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The in-plane and out-of-plane crystallographic orientations of Al,Oj5 films grown by molecular beam epitaxy
on Si(111) have been determined by combining x-ray photoelectron diffraction (XPD) with transmission
electron microscopy (TEM). On the one hand, polar and azimuth XPD curves for Al 2p, O 1s, and Si 2p core
levels (recorded on a 6-nm-thick film) clearly indicate that Al,O3 grows (111) oriented on Si(111) but with

two in-plane orientations: a “direct” one, i.e., [112]A1,05//[112]Si(111) and a “mirror” one, i.c.,
[112]AL,05(111)//[112]Si(111). On the other hand, a close inspection of the 404 Al,0; TEM diffraction
spots (recorded on a 2-nm-thick film) reveals that these two in-plane orientations are slightly rotated with
respect to the Si(111) orientations. These two results are consistent with an oxygen plane as the interfacial

plane between Al,O5(111) and Si(111).

DOI: 10.1103/PhysRevB.79.195312

I. INTRODUCTION

Because of their many promising applications in nano-
technology, growing well-crystallized thin oxide films on
silicon is the subject of intense activity. For example, high-«
oxides are expected to replace Hf-based dielectrics as
gate material in forthcoming complementary metal-oxide-
semiconductor (CMOS) technologies.!> To achieve this, ox-
ide films must have both a high crystallographic quality and
a clear-cut interface with respect to Si. Fulfilling these two
criteria is a particularly challenging task for two reasons:
first, oxide orientation with respect to the Si is determined by
a complex interplay between chemical-bonding optimization
and lattice-mismatch energy minimization due to the differ-
ence in crystalline structure between oxides and silicon; sec-
ond, and even more critical, Si is highly reactive to
oxygen.>* Earlier studies have shown that the oxide and the
Si lattices connect via the oxide O sublattice.’ Actually, to
engineer clear-cut interfaces between functional oxides and
silicon, some buffer layers, such as Sr0,® BaO.,’ or
StTi0;,'% have to be grown to prevent the oxygen from re-
acting with silicon, especially at high growth temperatures
and/or oxygen pressures.'' Among potential buffers, alumina
is a particularly appealing one due to its thermodynamic sta-
bility at temperatures and oxygen pressures up to 850 °C
and 107> Torr, respectively. In fact, x-ray photoelectron
spectroscopy (XPS) measurements'? have shown that grow-
ing alumina on Si by molecular beam epitaxy (MBE) pro-
duces clear-cut interfaces without any formation of silica or
silicates. If combined with high-« oxides, growing alumina
buffer thus provides an interesting means of achieving small
equivalent oxide thicknesses (EOT) in CMOS devices."?
However, the interest of studying and controlling the growth
of alumina on silicon goes far beyond CMOSs because alu-
mina could also be part of complex oxide/semiconductor het-
erostructures. Growing it on silicon may open the way to the
integration of high performance micro-optoelectronic func-
tionalities on Si wafers.!*
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Several groups'>!® have already shown that AL,O; is
(111) oriented on Si(111). Our own studies'” have shown that
Al,O5 adopts a spinel-like structure (y-Al,O3) on Si(111)
with an interface that matches two surface-unit cells of
Al,O5(111) with three surface-unit cells of Si(111). Such an
interface produces an effective tensile lattice mismatch e
of 2.9% where € equals (aSi—aA1203)/aA1203 with ag;
=0.5431 nm for Si and aA1203=0.784 76 nm for y-AlL,Oj;.
However, MBE-grown Al,O5(111)/Si(111) films are known
not to be exempt from twins and mosaicity usually attributed
to growth mechanisms and related relaxation phenomena.

The present study combines x-ray photoelectron diffrac-
tion (XPD) and transmission electron microscopy (TEM) to
give new insights into the growth mechanisms of y-Al,O5 on
Si(111). As a derivative of XPS, XPD singles out a chemical
element as the photoelectron emitter and gives the usual in-
formation about its chemical surroundings. As a diffraction
technique, XPD reveals all the crystallographic directions of
the nearest neighbors of this photoelectron emitter.!8-2" But
because XPD is a very short-range probe of the local atomic
arrangement around the photoelectron emitter, it has to be
compared to a long-range probe such as TEM.

