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Critical issues in the heteroepitaxial growth of alkaline-earth oxides
on silicon

J. Lettieri, J. H. Haeni, and D. G. Schlom®
Department of Materials Science and Engineering, The Pennsylvania State University, University Park,
Pennsylvania 16803-6602

(Received 20 December 2001; accepted 8 April 2002

The critical aspects of the epitaxial growth of alkaline-earth oxides on silicon are described in detail.
The step by step transition from the silicon to the alkaline-earth oxide as shown through reflection
high energy electron diffraction is presented, with emphasis placed on the favorable interface
stability, oxidation, structural, and strain considerations for each stage of the growth via molecular
beam epitaxy. ©2002 American Vacuum SocietyDOI: 10.1116/1.148271]0

[. INTRODUCTION but rather to explain critical ideas and demonstrate successful

. L . . pathways to the growth of an alkaline-earth oxide on silicon.
The union of dissimilar materials presents potentially the

most significant challenge to heteroepitaxial growth. Unlike
cases of homoepitaxy or growth of films that strongly re-
semble the character of their substrates., the heteroepi-
taxial growth of oxide films on oxide substrates or compound The vacuum deposition chamber used to complete this
semiconductors on compound semiconductor subsjratesvork is shown schematically in Fig. 1. The chamber is an
growth of materials with very strongly differing chemical EPI 930 MBE® modified for the growth of oxides on silicon.
and structural natures often dictate new or more stringenthe vacuum system contains two situ diagnostic tools
growth concerns. The heteroepitaxial growth of oxides oremployed in these experimentd) RHEED to probe the film
silicon serves as a prime example. surface during growth an¢?) a retractable quartz crystal
Despite its inherent difficulty, the integration of epitaxial microbalanc€ QCM) used to measure mass flux in the posi-
oxides with semiconductors, which has been widely investition of the wafer and conduct oxidation experiments. Fluxes
gated for year$;* has virtually limitless potential. The het- were measured before and after deposition and showed less
eroepitaxial growth of oxides on semiconductors, and spethan 1% fluctuation over hours of growth. The system allows
cifically silicon, presents significant opportunities to harnesdgor independent control of nine elemental sour@asluding
the versatile superconducting, dielectric, magnetic, nonlineathe oxidant sourcesand employs computer control over fur-
optical, pyroelectric, piezoelectric, and ferroelectric proper-naces, substrate heater, and shutters. The alkaline-earth met-
ties of oxides, while simultaneously exploiting the propertiesals used in this studgbariunt and strontiurf) were held in
of the underlying semiconductor. To create epitaxial structitanium crucibles and deposited onto a silicon substrate by
tures in which the properties of the underlying silicon andthermal evaporation from low-temperature effusion cells.
overlying oxide film both attain their full potential, control of Gadoliniun? was held in a tungsten crucible and deposited
the silicon/oxide interface is critical. Growth on silicon, by thermal evaporation from a high-temperature effusion
however, presents serious complications concerning reacticell. The oxidan{99.9999% molecular Oplus 100 ppm N
ity between the desired oxide and silicon and delicate oxidafor all growthg was introduced into the chamber through a
tion considerations. One demonstrated route that addressesedle valve connected to a tungsten tube with an outlet
the concerns of the transition from silicon to a more complexdiameter of ~0.6 cm a distance of~19 cm from the
oxide (specifically perovskiteis through an intermediate substrate(This is an atomic hydrogen sourj%Background
alkaline-earth oxidé&.In this article, we describe the crucial pressures were measured with an ion gauge located
and advantageous aspects of the alkaline-earth oxide/silicamn the chamber wall=35 cm from the substrate. The
system, which enable these materials to grow in an epitaxigiressures given are those indicated by the ion gauge
and highly crystalline manner. The step by step transitiorand are uncorrected for the gas species being pure oxygen.
from the silicon to the alkaline-earth oxide as shown throughThe base pressure for the wunbaked chamber was
reflection high energy electron diffractidiRHEED) is de- 2x 10 ° Torr. Substrate temperatures above 500 °C were
scribed in detail, with emphasis placed on the favorable inmeasured with an optical pyromet2tassuming an emissiv-
terface stability, oxidation, structural, and strain considerdty of 0.8) aimed at the surface of the silicon substrate. Tem-
ations for each stage of the growth via molecular beanperatures less than 500 °C were based on thermocouple mea-
epitaxy (MBE). The purpose of this article is not to irrefut- surements. The maximum deviation between thermocouple
ably resolve the many issues still open to debate in this fieldand pyrometer measurements occurred at high temperatures
(e.g., at 1050 °C registered by the thermocouple, the pyrom-
3E|ectronic mail: schlom@ems.psu.edu eter read 840 °Cwith decreasing deviation down to room

