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Thermal Decomposition Mechanism of Disilane

Introduction

Thermal decomposition of disilane is of fundamental interest L0
and of technological importance in the semiconductor industry.
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Thermal decomposition of disilane was investigated using time-of-flight (TOF) mass spectrometry coupled
with vacuum ultraviolet single-photon ionization (VUV-SPI) at a temperature range of B¥®K and total
pressure of 2640 Torr. SjHm species were photoionized by VUV radiation at 10.5 eV (118 nm).
Concentrations of disilane and trisilane during thermal decomposition of disilane were quantitatively measured
using the VUV-SPI method. Formation of,Hj, species was also examined. On the basis of pressure-dependent
rate constants of disilane dissociation reported by Matsumoto ef.aPhys. Chem. 2005 109, 4911],

kinetic simulation including gas-phase and surface reactions was performed to analyze thermal decomposition
mechanisms of disilane. The branching ratio for (RtHsi— SiH, + SiH,/(R2) SkHe — H» + H3SiSiH was

derived by the pressure-dependent rate constants. Temperature and reaction time dependences of disilane
loss and formation of trisilane were well represented by the kinetic simulation. Comparison between the
experimental results and the kinetic simulation results suggested that about 70% of consumed disilane was
converted to trisilane, which was observed as one of the main reaction products under the present experimental
conditions.

Disilane is considered as an interesting source for thermal L . °°
chemical vapor deposition (CVD) of epitaxial silicon, because g % & e
it pyrolyzes at lower temperatures as compared to silane. _ e G | -

Potential energy surfaces of disilane decomposition have beersy g, |- SHs*SiH2
theoretically investigated using quantum chemical calculatiohs.
Primary decomposition processes during disilane pyrolysis result =
from molecular elimination of silane or hydrogen to form
silylenes. Figure 1 shows the potential energy surface relevant g
to thermal dissociation of disilane. Relevant elemental reactions
are as follows.

H3SiSiH + Hy
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(53.53)
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Si,Hg — SiH, + SiH, (R1)
Si,Hg— H,+ H;SiSiH (R2) .
. . . e
SiH, + SiH,— Si,Hq (R-1) 0 e
{0)
SiH, + SiH,— H,SiSiH + H, (R3)

o ) Figure 1. Potential energy surface relevant to thermal dissociation of
H;SISiH + H,— Si,Hq (R-2) disilane taken from ref 7. Values in parentheses show the relative

H3SiSiH +H,— SiH2 + SiH4 (R-3) energies calculated at the extrapolated QCISD(T) level.

Branching ratios for these three reaction pairs are essential forPosition of disilane have been experimentally measured using
understanding thermal silicon CVD processes. In particular, Static reactos*2 and shock tube¥! Recently, time-of-flight
formation of SiH4 species is important for low-pressure CvD  (TOF) mass spectrometry coupled with vacuum ultraviolet
of polysilicon from silanes. Rate constants of thermal decom- Single-photon ionization (VUV-SPI) was employed for deter-

