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Reconstructions of Gal8001) and (0001) surfaces are studied by scanning tunneling microscopy
and spectroscopy, by electron diffraction, by Auger electron spectroscopy, and using first-principles
theory. Attention is focused on Ga-rich reconstructions for each surface, which are found to have a
metallic character involving significant overlap between Ga valence electrons. The electron
counting rule is thus violated for these surfaces, but they nonetheless form minimum energy
structures. ©1998 American Vacuum Socief$s0734-211X98)05404-3

[. INTRODUCTION tunneling microscopy (STM) measurements and first-
principles theory, the former reconstruction has recently
Much effort in the past five years or so has been devotegeen shown to consist of a single monolayer of Ga bonded to
to the study of gallium nitride, since its relatively large bandine outermost N atoms of the N-terminated bilayer on the
gap (3.4 eV) makes it ideal for both optical applications in GanN(000Y) face® Not surprisingly, this structure, pictured in
the blue-to-ultraviolet spectral range and in high power/highgijg 1(a), is found to be metallic: theoretical and experimen-
temperature electronic applications. Surface science studig§| evidence for this metallicity is presented in Sec. III A,
of this material are just beginning, with recent reports Ofincluding scanning tunneling Spectroscof§TS measure-
surface reconstructions for both culfinc blendé¢ and hex- ments. This X1 arrangement of the G&BD0Y surface is
agonal (wurtzite) material.> A common theme regarding not thé most Ga-rich structure possible on this surface—

the growth of these surfacém the absence of hydrogeis adding additional Ga adatoms produces>ad33arrangement

that stable growth occurs undemetal-rich or near-metal- A
rich conditions, suggesting that GaN surfaces are stabilizegszg\t';n in Fig. 1b)] and also &6 andc(6x12) arrange-

by Ga atoms: '3 This behavior can be viewed as arisin . .
y ! V! View ISINg The second structure discussed in this work, thex1t

from the small size of nitrogen compared to gallium, so that

reconstructions on the GaN surface are possible which inz_arrangement_of Gaf000D, is less well understood than

volve purely Ga layers with Ga—Ga separations smalf’® GaN00011x1. Experimental evidence will be pre-
enough to produce highly dispersive metallic bands, thereby€nted in Sec. Il B based on STM, reflection high energy
producing low total energiea similar situation has been glectron diffraction(RHEED), low energy electron diffrac-
reported recently for Sb-rich GaSb surfaéesSuch metallic  tion (LEED), and Auger electron spectroscOpiAES)
surfaces violate the simple electron-counting Adléut of ~ that this surface contains at least 2 monolayeéL )
course this rule is only meant to give a rough guide to thél ML=1.14x10"atoms/cr?) of Ga residing on top of a
existence of minimum energy structures, and the highly disGa-terminated bilayer of the G&bD01) surface. These Ga
persive metallic bands discussed here provide an alternativddlayers are found to have a structure well characterized by a
means of lowering the energy of a system. discommensuration-fluid phase, similar to that observed on
In this article we discuss details of the structural and elecAu(111) and P¢111)."°"*® Model calculations confirm that
tronic properties of two reconstructions for wurtzite GaN: thean incommensurate structure of Ga, containing abouf 7
1x1 structure of the Gaf0001) surface(or N face, and a  unit cells of Ga in a &6 region of the GaN lattice, is ener-
pseudo-K1 structure, denoted by “41,” of the getically quite reasonable, although a structural model based
GaN000)) surface(or Ga face. On the basis of scanning on first-principles calculations has not yet been obtained.
This “1Xx1" structure of GaN000Y) is the most Ga-rich
dElectronic mail: feenstra@andrew.cmu.edu structure found on this surface, and it is highly metallic, as
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I1l. RESULTS AND DISCUSSION
A. GaN (OOOI)lxl surface
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The structure of the Ga(IQOO_])lxl reconstruction is
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Q) shown in Fig. 1a). As discussed elsewhere, first-principles
_ .5 5 .’ total energy calculations have been performed for this struc-
[1700] d 3 ; . .
.Ju Q’,%‘ ture, along with calculations for a variety of other models for
7Q D surfaces having eithéb001) or (0001 polarity® The calcu-
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lations are performed with the Gad3lectrons included as

