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This work reports on the molecular beam epitaxy of high quality single crystal y-Al,O5 thin films
on Si(001) and Si(111) substrates. For both substrate orientations, film surfaces are found to be
smooth and the oxide-Si interfaces are atomically abrupt without interfacial layers. Reflection high
energy electron diffraction, x-ray diffraction, and transmission electronic microscopy
characterizations were used to study the epitaxial relationship and the structural quality of the
v-Al,O5 layers depending on the Si substrate orientation. On Si(111), the alumina layers present a
high crystalline quality. Evidence is made for a “two-for-three” unit cell indirect epitaxial
relationship between y-Al,O5 and Si(111). On Si(001), after a transition from cubic to hexagonal
surface symmetry, the growth planes of y-Al,O5 change from (001) to (111) leading to a bidomain

growth. © 2007 American Institute of Physics. [DOL: 10.1063/1.2753684]

I. INTRODUCTION

The rapid progress of the performances of complemen-
tary metal-oxide-semiconductor (CMOS) systems relies to-
day on the downscaling approach, which mainly consists in
reducing the size of the devices to increase the speed and
density of the systems. However, this strategy is limited due
to the apparition of intrinsic parasitic effects related to the
very small thicknesses and sizes involved in the devices.
Among these limiting effects, tunneling of charge carriers
through nanometer thick gate oxides has been shown to
strongly affect the performances of metal-oxide-
semiconductor field effect transistors. Therefore, solutions
have to be found to overcome this limitation. In this context,
high-k oxides attract much attention due to their potentiality
in replacing SiO, as a gate oxide in the future generations of
CMOS devices. Several groups have focused their researches
on the epitaxial growth of such oxides on Si. As compared to
amorphous layers, crystalline oxides could therefore allow a
better control of the Si/oxide interface and an atomic scale
control of the oxide thickness. From a more general point of
view, the monolithic epitaxial growth of complex oxide/
semiconductor heterostructures could also open the way to
the large scale integration of high performance micro-
optoelectronic functionalities on Si wafers. The epitaxial
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growth of several rare-earth binary oxides and of perovskites
(like SrTiO;) has already been demonstrated.'™ However,
these oxides are not stable enough with respect to Si and are
not compatible with the thermal budget of the CMOS pro-
cess: interfacial reactions occur in the 500-1000 °C tem-
perature range that lead to the formation of SiO,, silicates, or
silicides. These interfacial layers degrade the electronic per-
formances of the oxide/Si stack. Al,O; has a moderate di-
electric constant (~11) but is thermodynamically stable
against silicon and SiO, and consequently should lead to
abrupt interfaces on Si. This oxide is therefore a good can-
didate to be used directly as a gate oxide or as a thin buffer
barrier when combined with amorphous or epitaxial oxides
of higher dielectric constant.®’ Several groups have already
reported on the epitaxial growth of cubic y-Al,O5 films on
Si(111) and with more difficulties on Si(001) except when
chemical vapor deposition is used.* ' In a recent work, we
have presented a study of the growth mechanism of y-Al,03
on (001)-oriented Si substrate."* In the present study, we
show that high quality epitaxial y-Al,O5 films can be pre-
pared either on Si(001) and Si(111) by molecular beam epi-
taxy (MBE) growth. A detailed structural analysis of Al,Oj
layers grown on Si(111) has been carried out, similar as the
one presented in Refs. 9 and 12. Al,O5 layers grown on
Si(001) have also been studied on the basis of reflection high
energy electron diffraction (RHEED), grazing incidence
x-ray Diffraction (GIXRD), and transmission electron mi-
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croscopy (TEM) experiments that allow deducing in-plane
epitaxial relationships between y-Al,O5 and Si, and exhibit a
single domain growth on Si(111) compared with the bido-
main growth on Si(001) of the alumina layer.

