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Dislocation-free high-quality AIGaN/GaN heterostructures have been grown by molecular-beam
epitaxy on semi-insulating bulk GaN substrates. Hall measurements performed in the 300 K—50 mK
range show a low-temperature electron mobility exceeding 60 0FVasrior an electron sheet
density of 2.4< 10*?cm™2. Magnetotransport experiments performed up to 15 T exhibit well-defined
quantum Hall-effect features. The structures corresponding to the cyclotron and spin splitting were
clearly resolved. From an analysis of the Shubnikov de Hass oscillations and the low-temperature
mobility we found the quantum and transport scattering times to be 0.4 and 8.2 ps, respectively. The
high ratio of the scattering to quantum relaxation time indicates that the main scattering
mechanisms, at low temperatures, are due to long-range potentials, such as Coulomb potentials of
ionized impurities. ©2000 American Institute of PhysidsS0003-695000)01042-1]

Since the first demonstration of the existence of a two-  In this letter, we report on dislocation-free AlIGaN/GaN
dimensional electron ga2DEG) at the AlGaN/GaN inter- single heterostructures grown on semi-insulating GaN
face in 1992 tremendous progress has been reafizedhe  single-crystal substrates. We present the evidence of a 2DEG
field of AlIGaN/GaN high electron mobility transistors depos-in such structures and characterize the 2DEG by magne-
ited on various substrates by different growth techniques. Fatotransport experiments—Ilow-field transport, Shubnikov de
example, Gaskat al2 reached a room-temperature mobility Hass, and quantum Hall effe@QHE) in magnetic fields up
slightly over 2000 crfiVs(n,=1.3x10?cm % in an to 15 T at temperatures down to 50 mK. These measure-
Al sGa, gN/GaN structure deposited on 6H-SIiC substrate byments yield a low-temperature two-dimensiotiaD) elec-
low-pressure metalorganic vapor-phase epitaxy. Smorchkovigon mobility that is one of highest ever reported for GaN-
et al* succeeded in obtaining a mobility of 51 700%ws at  based heterojunctiors.

13 K in Al ofG&.9iN/GaN structure grown on sapphire by rf GaN single crystals were grown by a self-seeding pro-
plasma-assisted molecular-beam epitafiBE), with a  cess under high-Npressures of 10—20 kbar and at tempera-
2DEG density of 2.210"%cm™2 In these devices, a very tures ranging from 1400 to 1700 °C from an atomic solution
large lattice mismatch between the substrate and the actiie Ga. Usually, such crystals are hightydoped and can be
layer leads to a high density of threading dislocatio®s. made semi-insulating by adding compensating magnesium
recent theoretical study by Jena, Gossard, and Mishraatoms to the Ga solution. The typical dimensions of the bulk
showed that the effect of dislocations on the 2DEG mobilitycrystals are & 8 X 0.1 mm with thec axis perpendicular to
becomes noticeable for densities above®-4100%cm 2, the surface. These crystals were tested to be semi-insulating
which correspond to the values typical for heteroepitaxiawith a perfect crystallographic structufe.
nitride layers. Prior to growth, th60001) Ga face, which was found to
be the best face polarity for a homoepitaxial laj@ras pre-
a o . pared by mechanical polishing and reactive ion etching in a
Sﬂzgfsglleié:??r:ﬁfé.sq UMRE650 CNRS—Univerditentpelier 2, 34095 Cl,+Ar+CH, plasma. The AlGaN/GaN single heterostruc-
PElectronic mail: shurm@rpi.edu tures were grown by MBE in a Riber system. Nwas used

0003-6951/2000/77(16)/2551/3/$17.00 2551 © 2000 American Institute of Physics
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FIG. 2. Longitudinal R,,) and transverseR;,) magnetoresistance vs mag-
netic field at 50 mK. Shubnikov de Hass oscillations begin at 1.8 T. The
inset showsA R/Ry= (R,,— Ry)/Ro—the low-field part ofR,, after normal-
ization by the zero-field resistance val®. The best fit of the SdHOs
amplitude yields the value of ;=3 K.