Ga Adlaver Ga Adatoms valence electrons, and with a plane wave cutoff of 60 Ry.
e 4 This approach has been employed in studies of the
N [0001] N —» GaN(1010) surface! the c-plane surfaces of AIN,and for
surfaces of cubic GaR.The GaN0001)1x1 Ga adlayer
Ga Ga— model is the only X 1 structure, of either polarity, which we

. have found that can account for a stablg1l symmetry
Fic. 1. Model structures determined for ti@® 1x1 Ga adlayer structure . ilibri . n% imil It h
and(b) 3x3 adatom-on-adlayer structure of G@Q01). The Ga adlayer is structure In equi ibrium conditions.A similar result has
under tensile stress since the Ga atoms are stretched further apart compafz@en found for the-plane AIN surface$.
to their spacing in bulk G¢&3.19 A compared~2.7 A). For the 33 struc- The relative stability of this X1 adlayer structure arises
ture, the adlayer atoms are able to get closer together by moving in th _ - : S
in-plane (latera) direction away from the Ga adatoms by 0.51 A, thus re-fn part from the §trong G,a Ga mterac'.uon within th_e adlayer
lieving the stress. All other lateral or vertical displacements of the adlayedtS€lf. TO see this, consider the following hypothetical reac-
atoms are less than 0.1 A. tion. Starting from a Gal0001)1X1 N-terminated bilayer
and a bulk Ga reservoir, form the<ll Ga adlayer by remov-
ing atoms from the Ga reservoir and forming bonds with the
revealed by STS. Various other reconstructions containing atoms on the GaN surface. The energy required to remove
less Ga have also been observed, and will be discussed ihe Ga from the reservoir, thereby creating free Ga atoms, is
more detail elsewher¥. the experimental cohesive energy of @a8 eV/atom. The
energy released by forming the Ga—N bond is the bond
strength of the Ga—N bond, 2.2 eV/atom. If these were the
[I. EXPERIMENTAL DETAILS only two bonding mechanisms involved in the reaction, the

The studies of GaN surfaces presented here are performtl.;‘a"’wtlon would be endothermic by 0.6 eV/atom. What is still

using a combination molecular beam epitaMBE)/surface mlssir_lg from the analysis is the bonding within th_e Ga ad-
analysis system. Base pressures of both the MBE growt yer itself. The energy reduction due to the bonding of the