Il. EXPERIMENT

The epitaxial Al,O5 layers were grown in a Riber 2300
MBE reactor equipped with a 30 kV RHEED system and a
camera, which allows specular beam intensity and real-time
streak separation recording. The Al,O; films were prepared
by electron gun evaporation of single crystal Al,O; under
molecular oxygen. The Al,O5 growth rate was controlled in
situ using a mass spectrometer and is usually around
7 A min~!. The Si substrates were first cleaned in a HF: H,O
(1:10) solution, then chemically oxidized in a H,SO,:H,0,
(2:1) solution, and finally etched in NH4F (40%). This pro-
cedure leads to the formation of an atomically flat H/Si-(1
% 1) surface." Heating the samples above 700 °C results in
the apparition of a sharp 2X 1 RHEED pattern for Si(001)
(Ref. 14) and a sharp streaky 7 X 7 pattern with Kikuchi lines
for Si(111) [Fig. 1(a)]. Optimal growth conditions leading to
the formation of high quality two-dimensional (2D) smooth
Al,O5 films have been presented elsewhere."? High quality
v-Al,O5 layers with no silicate or SiO, at the Al,O5;-Si
interface are obtained for growth temperatures higher than
850 °C and oxygen pressures lower than 1078 Torr to limit
the thermal silicon etching through Si—O formation. Al,O3
grows in its y phase on Si(001) and Si(111), which has a
cubic symmetry and a spinel structure with deficiencies in
aluminium and oxygen positions. The lattice parameter is
equal to 0.791 nm.'® Two different samples were grown:
sample A consists of a 40 nm thick Al,O5 layer grown on
Si(111) and sample B consists of a 6 nm thick Al,O5 layer
grown on Si(001). The samples were studied by RHEED,
TEM, and XRD. The Cu K, radiation of a Rigaku rotating
anode was used as a probe for the XRD experiments.

lll. RESULTS
A. Epitaxial growth of y-Al,0; on Si(111)

The crystalline quality of sample A was in situ controlled
using RHEED analyses. Figure 1 shows the RHEED patterns
along the [11-2] azimuth for the clean Si(111) substrate [Fig.
1(a)], after growth of the first y-Al,O3 monolayer [Fig. 1(b)],
and after growth of 40 nm of Al,O5 [Fig. 1(c)]. The RHEED
diagrams indicate that the 7 X 7 reconstructed Si(111) surface
changes gradually to a reconstructed surface during the ini-
tial deposition stage of y-Al,03. Additional RHEED lines
appear in 1/3 positions between the main [0,1] spots in the
zero-order Laue zone corresponding to three times periodic-
ity at the surface along the [11-2] azimuth (indicated by ar-
rows on the RHEED diagram). During the subsequent depo-
sition, a bright 1X 1 streak pattern appears. All RHEED
patterns present streak diffraction lines, showing that the
growth of the alumina layer is crystalline and that the growth
front remains bidimensional during the entire process. The
RHEED diffraction patterns of the y-Al,O5 layer present a
sixfold (hexagonal) surface symmetry. This tends to indicate
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FIG. 1. RHEED patterns along the [11-2] azimuth for the Si(111)-(7 X 7)
reconstructed surface (a), after growth of the first y-Al,O5 plane leading to
three times reconstruction (indicated by arrows) (b), and after growth of
40-nm-thick y-Al,05 film (c).

that (111)-oriented y-Al,O5 grows on the (111)-oriented Si
substrate.

Sample A was studied by x-ray diffraction. An x-ray re-
flectivity pattern of the sample is shown in Fig. 2(a). The
strong and numerous intensity oscillations of the reflectivity
spectrum are an indication of the excellent uniformity and
smoothness of the film. The thickness of the Al,O5 film was
estimated to 40 nm by fitting the oscillations. The 6-260 XRD
scan recorded in specular mode is shown in Fig. 2(b). The
peaks centered at 20=28.51°, 59.01°, and 94.95° correspond
to (111), (222), and (333) reflections of the Si(111) substrate,
respectively. The peaks centered at 26=39.43° and 84.85°
correspond to the diffraction of the (222) and (444) planes of
the y-Al,Oj5 layer, respectively. The average out-of-plane lat-
tice parameter of the 7y-Al,O; layer is (a,)Al,O;4
=0.791£0.001 nm, as extracted from the XRD experiment.
This first analyis confirms that the oxide film is a single
crystal and that y-Al,O5 is (111) oriented on the Si(111)
substrate [y-Al,O5(111)[ISi(111)]. We performed GIXRD
with a 0.34° incident angle to enhance the contribution from
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FIG. 2. (Color online) (a) Small angle reflectivity measurement determining
the film thickness to be 39 nm. (b) Single crystal x-ray scan along the
surface normal from a 39-nm-thick y-Al,05(111)/Si(111) heterostructure.
(c) Reciprocal space cartography at grazing angles along the (111) axis
perpendicular to the diffraction plane.