II. RESULTS

Alumina (6-nm- or 2-nm-thick) films were grown on
Si(111) substrates in a Riber 2300 MBE reactor by electron
gun evaporation of Al,O3 targets under molecular oxygen.
The Al,O; growth rate was controlled in situ using a mass
spectrometer. Details about the growth procedure can be
found in Refs. 12 and 17. After growth, the samples were
transferred to an XPS/XPD photoemission system. This ap-
paratus is a vacuum science workshop (VSW) chamber
equipped with a focused unpolarized monochromatic x-ray
source (Al Ka=1486.6 eV). The detector acceptance angle
is around 3°, and the angle between the x-ray source direc-
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FIG. 1. (Color online) Si2p, Al2p, and O ls photoelectron
XPD polar curves recorded along the Si (110) and (112) azimuth
directions for a bulk Si(111) substrate and a 6-nm-thick Al,O3 film
grown on Si(111).

tion and the photoelectron detector direction is set at the
“magic angle,” i.e., 54.73°. During XPD curve recording, the
sample is rotated step by step by motors with a precision
better than 1°. According to both XPS and TEM, the inter-
face between Al,O5 and Si is clear cut without any SiO, or
silicates, and alumina is completely oxidized.'?

A. XPD polar curves

Figure 1 shows polar curves for the Si2p (kinetic
energy=1386.6 e¢V), Al 2p (kinetic energy=1411 eV), and
O Is (kinetic energy=956 eV) photoelectrons recorded

along the Si azimuth directions (110) and (112) for a bulk
Si(111) substrate and an Al,O5 film grown on Si(111). The
film was 6 nm thick. Even if Al and O have rather low
atomic numbers and are thus rather poor diffusers, Al 2p and
O Is polar curves in Fig. 1 clearly show XPD features, i.e.,
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FIG. 2. (Color online) Tridimensional views of y-Al,O3 unit
cell: (a) all atoms and bondings; (b) the oxygen “face-centered”
arrangement; (c) the octahedrally coordinated Al “rock-salt” lattice;
and (d) the tetrahedrally coordinated Al lattice.

deviations from the usual monotonous intensity decreasing
due to an increasing polar angle. These XPD features can be
correlated with directions from a given emitter atom (either
Al or O) site to one of its closest neighbors (Al or O) in
Al,O3;. We have chosen to index them on the basis of
y-Al,O5 crystallography.?!=23

The y-Al,O; has a spinel structure (space group is Fd3m)
with enough Al vacancies to lead to the correct stoichiom-
etry. The atomic locations in the y-Al,O5 and Si unit cells
are given in Table T for (001) and (111) crystal orientations.
The coordinate system for (111) crystal orientation is
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FIG. 3. (Color online) Two-dimensional views of the two kinds
of y-Al,05 {110} and {112} planes (labeled I and II).
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TABLE I. Atomic positions A;...Aq for aluminum and O ...Og for oxygen in the y-Al,O5 lattice unit
cell and atomic positions S;, S, in silicon lattice unit cell. These coordinates are given for the two coordinate
systems {[100],[010],J0017} for a (001) crystal orientation and {[112],[110],[111]} for a (111) crystal orien-
tation. In this table, the distances are in lattice units (l.u.). For y-Al,O3, the & parameter equals to 0.004.