IIl. EXPERIMENTAL PROCEDURE

1332  J. Vac. Sci. Technol. A 20 (4), Jul/Aug 2002  0734-2101/2002/20(4)/1332/9/$19.00  ©2002 American Vacuum Society 1332



1333 Lettieri, Haeni, and Schlom: Critical issues in the heteroepitaxial growth 1333

] < (a)
8 800 E (®)
@ P (¢
=
E 600 1 (p
& [PATH 2 PATH 1
Sa400] L <
[
g 0 ©
= d,
£ 200 | e v
=
= 7 A
Screen noaL e ® .
00 02 04 06 08 10 1.2
Deposited Sr Dose (ML)

Fic. 2. Process flow diagram showing the temperature and deposited stron-
tium dose for two different growth paths. The diagram indicates that al-
though the RHEED signature many vary slightly, some latitude exists in
terms of strontium dosages that lead to epitaxial alkaline-earth oxide in
subsequent steps. The letter labels correspond to the respective RHEED
images in Fig. 3.

very low oxygen pressure and low temperature regime and
previous success in their growth in a MBE
environmenf¥1* alkaline-earth oxides are very promising
candidates for oxide on silicon epitaxy.

Mechanical Pump

B. Transition from silicon to alkaline-earth
Fic. 1. Schematic of the MBE growth chamber used for the deposition ofgxide—_RHEED evolution

alkaline-earth oxides on silicon.
One of the easiest ways to describe the transition from
silicon to alkaline-earth oxide is by examining the RHEED
temperature. Details Concerning the SpeCifiC ﬂUXGS, SUbStra@/ohjtion through this process. Figure 2 shows various paths
temperatures, and oxidant pressures are outlined in Sec. Il{fgken to effect the transition from silicon to alkaline-earth
Films were grown on 3 in. diam silicohwith (001) ori-  oxide. RHEED images along tfj&10] azimuth of silicon at
entation held on molybdenum sample holders with pyrolyticgifferent stages of the growth processes illustrated in Fig. 2
boron nitride PBN) retainer rings. All wafers used in this are shown in Fig. 3. These figures will be referred to exten-
study were from the same boule and films were grown insjvely over the next few sections to describe the growth of

succession to ensure consistency in the data. the oxide. The variation in process temperature and alkaline-
earth metal dose as outlined in Fig. 2 demonstrates that some
[ll. RESULTS AND DISCUSSION latitude does exist in achieving an epitaxial alkaline-earth

oxide on silicon. While some variation can be seen in the
RHEED images in Fig. 3, the key elementdean, recon-
Chemical reactivity plays a crucial role when examiningstructed silicon surface, formation of a submonolayer sili-
heteroepitaxy in complex systems. To achieve high qualityide, and metal overlayerare common to paths that will
epitaxy, one needs to maintain a stable interface between thétimately yield epitaxial oxides. These steps are described in
metal oxide and the silicon, and the loss of this interfacedetail in the next sections.
through chemical reaction and the formation of interfacial -
phasegin this case silicates or amorphous silica and metal 1- Reconstructed silicon
will in a worst case, eliminate epitaxy. Although the consid- ~ Since the goal of this work is achieving an abrupt crystal-
eration of chemical reactivity and thermodynamic stability isline interface, beginning the growth process with a clean,
a critical concern for the growth of any thin film, this con- crystalline silicon surface is of critical importance. Excessive
cern is magnified further when examining materials that arearbon contamination can lead to the formation of SiC,
known to be extremely reactivisuch as siliconand in the  which will severely degrade the epitaxy in the layers that
most restrictive case of thin film growth, epitaxy. follow.*® Figure 3a) shows a RHEED image of a recon-
Through consideration of thermodynamic stability alongstructed, double-domain ¢21) Si surface, which represents
with other basic guideline§.e., solid and not radioactiye the first step of this multistep growth. To obtain this surface,
the choices for binary metal oxide on silicon epitaxy becomea silicon wafer was put under an ultraviol@V) lamp for
severely restrictef Indeed, the bulk of these materials fall 1 min (with the UV lamp creating a localized ozone atmo-
into two classes of oxides, alkaline-earth oxides and rarespher¢ as an ozone treatment and then loaded into the depo-
earth oxides. Given their demonstrated ability to grow in asition chamber and heated in vacuum to 840 °C for 20 min.

