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Electron mobility in modulation-doped AlGaN–GaN heterostructures
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We report on the measurements of the electron mobility in modulation-doped Al0.2Ga0.8N–GaN
heterostructures grown on sapphire, conducting 6H–SiC, and insulating 4H–SiC substrates as a
function of the sheet electron density,ns , at the heterointerface in a wide temperature range. The
mobility increases with an increase inns up to approximately 131013cm22 and decreases with a
further increase inns . This is explained by the electron spillover at high values ofns from the
two-dimensional states at the AlGaN/GaN heterointerface into the delocalized states in the doped
GaN channel. The maximum electron Hall mobility in excess of 2000 cm2/V s at room temperature
and 11 000 cm2/V s at 4.2 K was measured in the heterostructures grown on 6H–SiC at the values
of ns close to 1013cm22 and 731012cm22, respectively. ©1999 American Institute of Physics.
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Recent efforts in developing high power AlGaN–Ga
heterostructure field effect transistors~HFETs! have led to a
significant progress in improving material quality and redu
ing thermal self-heating in these devices.1–5 A large conduc-
tion band offset and strong piezoelectric effects in AlGaN
GaN heterostructures result in much higher sheet elec
densities than in similar AlGaAs–GaAs heterostructure6

The Hall electron mobility,mH , in excess of 2000 cm2/V s at
room temperature and 10 000 cm2/V s at 4.2 K was measure
in heterostructures grown on 6H–SiC.4 These values are
considerably higher than those found in similar epitax
structures grown on sapphire, which indicates a better qua
of AlGaN–GaN layers grown on SiC substrates. The high
two-dimensional~2D! electron mobility was measured a
sheet electron densities as high asns51013cm22. A large
nsm product,~over 231016V21 s21) is attributed to two fac-
tors: ~i! electron mobility in GaN is less sensitive to dopin
than, for example, that in GaAs~see, e.g.,7!; ~ii ! a large frac-
tion of the 2D electrons is induced by strong piezoelec
effects~piezoelectric doping!.8–10

In addition to AlGaN barrier doping and piezoelectr
doping, the AlGaN–GaN HFET current carrying capabiliti
can be further improved by using a doped channel design3 A
thin ~on the order of 100 nm! doped GaN layer~doped chan-
nel! near the AlGaN–GaN interface can dramatically
crease the number of electrons in the vicinity of the hete
interface. However, one can expect that a high chan
doping will reduce the electron mobility.

In this letter, we report on electron transport studies
Al0.2Ga0.8N–GaN heterostructures with the doped chan
design. We compare heterostructures grown on sapp
conducting 6H–SiC, and semi-insulating 4H–SiC substra
We investigate the electron mobility in a wide range of ele

a!Electronic mail: shurm@rpi.edu
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tron densities near the AlGaN–GaN heterointerface, co
sponding to the transition from a purely two-dimension
electron gas to a mixture of electrons in 2D and delocaliz
three-dimensional~3D! states.

The Al0.2Ga0.8N–GaN heterostructures were grown b
low-pressure metal organic chemical vapor deposit
~MOCVD!. The epilayer design of the samples is describ
in Refs. 3 and 5. The electron sheet density,ns , and Hall
mobility, mH , were obtained from Hall measurements usi
~i! van der Pauw contact configuration, and~ii ! Hall bar with
geometry factorg57 ~ratio of the bar length to the ba
width!. The samples were fabricated by reactive ion etch
of the mesa.4 The measurements were performed in the te
perature range from 4.2 to 300 K. The electron density n
the AlGaN–GaN heterointerface was modulated by vary
the doping level in the GaN channel~approximately 0.1mm
thick! or by using a Schottky barrier gate deposited on top
the entire Hall bar.

Figure 1 shows the electron Hall mobility i
Al0.2Ga0.8N–GaN heterostructures grown on sapphire, co
ducting 6H–SiC and semi-insulating 4H–SiC with differe
levels of the GaN channel doping. The measured sheet e
tron density varied from 331012cm22 to approximately 3
31013cm22. One can see that for highly doped channel h
erostructures (ns.231013cm22), the Hall mobilities for all
three types of substrates are similar. However, forns,1.5
31013cm22, a reduction in the 2D electron density leads
a significant increase in the electron Hall mobility in th
samples grown on 6H–SiC, pointing to a better quality of t
heterointerface. The Hall mobility for the structures grow
on semi-insulating 4H–SiC is larger than that for the stru
tures grown on sapphire, but smaller than that for the hete
structures grown on 6H–SiC. One of the possible reasons
this may be a better quality of 6H–SiC substrates availa
from Cree Research, Inc.

The difference in electron Hall mobility for heterostru
© 1999 American Institute of Physics
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tures on sapphire and silicon carbide becomes even m
dramatic at cryogenic temperatures. The Hall mobility in t
heterostructures grown on sapphire increases with a decr
in temperature and saturates at approximately 4500 cm2/V s
at 77 K. The highest 2D electron Hall mobility in the heter
structures grown on 6H–SiC exceeded 9000 cm2/V s at T
577 K and 11 000 cm2/V s at T54.2 K @see Figs. 1~b! and
2#.