We attribute the dramatic decrease of the Hall density
ny with lowering the temperature from 300 to 100 K, to the
freeze-out of the parallel conduction in the GaN layer. A
relatively high parallel conduction at high temperature might
be related to the reduction of dislocation density. It is well
known that dislocations in GaN act as trapping centers for
free electron$. Therefore, for standard structures grown on
sapphire or SiC, the residuattype conductivity of GaN

layers is often reduced by the dislocations. In our case, be-
cause of the lack of dislocations, the GaN layer has-&ype
conductivity due to the uncompensated residual donors with
a density of the order of 1210 cm™3. In the same way,

as the nitrogen precursor and the group-Iil element were prol€ reduction of dislocation density in the template layer of
vided by standard solid-source effusion cells. An unintenhe sample on the sapphi(Ref. 4 leads to visible parallel
tionally doped GaN layer of about Lm was grown at conduction effects. This conductivity freezes out at low tem-

800°C on a Mg-doped GaN single crystal, followed by aPeratures.

200-A-thick AlGaN layer. From photoluminescence  'he longitudinal R,,) and tfransvzr?eny) mag(;letore-

experiments,the Al composition was estimated to be arounds'it"’mc,e ext[:r)lerlinse_rlltsthre per ortr'nef' |Ejomf 1.5 K down ctio 5tO

13%. The high quality of homoepitaxial samples has alreadxyn » using the static magnetic Tield of a superconguct-
. . 1ng coil. The current through the sample was 96 nA. The

been demonstrated by the small photoluminescence line-

width (15-20 meV measured on GaN/AlGaN quantum re_sults forRyx and RXV are presented in Fig. 2. Th(_a Shub-
. ] . nikov de Hass oscillation6§SdHOg are correlated with the
wells deposited using the same growth conditiths.

. o . well-defined QHE plateaus confirming the presence of a
F|gur.e 1 shovys the Hall mob|I|tyLH.[F|g. 1a)] and the 2DEG at the AlGaN/GaN interface. It is worth mentioning
Hall carrier densityn, [Fig. 1(b)] obtained from the low-

' , ) i _that the SAHOs start at low magnetic fi¢kbout 1.8 7. We
field-transport measurements using a lithographically defined s, note that a second period of oscillations, due to the spin

Hall bar geometry. For the heterostructure grown on the Gal\éplitting, is clearly resolved From the period of the

single-crystal substrate, the Hall measurements yield a 77 I§qos, we extract the carrier sheet density to be about 2.4
mobility of 30000 cn¥/V's and a 1.5 K mobility of 60100 X 102cm™2, which is in good agreement with the low-field
cm?/V's. For comparison, we also show in Fig. 1 the bestHa| measurementésee Fig. 1 This shows that the parallel
results obtained for the heterostructures grown on sapphifgonduction is eliminated at low temperatures, probably due
by Smorchkovaet al* and on 6H-SIiC by Gasket al® Asit  tg the freeze-out of the electrons on donors in the GaN chan-
is seen in Fig. 1, heterostructures grown on GaN and sapel. The absence of a positive background superimposed on
phire substrates show a strong decrease of the electron cofire SAHOs also shows that parallel conduction is negligible
centration and an increase of carrier mobility with decreasingt low temperature%’-_ The inset in Fig. 2 shows the low-field
temperature. This effect is weakly pronounced for heteropart of the SdHOs after normalization by the low-field resis-
structures with SiC substrates. It is worthwhile to mentiontance valueR,. The magnetic-field dependence of the
that the previous two samples are characterized by a reduc&HHOs amplitude y, is described by the standard
disiocation density. formulatt13

FIG. 1. Hall mobility (a) and electron sheet densitly) vs temperature for
heterostructures deposited on GaN bulk substrates. The inget shows
the sample structure.
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4A ATp ionized impurity concentration, dislocation-free samples will
AR/ROZWeX;{ ?) (1) exhibit much higher mobility values.

