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Probing the disilane adsorption kinetics: An alternative approach
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The adsorption kinetics and subsequent dissociation of disilane during gas source molecular beam epitaxy on
Si~001! surface is studiedin situ using modulated beam mass spectrometry, thermal desorption spectroscopy,
reflection high energy electron diffraction and growth of epitaxial layers involving repeated cycles of disilane
adsorption and hydrogen desorption. The dissociation of disilane molecules is found to occur sequentially and
the major intermediate reaction products are SiH2 and SiH. At temperatures above 400 °C, disilane dissociates
readily to give two silicon atoms and all six hydrogen atoms and forms the monohydride (231)1(132)
surface. The formation of a Si-monohydride surface also passivates against further adsorption and dissociation
of disilane. The main reaction pathway for the decomposition of SiH2 to SiH is identified and studied as a
function of incident flux and growth temperature. This process is found to be controlled by the number of
unsaturated dangling orbitals.@S0163-1829~99!50708-X#
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The growth of Si and SiGe films from hydride precurso
such as disilane (Si2H6) and germane (GeH4) in gas source
molecular beam epitaxy~GSMBE! involves a surface py-
rolysis reaction.1,2 It is generally recognized that the grow
rate is limited by the rate of desorption of molecular hyd
gen~a reaction product! from the surface3 and this limitation
arises from the hydrogen-coverage-dependent sticking c
ficients of the hydride precursors. However, the mechani
and reaction pathways of adsorption and dissociation of
precursors are not well understood. The initial stages of
rolysis of disilane have been studied at relatively low te
peratures (,250 °C) by a variety of techniques4–8 and a
number of reaction pathways have been proposed,4,6,9but the
identification of the dominant reaction pathway at high
temperatures corresponding to those used for film gro
(.400 °C) remains unresolved. In this paper, we make
of the hydrogen passivation concept to demonstrate tha
pyrolysis of Si2H6 results in two silicon atoms and all si
hydrogen atoms remaining on the surface. The dominan
action pathway is identified and implications for Si fil
growth are discussed.

The experimental results were obtained usingin situ
modulated molecular beam mass spectrometry~MBMS!,
thermal desorption spectroscopy~TDS!, reflection high en-
ergy electron diffraction~RHEED!, and ex situ thickness
measurement of layers grown by a temperature cycling te
nique involving low temperature disilane adsorption a
high temperature hydrogen desorption. The kinetic meas
ments and layer growth were carried out in a double en
GSMBE system whose basic configuration has been
scribed previously.10 The in situ measurements were ob
tained with liquid-nitrogen-cooled panels in order to increa
the beam-to-background ratio and pumping speed whe
the layer growth was performed with the cryopanel wa
cooled. The latter provides more than a tenfold increase
operating pressure but poorer beam-to-background ratio.
mass spectrometer used in MBMS and TDS is a VG Qu
rupole SXP300 with a synchronous motor driven modula
located just in front of the ionizer. It is assumed to be
PRB 590163-1829/99/59~8!/5292~4!/$15.00
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ideal density detector11 and has direct line of sight to th
sample through the modulator but it is not in the plane
incidence of the molecular beam. For MBMS measureme
the modulator is phase locked to a drive signal derived fr
a free running multichannel scaler~MCS!. The electron mul-
tiplier of the mass spectrometer was operated in pulse co
ing mode, with its output fed into the MCS via a charg
sensitive pre-amplifier, timing amplifier, and discriminato
The density of the detected neutral molecules/atoms ente
the ionizer is assumed to be proportional to the amplitude
the harmonic at the modulation frequency obtained using
Fourier transform. The detected flux is then obtained by s
ing the neutral density by the square root of temperature
the substrate. In TDS studies, the modulator is left in a s
tionary ~open! position and the same electronics and MC
described above are used for data collection. The RHE
measurements were obtained using a VG LEG110 elec
gun operating at 15 keV and ak spacedata collection sys-
tem.Ex situ layer thickness measurements were made us
a Philips high-resolution x-ray material research diffrac
meter.

One of the consequences of the hydrogen passivatio
the Si~001! surface against adsorption of disilane is that t
rate of production of any reaction products during the p
rolysis of disilane will also be limited by molecular hydroge
desorption kinetics. The temperature dependence of the
of formation of possible reaction products over the ran
from 400 °C to 700 °C was investigated by modulating t
desorbing flux from the surface using MBMS. The deso
tion rate of molecular hydrogen (m/e52) was found to fol-
low the growth rate~i.e., increases with increasing temper
ture as expected! with an activation energy of 1.8 eV, but th
signal corresponding to the hydride species~mass spectrom-
eter fully deresolved to cover the rangem/e529– 32) re-
mained largely constant. This absence of any tempera
dependence in a region where hydrogen coverage of the
face is known to change significantly12 indicates that SiHx
and silane (SiH4) do not desorb from the surface. The pat
R5292 ©1999 The American Physical Society
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way of disilane pyrolysis on the Si~001! surface is thus very
different from the Si~111! surface where SiH4 production has
been observed.6,13

Another route for disilane pyrolysis on a clean Si~001!
surface is via the dissociative chemisorption of disilane
form SiH3 on the surface and subsequent dissociation
SiH3 and SiH2 to the monohydride phase,7 i.e.,
Si2H6→2SiH3→2SiH2→2SiH. In this reaction scheme, th
accepted view is that disilane chemisorbs dissociatively
the surface requiring two active sites. The SiH3 formed in the
process is relatively unstable and readily decomposes to2
at room temperature leaving an adsorbed hydrogen.4,7 The
mechanism by which the next hydrogen atom is lost fr
SiH2 is, however, less clear and from low temperatu
studies4,5,7 two reaction pathways have been proposed:

2SiH2→H2~g!12SiH, ~1!