chamber and the analysis chamber are in theiorr Ga} within the adlayer may be determined by a direct calcu-
range. GaN films are grown using a standard Knudsen celfion Of the formation energy of a free-standing hexagonal
for the Ga and a rf plasma source to activate the(both mpnolayer wnh a lattice constant of 3.19 A. Th|s calculation
built by SVT Associateks In situ surface analysis capabilities 91Ves @ formation energy of 1.0 eV/atom relative to bulk Ga,
include RHEED, LEED, AES, and STM. GaN surfaces pre-2nd 0 the cohesive energy of the monolayer &8+1.0
pared in the MBE chamber are transferred under ultrahigh= —1-8 €V/atom. Thus the net reduction in energy in the for-
vacuum(UHV) conditions directly into the adjoining analy- mation of the Ga adlayer on G&ab00) is —1.2 eV/atom.
sis chamber for investigation. The key point to be made here is that the bonding of the Ga
We have developed procedures for preparing both th&vithin the adlayer is as important to the stability of the struc-
GaN(000]) and GaN000Y) faces of wurtzite GaN. Details of ture as the formation of the Ga—N bond itself. We also note
the growth of these two structurally inequivalent faces aghat this estimate of the energy difference between the N-
well as the preparation of the individual reconstructions arderminated bilayer and the Ga adlay@r2 eV/1x1) is al-
discussed elsewhefe® Briefly, the (0001 face is grown by =~ MoOst identical to that determined by our direct calculation
nucleating the GaN directly on a solvent-cleaned andeported earlief.Now a similar analysis may be performed
plasma-nitrided sapphire substrate. Thellis then prepared for the GaAs111) surface. However, in that case the Ga—-Ga
by annealing the as-grown film at 800 °C, which removesseparation within an adlayer is much larg4:0 A). For such
excess Ga atoms. THE00)) face is grown by performing a Ga—Ga separation, calculations show that the cohesive en-
homoepitaxy on a metalorganic chemical vapor depositiorergy of the adlayer is only-0.8 eV/atom. Since the Ga—As
(MOCVD)-grown GaN/sapphire substrate where the subbond strength is 1.6 eV, the total reaction energy is-D.8
strate is briefly nitrided prior to the homoepitaxial growth. —1.6=0.4 eV/atom, and so the reaction is endothermic. It is
The “1X1" is typically observed after termination of the therefore clear that the reduced Ga—Ga separation possible
homoepitaxy under Ga-rich conditions. TheX1” can also  on the surfaces of GaN plays an important role in establish-
be prepared by annealing tlf{@001) face at 750 °C, which ing the stability of Ga adlayer structures. A similar situation
removes Ga atoms, and subsequently redeposit@IL of  arises for the Gal001) surface’®
Ga, followed by a quick anneal to 700 °C. The surface electronic structure has been calculated for
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Fic. 2. Band structure for the G&B001)1x1 Ga adlayer based on local
density functional calculations. Energies are plotted relative to the VBM. (9) (h
The Fermi level is located 0.75 eV above the VBM. The plot shows the 200 | 30
valence and conduction band edges and three surface Sat&:, andS;.
The computed bulk band gap of GaN is less than the experimental (Batlie 00l 120
v ‘ 1.0
-200k . '
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the GaN000D)1x 1 Ga adlayer model and is shown in Fig. 2. Sample Voltage (V) Sample Voltage (V)

This system is metallic, and the Fermi energy is locatedkc. 3. Averaged tunneling spectroscopy results from three separate experi-
about 0.75 eV above the valence band maximi¥BM). ments (three different tips on the GaN0001)1x1 surface(a)—(f) and a
There exist three highly dispersive surface states inside th@ngle experiment on the GabD0l) “1 x1” surface (g) and (h). |-V
band gap. These states are derived from the theEate curves are shown on thg left with the corresponding norma!l;ed conductance
. | curves shown on the right. Crossmarks represent the origins for-tkfe
orbitals of the Ga adlayer atoms. The band lab&8gt fully curves, while dashed lines indicate where the normalized conductdnce
occupied and has a predominangly character with respect
to the Ga atom. A remaining one-quarter electron per cell
occupies the bottom of th&; band, which exhibits a ized conductance will be near zero. Thus, despite the varia-
Px.Py P, character with respect to the Ga adlayer atom. Theion in probe tips, the STS measurements clearly show that
S, band exhibits a minimum located about 0.6 eV above thehe 1x1 surface is metallic. In addition, we find that this
Fermi level near th& point of the Brillouin zone. Such a 1Xx1 surface can be routinely imaged at tip—sample biases as
minimum in E(k) gives a step function contribution to the low as 0.1 eV, also indicating its metallic character.
density of states, and it is therefore possible that the onset of
tunneling for a bias voltage larger than 0.6 V could give rise
to structure in the tunnelin—V spectrum near this energy.
Experimental evidence for the metallicity of the  We now turn to a discussion of the most Ga-rich recon-
GaN0001)1x1 surface has been obtained from STS meastruction of the GakD00J) surface, prepared as described in
surements. The STM probe tip is positioned over a well-Sec. Il. The diffraction patterns of this Ga-rich surface show
ordered region of the 41 surface, and then the tip—sample mainly 1X1 streaks(RHEED) or spots(LEED), with side-
separation is held fixed while the tip—sample voltay® {(s  bands in RHEED or satellite spots in LEED as described
varied and the tunnel current)(is measured. Results are below. Hence we refer to this structure asX'1,” using the
shown in Figs. 88)—3(f), where three representative spectraquotation marks to indicate that the symmetry is not truly
acquired using three different probe tips are displayed. Th&x1. For this surface, the RHEED pattern at the growth
I-V curves are shown on the left with the derivedtemperature shows onlyXll streaks, as illustrated in Fig.
(d1/dV)/(1/V) (normalized conductangeurves shown on 4(a). However, as the surface is cooled down<t@50 °C,
the right. As is evident from the data, the three spectra ardistinct sidebands appear on the high wave vector sides of
significantly different from each another. This largely repre-the first-order streaks along th&120] azimuth, as shown in
sents differences between probe tips, none of which wer€ig. 4(b). Depending on the Ga coverage, the spacing of the
well characterized for the purpose of spectroscBplow-  sidebands from the first-order streaks at room temperature is
ever, the three spectra do have one very important feature iither 0.16-0.01(=1/6) or 0.08t0.04=1/12) of the 1X
common, namely, that they all have a minimum in the nor-spacingk,=2.28 A~1, as illustrated by the two LEED pat-
malized conductance at zero voltage which is very nearlyerns shown in Figs.(4) and 4d). For lack of better termi-
equal to unity(as indicated in Fig. 3 by dashed lineSuch  nology, we refer to these structures as+§’ and “1 +3,”
a feature is a defining characteristic of a metallic surface. respectively; the precise difference between these structures
For a semiconducting surface, this minimum in the normalis not well understood at present. As shown in Fig.

