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We report on the growth and transport characteristics of high-densityl0f® cm™?)
two-dimensional electron gases confined at the AlGaN/GaN interface grown by plasma-assisted
molecular-beam epitaxy on sapphire substrates. For structures consisting of a 25 448af\N

barrier deposited on a Zum insulating GaN buffer, room-temperature mobilities averaging
1400 cni/V s at a sheet charge density of X.00'3 cm™? are consistently achieved. Central to our
approach is a sequence of two Ga/N ratios during the growth of the insulating GaN buffer layer. The
two-step buffer layer allows us to simultaneously optimize the reduction of threading dislocations
and surface morphology. Our measured sheet resistivities as low 43%@mpare favorably with

those achieved on sapphire or SiC by any growth method. Representative current—voltage
characteristics of high-electron-mobility transistors fabricated from this material are
presented. €2002 American Institute of Physic§DOI: 10.1063/1.1498867

Molecular beam epitaxyMBE) has proven to be a pow- assisted MBE directly on sapphif@001] substrates. For
erful technique for the growth of high mobility AlIGaN/GaN structures consisting of a 25 nmAGa, g\ barrier depos-
heterostructures on thick GaN templates. The combination dfed on a 2um insulating GaN buffer, room temperature
low impurity incorporation and sharp interface control inher-mobilities averaging 1400 cff\V s at a sheet charge density
ent to the MBE process has been crucial to the ongoing efof ~1.0x 10" cm™? are consistently achieved. Our results
forts to improve the maximum low temperature mobifity. ~ indicate that the growth of high quality GaN buffer layers is
Despite the success of MBE growth on thick GaN templatesgoverned by the careful balance of two competing
the direct growth of GaN films on sapphire substrates vigProcesses—threading defect reduction during the early
plasma-assisted MBE has remained difficult. Only a few restages of growth and maintenance of smooth surface mor-
ports have indicated that high quality 2DEGs can be proPhology at the heterointerface.
duced by plasma MBE growth directly on sappHifeThe In order to accomquate the 13% lattice mismatch_
difficulty can be traced to the simultaneous requirement oP&tween GaN and sapphire and to ensure Ga-face polarity, a
achieving a low threading dislocation density in the GaNthin AIN nucleation layer is first deposited. In our studies,
buffer and smooth AlGaN/GaN heterointerfaces, both ofthe efficacy of the AIN nucleation layer is most sensitive to

which are necessary for low density 2DEGs with Verythe AI/N ratio during deposition.. Our best films gtilize a
high mobility. On the other hand, for high carrier density nucleation layer with an Al/N ratio greater than unity. Such

(~10% cm 2) AlgadGa,JN/GaN heterostructures fabri- an aluminum rich nucleation layer is characterized in reflec-

cated into transistors operating at room temperature, the IO\R'/?n hllgh]-sriergyitelec_trzr_l d;ffractlofR(I:IlEED) b¥ a dtlml andth
temperature mobility is not the most important metric of film streaky pattern indicating an ad fayer of metal on the

quality. Rather, the room temperature sheet conductivityg.rtcr);\m;% thjt[];]a:e.roelllﬁ ?rc::? Iogvsszrcfalcaeten:r?:tmt%/eog igts“éeAl
which is proportional to the product of mobility and carrier rog grow , WE Specu . X
enhances the surface mobility of nitrogen, which promotes

density, is the more important material parameter for high[ . ; ;
: .~ the formation of larger grains. AIN nucleation layers grown
power operation. Recently, advances have been made in the

.-under less metal rich conditions are characterized by very

gnrng;T.nOf gll(éal:/S;Ir\latgzt:;oséruecrtu;zs VrllareerBeEnZ'r:‘l ssirr?el- bright and spotty RHEED patterns. Mobilities of the 2DEGs
nsufating SIt su WEVEr, sapph ' are always limited to less than 1000 9 s without the use

most economcljc?jl |r_13ul?t|kr)19 Stl_JbStf[ateh upon Wh'Chbgrzmr%f an Al rich nucleation layer. Furthermore, the quality of the
processes and device fabricalion techniques can be devey, 1o 4iiq, layer does not appear to be very sensitive to the
oped before they are transferred to more costly SUbStrate§ubstrate temperature over the range of 680—840°C. We

