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Reconstructions of the AIf{000D surface are studied. For moderately Al-rich surfaces, surface reconstruc-
tions with symmetry of 23 X2v3-R30° and 53X 5v3-R30° are found on the basis of scanning tunneling
microscopy and low-energy electron diffraction observations. Such surfaces display a predominadtly 2
pattern in reflection high-energy electron diffraction. Auger electron spectroscopy indicates an Al coverage for
such surfaces of 2—3 monolayers. Based on this result and on first-principles total energy calculations it is
argued that these reconstructions involve a laterally contracted Al adlayer structure similar to that previously
proposed for GakD00]). At higher Al coverages a thick, flat Al film is found to form on the surface. For
Al-poor conditions, additional surface reconstructions with v3-R30° and 2< 2 periodicities are observed.
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. INTRODUCTION fraction (RHEED).® "3 RHEED patterns with symmetries of
1X1 and 2<2 are commonly reported, aX%6 pattern is
The AlLGa _«N alloy system is employed in a variety of also commonly seen, and a sequence consisting=a3,13
electronic and optoelectronic device structures includingx 3, and 6x 6 is reported by several groug§or RHEED on
high-electron-mobility transistors, lasers, and light-emittinga surface with hexagonal symmetry, x & pattern usually is
diodes. The energy band gap of this system may be variethdicative of av3xv3-R30° symmetry¥) Structural ar-
over a range from 3.4 to 6.2 eV, with the upper part of therangements associated with these reconstructions have not
range becoming relevant in the push towards optoelectronibeen determined.
devices operating in the uv region. The growth of interfaces In this work we report on STM, RHEED, low-energy
between alloys of differing group-Ill composition is neededelectron diffraction(LEED), and Auger electron spectros-
in the fabrication of these devices, and control of the surfaceopy (AES) measurements of reconstructions of the
morphology is needed to ensure the formation of atomicallyAIN (0001 surface. The reconstructions depend on the Al
abrupt interfaces. Knowledge of the atomic composition andoverage, which can vary considerably since continued Al
structure of the growth surfaces of GaN and AIN is expectedieposition at temperatures below about 750 °C is found to
to facilitate the development of techniques, such as the use @iroduce thick, flat films on the surfacé€This result is in
surfactantg, to improve the quality of the bulk material and contrast to the case of Ga on GaN for which, at room tem-
of the interfaces between alloys of different composition. perature and above, any excess surface Ga above about 2
Good progress has been made over the past six years inonolayers condenses into droplgBor Al coverage of 2—3
the understanding of surface structures of GaN. For both thmonolayers (MI=1.19x 10'® atoms/crd) we observe a
(0001) and (000} surfaces, i.e., Ga polarity and N polarity, characteristic X6 RHEED pattern. From LEED it is found
respectively, a number of reconstructions have been observébat this pattern originates from the/2x 2v3-R30° surface
as a function of surface stoichiomefrifthe detailed atomic unit cell. The 2/3x 2v3-R30° unit cell, with a~10-A pe-
arrangements for most of these reconstructions have begiod, is observed in STM images together with a larger struc-
determined by a combination of scanning tunneling microsture having a~25-A period. This latter structure is identi-
copy (STM) data and first-principles theoretical analysis. fied as having a symmetry of approximatelyv3s
A unique aspect of the GaN surfaces, compared to othex5v3-R30°, and it is argued that it is derived from a surface
[11-V semiconductors such as GaAs, is that they generally ardattice that is contracted and slightly rotated relative to the
terminated by excess numbers of the cation species, i.e., thanderlying AIN, such that the Al atom density in this surface
Ga atoms. Termination by N atoms is energetically unfavoriattice is close to that of bulk Al. On the basis of density
able, since those N atoms prefer to form (With its strong  functional pseudopotential calculations discussed later, it is
N-N bond and thereby desorb from the surface. argued that surfaces such as thé3X2v3-R30° and the
In contrast to this progress in identifying surface struc-5v3 X 5v3-R30° probably incorporate a laterally contracted
tural arrangements on GaN, there is only limited knowledgemonolayer or bilayer structure containing a 4/3-ML Al layer
currently on the surface structures of AIN. Several studiesontracted and rotated by 30 ° such that it fits on the under-
have previously reported the symmetry of AIN surface re-lying 1X1 lattice. For Al films with thickness greater than a
constructions as seen by reflection high energy electron difew ML we observe a characteristicxiL. RHEED pattern
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but in which the diffraction streak spacing is about 6% 05 ]
greater than X1 AIN spacing, indicating a contraction of () . 3 2
the lattice such that the Al atom density is close to that of é sl T(G‘ )
bulk Al. For lower coverages of Al we observe additional 5 . 1, ;
reconstructions with symmetry>2 and 1x 3. g . 1x1- nitrided s
Z03r . 13 1, 2
< . £
Il. EXPERIMENT 1x1— nitrided =2
0.2 - -0
AIN films were grown by plasma-assisted molecular Al coverage
beam epitaxy (PAMBE) using a system previously
described™ Most growths were performed on substrates 2.5 T T T T
consisting of~2-um-thick GaN grown by metal-organic 20 (b) o g &
chemical vapor depositiofMOCVD) on sapphire. Onto this g " ’ 8
material we deposited, by PAMBE=0.5-um-thick GaN :'; 15 <
films. The starting GaN was known to have Ga polarity, and g annedl _| ;
our GaN films clearly displayed in RHEED the pseudo-1 2 10r LU l 5
X 1 reconstruction, thus confirming their Ga polafite- =< o051 ‘.__..-——--"' 13 E
positing AIN directly on top of this GaN was found to yield " 11x1- nitrided * 0=
rough surface morphology for AIN thicknesses greater than 0.0 ' ' . .
0 20 40 60 80 100

about 10 nm, presumably because of the.5% lattice mis-
match of AN relative to GaN? To alleviate this problem, a