A. Thermodynamic stability criterion

JVST A - Vacuum, Surfaces, and Films
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All amorphous Si@ on the substrate surface, which could
hinder epitaxy, must be eliminated prior to growth, and the
(2X1) Sithat results provides an excellent template for sub-
sequent epitaxial growth.

2. Silicide formation

The second stage of the growth process is the deposition
of the alkaline-earth metdin this example strontiuiand
the formation of a submonolayer silicide at700 °C (see
PATH 1 in Fig. 2. At a 1/6 monolaye(ML) of deposited
strontium dos¥ the RHEED pattern evolves into a
3Xreconstruction. At 1/2 ML of the deposited strontium
dose, we see the RHEED return to & gattern with maxi-
mum intensity[Figs. 3b) and 3c), respectively. Although
the true composition of the surface yielding the 1/2 order
streaks remains an unresolved isstfe’®and the determina-
tion of its exact nature remains a formidable t43k: the
character of the surface no longer resembles that of pure
silicon, nor that of strontium metaf.In fact, the nomencla-
ture itself of this layer remains a debatable issue. Previous
work has predicted, that although a Sr—Si bond exists, the
properties of such a layer do not resemble that of a bulk
silicide, but rather that of a chemisorbed strontium on a sili-
con surfacé? The semantics may or may not be a moot
point, however, for ease of description in this article, this
layer will be referred to as the “submonolayer silicide.”

The formation of the submonolayer silicide is a critical
step in the process, and we have achieved no success in
situations where a silicide is not first grown. The complete
role of this layer is multiple and complex. Principally, it
forms an excellent templatén terms of lattice constanfor
the subsequent growth of the oxide. Additionally, this silicide
structure (based on RHEED observatipexhibits a much
higher resistance to oxidation than the silicon surface alone,
in agreement with Ref. 18§The ultimate chemical nature of
this interfacial silicide layer upon exposure to oxygen is dis-
cussed in Sec. llIB4.Finally, the formation of the sub-
monolayer silicide allows the next step of the transition, the
deposition of an alkaline-earth metal overlayer.

As stated previously, there is a dosage window in terms of
deposited strontium that leads to epitaxial oxide growth. This
can be seen by following the dotted paBATH 2) on Fig. 2
where instead of 1/2 ML, a 1/4 ML silicide is grown. Al-
though the RHEED evolution is slightly different, the depo-
Fic. 3. RHEED images along tH&10] azimuth of silicon taken at various sition of the 1/4 ML presents a viable path to epitaxial
stages of the growth for two distinct paths as outlined in Fig(aR.(2 growth[Figs. 3f), 3(g), and 3h)].

X 1) reconstructed silicon surface after heating in vacuum to temperatures
above 840 °C for 20 min(b) After the deposition of a 1/6 ML strontium 3. Alkaline-earth —metal deposition

dose at 700 °C, showing the evolution to & pattern. PATH 1(c) after the
deposition of a 1/2 ML strontium dose at 700 °C, showing the return to the  For the next step of the transitiofsee Fig_ 2 the sub-

2 X pattern with a maximum intensityd) Same film shown in Fig.(8) after strate temperature is cooled considerably and additional

cooling to 120 °C. Note thdack of change in the pattern(e) After the . . . . .
deposition of a 1/2 ML strontium dose deposited at 120 °C showing thealka“ne'earth metal is deposited until the RHEED pattern in

formation of the 3<metal overlayer. PATH 2f) after the deposition of a Fig. 3(€) is observed, which is indicative of an ordered
1/4 ML strontium dose at 700 °Gg) Same film shown in Fig. ®) after ~ 3Xstructure. Slight changes in substrate temperature will
cooling to 120 °C. Note the change from the previous patigmafter the  haye 3 significant effect on the quality of this ordered stron-

deposition of a 3/8 ML strontium dose deposited at 120 °C while following ,. tal | hich b b d h d
PATH 2. It should be noted that the RHEED images shown are all before th(—r.'lum metal overlayer, which can be observed even when de-

introduction of oxygen into the chamber. The flux of strontium for these two POSited at room temperature. The pattern in F{g) 8hows a
growths was X 10'* atoms/cns. RHEED image resulting from the deposition at 120 °C. The

