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Purpose of the experiment

The epitaxy of crystalline oxides on Si has givise to growing interest in the last few years,
due to their potential in replacing Si@s gate oxide in C-MOS devices. INL studies the
molecular beam epitaxy of various high-k oxidessdicon. Our studies have demonstrated
that besides their possible use as C-MOS high-& gaides, these materials could also be
used as crystalline buffers for further growth kM semiconductors, due to the peculiarities
of the 11I-V/oxide heterointerfaces.

In this context, a detailed understanding of thestad structure and orientation of ultrathin (a
few nanometers) oxide layers grown on Si is reguirEor this purpose, the use of
synchrotron radiation is indispensable. Variougligtsl have been carried out at INL in the
timespace between the submission of the proposkirenexperiment at ESRF. These studies
have incited us to focus our efforts g\l ,0O4/Si(001), GdO4/Si(001), GdOs/Al,O4/Si(001)
systems. GgDs is an high-k oxide, that could find applicationsG-MOS systems. AD; has

a moderate dielectric constant of 11, but is thelynamically stable against Si and can be
used as stable interface for further growth of egidn Si. In the end, we have also performed
preliminary experiments on InP quantum dots growrsoTiO; substrates.

A summary of the main results obtained at ESRFrésented in the following. It is to be
noted that further work is needed to fully underdtaand interpret these results.
Complementary experiments and modeling will beiedrout in the next weeks and months,
the results of which is obviously not presentethmpresent report.

Al,04/Si(001)

One of the major issues of the growth of oxidesSors the control of the Si-oxide interface.
Si is highly reactive with respect to oxygen, ahd growth of oxides on Si, or the thermal
treatments carried out during C-MOS processesljiate to lead to the formation of Si@r
silicate interfacial layers that strongly spoil teguctural and electrical properties of the
oxides. AbO; is stable against Si, and could therefore be wasetbuffer layer for further
growth of oxides on Si. Our studies have shown tiratwo first monolayers of ADs; grown
on Si(001) are coherently strained and (001)-oeénon Si(00) We plan to use this
ultralow thickness buffer for further growth of higy-k oxides (GgDs;, LaAlOs, SrTiO;) on
Si. The purpose of the experiment was to collefirmation on the crystal structure of this
ultrathin ALO3; buffers. The sample consists in a two ML thill,O3 layer grown on
Si(001), and capped with a 3 nm thick amorphouay®&r to avoid any reaction of Abs with
air.

An in-plane h-scan recorded along the [400]Si aXiSi is shown in Fig.1. The reciprocal
space has been graduated by taking [400]Si aseersfe.
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Fig.1 : h-scan recorded along the [400]Si axis. 3 pea#esponding to the diffraction ¢gfAl,O; can be seen
ath=1.2, h=3.2 and h = 3.8. The peak centaxet = 2 corresponds to the forbidden 200 reflexibisi.

The spectrum present peaks corresponding to thraatibn ofy-Al,O3, centered at h = 1.2, h
= 3.2 and h = 3.6. The low FWHM of the peaks attéghe excellent crystalline quality of
the ALO; layer. Similar peaks have been detected alongnthie crystallographic axis of Si,
as well as along the [1.2/3.2/3.6 k 0] directiohshe reciprocal space. This shows thaiGl
presents a 4-fold symmetric superstructure havitgjtee parameter 5 times larger than the
one of Si. In previous experimental and theoretgtaldies carried out on this material, a
reorganization of the Al-vacancies in the lacuahl,O; spinel structure was already
suspected to lead to the formation of such supmtsired. Atomistic models of the
crystallographic conformation ADs/Si(001) will be built up on the basis of our rasufin
collaboration with IEMN-Lille), and their diffraatin will be simulated and compared to the
results presented here. This should allow gettiogermformation on the conformation of the
interfacial AbO; layer. However, a complete understanding of thepiex structure of the
layer would require further experiments at ESRRe: 3 nm thick cap layer deposited on the
sample (in order to prevent unavoidable reactidribe Al,O3 layer with here) imposes quite
large incidence angles, detrimental for the sensitof the experiment. In-situ experiment at
ESRF could allow getting much higher sensitivity flle measurement, and could also allow
monitoring in-situ the evolution of the Ab; morphology during growth.

Gd,03/Si(001)

Gd,03 presents a bixbyite structure, with a lattice paeter of 10.813 A, which is close to be
twice as the one of Si. The connection betweepOz@dnd Si takes place via an O-atomic
plane of the oxide. The conformation of the laisetherefore determinant for the in- and out-
of plane crystallographic orientation of the oxld#ice with respect to the Si one.

We have performed an extensive study of the cigspaphic properties of a 7 nm thick
G053 layer grown on Si(001) using in-plane diffractidinis study has evidenced that :

-GbOs is (110) oriented on the Si(001) surface. (oytlahe : [110]GgOs//[001]Si).