sequence.contalnlngﬁl-nm-thlck A"\_l Iayer§ followed b_y FIG. 1. AI/N intensity ratio measured by Auger electron spec-
~2-nm-thick GaN layers was deposited, with 5-10 periodsygscopy in(a) low to moderate Al coverage range afil moderate
in an attempt to gradually grade the lattice constant to that of, high Al coverage range. The right-hand vertical axeganand
AIN. That sequence was doped with Si. An undoped AIN p) are based on model calculations and represent the number of Al
layer with a thickness of about 10 nm was then deposited Orhonolayers residing on top of a Al-terminated AIN bilayer. The
top. A somewhat flatter morphology was obtained in theseorizontal axis in(a) corresponds to a qualitative measure of Al
cases compared to direct deposition of AIN on GaN. Wecoverage, based on preparation conditions for each reconstruction
assume that the final lattice constant is that of AIN, with an(labeled according to the observed RHEED patterfise horizon-
in-plane value of 3.11 A, although some residual strain in theal axis in(b) shows the exposure time to a fixed Al flux, with the
AIN layers could be present. In most cases a growth temsample held at 150 °C. Following the sequence of depositions in
perature of 750—800 °C was used, although on a few occdb), the sample was annealed at 750 °C for 20 min and the Auger
sions we have employed higher temperatures as discussedifiensity ratio dropped to a value close to its starting value, as
Sec. lll A. In a few instances AIN was directly deposited onindicated by the arrow.
SiC, and a flat morphology was also achieved in that case _ )
(lattice mismatch of+ 1.0% of AIN relative to Si@. During ~LMM line of Ga and the 379 eKLL line of N. We find
and following growth the surface was characterized bycOmputed ratios that are close, but not identical, to the mea-
RHEED. After the growth the samples were transferred unSured ones. To achieve agreement between the two we find it
der ultrahigh vacuum to an adjoining analysis chamber fofecessary to increase the ratio of Ga to N sensitivity factors
study by STM and AES. STM was performed using a homeby 10%. Given the similarity of the GaN and AIN structures,
built instrument; calibration of the scanner is known fromand of the core Auger emission between Ga and Al, we there-
prior studies, but it does vary slightly depending on the scarore US?.th'S same 10% correction factor for thg ratio of Al to
speed and the length of the probe tip used. We thus use M sensitivity factors in our present AIN analysis.
+10% uncertainty(estimated from prior studiés’) in the
values quoted below. . RESULTS

AES was performed using a Perkin-Elmer 15-255G
double-pass cylindrical mirror analyzer, at an incident elec-
tron energy of 3 keV. Our calculations of Auger line intensi-  The Al content of our surfaces has been estimated from
ties make use of thelandbook of Auger Electron Spectros- the AES measurements, as shown in Fig. 1. Figui@ 1
copy values for the bulk sensitivity factofs,which are  shows results for surfaces having less than about 3 ML of Al
converted to sensitivity factors for a layer of atoms using thecoverage. Figure(b) shows results for higher Al coverages,
known density of the standard materials and a phenomen®btained by successive depositions of Al on the @I0DY)
logical form for the electron escape deptfsVe then com-  film, with the substrate held at about 150 °C. Specific surface
pute the expected intensity ratio of the 13QBL line of Al structures, labeled according to their respective RHEED pat-
to the 379 eWKLL line of N, for particular atomic arrange- terns, have been prepared using procedures described in
ments of the AINOOOY surface, and compare to experiment. Secs. Il B-III D below. On the left-hand vertical axes in Fig.
As a check on the sensitivity factors, we use precisely thd we show the ratio of peak-to-peak intensities of the Al and
same analysis procedure on recently acquired data frol AES lines. On the right-hand axes we plot predictions of
GaN(0001) surfaces of known structuré, using the 1070 the Al surface coverage, i.e., the number of Al monolayers

Al exposure time (s)

A. Aluminum coverage ranges
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on top of an Al-terminated AIN bilayer, computed as de-
scribed in Sec. Il. The uncertainty in the predicted values of
Fig. 1(a) is estimated to be about 0.5 ML, with perhaps
greater uncertainty for the thicker Al coverages of Figh)1
Some uncertainty in the experimental values also exists since
the prepared surfaces are somewhat inhomogeneous, con-
taining regions of greater and lesser Al content.

Figure Xb) illustrates an important difference between
metal deposition on AIKD00) compared to Galf0002l),
namely, that for AIN continued deposition of Al at room
temperature or slightly above produces thick Al layers on the
surface. As discussed in Sec. Il C these thick Al layers are
relatively flat, i.e., the Al does not form droplets as in the
case of excess Ga on a GaN surface deposited at room tem-
perature or abov&l’ When annealed at temperatures near
750°C the thick Al films, however, form droplets, as dis-
cussed in Sec. Il Gformation of Al droplets has previously
been reported for Al-rich growth of AIN at temperatute¥
of 775-850°C).

B. Moderate Al coverage

Figure 2a) shows a large-scale STM image, illustrating
the general morphology of the AIN surfaces prepared for this
study. For growth temperatures of 750—800 °C a large num-
ber of growth spirals are present on the surface. These fea-
tures form around threading dislocations with full or partial
screw character, thus revealing a density of these defects of
approximately 3 10° cm™? for these films. This value is
much greater than the threading screw dislocation density of
~1x10® cm 2 found typically on the MOCVD-grown GaN
films used as our substrates. In a few cases we have used
higher growth temperatures of 850—880 °C for the AIN, and
in that case the number of screw dislocations in the film is
found to be significantly reduced, to aboux30° cm 2.

During molecular beam epitaxMBE) growth, our AIN
surfaces always display ax11 RHEED pattern. The growth FIG. 2. STM images of Al-rich AINOOOJ) surface.(a) Large
is generally performed under Al-rich COﬂditiOﬂS, as See€lkcale image, acquired at1.0V and displayed with gray scale
from excess Al on the surface following growth as discussedange of 12 A. (b) Magnified image, displaying the v3
below. If we terminate the growth by simultaneously turning x5v3-R30° reconstruction. Sample voltage 4s1.5V and gray
off the Al and N sources and then cooling down the samplescale range is 3.5 A. Some distortions in the hexagonal stacking
the 1x 1 (Al-rich) RHEED pattern seen during growth gen- sequence are marked by dashed lines, and the arrows mark surface
erally persists. Occasionally ax% RHEED pattern can re- dislocations.
sult directly from this type of growth termination, appearing
at a temperature o£500 °C, and if not it can be obtained by Figs. 3 and 4. Figure 3 shows a terraced surface, most of
performing a post-growth anneal at 800 °C for about 10 minwhich consists of the long-period structure similar to that of
Longer annealing results in axl1 pattern. The surface dis- Fig. 2(b). Again, some distortions and defects in the stacking
played in Fig. 2 had been subjected to a postgrowth annearrangement of this structure are evident. Additionally, in the
that produced a 6 RHEED pattern. A hexagonal corruga- terrace appearing at the lower left-hand corner of the image a
tion appears on the surface, seen in Fidp) lwith measured new reconstruction can be seen. Again we find a hexagonal
separation between corrugation maxima of+Z5A. This array of corrugation maxima, with separation between
spacing is about 8 times that of thex1l surface lattice. Note maxima in this case of 101 A. We note that the orienta-
that a number of distortions and stacking defects are eviderttons of the short-period and long-period corrugation are
in the surface corrugation of Fig.(l), some of which are identical (i.e., they arenot rotated by 30° relative to each
marked in the image. othep. Figure 4 displays a surface region containing adjoin-