mination of gas-phase molecules formed following thermal
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RRKM calculations for thermal decomposition of disilane was introduced into the TOF mass spectrometer. For elevated-
have been performed by several grogpg® According to these ~ temperature experiments, Nichrome ribbon was coiled around
calculations, reaction R1 dominates, and reaction R2 is believedthe reaction tube. Temperature profiles in the reactor were
to be a minor channel because heat of reaction in reaction R1lismeasured using a movable type K thermocouple. Maximum
lower than that of reaction R2. However, according to results deviation from base temperature in a usable length of 8 cm
from recent quantum chemical calculations, the difference in upstream from the pinhole was3%.
reaction enthalpies between reactions R1 and R2 is less than |onization was accomplished by photoionization at 10.5 eV
ca. 2 kcal mott5~7 It is possible that reaction R2 competes (118 nm). Coherent VUV laser radiation was obtained by
with reaction R1 at high temperatures, and re-examination of frequency tripling in Xe ga3? A frequency-tripling gas cell
branching ratios is required for determination of new values of coupled with an LiF prism monochromator was sealed at the
reaction enthalpy. To the best of our knowledge, no direct opposite end of an LiF lens (70 mm focal length at 118 nm) by
experimental information is available for reaction R3. Only one a fused silica window. A lens with a focal length of 15 cm was
estimated value has been given for reaction R3 by Mick &t al. used to focus the output {8 mJ pulsel) of a third harmonics
in their shock tube experiment. To date, there is no experimental of a Nd:YAG laser at 355 nm (Continuum Surelite 1I) in the
information on reactions R-2 and R-3. Girshick et?al.  cell containing the rare gas. The residual 355 nm laser light
investigated pressure-dependent rate estimates for the silicorwas separated from the VUV laser light by a LiF prism
hydride system in their modeling of particle growth during monochromator. Dispersed UV light was blocked out by a plate.
thermal CVD. They found that total pressure had a large effect Spot size of the VUV laser light at the point of molecular beam
on the formation of silicon nanoparticles at low pressure while was about 1 mm. VUV laser light was monitored using a NO-
at 1-2 atm particle formation was insensitive to pressure. This containing photoionization cell. Because a NO molecule has
finding was attributed to pressure dependence of reactions R-1an ionization potential of 9.24 eV, an incident VUV photon at
and R3. They also showed that temperature-dependent uncer410.5 eV can ionize the NO molecule. The resultant photocurrent
tainties existed in rate parameters of chemically activated by an ejected electron or ionized NO was monitored to measure
reactions’® the relative intensity of VUV light £10810 photon pulse?).

The ion signal was detected using a two-stage microchannel
SiH, + SiHy __ Si;He* __ HSiSiH;+H, plate (MCP; Hamamatsu F4655-10). Output of the signal from
the MCP was fed to a 500 MHz, 1 GS/s digital oscilloscope
+M ” (Tektronix TDS 520C), and transferred to a personal computer
via a general purpose-interface bus. TOF spectra were ac-
SiHg cumulated over 1000 laser pulses. DependenceblsSisignal
versus VUV laser power gave a slope of unity, indicating that

The rate parameters for these chemically activated channelsionization resulting from the multiphoton process by the VUV
are only known within roughly an order of magnitude. Recently, 1aser light seemed negligible.

Matsumoto et al. performed RRKM calculations using dual Diluted mixtures of disilane (Nippon Sanso, 1.04%H&i
transition state theory treatment for the three reaction pairs. 98.96% He) and trisilane (Takachiho, 1.04%}+&/98.96% He),
Pressure dependences of various reactions were studied usingnd He (Nippon Sanse;99.9999%) were used without further
master equation simulations implementing the two transition Purifications. The gases were regulated via calibrated mass flow
state model for microcanonical rate coefficients. Temperature controllers (Kofloc 3650). Gas pressures in the reaction tube
and pressure dependences of the chemical activation reactionvere measured with a capacitance manometer (MKS Baratron
R3 and the stabilization reaction R-1 were clarified, and 622A). Total pressure in the reaction tube was maintained at
predominance of reactions R-1 and R3 according to temperature20—40 Torr. Initial concentration of disilane was maintained
and pressure was described. at 1.03 x 10' molecule cnm3. Reagent concentrations were

The present study aimed to understand the primary processcalculated from total pressure and calibrated flow rates.
in thermal decomposition of disilane. Temperature and time Residence times (0.610.4 s) were controlled by linear flow
dependences of the reduction of disilane and the formation of rates.
trisilane and SH, species were measured using TOF mass
spectrometry coupled with VUV-SPI. Experimental data were Results and Discussion
quantitatively interpreted using a gas-phase chemical kinetic
model, which included pressure-dependent rate constants ofT
disilane dissociation reactions.