For these reasons, 'understandmg the growth mechanlsrﬂave grown samples with high room temperature mobilities
that lead to high quality AIGaN/GaN heterostructures on sap(~1200 cn?/V's) over this entire temperature range. We use

phire remains an important topic for the MBE community. 745¢¢  aq it is most convenient since the complete epilayer
In this study, we report on the MBE growth of high ¢, he grown at a single substrate temperature. We also var-
quality  Alg 3dGa 7g\/GaN  heterostructures by - plasma- g the nucleation layer thickness from 15 to 60 nm and have
found only a minor influence on the quality of the resulting
dElectronic mail: manfra@lucent.com epitaxy, as measured by room temperature mobility. Rela-

0003-6951/2002/81(8)/1456/3/$19.00 1456 © 2002 American Institute of Physics
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FIG. 1. Bright field cross-sectional TEM image of the GaN buffer region.
Several of the dislocation reducing interactions are pointed to by the arrows.
tively small, ~10%, variations are found. Our typical nucle- 1o
ation layer is 20 nm. 100
Following the AIN nucleation layer, a &m thick insu- %0
lating GaN buffer is grown. The entire structure is grown at o
a substrate temperature of 745 °C, and the growth rate is 0.E " E
um/h. In our experience the electrical properties of the g & 2
2DEG depend most critically upon growth conditions of this = 0
buffer region. The growth of the buffer layer is actually di- 40
vided into two stages in which considerably different fluxes 30
of gallium are used. The first 750 nm of the GaN buffer is 20
growth under slightlynitrogen stableconditions. We define 10
0

the transition from nitrogen stable to Ga stable growth as the
point where a rough-to-smooth transition is observed in
RHEED. During this stage of growth the RHEED pattern is
bright and slightly spotty, and a weak chevron pattern isFIG. 3. (a) dc current—voltage characteristics of a typical device processed
visible when the substrate is rotated away from ﬂ:ﬂ]é_zo] from run No. 4. The unp_rocessed wafer displayed a mObIllty of
or the [1100] azimuths. The observed RHEED pattern is 1430 cni/V s at a carrier density of 110" cm™2. The sheet resistance of

. . . the processed material was 40%5]1. The maximum drain current is 880
indicative of three-dimension&BD) growth and a somewhat a/mm at a gate bias of 2 V. (b) Transconductance and drain current as

a function of gate voltage af;4=8 V. The maximum measured transcon-
ductance is 120 mS/mm.

-8 -4 2

Vas V]

roughened surface morphology. In accord with the findings
of Leeet al® for MBE growth of GaN on SiC substrates, we
find that a roughened surface morphology during growth aids
the reduction of threading dislocations. The 3D growth mode
appears to increase dislocation interactions, and thus, reduces
the number of dislocations which propagate to the surface.
This claim is supported by the bright field cross-sectional
TEM image taken withg=[0002] on a typical sample dis-
played in Fig. 1. In this image significant bending of thread-
ing dislocations is observed throughout the first 750—1000
nm of growth. Many of these dislocations intersect other
dislocations where they can annihilate if the dislocations
have Burgers vectors with opposite sign. The arrows in Fig.
1 indicate a few of the closed dislocation loops seen in this
film. The dislocation loops seen in the first phase of growth
are consistent with the coalescence of 3D islands. These re-
sults indicate that plasma MBE growth on sapphire sub-

1.00

0.50

0

1.50

FIG. 2. (Color) AFM image of the surface of an M\yGay ;JN/GaN hetero-

structure. The surface displays the spiral hillocks characteristic of MBE,
growth and monolayer steps are clearly visible. The density of spiral hill-

ocks is~5x 10° cm~2. The full height range of this image is 7 nm and the
root mean square roughness is 1 nm.

strates under slightly nitrogen stable conditions promotes de-
fect annihilation.