The long-period surface structure seen in Fi@h)2s the  ing areas of the long-period and short-period structures, both
dominant one that we observe in STM images of surfacewvith the same lattice constants as found from Figs. 2 and 3.
that display a X6 RHEED pattern. However, a structure The surface region shown in Fig. 4 again contains terraces,
with shorter period has also been observed, as displayed inith the lower terrace A) consisting of the short-period
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FIG. 4. STM image of a surface with multiple reconstructions,
acquired at a sample voltage 2 V. The same data are displayed
in (a) and(b), but with different gray scale shading) gray scale
keyed to surface height, over a range of 0.9 nm, émdyray scale
computed using a background subtraction in which the background
is formed by averaging the image over a window 6f & nn?. The
surface morphology consists of three terraces, labdled in
panel (a). TerracesA and C consist of 23X 2v3-R30° and 573
X 5v3-R30° structure, respectively, and portions of terr8ceon-
sist of one or the other structure.

FIG. 3. STM images of a surface with multiple reconstructlons,this basic type of symmetry. Turning now to the LEED re-

acquired with sample voltages ¢ +3V and (b) +2V. The P AP i
images are displayed using a background subtraction in which thgults, shown in Fig. @), the six first-order spots are appar

background is formed by averaging the image over a window ofent’ with spacmg_relatlve to the origin &f=2/(v3a) and
3x3nn?. The surface morphology actually consists primarily of located along(0110) directions. At smaller wave vectors,
five terraces, labeled—E. A region of 2V3 X 2v3-R30° structure

is seen in terrac&, and the remainder of the terraces consists of (a) TERERN (b)
5v3X5v3-R30° structure. Some distortions of the stacking se-
quence are evident, as marked by the dashed lines and arrows.

structure, and upper on€j being the long-period structure,
and the intermediate terrac®) consisting of different re-
gion; B; andB, are long periodB; andB, are short period,
and the structure of the smdls island is indeterminate.
Using data such as those in Figs. 3 and 4, we can obtain a
precise measure of the ratio of the periods of the two types of
corrugation, and we find a value of 249.04.

The symmetry of the observed reconstructions becomes
clear once we inspect diffraction results. Typicak @
RHEED patterns are shown in Figsiaband §b). Sixfold
streaks are clearly evident with the electron beam along

(0110), and weak additional streaks can sometimes be seen -, ¢ piraction patterns from a moderately Al-rich

in the pattern. For the electron beam alof®110), weak  AIN(0001 surface.(a) Reverse-contrast RHEED pattern with the
half-order streaks are apparent, and again additional weakectron beam along €0110) direction. Black tic marks indicate
streaks can sometime be seen. Furthermore, a relatively ifhe |ocation of 6 streaks. White arrows mark additional streaks
tense satellite fringe for both beam directions is always se€Been at higher wave vectord) Reverse-contrast RHEED pattern,
at wave vectors larger than those of the first-order streaks, §Sih the electron beam along @110) direction. White arrows
indicated by the white arrows in Figs(d& and 8b). We  mark the location of streaks occurring at high wave vector.

emphasize that the line intensities of oux@ RHEED pat-  LEED pattern, acquired at 80 eV electron energy. The leftmost first-
terns show subtle but distinct variations from surface to surorder peak is slightly distorted due to a stray light reflection in the

face and also at different locations on the same surface, iroptical system used to acquire the imag¢®). Expanded view of
dicating that more than one type of reconstruction possesséisst-order reflection and satellite peaks.
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additional spots withb/(2v3) spacing located along both [0170] 3 0 00033, % 02010 0 0oooe<>co6c>°.°°9 2Q Q60000 ACXEE
(2110) and(0110) directions are seen. From this arrange- T a aqo.°'o.°;‘.’°<3°°b°bobodo 09 00000005 050 08000

ment it is clear that an underlying/2 X 2v3-R30° symme- 00,0,00000 0 8 0 g s -2 23000000 b8 S P0aamo

- : : °°.Oo.oo00000-0999‘20.0.0.0-0000066"°9QQ o-

try is present in the pattern. We conclude ttieg basic sym- Cp050:59 8 00 6 0 00000350000 0 0 0 a"d.°°°°9°<z°q 2, 0.0
. . . hd o o o

metry of the surface reconstructions is rotated by 30° relative ooobooadddop"’?"?°q°q°q°'ofogc;g° 'oobbb°666‘fa°o"p"°°Q°Q°°.°'o.°;°;c3;obbbz>:'°<;°

i i 1 i i $.22209,0,0. °Sf2%qa °

to the underlying X1 lattice. With this observation, the  °%° e dd'el s 555770009 0 o’e'a g ALK

symmetries of the structures observed in STM is clear. For.2a o e0w0 b b 8 3°%7° Y
the observed 181 A spacing, whose length would be con- %,329:0:00 0 6.6 6 ¢ ¢ o553 3 %0000 0 b 5 3 g