J. Vac. Sci. Technol. A, Vol. 20, No. 4, Jul /Aug 2002
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quality of this 3x reconstruction will not limit one’s ability ~gruently, the supply of stoichiometric molecules of the de-
to grow epitaxial alkaline-earth oxide in the next step. Thesired oxide to the substrate is a rare case unless nonequilib-
critical idea, however, is that this heteroepitaxial stack nowium evaporation techniques or specialized chemical
consists of the silicon substrate, submonolayer silicide, an@recursors are used. Nonetheless, it has been used recently to
submonolayer metal overlayer. In many other systéms  grow Y,05,%?” CeQ,,?8 Pr,05,%° and Gg0;2%%' epitaxial
cluding several rare earthssimilar behavior is not films on silicon. An easier way to deposit films is to use an
observed? Often the further deposition of metal will result excess oxidant environment, and the remaining two methods
in the formation of a thick silicide layer even at room involve oxidant-rich growth conditions. The excess oxidant
temperaturé? Formation of a thick silicide in many cases flux helps ensure that the grown film will be fully oxidized.
can lead to decreased crystalline quality and multiple filmTo prevent oxidation of the silicon substrate during the criti-
orientations. Additionally, in many applicatiofise., where a cal nucleation stage, two regimes of substrate temperature
field effect between the overlying dielectric or ferroelectrichave been demonstrated for excess oxygen growth condi-
and underlying silicon is desirgédhe formation of a thick tions: (1) high temperature, where SiO has sufficient volatil-
silicide should be avoided to prevent the screening of théty to keep the silicon surface free of Si@r a low flux of
desired field effect by this intermediate silicide layer. Theoxidant and2) low temperature, where the oxidation of sili-
formation of a stable submonolayer silicide and subsequerdon by the oxidant is sluggish due to kinetics. Most reports
metal overlayer, which is a relatively uncommon phenom-of the epitaxial growth of oxides on silicon fall into the high
enon, makes alkaline-earth metals and oxides so amenable @mperature/excess oxygen regifrid- % Although success-
this process. This metal overlayer, which plays a role in thgu| for the nucleation of an epitaxial oxide layer, these
initial stages of oxidation, will be explained in more detail in growth conditions typically lead to the growth of a SiO
the next section. layer at the silicon interface as the film thickgasd SiO can

As with the previous layer, the true nature of the layer inpg longer make its way to the film surface to evaporaitee
this third step of the deposition is not definitively clear. Con-tq the oxygen-rich growth conditions and high diffusivity of
clusive determination of the character of this layer as a metzaéxygen at the high growth temperature. When a,Si@e
is ambiguous at best, even through the use of high-resolutioferface is required, either the first or the last of these three
x-ray photoelectron spectroscoffyHowever, based on pre- methods is desired. As the first can rarely be satisfied, the last
vious low energy electron diffraction studféaind our own  of the three methods, the low temperature/excess oxygen re-
work looking at oxidation of this layer, it is consistent with a gime, is appealing”%Indeed, alkaline-earth oxides can be
physisorbed metallic strontium overlayer @gain, for €ase gy epitaxially on silicon with great control in this third

of (_jescripti_oh a “subm_onolayer metal."_ Furthermore, epi- regime. They can also be grown in the high temperature/
taxial alkaline-earth oxide can be obtained over a range Ofycess oxidant regime, but with the concomitant danger of
strontium dosage at this stage. An epitaxial oxide has beegio2 formation31-386489t s in this low temperature/excess

?r'?/lvtn florr] depr)]oshite; strontium d.oses.”rnging fron;].3r/]8 ©sxidant regime that assessing kinetic barriers to oxidation of
(although the X reconstruction will disappearwhic e species being supplied to the substrate is critical. As a

gl;:.esh (;redence tto t.hf |(3r<]eafFlhatdth|§ Ia%er 1S, mt f"’;Ct' _‘3 r?_et esult, the threshold for oxidation of the alkaline-earth metal,
which incorporates into the fm during the onset ot oxication; ¢ “ye apsolute minimum pressure where one can oxidize

n the. next step of the proces@otentially an even thicker the metal and grow a film, represents an important process
strontium metal layer could be successful, however, we haVSarameter

explored only up to 1 ML of deposited strontium dgse. Establishment of this oxidation threshold is determined
through a separati situ experiment where alkaline-earth
4. Oxidation metal is deposited in the presence of @to a QCM. Mass

