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Surface hydrogen and growth mechanisms are
investigated for synchrotron radiation (SR)-
assisted gas source molecular beam epitaxy
(SR-GSMBE) using Si2H6 on the Si(100) surface
in the low-temperature region. The surface
silicon hydrides (deuterides) are monitored in
situ during the epitaxial growth by means of
infrared reflection absorption spectroscopy with
a Si(100) substrate and a CoSi2 buried metal
layer. It is concluded that the chemisorption of
gas-phase reactive species such as SiHn and H
generated by SR irradiation and the subsequent
hydrogen desorption are the key mechanisms of
SR-GSMBE at low substrate temperatures.
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1 INTRODUCTION

Synchrotron radiation (SR)-assisted semiconductor
processing, such as etching and chemical vapor
deposition (CVD) including epitaxial growth, has
been widely investigated from the viewpoint of
application to a fabrication technology of large-
scale integrated circuits (LSIs) and future devices.

SR-assisted silicon gas source molecular beam
epitaxy (SR-GSMBE) has the following character-
istics.1,2 At high substrate temperatures, where the
growth rate is limited by the thermal desorption rate
of the surface hydrogen, it depends strongly on the
substrate temperature, i.e. it decreases rapidly with
a decrease of substrate temperature. At low
substrate temperatures, where hydrogen desorption
proceeds purely by photo-excitation, the growth
rate is almost independent of the substrate tem-
perature. The turning point between these two
temperature regions exists at about 500°C when
Si2H6 gas at 1.0� 10ÿ3 Torr is used. In the low-
temperature region, the growth rate is significantly
enhanced by photo-excitation, but the crystallinity
is rapidly degraded with a decrease of the substrate
temperature. It should be pointed out that hydrogen
incorporation into the deposited film causes degra-
dation of film crystallinity in the low-temperature
range.3 Concerning the growth mechanisms at this
low temperature region, both surface and gas-phase
excitation mechanisms are reported to contribute
almost equally to the film deposition, and SR irra-
diation on the surface has the effect of improving
the crystallinity.2 These results were obtained only
from the deposited film profile measurements;
details of the surface chemical reactions are com-
pletely unknown.

In the present work to elucidate the deposition
mechanisms based on the chemical reaction of
silicon hydrides during SR-GSMBE at low sub-
strate temperatures, the changes in the surface
silicon hydrides (deuterides) during SR-GSMBE
with Si2H6 gas was monitoredin situ by means of
infrared reflection absorption spectroscopy using a
buried metal layer substrate (BML-IRRAS).4 To
observe clearly changes in the surface during the
deposition without interference from the back-
ground hydrogen, the Si(100) surface of the BML
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substratewasfirst terminatedby saturationadsorp-
tion of deuteriumatomsinsteadof hydrogenatoms.

2 EXPERIMENTAL

Experimentswere conductedby using the BL-4B
beamlineof the 0.75GeV SR storagering (UV-
SOR) at the Institute for Molecular Science.The
calculatedphotonflux was2.3� 1016 photonssÿ1

(0.7W) for the 100mA ring current on the
14� 14mm2 sample surface and the spectrum
was distributed from about 1000eV to less than
10eV with a peakat about100eV. Detailsof our
apparatusare describedelsewhere.4 An ultrahigh-
vacuum(UHV) reactionchamberevacuatedby a
500l sÿ1 turbo-molecular pump with a base
pressureof 2.0� 10ÿ10 Torr wasequippedwith a
reflection high-energy electron diffraction
(RHEED) and an IRRAS optical system. The
samplewasset in the reactionchamberat an 45°
angleof incidenceto theSRbeamandwasheated
by a pyrolytic graphite/pyrolytic boron nitride
heater (AdvancedCeramicsInternationalCorp.).
Thetemperatureof thesamplewasmonitoredby a
tungsten–rheniumthermocouple which was at-
tachedto the rear of the substratewith thickness
of 500mm. Thetemperatureof thesubstratesurface
wasfoundto beafew tensof degreeslowerthanthe
values measuredby the thermocouplewhen an
opticalpyrometerwasusedfor thecalibration.The
Si2H6 gas(99.999%)andtheD2 gas(99.99%)were
fed into the reactionchamberthrougha variable-
leakvalve.

The optical systemfor IRRAS consistedof a
Fourier-transformedinfrared spectrometer(JEOL
model JIR7000),reflection and focusing mirrors,
and a liquid-nitrogen-cooled mercury–cadmium–
telluride (MCT) detector.The spectrumwastaken
with a 4 cmÿ1 resolutionand an accumulationof
1000 scans.A p-polarizedIR beamselectedby a
wire-grid polarizer was introducedinto the UHV
reactionchamberthroughtheZnSeviewing port at
an incident angle of 85°. The optical path was
purgedby dry N2 gas.