. . . . . 2000000000 £22Q0,0,0000 ¢ °O99QQ3a0.0
sistent with either X3 or 2v3x 2v3-R30°, we can identify  %825:°:02 0 6.0 0 tr or o2 %%550:0 0 0 0 8 0 0 pi28,% % 0:050
. . . 00608 P 28800000 Y b s L P00 000600yt
the latter as being correct based on LEED. It is also Impor-"e e 6 ¢ o 0%p0.3.3.0 010100 0 0 6.0 g 5o, %380 0005 RN
. .. Sl ROt e O 0,04 & Q N
tant to note that a #3x 2v3-R30° surface periodicity will  %%°7%02,2.3.0, oao.o?o‘°o°°°.°°°°°°.°;9°90qoqoo.oaf’of’o”.c,”o"e"o%"ddo?
. . COO OO 600 o oA 0,0 ¢
produce a X6 pattern in RHEED(N the same sense as the % ’q o, oceumieetets dodoop°p°°°q°°°°,°'°?°9°e°°boboéoaoc:o”p"o"o'o"o"o.”o?
. .. o o0 (=35}
well-known result that @3 X v3-R30° periodicity ProdUuCes 56055705 02,9,9.8.270:0.6, orow s e bl S, 0.0.2 8.0 o ocose
. o 00 o0
a 1x3 RHEED patterff). For the long-period Structure, © b 8:¢s%%p%8% 0 0%k b355%%0.0 8 0 0 # 0'0% 0% %550
with period 2.49- 0.04 times larger than the short-period one 000 0 Fof,23 8 0+ 0n010 0 0 b 5605 s P08 & O 0r0%0% b b A5
. 04 _ . _ _ ®o0 0 d.o.oc.’o‘!oqoo. 0.0000 000 ¢ 000909 9 Q000000 b8 600.009
and the same orientation, we identify it asv35 A 0% b °°°°°°°-°p“°°°0°o°0 F 0% % % %0 ©0000 o0
S 6.6 4 o2 8 ©0,0,0, AR
X 5v3-R30°. "o'b.0 0 0090Qqqqoo.o'o?;oeo%obobobodo"'oprOocoooo.o.do.oo
e e . . 0 Oe
Additional splittings of the LEED spots, particularly of 003330 0-0100 0 0 8 0 - 52,83 & 0200
the first-order spots, is apparent in Figcsand are shown in 3 ® 0 > 0°0% %0 b 5 8 00 p 0.7 0 0% 0 b op
P s 0]¢] 88858 P0G 0a0001010nY Y 8L 000 000 %%000
-]

an expanded view in Fig.(8). The first-order LEED spot in 00008 66 6 T %08 —> [2110]
that image is labeled bg. Surrounding this first-order spot

are the satellite spots labeld8—F, oriented at approxi- FIG. 6. lllustration of coincidence between two hexagonal lat-
mately 30° intervals around a ' ring of radius (0 125tices, shown by closed and open dots, respectively. The second

+0.007)p. The radius of this ring agrees well with the ob- lattice is contracted by 0.901 85 and rotated by 3.6705° relative to

served spacing of the satellite fringes in the RHEED patterr%he first. A coincidence vector of the two lattices is shown. The

of Fig. 5(b) (which corresponds to a cut through the first- resulting coincidence lattice has hexagofratated symmetry.

order sopots of the LEED, patter,nwhlich have'a SPacing  grientation of the two domains produces a coherent set of
(13+1)% larger than the first-order fringe spacing. Also, the ., gation rows oriented at their average angular orienta-
inverse of this radius, 21:51.2 nm, is in agreement with the 5, This proposal may seem somewhat surprising at first,
spacing of the corrugation lines seen in the STM imagesgince disorder usually produces a spot broadening and not a

(x/§/2)(25t3)_r_1m= 22+3 nm. . new, distinct spot. However, a suitable alternating series of
Some additional features of the LEED pattern require orruaation rows. with relative orientation aiven kv . K

more detailed consideration. Regarding the orientation of th&®u9 ' ) 9 ¥, Ko, )

satellite spots, the and D spots are located at approxi- k_c, etc., would lead to a WeII-dgflned spot at the location

mately = 30° relative to(0110) around a circle centered at given byB. The STM images do indeed imply the presence

A. These locations are consistent with tli¢ated sense of of a well—Qefmed Iong—range average spacing of corrugation

the STM images relative to the underlying<1 lattice. rows, which is thus consistent with the presence of Bhe

. spot.

However, the presence of_the bnght s@tand the weak To further investigate the formation of the v3
spotsE and F are not consistent with this type of rotated o . . ; o

. X 5v3-R30° structure, and in particular its 3.9° angular
symmetry. Moreover, the angular separation betw@esnd . S o )
D relative toA is actually found to be somewhat larger than variants, we show in Figb a specific atomic model for such

. a structure. This model is obtained simply by considering the

60°, with a measured value of 88°. To understand these Ply by 9

aspects of the data. we refer back to the STM images of Ei coincidence obtained when one overlays two lattices with
P ' : . hag . gSs‘lightly different lattice constants on top of each other. For
2 and 3. As seen there, considerable disorder in the orient

tion of the corrugation rows is seen, with angular deviation fhetal surfaces such distorted, nearly incommensu_rate struc-
: ITuge S o 9 Jures commonly occuf and it would not be surprising if

in the row directions of approximately-4°. The surf_ace they also occur for a system @f11)-oriented Al plane$2.86

X atomic spacingon AIN (3.11 A spacing of Al atoms Our
émodel is certainly not intended to provide a full explanation
. . M - 5f the observed structure, but rather, it simply provides some
two orientations, one specified by the wave veéigand the  specificity in discussing the types of structures which may
other bykp . The magnitude okc andkp is measured to be arise.

(1.102+0.006) and their angular separation from{@110) In Fig. 6 the solid dots show a hexagonal lattice, and
direction is 3.9% 0.3°. Each of these wave vectors will pro- overlaid on that the open dots show a rotated lattice with
duce a single, slightly rotated, hexagonal domain, and indee8lightly shorter lattice spacing. In this computation we can
a close inspection of Fig. 2 suggests that a collection of suchse the experimental value & (or kp) for the overlaid
domains is not inconsistent with the STM data. Now, to acHattice, thus producing an incommensurate fit with the1l
count for the bright spoB, we propose that disorder in the lattice, and the result is very similar to that seen in Fig. 6.

in relative angular orientation by approximately this amount
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maximum per unit cell with no additional substructure. The
filled-state images are much different however, as seen in
Fig. 7(b). Now each cell contains a ring-shaped corrugation,
with corrugation height an order of magnitude smaller than
that for the empty states. The corrugation maxima of the
empty states occurs at the center of a filled-state ring. Imag-
ing of both empty and filled states is possible at low voltages
with magnitudes on the order of 0.1 V, indicating that the
surface has at least some metallic character. On the other

FIG. 7. \oltage dependence of STM images for the35 hand, the marked voltage dependence displayed in Fig. 7
X 5v3-R30° reconstruction(a) +1.5V, gray scale of 1.0 A(b) indicates that the surface is certainly not highly metallic, i.e.,
—2V, gray scale of 0.2 A. These images were acquired from thevith uniform density of states. We conclude that the35
same surface location, with the dashed lines located at identicak 5v3-R30° structure appears to have weakly metallic char-
surface positions. acter, indicative of fractional electron occupation in some
bonds.