B. GaN(0001)‘‘1 x 1" surface
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(a);

(a)

()

.

Fic. 4. 1X1 RHEED pattern for Gaf000)) (a) during growth, andb) after

cooling to below 350 °C, where it converts to a g pattern. The 1—%
LEED pattern E;,.=100 eV) is shown inc). For most “1X1" surfaces
(see the text a 1+1i2 pattern is observed below 200 °C, as showr(dn
(Einc=40eV). LEED in the vicinity of the(0, 1) spot E;,.=40eV) at
various temperaturege) room temperature—100 °Gf) 100—150 °C,(g)
150-200 °C, andh) above 350 °C.

Fic. 5. STM images of(a) GaN(000) “1Xx1" surface showing spiral
growth, (b) (0003 surface with mixed &5, 6x4, and “1X1"” reconstruc-
tions (“1 X1” island height=2.1 A), and(c) “1 X1" reconstruction show-
ing atomic resolutior{lateral spacingGaN lattice constant3.19 A) to

within <1%). The tunnel parameters af@ —2.0 V at 0.1 nA,(b) —2.5V
at 0.075 nA, andc) —0.25 V at 0.1 nA. The atomic steps seen(&@ are
single bilayer high(2.59 A) (line-by-line background subtraction has been

4(c), the 1+ structure can exist down to room temperatureapplied to permit viewing of many terragedhe gray scale ranges afie)

for a narrow range of Ga coveragast above that needed to 40 and(© 0.27 A, respectively.

form the 6<4, described elsewhéd, but for all higher cov-

erages, the 4% converts to ¥ 3 as the temperature is re-

duced to about 200 °C. 0.0&; to 0.0%; with increasing temperature until about
The temperature dependence of thexX” surface is il- 200 °C, at which point it increases by a discrete amount to

lustrated in Figs. @&)—4(h), focusing on the vicinity of the 0.16<;. Identical diffraction patterns having the same tem-

integral order(0, 1) spot. Between room temperature and perature dependence have been reproducibly observed on nu-

about 100 °C, as seen in Fig(e}, a modulated ring of in- merous “1X1"” surfaces prepared on grown films with vari-

tensity with radius 0.08, is observed around th@®, 1) spot  ous morphologies. Thus, the 11" patterns do not

with modulation at 60° intervals. This ring has greater inten-correlate with or depend on faceting or periodic step arrange-

sity on the high wave vector side of the spot. Similar asym-ments on the surface; instead, they suggest an incommensu-

metric, modulated ring patterns have been seen 1Rt rate surface structure. Moreover, the modulated ring struc-

and Au111).2® As the temperature is increased to aboutture and its temperature dependence indicate that this