While growth under nitrogen stable conditions appears
to enhance threading dislocation interactions, the roughened
surface morphology produced by continued growth under
these conditions is not optimal for device structtt&mnooth
AlGaN/GaN interfaces are needed to reduce interface rough-
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TABLE |. Measured room temperature carrier density, mobility, and sheeties on different substrates were interspersed within this se-

resistance of eight consecutive MBE growths on sapphire. The average MQies. so that the eight runs actually took place over one

bility of the eight runs is 1410 chV's. The average sheet resistance is ’ . L
month. These results indicate the run-to-run reproducibility

4380/01.
and the long-term stability of our process. The average mo-

Sample 2DEG glzensity Mobility Sheet resistance bility of the eight runs is 1410 cfV s. For comparison, we
No. (cm™%) (crf/V s) (/o) have grown structures entirely under Ga stable conditions.
1 9.0x 10%? 1340 518 For such conditions, the RHEED exhibits the rough/smooth
2 1.0x 10% 1310 456 transition within the first 50 nm of growth. Heterostructures
3 9.5¢10%2 1320 474 grown under such conditions routinely yield poorer mobility
4 L1x10% 1430 405 in th f 800900 GV s at T=300 K
5 9.0x 102 1420 490 In the range o e satT= .
6 0.5x 1012 1480 444 We fabricated transistors using contact lithography. The
7 1.1x 10'3 1535 363 devices are not passivated. Figuréa)3displays the dc
8 1.2<10" 1450 352 current—voltage I(-V) characteristics of a field effect tran-

sistor fabricated from sample No. 4 listed in Table I. This
unprocessed wafer exhibited a sheet resistance ofQA05
ness scattering of the 2DEG and to facilitate processing intqhjs device has a gate length ofuin and a periphery of 50
high electron mobility transistoréiEMTs). Therefore inthe  ,m The source-drain spacing is8n and the source-gate
second phase of growth of the insulating GaN buffer, the Gaeparation is 1um. The maximum drain current is 880
flux is increased to produce metal stable growth. After a fewyna/mm at a gate bias of 2 V. We note that the maximum
hundred nanometers of Ga-stable growth the RHEED undegyrain current compares favorably with the best devices
goes a rough/streaky transition. The primary reflections begrown by MOCVD on sapphire substrateas shown in Fig.
come truncated and the entire pattern becomes dimmer. N§iyy)  the maximum extrinsic transconductance is 120
chevron pattern is observed upon substrate rotation. The regqs/mm at a gate bias 6f4 V. Small-signal rf testing gives
mainder of the epilayer is grown under these Ga-stable coryp f, of 6 GHz. Large-signal power measurements of a 100
ditions. The Ga flux is limited such that no metal droplets are,;m wide device at 1.6 GHz yielded an output power density
observed on the surface. It is important to note that the Ggf 2.2 w/mm at 3 dB gain compression in class A operation.
flux is increased by over 40% from the value used during  |n conclusion, we have demonstrated the importance of
nitrogen stable growth. Concomitant with the observedyrecise control of gallium flux for the growth of high mobil-
changes in the RHEED pattern, at a distance-dfum from ity Al .(Ga, ;,JN/GaN heterostructures by plasma-assisted
the sapphire interface, a fairly abrupt change is observed ifyBE directly on sapphire substrates. The use of nitrogen
the defect structure seen in Fig. 1. From this point, manytaple growth during the early stages of growth is shown to
dislocation loops have closed and the remaining threadingnhance dislocation reduction while Ga stable growth is used
defects are seen to propagate straight up to the film surfacg, maintain good interface quality at later stages of the epil-
The rough/smooth transition appears to minimize dislocationyyer. The room temperature sheet resistance of our material

bending. We have taken TEM images with the diffractioncompares favorably with AkgGa, ;N/GaN heterostructures
conditiong=[0002, exposing pure screw and mixed dislo- grown by any method.

cations, and with the diffraction conditiop=[1120], ex-

posing pure edge and mixed dislocations, in order to estimate

the total threading dislocation density near the surface in1I b s " c R E R v 5 Heving. P
: H H N H H . P.. Smorcnkova, C. R. sass, J. P. etson, R. entry, . Reying, P.
fllms.grc_)wn with .th|s tyvo step groccfgs. The total dislocation Fini, E. Haus, S. P. DenBaars, J. S. Speck. and U. K. Mishra, J. Appl.
density in such films is~5X10° cm™“. Phys.86, 4520(1999.