However, to be specific, we have chosen in.Fdca par-
ticular coincidence between the two lattices: Consider a vec-
tor of the first < 1 lattice of length 53a and directed along

the[lOTO] directioun terms of the axes shown in Fig. 6
this vector has ap2110] component of 7.8 and a[ 0110]

C. High Al coverage

Let us now consider surface structures that form at higher
Al coverages. Such surfaces form naturally following MBE
i growth if that growth is performed under sufficiently Al-rich
component of 2'&"’" and there are 10 lattice planes ”O”‘?a' conditions. Alternatively, we have formed surfaces with high
to and intersecting the vector. To form the se'cond IattlceN coverage by deposition of Al, with the sample held at a
contract and rotate this vector so_that its endpoint now has Qlightly elevated temperature o150°C, onto the X6
[2110] component of @ and [0110] component of 23a.  syrface discussed in the preceding section or onto a
The resulting vector is thus contracted by 0.91086rre- 1 x 1 -nitrided surface prepared as described in the following
sponding to a primary wave vector of 1.1)%and it is ori-  section. This deposited Al produces a flat film, whose thick-
ented at 3.6705° relative {dl010]. The resultant lattice is ness increases with the amount of deposited material, as evi-
shown by the open circles in Fig. 6. The coincidence latticedenced by an increasing Al/N AES ratio shown in Fi¢h)1
thus formed clearly has hexagonal symmetry, with latticeand by STM study of the corresponding surface morphology.
spacing and orientation in agreement with the STM imagesFigure 8a) shows a STM image of a surface that is covered

Regarding the Al coverage of thev2X2v3-R30° and by this type of thick &5-ML) Al layer. High-magnification
5v3x5v3-R30° surfaces, we return to the AES results of STM images generally do not reveal any atomic corrugation
Fig. 1. Two data points for surfaces that display *®  on the surface, although sometimes a very weak corrugation
RHEED pattern are indicated there, revealing a coverage bavith an approximate X spacing can be seen, as in Figh)8
tween 2 and 3 ML. As noted above, the line intensities forln RHEED, this type of surface displays sharp first-order
our 2X 6 patterns do vary from surface to surface and acrosstreaks, located at distinctly larger wave vectors than those
a given surface, and we associate these variations with tHer a 1xX 1 AIN surface as illustrated in Fig(8. We refer to
presence of a mixture of vA3X2v3-R30° and %3 this type of RHEED pattern as ‘X 1-Al,”" with the ob-
X 5v3-R30° phaseswith this mixture being seen directly in served streaks being located at wave vectors 1§% larger
the STM images Nevertheless, even with this mixed sur- than that for the AIN X 1 surface.
face phase, the range of AES ratios for which we obtain a Thermal annealing at temperatures above about 750°C
2X6 RHEED pattern is quite small, corresponding to aboutfor 5—10 min is found to effectively remove the “thick” Al
0.4 ML of Al. With consideration now of the STM images of film from the surface. We have examined such films after
the mixed surfaces, Figs. 3 and 4, the step heights in thesnealing and we fingdim-size Al droplets on the surface,
images are all within 0.3 A of 2.5 fone-half the AINc-axis  similar to that reported by Koblmuell@t al!® The RHEED
lattice constant indicating qualitatively that the Al coverage pattern of Fig. &) was acquired from such an annealed
difference  between the v3X2v3-R30° and 573 surface, maintained at the elevated temperature. With suffi-
X 5v3-R30° surface should be either 0 ML or a nonzero,cient annealing time the AlI/N Auger ratio returns to a value
integer number of ML's. The former case is compatible withclose to that of the 8 6 structure, and the RHEED pattern
the AES, and we conclude that Al coverage for the two surdisplays 2x6 symmetry, as shown in Fig(€. In contrast,
faces is quite close. By a comparison of combined STMFig. 8f) shows the pattern obtained from a surface that
RHEED, and AES results for specific surfaces, we tentastarted with the “thick” Al film and was then annealed for a
tively conclude that the #3 X 5v3-R30° surface has slightly time insufficient to produce the>26 structure. The result is
higher Al coverage than thev3 X 2v3-R30°. a pattern that displays streaks at the positions of AIN and

The voltage dependence of the STM images for th@ 5 neighboring streaks located at wave vectors#%10% larger
X 5v3-R30° reconstruction is displayed in Fig. 7. For empty than the X spacing. The wave vector of these latter streaks
states(corresponding to positive sample voltagas seen in is thus intermediate between those of th& 1I-Al pattern
Figs. 2—4 and (&), the images consist of a single corrugation[Fig. 8(c)] and those of the 6 pattern[Fig. 8e) or 5(b)].
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FIG. 9. LEED patterns, acquired at 80 eV electron energy, of Al
films with thickness of a few ML deposited on A[BD0]). Panels
(b) and(d) shows expanded views of the first-order reflections and
satellite peaks fronta) and(c), respectively. The leftmost first-order
peak in(c) is slightly distorted due to a stray light reflection in the
optical system used to acquire the image.

