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Electron transport in AlGaN–GaN heterostructures grown
on 6H–SiC substrates
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We investigated two-dimensional electron transport in doped AlGaN–GaN heterostructures~with
the electron sheet concentrationns'1013 cm22! grown on conducting 6H–SiC substrates in the
temperature rangeT50.3– 300 K. The electron mobility in AlGaN–GaN heterostructures grown on
SiC was higher than in those on sapphire substrates, especially at cryogenic temperatures. The
highest measured Hall mobility at room temperature wasmH52019 cm2/V s. At low temperatures,
the electron mobility increased approximately five times and saturated below 10 K atmH

510250 cm2/V s. The experimental results are compared with the electron mobility calculations
accounting for various electron scattering mechanisms. ©1998 American Institute of Physics.
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Monte Carlo simulations predict a high peak veloci
np , high saturation velocity,ns , and a relatively high elec
tron mobility,m, in GaN doped at 1017 cm23 ~see Refs. 1–5!.
More recently, transient Monte Carlo calculations6 showed
that this material should exhibit ballistic and overshoot tra
port, which is expected to be even more pronounced tha
GaAs, but at much higher voltages. Experimental data
mobility calculations for the two-dimensional~2D! electron
gas at the AlGaN/GaN heterointerface show that the 2D e
tron mobility is much higher than that for bulk GaN7–9 and
decreases relatively little with doping compared to AlGaA
GaAs structures. A higher value of the mobility in the 2
gas is primarily related to the decrease of the ionized im
rity scattering caused by the separation from the ionized
nors and by screening effects in a high density 2D elect
gas.6

It was demonstrated recently9,10 that 2D electron mobil-
ity in AlGaN–GaN heterostructures can be significantly e
hanced by growing epilayer structures on 6H–SiC substra
The enhancement was primarily attributed to a smaller lat
mismatch between SiC and GaN, and resulted in a be
quality of AlGaN–GaN interface. The highest reported H
mobilities in the heterostructures on silicon carbide atT577
K are 5413~Ref. 9! and 5600 cm2/V s,10 whereas in similar
structures grown on sapphire substrates the mobility
close to 4000 cm2/V s.8

In this letter, we present our most recent experimen
data which demonstrate that the electron mobility in the
electron gas at the AlGaN–GaN heterointerface may be s
stantially higher than was believed before. We report l
temperature mobility values of over 10 000 cm2/V s.

The epilayer structure was grown by the low press
metalorganic vapor pressure epitaxy11 on n-type 6H–SiC

a!Current address: Dept. of Electrical and Computer Engineering, Unive
of South Carolina, Columbia, SC 29208.
7070003-6951/98/72(6)/707/3/$15.00
Downloaded 29 Dec 2004 to 129.74.250.197. Redistribution subject to AI
,

-
in
d

c-

/

-
o-
n

-
s.
e
er
l

s

l

b-

e

substrates. A 150 nm AlN layer growth on silicon carbi
was followed by the deposition of a 0.5mm nominally un-
doped GaN layer, 50 nmn-GaN layer with an estimated
doping leveln5531017 cm23. Finally, the GaN layer was
capped with a 50 nm Al.20Ga.80N barrier layer. The
piezoeffect12,13 and the barrier and channel doping result
in a large electron sheet concentrationns51.331013 cm22

determined from Hall measurements using the van der P
contact configuration. Low temperature Hall measureme
were performed on the Hall bar with geometry factorg57
~ratio of the bar length to the bar width! obtained by reactive
ion etching of the mesa. The contact formation was the sa
as that reported in Ref. 10. The low temperature transp
measurements were performed using the standard ac loc
technique in the constant current mode. The current thro
the device was 100 nA at 22 Hz. The sample was mounte
the vacuum chamber, which allowed us to perform measu
ments in the wide range of temperatures and magnetic fie