IRRAS is usedconventionallyto detectadsor-
bateson metalsurfaces.5 However,it is difficult to
apply IRRAS to thedetectionof adsorbateson the
semiconductoror theinsulatorsubstrateswhichare
transparentto IR. To overcomethis problem in
applying IRRAS to semiconductor substrates,
BML-IRRAS has been examined by several
researchers.4–6 The Si(100)BML substratewith a

CoSi2 buriedmetal layer formedby ion implanta-
tion was purchasedfrom Toray ResearchCenter
Inc. The BML substrate was cleaned by the
standard wet method7 and subsequentthermal
desorptionof thethin layerof surfacesilicon oxide
at about 1100°C in the UHV reactionchamber.
After thesewet andthermalcleaningprocessesfor
theas-purchasedBML substrate,ansilicon epitax-
ial layer about 10nm thick was grown on the
substrateby conventional gas source molecular
beam epitaxy using Si2H6 (1.0� 10ÿ3 Torr) at
700°C. By this epitaxial growth the RHEED
pattern,which was initially spotty due to an ion
implantationdamage,waschangedto asharp2� l.
After this silicon epitaxial growth, the substrate
surface was exposed to the atomic deuterium
generatedby a hot tungstenfilament up to 104 L,
which gives saturationcoverage.Here, the expo-
sure (1 L = 1.0� 10ÿ6 Torr� 1 s) is expressedas
the deuteriummoleculepressuremeasuredby an
uncorrectedionizationgaugereading.

3 RESULTS AND DISCUSSION

First, the adsorptionof deuteriumatoms on the
Si(100)surfaceandtheSRirradiationeffectsonthe
deuterium-adsorbedsurfacewere investigatedby
IRRAS andRHEED.Figure1 showsthechangein
theIRRASspectrumasa functionof thedeuterium
exposure.At low exposure(12L, 100L), a broad
IRRAS spectrumwith a peak at 1525cmÿ1 was

Figure 1 IRRAS spectrafor the Si(100) surfaceexposedto
atomic deuteriumare given as a function of the exposureat
140°C. Atomic deuteriumwasgeneratedby thedecomposition
of deuteriummoleculesusinga hot tungstenfilament.
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observed.At theseexposuresthe RHEED pattern
was 2� 1. With an increasein the deuterium
exposure,additional peaks at around 1542 and
1554cmÿ1 appeared and the RHEED pattern
changedto 1� 1.Accordingto thepreviousreports
concerningtheadsorptionof hydrogenatomsonthe
Si(100) surface,8 it is consideredthat this 1� 1
phaseconsistsof a mixture of SiH, SiH2 andSiH3
species. Chabal et al. reported that the SiD
symmetric stretching vibration is observed at
1527.8cmÿ1 9 or 1530.2cmÿ1,10 and the asym-
metriconeat1519cmÿ1 9 or 1521.6cmÿ1 10 onthe
Si(100)surface.Thesymmetricandtheasymmetric
stretching vibrations of SiD2 are observed at
1517.5cmÿ1 and1539cmÿ1, respectively.10

In thepresentcase,only thesymmetricstretching
vibrationshouldbeobservedfor bothSiD andSiD2
speciesaccordingto the surfaceselectionrule5 of
IRRAS.Therefore,theobserved1525cmÿ1 peakin
Fig. 1 is assignedto the SiD symmetricstretching
vibration. An SiD2 symmetricstretchingvibration
is not clearly observed in the present case.
However, this does not mean that SiD2 species
doesnot exist on the surface;rather,it may not be
observedbecausethe dynamic dipole momentof
SiD2 is small.In fact,theSiD2 symmetricstretching
vibration is only weakly observed(at about1/7 of
the SiD symmetricstretchingpeakintensity)even
in the 3� 1 phasewhereabout50% of deuterium
atomsarein the form of SiD2.

10 The intensitiesof
the 1554 and 1542cmÿ1 peaks decreasedand
disappearedwhen the substratetemperaturewas
increased to 300°C for 15min. The data of
temperature-programmeddesorption(TPD)experi-
mentsshowthat desorptionpeaksrelating to SiH2
and SiH3 are observedat 190–200and 370°C,
respectively.8 Therefore, the peaks observedat
1554 and 1542cmÿ1 should most probably be
assignedto theSiD3 stretchingvibrations.

Figure2 showsthe SR irradiationeffectson the
Si(100) surfacesaturation-adsorbedby deuterium
atoms.It is knownthatSiD3 is decomposedto SiD,
but SiD is not decomposedby the SR irradiation,
agreeingwith our previousresultswith SiHn.

4

Furthermore,it is notablethat no changein the
spectrumwasobservedafterexposureto Si2H6 gas,
not only for the deuterium-saturatedsurface
correspondingto spectrumA, in Fig. 2 but also
for theSiD surfaceafterSRirradiationcorrespond-
ing to spectrum B. This means that both the
deuterium-saturatedand the SiD surfaceafter SR
irradiation are non-reactiveto Si2H6 gas, while
IRRAS peaksof SiHn appeardue to dissociative
adsorptionin the caseof Si2H6 exposureof the

Figure 2 SR irradiation effects on SiDn adsorbedon an
Si(100) surface at 140°C: BML-IRRAS spectra for (A) a
deuterium-saturatedSi(100) surface;(B) after SR irradiation
(2.0� 104 mA min) of thesurface(A). (C) Differencebetween
spectraA andB.

