PHYSICAL REVIEW B VOLUME 59, NUMBER 19 15 MAY 1999-I

Atomistic investigation of various GaN (0001 phases on the 6H-SiQ00021) surface
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A number of superstructures of the G&D0J) surface have been investigated systematically by reflection
high-energy electron diffraction, scanning tunneling microscopy, and first-principles theoretical calculations.
The GaN-thin films are grown on the Si-terminated 6H-8)001) surface by an N plasma-assisted molecular-
beam epitaxy under the Ga-rich condition. While the as-grown GaN surface is revealed to be a featurkless 1
structure, post-growth deposition of Ga at lower temperatures results in the formation of a series of ordered
structures, such asx®2, 4x4, 5x5, 5\3x 2413, 7Xx 7, and 10x10 in the order of the increasing Ga
coverage. An X1-Ga-fluid structure is obtained with the highest Ga coverage. Neither ordered structure nor
smooth morphology has been observed under the N-rich regime. We conclude that the atomic structures of all
these Ga-rich phases can be described best by a Ga-adatom scheme. We further show tk&t ahd 5
5./3x 2413 phases are two configurations that exhibit a unique one-dimensional characteristic in the adatom
arrangement. Their structures can be understood by Peierls distortion against Fermi-surface instability under
the Ga-adatom schemg50163-18209)10719-7

I. INTRODUCTION far, a number reconstructions of the wurtzite GaN formed on
sapphire and 6H-SiC have been reported, such<ag 2x2,

Group-lll nitrides(AIN, GaN, InN, and their alloyshave = 2X3, 3%x2, 3X4, 4X4, and 55, based on the reflection
been known for their enormous potential in the applicationshigh-energy electron diffractiotRHEED) observations:® In
for optoelectronic devices operating in the spectral rangehose studies, both the surface polarity and its correlation
from blue to ultraviolet Recent rapid development in blue with the surface structure are not understood. Recently,
light emission devices, such as light-emitting diodes and laSmith and co-workers° carried out a careful scanning tun-
ser diodes fabricated by nitrides has greatly stimulated theeling microscopy(STM) and RHEED study on the surface
interest in the study of these materialBue to the difficulty  structures of the GaN films with the definite polarity; while
in making bulk materials, GaN thin films are obtained bythe N-polar(0001) surface grown on sapphire by MBE ex-
epitaxial growth on other dissimilar materials with lattice hibits the 3<3, 6x6, andc(6x12) reconstructions, the ho-
mismatch. As any epitaxial growth of a thin film is essen-moepitaxially grown Ga-polaf0001) surface was found to
tially a surface process, a study of the film surface structuréave different structures, such ag 2, 5x5, and 6<4 recon-
is of fundamental importance and it should subsequenthgtructions, demonstrating a strong influence of the surface
help us to optimize the growth conditions for achieving high-polarity on the surface structure. Among these reconstruc-
quality films. tions, the %2 phase is believed to be the most important

GaN crystallizes into two types of crystal structures: abasis for the Ga-polarity filmi® and an indicator of optimal
stable hexagondlwvurtzite) GaN phase and a metastable cu-conditions for smooth morphology during MBE growth.
bic (zinc-blend¢ GaN phase. The hexagonal GaN is com-However, the fact that an exhaustive search of ti@ phase
monly grown by metallorganic chemical-vapor depositionwas not successful suggests that it is very difficult to access
(MOCVD), and molecular-beam epitaxiBE) on the basal kinetically or might be stabilized by the presence of alien
plane of sapphire and 6H-SiC. Since there is no reversioatoms'® So far there is very limited information on the
symmetry in the bulk, the hexagonal GaN epitaxial filmatomic structures of the Ga-polar GaN (0001) surface
grown along the polar axis of the substrates always exhibitphases. Knowledge in this aspect is important for further
polarity; either the(000)) surface known as the Ga polarity understanding the unique properties of GaN.
or the (0001) known to be the N polat.These two techno- In this paper, we report a systematic STM study on the
logically important surfaces are found to possess some difstructures of the Ga-polar Gaf@001) surface grown on the
ferent properties, especially in their surface structdfeSo  Si-terminated 6H-SiG0001) substrate. The long-range or-
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dering of the surface is established by the RHEED pattern
and further confirmed by STM. No ordered surface has been
observed under the N-rich conditions and the films reported
in this paper were prepared under the Ga-rich conditions.
Post-growth Ga deposition on the as-grown surface followed
by subsequent annealing at low temperatures results in the
formation of a number of well-defined reconstructions with
smooth morphology, which has allowed us to study them by
STM. These reconstructions arex1, 2x2, \J7x 7, 4x4,

5x5, 5\3x2\/13, 10x10, and most Ga-rich 31 fluid.
Based on the obtained high-resolution STM images, prepa-
ration conditions and theoretical calculations, we will present
a detailed discussion of the atomic structures of these phases.

