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Initial stage of GaN growth and its implication to defect formation in films
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In situ scanning tunneling microscog$ TM) observations of initial growth processes of GaN by molecular-
beam epitaxy reveal important differences between growth on vicinal versus fi@0BIT substrates. Based
on stop-growth STM studies, we explain why there are orders of magnitude reductions in the density of
threading screw dislocations in the vicinal films. It is shown that on vicinal surfaces, three-dimeri3idhal
islands develop into a characteristic shape. The islands coalesce much sooner than on flat surfaces. Conse-
quently, fewer defects are created at their boundaries.
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In heteroepitaxy, one of the central concerns is the reduadnit (Oxford Applied Research, CARS-25with the latter
tion of threading defects in epitaxial thin films as such de-being operated at 500 W and g Row rate of 0.13 cc per
fects are detrimental to devices made on such matérfals. minute at STP. The Ga cell temperature is 980 °C, giving rise
This is particularly true for GaN growth, since most growth {0 @ Ga/N flux ratio of 2 and a film growth rate of 0.1
is carried out on substrates with large lattice and/or thermapilayers/s (ie., 0.26 A/$° The substrate temperature is
mismatches with the nitrid&? In order to relieve the strain 650°C throughout. Nomlnally flat and vicined* offcut to-
caused by such lattice and/or thermal mismatches, dislocdvards[1120]) 6H-SiC(0001) wafers are used as substrates.
tions or other extended defects are generated at the interfadéey are degreased in acetone and methanol before being
between the epilayer and the substrate. If these defects a@def in vacuum. Deoxidization takes place in UHV at
completely confined at the interface, they will not be very1100°C under a Si flux. This prO(O:edure leads to atomically
harmful to devices made on top of the layer that is far awaypM0Oth surfaces and aIXV3)R30° surface reconstruction.
from the interfacé. Unfortunately, defects such as disloca- For the vicinal substrate, characteristic terrace-step morphol-
tions generally thread up to the surface and thus traverse tHfY
entire thickness of the film. Efforts controlling dislocation results. The step heights are measured to be mostly 7.6 A
dynamics thereby minimizing threading defect density areli.e.,c/2,c~15.2 A is the lattice constant o#6-SiC), which
very relevant to the applications of the films. agrees with that found during SiC epitaxial grovith.

For GaN, we have observed significant reduction of In order to follow the initial nucleation processes of GaN
threading defects, especially threading screw dislocations bgn SiC, specified amounts of materials are deposited in the
using vicinal substrates compared to that grown on flat 3nesMBE chamber followed by a rapid thermal quenching of the
We shall show in this paper that such results are the consgurface. Thermal quenching is achieved simply by switching
quences of characteristic differences in the nucleation angff the alternating current flowing through the sample for
island coalescence processes. On vicinal surfaces, thregubstrate heating during deposition. The sample is then trans-
dimensional3D) islands take a characteristic shape showingerred to the adjacent STM chamber for surface morphology
the (000)) facets. Islands coalesce much sooner on the vicianalyzes. Room temperature STM measurements are carried
nal surface than on a flat one; therefore the island size is ngut under the constant current mode. The tunneling current is
fully developed for twisting. In addition, the underlying steps 0.1 nA and sample bias is3.0 V.
of the vicinal substrate act as an orientation guide preventing Figures 1a)-1(f) show STM images, together with se-
3D islands from misalignment. Upon coalescence, fewer delected line profiles, of surfaces following GaN deposition on
fects are created at their boundaries. This directly contrastgcinal SiQ(1000 for different nominal thicknesses. Clearly
the case of flat films where relatively large and tilted 3Dfrom the image of Fig. () the initial growth of GaN on SiC
islands, upon coalescence, lead to creations of new defectsioceeds by 3D island formation. For the very early stage
island boundaries. nucleation, as represented by gmallestislands in Fig. 1a)