(001) (111)
[100] [010] [001] [112] [110] [111]
y—ALO3
1 1 1 3
A 2 2 2 0 0 2
1 1 1 V6 V2 V3
Ay 2 3 3 2 T3 3
1 1 1 V6 V2 V3
Az 4 2 4 24 3 3
1 1 1 6 3
Ay 4 4 2 12 0 3_
1 1 1 V3
As -2 -3 -3 0 0 -3
1 1 1 V3
Ao s 5 5 0 0 %
1+46 1+46 1+46 V3(1+4
0 1445 _5 _5 16(1+80) _2(1+86) 3(1-44)
2 4 _24 _ 8 _12
o iy 1446 iy 16(1+89) 12(1+89) 13(1-46)
3 4 24 8 _12
1446 6(1489) B(1-48
04 =0 d e —ge 0 =5
1448 6(1+89) 2(1+89) 13(1-49)
Os 4 +6 +0 Y 8 T
14468 _6(1+89) _2(1489) _3(1-49)
O¢ +6 4 +6 T4 8 NP
0, +8 +8 _ 1;45 \6012852 0 _\3g11;45)
1448 1448 1448 B(1+49)
O3 T4 T4 T4 0 0 T4
Si
1 1 1 3
S ~3 3 7% 0 3
1 1 1 V3
) 8 3 3 0 0 5
Lattice vectors
1 1 6 2 3
@ 0 2 2 12 4 3
1 0 1 _6 _2 3
a 2 2 2 4 3
1 1 V6 V3
as 2 2 0 6 0 3

{[112],[110],[111]}. The y-Al,O5 unit cell contains six non-
equivalent aluminum sites (labeled A; to A in Table I) and
eight nonequivalent oxygen sites (labeled O, to Og in Table
I) while the Si unit cell contains two nonequivalent silicon
sites (labeled S, and S,). Two-thirds of the Al cations (la-
beled A, to A,) have octahedral coordination with oxygen
while the last third (As and A4 in Table 1) is tetrahedrally
coordinated. The A5 and A¢ coordinates in y-Al,O5 are simi-
lar to the S| and S, ones in Si. Figure 2 shows an overall
view of the spinel structure [Fig. 2(a)] along with three par-
tial views. Figure 2(b) presents the face-centered-cubic (fcc)
oxygen arrangement. Note that because the spinel structure
contains vacancies as a regular part of the crystal, oxygen
atoms are slightly shifted out of perfect fcc directions: in
v-Al, 03, shift & equals 0.004. Figure 2(c) explains how the
octahedrally coordinated Al and oxygen are arranged into a
rock-salt lattice. Figure 2(d) singles out the tetrahedrally co-

ordinated Al to make both their diamondlike organization
and their tetrahedral bonding with oxygen explicit.
Figure 3 shows the atomic arrangement in the two kinds

of y-Al,05 {110} and {112} planes (labeled as I and II). In
Fig. 3, atoms slightly out of the plane are represented be-
cause the shift parameter & is too small to be of any impor-
tance when compared with the detector acceptance angle.
The emitter-to-nearest-diffuser directions which are pertinent

for this paper are collected in Tables II and III for the (112)

directions, i.e., ¢=0 or 180°, and the (110) directions, i.e.,
=90 or —90°, respectively. In these tables, polar angles 6
are defined from the normal, i.e., the [111] axis, while azi-

muth angles ¢ are defined from the [112] axis.

Typically, in XPD curves, the normal at the surface is
determined as the XPD maximum around 6=0°. In the
y-Al,0O5 case, though Al and O seem to be lined up with the
[111] direction in Fig. 3, the experimental determination of
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the normal at the surface is not as simple as usual because of
the slight shift of the O atoms. In fact, a close inspection of
the position and shape of the XPD maxima at #=0° reveals
some shifts and shoulders due to this bilateral asymmetry. In
this respect, Table IV collects the emitter-to-nearest-diffuser
directions around 6=0°. The polar angle 6=0° was deter-
mined on the most bilaterally symmetrical polar curve, viz.,
Al 2p for ¢p=0° [Fig. 1 (left)].