The surface morphology of our heterostructures was?E. Frayssinet, W. Knap, P. Lorenzini, N. Grandjean, J. Massies, C. Skier-
studied by atomic force mlcroscomFM) Atomic Steps are biszewski, T. Suski, I. Grzegory, S. Porowski, G. Simin, X. Hu, M. Asif
visible and the surface is rather flat with a rms roughness of é%%% M.'S. Shur, R. Gaska, and D. Maude, Appl. Phys. L&.2551
1 nm over a 4um- area. As seen in Fig. 2, the two-gtage 3M. J. Manfra, L. N. Pfeiffer, K. W. West, H. L. Stormer, K. W. Baldwin, J.
MBE growth produces smooth AlGaN surfaces. In this im- W. P. Hsu, D. V. Lang, and R. J. Molnar, Appl. Phys. Let7, 2888
age, we see the spiral hillocks characteristic of MBE growthAI(Zgog- Hova L. Chen. T Mates. L Shen. S. Heikman. B. M <

. . . . . P.. Smorcnhkova, L. en, |. Mates, L. en, S. Helkman, b. Moran, S.
around threadmg dislocations with a screw co_mponent. We Keller, S. P. DenBaars, J. S. Speck, and U. K. Mishra, J. Appl. FIs.
note that this surface morphology depends critically on the s196(2002.

Ga/N flux used during the growth of the second phase of the’M. J. Manfra, N. G. Weimann, J. W. P. Hsu, L. N. Pfeiffer, K. W. West, S.
GaN buffer layer. Films with morphologies similar to that Syed. H. L. Stormer, W. Pan, D. V. Lang, S. N. G. Chu, G. Kowach, A. M.
- . Sergent, J. Caissie, K. M. Molvar, L. J. Mahoney, and R. J. Molnar, J.
seen in Fig. 2 must be grown under Ga-stable conditions Nearao;i phys.92, 338 (2002.
the transition to Ga droplet formation. Films grown under ém. J. Murphy, K. Chu, H. Wu, W. Yeo, W. J. Schaff, O. Ambacher, L. E.
slightly less Ga rich conditions, while still quite flat, do not Eastman, T. J. Eustis, J. Silcox, R. Dimitrov, and M. Stutzman, Appl.
i ; FRE : Phys. Lett.75, 3653(1999.
present V|S|l_:)|€ atomlc steps. Our reS.U|ts mdlcat.e .that fllms’L. F. Eastman, V. Tilak, J. Smart, B. M. Green, E. M. Chumbes, R. Dim-
nucleated directly via MBE on sapphire can exhibit surface i, 1 kim. 0. Ambacher, N. Weimann, T. Prunty, M. Murphy, W.

morphologies comparable to those achieved by MBE growth Schaff, and J. Shealy, IEEE Trans. Electron Devié&s479 (2001).
on thick GaN templates® 8M. Micovic, A. Kurdoghlian, P. Janke, P. Hashimoto, D. Wong, J. S.

Table | summarizes the room temperature electrical char- '\288”' L. McCray, and C. Nguyen, IEEE Trans. Electron Devi¢gs591

acteristics of eight sequential AIGaN/GaN heterostructure®c p_ | ee, A. Sagar, R. M. Feenstra, C. K. Inoki, T. S. Kuan, W. L. Sarney,
grown directly on sapphire. We note that other growth stud- and L. Salamanca-Riba, Appl. Phys. Létg, 3428(2001.

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