150 °C, the ring modulation decreases slighfig. 4f)]. As  incommensurate structure possesses a considerably dynamic,

the surface temperature increases further to around 200 °@uidlike character, even at room temperature. Thus, we infer

the ring modulation decreases furth&ig. 4(g)]. It is also  that the “1X1"” surface at room temperature is best charac-

seen that the radius of the ring appears to have decreaségtized by a discommensuration-fluid phase, similar to that

slightly to about 0.0K;. As the temperature is raised pastseen for A@lll) and P¢111) at elevated temperatures

200 °C, the pattern converts to+} (although not observed (T>0.64T,, for Au and T>0.65T,, for Pt).}” We note that

in this particular LEED experiment, the conversion from 1 since the melting point of bulk G&29.8 °Q is very near

+ to 1+1% in this temperature range has been observed corroom temperature, such a structural phase for a Ga-rich sur-

sistently in RHEED experimentsAbove 350 °C, one sees face is most reasonable. Furthermore, we also infer that, as

only the (0, 1) integral order LEED spofFig. 4h)]. This temperature increases, the discommensuration-fluid phase

sequence of phase transitions is reversible. Thus we find thabnverts to a disordered, fluid phase.

the ring modulation decreases with increasing temperature. STM images acquired at room temperature for the

At the same time, the ring radius decreases slightly fromGaN000]) “1 X1" surface are shown in Fig. 5. Since we

JVST B - Microelectronics and Nanometer Structures
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have not observed any difference between the and 1+ (o) GaN(000T)
+ surfaces in the STM studies, we shall refer to them collec- i
tively as “1X1" here. Generally the “X 1" surface appears
featureless(i.e., no corrugation in the images, although 0.75 |
small-scale images with a sharp tip do reveal atomic corru-  fF------ o - —1
gation. Figure &) shows a large-scale view of a surface

which was imaged directly following Ga-rich growth without 05 10
any further surface processing. It shows a typical spiral & 459 (b) GaN(0001) 13
growth morphology where two dislocations, each with a &

o
3

screw component of their Burgers vector ¢ff0001], are z *
seen intersecting the surface and producing atomic stepsy [
This surface was completely covered by theX1” arrange- .
ment and had a relatively high Ga coverage least 2 ML 1.00 -
based on the Auger spectroscopy measurements discusse . “x1®
below). In contrast, the surface of Fig(l§ had a Ga cover- bx4 14
age of only~1 ML and was prepared by the annealing, 0.75 - . o

redeposition, and reannealing procedure. For this lower Ga x2
coverage, the surface contains islands oI’ surrounded 0.50 10
by areas of X5 and 6x4 reconstruction. The precise struc- Ga Coverage

tures of these latter two reconStrUCthnS are not known al%e. 6. Plots of Ga/N Auger intensity ratios f¢a) GaN(OOO_l) reconstruc-
present, although the>X&® arrangement is thought to contain tions and(b) GaN(0003) reconstructions. The scales on the right are based
a combination of Ga adatoms, N adatoms, and pOSSiny Gen model calculations and represent the number of Ga monolayers sitting on
vacancie<? Evidence suggesting a relatively high Ga goyer—;i‘t’po;)fltzi Tu”;;‘:rrr;‘ti%azgdlbgiy:;r:;:rag: ‘:i‘g’]'r‘;"tr_i;ﬁn%as:;g_'i”@j";ho""s

age for the “1xX1"” reconstruction is also contained within

the STM image of Fig. &). The height of the “X 1" island

above the surrounding>® and 5<5 regions is 2.1 A. Elec-

tronic effects can of course influence this height, but typi-cantly higher(1.1-1.4. To interpret these measured inten-
cally by only a few tenths of A. The85 and 6<4 regions sity ratios, we perform model computations by summing in-
are believed to contain adatoms with hei¢inom theory of  tensity contributions from individual atomic layers over a
1.7 A above the Ga atoms in the outermost GaN bilayersufficient number of layers extending into the surface to ob-
Thus, we would estimate a thickness of thex'1” Ga layer ~ tain convergence of the Ga/N ratio. We utilize Auger sensi-
of 3.8 A, corresponding to 1.8 ML. While this estimate is tivity factors of 0.12 for Ga and 0.33 for Naken from Ref.