SiH21Si→2SiH, ~2!

where Si indicates a Si atom with a dangling orbital. Th
difference between the two reaction pathways lies in
number of hydrogen atoms per disilane molecule which
main on the surface and passivate the Si dangling orbi
Accepting that surface passivation occurs by the forma
of Si monohydride, a clear distinction between the two re
tion pathways can be drawn by measuring the amount o
deposited while producing a full monohydride coverage o
clean surface. This can be probed experimentally using
following procedure. Epitaxial layers were grown by r
peated cycles of sequential dosing on a clean Si~001! surface
with disilane at a given temperature and annealing at 600
to desorb the hydrogen in the absence of a disilane flux.
dosing temperatures employed are sufficiently low to ens
negligible hydrogen desorption12 such that any thickness du
to normal continuous growth can be ignored. This cycle
repeated 100 times and the resulting layer forms the sec
part of a Si barrier between two SiGe quantum wells~see
Table I!. With the exception of the layer grown by this tem
perature cycling technique, the rest of the structure w
grown at 500 °C using the conventional GSMBE techniq
The inclusion of the first part of the Si barrier eliminates a
effect of Ge surface segregation on the subsequent grow
the temperature cycled layer~TCL!. The thickness of the
layer is obtained by comparingex situx-ray rocking curve
measurements and simulations based on the dynamic th
of diffraction. The details of growth condition and measur
thickness of the TCL are given in Table II and the cor
sponding rocking curves are shown in Fig. 1. Sample BF
had no TCL and served as a reference.

TABLE I. Sample structure.

Layer material Growth method Thickness

Si ~cap! Conventional 60 Å
SiGe ~marker! Conventional 120 Å
Si TCL See Table II
Si Conventional 120 Å
SiGe ~marker! Conventional 120 Å
Si Conventional buffer and substra
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Consider first the result for sample BF689, where dos
occurred at 430 °C, the TCL thickness is measured to be
monolayers~ML !, and therefore 1/3 of a monolayer of S
was deposited per cycle. The surface maintained the
31)1(132) monohydride surface reconstruction after do
ing and previous reflectance anisotropy studies have sh
that hydrogen desorption at this temperature is neglig
during the dosing period.12 An equivalent of one ML of hy-
drogen is therefore required for complete passivation of
surface. The number of disilane molecules which produ
the 1/3 ML of deposited Si could only provide the equivale
of one ML of hydrogen if all the hydrogen atoms from th
molecules participate in the passivation of dangling orbit
with no loss to the gas phase. This means that the domi
SiH2 dissociation pathway is that given by Eq.~2!, since if
any significant amount of hydrogen were to desorb direc
during pyrolysis of disilane to the Si-monohydride pha
@i.e., via Eq.~1!#, surface passivation would not be comple
Under these circumstances, it should be noted that full p
sivation via Eq.~1! would lead to growth of more than 1/
ML per cycle, contrary to the experimental finding fro
BF689.

The surface reaction given in Eq.~2! requires a Si dan-
gling orbital and is therefore in direct competition with th
dissociative chemisorption of the incident disilane. F
BF689, the dosing temperature is sufficiently high for t
rate of the reaction@Eq. ~2!# to be fast such that the resultin
monohydride passivates the surface and prevents further

TABLE II. Sample information.

Sample
Dose

Temp.~°C!
Dose

Pressure~mbar!
Dose

Time ~s!

Cycled layer
thickness

~ML !

