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The SITiG/Si interface was investigated by transmission electron microscopy for Sifilis

grown on (001 Si by molecular-beam epitaxy with different native oxidgiO,) removal
treatments, and Sr/Ti flux ratios. The interface and film microstructure were independent of the
process used to remove the native oxide, but the interface reactivity was dependent on the Sr/Ti flux
ratio. A low Sr/Ti flux ratio (~0.8) resulted not only in a layer of amorphous material at the
film/substrate interface but also in the formation of crystallibé9 TiSi, precipitates at that
interface. These results are consistent with thermodynamic expectations in which it is paramount to
maintain separation between Ti@nd the underlying silicon. @005 American Institute of Physics

[DOI: 10.1063/1.1915519

I. INTRODUCTION vented by avoiding a self-aligned process or employing a
Crystalline SITiQ has been touted as one of the mostgate—last process, the processing temperatures encountered in
2 . ._deposition or postdeposition processifig achieve the de-
promising candidates for the replacement of amorphous SiO_. . . .

. L . . sired electronic performangean also be high. In the specific
gate dielectrics in silicon-based metal—omde—semlconducto(r:ase of SITiQ, processing temperatures o600 °C are
field-effect transistorsMOSFETS due to its high dielectric used to achiev,eF:e itaxial ng'CﬁI?ns on (001) Si346.7,18.19
constant and electronic propertié.in practice, however, it P $ '

. . . . As interfacial reactions can lead to unwanted interfacial
remains a huge challenge to achieve the required eIeCtromr((:aaction layers with low permittivity that would degrade the
properties to make SrTi{a viable gate dielectric for silicon- Y P y 9

based MOSEFETE 2 The stability, bonding, and microstruc- device performance, the growth of flms must be achieved

ture of the interface between the oxide film and the substratg1r0ugh special rea_lctlon paths Wh'Ch can be prO\_nded by
are determined by thermodynamic and kinetic effects. All ofmolecular-beam eplta_ng-BE). In|_t|ally, SITiO; thin f||ms_
these factors influence the electronic properties of the metalY&"e 9rown o001 Si using a thick SrO buffer layer typi-
oxide/silicon interface, and thus determine the functionality®@y 10 nm.n th_|cknes§. In the work of McKee and

of electronic oxide device structures on silicon platforms. co-workers,”" direct deposition of oxide fims was

SITiO, is thermodynamicallyunstablein contact with achieved by incorporating an interfacial strontium silicide
silicon owing to its strong chemical reactivity with layer, which prevents oxidation of the interfatand hence,

silicon*~®*Thermodynamic issues are of greater importancd®rOmMotes epitaxy. Since then, many groups have achieved
in oxide/silicon systems than in other heteroepitaxial sys&pPitaxial growth OE 188?;'2@5 on silicon using very different
tems, particularly in cases where a high-temperature treaffowth stratgg|e§'.' 77 Even when epitaxial over-
ment(~900 °C or higheris traditionally used to fully acti- 9rowth of SrTiQ; on silicon is achieved, however, a reaction
vate the implanted dopant species in a self-alignednight occur below the growing surface at the Srji6i in-
process®!’ Even if this high-temperature step is circum- terface, as is well known to occur in other epitaxial systems
with unstable interface® 2
dauthor to whom correspondence should be addressed; present addreslg]: In the pr.e.sent work, we .|nvest|gate the de.pendence. of
Biology Department, Brookhaven National Laboratory, 50 Bell Ave, Up-t e SrTiG/Si interface reaction on the flux ratio of Sr/Ti
ton, NY 11973; electronic mail: jre@bnl.gov and on the pretreatment of the silicon substrate surface. Two
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methods were used for the removal of the native oxide fron2—3 MLs of SrO. The?—l ML of metallic strontium deposited
the silicon substrates. The microstructures of these films angrior to the oxygen exposure also gets oxidized during this
the film/substrate interfaces were investigated by means girocess and becomes an integral part of the epitaxial SrO on
conventional transmission electron microscd@¥M) and  silicon. The thickness of the epitaxial SrO layer on silicon is
high-resolution transmission electron microscdpyRTEM).  limited to its critical thickness value of 3 MLs (based on
Our studies are focused on the changes in the film microthe observations of the RHEED patterngdue to the 5%
structure and film/substrate interface as a function of the twdattice mismatch between SrO and silicon. On top of the
parameters of interest: the native oxide removal process aratystalline SrO layers, 1-2 MLs of amorphous TFi@ere

the Sr/Ti flux ratio. deposited in an oxygen background pressure (bf2)