8 and 9 suggests agreement of the threefold split LEED pat-
FIG. 8. (a) Large-scale STM image of surface covered with Al terns with the RHEED results of Fig(3, i.e., obtained from

film. Sample voltage is-4 V; gray scale range is 12 Ab) Higher ~ a surface from which some excess Al had been removed by
magnification view of same surface. Sample voltage-8.5 V; annealing. However, both the surfaces from which the LEED
gray scale range is 0.3 Ac)—(f) RHEED images with electron patterns of Fig. 9 were obtained actually displayed in
beam along2110): (c) 20 °C, surface covered by-a5-ML-thick RHEED a pattern like that of Fig.(8), i.e., the X1 Al
Al film; (d) 750°C, 15-min anneal of same surface agdp (e) pattern corresponding to high Al coverage. We have repeat-
20°C, following cool down as same surface as(dy (f) 20°C,  edly observed this type of 41 Al RHEED pattern[as in
following cool down of a similar surface as i) but that was  Fig. 8(c)] from surfaces that displayed the threefold splitting
annealed for only 10 min. White solid lines indicate the location of of the LEED spotgas in Fig. 9c)], although it is nontrivial
first-order AIN streaks, and dashed lines indicate first-order streakgy reconcile the two types of results. Careful measurement of
associated with the Al overlayer as (). the position of theA spots in the data of Figs(& and 9b)
reveals that they have wave-vector magnitude within 1% of
the 1X spacing expected from thev2 spots seen in the
attern, that is, they cannot have a(f)% expanded wave
ector as might be expected from the RHEED pattern.

A similar statement cannot be made for the data of Figs.
. . . 9(c) and 4d) since the 23 spots are no longer visible there
of Figs. 9a) and 9b). For the thinner film we note the pres- (and slight experiment-to-experiment variations in the inci-

ence of the spots corresponding to the3X 2v3-R30 dent electron energy in our LEED system prevents absolute

StT“Ct“re.v although these spots have disappeared fgr. t'3:6(‘.'>mparison of spot positions between different patberomst
e e ot ol ne song smiary o Figs & and 40 does suggest o

, i ) pots, with _T ) the patterns arise from essentially identical structures. To rec-
having angular orientations & —ka andkc—ka, being at  gngile the high-Al RHEED and LEED resulf§igs. §c) and
30=2° from a(0110) direction. For the 80 eV electron 9(c), respectively, we consider the coherence length of the
energy used in Fig. 9 spofs, B, andC have nearly equal measurements. Assuming a spread in energy of 0.5 eV for
intensity. For lower energy near 70 eV tBeandC spots are the electron beams in both cases, we estimate coherence
much more intense thak, and for higher energies near 100 lengths of 70 A for the 80-eV LEED measurement and 500
eV theA spot is most intense. The magnitudekgfandkc is A for the 15-keV RHEED™® Now, if the surface is composed
found to be 1.106 0.006 timek, from Fig. 9d). Very weak  of small domains of the Al film that are distorted relative to
satellite feature® andE, located along the line joinin@  the AIN 1x 1 lattice and have a typical size of 25 A, then in
andC, can also be seen in Figs(c® and 9d). LEED we will see the superposition of the domains, thus

Relating the RHEED and LEED results for high Al cov- producing the threefold split pattern. However if the domains
erage is not straightforward. A cursory examination of Figsthemselves are incoherent relative to each ofivéh respect

LEED patterns obtained from surfaces with high Al cov-
erage are shown in Fig. 9 for two different surfaces. The Al
coverages of these surfaces were not well calibrated, but th
are known to be in the range of 3—5 ML and with the results
from Figs. 9c) and 9d) being from a thicker film than that
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to the overlying Al film, then in RHEED we expect to see
the average lattice spacing, thus producing thellAl pat-
tern. The observed (£1)% increased spacing of the
RHEED streaks in Fig. @) would thus be seen to be an
average of the positions of th&, B, and C spots in the

LEED pattern of Fig. &) [a simple average of th€0110)
components of those wave vectors yields a value (7.0 FIG.10. RHEED patterns displaying<i3 pattern, with electron
+0.6)% greater than theX spacing. beam along(a) (0110) direction and(b) (2110) direction. Tic
Regarding the origin of the threefold splitting seen in themarks in(a) mark the 3< spacing.
LEED, we first note that the LEED features are very similar
to those seen previously for the soliton-type surface reconwhen the MBE growth is performed under Al-poor condi-
structions of A§111),>%??in which the top Au layer is con- tions, i.e., with reduced Al flux compared to our usual con-
tracted relative to the underlying layers. However, as argueditions. A sharp, streaky 21 RHEED pattern is still found
in the prior paragraph, we believe that LEED reveals theduring growth. If we terminate the growth by closing the Al
structure of not only the surface layer but also subsurfacshutter, and then cool down the sample under the N plasma,
layers. The presence of nearly hexagorigl,l)-oriented Al  the 2x2 pattern forms. We have not studied the
layers in the film is clear from the diffraction data. From the 1X 1-nitrided, 2< 2, or v3 Xv3-R30° surfaces in any detail
first-order streak in RHEED there appears to be a unifornrby STM, but a few attempts at studying the former surface
(6+=1)% contraction of this lattice, and the LEED results indicated a disordered surface arrangement.
indicate some additional, more complicated distortions of the
thin AI_ film. The LEED pattern probably arises from mult_ipl_e IV. THEORY: FIRST-PRINCIPLES TOTAL ENERGY
do_mams of.dlstorteajllll) AI Iaygrs, and based on the simi- CALCULATIONS
larity of their respective diffraction patterns we propose that
the 5/3x5v3-R30° structure may serve as a template for We turn to theory to provide guidance as to energetically
subsequent growth of the thin Al film. Certainly a contrac-stable structures for the reconstructions observed here. First-
tion of Al(111) planes on AINOOOJ) is expected based on principles total energy calculations have been performed for
their lattice constants, with Al-Al spacings of 2.86 A and a large number of possible A[B001) surface reconstruc-
3.11 A, respectivelyf —8.0% change in Al-Al spacing of tions. The calculations employ the local density functional
Al(112) compared to AIN. theory with the Ceperley and Alder exchange-correlation en-
ergy functional. The electron-ion interaction is treated using
first-principles pseudopotentia$:? In previous studies of
the AIN(000) surface the guiding principle underlying the
To obtain surfaces that are more N-rich than those disehoice of structures was satisfaction of the electron-counting
playing a 2<6 RHEED pattern we use the following proce- rule (ECR), and so the focus was on structures having doubly
dure: An as-grown surface is heated to 700—750 °C and exsccupied N dangling bonds and empty Al dangling bof{ds.
posed to the N plasma for a period of about 20 min. DuringThis type of semiconducting electronic structure typically
this time the X1 RHEED pattern of the surface stays necessitates a>22 reconstruction on 11I-M0001) surfaces.
streaky and sharp. The sample is then cooled down under the In the present work we augment and extend these studies
N plasma. A brightening of the RHEED pattern is seen wherby performing calculations for structures having xv3
the surface passes through the melting point of Al (660 °C)symmetry and compare the energies of these with the lowest
and at that point the plasma is turned @ilure to turn off  energy 2<2 structures found previously. As discussed
the plasma at that point leads to surface roughenifibe  above, av3xv3 symmetry is observed experimentally in
resulting RHEED pattern is> 1 with sharp streaks, and we some cases. Moreover, this type of unit cell allows us to
refer to it as “1X 1-nitrided.” The Al content of such a sur- consider the laterally contracted metal adlayer structures that
face can vary considerably, as illustrated by the two differenhave been shown to be stable on Gad01) surfaces under
1x 1-nitrided data points in the AES results of Figal  Ga-rich growth condition&® As discussed below, metallic
However, a lower limit for the Al content, i.e., a saturated N laterally contracted Al adlayer structures are found to be en-
content while still maintaining a flat surface, is observed, asrgetically favorable in Al-rich conditions in comparison to
indicated by the lowest data point in Figal In some cases the standard & 2 structures. In this respect AIN and GaN
(i.e., for a particular surface coverage of) Ahis procedure exhibit similar behavior.
of forming a IX 1-nitrided surface results in an observed 1  The supercell employed in the calculations consists of 4
X3 pattern, shown in Fig. 10, indicative of &3 layers of Al, 4 layers of N, and a layer of pseudohydrogen
Xv3-R30° reconstruction. This/3Xv3-R30° surface can atoms having charge 3/4 to passivate the back side of the
also be obtained from aX1-nitrided surfacéwith saturated slab. The(0001) surface on the other side of the slab may be
N contenj by careful Al deposition and annealing. In any decorated by Al or N adatoms, or one or two adlayers of Al
case, the range of Al coverages over which tf2 may be present. The plane wave cutoff is 50 Ry. For the
XVv3-R30° surface is formed is quite narrow. Vv3Xv3 and 2xX 2 structures a mesh of 6 speclapoints is
One additional N-rich surface reconstruction, namely aemployed to sample the Brillouin zone. The relative energies
2% 2, has been occasionally observed. We find this structurare calculated as a function of the chemical potential of Al,