In conclusion, high-quality AlIGaN/GaN heterostructures

where A=2m°kg T/AE, Tp=#/2mkgr, is the Dingle tem-  have been grown by MBE on Mg-doped GaN single crystals.
perature determined by the quantum scattering tiq@nd  The presence of the 2DEG at the interface has been proved
AE=fiw is equal to the cyclotron resonance energy. ( by the observation of the Shubnikov de Hass oscillations and
=eB/m*), which depends on the effective 2D electron massyy the well-defined quantum Hall-effect plateaus. The low-
m* =0.240<m, (Ref. 14 and on the magnetic fiel. From  temperature mobility(60 100 cn¥/Vs at 1.5 K has been
the fit of the SdHOs, we obtaineeh,=0.4 ps. This time  measured. Our results show that the homoepitaxial growth
corresponds to the average time between the scattering evesi GaN bulk substrates allows us to obtain high-quality
and is 20 times shorter than the transport scattering time GaN-based heterostructures for which the main scattering
=um*/e=8.2 ps, which is the average time between scatmechanisms are due to the long-range potentials such as
tering events that efficiently changes the carrier momentuntoulomb potentials of ionized impurities in the GaN layer
direction. This indicates that at low temperatures the mairgnd/or in the AlGaN barrier.
scattering mechanisms are due to long-range potentials such
as Coulomb potentials df) ionized impurities in the GaN
layer and/or (ii) remote scattering by impurities in the ) _ _
AlGaN barrier. Therefore, we believe that a further improve- yhgs'igt‘%%’ ‘;'02'7*((1”929”2')""' J. M. Van Hove, N. Pan, and J. Carter, Appl.
ment of mobility in homoepitaxial structures can be achievedzq “ampacher, 3. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Mur-
mainly by lowering the residual doping in the GaN layer and phy, w. J. Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann,
in the AlGaN barrier. W. Rieger, and J. Hilsenbeck, J. Appl. Ph$§, 3222(1999.

: o . °R. Gaska, J. W. Wang, A. Osinsky, Q. Chen, M. Asif Khan, A. O. Orlov,
The comparison of the homoepitaxial sample of this G. L Snider, and M. S. Shur, Appl. Phys. LeT2, 707 (1998,

work and the sample of Ref. 4, grown on a sapphire_ Sub-¢| p. smorchkova, C. R. Elsass, J. P. Ibbetson, R. Vetury, B. Heying, P.
strate, allows us to comment on the role of dislocations in the Fini, E. Haus, S. P. DenBaars, J. S. Speck, and U. K. Mishra, J. Appl.
low-temperature mobility of 2DEG. Although the structure _Phys.86, 4520(1999.

. .
investigated in this work is dislocation-free, its low- (7332%‘;}?2’9'9‘; Romano, R. J. Molnar, and |. Adesida, Appl. Phys. Lett.

temperature mobility is only slightly higher than that of the 6p_ jena, A. C. Gossard, and U. K. Mishra, Appl. Phys. L6, 1707
structure grown on sapphire, which has a dislocation density (2000.
of 108 cm™2 Both samples also have similar carrier densities 'S Porowski, MRS Internet J. Nitride Semicond. ReS1, G1.3(1999.

s . ;
) M. Leszczynski, B. Beaumont, E. Frayssinet, W. Knap, P. Prystawko, T.
(about 2< 102 cm™2). From these results, we can then draw Suski, I. Grzegory, and S. Porowski, Appl. Phys. L @6, 1 (1999,

the conclusion that for a 2DEG with a density of about 2 °G. steude, T. Christmann, B. K. Meyer, A. Goeldner, A. Hoffmann, F.
X 102cm™2, a dislocation density of £&m™2 or less does  Bertram, J. Christen, H. Amano, and I. Akasaki, MRS Internet J. Nitride
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. e f ’ i isl . s Shur, J. Appl. Phys(submitted.
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