tion contains around 2 ML of Ga atoms. the 1055 and 379 eV electrons, respectively. These escape

For either the % or 1+ 3 surfaces, high resolution im- depths are chosen such that the Ga/N ratio for the
ages reveal atomic corrugation, as seen in Fig). How- _Gal\_(OOOJ)le reconstructiofindicated by the dashed line
ever, the signal to noise ratio for these images is typically" Fi9- 6@] corresponds to exactly one Ga adlayer located at
—4x smaller than that found on the GE00011x 1 surface. a height of 1.99 A above the nitrogen atoms of the last GaN

Such a weak atomic corrugation is consistent with a highI)P'layer’ which is the known structure of this surfdogsing

metallic surface. Indeed, STS measurements reveal the Slirh_ese values, Ga/N Auger intensity ratios are then computed

face metallicity, with a minimum in the normalized conduc- or surfaces of either polarity having 0, 1, 2, and 3 layers of

tance at zero voltage very close to 1, as shown in Fify. 3 Ga sitting on top of the bulk-terminated bilayers. In the
9 y ’ .~ model computations for th@001) surface, we assume a first

and 3h). Careful measurements of the lateral period of the, yditional layer of Ga 2.5 A above the Ga-terminated bi-

atomic corrugation, using tips which were calibrated on thqayer and successive Ga monolayers at 2.1 A intervals, with
GaN(0001)3x3 reconstructior? reveal that the period is 5 \alues based on theoretical results. For the (99&?),
identical to a X spacing(3.19 A) to within <1%. surface, successive Ga monolayers after the first monolayer
Auger spectroscopy measurements with an incident elecsre a1so spaced at 2.1 A intervals. The results of the model
tron energy of 3 keV have been performed on 8801  computations are given by the scales on the right-hand side
“1X1" surfaces, as well as on all oth€d001) and (0001  of Fig. 6. As evidence for the success of the modeling, we
reconstructions which we have studied, as a routine probe ¢fote from Fig. 6a) that the mixed & 6/c(6x12) surface
Ga coverage. Experimental measurements fo(@081) sur-  corresponds to a Ga coverage of 1.45 ML while the mea-
faces are plotted in Fig.(8), and those for th€000D) sur-  sured Ga coverage for thg6 X 12) was(after correction for
faces are plotted in Fig.(B). For almost all of the surface sticking coefficient 1.44+0.02 ML, as reported previously
reconstructions, the ratio of intensities of the G855 eV}  [this surface, while containing a few isolated patchesx66
to N (379 eV lines is in the range 0.6—0.9, with the excep-was predominantlyx(6x12), as observed by sweeping the
tion being the “1x1” surface where this ratio is signific RHEED beam laterally across the surfacelhus the

—
(=]

Number of Ga Adlayers
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agreement between the Auger data and the model calcula- [0001]
tions is quite good? - - _
Consider now the results for th6001) surface, shown in | I [1120]

Fig. 6b). As discussed elsewhetethe ordered %5 is ® ol
formed by depositing 1/2 ML Ga onto the annealed 2l ® .}Bilayer
surface and then briefly annealing that surface. Since the