X 1077 Torr, with the substrate temperature still near room
temperaturéunder 200 ° Q. The oxygen was then turned off
Il. EXPERIMENTAL PROCEDURES and the heterostructure was annealed in UHW860 °C to

SITiIO, films were grown using an MBEEPI 930 sys- recrystallize SrTiQ through a topotactic reactidn.Further
tem, which was modified for the growth of oxides on growth of epitaxial SrTiQ to the desired film thickness on
silicon®® A quartz-crystal microbalance was used to measurdnis recrystallized template was achieved through the re-
the fluxes of the elemental species to be depositedrasity ~ Peated codeposition of 5-10 unit cells of amorphous S§TiO
reflection high-energy electron diffractiotRHEED) was &t room temperature folloyved py vacuum recrys_talhzatl_on_ at
used to monitor the growth of the oxide film. A molecular ~°50 °C. Th!? process Is quite time consuming as It in-
beam of strontium from a conventional effusion cell, a stable/0lves deposition at low temperature and higar MBE)
titanium flux supplied by a titanium sublimation pump ©XYgen pressure followed by recrystallization at hlgh_tem-
(Ti-Ball),** and molecular oxygen were used as the elementdperature and UHV. Nonetheless, the resulting epitaxial
sources for SrTiQ deposition. The base pressure in the STTiOs films are free from amorphous Sj@t the SrTiQ/Si
growth chamber was-2x 107 Torr. The substrates were Interface. _ _ _
(001) B-doped(p-type) silicon wafers cut with an accuracy The cross-sectional and plan-view specimens were pre-
of £0.1° and 50 or 75 mm in diameter. Prior to loading thepared by standard methods. Cross-sectional specimens were
silicon substrates into the MBE system, the surface organicBrépared by cutting the film-covered wafer into slices. Two
were removed by ozone cleaning. The microstructure of)f the sllces.were glued together face-to—che anq embgdded
three samples, A, B, and C, were investigated. In sample AN €POXy resin. After the.glue was cgred, disks with a diam-
the native SiQ on the silicon surface was removed by a etér of 3 mm were obtained by cutting away excess epoxy.
strontium “deoxidation” process, which is explained in Ref. These disks were then ground, dimpled, polished, and sub-
35. In samples B and C, the native oxide was removed b§equently argon-ion milled on a stage cooled with liquid ni-
heating to ~900 °C in vacuum. For samples A and B, trogen. For the plan-view specimens only, the substrate sides
SITiO; films were deposited with a Sr/Ti flux ratio of1, ~ Were thinned by grinding and polishing, followed by dim-
while for sampé C a Sr/Ti fluxratio of ~0.8 was used. pling to a thickness of 1m and ion milling. TEM and