We performed the Hall measurements in the tempera
range from 300 mK to 300 K. The low temperature expe
ments were carried out in the magnetic fields up to 9 T. W
determined that the electron sheet concentration drops
approximately 25% with a decrease in the sample temp
ture from 300 to 100 K and remains unchanged at low
temperatures. The Hall measurements using van
Pauw contact configuration yielded the electron sh
concentrations and mobilitiesns51.331013 cm22, m
52019 cm2/V s, and ns51013 cm22, m58583 cm2/V s at
T5300 K, andT577 K, respectively. These values are
good agreement with the results we obtained from the in
pendent measurements on the Hall bar. Figure 1~a! shows
resistancesRxx andRxy measured at liquid helium tempera
tureT54.2 K. We extracted the electron sheet concentrat
from simultaneous measurements of the Shubnikov–de H
oscillations,nsS-H, @Fig. 1~b!# and of theRxy(H) with slope
determined bynsH @see Fig. 1~a!#. The electron concentration

ty
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in 2D gas extracted from these measurements is

nsH5
H

Rxye
'nsS-H5

2e

hDS 1

BD '0.9731013 cm22,

where H and B are magnetic field intensity and magne
flux density,e is electron charge, andh is the Planck con-
stant. The electron sheet concentration remains uncha
up to the magnetic fields of 9 T@Fig. 2~a!#. The measured
m(H) dependence atT54.2 K yields the Hall mobility close
to mH510 500 cm2/V s at 1.0 T @Fig. 2~b!#. The electron
Hall mobility at H51 T and T577 K was approximately
8600 cm2/V s, which is very close to the 8583 cm2/V s ob-
tained from the van der Pauw–Hall measurements. A furt
increase in the Hall mobility with a temperature decrea
was observed until approximately 10 K@see Fig. 2~b!#. At
lower temperatures, the Hall mobility becomes temperat
independent with the valuemH5102506100 cm2/V s.

Even though our results yield reasonable values formH

and ns , we would like to emphasize unusual measured
pendenciesRxx(H). As one can see from Fig. 1~a!, we ob-
serve a large negative magnetoresistance in high mag
fields. In similar AlGaN/GaN structures, Knapet al.8 ob-
served a large positive magnetoresistance in magnetic fi
up to 4 T followed by a less pronounced negative mag
toresistance in higher magnetic fields. They did not give a
explanation of this effect, which remains unclear.

Figure 3 compares the measured values of the Hall

FIG. 1. ~a! Hall constantsRxx and Rxy vs magnetic field at liquid helium
temperatureT54.2 K; ~b! shows Shubnikov–de Haas oscillations in qua
tizing magnetic fields.
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bility with the results of the calculations, which use the fo
mulas derived in Ref. 6. The theory developed in Ref
exploited conventional three-dimensional~3D! electron scat-
tering rates for all scattering mechanisms. However, the
effects have been accounted for by using a much higher e
tron concentration in the channel than the ionized impu
concentration. This accounts for a spatial separation of e
trons from ionized impurities in the wide-band-gap barr

FIG. 2. ~a! Electron Hall mobility,mH , and sheet concentration,ns , vs
magnetic field intensity at temperatureT54.2 K; ~b! Electron Hall mobility
and sheet concentration as a function of temperature measured at ma
field intensityH51 T.

FIG. 3. Measured~open circles! and calculated~solid lines! Hall mobility as
a function of sample temperature. The results of calculations accoun
electron scattering by optical and acoustic phonons, piezoelectric and im
rity scattering.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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layer and for the screening of the ionized impurity scatter
in the channel—the two most important effects distingui
ing the mobility of the 2D electron gas from the 3D mobilit
Such an approach gave a reasonable agreement with the
culations done for GaAs and was expected to be valid for
polar optical scattering in GaN.1 Parameters used in the ca
culation are: acoustic deformation potential,eac58.3 eV;
relative static dielectric constant,e058.9; high frequency
dielectric constant, es55.5, effective electron mass
mn50.22 m0 , energy gapEg53.4 eV, optical phonon en
ergy, Eo50.0912 eV, elastic modules,cL52.6531011 N/
m2; cT54.4231010 N/m2; piezoelectric constant,e14