1x2 is known to be disorderéd,it is not unreasonable that tﬁa
the Ga/N Auger ratios of these two are similar. The46
surface is similarly produced by depositing 1/2 ML Ga onto

the 5<5 and briefly a!'mea"ng that surface. Repeating thisss. 7. side view of possible structural model for the1” surface (at a
deposition and annealing cycle one or two more times resultgiven instant in timg consisting of 2.7 ML of Ga sitting on top of the

ina“1x1” surface. As seen from Fig.(ﬁ) this sequence of Ga-terminated bilayer. The open circles represent the various possible posi-
Ga deposition steps is in qood a reemer,lt with the increase tions of first-layer Ga atoms plotted with respect to each of several GaN unit
p p g 9 kr(]-}lls, and illustrate the time-averaged height of the first-layer Ga atoms and

Ga coverage from one reconstruction to the next, as deduceglis the 1 contour which the STM tip will follow. At a given instant in
from the Computed scale on the right_hand side. Based otime, however, this incommensurate structure will manifest itself in diffrac-
these Auger results. it is quite clear that (0802 “1 X 1" tion as satellites surrounding the integral order peaks.

surfaces contain 2—3 additional monolayers of Ga above the

Ga-terminated bilayer. . . .
With all of the above experimental data on thex1” relative to a K1 bilayer structure, may be broken down into

structure, let us now discuss possible structural models. F&pree terms. The first ternk,, is the cost of adding 187

the GaN000J) surface, the most stable structure we have_Tfh7 —6x6 a(éd;tlonal pa_wstr(])f Ga atoms to iicﬁﬁt’#mt cg.ll. q
theoretically obtained in the Ga-rich limit is thex2 Ga e second termE=,, is the energy benefit of the reduce

adatom model. In this model, the Ga adatom resides in th!satt'ce constant of the bilayer. The third terfg, is the

T4 site. Any proposed model for the high Ga coverage «q €nergy cost of the imperfect registration of the incommensu-

1" phase should be more stable than the2T4 Ga ada- rate overlayer with the Gall00) substrateE; is approxi-

tom model in Ga-rich conditions. All of the truexil struc- mately 13Q(a=2.7)=6.0¢eV. E, is approximately 36

. . . XAQ=-245eV. From calculations for bilayers having
tures that we have examined up to now, and which contain,. . . . .

" . - different registrations with respect to the substrate, we esti-
one additional monolayer or bilayer of Ga, are unstable with

. X . mate E; to be approximately 3.2 eV. The net effect is a
respect to this 2 adatom structure. This result is, of 3 PP y

: . ; . reduction in surface energy of 0.43 eW1 in the Ga-rich
course, consistent with the apparent incommensurate, ﬂu'c{i'mit. This is close to the energy difference between the22
like nature of the “1<1” inferred from the diffraction analy-

. . X adatom model and the besk1 bilayer model, 0.39 eV/&X1
sis. Calculations performed for free-standing Ga monolayerﬁ] the Ga-rich limit. Thus it is plausible that such a laterally

or bilayers indicate that there is a driving force for a reduc'contracted bilayer structure could be stable under very Ga-
tion in the in-plane Ga—Ga separation. Given this, and thc—r\ich conditions.

experimental information discussed already, we consider a A schematic view of our proposed structure for the

