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We report on the transport properties of a two-dimensional electro2i2EG) confined in an
AlGaN/GaN heterostructure grown by plasma-assisted molecular-beam epitaxy on a
semi-insulating GaN template prepared by hydride vapor phase epitaxy with a threading dislocation
density of~5x 10’ cm™2. Using a gated Hall bar structure, the electron der{sityis varied from

4.1 to 9.1x10" cm? At T=300 mK, the 2DEG displays a maximum mobility of

167 000 crd/V's at a sheet density of 9x10' cm™, corresponding to a mean-free-path of

~3 um. Shubnikov—de Haas oscillations, typically not observed at magnetic fields below 2 T in
GaN, commence @&=0.6 T. ©2004 American Institute of PhysidDOI: 10.1063/1.1824176

For the AIGaN/GaN two-dimensional electron gas(HVPE) on a sapphire substrate. Improvements in the HVPE
(2DEG) it is now establisheti® that alloy scattering and in- substrate quality have directly led to improvements in 2DEG
terface roughness scattering limit the low temperature mobillow temperature mobility. The HVPE GaN template dis-
ity for densities above-2x 10'? cm2, producing a charac- cussed here is 78m thick and is known to have threading
teristic decrease in mobility for increasing density. Indislocation density of~5x 10’ cm 2. The HVPE GaN has
AlGaN/GaN structures with 2DEG density below 1 peen compensated with Zn at a level-e10* cm™ to sup-
%10 cm™® and with low background impurity levels, how- press any residual conductivity that may obscure observation
ever, recent studié$ have shown that long-range Coulomb of the 2DEG properties at very low sheet charge densities. In
scattering from charged threading dislocations limits thehese structures no parasitic conduction is observed ffom
maximum low temperature mobility for dislocation densities - 300 k down to low temperature, even at electron densities

=10° cmt‘:l.. One imglic?tiorr]] of Ref. 4 i; that |hOW éempera'fne~5>< 10 cm™2. In addition to the reduced threading dis-
ture mobility can be further improved as the density of\j . i densitv. the large diameté in) and smooth Sur-
charged dislocations propagating through the AIGaN/GaI\l I s, ge d & in) S su

heterostructure is reduced. Given the large effective mass ifce morphology of the HVPE substrates facilitate careful

GaN (m* ~0.2m) and ag-factor close to 2, high quality study of the MBE growth conditions necessary for the

2DEGs in AlGaN/GaN may be used in the future for studyaCh'_?xemlem of h'gh rtn(():lbll\l/llgE itaxial | ist
of the metal—-insulator transition and spin-related phenomena. € plasma-assiste grown epitaxial layer consists

In addition, very low-density AlIGaN/GaN samples will al- of a 15um GaN buff(_er followed l.)y a~16 nm
tAIO_OGGaO_94N undoped barrier layer that is capped with a

low for the investigation of electron correlation effects a o .
more readily accessible values of magnetic field. 3 nm GaN layer. The termination of the heterostructure with

In this letter we report on the achievement of very high® GaN capping layer provides a stable surface for processing
low temperature mobility for an AlGaN/GaN 2DEG struc- @nd can be used to tailor the 2DEG density. The entire het-
ture. Using an insulated gate Hall bar structure we have progrostructure is grown under slightly Ga-rich conditions at a
duced an AlGaN/GaN 2DEG with low temperature mobility growth temperature of 745 °C with the nitrogen plasma
of 167 000 cn?/V s at a sheet density,=9.1x 10 cm2. source set to 205 W forward power and a nitrogen flow rate
Shubnikov-de Haas oscillations are observed at magnetief 0.5 sccm. The growth temperature is not changed for the
fields as low as 0.6 Tesla. At the lowest achieved 2DE@eposition of the AlGaN barrier layer. The MBE operating
density n,=4.1x 101 cn?, the »=2 quantum Hall state is pressure is 1.5 10°® Torr during growth. The low operating
clearly resolved at B8.5 T. pressure is maintained by two closed-cycle He cryopumps.