The growth process is described in detail elsewf&fé, HRTEM investigations were carried out in a JEOL 4OQQEX
but in brief it consisted of the following steps. A Silee  €lectron microscope operated at 400 k\{. The compositional
silicon surface, identified by a sharp double-domai2 homogeneity of the films was investigated by energy-
Si(001) RHEED pattern, was obtained either through a strondispersive x-ray(EDX) spectroscopy using a spot size of
tium deoxidation proce&sor heating in ultrahigh vacuum about 6 nm.
(UHV) to ~900 °C. Upon the cleaf001) Si surface at a
substrate temperature of 700 {@easured by an optical py-
rometey, a strontium dose of 34 10 at./cn? [one-half a
monolayet® (ML) of strontiumj was deposited from a stron- The low magnification lattice images of samples A, B,
tium MBE source at a flux of3—4) X 10** at./cnf/s. This  and C, taken with the incident electron beam parallel to the
formed an interfacial strontium silicide Ia)fer’r6 that func-  [110] zone axis of the silicon substrates, are shown in Figs.
tions to protect the underlying silicon from oxidation and 1(a)-1(c), respectively. The horizontal arrowheads in the im-
thus preserve an epitaxial template for epitaxial-oxideages denote the interface between the SgTHin films and
overgrowth?4 The wafer was then cooled to near room tem-the silicon substrates. The epitaxial nature of th&8- and
perature(under 200 ° @, where in UHV an additiona% ML ~10-nm-thick SrTiQ films from samples A and B, respec-
(3.4x 10* at./cn?) of strontium was deposited. Unlike the tively, are evident from Figs.(&) and ib). No products of
strontium deposited at high temperature, which forms stroninterfacial reaction were observed over large areas and the
tium silicide>*® this room-temperature-deposited strontiuminterfaces are free of amorphous phase. No difference in the
layer remains metallic and enables moving a little fartherinterface and the film structure could be detected between
away from the interface before exposing the wafer to oxy-samples A and B. In contrast, the film/substrate interface in
gen. This helps to avoid oxidizing the underlying silicon. Fig. 1(c) looks rough. An amorphous layer was also observed
With the substrate still at approximately room temperatureat the interface of sample C. In addition, crystalline precipi-
(under 200 °Q, oxygen was then introduced to a back- tate phases were found along the interfamarked by verti-
ground pressure of4—5) X 1078 Torr and additional stron- cal arrows in Fig. {c)]. These precipitates ranged in size
tium was deposited in the presence of the oxygen to fornfrom 3 to 10 nm and occurred with an areal density of

lll. RESULTS
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FIG. 1. Cross-sectional low-magnification TEM images of samplés) AB

(b), and C(c). In (a) and(b) sharp and clean interfaces between Sgilns

and the silicon substrate are seen, while an amorphous interfacial layer and
many nanometer-sized crystalline precipitates are observég.in

10*0—10" precipitates/crh The EDX analysis showed that : A %
the precipitates consisted of titanium and silicon with a Si/Ti
ratio close to 2. Sl o o
Figure Z2a) shows a selected area electron-diffraction
(SAED) pattern recorded from a region covering both theFIG_' 2.(a) Select_ed area elgctron-diffraction_pat_tern of sampl_eAtaken from
SrTi03 thin film and part of the silicon substrate in sample A an |_nterface region m_dlcatlng a perfect epitaxial rglan_onshlp betw_een the
SrTiO; film and the silicon substratéb) Enlarged lattice image showing a
From this pattern, it is clear that the Srii@in film grows  sharp interface between the SrEi@in film and the silicon substrate.
on the silicon substrate with the following crystallographic
orientation relationship:  (00D)s;io,(00D)s; and ) .
[100]Srﬂ03”[11015i_ Figure Zb) shows an enlarged image of the mterfgce region of sample C. An amorphous_ I_ayer
the interface area of Fig.(d). It can be seen from Fig.(B) ~0.8 nm in thickness can clearly b_e seen. Two precipitates
that the interface is atomically sharp and the atomic column§@rked by the letter *A” at the SrTidSi interface show a
in the SFTiQ, thin film are directly linked with those of the ~different structure from SrTigand silicon. The SrTigfilm
silicon substrate. Misfit dislocations are observed on the filn$hows strong columnar growth features. In Fi¢h)3three
side marked by arrowheads. A Burgers circuit around a discolumns are distinguished by two dotted lines in the film.
location leads to a Burgers vectorajfL00] in the SrTiG; for The orientation of the middle column is quite different from
the misfit dislocations, whera is the lattice constant of the its two neighbors.
SITi0;.>” The linear density of misfit dislocations at the  In order to identify the structure of the precipitates, we
SrTiO,/Si interface, about & 10° misfit dislocations per investigated them by SAED and HRTEM. According to the
cm, is found to agree with that calculated from the latticeEDX analysis, the precipitates are found to have composition
mismatch between the SrTiQhin film and the silicon sub- TiSi,. TiSi, has two structural forms: a stable orthorhombic
strate. These epitaxial SrTidilms are fully relaxed. face-centered structure(C54) with lattice parameters
Figure 3a) shows an SAED pattern of sample C. The a=0.8254 nmp=0.4783 nm, and¢=0.8540 nm and a meta-
two sets of diffraction spots marked by arrowheads indicatestable orthorhombic base-centered structy@49) with
that parts of the SITiQfilm deviate from perfect epitaxial lattice parameters a=0.3721 nm, b=1.468 nm, and
alignment. Figure ®) shows a high magnification image of ¢=0.3683 nnt® Figure 4a) shows a SAED pattern obtained