the epilayer. In this reciprocal map [see Fig. 2(c)] the Si(111)
substrate gives sharp (2-20) and (4-2-2) peaks. The other two
peaks at 26=66.875° correspond to the Al,O5 phase, and are
equivalent reflections (4-40) and (40-4), related to each other
by a 60° rotation (omega scan) along the (111) axis perpen-
dicular to the diffraction plane. As can be seen from the map,
the (4-40) is aligned with the Si (2-20), clearly indicating the
lattice match between the two lattices. The in-plane lattice
parameter deduced from the 26 position is (a;)Al,O3
=0.791+0.003 nm. This corresponds to a completely relaxed
v-Al,O5 layer (bulk parameter=0.791 nm). The in-plane ep-
itaxial relationship between y-Al,O5 and Si(111) can be de-
duced from the experimental results presented above. The
GIXRD experiment demonstrates that the y-Al,O; (1-10)
planes are aligned with the Si(1-10) planes. Moreover, the
angle of 60° between two subsequent (440) Bragg reflections
of y-Al,O3, on the reciprocal mapping, attests of a single
domain growth of alumina on (111)-oriented silicon which
was already shown by RHEED.
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FIG. 3. (Color online) Representation of the indirect epitaxial relationship
between y-Al,O5(111) and Si(111).

The relative orientation of both lattices is sketched in
Fig. 3, as deduced from the XRD experiments presented
above. An indirect epitaxial relationship between Al,O; and
Si is set on by aligning two y-Al,O5 unit cells (UCs) to three
Si UCs. This leads to an effective lattice mismatch of —2.9%,
much smaller than the cube-on-cube lattice mismatch that
exceeds +45%.

Further structural informations can be extracted from the
XRD experiments presented above. The (4-40) vy-Al,O;
Bragg reflection on the reciprocal space map consists in a
diffuse reflection spot, related to the mosaicity of the
v-Al,05 layer [Fig. 4(a)]. We attribute this mosaic aspect to
the presence of defects generated by the plastic relaxation of
the y-Al,O5 on the Si substrate. To study the structural qual-
ity of the oxide layer, TEM analyses of the sample have been
performed. A cross-section high resolution TEM image of
the sample is shown in Fig. 4(b). This image attests of the
good crystalline quality of the Al,O; layer: (111) atomic
planes can be distinguished in the cliché. They are parallel to
the (111) atomic planes of the Si substrate, in agreement with
the x-ray data of Fig. 2(b). The Si—Al,O; interface is sharp
at the atomic scale and continuous without pinholes. The
in-plane epitaxial relationship presented above (two y-Al,0;
UCs for three Si UCs) appears clearly in the inset of Fig.
4(b). There is no presence of silicates or SiO, despite high
temperatures and high oxygen pressure used during the epi-
taxy process, as already demonstrated by X-ray Photoelec-
tron Spectroscopy (XPS) analyses (not presented here, see
Ref. 13). The film presents a uniform thickness of
39.5+1 nm and a nearly flat surface. As already shown by
the GIXRD experiments, extended defects have been de-
tected in the 40-nm-thick alumina layer. We can observe
twins inside the layer [Fig. 4(b)]. The presence of these twins
was confirmed by observation of additional spots in the dif-
fraction pattern. Actually, the twins were formed in a mirror
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FIG. 4. (Color online) (a) Zoom of the reciprocal space map around the
(4-40) Bragg reflection and (b) High resolution TEM cross-sectional image
of the 39 nm-thick Al,O3 layer.

relation to the {111} planes parallel to the surface and to the
inclined {111} planes. These defects could be at the origin of
the mosaicity of the layer detected by XRD. From the dif-
fraction patterns, we measured the interatomic distances and
we concluded that the y-Al,O3 was totally relaxed. The alu-
mina lattice parameter extracted from TEM experiments is
a=0.790£0.005 nm.