Single-Photon lonization Mass Spectra of Disilane and
risilane. lonization potentials of disilane and trisilane are 9.67
and 9.31 eV, respectiveft* Therefore, these species can ionize
by vacuum ultraviolet irradiation at 10.5 eV. Figure 2 shows
SPI mass spectra of disilane and trisilane at 298 K. No

Experiments were performed using a molecular beam sam-fragmentation signal was observed in the single-photon ioniza-
pling technique combined with TOF mass spectrometry. The tion (SPI) mass spectrum of disilane. Figure 2b shows that
methods have been previously described in defdil>Briefly, fragmentation signals atVz = 60—62 and 90 were observed
the apparatus consisted of a quartz reaction tube incorporatedn the SPI mass spectrum of trisilane. Dependence of ion signals
into a source chamber of the molecular beam machine, which at eachm/z on the VUV laser power showed a slope of unity.
was equipped with the WileyMcLaren-TOF mass spectrom-  Hence, ionization resulting from the multiphoton process could
eter?® Reactant gas mixtures were slowly flowed into the quartz be ruled out. Because the appearance potentiablf,SiH SiH,
reactor (ID= 15 mm) with a sampling hole of 3Qam diameter, + e~ in the photoionization of SHg is 10.14 eV24 production
placed at the center of the reactor. Products of thermal of Si;H4" is energetically accessible at 10.5 eV. A fragmentation
decomposition were continuously sampled through the pinhole signal atm/z= 90 was observed in photoionization of trisilane.
and were collimatedypa 1 mmorifice skimmer mounted 4  Because the appearance potential gHgi + H, + e in the
mm from the pinhole in the reaction tube. The molecular beam photoionization of trisilane is 9.74 e\t the signal atwz = 90

Experimental Section
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Figure 4. Photoionization mass spectrum corrected for the contribution
Figure 2. Photoionization mass spectra of (a) disilane and (b) trisilane of fragmentation of trisilane according to the method described in the
measured at 10.5 eV (118 nm). text.

SisHm species in Figure 3 were consistent with a previously

1.0 s proposed thermal decomposition mechanism of disiteA&2
IZ m
5 osf @740K Si,H; — SiH, + SiH, (R1)
z o6l Si,H;— H,+ H,SiSiH (R2)
s
= o4l SiH, + Si,H; — Si;Hg (R4)
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miz Reactions R1 and R2 are primary processes of unimolecular

] o ] . dissociation of disilane. Reactions R4, R5, and R6 are sequential
ons o 70 o e s 1 o Reeane eacions leading o & higher clustr fomation. As shown i
fimet = 0.28 5. P ' ’ Figure 3, a contribution of the sequential reaction to produce

higher Sj species was small at a reaction temperaturd0 K.

Therefore, to understand the primary process of unimolecular
is caused by this fragmentation process. Therefore, for further dissociation of disilane, we used a reaction temperature below
analysis, fragmentation signals/¢g = 60—62, 90) produced in 740 K in the present study.
trisilane photoionization were subtracted from SPI mass spectra Time profiles of SiHe (M/z = 62), SgHg (m/z = 92), and
for thermal decomposition of disilane. SibH4 (m/z = 60) as a function of reaction time were measured

Unimolecular Decomposition of Disilane.Figure 3 shows at a fixed temperature. Figure 5 shows a typical example

the SPI mass spectrum during disilane pyrolysis at 740 K with measured at 720 K and 36.5 Torr. Absolute concentrations of
a total pressure of 40 Torr. Signalsratz = 60, 90, and 120 disilane and trisilane were derived from the calibration curve.
resulted from fragmentation of higher,Bbn+1) (N = 3) in the On the other hand, quantification of,Hiy was experimentally
photoionization process. These fragmentation signals did notdifficult due to the absence of a standard sample, and the absence
affect quantification of the §H,n+1) signal. The main compo- of photoionization cross-section datagt% intensity decreased
nent of the ion signal atvz = 60 is the fragmentation signal by promotion of unimolecular decomposition as a function of
from trisilane, which is two-thirds of the ion signal atz = reaction time, while productions of trisilane andsj species
60. One-third of the ion signal atvz = 60 in Figure 3 is were observed. Figure 6 shows reaction temperature dependence
assigned to $H4 species produced during the thermal decom- of disilane reduction and productions of83 and SiH, at a
position of disilane. The signal assigned tet&iat m/z = 60 reaction timet = 0.27 s and® = 35 Torr. Promotion of the
was confirmed by subtracting the contribution from the frag- unimolecular decomposition of disilane and productions of
mentation signal of trisilane. Figure 4 shows the corrected trisilane and SH, species were clearly observed as a function
spectrum for the fragmentation in the photoionization of of reaction temperature.
trisilane. We also consider the contribution of fragmentation = Comparison with Model Calculations. Kinetic modeling
from higher silanes in the mass spectrum. As discussed later,was carried out using CHEMKIN 4 program packages with a
concentration of tetrasilane is 1 order of magnitude smaller thanset of reactions to simulate gas-phase chemical kinetics of
that of trisilane. The upper limit of the contribution of thermal decomposition of Sils at each experimental temper-
fragmentation at/z = 60 from higher silanes would be 10% ature. On the basis of the chemical kinetic model proposed by
under the assumption that the ionization cross section of the Swihart and Girshick (SG}, we constructed a chemical reaction