Figure 3 Changein theIRRASspectrumduringSR-GSMBE
with increasingSRdose(mA min) at 140°C. Thespectrumof
the deuterium-saturatedSi(100) surface(Fig. 2, spectrumA),
which wasastheinitial surface,hasbeensubtractedfrom each
spectrum,i.e. the upward and downwardpeaksindicate in-
creasesanddecreasesin the species,respectively.The assign-
mentsof peaksare:a,SiH3 symmetricdeformation(860cmÿ1);
b, SiH2 bendingscissors(908cmÿ1); c, SiD symmetricstretch-
ing (1525cmÿ1); d and e, SiD3 stretching (1542 and
1554cmÿ1); f, SiH symmetric stretching (2100cmÿ1); g,
SiH2 symmetric stretching (2113cmÿ1); h, SiH3 stretching
(2140cmÿ1).
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clean Si(100) surface. These facts mean that
repetition of the dissociativeadsorptionof Si2H6
gas followed by SR-stimulated hydrogen de-
sorptiondoesnot operateasa depositionmechan-
ism duringSR-GSMBEat low temperatures.

The observedchange in the spectra for the
deuterium-saturatedSi(100)surfaceasSR-GSMBE
progressesis shownin Fig.3 asafunctionof theSR
dose.The SiHn peaksareassignedin our previous
work.4 Figure 3 shows that surface SiDn is
graduallyreplacedby SiHn and finally completed
as film deposition progresses.As already men-
tioned, no spectrumchangewas observedfor the
deuterium-saturatedSi(100)surfaceby only expos-
ing it to Si2H6 gaseswithout the SR irradiation.
Theseresultsindicatethatchemisorptionof thegas-
phase reactive species such as SiHn and H,
including their ions, on the SiHn (SiDn)-adsorbed
surfaceis a principal mechanismof depositionin
the low-temperatureregion. Hydrogendesorption
from the surface is a necessaryprocess for
continuous deposition to occur. In the high-
temperatureregion (> 400°C), surfacehydrogen
canbedesorbedthermally;1 In thelow-temperature
region(< 400°C),however,thethermaldesorption
rate becomes extremely low;1. Moreover, as
alreadymentioned,SR irradiation cannotdecom-
poseSiH (SiD). Therefore,from the aboveargu-
ments,it is concludedthatthenecessaryenergyfor
the surface desorptionof hydrogen in low-tem-
peratureSR-GSMBEis suppliedby thechemisorp-
tion of thegas-phasereactivespeciesgeneratedby
the SR irradiation. For example, the activation
energy of H2 desorptionfrom the monohydride
phaseis reported to be 57–58kcalmolÿ1 (238–
243kJmolÿ1 andthat from the dihydridephaseis
46.3–47kcalmolÿ1. (194–197kJ molÿ1).11 These
requirementscan be supplied by the energy,
75kcalmolÿ1 (314kJ molÿ1 of the Si– Si s-bond
which is formed by the chemisorptionof SiHn.
Theseresultsindicatethat thegas-phaseexcitation
mechanism plays an important role in low-
temperature SR-GSMBE. On the other hand,
however,it is also known that not only the gas-
phaseexcitation mechanismbut also the surface
excitationmechanism,which canbe confirmedby
the depositionrate enhancementobservedin the
SR-irradiatedarea,operatesin SR-GSMBE.2 From
thepresentexperimentalresultsandthosereported
elsewhere2 it is alsoconcludedthat theareawhere
higher hydrides(SiH2, SiH3) are decomposedby
SR is more reactivefor the chemisorptionof gas-
phasereactivespeciesthanthenon-irradiatedarea.
Furthermore,sincetheexistenceof higherhydrides

during the depositionpossiblyenhancethe inclu-
sion of hydrogenatomsinto crystals,causingthe
degradationof crystallinity, the decompositionof
SiHn on the surface by SR irradiation during
depositionmay be operatedeffectively to improve
crystallinity at low temperatures,as reported in
Ref. 2.

4 CONCLUSIONS

We concludethat the chemisorptionof the gas-
phasereactivespeciesgeneratedby SR irradiation
and the successivedesorptionof hydrogenon the
surfacecoveredby SiHn is a key mechanismof
depositionin the low-temperatureregion of SR-
GSMBE.TheSRirradiationdecomposesadsorbed
SiH2 and SiH3 on the Si(100) surface,and this
makesthesurfacemorereactivefor thechemisorp-
tion of the gas-phasereactive species,and the
decomposition of these higher hydrides also
possiblycausesanimprovementin thecrystallinity.
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