In short, Al 2p and O 1s polar curves clearly exhibit XPD
features around #=0°, #=35°, and #=55° when the Si azi-

muth direction is (112), and around #=0°, #=39°, and 6

=58° when the Si azimuth direction is (110), in total agree-
ment with Tables II and III. This denotes that Al,O5 has a
structure which is very close to y-Al,05 oriented (111) when
grown on Si(111). However, the polar curves for ¢, ¢+60°,
and ¢+120° look very much alike though the [111] axis in
v-Al,O5 is a threefold axis. This apparent sixfold symmetry
can be due to the coexistence of two alumina in-plane orien-
tations, which can only be determined by recording XPD
azimuth curves for some main polar angles.

B. XPD azimuth curves

The azimuth curves for Al 2p and O 1s recorded for polar
angles 6=35° and #=55° are reported in Fig. 4. For the sake
of comparison, Fig. 4 also shows the same 6=35° and 6
=55° XPD curves for Si2p recorded on the Si(111) sub-
strate. Figure 5 displays the positions of the diffuser atoms
on cones with aperture of twice the polar angles 35+ 2.5°
and 55*2.5°, and with apex atoms Al, O, or Si for both
v-Al,05 and Si(111). All the contributions from all the emit-
ter sites have been added. In such a geometrical representa-
tion, the closer to the emitter or the heavier the diffuser, the
higher the intensity in the corresponding XPD feature. In this
regard, the forward scattering cross section for O 1s (Al 2p)
emitters is 11.4 (12.2) and 94.8 barns (100.6 barns) for O
and Al diffusers, respectively.’* In agreement with the
literature,>>~?7 Si 2p azimuth curves recorded for a Si(111)
substrate exhibit a clear threefold symmetry with intense
peaks every 120°, i.e., toward the Si (110) directions (¢
=0,120,240°) for #=35° and toward the Si {001) directions
(¢=60,180,300°) for #=55°. According to Fig. 5, a three-
fold symmetry is also expected for the XPD azimuth curves
of both the Al 2p and O 1s core levels in Al,O5 (111). In
fact, the symmetry looks more sixfold than threefold because
the main peaks are broader and the secondary peaks are more
intense than the Si 2p ones in Si(111). Let us examine if this
unexpected sixfold symmetry could be a consequence of Al
being a heavier atom than O and thus a better diffuser. In
others words, an Al atom acting as diffuser can give a greater
XPD intensity than an O atom even if located farther from
the emitter. According to Table II and Fig. 5, for Al 2p azi-
muth curves at #=35° polar angle, the main XPD features
are due to Al diffusers at 0.35 1.u. along the (110) directions
(¢=0,120,240°) [Fig. 5(a)]. At 60° from these directions
along the (114) directions (¢=60,180,300°) if XPD features
are seen they are due to the same kind of diffusers (Al atoms)
at 1.06 L.u. As the XPD intensity is proportional to the in-
verse square of the emitter-nearest-neighbor distance, the dif-
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O Azp Polar Angle 35 +2.5°
® Ols
® Sizp

Polar Angle 54° + 2.5°

O1s photoelectron Al2p photoelectron

Si2p photoelectron

FIG. 4. (Color online) XPD azimuth curves of Al 2p and O l1s
recorded on a 6 nm thick of Al,O3/Si(111) and of Si 2p recorded
on Si(111) substrate for the 35 and 55° polar angles.

O Al Polar Angle 35 +2.5°

Polar Angle 54° + 2.5°

Al

Sum of Al,.
emitters

.0y

Sum of O,
emitters

Sum of Si, and Si,
emitters

FIG. 5. (Color online) Diffuser locations (in lLu.) for polar
angles 35 2.5° and 55 *2.5° for all six Al (6) and eight O emitters
in y-Al,03(111) and for the two Si emitters in Si(111). For Al,O3,
the dashed circles correspond to 0.5 l.u. For Si, the dashed circles
correspond to 2 Lu.
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TABLE II. Emitter-to-nearest-diffuser directions and distances for y—Al,O5(111) (11-2) directions, i.e., #=0 or 180° and #=60°. The distances are in l.u. The polar angle 6 is from

the normal, i.e., the [111] axis, while the azimuth angle ¢ is from the [1 12] axis. Directions used for labeling XPD features have been highlighted in bold.