Si,H4™ +SioHg + € process in the photoionization of48lio model that had a total of 48 gas-phase reactions and 28 surface
is the same order of magnitude as that eHai + SiH, + e~ reactions, involving 30 chemical species up to 5 silicon atoms
in the photoionization of SHs. The ion signal at/z = 90 is (the modified SG (MSG1) model). Gas and surface reactions

a signal of SjHg species and/or a fragmentation signal in the were incorporated into the model using the CRESLAF progtam
photoionization of SHjo. Observations of SHnm, SisHmy, and from the CHEMKIN family of codes. Plug flow condition was
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phase rate constants used in our model are almost the same as
10 e 0009 —— those proposed by Ho et &.In our model, a hydrogen
""""""" desorption reaction rate constant (2SIHESRSI(S) + Hy) is
replaced by that proposed by Sinniah et*g]A = 2.2 x 101,
E, = 43 000). Temperature-dependent sticking coefficients for
SiH4, SkHe, and SiHg and the sticking coefficient for g,
(unity) are the same as those proposed by Ho et al. Full reaction
rate parameters used in this study are listed in Supporting
Information tables.

As depicted in Figure 1, the transition states for the dissocia-
SigHyo tion of disilane are lower in energy than the corresponding
separated products. As discussed in our previous paper, ref 7,
the bottleneck for the dissociation varies with temperature.
Disilane dissociation rate constants in Table 1 correspond to
those in the 5061000 K temperature range and are in the falloff
region, not in the high-pressure-limit. In the falloff region, the
distribution functions are nonequilibrium (non-Boltzmann dis-
tributions) and microcanonical rate constants are averaged over
the nonequilibrium distribution functions to obtain canonical
rate constants. By these reasons, activation enEggi disilane
Reaction time (s) dissociation rate constants of Table 1 do not coincide with the

Figure 5. Concentration profiles of Sils (@), SikHs (M), and SiHA values in Figure 1. , _ ,
(a) as a function of reaction time. Curves are modeling results, the ~Comparisons between experimental data and simulation
MSG1 model (solid curves), the MSG2 model (broken curves) in which results using the MSG1 model and normal SG (NSG) model
rate parameters of reactions R2 and R-2 are those of the NSG modelare given in Figures 5 and 6. Tonokura ef ajualitatively
and the NSG model (dotted curves). Experimental resultsbf,Sire compared the concentration profiles oft%i species between
gffsc‘;tntget:t‘?a?i'g:l“:;"‘rt(')‘%?e"c"#“;ﬂ(1'Claﬁct?:t;‘jot')‘;c“M";éngg‘elzisojso experimental and simulation results. They simulated the con-
shown. Reaction temperatuTelzo 790 K.P = 36.5 Torr. centration p_rc_)f|les using the NSG mod_el, and only concentration
profiles of disilane have been quantitatively compared. As shown
in Figures 5 and 6, concentration profiles of disilane using
present modeling results have improved from the NSG model
and are in good agreement with experimental results. In the
present study, quantitative comparison of trisilane concentrations
between experimental and modeling results was also available.
e . Concentration profiles of trisilane between experimental and
the present modeling results reasonably agreed, and the experi-
mental results showed higher concentrations than in the model-
ing results with a maximum deviation of ca. 50%. The
concentration profile of tetrasilane calculated by MSG1 model
" is also shown in Figure 5. The concentration of tetrasilane is 1
order of magnitude smaller than that of trisilane. Although
tetrasilane production was minimized under the present experi-
mental conditions, the fragmentation signal from photoionization
of higher silanes could not be completely ruled out. This could
be one of the reasons for the higher estimation of trisilane
concentration in the present study. We also compared experi-
mental results of $H, with simulation results of SH4 species
660 680 700 720 740 by the MSG1 model. Isomerization between silylsilylene
(HSIiSiHz) and silene (HSiSiH,) was definitely involved in the
modeling.
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Figure 6. Concentration profiles of &l (@), SkHs (M), and SiH,