D. Low Al coverage
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FIG. 11. Relative energies for a variety oix2 andv3Xv3 & WEEWw @ < @
surface reconstructions of the AIBD0Y) surface plotted as a func-
tion of the chemical potential of Al. The energies are relative to that , o a0

of the 1X1 relaxed ideal surface. The zero of the Al chemical W&N @)

potential corresponds to bulk fcc Al. In the N-rich limit, wheug, v fabalal

is lower than the maximum value by 3.3 eV, th&x2 N adatom £00 LO0e LECCe L

model has the lowest surface energy. As the chemical potential i< wmm

increased the 2 Al adatom model becomes lower in energy, and g 1 ' ' :

then thev3 Xv3 LCM structure is preferred. In the Al-rich limit, the

V3 X3 LCB structure is preferred by a small amount. The numbers ) ! L)

in parentheses refer to the excees deficip in the number of Al W‘W“

atoms relative to the ideald1 surface, per X1 unit cell. Many

possible modelgnot shown herecan be excluded on the basis of FIG. 12. (a) and(b) Schematic top views of the LCM and LCB
calculations performed in Ref. 27. models, respectively. Aluminum atoms are shown by open circles
and nitrogen atoms by closed circles, with the diameter of the
circles representative of the height of the atoms relative to the sur-
face. Layer numbers are given in parentheses. In each case layer 1
is the outermost layertb) Three-dimensional rendering of a side
view of the LCB model. Aluminum atoms are shown by gray
apheres and nitrogen atoms by black spheres. A projection slightly

which varies between a lower limit gk = ajpbuiy —AH
and an upper limit of wa=mapuy as discussed
elsewheré!?° For AIN the formation energy from bulk Al
and molecular N (at zero temperatuyeis AH=3.3 eV?’
The C.alcu.lated energies for a. Subset of the structures Cons'rotated from(OlTO) is chosen, to illustrate the vertical corrugation
ered in this work are shown in Fig. 11. . .
Over a large region of the chemical potential space on th of t_h_e Al ad_layers. In this struc_ture the Al atoms in Iay_er 2 are
- . . ositioned directly above those in layer 3. The Al atoms in layer 1
N-rich side of the phase d'agré?m the most stable Structu%at are positioned directly above those in layers 2 and 3 are higher
Fhat h_as been reported to d_ate is th_eZﬂN a_datom model, than the other atoms in layer 1 by0.5 A.
in which the adatom occupies &y site’ This structure is
nonmetallic, with the N adatom accepting 3/4 of an electrormore stable than the>X22 Al adatom model. One such model
from the Al rest atom. As the Al chemical potential is in- has a/3 Xv3 symmetry and contains 4/3 ML of Al above the
creased, the 2 2 Al T, adatom structure becomes stable in aideal surface. This structure may be described as a laterally
small region of the chemical potential sp&éeThe 2x 2 contracted monolaydt.CM). It may be viewed as a hexago-
structure observed in the present work and in pashal lattice of Al with lattice vectors reduced by a fact&/2
experiment$”**2could in principle correspond to either of and rotated by 30° so that it is in registry with/axv3 cell
these possibilities. of the substrate. As shown in Fig. 11 this structure is stable
Adatom structures having3XxXv3 symmetry were also with respect to the AIT, adatom structure forup
considered: As seen in Fig. 11, both theHN and Al T4 > uamuy —0.29 eV. Because of its relative stability in a
structures are energetically unfavorable for all conditionssignificant region of the chemical potential space, this struc-
Because these structures do not contain rest atoms, the EQiRe is a candidate to explain the existence of Be<v3
is not satisfied(The presence of subsurface donors such astructures observed in the present work and in past
oxygen or Si would be required in each case to satisfy thevorks1%':13A schematic representation of th@ < v3 LCM
ECR) One may conclude from these results that<v3 model is shown in Fig. 12).
adatom structures would not occur on impurity-free AIN sur-  In the extreme Al-rich limit, whergua = wajpui) . it is
faces. Thev3Xv3 Al vacancy structure and a number of energetically favorabléalbeit by a very small amounto
otherv3xv3 structures were tested and found to be unstableadd another layer of Al to the surface and form a laterally
for all chemical potentials. contractedbilayer structure with 7/3 ML of excess Al. The
As the Al chemical potential is increased, metallic struc-structure is shown in Figs. 12 and 12c). In eachv3xXv3
tures having more than one ML of Al eventually becomecell there are 4 atoms in the laterally contracted top layer,
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and 3 atoms inr; sites in the layer underneath. In the reg- structure. Finally, at higher Al coverages we observe the for-
istry having the lowest energy, one of the atoms in the topmation of Al layers with a contracted lattice compared to the
layer is directly above an Al atom in thi, layer below, and AIN. The nature of the distortion of this lattice appears to
the other three are in bridge sites. The top layer then exhibitfollow that of the 53X 5v3-R30° structure, and again the