Il. EXPERIMENT

The experiments are performed in an UHV dual-chamber F!G- 1. Filled-state STM image of the 6H-Si000) Si-3x3
MBE-STM system that has advantage for thesitu study of surface dgposned with 0.05 ML _AI at room temperatur_e, follpwed
the epitaxial filmd? An atomically clean and flat 6H- by annealing at 600 °C for 10 min. The Al forms two-dimensional
SiC(0001) substrate surfacén-type-doped X 10 cm3 islands on the &3 surface. No new surface reconstruction has been
by C Research Cojpis prepared by a two-ste methoa of induced under various Al coverages and annealing temperatures.

y Lree . pS prep ya P ; ._The tunneling currentl{) is 40 pA and the bias voltage/§) is
hydrogen etching followed by annealing under Si flux in _4 ',

UHV. The details of the preparation process have been de-

scribed eIsewht_arEThe GaN.fiIm is grown by solid source temperature annealingpelow 600 °G, not much change in
MBE and atomic N is supplied _from an EPI RF N plasm_athe substrate structure and morphology is observed. Only
source. The_ growth starts with nitridation of the Si- g5me two-dimensiondPD) or 3D Al islands(depending on
terminated SiC(000)-3x3 surface followed by an AN~ he amounts of Al depositedr Ga droplets are distributed
buffer-layer deposition at 750°C. Then, the substrate teMgyndomly on the surface. Annealing at higher temperatures
perature is lowered to 650°C and the GaN film is grown(y, t9 700°Q leads to desorption of all Al and Ga. One
under the Ga-rich condition at a growth rate-1000 A/lh.  gyample is shown in Fig. 1. The deposited Al simply forms
The N plasma source 1S ope[agted at 250 W with typical Nopy jsjands, and the surrounding<3 structure of the SiC
pressure of 7510 °~1.0x10 " Torr. After two hours of  emains intact, suggesting a low reactivity of Al/Ga with the
growth, a specular surface with interference color usuallyg; 53nd the preferential N-Si bonding at the interfate.

forms. The growth is terminated by turning off the N plasma (1) The observation of the different surface reconstruc-
followed by 2 ML Ga deposition at the growth temperature, tjons compared with the (00Durface.If our film has the
and then the sample is quenched to room temperature. A@)OO]) polarity, we should steadily observe thec1, 3x3,
(1X1) RHEED pattern is obsgrved for_the as-quenched surznq g<6 structures, as reported by Sméthal? However, in
face. When about 1 ML Ga is deposited on the surfaci,\ apite of the very similar post-growth treatment conditions to
room temperature followed by 10 min annealing at 200 °C.gith et al, a completely different set of structuré2x2,

the 2<2 phase appears. Further annealing of tk@ Burface JTX\[7, 4x4, 5x5, and 5/3x 2./13, etc) are observed

results in the %4 and 5<5 phases. The 8Bx2V13,  \yhich are in agreement with the observations reported on the
V7x /7, and 1010 are prepared in a similar manriéhe (0001 surface®

conditions are described in later sectipns We attempted to start the nitride growth with Al and Ga
deposition for thg000J) polarity, but no good film was ob-
Ill. RESULTS AND DISCUSSION tained. This is due probably to the intermixing Ga-Si and

_ N-Si bonding, which results in poor crystallization. The po-
A. Surface polarity

One notes that there is no reversed symmetry center for
the hexagonal crystal structure of wurtzite GaN; t8601)
polarity ends with a Ga-N bilayer with the N termination
whereas thg0001) ends with a N-Ga bilayer with the Ga
termination® Such a polarity variation produces essentially
different structures on the surface, and more importantly it
results in different growth processes. In order to investigate
the surface structure and to understand the epitaxial process,
it is necessary to determine the film polarity first.