Perhaps the most important step in the entire transitio@ccumulation rate is measured as a function of p@rtial
from silicon to alkaline-earth oxide is the introduction of the Pressure. Similar techniques have been used previously to
oxidant into the system. Since the formation of Si@spe- 100k at oxidation of other metal systerffs>® Data from this
cially at the earliest stages of the growttan have a strongly type of experiment for the oxidation of strontium, barium,
limiting effect on the quality of the subsequent epitaxial ox-and gadolinium are shown in Figs(a}, 4(b), and 4c), re-
ide growth, one would like to minimize the overall oxygen spectively. These plots show mass accumulation rate gnd O
pressure in the system. Historically, three strategies haveartial pressure as a function of time. The labeled, solid dark
been used to grow epitaxial oxides on silicon. The ultimatdines indicate the position corresponding to the mass accu-
goal of all three methods is to avoid the formation of anmulation rate of the pure metal and fully oxidized alkaline-
amorphous Si@ layer that would result in the loss of the earth metal oxidgor rare-earth metal oxide in the case of the
substrate’s crystalline template before the oxide has a chang&dolinium).
to nucleate on it. The first strategy is to grow it with no Based on the data collected and plotted in Fig. 4 the
excess oxidar®=?° This could be achieved, for example, plot in Fig. 5 was generated. One can see the onset of
through the use of a single reactant species having a stoichioxidation of strontium at pressures less thax 1 ° Torr
metric composition, e.g., by the supply of BaO molecules tcand complete oxidation of the strontium at pressures
the substrate surface. As most oxides do not evaporate com the range of & 10 & Torr for this deposition flux

JVST A - Vacuum, Surfaces, and Films
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é i . g The ramifications of this study are fortuitous. The general
= 9 e 1] 10 3 ease of oxidatiorjat low temperaturgsof the alkaline-earth
-% E g metals make them especially well suited to growth on sili-
= O L 107 = con, where unwanted oxidation of the substrate is a critical
g = concern.(The bare silicon substrate, for example, will form
2 P 108 0.5 ML of oxide at room temperature upon exposure to 1
2 o, T X 1078 Torr O, for less than 10)s*°
§ 0 3000 6000 9000 12000 The general growth procedure that has yielded consis-
Time (s) tently high quality results has been to slowly increase the
= partial pressure of oxygen into the chamber to a background
@ ; -9 ;
= pressure of approximately>510~° Torr and then begin de-
) positing the alkaline-earth metal, while simultaneously rais-
E’ ~ ing the oxygen pressure to approximately< B0 8 Torr.
2 “:: One of the functions of the deposited metal overlayer de-
& Crystal 2 scribed in the previous section is to help ease the transition
£ 3l omier 3 into the formation of the oxide. This can be seen through
3 1107 & inspection of the RHEED as thexd3netal overlayer evolves
E 2 = to a X metal over layer, while the oxygen partial pressure is
1 1 e : <) increased to % 10 ° Torr. A continued increase of the oxy-
& 1 [eeoed <0, Open o, Closed > | 10 gen pressure in this step or beginning the deposition of the
§ ok . . alkaline-earth metal too slowly will result in diminished ep-
= 0 1000 2000 itaxial quality and some amorphous content, which can be
Time (s)

Fic. 4. Graphs showing mass accumulation rate on the QCM as a functio
of time for varying Q partial pressures fd@) strontium,(b) barium, andc)
gadolinium. The labeled, horizontal lines indicate the positions correspond
ing to the deposition of the pure metal and fully oxidized metals. From the
plots one can see the general ease of oxidation of the strontium and bariu
in contrast with the general difficulty in oxidizing the gadolinium. All ex-
periments were conducted at room temperature with a metallic flux of
(2-7)x 10 atoms/cr s.