Film growth and subsequeitt situ surface examinations the islands are spherical with rounded tops. As the islands
are conducted, respectively, in a molecular-beam epitaxpecome larger, they develop into a distinct shape showing a
(MBE) chamber and a scanning tunneling microscopyflat top, being th&0001) plane. The change from round-top
(STM) chamber. The two facilities are interconnected withislands to flat-top ones reflects the slower growth in the
each other as well as with some other surface tools via ultrd0001] direction vs lateral directions. The flat-top feature can
high vacuum(UHV) interlocks. The background pressures inbe clearly seen in the line profile of Fig(al which is ob-
all UHV chambers are in the range of 1§-10 **mbar. In  tained after firstly tilting the image by 8° towarfi$120], so
MBE, sources of atomic galliuniGa and nitrogen(N) are  that the[0001] direction is horizontal. We have measured the
provided from a Knudsen cell and a radio-frequency plasméeight/lateral-size ratio of the islands and the results are sum-
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FIG. 1. STM images together with typical line profiles of surfaces following GaN deposition on a vicin@0BI substrate for film
thicknesses ofa) 30 A, (b) 80 A, (c) 150 A, (d) 250 A, (e) 500 A, and(f) 1500 A. Image size(a), (b): 500 nmx500 nm; (c)—(f):

1000 nmx 1000 nm. The line profiles are obtained following an 8° degree tilt of the image tO\MaIEQ], the direction of misorientation

of the substrate.

marized in Fig. 2. It is seen that the ratio is a decreasingy the vicinal angle of the substra(8°) according toH/L
function of island size and its value converges to approxi—tan 8°.

mately tan8%=0.14. Therefore, the larger islands become e first address the observation that on the vicinal sub-
wedgelike in shape as illustrated by the line profile of Fig.strate, the larger islands in Fig(dl are elongated in the
1(a). The island heighH and lateral dimensioh are related direction parallel to the step edge, |{91100] This is re-
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Island height-width ratio

FIG. 2. Ratio between island height and lateral dimengion

Lateral Size (nm)

lated to the wedge shape of the islands. The rate of advance
of an island without coalescence, in a given direction, de-
pends on the height of the sidewall in that direction. Refer-
ring to Fig. 3a), the sidewallH in the[llEO] direction is
higher than the average sidewall height,) in the [1100]

[1100] ~
O—> [1120]

FIG. 3. Schematic diagram showing pre-coalesced GaN islands

the [1150] direction as a function of island size on vicinal sub- (a) when grown on vicinal andb) flat SiQ000)) substrates. The

strates.

volumes and island densities on the two substrates are the same.
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FIG. 4. STM images and line profiles of surfaces following GaN deposition on a nominally flEl@EIT substrate for film thicknesses
of (a) 30 A, (b) 80 A, (c) 150 A, (d) 250 A, (e) 500 A, and(f) 1500 A. Image sizeta), (b): 500 nimix500 nm; (c)—(f): 1000 nmx 1000 nm.

direction. Therefore, fewer atoms are needed to advance pgrowth leads to a gradual debunching of the macrosteps into
unit distance along thé1100] direction than along the double bilayers~5.2 A) (Ref. 8 and thus a smoother sur-
[1120] direction. As it is reasonable to assume that the sam&c€ morphology, as shown in Figifi The driving force for
number of atoms arrive at each unit length of the Side\,\,ansgebunchlng of macrosteps is the natural tendency for the film
the islands will grow into an elongated shape, with the largef® minimize its surface and step energies as the film grows.

dimension in the[lTOO] direction. Such laterally elongated From the pane!s of the figure, we e_stimate tha’; complgte
islands are clearly seen in Figgaland 1b). The measured coalescence of islands and the formation of a continuous film
L{1100/L1120] SPECt ratio is approximately 1.5. By com- occurs at r_10m|nal thicknesses m_the range 80—150.6},
parison, the islands that nucleate on the flat substrate do nBgtween Figs. (b) and X1c)] on a vicinal substrate.
show any lateral elongation at dee Figs. @) and 4b)]. ~ Figures 4a)—4(f) show, for comparison, surfaces follow-