(a) as a function of reaction temperature. Curves are modeling results, ‘o — o

the MSG1 model (solid curves), and the NSG model (dotted curves). HSISiH, = H,SiSiH,

Experimental results of Sil, are offset to the simulation value (1.40 ) o ] o o

x 10" molecule cm3) at T = 720 K. Reaction tim¢ = 0.27 s.P = The isomerization barrier of HSiSiHo H,SiSiH, was 7.0 kcal

35 Torr. mol~1. The main pathway of reduction of HSiSjHhvolves
isomerization to HSiISiH, under the present experimental
assumed in this simulation. The gas-phase rate constants usedonditions!* Kinetic simulation results suggested that the
in our model are almost the same as those proposed by Girshickconcentration of KSiSiH, was roughly 2 orders of magnitude
et al?” In our model, reaction 11 in Table 1 of ref 27 (SiH higher than that of HSiSifd Hence, the observed 6, species
M = Si + H, + M) is deleted and disilane dissociation rate in the experiment would mainly represent3iiSiH,. Simulation
constants (reactions 2, 3, and 7 in Table 1 of ref 27) are replacedresults of SiH, species in Figures 5 and 6 show the concentra-
by the pressure-dependent rate constants proposed by Matsution of H,SiSiH,. As discussed above, the signal assigned to
moto et al. which are listed in Table 1. For example, Tat= SibH4 atm/z = 60 was obtained by subtracting the contribution
720 K andP = 36.5 Torr, the rate constant for (R1) is 9.82 from the fragmentation signal. There are no data on the
1072 s1 and that for (R2) is 1.03« 1072 s™1. The surface- photoionization cross section and no standard sampleH,Si
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TABLE 1: Disilane Dissociation Rate Constants in Our Modet

P =36.5 Torr (Figure 5) P =35.0 Torr (Figure 6)

reaction A (cm® mol, s) B Ea (cal/mol) A (cm® mol, s) B Ea (cal/mol)
SiHg(+M) = SiHz + SiHa(+M) 5.27E+12 0.0 45765.0 5.02E12 0.0 45724.7
(reverse reaction) 1.32E11 0.0 —6897.7 1.26811 0.0 —6926.3
SipHg(+M) = H3SiSiH + Hy(+M) 4.81E+10 0.0 45549.1 4.58E10 0.0 45514.0
(reverse reaction) 1.3HD8 0.0 —11200.6 1.23808 0.0 —11235.9
SiH, + SiHa(+M) = H3SiSiH -+ Ha(+M) 9.55E+12 0.0 2140.6 9.44€12 0.0 2116.3
(reverse reaction) 1.20E12 0.0 —2041.6 1.198-12 0.0 —2055.9

aForward and reverse rate constants are expressed in thekfermAT’ exp(—E4/RT). Rate parameters are given in the units of molecule, cm,
s, cal, and K.