(~7x10" Sr atoms/cris). The oxidation of barium

shown in Fig. 4b) occurs at even lower pressures with thefe. 6. () RHEED image along thé110] azimuth of silicon after the
complete oxidation of the barium metal at pressures in thgrowth of 3 ML of Ba ;SthzdO grown following PATH 1 as shown in
low 10°° Torr range. For comparison and contrast theFig. 2.(b) RHEED image along thEL10] azimuth of silicon after the growth

analogous oxidation data for gadoliniufRig. 4(c)] shows
that at oxygen pressures in excess of 0’ Torr, we do

of 3 ML of Bag 70515300 grown following PATH 2 as shown in Fig. 2. The
epitaxial relationship is described #801) Bay oS3 I (001) Si and
[100] Bay 7¢S1p 3O Il [100] Si. These two images demonstrate the ability to

not even see the onset of oxidation in this rare-earth metabrow epitaxial alkaline-earth oxides using various deposition paths.

J. Vac. Sci. Technol. A, Vol. 20, No. 4, Jul /Aug 2002
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seen in the RHEED. When the procedure is implemented in

i ) . O, open (a)
the correct pressure regime the patterns in Fi¢g®.dnd b)
result. f
The patterns shown in Fig. 6 are from the growth of lat- Sr open

tice matchedBa, SpO on(00)) silicon (lattice matching and
solid solution of the alkaline-earth oxides are addressed in
the next section Seemingly, the growth pressure outlined
above (3x 108 Torr) is below the pressure required for the
full oxidation of the strontium metakee Fig. 5. Due to the
catalytic oxidation behavior of the codeposited barium, how-
ever, the strontium being codeposited with barium becomes ‘ : : : ! :
oxidized to SrO at lower pressures than needed for the oxi- 0 10 20 30 40 50 60 70

Specular Intensity
(arbitrary units)

dation of strontium when it is deposited alone. Similar be- Time (s)

havior has been reported in the oxidation of other elements, ()

e.g., silicon and aluminum, though the use of an alkali metal

catalyst and has been attributed to surmounting kinetic bar- P

riers to oxidation’®~">We have seen similar behavior with Z"E

the alkaline earth metals. In their previous work on alkali = > 0, open

metals’® Braatenet al. attribute this type of catalytic behav- E 5 l ]

ior to the ability of an easily oxidized metal to increase the E-‘E‘

rate of dissociation of oxygen at the substrate surface. These g 8 r’

results support the trend that lower work function materials © Ba, Sr

result in higher oxygen incorporatidf.Analogous results [ open

are demonstrated here with the alkaline eaftths. . s s ) s s
Questions still exist concerning the ultimate composition 0 50 100 150 200 250 300

and structure of the interfacial silicide upon exposure of the Time (s)

silicon/silicide/metal stack to oxygen. Based on first prin'FlG. 7. RHEED intensity oscillations of the specularly reflected spot along
ciples calculations, Droopaelt al. have predicted the trans- the[110] azimuth of silicon at 25 °C during deposition inx3.0~8 Torr O,
formation of the silicide layer to a silicate in the presence offor: (& SrO and(b) lattice-matchedBa, S)O. The oscillations of the mis-
oxygen?7 Silicate formation has been observed under relateaﬁatched SrO show a decreasing intensity and dampening of oscillations.
growth conditions® The stability of this layer in an oxygen
environment might suggest a transformation to a silicate.
Whereas an alkaline-earth metal/silicon interface might leadlly makes this desired regime accessible for the growth of
to promoted oxidation of the underlying silicBr* (through  lattice-matchedBa, SHO epitaxial layers on silicon.
the catalytic behavior described abvthe formation of a Another critical advantage to the alkaline-earth oxides is
silicate could serve as a protective layer and stem the formahe ability to tune the lattice constant over a wide range of
tion of amorphous SiQ@ As with the silicide, questions of values utilizing solid solutions of different alkaline-earth ox-
nomenclature exist, and the most correct terminology for théde constituents. Given the lattice constant of silicon, 5.43 A,
interface may be described as “a layer consisting of siliconthe solid solution of Bg;,Srp 4O results in a perfectly
strontium, and oxygen,” however the true chemistry is still lattice-matched oxide. Despite the significant miscibility gap
debated. known to exist in the BaO—SrO systefhwork by Hellman
and Hartford previously demonstrated complete solid solu-
tion for SrO—-CaO thin filmganother alkaline-earth oxide
system with a complete miscibility gap in bulk foygrown
Besides the advantageous oxidation behavior described ion MgO at room temperaturé.Enhanced miscibility in ep-
the previous section, alkaline-earth oxides are able to growtaxial films versus bulk is well established in other
epitaxially at extremely low temperatures due to the highlysystems,”’®including oxides’® Here similar results are seen
ionic nature of their bonding For example, epitaxial (complete solid solutionfor the growth of BaSr,_,O on
growth of MgO has previously been demonstrated at temsilicon. This solid solubility allows for the tuning of the lat-
peratures down to 140 K The patterns shown in Fig. 6 tice constant of the oxide to be either perfectly latticed
were taken for films grown at room temperature. Reductiommatched to the silicon to create a coherent interface, or op-
of the growth temperature not only minimizes the potentialtionally modified to engineer an intentional strain, which has
for diffusion and interface reaction, but also minimizes thebeen shown to modify the properties of strained epitaxial
possibility of unwanted oxidation of the silicon substrate.layers in other systenf$:31 The implications and differences
From a process control and repeatability perspective, thisetween growing a lattice-matched oxide and a nonlattice-
third regime for the growth of epitaxial oxides on siliceee  matched oxide can be seen clearly in the RHEED intensity
Sec. llIB4) is the best. The extremely low temperatures atoscillations during growth. Figures(d and 7b) show
which the alkaline-earth oxide layer may be grown epitaxi-RHEED intensity oscillations of the specularly reflected spot

