, and at each temperature the lon
dinal resistanceRxx was measured as a function ofB.

Figure 1 showsRxx as a function ofB for two of these
temperatures for the sample grown on the SiC substrate.
20-K carrier concentration and mobility of this sample,
measured by low-field Hall effect, were 6.431012 cm22 and
7480 cm2/Vs, respectively. These are a relatively high co
centration and low mobility for SdH experiments, but t
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oscillations are very well resolved. We also investigat
similar samples grown on sapphire substrates in the s
reactor. These samples had lower- but similar-magnit
low-temperature mobilities and similar carrier concent
tions. The best of these samples had a 20-K carrier con
tration of 8.731012 cm22 and mobility of 5730 cm2/V s,
which are not significantly different from the SiC substra
sample. However, we were not able to detect any indica
of oscillations in any of these samples up to 9 T at 0.7 K. We
note that in Fig. 1 the positions of the extrema ofRxx are the
same for both temperatures, indicating that the carrier c
centration is fixed over this temperature range. The abse
of significantparallel conduction in this type of structure
confirmed by comparing the Hall and SdH carrier densit
~631012 and 5.231012 cm22, respectively!. Unlike the ear-
lier report by Khanet al.,16 the difference between the tw
densities is only about 15%. This difference is close to
value ~;10%! we typically observed in high-quality
Al xGa12xAs/GaAs heterostructures where parallel cond
tion is insignificant. Concomitant with the minima inRxx ,
the Hall resistance exhibits plateaus confirming the form
tion of a 2DEG at the interfaces of our GaN/AlxGa12xN
samples. However, the Hall plateaus observed here are n
well defined as those observed in good-qual
GaAs/AlxGa12xAs, for example. This feature, along with th
15% difference between the carrier concentration values
tained from the Hall and the Shubnikov–de Haas effects,
the positive magnetoresistance inRxx are all indicative of a
parallel conduction path. Strong parallel conduction co
end up washing the oscillations and this may explain
absence of the oscillations in the samples grown on sapp
in the field range used in this study. Prior work by oth
groups16 on GaN grown on sapphire has shown strong p
allel conduction and no oscillations in this field range.

The carrier concentration for the SiC substrate sam
was determined first by plotting the position of the extrem
in inverse field against integer Landau levels, inset of Fig
and then from a fast Fourier transform of the data. A value
n55.231012 cm22 was obtained from both methods.

To evaluate the effective mass, the amplitude of the S

FIG. 1. Rxx as a function ofB for two temperatures. The inse
shows the sample structure for the sample with the SiC substra
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1376 57BRIEF REPORTS
oscillations was measured at a fixed magnetic field for e
temperature; the results are plotted in Fig. 2. The line is a
to the data. The effective mass was evaluated at several
ues of the magnetic field, yielding an average value of
perpendicularm* 5(0.1860.02)m0 of an electron in GaN.
Using our values ofm* and n, we calculated the energ
differenceDE between the Fermi level and the first subba
minimum, DE5EF2E15ph2n/m* 580 meV, which is
similar to the value in the experiments of Perlinet al.13 on
bulk GaN samples. Since the Fermi level is located 80 m
above the minimum of the conduction band, we may exp
nonparabolicity effects to contribute to the value of the
fective mass. To date, however, there have been no repor
nonparabolicity in the band structure of GaN.

The quantum scattering time was extracted from
Dingle plot of our data. A typical result is shown in Fig.
At 0.7 K, tq is equal to 0.13310212 sec. The ratio of the two
scattering timestc /tq is much larger than unity;tc is nearly
a factor of 6 larger thantq .

The value ofm* that we obtained is in close agreeme
with the theoretical predictions of Yanget al.14 and Suzuki
et al.15 but is lower than the recent experimental results.11–13

Somewhat surprisingly, the value closest to the one de
mined here is the CR result of Drechsleret al.11 which was
made on thick epitaxial material assumed to be bulklike
nature. Their value, after correction for polaron effects,
0.20m0. The only other measurement ofm* in 2DEG GaN is
the experiment of Wanget al.,12 who measured a value o
0.23m0. Wang and co-workers used infrared CR and th
samples were grown on sapphire andnot SiC, so the differ-
ence between their value and ours could be due to eithe
experimental methods or the material itself. While there
assumptions involved in the derivation of the SdH equat
used for determiningm* ,18 the possible errors are small. Th
magnetoresistance oscillations in Fig. 1 are well resolved
is the temperature dependence, and the oscillations do
show visible deviations from sinusoidal behavior so the
ting should result in a reasonably accurate value. As reg
the CR experiments, Wanget al. did not correct for polaron

FIG. 2. ln(A/T) as a function ofT at a fixedB. The line repre-
sents the best fit to the data. The effective mass is calculated
the slope forB56.06 T. The inset shows the position of the extrem
of Rxx in 1/B vs integers. Both the minima and the maxima a
shown.
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effects as did Drechsleret al.11 but these effects are believe
to be small in 2DEG systems. It is, however, well known th
GaN grown on SiC substrates can have significant diff
ences from that grown on sapphire.24,25 In particular, the re-
sidual strain has been shown to be different for GaN gro
on these two substrates,26,27 and strain can change the effe
tive mass.28 We conclude that differences in the mater
studied are responsible for the different experimental val
reported.

As stated above, we did attempt to measure the SdH
fect in GaN 2DEG structures grown on sapphire but w
unable to observe any indication of oscillations up to 9
even thoughm andn of the samples grown on sapphire we
comparable to the sample grown on SiC. This null res
needs discussion. From Eq.~1!, the only parameters that ca
affect the amplitude of the oscillations arem* andtq. Since
it does not seem likely that a change inm* from 0.18m0 to
0.23m0, a change of only about 25%, could complete
eliminate the strong oscillations shown in Fig. 1, we mu
conclude that the scattering times are significantly differe
Since the mobilities are comparable, this implies that
small-angle scattering in the sapphire samples is significa
larger than in the SiC sample, even though the ratiotc /tq in
the SiC sample is large already. A possible source of s
tering centers could be charged defects at the epila
substrate interface.24,29 A study of the effect of buffer layer
thickness on the quantum lifetime would provide proof
this hypothesis. Another phenomena that could be resp
sible for the absence of the oscillations is the dephasing
the oscillations associated with the degree of crystalline
perfections. Since the lattice mismatch between GaN
sapphire is large, this could very well lead to the dephas
of the oscillations and may be the primary reason oscillati
are absent in the samples grown on sapphire.

In summary, using the SdH effect, we have measu
m* 5(0.1860.02)m0 for GaN allowing us to determine,tc
50.77310212 sec, the energy difference between the Fer
level and the bottom of the conduction band~DE'80 meV,
tq50.13310212 sec and the ratio of the two characteris
times, tc /tq'6. The difference between this value ofm*
and recently published CR experiments is attributed to st
effects induced by the substrate selected. The absenc
SdH oscillations in samples grown on sapphire substra

FIG. 3. ln@DR/4R0)(sinh(X)/X)] as a function of 1/B for T50.7
K. The best-fit line is also shown. The slope of this line was used
calculate the quantum scattering time.
m



e
t

n
o
g

ns
o.
e
ti

nce

57 1377BRIEF REPORTS
could be attributed to increased small-angle scattering du
charged defects at the epilayer/sapphire interface or to
dephasing of the oscillations due to crystalline imperfectio
To the best of our knowledge , this is the first study
scattering times andm* in GaN based semiconductors usin
the SdH effect as a characterization tool.
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