As islands grow even bigger, they start to coalesee, ing GaN deposition on a nominally flat SO0 for the
e.g., Fig. 1b)]. Due to the fact that these islands are elon-Same nominal thicknesses as those in Figa)l-1i(f). Again
gated along[1100], they coalesce first in this direction. from the Images of F|_gs.(a) and 4b).’ itis seen that |n_|t|al

— . GaN growth is by 3D island nucleation. However, unlike the

Along [1120], coalescence comes later. Because the islan

. . ) i tuation of the vicinal film, the islands in Fig. 4 do not show
are multilayer high due to their 3D nature, coalescence in th%symmetryin lateral dimensions. Instead they are approxi-

[1120] direction naturally leads to a step-bunched morpholmately circular or polygonal. The smallest islands are spheri-
ogy [Figs. ¥c)-1(e)]. Comparing Fig. () with Figs. Ic)  cal in shapgFig. 4(a)] while the larger islands develop flat
and 1d) there is also evident a transition of the step structur@ops of the(0001) plane[Fig. 4b)]. The islands, before coa-
from a wavy one to a jagged morphology, showing segmentgscence, exhibit dlatera) length to height ratio of 3-5,

of straight edges. This is the consequence of the presence gfjreeing with the findings of other workén Fig. 4b), some
alternating typeA and typeB steps in a wurzite filnf. The  islands appear to have coalesced. From the panels of Fig. 4,
straight edge segments are parallel[#110] or [1210], we estimate that the formation of a continuous film on a flat
belonging to the slow growing typB- steps. Continued substrate occurs at a thickness above 250.4\, after the
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film of Fig. 3(d)]. This is much later than that on the vicinal conditionisL>L" satisfied, which means tha&tmust be less
substrate. As more islands coalesce, deep valleys and holdsan 1/0.07% 14. Our data, presented in Fig@4 as well as
form at the boundaries between partially coalesced islandgiose of other work&° show thatg is between 3 and 10,
[Figs. 4c)—4(e)]. The individual grains on different islands supporting the fact that island coalescence occurs much ear-
are likely to be randomly twisted due to strain. When coa-lier on vicinal substrates.
lescence is Comp|ete’ Spira| mounds emerge and subse- The Qarlier island Coalgscence on a vicinal SUbStrate is
quently become the dominant featUféig. 4(f)]. Twisting rgsponS|bIe fqr the _reductlon o_f screw-type defects in the
and tilting of different grains of the coalesced film are clearlyfilm. Screw dislocations can arise from the coalescence of
evident in the line profile of Fig. @ where the(000)) ter- islands if trllelzlattlces of different islands are significantly
races belonging to different mounds are nonparallel. Thénisaligned:*20n a flat surface, the islands are freestanding
angle of tilt is estimated to be more than 1°. e}nd relatively large before coal_escence. As they have more
We turn to explain the reason why coalescence of islandime t© grow, they are more likely to be misaligned and
occurs earlier on a vicinal substrate than on a flat substrat@/ViSted at coalescence. Hence, a high density of defects ap-
Under identical deposition conditions, it is reasonable to asP€ars in the film. On a vicinal substrate, on the other hand,
sume that the nucleation rates and island number densitidd€ 3D islands are guided by the underlying steps to form
are similar on the two substrates. It follows then that thewedge-shaped islands. Also, coalescence in[ 0] di-
average volume of the individual islands before coalescenciection occurs rather soon, followed by coalescence in the
is the same on the two substrates. On a vicinal substrate, tig@120] direction. The earlier coalescence means that the is-
height and lateral size of the wedge-shaped islands are réands are smaller and less likely to be twisted with respect to
lated according tdH=L tan 8°, so the volume of such an each other at coalescence.
island is given byV=(1/2)L?tan 8°=0.07*L? (see Fig. 3. The above discussions also explain the benefits of low-
On a flat substrate, the islands are mesalike and the volunmtemperature buffers commonly used in GaN epitaxy on het-
is given byV=H'L'=L"?/B, whereB=L'/H’ is the length  erogeneous substratts:* Indeed, an effective way of
vs height ratio. By equating the two volumes, we find thatachieving high-quality films is to nucleate a high density of
L/L'=1/{0.07X 3. As long asL>L’, then the average lat- islands and let them coalesce early. In this way, islands can-
eral dimension of islands on a vicinal substrattaigerthan  not develop fully in size and fewer defects are created at
that on a flat substrate. Becaus@ndL’ are in the[1120]  coalescence. Reducing the deposition temperature serves this
direction, it means that islands on a vicinal substrate willPUrPose since low temperatures lead to high nucleation rates.
coalesce sooner in this direction than on a flat substrate. Fuf2Nce coalescence is complete, further growth at raised tem-
thermore, we have already shown that on the vicinal Sub_peratures is by homoepitaxial step flow and the film remains