C. Low-temperature growth and lattice matching
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Fic. 8. (a) Graph similar to the plots shown in Fig. 4 showing mass accu-
mulation rate on the QCM as a function of time for varying artial . . 1 L L .
pressures for a 80% Gd/20% Sr mik) Plot showing degree of oxidation 0 50 100 150 200 250
for strontium, gadolinium, and a 80% Gd/20% Sr mix as a function of O Time (s)

partial pressure. The plot demonstrates the catalytic nature of the alkaline

earth and indicates that full oxidation occurs orders of magnitude lower than . ) .
for the deposition of the pure gadolinium metal alone. Fic. 9. (@) RHEED image along th¢110] azimuth of silicon after the

growth of 25 ML of 16% Gd-doped BaSly 3O (BayseSl 2660 140y)
grown at 25 °C and %108 Torr and(b) corresponding RHEED intensity
oscillations from the specularly reflected reflection.

(along the[110] azimuth of silicon for pure SrO and lattice-

matched(Ba, S)pO, respectively, grown ori001) silicon at
25 °C. The oscillations for the mismatched SrO show mark-serious limitation for many of the alkaline-earth oxides. One
edly decreasing intensity and dampening of the oscillationspotential solution to improve these properties is to grow solid
in direct contrast to the oscillations shown in Figbjz The  solutions of alkaline earth and rare-earth oxideg., GO,
sharp decrease is due to relaxation of the mismatched SrO as demonstrated heresince rare-earth oxides show signifi-
a very small critical thickness; analogous RHEED oscilla-cantly improved stability in air as well as temperature stabil-
tions have been reported for mismatched compound semity when in contact with silicon.
conductor heteroepitaXy. Although oxidation of a pure rare earth such as gado-
linium with the oxidant used in this studgee Fig. 4c)] is
not possible in the low pressure regimes utilized in this pro-
cess, the deposition of gadolinium in the presence of the
Alkaline-earth oxides show significant promise for silicon alkaline-earth constitueniwhich plays the dual role as an
integration, however they are still plagued by some majooxidation catalysf® makes full oxidation and subsequent
limitations. For example, although stable in direct contactgrowth possible. The plot in Fig.(8 shows the QCM oxi-
with silicon at low temperatures, BaO will react with silicon dation data for an 80% Gd/20% Sr mix. Figur@B(similar
at elevated temperatur5.8> Such reaction is consistent to the plot generated in Fig) Shows the oxidation behavior
with thermodynamic prediction$.If a film (such as the one for the strontium, gadolinium, and gadolinium/strontium
represented in Fig.)Gs heated to temperature above 630 °Cmixture. The data indicate that oxidation of the gadolinium
(as measured by an optical pyromettre pattern will be- in the presence of an alkaline earth occurs at pressures orders
come amorphou&@s seen by RHEEZF®®®Reaction with the  of magnitude below those required to oxidize pure gado-
carbon dioxide and water vapor in air also proves to be dinium. It is important to note when looking at this graph,

D. Rare-earth doped alkaline-earth oxides
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