BF689 430 131025 20 33
BF690 NA NA NA 0
BF691 320 131025 60 39
BF695 430,320 131025 10,60 33
BF699 250–300 831025 60 49

FIG. 1. X-ray rocking curves of~004! reflection from the grown
structures in Table II.
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sociative chemisorption of disilane and the formation of a
higher hydrides. This, however, may not be true when
dose temperature is lowered or the incident disilane flux
increased. In sample BF691, lowering the dosing temp
ture to 320 °C increased the TCL thickness to 39ML. Lo
ering the dosing temperature further~to 250 °C–300 °C) and
increasing the disilane flux simultaneously resulted in a T
thickness close to 0.5 ML per cycle as obtained for sam
BF699. In addition to TCL thickness measurements, RHE
patterns were also obtained from surfaces after dosin
430 °C, 325 °C, and room temperature~Fig. 2!. All the pat-
terns indicate the presence of dimers although the half o
diffraction features have a lower intensity compared with
clean surface as the temperature was decreased. Both re
suggest that the increase in the measured TCL thickn
~BF691 and BF699! is due to the incomplete dissociation
SiH2 and its co-existence with monohydride on the surfa
after dosing. This co-existence is anticipated as the mono
dride phase is produced as a product of SiH3 decomposition.
Given that, if the decomposition process is sequential,
would expect a maximum of 0.5 ML per cycle if none of th
SiH2 further dissociate to the Si monohydride. The lay
thickness of 1/2 ML per cycle obtained for sample BF6
means that the lower dosing temperature and higher inci
flux favored the presence of SiH2 given the faster rate o
adsorption provided by the larger flux and slower rate
SiH2 decomposition at the lower temperatures. The num
of disilane molecules which give rise to 0.5 ML of deposit
Si would again provide all the hydrogen required for pas
vation of dangling orbitals on the surface, where mono
dride and dihydride coexist since no hydrogen desorp
occurs. This would give a maximum hydrogen coverage
1.5 ML.

The effect of the dangling orbital~or its absence! on the
disilane dissociative chemisorption and formation of Si2
during disilane exposures is further investigated by fi
forming the monohydride surface before adsorption at low
temperature. In BF695, the adsorption cycle consists o
first dose with disilane at 430 °C to form the monohydri
surface, followed by dosing at 320 °C as in BF691. The
cumulated effect of the two doses is in fact the same
BF689 with a single dose at 430 °C producing only one th

FIG. 2. RHEED pattern of a clean and hydrogenated Si~001!
surface in the@110# azimuth.
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of a Si ML per cycle. In addition to epitaxial growth, ev
dence of surface passivation by monohydride was also
tained by TDS. The experiments were carried out in
analogous way to the dosing scheme employed in T
growth. Figure 3 shows theH2 TDS spectra for silicon sur-
faces dosed with a disilane beam equivalent pressure of
31026 mbar for 30 mins at temperatures of~a! 150 °C, ~b!
150 °C after first forming the monohydride at 430 °C~cf.
BF695!, and ~c! 430 °C. The TDS spectra for~a! shows a
double peak feature whereb1 andb2 peaks are identified to
be desorption from monohydride and dihydride pha
respectively.7,8,14 In contrast to~a!, the spectra for~b! and
~c!, which are identical, shows only theb1 peak. This indi-
cates that only the Si-monohydride phase predominates
there is an absence of higher hydrides (SiH3, SiH2) on the
surface. The initial dosing at 430 °C forms predominan
the monohydride phase which passivates the surface ag
further adsorption of disilane and the formation of the high
hydrides at lower temperature. This behavior is very diff
ent from that observed when a Si monohydride covered
face is exposed to atomic hydrogen. Exposure at this
temperature leads to the formation of dihydride, which c
only occur by breaking the Si-Si dimer bond. Hence, disila
dissociative chemisorption does not occur via the sa
mechanism involving the breaking of the Si-Si dimer bon
Both the TCL thickness and TDS measurements there
confirm that the Si~001! surface is totally passivated by S
monohydride against further adsorption of disilane and i
clear that dangling orbitals~active sites! have direct control
over the kinetics of disilane chemisorption and subsequ
SiHx decomposition.

The results presented here demonstrate that the princ
route for SiH2 dissociation during disilane pyrolysis occu
via Eq. ~2! and that the formation of the monohydride pha
is very effective in passivating the Si~001! surface against
further adsorption/dissociation of disilane. At temperatu
above 400 °C, adsorbed disilane molecules completely
rolyse to give two Si atom and six hydrogen atoms on
surface. Under these conditions, the dissociation of disil
from a thermal beam source occurs sequentially, giving
resultant monohydride phase without producing directly a

FIG. 3. H2 TDS spectra from Si~001! surface dosed with disi-
lane at temperature of~a! 150 °C, ~b! 150 °C after first forming the
monohydride at 430 °C~cf. BF695! and ~c! 430 °C.
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gas phase H2 or the desorption of any silane or hydride rad
cals. In conventional GSMBE, layer by layer growth of
can only occur if active adsorption sites~i.e., the dangling
orbitals! are present on the surface. The decomposition
disilane studied here provides the hydrogen atoms wh
passivate these active sites and they can only be regene
by subsequent recombinative desorption of molecu
hydrogen.6 The MBMS result is therefore consistent with th
understanding that the growth on the Si~001! surface is lim-
ited by the desorption of molecular hydrogen. The decom
sition process detailed in Eq.~2! is not the rate limiting pro-
cess in the overall growth reaction but its dominance o
Eq. ~1! is the only plausible explanation for the results
TCL. Lowering the adsorption temperature introduces hig
,

f
h
ted
r

-

r

r

hydride species and data shows that the decomposition
SiH2 is controlled essentially by the availability of danglin
bonds and is therefore a function of growth temperature a
incident disilane flux. It should be noted that Eq.~2! does not
provide an atomistic picture of the decomposition proce
but only reflects the final state of SiH2 decomposition. The
full passivation of the surface cannot be achieved without
diffusion of the hydrogen and/or silicon atom on th
surface.4
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