strate, island coalescence in 1[hETOO] direction takes place in good quality.

even sooner than in tf[&lEO] direction. Therefore, it would This work was supported by HK RGC Grant Nos. 7142/
be generally true that island coalescence on a vicinal sut®9P, 7121/00P, 9396/00P, N-HKU028/00, and U.S. Depart-
strate occurs earlier than on a flat substrate, as long as tmeent of Energy Grant No. DE-FG-02-84ER45076.

*Corresponding author. Email address: mhxie@hkusua.hku.hk Tong, and N. Ohtani, Appl. Phys. Left7, 1105(2000.

1R. Hull and J. C. Bean, iStrained-Layer Superlattices: Materi- S, M. Seutter, M. H. Xie, W. K. Zhu, L. X. Zheng, H. S. Wu, and
als Science and Technolgg8emiconductors and Semimetals, S. Y. Tong, Surf. Sci. Lett445 L71 (2000.
edited by T. P. PearsalAcademic, New York, 1991 Ch. 1, 7T Kimoto, A. Itoh, and H. Matsunami, Appl. Phys. Lef6, 3645
Vol. 33. (1995.

2p. Kozodoy, J. P. Ibbetson, H. Marchand, P. T. Fini, S. Keller, J. 8M. H. Xie, S. M. Seutter, W. K. Zhu, L. X. Zheng, H. S. Wu, and
S. Speck, S. P. DenBaars, and U. K. Mishra, Appl. Phys. Lett. g v. Tong, Phys. Rev. Let82, 2749(1999.

5 73,975(1998. . B 9A. Pavlovska and E. Bauer, Surf. Rev. Létob be publishegd
Z. Sitar, M. J. Paisley, B. Yan, and R. F. DavBiamond Silicon, 10Changwu Hu, David J. Smith, R. B. Doak, and I. S. T. Tsong

Carbide and Related Wide Bandgap Semicondugciedied by Surf. Rev. Lett.7, 565 (2000.

J. T. Glass, R. F. Messier, and N. Fujimori, Mater. Res. SOC-11X_ H. Wu, P. Fini, E. J. Tarsa, B. Heying, S. Keller, U. K. Mishra

Symp. Proc. No. 162ZMaterials Research Society, Pittsburgh, S. P. DenBaars, and J. S. Speck, J. Cryst. Gra@@i190, 231
1990, p. 537. (1999

4 . .
T. P. Humphreys, C. A. Sukow, R. J. Nemanich, J. B. Posthill, R. ) .
umpnrey urow I ' R 12p | ee Penn and J. F. Banfield, Scierss 969(1998.

A. Rudder, S. V. Hattangady, and R. J. MarkunBgamond, . Kasaki id _ dN. Sawaki. J
Silicon, Carbide and Related Wide Bandgap Semiconductors |. Akasaki, H. Amano, Y. Koide, K. Hiramatsu, and N. Sawaki, J.
(Ref. 3, p. 531. Cryst. Growth98, 209 (1989.

5M. H. Xie, L. X. Zheng, S. H. Cheung, Y. F. Ng, H. S. Wu, S. Y. S- Nakamura, Jpn. J. Appl. Phys., Par8@ L1705 (1991).

033304-4