substantial corrugation: The atoms above Thesites reside net result is that the Al-Al separation in each plane of the

~0.53 A above the other three atoms in the top layer. film is close to that of bulk Al.
It is clear that X1 Al adlayer structures having 1 or 2
ML of Al are under tensile stress because the Al-Al spacing V. SUMMARY

in the adlayer is too large. Two specific examples illustrate
this point: Compared to aX 1 adlayer structure with 1 ML
of Al in T, sites, the Al-Al spacing in the 4/3-ML laterally
contracted monolayer structure is reduced~by3% and the
energy is lower by 0.59 eVi3 Xv3 cell) in the Al-rich
limit. A similar result is found in comparing structures with
two adlayers. The 7/3-ML laterally contracted bilayer struc-
ture is more stable than a 2-ML structure, with adlayer§;in

and T, registry, by 0.27 eVA3xv3 cell) in the Al-rich that pattern. For greater Al surface coverage, flat films of

g?géspi‘goggfar;gle dcgnﬂrg?grcr)r?in()fcg;guIz)t(ilgaesnf((:) er f?efegigﬁl(!l?n epitaxial Al are found to form on the surface, with a charac-
yp 9 feristic 1x1 Al RHEED pattern having fringe spacing

hexagonal layers of Al as a function of the lattice constant. . . ?
The equilibrium lattice constant found in such calculations isSllghtly expande_d relative to thexi1 AN spacing and a
LEED pattern with a threefold spot pattern.

~2.71 A'. This is substantially less than the eq“"'b““m N The sequence of reconstructions observed here is similar
plane lattice constant of AIN. These results, together with th(% .
o that previously observed by Lebedeval. for Al-polar

finding that con5|der§ble vertical corrugation occurs in the IN(0001) surfaces! We expect the same polarity in our

laterally contracted bilayer structure, support the view tha :

. ; , .case since our growths are performed on Ga-polar GaM

the surfaces seen in the STM images under Al-rich condis ) ‘

. S v few cases we have also overgrown our AIN films with GaN

tions result from an optimization of stress relief in Al adlay- > . .
and observed the characteristic reconstruction associated

ers. . with Ga polarity on those surfac&shus further confirming

In summary, the theoretical results demonstrate that th

, ) the AIN film polarity) One notable difference between our
2X2 N H; adatom model is relatively stable over a substan- 111 is their observation of a

. : : : : results and those of Lebedev al
tial region of the chemical potential space, and is therefore 3% 6 RHEED pattern during arowth. at a temperature of
plausible model to explain theX22 structure seen in N-rich P 99 ' P

conditions. Based on the calculations the most likely modei350 C, whereas we have only observed this pattern after

to explain av3 Xv3 symmetry structure is the 4/3-ML later- co.olmlg our sample following the g_rowth. We believe that
. L this difference arises from the use, in our case, of more Al-
ally contracted monolayer structure depicted in Figalan : "
. . . . ._rich conditions and somewhat lower growth temperatures
very Al-rich conditions the calculations indicate that metallic

. such that excess Alover that required for a thev3
adlayer structures having more than one ML of excess Al s ov3-R30° structurg exists on the surface and inhibits the

energetically favorable. These adlayers are stabilized by . o . i
contraction of the Al-Al spacing to relieve tensile stress. EX_%rmatlon of the 23X 2v3-R30° reconstruction. Iiollowmg
growth at our usual temperatures of 750—800°C our sur-

perimentally we observe av3 X 2v3-R30° structure at this . -
coverage. Perhaps this type of structure can be formed fror.fr?lces generally display thex(1 Al RHE_ED pattern, |nd|ca'F—.
ing more than 3 ML of Al accumulation on the surface; in

the 7/3-ML structure by appropriate buckling of the surface,, : . .
atoms, or alternatively a more complex rearrangement ighls respect the higher growth temperatures used in Refs. 11

needed. In any case a 30°-rotated arrangement of either t d 18 may be preferable for PAMBE n o_rd_er to avoid an
first or second layeréor both) seems likely to occur. overabundance of surface Al that may inhibit N incorpora-

Considering now the &3 X 5v3-R30° structure, observed tion into the growing AIN film.
at Al coverage close to that of the/2x 2v3-R30° structure,
we propose that this structure arises fror¥4° rotation and
~9% contraction of the surface lattice of Al as described The authors thank Dr. S. J. Son for providing high quality
qualitatively in Sec. Ill B, which produces a surface Al-Al MOCVD-grown GaN on sapphire wafers. We also gratefully
separation close to that of unstrained 1) planes. The acknowledge H. McKay and S. Nie for their contributions to
unit cell of the resulting structure is much too large for thethe work. This work has been supported in part by the Office
first-principles theory to handle. Future work using more ap-of Naval Research under Grants No. N00014-02-1-0933 and
proximate potentials is needed to test such models, and iNo. N00014-02-0433. J.N. thanks the Deutsche Forschungs-
particular to compare their energy relative to the 7/3-MLgemeinschaft for financial support.

The sequence of reconstructions observed in our work is
summarized as follows: For Al-poor surfaces we find 2

and 1X3 RHEED patterns, the latter which we associate
with a v3Xv3-R30° reconstruction. For moderately Al-rich
surfaces, we observev2x 2v3-R30° and 53X 5v3-R30°
reconstructions. The former produces & @ RHEED pat-
tern, and the latter then adds some satellite features and com-
plex intensity variationgfrom diffraction spot splittingsin
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