B. Comparison with the epitaxial growth of y-Al,04
on Si(001)

In a previous work,14 we have demonstrated a reorienta-
tion of the y-Al,O5; matrix when grown on Si(001): the first
two vy-Al,O; monolayers are coherently strained on the
Si(001) substrate, and the y-Al,O5 lattice is (001) oriented.
Above a critical thickness of 1.6 nm (two monolayers), re-
laxation of the y-Al,05 occurs together with a spontaneous
lattice reorientation: y-Al,O3 becomes (111) oriented on the
Si(001) substrate. The RHEED diagrams observed along the
[100] and [100]+30° azimuths after the growth of the
v-Al,Oj5 layer of sample B (thickness of 6 nm) are shown in
Figs 5(a) and 5(b). After the (001)-to-(111) transition, the
surface presents a 12-fold symmetry with streak 1 X 1 recip-
rocal lattice rods every 30°. The brightness of the diffraction
lines is an indication of the good crystallinity of the Al,O3
layer.

The main diffraction lines of the cliché (labeled (i) on
the figure) correspond to the diffraction of the {11-2} planes
of the Al,O5 layer. Additional diffraction lines, labeled (ii) in
the figure, can be observed on the RHEED pattern. The
analysis of the relative distances between these lines and the
specular reflection indicate that the diffraction lines, labeled
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FIG. 5. RHEED patterns recorded along the [100]g; and [100]g;+30° after
the growth of 6 nm of y-Al,05 [12-fold surface symmetry: (a) and (b)].

(i), correspond to the diffraction of the {1-10} planes of the
Al,O5 lattice. Thus, both the diffractions of the {-211} and
{1-10} planes of Al,O5 can be detected along the [100] azi-
muth of the Si substrate. This indicates a bidomain growth of
the (111)-oriented alumina layer on the Si(001) substrate for
thicknesses larger than two monolayers. Two variants of the
v-Al,O5 lattice are present, and their orientations with re-
spect to the Si substrate are defined by [11-2]
v-A1,05(111)1I[100] Si(001) and [1-10]
v-AlL,O5(111)1I[100] Si(001), respectively, as sketched in
Fig. 6.

A TEM plane view of sample B is presented in Fig. 7.
This image gives evidence of the presence of the two vari-
ants of the (111)Al,O4 lattice, labeled Al and A2 in the
image. The diffraction pattern corresponding to this image
(not shown here, see Ref. 13) confirms the orientation of the
two variants with respect to the Si substrate deduced from
the RHEED patterns and sketched in Fig. 6. The average
lateral extension of the domains exceeds 100 nm. Each of the
variants covers approximately half of the substrate surface,
indicating an equivalent probability of formation. Moreover,

»,

{1 10}7-A12()3 { 100}; {211 }y-AJZ()}
FIG. 6. (Color online) Epitaxial relationship between the Si(001) substrate

and the two variants of y-Al,05(111).

Downloaded 03 Jan 2008 to 146.103.254.11. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



024101-5

Merckling et al.

FIG. 7. TEM dark field plan view, g=400. On the right corner, the inset
Fourier transform of the image shows the period of the moiré fringes. The
domains corresponding to the two (111) y-Al,O5 variants are labeled Al
and A2, respectively.

their geometry tends to indicate that their formation is not
driven by the anisotropy of the initial dimerized silicon sur-
face.

The plane view of Fig. 7 is taken in dark field conditions
with gg;=400. One of the 440 diffraction spots of the variant
Al is very close to the 400 diffraction spot of the Si. It
makes the variant A1 matches also the Bragg conditions. It
results to the formation of moiré fringes (alternate of dark
and bright lines) due to the interference between the electron
beams diffracted by the Si substrate and by the y-Al,O4
layer. Their presence indicates that the in-plane lattice pa-
rameter of the y-alumina layer is relaxed on Si(001). Even
though the global orientation of the moiré fringes is roughly
homogeneous inside the variant, the dark and bright lines
present local discontinuities. Their presence reveals a slight
in-plane mosaicity of the Al,O5 layer due to the presence of
extended defects (dislocations, twins) in the layer. The in-
plane lattice parameter of the y-Al,O5 can be extracted from
the period of the moiré fringes A,,. In fact, simple crystallo-
graphical considerations lead to