R

'y
.
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[110]5{|[[00Z;s;,, (00Ds{|(010isi, 1)

[110s{[[001}is;,, (00Ds; ~ [[(100)s;,, (@bout 5 ° deviatioh
(2

and

[110ls{[[001}ris;,, (00D)s; ~ [[(310)risi,. 3

Among the three relationshipg&l) was most commonly
observed due to it having the lowest strain energy. Based on
the in-plane orientation determined by maximizing the num-
ber of coincidence sites at the interface between ,T&did
the silicon substrate, the areal mismatd&®) is defined by
AA=A[(Aa/a)+(Ab/b)+(Aa cota)],*® wherea and b are
the edges of the superlattice, is the angle between the
edges of the superlatti@andb, A is equal toab sin «, and
Aa, Ab, and A« are the mismatch oé, b, and «, respec-
tively. The areal mismatch between silicon and @9 poly-
morph of TiSp based on the above expression is 1.65, 5.69,
and 3.12 &, for the orientation relationshig4)—3), respec-
tively. Figures 4b)—4(d) show lattice images of the Tigi
precipitates with the three orientations. The images are taken
along the[110] zone axis of the silicon substrate. Lattice
defects such as stacking faults are also observed and are
denoted by the arrowheads in Figgcyand 4d).

IV. DISCUSSION

Our results above show that the microstructure of the
SrTiO; films on silicon and the SrTigdSi interfaces depend
strongly on the Sr/Ti flux ratio. In addition to forming an
amorphous interfacial layer, the excess titanium in the films
also results in the formation of TiSprecipitates. The TiSi
precipitates originate from a chemical reaction between the
film and the silicon substrate because they are observed only
at the interfaces.

For understanding the interfacial reaction, we consider

FIG. 3. (a) SAED pattern of sample C showing misorientation of the SETIiO the stability of SrTiQ and its binary oxide constituents. i.e.
film. (b) Cross-sectional TEM lattice image showing grain boundaries be- ' !

tween columnar grains of the film. An amorphous layer and two precipitatessro an.d TiQ, in (.:OntaCt with S!Iicon- Although the thermo-
occur at the interface. dynamic calculations for SrO in contact with silicon could

not be completed due to the absence of thermodynamic data
for SrSh and SgSiGs, it is possible that SrO and silicon are
] ) ) thermodynamically stable in contact with each other at tem-
using an aperture encompassing part of the SgTilh, & heratures in the 300—1200 K range over which relevant ther-
precipitate, and part of the silicon substrate along 1ts0] modynamic data exigt** In contrast, all oxides of tita-

zone axis. In this pattern, the strong spots are the reflectiongym, including TiG, are unstable in contact with silicbh'*
of the silicon substrate. The spots with intermediate intensityys exemplified by the reactibh*>*?

are the reflections from the SrTi@Im. The weak and regu- __ ) . ) . B
larly arranged spots denoted by a rectangular (radicating TiOz +3Si— TiSi; + SiO, (AGyg00 k=~ 23.014 keal/mol
tetragonality and short arrowheads are the reflections from (4)
the TiSj, precipitate. Using the silicon lattice parameter as a . . .
calibration standard, the weak diffraction spots can be in- Ap055|.ble reaction between the SrEiim and the sub-