Al Al 0 0
E D 6  $=0 L E D 6 =180 L E D 6 $=0 L E D 6  $=180 L

Ay As 1227 000 096 [553] A; O, 11.80 180.00 1.03 [223] 0O, Ae 1192 000 096 [553] 0O, A; 1158 17844 1.03 [223]
As 0, 1192 000 096 [553] A, O 1159 -17844 1.03 [223] O, A, 1594 000 074 [221] 05 A, 1158 -17844 1.03 [223]
As A, 1227 000 096 [553] A; Os 1158 17844 103 [223] O, A, 1622 000 075 [221] 0O, As 1394 180.00 0.82 [223]
A, 0; 1622 000 075 [221] Ay O, 113 180.00 1.04 [223] O, A, 2214 000 108 [331] 0O, A, 1180 180.00 1.03 [223]
A, 0, 1609 156 075 [221] Ay Ae 1442 1800 0.82 [335] 0O, A, 2180 080 109 [331] 0Oy A, 1135 180.00 1.04 [223]
Ay 0, 1609 -156 075 [221] As A, 1442 180.00 0.82 [335] O; A; 2180 -0.80 109 [331] 0O, O; 19.03 180.00 0.61 [112]
A, Og 1594 000 074 [221] As O, 1394 180.00 0.82 [335] O; As 2145 000 054 [331] 0, Og 19.03 180.00 0.61 [112]
Ay Og 2214 000 1.08 [331] A, A; 1947 180.00 0.61 [112] Oy As 2701 000 090 [551] O; O; 1990 180.00 0.62 [112]
A, Os 2180 080 1.09 [331] A; A, 1947 -180.00 0.61 [112] O, O, 3526 0.0 034 [110] 05y O, 1990 180.00 0.62 [112]
A; O 2180 -0.80 1.09 [331] As Og 23.67 180.00 1.02 [337] 0O, O 3397 0.00 035 [110] O, As 23.67 180.00 1.02 [337]
Ay O, 2227 000 1.09 [331] A, O, 2926 180.00 0.84 [113] O3 Os 3397 0.00 035 [110] Os A, 2938 -17920 0.83 [113]
As  Ag 2200 000 1.09 [331] A, O, 2938 -17920 083 [113] O, O; 3526 0.00 037 [110] O, A; 2938 17920 083 [113]
A¢ O, 2145 000 054 [331] A; O; 2938 17920 0.83 [113] Os O3 3656 0.00 035 [110] 0O, As 3044  180.00 042 [113]
Ag O, 2701 000 090 [551] A, As 2950 180.00 041 [113] O O, 3656 0.00 035 [110] Oy A; 2926 180.00 084 [113]
A, Ay 3526 0.00 035 [110] As O, 3044 18000 042 [113] O, Og 3526 0.00 034 [110] O, O, 3584 180.00 1.06 [114]
A, A, 3526 0.00 071 [110] A, A, 2950 180.00 041 [113] Og O, 3526 0.00 037 [110] O, O 3541 180.00 1.07 [114]
A; Ay 3526  0.00 071 [110] A, A, 3526 180.00 1.06 [114] O, A, 4352 000 090 [551] Oz Os 3541  180.00 1.07 [114]
A, A; 3526 000 035 [110] A, A, 3526 180.00 1.06 [114] O, A, 49.08 0.00 054 [331] O, O; 34.69 180.00 1.07 [114]
As  As 3526 0.00 071 [110] A, A 3894 180,00 0.65 [115] Os A, 4873 -040 1.09 [331] Os; O; 3512 180.00 1.05 [114]
A¢ Ag 3526 000 071 [110] A5 A, 3894 180.00 0.65 [115] O A; 4873 040 1.09 [331] O O, 3512 180.00 1.05 [114]
As  0O; 4352 000 090 [551] Ag Og 3933 180.00 0.64 [115] 0O, A, 4839 000 108 [331] O; Og 3584 180.00 1.06 [114]
A, O, 4826 000 109 [331] As O, 4291 18000 0.89 [117] O, A; 5445 053 0.75 [221] Og O; 3469 180.00 1.07 [114]
A, 0, 4873 -040 1.09 [331] A; O, 5342 180.00 025 [001] O; A, 5445 -053 075 [221] O, As 3933 180.00 064 [115]
Ay O, 4873 040 109 [331] A, O; 5475 17839 025 [001] O, A, 5459 0.00 074 [221] O, As 4291 180.00 090 [117]
A, O, 4839 000 108 [331] A; O, 5475 17839 0.25 [001] Og A, 5431 0.00 075 [221] O, A, 56.05 180.00 025 [001]
As Og 49.08 000 054 [331] A; Os 5605 180.00 025 [001] O, As 5861 000 096 [553] O, Os 5475 17844 0.51 [001]
As As 4853 000 1.09 [331] As As 5474 180.00 1.00 [001] 0; O 5475 -178.44 0.51 [001]
A; O, 5459 000 074 [221] As As 5474  180.00 1.00 [001] 0, A; 5342 180.00 0.25 [001]
A, O 5445 -053 075 [221] Os A; 5475 -17839 0.25 [001]
Ay Os 5445 053 075 [221] O¢ A, 5475 17839 0.25 [001]
Ay O; 5431 0.00 075 [221] 0, O, 5601 180.00 0.51 [001]
A, Ag 5825 000 096 [553] Os O, 5346 18000 051 [001]
As A, 5825  0.00 096 [553]