- Alzog Am
440
A / d4()0

where dYo%= aVAIZO*/\32 and d400—apdr/4 (cf’Alzo2 and

W are the in- plane lattice parameters of y—A1203 and Si,
respectively). The period of the moiré fringes A,, was pre-
cisely determined by measuring the intensity profile of the
Fourier transform of the image (inset of Fig. 7) along the
axis of modulation. We obtained a value of A,
=4.918+0.2 nm, which leads to dJ;5”**=1.3963+0.02 A
and as a consequence ag;rA1203=7.9010.11 A. This value is in
agreement with the value determined from the diffraction
patterns and very close to the bulk lattice parameter of
v-Al,05 (a=0.791 nm). This confirms a complete in-plane
relaxation of the epitaxial oxide. The resulting average crys-
tallographic misorientation ¢ inside a single variant could be
deduced from Fig. 7 as follows:

y-Al,O3 _
d440 d400

d400

where «a is the apparent misorientation measured between the
moiré fringes (about 30°). It leads to a crystallographic mis-
orientation of 0.85°.
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IV. DISCUSSION

The study related here evidences the strong influence of
the substrate orientation on the growth of y-Al,O5 (spinel
structure) on Si. Single domain (111)-oriented alumina grows
on Si(111), with indirect epitaxial relationship (two UCs of
alumina for three UCs of Si). On Si(001), the growth mecha-
nism is more complex: the first two monolayers are strained
and (001)-oriented on the substrate, and further growth leads
to a bidomain growth of (111)-oriented Al,O3. This strong
influence of the substrate orientation is typical for the epitax-
ial growth of materials, which crystal structure differs from
the one of the substrate, and has already been observed in
some oxide/Si systems. For SrTiO5 (STO) (perovskite struc-
ture), a single domain growth is observed on Si(001) sub-
strate with an in-plane rotation of 45° of the perovskite lat-
tice with respect to the Si substrate.!” However, STO is (110)
oriented on Si(111) substrates, leading to the formation of
three different domains.'® Similarly, single domain (111)-
oriented Gd,05 (bixbyite structure) grows on Si(111), with a
cube-on-cube epitaxial relationship (one UC of Gd,O; for
two UCs of Si)."” On Si(001), Gd,0; is (110) oriented lead-
ing to a bidomain growth.20 The origin of the onset of such
orientations and indirect epitaxial relationships is not clearly
understood. The connetion between the oxide lattice and the
Si substrate takes place via the oxygen sublattice of the
oxide.?! The configuration of the latter is a key parameter for
the orientation of the oxide with respect to Si that will
mainly result from a minimization of the mismatch and in-
terface energies. The surface energies of the oxide and sub-
strate are also expected to play a predominant role.

The behavior of y-Al,03 grown on Si brings some ele-
ments for the understanding of the growth of oxides on Si. In
particular, the observation of a lattice reorientation on
Si(001) is original. One possible explanation for this reori-
entation could be that both orientations of alumina coexist at
the beginning of the growth, and that the (111) orientation
becomes predominant after two monolayers due to a strong
difference in the growth rates of (001)- and (111)-oriented
Al,O5;. However, our experiments indicate a relative brutal
transition in the growth orientation, incompatible with such a
mechanism. We therefore attribute the observation of this
transition in the growth orientation to an energetic balance
between the cost in energy related to the reorientation of the
lattice (formation of dislocations and/or breaking of atomic
bonds) and the gain in energy related to the development of
a stable (111) surface. The driving force for this transition is
attributed to the elastic energy accumulated in the first two
monolayers of y-Al,O3, which orientation is imposed by the
Si(001) substrate. However, further investigations are re-
quired to fully understand the growth mechanism.

V. CONCLUSION

In this work, the growth of y-Al,03 has been investi-
gated on different silicon substrate orientations. On Si(111),
we obtain high quality growth of y-Al,O5(111), with good
crystalline properties and a two-for-three unit cell favorable
epitaxial relationship. The growth is then a single domain.
On Si(001), the first two monolayers of y-Al,O5; grow with a
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cube-on-cube-like epitaxial relationship and are coherently
strained on Si. Increasing the alumina thickness above
1.6 nm leads to a transition from (001) to (111) planes in the
growth direction. This is associated with the apparition of a
bidomain in the alumina layer. This transition is attributed to
the gain in energy related to the development of the (111)
alumina surface.
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