Our GaN thin film is assigned to have tt{€001) Ga
polarity based on the following considerations:

(1) The initial stage of the film nucleation proce¥ghen FIG. 2. Filled-state STM images of the as-growrLsurface of
we deposit Ga and Alfrom submonolayer to 3 MLon the  GaN: (a) 1500 Ax1500 A, (b) 250 Ax250 A. The arrows indicate
Si-terminated 6H-SiC(000)) substrate followed by low- the defects on the surfack.=80 pA,Vs=—-2.8 V.
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larity of GaN/SiC has been examined by thé8rgnd other
experiments® The results also support the presg@001)
assignment. In addition, we performed chemical wet etching
to check the epitaxial GaN films polarify!® Although a
smooth morphology was observed, our result is presently
inconclusive because of insufficient amounts of data with
different polar surface. A _study of the GaN surface on the
C-terminated 6H-SiG000Y) is currently underway.

B. As-grown (1x 1) surface

Figure 2a) shows the morphology of the as-grown GaN
surface obtained under the optimal growth conditions. The _
surface is characterized by a well-defined terrace-plus-step O Ga adatom

structure with a measured step height of 2.5&cérrespond- 0 1x1 Ga
ing to the bilayer height of the hexagonal GaN along ¢he ® N atom
axis). This surface is typical and the area extends to approxi- 1700
mately 0.5um, indicating a smooth morphology, substanti- 1150

ating the advantage of the SiC substrate and AIN buffer
layer. At the different film thickness the surface exhibits dif-
e e e ey <4 32 phass i gl untcel b and 3

Y- Yy ! It=80 pA, Vs=—3.0 V. The schematic is the ball-to-stick model

can be used to measure the film thickness, the film thmknesf%r the 2x2 and 4x4 reconstructions proposed in Ref. 18. The right

is only estimated by an optical method developed by Chris-one is the %2 model. Ga-adatortbig shadowed circlebonds with

tiansen, Ca_lrpini, an,d_ TSOH\Z]'” the -surface is prepared un- 1X1 Ga atomgsmall white circlg¢ at theT4 position. The small
der the N-rich condition, the STM images show that the suryck circles represent N atom layer undet1lGa layer. The %4

face is always rough and contains many defects of bumpsnodel(left one is similar to that of 2 except that one adatom at
According to the preparation conditions and the observedenter is missed.

1X1-RHEED pattern, this as-quenched surface should corre-

spond to the bulk-terminated<Il-Ga structure since the sur- of the 4x4 phase as shown in Fig. 3 does not satisfy the
face with 2 ML Ga is unstable theoreticaflyThe enlarged electron counting model; there are three extra electrons in a
image of the surface is shown in Fig(b2 Despite the 4x4 unit cell, each of them occupies one dangling bond of a
smooth morphology, no ordered structure is observed. Manga adatom. Our calculations indicate that the configuration is
dark holes(indicated by the arrowswith diameter of ap- stabilized by a static-electrical repulsive interaction among
proximately 10 A distribute randomly on the surface, indi- the charged Ga adatortfsAs seen in the following, such an
cating an incomplete full monolayer of Ga. Attempts to ob-interaction might also play an important role in surface en-
tain better resolution images are unsuccessful. The Gargy minimization of the other Ga-rich phases. We did ob-
coverage of this surface should be close to but less than derve a N-rich X2 phase by RHEED when the as-grown

FIG. 3. Filled-state STM imagé120 Ax80 A) of the mixed

ML, according to these observations. surface was bombarded by N plasma for 20 min and an-
nealed at 500 °C-600°C for 10 min. When the sample is
C. 2x2 and 4x4 phases cooled down to room temperature, thé&< Ztreak in the