As Oy 5861 000 096 [553]
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the normal, i.e., the [111] axis, while the azimuth angle ¢ is from the [1 12] axis. Directions used for labeling XPD features have been highlighted in bold.

TABLE III. Emitter-to-nearest-diffuser directions and distances for y-Al,03(111) (~110) directions, i.e., $=90 or —90° and 6= 60°. The distances are in l.u. The polar angle 6 is from

Al Al 0 0
E D 6 ¢=9% L E D 6 ¢~-90 L E D 0 $=9 L E D 6 ¢=9 L
A, Ay 2221 90.00 094 [132] A, A, 2221 -90.00 094 [312] O, O, 2243 9106 093 [132] O, O, 2243 -91.06 093 [312]
Ay A, 2221 90.00 094 [132] A, A, 2221 -90.00 094 [312] 0, O 2211 9106 094 [132] 0, O 2211 -91.06 094 [312]
As O, 2848 8894 074 [153] As O, 2848 -88.94 074 [513] 0O, Os 22.11 91.06 094 [132] 0; Os 2211 -91.06 094 [312]
A, O, 3939 9106 056 [021] A; O, 3939 -91.06 056 [201] O, O, 2200 8894 094 [132] O, O, 2200 -88.94 094 [312]
A, O 3863 9054 056 [021] A, O 3953 -90.52 056 [201] Os O, 2232 8894 093 [132] Os 0O, 2232 -8894 093 [312]
A; Os 3953 9052 056 [021] A; Os 3863 -90.53 056 [201] Oy 0, 2232 8894 093 [132] O 0, 2232 -8894 093 [312]
Ay O; 3879 9000 0.56 [021] A, O, 3879 -90.00 056 [201] O, Og 2243 91.06 093 [132] O, Og 2243 -91.06 093 [312]
A, As 4743 9000 096 [173] A, As 4743 -90.00 096 [713] Og O, 2200 8894 094 [132] 05 O, 2200 -88.94 094 [312]
As 0, 4713 9000 096 [173] As 0, 47.13 -90.00 097 [713] O, As 2848 8894 074 [153] 0O, A, 2848 -88.94 0.74 [513]
Ag A, 4743 9000 096 [173] As A, 4743 -90.00 096 [713] O, A; 3953 9052 056 [021] O, A; 38.63 -90.54 0.56 [201]
A, Og 5893 9000 083 [131] A; Og 5893 -90.00 083 [311] O; A, 38.63 9054 0.56 [021] O; A, 3953 -90.52 0.56 [201]
A, Os 5859 9026 084 [131] A, Os 5818 -9027 083 [311] O, A, 3939 9106 0.56 [021] O, A, 3939 -91.06 0.57 [201]
A; O 5818 9027 0.83 [131] A; O, 5859 -9026 084 [311] Og A, 3879 90.00 0.56 [021] Og A, 3879 -90.00 0.56 [201]
Ay A 5852 9000 041 [131] A, A, 5852 -90.00 042 [311] Oy A 47.13 90.00 097 [173] 05 As 47.13 -90.00 097 [713]
As A, 5852 9000 041 [131] A5 A, 5852 -90.00 042 [311] O, A, 5893 9000 0.83 [131] O, A, 5893 -90.00 083 [311]
A¢ O, 5825 8894 04 [131] A, O, 5825 -88.94 042 [311] O, A, 5859 9026 0.84 [131] O, A, 5818 -90.27 083 [311]
0, A; 5818 9027 083 [131] O; A; 5859 -90.26 0.84 [311]
O, As; 5825 8894 042 [131] O, As 5825 -88.94 0.42 [311]
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TABLE IV. Table III: emitter-to-nearest-diffuser directions for
v-Al,05 around the normal, viz., [111]. The distances are in L.u. As
in Tables II and III, the polar angle 6 is from the normal, i.e., the