laterally contracted bilayer model for the XI1” consisting  «q w1 syrface is shown in Fig. 7. We consider the Ga bi-
of a Ga bilayer where the in-plane separation of the Ga alpyer (shown in dark gray circloswith uniform lateral spac-
oms in the layers is contracted to a smaller value. We not;ang of the atoms of about 2.7 A. In Fig. 7, the first layer
that such a laterally contracted structure is not unreasonablgoms are positioned directly atop the second layer atoms.
for this system, since the GaN lattice constant of 3.19 A isjowever, the energy difference between the top and hollow
substantially greater than the typical Ga—Ga spacing of 2.7 Ajie registrations computed for free-standing Ga bilayers is
in bulk Ga, so that a X1 arrangement of Ga is under con- yery small. We expect that such a layer would be slightly
siderable tensile strafiWe have performed total energy cal- pyckled on the GaN surface since Ga atoms residing above
culations for a free-standing Ga bilayer and have determineflgllow sites of the GaN surface.g., T4 sites above fourth
the formation energyl(a)=E(a) —2ucabui as a function  |ayer nitrogen atoms indicated byH in Fig. 7, would be
of a, the hexagonal lattice constant. The minimun(i(a)  slightly displaced towards the GaN, while Ga atoms residing
occurs fora=2.7 A whereQ is equal to 0.46 eV/pair. Thus in between such hollow sites, such as at posiBan Fig. 7,
a free-standing hexagonal Ga bilayer is less stable than bullould be slightly displaced away from the GaN. Such a
Ga by about 0.23 eV/atom. In the contraction fram3.19  model at this point is analogous to that used for th¢1Ad)
to a=2.7 A, the energy/pair of the bilayer is reduced by surface!” except that we further assume, based on the dif-
aboutAQ=0.68 eV/pair. fraction results, that the structure is dynamic, with the Ga
We may employ these results to estimate the surface emtoms moving around rapidlghis would probably imply the
ergy for a structure consisting of a<7 bilayer in approxi- presence of vacancies or domain boundaries in the structure
mate registry with a 86 GaN0001) substrate. Such a struc- to allow the Ga bilayer space for such movemerthe
ture would contain the equivalent of 2.7 Ga layers above thenodel shown in Fig. 7 is thus a picture of the structure at a
Ga-terminated bilayer, in agreement with that estimated frongiven instant in time. Let us then consider what the appear-
the Auger analysis. The estimated change in surface energgince of this dynamic structure would be in STM images. A
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surprising aspect of the STM results is the observation ofjives rise to strong Ga—Ga bonding even without bringing
precisely X periodicity witha=3.19 A, which appears to surface atoms together and forming, e.g., dimers, as com-
be inconsistent with the-4% or 1+ 75 inverse periods seen in monly observed on other semiconductor surfaces. The strong
diffraction. However, these STM measurements may be recsa—Ga bonding thus not only stabilizes theIlstructure as
onciled by taking into account the dynamic, fluidlike naturediscussed above, but it also significantly increases the disper-
of the Ga bilayer. Consider a sharp STM tip as it scans ovesion of the cation surface states. In fact, the energetically
this structure. We assume that the time scale for the Ga blewest surface states are close to the valence band, and oc-
layer motion is much shorter than the time the tip spends atupying these bands gives rise to energetically stable struc-
each sampling point in the image. Hence, during the timeures.
that the tip is sitting over a given point on the surface, it We have focused in particular on the<1 and “1x1”
senses a time average of the vertical positions of the firststructures, respectively, which are both metallic in nature
layer Ga atoms as they move beneath the tip. This time awased on both experiment and theory. The<'1I’ structure
erage will include all possible translations of the incommen-exhibits satellite peaks in the diffraction patterns below
surate structure, and is illustrated conveniently by plotting350 °C, suggesting an incommensurate surface structure. The
the various possible positions of top Ga bilayer atoms withSTM measurements, on the other hand, reveal a lateral
respect to each of several unit cells of the GaN lattice. Thesatomic periodicity consistent with the surface GaN lattice
positions are indicated in Fig. 7 by the open circles. Thusconstant. This apparent discrepancy is resolved by modeling
with the tip at positionT1 over the hollow siteH, the time-  the surface as a dynamic, fluidlike, discommensurate Ga bi-
averaged height is relatively smdile., a corrugation mini- layer structure with an increased surface atom density, and
mum). Alternatively, with the tip at positiom2 over an in- where mobile defects enable the motion to occur. Auger
between siteB, the time-averaged height is relatively large spectroscopy measurements reveal that thig 11 structure
(i.e., a corrugation maximum Thus, the STM image will is the most metal-rich structure out of all possikB®01) or
appear to have a true<il periodicity, as seen by the result- (0001 structures. Modeling of the Auger Ga/N peak inten-
ing contour of circles, arising from the periodicity of the top sity ratios as well as STM measurements ofX'1’ island
bilayer of GaN. step heights also suggest a structure consisting of at least 2
The diffraction patterns and their temperature dependenckIL of Ga on top of the Ga-terminated bilayer.
are accounted for in this model by the different orientational
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