Our calculations based on the theory developed in Re
show that very high sheet electron densities (ns.2
31013cm22) could not be attributed to a pure 2D-electro
gas at the Al0.2Ga0.8N–GaN heterointerface. These high va
ues of ns are achieved by doping a thin GaN layer at t
heterointerface. Therefore, at higher doping levels of
GaN channel, a significant fraction of electrons remains
delocalized states in the vicinity of the AlGaN–GaN hete
interface.

Three major contributions determine the sheet elect
density near the AlGaN–GaN heterointerface:~i! the contri-
bution from the electrons induced by the doped AlGaN b
rier; ~ii ! the contribution from the dopants in the GaN cha
nel; ~iii ! the contribution from the electrons generated by
piezoelectric effect~piezoelectric doping!.

When the sheet electron density in AlGaN–GaN hete
structures with doped GaN channels exceeds the cri
value n2D max;131013cm22,6 the electrons spill from the
quantum well near the heterointerface and occupy the d
calized states in the channel. This leads to a reduction of
electron mobility. This reduction can be explained by a le
effective screening and by a more pronounced ionized im

FIG. 1. Electron Hall mobility in Al0.2Ga0.8N–GaN heterostructures grow
on sapphire~solid dots!, conducting 6H–SiC~open circles! and semi-
insulating 4H–SiC~triangles! with different GaN channel doping measure
at room temperature~a! andT577 K ~b!.
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rity scattering when electrons occupy a much wider dop
region near the heterointerface.7

The results shown in Fig. 1 were obtained using differe
samples. We also measured the electron Hall mobility dep
dence on the sheet electron density in one sample usin
gated Hall bar design. Due to the large conduction band
set in AlGaN–GaN heterostructure, this design allows us
investigate electron mobility in both depletion and enhan
ment modes by applying negative and positive gate bia
Vg , respectively. Figure 2 shows sheet electron density~a!
and electron Hall mobility~b! in an Al0.2Ga0.8N–GaN het-
erostructure grown onn-type 6H–SiC substrate versus ga
bias at temperatureT54.2 K. The measured Hall mobility a
4.2 K first increases with the gate bias~from approximately
7000 cm2/V s at Vg524 V up to 11 100 cm2/V s at Vg

520.5 V) and then decreases with a further increase inVg

~down to 9500 cm2/V s at Vg51.5 V). With an increase in
the gate bias from24 to 1.5 V, the sheet electron carrie
concentration increases from approximately 3.531012 to
1.131013cm22. At gate bias between20.5 and21.0 V,
which corresponds to the maximum Hall mobility, the ele
tron sheet concentration is approximately 831012cm22 and
is close to the maximumns estimated for the 2D channe
near the Al0.2Ga0.8N–GaN heterointerface. An increase in th
mobility of the 2D-electron gas with an increase inns is in
agreement with the mobility calculations reported in Ref.
The gate voltage range for the measurements at (24 V
,Vg,1.5 V) was limited by the gate leakage.

In Fig. 3, the electron Hall mobility is plotted as a fun
tion of the sheet electron density. Open circles correspon
the data measured in the gated Hall bar atT54.2 K and are
shown in Fig. 2. Solid dots correspond to the electron H
mobility in the Al0.2Ga0.8N–GaN heterostructures grown o

FIG. 2. 2D electron density~a! and electron Hall mobility~b! vs gate bias in
an Al0.2Ga0.8N–GaN gated Hall bar sample grown onn-type 6H–SiC mea-
sured at temperatureT54.2 K.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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6H–SiC with different GaN channel doping and shown
Fig. 1~b!. When the sample is cooled down fromT577 to
4.2 K, the electron Hall mobility increases by approximate
20%. When we account for this increase, the agreement
tween mobility values atns.731012cm22 measured in the
samples with different levels of the GaN channel doping a
in the gated Hall bar is quite good.

In conclusion, we have measured electron Hall mobi
in modulation doped Al0.2Ga0.8N–GaN heterostructure
grown on sapphire, conducting 6H–SiC, and semi-insula
4H–SiC for different sheet electron densities at the hete
interface. The electron mobility is higher for the structur
grown on SiC substrates. The mobility first increases with

FIG. 3. Electron Hall mobility vs sheet electron density in a
Al0.2Ga0.8N–GaN heterostructure grown on 6H–SiC. Open circles co
spond to data from Fig. 2. Solid dots show the electron Hall mobility m
sured at temperatureT577 K in Al0.2Ga0.8N–GaN heterostructures with dif
ferent GaN channel doping.
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increase in the sheet carrier density,ns , up to approximately
131013cm22 and decreases with a further increase inns .
This is explained by the electron spillover at high values
ns from the two-dimensional states at the AlGaN/GaN h
erointerface into the delocalized states in the device chan
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