RHEED pattern becomes very weak. Thix2 phase was

also observed by Smitlet al’® While their STM image

shows only some local 22 ordering, ours(not presented

here reveals a rough morphology and featureless structure,
g ) . : and even the step cannot be resolved. These results suggest

formly distributed bright spots with a separation of 6.4 Athat the N-rich X2 phase is stable only under some extreme

along the close-packing directions, while thec4 phase condition, and is difficult to access kinetically. The theoreti-

forms by a missing array O.f every second bright Spots fromc | investigations conclude that th&2 structure with the N
the 2x2 phase. Their atomic structures have been discusse atom on the kisite is energetically favorable under the

in detail based on atomically resolved STM images and flrstN_riCh condition’*8 We, therefore, conclude that the ob-

principle_,-s total-energy calculations elsewh&tdt is our served N-rich X2 phase corresponds to the structure de-
conclusion that both of them can be understood by the Ga_ .o by this N-adatom model

adatom mode(see Fig. 3, the 2x2 and 4<4 adatom models '
are energetically favorable under Ga-rich and less Ga-rich
conditions, respectively. The bright spots are assigned to be
due to the tunneling from the states derived from the Ga The preparation condition for theX® reconstruction is
adatom adsorbed on tflg site of the bulk X1-Ga surface very similar to that for the A4 phase. Actually no distinct
(Fig. 2. Here, we show a case where th&x2 and 4<4  boundary in preparing these two phases has been established
phases coexigFig. 3. According to our adatom model, the in our experiment, suggesting that their surface stoichiom-
Ga-surface coverage of thex2 and 4<4 phases is 1.25 and etry should be nearly identical. The surface exhibits a very
1.18 ML, respectively. It is important to note that the modelsharp streaky “%” RHEED pattern along th¢1120] azi-

The 4x4 phase is prepared by annealing theZphase at
350°C-400°C for about 5 min. Expecting Ga desorption
from the surface, the44 phase should be less Ga-rich than
the 2x2 phase. The 22 structure is characterized with uni-

D. 5x5 phase
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the[0110] direction is determined to be 15.8 A, correspond-
ing to 5a, [a,=3.19 A, the in-plane lattice constant of the
GaN (0001 surfacg. A small amount of the 44 domain is
often seen in the STM image of thex5 surface. A high-
i kel T resolution[Fig. 4(b)] further revea_ls that_ each _chain is actu-
o1x1-Ga  Ga adatom ally a doublet, composed of two lines with a distance of 6.38
A (2x) along the[0110] direction. The lines consist of indi-
FIG. 4. Filled-state images and the proposed model for & 5 vidual bright spots. These bright spots are separated with
structure.(a) 600 Ax490 A and(b) 100 Ax80 A are taken att  ejther 2< or 3x or 2.5x of the lattice constant with an
=80 pA, Vs=—3.1 V. (c) Top view of the “5x5" model pro-  ayerage separation of 25(~7 A) which results in a one-
posed in Ref. 18. The Ga-adatdtarge black circlg bonding with  dimensional disorder along tHa120] direction. Therefore,
bulk 1x1 Ga atomgsmall white circlegrelaxes aff4 position and e 5¢5 can be best described as aX3.5” structurel®
cause a variation in the spot location in the image. The small bladﬂccording to the line profile measurement, the contrast of
circles represent N atom layer undex1 Ga layer. the 5x5 phase is only 0.15 A higher than that of the4
phase. This contrast difference is typical of pure electronic
muth while there is a strong background when the electrorffect. Based on the>44 adatom mode(Fig. 3), preparation
beam is incident along tHd 100] azimuth. As shown in Fig. conditions and STM observations, we propose a model
4(a), the 5x5 structure consists of regular linear chains alongshown in Fig. 4c).*® The bright spots as seen in the high
the [1120] direction. The distance among the chains alongresolution imaggFig. 4b)] are attributed to the tunneling

o o @ o o o
o 0o o0 o o o

FIG. 5. (@) Filled-state STM imag&200 Ax200 A) of the 5,/3x /13 phase. The parallel white lines have the periodicity afong the
[1120] direction, which is equal to the projection of the veatoon this directionlt =80 pA,Vs=—23.0 V. (b) Filled STM image of the %4
structure with the same scale as that(@ The circles stand on thex# lattice position, implying that 8 4a, is equal to 4L, thud
=5a,, t=80 pA, Vs=—2.8 V. (c) Zoom-in STM image of the §3x2./13 phasem, n are the basal vectors of the/8x 2/13. (d)
Filled-states STM image of the\8x 2+/13 showing the transition region.
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from the filled states derived from the Ga adatoms. We note
that the surface coverage is 1.16 ML Ga for the model and
that is does not satisfy the auto-compensation Yile.