Since large area bulk nitride substrates are not commer- Following MBE growth, insulated gate Hall bars were
cially available, GaN structures are typically grown het-fabricated. The Hall bar is 10@m wide by 2.0 mm long.
eroepitaxially on lattice-mismatched substrates. The investiFourteen voltage probes are placed symmetrically along the
gation of the intrinsic properties of the 2DEG in device. Mesas of 100 nm height are defined with a chlorine-
AlGaN/GaN structures requires that the number of extende@ased dry etch. Ohmic contacts consist of a Ti/Al/Ni/Au
defects propagating through the heterostructure be minimetal stack that is thermally annealed at 750 °C for 30 s.
mized. The heterostructure used in this study was grown byfter Ohmic contact definition, 50 nm of Sids deposited
plasma-assisted molecular beam epit@4BE) on a thick  on the device. Finally, 10 nm of Ni and 100 nm of Au are
GaN template prepared by hydride vapor phase epitaxjeposited over the SiCalong the Hall bar forming an insu-
lated gate structure. At=0.3 K, the gate leakage is insig-
¥Electronic mail: manfra@lucent.com nificant (<1 nA) over the voltage range of -0.75 to 0.5 V.
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£ FIG. 2. Longitudinal magnetoresistanBg, measured af =300 mK. At a
60000y T gate bias of/5=0.5 V the 2DEG density is 91 10* cm2 and the mobility
1 2 3 4 5 6 7 8 9 10 is 167 000 cri/V's.

electron density (10"'cm?®)

FIG. 1. (a) The measured 2DEG density 0.3 K as a function of gate parameters used in Ref. 8 are unlikely to apply to the higher

voltage Vg between —0.75 and +0.5 V. In this reginm, vs Vg is linear ~ purity GaN grown in our MBE SYSteﬁ]ThUS a more.rigor' .
function indicating that our device is behaving as a parallel plate capacitorous comparison between experiment and theory will require

(b) 2DEG mobility as a function of electron density B0.3 K. precise knowledge of the impurity distribution in high purity
heterostructures.

Magnetotransport measurements were performed at
=0.3 K in magnetic fields up to 14.5 T using standard low
frequency (11 H2 lock-in techniques. Measurements are

The gate voltage dependence of the 2DEG densify at
=0.3 K is displayed in Fig. (). The 2DEG density at each

gate voltage is determined from the periodicity of thetypically made with an excitation curren€100 nA. At

S_hub_mkov—de HaaSS_dH) oscillations. In all cases, the lon- 300 mK, no electron heating effects are observed. Figure 2
gitudinal magnetore3|stqncﬂxx, goes to zero at the Integer displays the longitudinal magnetoresistand®,) for the
quantum Hall states at high magnetic field. The linear depe highest measured electron density of 810 cm™. This
dence of density |mpl|es that our d_ewce behaves as a simp Face is distinguished by the early onset of SdH oscillations
parallel-plate capacitor. The density dependence of the lo hich were observed for filing factors as high as-50.

temperature mobility aT=0.3 K is shown in Fig. ). The Spin splitting is observed at=17 at 2.2 T, and the integer

linear behavior ~ng, with ~ 1.0 over the measured den- ; _
. : . . L tum Hall eff H fully developed av=12. H
sity range is consistent with the findings of Ref. 4. We notequan nm a_ effectQHE) is fully developed a ere
Rx—0 atB=3.14 T.

that the mobility has not saturated ag=9.1x 10'! cm™2, Fi - - -

: \ . } . gure 2 displays the low field magnetoresistance taken
and indeed, may be higher at slightly higher 2DEG denS|tyat V=0V andT=0.3 K. At zero gate bias, the 2DEG den-
Our measurement is limited to positive gate voltag€s5 V '

as the gate leakage becomes significant beyond this point and
the data become unreliable. sl T T ) ' ' ' |
The intrinsic limit to low temperature mobility in

AlGaN/GaN heterostructures remains an open question. The
linear dependence of mobility on density observed in our
data suggests that dislocation scattering is still a determining
factor for mobility in our samplé&® Nevertheless as the dis- [
location density continues to decrease with higher quality’d gg

substrates, scattering mechanisms other than dislocation scas I
tering will zPlay an increasingly important rofdnterestingly, % 66

Hsu et al” have calculated, in thabsenceof dislocation © !
scattering, the maximum 2DEG mobility for GaN at slightly 64 |

72

70

ms/square)