50.375 C/m2. Also, we assumed that the Hall factor for th
piezoelectric scattering is 1.12.14

As can be seen from Fig. 3, the effective electron c
centration and ionized impurity concentration primarily a
fect the low temperature mobility values. Our calculatio
qualitatively agree with experimental data. They show t
the room temperature mobility values are primarily det
mined by the polar optical scattering and acoustic scatter
The mobility in the intermediate temperature range
strongly affected by the acoustic scattering. The quantita
agreement at room temperature cannot be reached by
nipulating the values of ionized impurities and/or effecti
electron concentration. The possible reasons may inc
screening of polar optical scattering, a possible effect of
calized phonons on the polar optical scattering rate, and
inaccuracy related to using 3D scattering rates. The m
sured room temperature mobility reaches 2019 cm2/V s,
which is much larger than for comparably doped silicon~ap-
proximately 500 cm2/V s!2 and about half of that for a com
parably doped GaAs~approximately 4000 cm2/V s!.9 Be-
cause of the very high electron concentration at
heterointerface, such~or even a higher! value of the mobility
can be achieved even in a doped channel with a fairly la
donor concentration,Nd , in GaN ~the values ofNd52.5
31017 cm23 and volume electron concentration,n57
31018 cm23 were used in the calculation!. Since the peak
and saturation velocities in GaN are much higher than th
in GaAs, these results mean that deep submicron GaN-b
devices can outperform GaAs-based transistors. This pre
tion is consistent with our recent experimental results, wh
show very high drain current and transconductance va
~over 1 A/mm and 180 mS/mm, respectively! for doped
channel GaN-based high electron mobility transist
~HEMTs!.15

The observed increase in the Hall mobility in th
AlGaN/GaN high field effect transistors~HFETs! grown on
SiC substrates~compared to the HFETs grown on sapph
substrates! is especially pronounced at cryogenic tempe
tures. This can be explained by a better material quality
GaN grown on SiC substrates because of much smaller
tice mismatch between AlGaN and SiC. A better mate
quality may manifest itself in a smaller dislocation dens
and/or in a less pronounced columnar structure. The dislo
tion density in GaN grown on sapphire is quite high~in the
range 108– 1010 cm22!.16 This material also has a pro
nounced columnar structure~called ordered polycrystalline
microstructure16!. The recent piezoresistivity studies o
AlGaN/GaN heterostructures revealed the existence of
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domain structure formed at the heterointerface caused by
face changes between gallium and nitrogen atomic plane
the heterointerface.17 All these effects may affect the 2D
electron mobility, especially at cryogenic temperatures. T
mobility limited by the dislocations is roughly proportiona
to temperature.18 The polycrystalline structure leads to th
observation of the ‘‘mobility edge’’19 and may result in the
exponential temperature dependence of the mobility wit
very small, concentration-dependent activation energy.20 The
scattering mechanisms related to the material imperfect
should be much more pronounced at cryogenic temperatu
Hence, our data show a better material quality of GaN gro
on SiC substrates.

In conclusion, we report on the record values of the H
mobility in GaN-based heterostructures. A significan
higher mobility was achieved in the structures grown on 6H
SiC substrates compared to those grown on sapphire, e
cially at low temperatures. The qualitative analysis of o
data shows that polar optical and acoustic scattering are
dominant electron scattering mechanisms at room temp
ture at high sheet electron carrier concentrations.

This work has been supported by the Office of Nav
Research under Contract No. N00014-97-C-0033~Project
Monitor Dr. Colin Wood!, and partially supported by BMDO
~Program Manager Dr. Kepi Wu!. The authors are grateful to
Professor M. Dyakonov for illuminating discussions.
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