E. 5\3% 2413 phase

The 5/3x2/13 phase is prepared by deposition of about
2 ML Ga on the as-grown 2 1-Ga surface followed by an-
nealing at 400 °C for 10 min, suggesting that the surface is
slightly more Ga rich than #4. The STM imagégFig. 5a)]
reveals that the structure consists of chains made from regu-
larly arranged spots and paired spots along[ #1e0] direc-
tion. The unit cell of this structure is depicted in the zoom-in
image[Fig. 5(c)] with one mesh vector indicated Iy along
the [1100] direction. Because its structure shown by the
STM image is rather complicated and the surface unit cell is 1100 1439
further rotated, we show a STM image of th&4l phase in
Fig. 5b) in order to analyze the detail of the structure. The

chains are separated by 6.4(Ax) along the close-packing
FIG. 6. The top view of the tentative model proposed for the

direction. S.Ince_ the. base vectm IS perper_1d|cular 0 Ehe 5.3%2/13 phase. The white small ball represents the bt 1
[1120] (chain direction, the chain separation along the G4 atom. The large white, gray, and black balls represent the ada-

direction is /3ay, which results in a §3a, unit Ce'l size of  toms adsorbed at the bridgel3 and T4 sites, respectively. The
the surface in this direction. The unit cell along theector ~ small black circles represent the N atom layer under thd Ga
direction includes three chains and extendg @long the layer.
[1120] close-packing directiofthis is determined by super-
imposing the white lines in Fig.(8) to the same scale image favorable!®'® and thus, the model displayed in Fig. 6 is
of the 4<4 phase in Fig. )]. By looking at this grid, we rather tentative. Recalling that there is also a nonlattice-site
find that four times the line spacing in Fig(a is exactly  occupation of the bright features on thg5 surface, another
equal to five timeg63 A) “4 X periodicity” in Fig. 5(b). So  possibility is the relaxation of th&, Ga adatoms. Further
the surface as shown in Fig(a is 53x213 recon- noting that both the 85 and 5/3x 2/13 phases exhibit an
structed. anisotropic one-dimensional structure, the observation might
The striking feature of the 3 2/13 phase is that it is be explained by a coherent Peierls distortion of the adatom
composed of chains that have an one-dimensional unit cell afrrangement along the close-packjid 20] direction?®?In
253, along the[1120] direction. The unit cell of each chain all quasi-one-dimensional structures where a metallic chain
consists of 16 spots and these spots are divided into twtorms, it is unstable. It is energetically favorable to lower the
parts: PartsA and B, as indicated in Fig. ®). PartA takes surface energy by an atomic relaxation. Therefore, we be-
10a, and includes paired spots at the both ends and 4 indilieve that the nonlattice-site occupation of some of the bright
vidual spots in between. PaR takes 1%, region and in- spots as seen in the STM imadésgs. 5a) and 4 can be
cludes 2 paired spots and 4 single spots. Figud? Shows best understood by the adatom relaxation associated with this
another 5/3x 2./13 domain, which is rotated by 120° with Peierls distortion. A detailed study of the fully relaxed
respect to that shown in Fig(&. At the boundary area one atomic geometry is underway currently and will be reported
observes some spots with the locallx2 ordering[a 2x2  elsewheré?
unit cell is indicated in Fig. &l)]. At the upper-left and
lower-left corners, the Iinear qhgins forming th&5 struc- F. L-(J7x \7) phase
ture are also visible. If the individual spots are removed, the
surface transforms into the@ phase. Therefore, the surface A phase exhibiting the locally ordered7x 7 structure
coverage of the §3x2/13 should be close to or between forms during the preparation of _the><2 structure if the
the 2<2 and 5<5 phases. The contrast variation among theamount of the deposited Ga is slightly more than those for
spots in the §3x 2413 structure is less than 0.3 A and we the 2X2 or 4x4. Figure 7a) shows a typical STM image of
conclude that these spots come from the same layer atomi&€ V77 structure coexisting with thex#4 phase. Many
Based on our study of thex2 and 5<5 phases, the spots in €Xperiments were attempted to prepare the single-domain-
the images are believed to be the tunneling from the danglingrderedy7x |7 surface by, for example, deposition of more
bonds of Ga adatoms. Ga or annealing at different temperatures. However, the
We propose a ball-to-stick model for the/3x 213 in long-range-ordereq/7 X \/7 structure was not achieved even
Fig. 6. Due to the formation of the paired-spots, it is notthe whole surface was covered with this structure. The sur-
possible for all the bright spots to take the normal latticeface shows a X1-RHEED pattern, implying that the local
sites. The observation may be explained by the occupation afrdering is an intrinsic property of th¢7x \7 phase. Thus
the different adsorption positiorfsT,, Hs, or bridge sit¢for ~ we call it asL-\7x /7. This structure is stable in a wide
the Ga atoms. According to the theoretical calculations, howrange of temperature and Ga coverage, ARq7X 7 is
ever, theH; site and the bridge site are not energeticallythought to be another characteristic reconstruction of the