SdH oscillation onset

above 16 cn?/V's for an Al o/GayodN/GaN heterostruc- L —

ture with a 15 nm Af o/Gay o\ barrier. In the case consid- g2 | |N-0x10 em

ered in Ref. 8, remote donors on the sample surface anc L | #=123,000cm Vs

uniformly distributed residual impurities are the principle eoL— 00 )
scattering sources at low electron density. While the thick- 00 02 04 06 08 10 12 14
ness and aluminum content of the barrier layer used in the Magnetic Field (T)

calculation are similar to our structure, the calculated mobil- o _ e
IG. 3. Ry at low magnetic field for an electron density &0 cm™ at

ity dePer!dS _SenSitively on the chosen impurity _concentratio =300 mK. At very low magnetic field6<100 mT) negative magnetore-
and distribution. The chosen background impurity concentrasistance associated with weak localization is evident. Shubnikov—de Haas

tion used in the calculation is quite high-10'® cm™) and  oscillations commence &=0.6 T.

Downloaded 20 May 2012 to 128.210.126.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



5396 Appl. Phys. Lett., Vol. 85, No. 22, 29 November 2004 Manfra et al.

500 —

L L e be resolved at very low magnetic fields less than 1 T. Around

w0 | n,=4.1x10""cm® i B=8.5T a relatively wide zero iR, is observed corre-

t 1=105,000cm’/Vs 1 sponding to thev=2 quantum Hall state. At this point the
490 I~ T=300mK ] only the two spin states of the lowest Landau level are oc-
350 [ 4 cupied. Continued improvement in sample quality should al-

low for the observation of highly correlated electron states
| ] associated with the fractional quantum Hall effect at low
250 | - magnetic field values.
200 L ] In summary we described the growth and transport prop-
4 erties of a very high mobility 2DEG in an AlIGaN/GaN het-
. erostructure. This sample displayed a peak mobility of
167 000 crd/V's with a density of 9.K10%cm™? at T
=0.3 K. Central to the achievement of high mobility is the
§ use of thick HYPE GaN templates with reduced dislocation
N S L density and semi-insulating properties. This work suggests
6 8 10 12 14 that further improvements in low temperature mobility can
Magnetic Field (Tesla) be achieved with continued improvements in substrate qual-
ity and MBE epilayer design.

300 |- v=2 4

p,.(Qfsq)

FIG. 4. Longitudinal magnetoresistanég,, as a function of magnetic field
at gate biasVg=-0.75 V with a 2DEG density of 410" cm? at T The Lincoln Laboratory portion of this work was spon-
=0.3 K. Thev=2 quantum Hall state occurs at 8.5 T. sored by the Office of Naval Research under Air Force Con-
tract No. F19628-00-C-0002. Opinions, interpretations, con-
sity and mobility are 6.& 10" cm™ and 123 000 cAV'S,  clusions and recommendations are those of the authors and
respectively. At extremely small fields<100 mT), negative  not necessarily endorsed by the United States Air Force.
magnetoresistance associated with weak localization is evi-
dent. Localization phenomena in GaN is a topic of current?. p. Smorchkova, C. R. Elsass, J. P. Ibbetson, R. Ventry, B. Heying, P.
interest and will be discussed in more detail in a future pub- Fini, E. Haus, S. P. DenBaars, J. S. Speck, and U. K. Mishra, J. Appl.
lication. Between~0.1 and 0.5 T the magnetoresistance is ZEAh}i]s' ﬁi{n‘flfoflﬁngemer W West H. L. Stormer. K. W, Baldwin
nearly constant as expected in the clessmal Drude model ofJ.'W'. P, Hsu. D. V. Lang, and R. J. Molnar, Appl. Ph)’/S. LT, 2888
low field magnetoresistance. Shubnikov-de Haas oscilla- 500,
tions, typically not observed at magnetic fields below 2 T in 3\, J. Manfra, N. G. Weimann, J. W. P. Hsu, L. N. Pfeiffer, K. W. West, S.
GaN® commence aB=0.6 T. The onset of oscillations is  Syed, H. L. Stormer, W. Pan, D. V. Lang, S. N. G. Chu, G. Kowach, A. M.
limited by the degree of disorder broadening of the deve|op_ Sergent, J. Caissie, K. M. Molvar, L. J. Mahoney, and R. J. Molnar, J.

ing Landau levels, and in addition to zero-field mobility, can ,PP!- Phys. 92, 338(2002.
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Figure 4 displays the longitudinal magnetoresistance at &E. Frayssinet, W. Knap, P. Lorenzini, N. Grandjean, J. Massies, C. Skier-
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