[111] axis, while the azimuth angle ¢ is from the [112] axis.

Al
E D 0 ® L

A, Oy 0.0000 0.0000 0.4261
Ay 0s 0.8597 120.0000 0.4354
As Oy 0.8597 ~120.0000 0.4354
A, 0, 0.8597 0.0000 0.4354
As Ag 0.0000 0.0000 0.4330
Aq 0, 0.0000 0.0000 0.2234

o)

E D 0 ® L

0, A, 0.0000 0.0000 0.4261
0, A, 0.8597 120.0000 0.4354
0, As 0.8597 ~120.0000 0.4354
0, A, 0.8597 0.0000 0.4354
0s 0, 0.8689 ~60.0000 0.8615
Oy 0 0.8689 60.0000 0.8615
0, 0, 0.8689 180.0000 0.8615
Oq As 0.0000 0.0000 0.2234

ference in distance is large enough to make a clear difference
to the XPD intensity. The same is true to some extent for
Al 2p azimuth curves at the §=55° polar angle for which the
nearest diffusers are O atoms at 0.25 l.u. along the (100)
directions (¢=60,180,300°) [Fig. 5(d)]. Other O diffusers

exist along the (221) directions (¢=0,120,240°) but far
away at 0.75 L.u. Turning now to O 1s azimuth curves, at the
0=35° polar angle, the main XPD peaks are theoretically due
to the O diffusers at 0.35 lL.u. along the (110) directions (¢
=0,120,240°) [Fig. 5(b)] and the secondary ones along the
(114) directions (=60, 180,300°) to the O diffusers at 1.07
Lu. Similarly, at the 6=55° polar angle, the diffusers are
Al atoms at 0.25 lu. along the (100) directions (¢
=60,180,300°) [Fig. 5(e)] for the main XPD peaks and

also Al atoms at 0.75 Lu. along the (221) directions (¢
=0,120,240°) for the secondary XPD peaks. In short, in
every case considered, the main and secondary XPD peaks
are produced by diffraction on the same chemical element,
and the difference in emitter-diffuser distance is sufficient to
produce a clear variation in XPD intensity. Therefore, we
conclude that the observed sixfold symmetry is more prob-
ably explained by the existence of two domains labeled A1l
and A2 of Al,O5 (111) rotated by 180° to each other: Al

with a direct relationship with the substrate, i.e., [1 1§]A1203
(111)//[112]Si(111), and A2 with a mirror relationship, i.e.,
[112]AL,O; (111)//[112]Si(111). This bidomain growth can
be explained by the bonding between Al,O;(111) and
Si(111) via an O plane. On the one hand, any plane of
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FIG. 6. (Color online) Al,O5(111) and Si(111) plane stacking.
For Al,05(111), the stacking is split into two parts for the sake of
simplicity: one concerns the mixed tetragonal/octahedral Al plane;
the other the octahedral Al plane.