£ — oNatom ©O H3 Gaadatom

O1x1-Ga @ T4 Ga adatom
O Bridge Ga adatom
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° ° N atom
° o 1x1-Ga

O adlayer Ga atom
° O Ga adatom

1120

FIG. 7. (a) Filled-state STM image of the mixdd- 7 x /7 and
4% 4 structures with highlighted unit celle.=80 pA,Vs=—-2.3 V.

The gray circle represents the adlayer Ga atoms, which bond
to the 1X1 Ga atoms of the N-Ga bilayer. One extra adatom
(white circle is bonded with three adlayer Ga adatoms form-
ing a tetramer. The atomic configuration in the second and/or
deeper surface layers is unknown, for example, the second-
layer adatoms between the tetramers may be missing. Further
study, such as the surface coverage measurement and theo-
retical simulation, is necessary for the establishment of a
complete structure model.

G. 10x10 phase

By depositing another 1-2 ML Ga on the 7 X \/7 sur-
face and annealing at 350 °C for 10 min, axti® phase is
obtained. Figure @) shows a typical image of this structure.
Usually it coexists with theL-/7x /7 structure with the
contrast higher by 1.6 A than the surroundibgy7x /7.
According to the preparation condition, the X 00 phase
involves three layers of Ga on the bulk-terminated11Ga
surface. as clearly seen in the high-resolution STM image
[Fig. 8(b)], this structure is characterized by a unique honey-
comb structure consisting of 18 bright spots in a unit cell: the
inner ring contains six spots while the outer ring 12 spots.
The overall arrangement of the spots is very similar to what

(b) The top view of the proposed model. The small black circlesappears on the Sil11)-7x7 surface. From the large-scale

represent the N atom layer under the L Ga layer(the small white
circles.

(0001 surface. The image contrast bf JTXAT is higher

image[Fig. 8@)], we observe many fractional rings that are
located at the 1810 island edges. Assuming that thexi10
phase is more energetically stable than the/7x \7 sur-
face, the local-ordered characteristic of tféx 7 may be

than the neighboring >4 by as much as 1.0 A. Thus, it is understood by a phase transition to the<1® phase under
reasonable to speculate that it involves one more layer of Géhe Ga-rich conditions. Its atomic model is schematically

on the surface. A tentative model is proposed in Figp).7

shown in Fig. 8). The small white circle represents the

_ ° 1x1-Ga adlayer
\)20 © Ga adatom
O extra Ga adatom

FIG. 8. Filled-state STM images of the %0 phase.(a) Large-scale scai200 Ax200 A). The 10<10 phase coexists with the
L-\7X \[7 phase(b) Zoom-in image(80 Ax80 A) with highlighted unit cell.(c) The schematic model.
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only the edge of the “k1-Ga” islands becomes brighter
than the inside area. On the contrary, all other structures
disappear after the same treatment. These observations
clearly indicate that “X1-Ga” is a stable phase as long as
the surface is very Ga-rich. A fluidlike and discommensurate
Ga bilayer structure has been modeled for the<1tGa”°
which explains our observations well. The observations im-
ply a very low solubility of the N into the bulk Ga. From the
viewpoint of epitaxial growth, the Ga flux may never be
oversupplied to maintain smooth surface morphology, which
may partially explain why a flat morphology results under
the Ga-rich conditions.