: o . strate leading to the formation of an amorphous layer along
dexed according to th€49 TiSi, structure. The existence of with TiSi, precipitates 4243
the metastabl€49 phase rather than the staklg4 phase at 2 precip
room temperature is understandable considering the fact th&Si + SrTiQ;

P o 39

the 949 TiSh is the stable phas(eirpm 200 to .600 (0 at. . SISIOy+ TiSi, (AG; g0 k= — 19.133 kcal/mal.  (5)
the film growth temperature. Statistical studies on the films
showed that these precipitates follow three orientation relawe note that only volume free energies are considered in
tionships with the silicon substrate. They are reactiong4) and(5). While this greatly simplifies calculation
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060

FIG. 4. () SAED pattern of C49-
TiSi, together with those of silicon
and SrTiQ. (b)—(d) Three differently
oriented TiSj precipitates at the inter-
face. The arrowheads denote stacking
faults in the nanometer-sized
precipitates.

of the free energies of reaction, interfacial free energies beV. CONCLUSIONS

come important when reactions involving thin reaction layers

are involved. The influence of nonbulk contributions, i.e., Epitaxial SrTiG; thin films grown on(001) Si substrates
interfaces and adsorbates, to interfacial reactions can altéyy MBE were investigated by TEM and HRTEM. The films
the sign of AG when its magnitude is close to zetbThe grown using a stoichiometric Sr:Ti flux ratio flux were epi-
free energies of reactior@) and (5) are sufficiently large, taxial with no interfacial reaction product. Misfit dislocations
however, they are unlikely to change sign when interfacialyere found at the SrTigJSi interface having Burgers vector
energies are considered. The decrease in free energy for rgr100]. With excess titanium fluxor insufficient strontium
actions (4) and (5) indicates that thermodynamics favors fi,x) an amorphous interfacial reaction layer a few ang-
TiSi; formation at 1000 K, as well as over the entire tem-gioms thick and crystallin€49 TiS, precipitates were ob-
perature range300-1300 K for which the thermodynamic  garyeqd, probably from the reaction between Jédd silicon.

data for these equations exist. The fact that all three Sampleﬁﬂree orientation relationships were observed between the

were gxposed to S|m|lqr growth temperatures and ho §rSIOcrystalline C49 TiSh, precipitates at the interface with sili-
or TiSi, was detected in samples A and B grown with sto-

ichiometric Sr/Ti flux, excludes the direct reaction of Sr{iO con, of which one is more prevalent becau;e of |t§ better
with silicon[reaction(5)] at growth temperature. The forma- lattice match. The. presenpe ofan amo.r phous mterfaqal layer
tion of TiSi, in sample C can therefore be attributed to theaﬁe"Ct.S the epitaxial quality of the SITidilm substantially
reaction between Ti©and silicon. The excess titanium ox- as evidenced by the columnar f.|Im structure.

ide in the film (as compared to strontium oxiddiffuses to Our results underscore the importance of accurate com-
the film/substrate interface, resulting in the formation ofPOSition control for the growth of high-quality SrTiCepi-
amorphous SiQand crystalline TiSi The amorphous reac- taxial films on(00J) Si. In the growth of epitaxial-perovskite
tion layer at the interface degrades the epitaxy of the subsdbin films on oxide substrates, the wide composition space in
quent SrTiQ layers, which leads to the strong columnarWhich single-phase epitaxial films can be grown has been
structure of the filn{see Fig. 8)]. The grain boundaries in noted? In contrast, our results show the increased impor-
the columnar film structure act as diffusion pathways for thetance of accurate composition control when growing on
excess titanium and sustain the interfacial reaction. As filmsemiconductor substrates, where excess reactants can lead to
thickness increases, the thickness of the amorphous layer adéleterious reactions with the underlying substrate that nega-
the size of the TiSiprecipitates increase. tively impact the ensuing epitaxial microstructure.
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