Si(111) exhibits a sixfold symmetry. It is the sequence and
the bonding of the Si planes along the [111] direction which
give Si—and therefore the XPD diffraction—its unique
threefold symmetry. On the other hand, the oxygen planes in
Al,O3;—in fact doublets—are also hexagonal in pattern. Here
again, it is the plane stacking and bonding in Al,Oj that
determines its orientation. This plane stacking and bonding is
shown in Fig. 6 for Si(111) and y-Al,O5(111). Moreover the
Al,O5 plane stacking is itself made up, alternately, of the
plane sequences labeled A or B in Fig. 6. Therefore, starting
with a hexagonal O plane matching a hexagonal Si plane, the
Al,O5 stacking process can proceed either as “direct” or
“mirror,” either “A” or “B.” There is no reason for a prefer-
ence which would in fact imply a fourth-neighbor plane in-
teraction.

C. Cross-section transmission electron microscopy
diffraction pattern

Figure 7 shows the in-plane electron diffraction pattern
for a 2-nm-thick Al,O5 film on Si(111). The camera magni-
fication, and thus the diffraction pattern scale, is determined
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FIG. 7. (Color online) (a) In-plane electron diffraction pattern
for a 2-nm-thick Al,O5 film on Si(111). (b) Contrast lines across

202 Si and 404 Al,O; diffraction spots.

from the easily identified 220 Si bright spots. The other dif-
fraction spots are ascribed to the Al,O; film. They corre-
spond to an interplane distance of 0.1396*0.0007 nm, a
value close to the {440} interplane distance of y-Al,O3, viz.,
d440=0.1399 =0.0004 nm in Refs. 28 and 29. Therefore, in
agreement with the XPD observations, the {440} Al,O;
planes are found to be parallel to the {220} Si planes. Let us

compare the contrast profile of the 202 Si spot and that of

PHYSICAL REVIEW B 79, 195312 (2009)

404 Al,O; shown in Fig. 7(b). The extension of the
404 Al,Oj; diffraction spot is much larger than that of the

202 Si diffraction spot. This expansion is structured into
three features with maxima at —1.2, +2, and 4.18° from the

202 Si diffraction spot. This implies that some {110} Al,O,
planes are both turned away from one another and therefore
from the {110} Si planes. This result is not surprising as
oxygen atoms are naturally slightly shifted in cubic y-Al,O3
(Table I). These shifts induce a tilt in the (110) direction
normally at 6=35.26° to either #=33.97 or 36.56° (Table II).
Also, the tensile stress imposed by the Si(111) substrate on
the Al,O5 thin film can also slightly shift the O locations
toward higher polar angles.

III. CONCLUSION

In this work, we have combined XPD with TEM to study
the growth of Al,05 on Si(111). The well-defined XPD fea-
tures in the polar and azimuth curves recorded for Al 2p,
O 1s, and Si 2p core levels have all been ascribed to spinel
y-Al,O5 crystallographic directions, a fact that clearly
reflects that the alumina films grown by MBE are of
high crystallographic quality. Our XPD results indicate
unambiguously that Al,O; grows (111) oriented with
two in-plane orientations: a direct one, i.e., [115]A1203
(111)//[112]Si(111), and a mirror one, i.e., [112]AL,04
(111)//[112]Si(111). These two orientations result from the
intrinsic pattern and sequence of Al,O5 planes in the (111)
growth direction. Therefore, making one of them prevail is
certainly a very demanding task. However, such intrinsic

mosaicity is probably not damaging for a number of appli-
cations.
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