While the above mentioned surface structures are ob-
tained by deposition of some amount of Ga on the as-grown
surface, attempts to prepare an ordered N-induced structure
have not been successful. The STM images showed a rough
surface where it was difficult even to find a terrace. This may
be attributed to a lower mobility of N atom on the Ga face of
GaN?® resulting in a difficulty for N atoms to find favorable
> = sites. Assuming a stable growing front surface, it is not sur-

1x1-Ga prising to observe a smooth surface morphology with larger
Ga atom diffusivity. On the other hand, the very strong co-
hesive energy of Nmakes the N adatoms thermodynami-

FIG. 9. (a) Filled-state STM imagé450 Ax360 A) displaying  cally unstable against evaporation ag?Rland eliminates the
the coexisted #4, L-\7Xx 7, and “1x1-Ga” fluid structureslt local kinetic pathway to the formation of an N-rich phase
=80 pA, Vs=—2.0 V. (b) Zoom-in STM image(150 Ax80 A) of despite a global N-rich growth environment. Thus, some
the “1x1-Ga” fluid. In the upper part of the image, thex4 phase  theoretically predicted N-rich structures are difficult to ac-
is visible. cess kinetically. This situation distinguishes the GaN surface

from all traditional IlI-V surfaces. Considering theoretical
1x1 Ga adatom, which sits on the top of the bulk 1. Ga studiest®!®?*the present observations that various Ga-rich
atoms. The gray circles are the Ga adatoms bonding witRnases are stable on the G&)00D) surface(this case seems
three Ga atoms in the Ga adlayer. The outmost Ga adatoff? hold true for the N-polar surface as weltlearly illustrate
(the large white circle stands on these three adatoftise that_ the growth_ un_derstzr;e Ga-rich conditions is necessary to
gray circle. The current model is simply based on the STMachieve a quality filnf>
image. Other_models, for example, one s_imilar to the dimer V. SUMMARY
adatom stacking faulDAS) model of the S(111)-7X7 sur-
face may also satisfy the STM images presented here. A series of phases belonging to the G&00Y) surface,
such as X2, 4x4, 5x5, 5/3x 213, \7x /7, 10x 10, and
1X1-Ga fluid, have been documented and discussed with
high-resolution STM images. The results are summarized as

The 1X1-Ga fluid is the most Ga-rich phase and almostfollows:
always coexists with all other phases described above, except (1) On the Si-terminated 6H-Si@001) substrate, the
for the as-grown X1 surface. The STM imaggFig. 9a)] GaN/AIN films has the(0001) surface polarity. When the
obtained during preparation of thex2 surface exhibits the initial nucleation process of the film starts with the Al depo-
coexisting 44, \7x 7, and “1x1-Ga” phases. This sition and thus the Si-Al bonding for th@001) polarity, the
“1 x1-Ga” was also reported by Smitt al,® and its struc-  undesirable film morphology results, probably due to a
ture is very different from the previous<il as-grown sur- mixed interface bonding.
face. While in the latter case, some defects are always (2) All ordered surface phases are found to be Ga-rich and
present[Fig. 2(b)], the “1X1-Ga” surface is seen to be their structures can be understood by the Ga-adatom scheme.
atomically flat[Fig. 9b)]. No STM image resolving the No stable N-rich phase has been observed. Theoretically pre-
atomic structure has been achieved. Line-profile measuraticted N-rich phases might be difficult to access kinetically.
ments indicate that it is higher than th&4 surface by 2.1 (3) Auto-compensation, one of the guiding rules for con-
A. Since theoretically the22 is 1.78 A higher than the bulk ventional 1lI-V compound semiconductor surface reconstruc-
1x1 Ga layer® the height of “1x1-Ga” is about 3.88 A  tions, may not be strictly satisfied on the GaN surface. In
above the X1 Ga layer. This corresponds to 1.9 ML. This many cases, the surface energy of GaN can be lowered by
surface is metallic as the tunneling is stable even when thetatic-electrical repulsion interaction among charged adatoms
bias voltage is less than 0.2 V and the obtained STM imageand Peierls distortion.
at low-bias voltage is similar to that obtained at higher-bias (4) To achieve the smooth surface morphology, material
voltage. Sometimes the “41-Ga” structure covers several growth under the Ga-rich conditions is suggested. Since the
thousand angstroms of the surface. If this structure is nitridedi-rich growth conditions lead to a morphology instability,
at 500°C for 10 min, no obvious change is observed andhew processes to manipulate the growth kinetics and ener-

H. “1 x1-Ga” fluid structure
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