Therefore, we attempted to qualitatively analyzgHgi Figure (R1). Two disilane molecules are consumed by the production
5 shows that experimental results obl% are offset to the of trisilane. From the reaction ratio and the production ratio, it
simulation value (1.16< 10 molecule cm?3) att = 0.1 s. The is estimated that ca. 70% of consumed disilane become trisilane

NSG model results show a profile with rise and decay, while atT = 720 K,t = 0.27 s, and® = 35 Torr. Another pathway
experimental results and the MSG1 model results show anfor consumption of Siklproduced in reaction R1 is a hetero-
increase in SH4 concentration. The concentration profile of geneous reaction occurring on the reaction tube surface.
SibH4 by the MSG1 model is in good agreement with experi- Although simulation results suggested that the concentration of
mental results. Concentrations obi3, SikHs, SikbHa, SisH10, silane was 1.5 times higher than that of tridisilané at 720
and SiH, and branching ratios of SiHo SiHg at T = 720 K K,t=0.27 s, and® = 35 Torr, the concentration of silane was
andP = 36.5 Torr as a function of reaction time measured in not experimentally determined due to a higher ionization
the present experiments and predicted by the MSG1 model arepotential (11.0 eV) than VUV photon energy (10.5 eV). The
shown in Supporting Information tables. main production pathway of silane is reaction R:Hgi— SiH,4

In Figure 6, experimental results of,Bi at T = 720 K are + SiH,.
offset to the simulation value (1.4 10! molecule cm?3).
The concentration profile of 8il4 qualitatively agrees with the

: . ; . Conclusions
present simulation results. In the present simulation, the N _ o
production of SiH, is not affected by reactions R3 and R-3. The thermal decomposition mechanism of disilane was
To quantitatively evaluate the production pathway oHgj studied by comparison between experimental and kinetic

the concentration profiles of disilane, trisilane, angHgspecies simulation results. Experimental concentration profiles of di-
are simulated by another modified SG (MSG2) model in which silane and trisilane quantitatively agreed with kinetic simulation
the rate parameters of reactions R2 and R-2 are those of thedata, which incorporate pressure-dependent rate constants result-
NSG model, while the rate parameters of reactions R1, R-1, ing from disilane decomposition. The branching ratio for (R1)/
R3, and R-3 are those of Table.1. As shown in Figure 5, (R2) can be derived by the pressure-dependent rate constants,
concentration profiles of disilane and trisilane by the MSG2 for example, all = 720 K andP = 36.5 Torr, the (R1)/(R2) is
model are almost the same as those by the MSG1 model.95.3. The concentration of &1, species was estimated to be
Concentration of SH, by the MSG2 model increases as more than 18 molecule cm?® under the present experimental
compared to those by the MSG1 model. For example, at reactionconditions T < 740 K andP < 40 Torr). The production of
time = 0.1 s, the concentration of i, by the MSG2 modelis  SizHa is not affected by reaction of SpH- SiHs — H3SiSiH +

1.83 x 10" molecule cm?® as compared to 1.16< 10 H, in the present conditions. Under the present experimental
molecule cm® by the MSG1 model. This variation is attributed ~conditions, one of the main production pathways ofHgi

to reactions R2 and R-2. It indicates that in the present species is SHe — SiH4 + Ho reaction. The main production

simulation, disilane dissociation reactiont$ — H, + Hs- pathway of trisilane is SikH+ Si;Heg — SizHg reaction.
SiSiH, (R2), is one of the main production pathways oHgi
On the other hand, the concentration profile oft&iby the Acknowledgment. This study was supported by the Ministry

MSG2 model decreases as compared to those by the NSGqf Equcation, Culture, Sports, Science, and Technology of Japan

model. For example, at reaction tire0.1 s, the concentration  Grant for the 21st Century COE Program “Center of Excellence
of SizHs is 3.44 x 10'* molecule cm® by NSG model. The  for Human-Friendly Materials on Chemistry”.

variation is mainly attributed to the reaction of SiHt Si;He
= SiH4 + HSIiSiHs. This reaction is one of the relevant reactions
in the thermal decomposition of trisilane, which are not studied
in this paper. To further discuss the production pathway $.5i
evaluation of the relevant rate constants of the thermal deco
position of trisilane is needed.
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