-The growth of GgO3 is bidomain : two equivalent orthogonal in-plamgntations of GgD3
are possible

-These in-plane orientations are defined by [110{04[110]Si

The in-plane orientation of G@3/Si(001) is sketched in Fig.2 :

2P, Boulenc and I. Devos, Microelec. R&T, 709, (2007).
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Fig.2 : In plane orientation of G#D4/Si(001), as deduced from our experiments. Twgdgdomains (A and B)
coexist, twisted of 90° with respect to each other

An (h k 0) scan of the reciprocal space recordedrad the 222 reflexions of both domains of
Gd,O3 is shown in Fig.3, as well as a zoom on one oR@#reflexions are plotted in Fig.3.
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Fig.3: (h,k,0) scan of the reciprocal space around28@ reflexions of GfDs. Inset : Zoom on a 222 spot.

The 222 reflexions corresponding to domains A arardof equivalent intensity, indicating
that both domains cover an equivalent surface@firsubstate. The anisotropic elongation of
the spots is a remarkable feature. It is the resfulhe anisotropic strain of G04/Si(001) :
the lattice mismatch between &3 and Si is -0.44% along the in-plane <110> direxdiof
GdO3, but exceeds 5.6% along the in-plane <100Izdlirections assuming a 3x2 epitaxial
relationship. A detailed analysis of the shapéhefreflexion spots will be carried out in order
to deepen the understanding of the relaxation geogethis unusual anisotropically strained
system. Further experiments carried out on thipseudomorphic G; layers should also
be carried out.



Gd,O4/Si(001) 6°0off

Experiments were also carried out an a@dsample similar to the one described above, but
grown on an Si(001) 6°off substrate. An (h k O)rso&the reciprocal space taken around the
222 reflexion of GOz is shown in Fig.4.
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Fig4 : (h,k,0) scan of the reciprocal space around2B@& reflexion of GgDs.

The mapping is similar to the one obtained in tasecwhere G&D; is grown on nominal
Si(001) substrates, except that in the present, chsegrowth of GgD; is almost single
domain : the intensity of the 222eflexion of GdO; is very weak in Fig.4. This indicates that
the bidomain growth is related to the anisotropytled nominal Si reconstruction : the
formation of double steps at high temperature @ffféSi substrates restores the isotropy of
the Si 2x1 reconstruction, leading to a single dongaowth. The fact that the 222eflexion

is not totally absent in Fig.4 indicate that therthal treatment carried out on the Si substrate
before the growth of G@; was not efficient enough to form double steps dher entire
substrate surface.

Gd,04/Al,04/Si(001)

A reciprocal space mapping recorded on a sample/ficch 7 nm of GeO; were grown on a
2ML thick Al,O3 buffer deposited on Si(001) is shown in Fig. 5isTiype of structure could
be used as crystalline gate oxide stacks in C-M@3ems : AlO; ensures the thermal
stability versus Si, and the high dielectric constaf GdO3; ensures improved performances
as compared to standard Sigate stacks.
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Fig. 5 : Reciprocal space map of the sample

This mapping indicates that @@ is single crystalline and bidomain on@k/Si(001).
Additional spots (circled in Fig.5) have been dtgd¢ the origin of which is not clearly
understood yet and requires further analysis.

INP/SITiO 3

The sample consists in InP quantum dots grown $nréd; (STO) substrate. The purpose of
the study of this system is to achieve monolitmtegration of InP quantum dots based
emitters on Si. In fact, SrTiQcrystalline buffers can be grown on®.SPreliminary TEM
studies have shown that the InP QDs are fully edagn STO, and that they do not contain
any dislocation related to the relaxation proc&sg. 6).
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Fig.6 : TEM cross sectional view of an InP quantum dotxgn on STO

These peculiarities are assumed to be related tocylar properties of the InP/STO
heterointerface. The purpose of the experiment twadetermine the epitaxial relationship
between InP and STO. Our results have shown that :

-InP is (111) oriented on the STO(001) surfacet ¢ylane : [111]InP//[001]STO).

-The in-plane orientation of the InP lattice isidetl by <110>InP//<100>STO

This leads to typical in-plane omega scans sindhe one presented in Fig.7 :
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Fig.7 : Omega-scan of the <110> reflexions of InP

Further information concerning the density of Qbeying the different orientations will be
extracted from the spectrum presented in Fig.7.eideer, the angular width of the peaks (of
the order of 2°), gives an indication concerning ttwist” of the InP QDs around the
equilibrium positions.

Our studies have shown that the InP growth tempegatas an important impact on the
degree of orientation of the QDs. Further studtesyachrotron are required to analyze and
understand the crystallographic properties of Hi#$TO heterointerface.



