
H/D isotope exchange reaction of SiH+ 3 with SiD4 and SiD+ 3 with SiH4: Evidence
for hydride stripping reaction
W. D. Reents Jr. and M. L. Mandich 
 
Citation: The Journal of Chemical Physics 93, 3270 (1990); doi: 10.1063/1.458860 
View online: http://dx.doi.org/10.1063/1.458860 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/93/5?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
H/D isotopic exchange between water molecules at ice surfaces 
J. Chem. Phys. 121, 2765 (2004); 10.1063/1.1770548 
 
Strong isotope effects in the dissociation kinetics of Si–H and Si–D complexes in GaAs under ultraviolet
illumination 
Appl. Phys. Lett. 75, 112 (1999); 10.1063/1.124292 
 
The isotope exchange reactions H++D2HD+D+ and D++H2HD+H+ in the temperature range 200–300 K 
J. Chem. Phys. 75, 1201 (1981); 10.1063/1.442168 
 
Calculation of H/D Kinetic Isotope Effects for the Reactions of Trifluoromethyl Radicals with SiH4 
J. Chem. Phys. 54, 1919 (1971); 10.1063/1.1675119 
 
Lifetimes and Total Transition Probabilities for NH, SiH, and SiD 
J. Chem. Phys. 51, 520 (1969); 10.1063/1.1672027 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

147.143.2.5 On: Sat, 20 Dec 2014 09:33:12

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=W.+D.+Reents+Jr.&option1=author
http://scitation.aip.org/search?value1=M.+L.+Mandich&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.458860
http://scitation.aip.org/content/aip/journal/jcp/93/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/6/10.1063/1.1770548?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/75/1/10.1063/1.124292?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/75/1/10.1063/1.124292?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/75/3/10.1063/1.442168?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/54/5/10.1063/1.1675119?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/51/2/10.1063/1.1672027?ver=pdfcov


HID isotope exchange reaction of SiHt with SiD4 and SiDt with SiH4: 

Evidence for hydride stripping reaction 
w. D. Reents, Jr. and M. L. Mandich 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

(Received 10 January 1990; accepted 22 May 1990) 

We have measured the reaction rates and product distributions for SiHxD3+_x reactions with 
SiH4 and SiD4 • The measured reaction rates for SiHt and SiD4 (26.1 ± l.OX 10- 10 

cc/molecule s) and for SiD3+ and SiH4 (23.1 ± l.OX 10- 10 cc/molecule s) are greater than 
the calculated Langevin collision rate (12.3-12.4 X 10 - 10 cc/molecule s). Also, the product 
distribution observed for HID exchange is nonstatistical. Dual, competing reaction 
mechanisms are invoked to account for these observations: reaction via formation of an ion
molecule complex and reaction via long-range hydride stripping. Using an expected product 
distribution calculated from reaction thermochemistries, the relative contributions of the two 
mechanisms is obtained for each reaction examined. The reaction rate for the ion-molecule 
complex mechanism is calculated to be at the Langevin collision rate within experimental 
error. The reaction rate for the stripping mechanism varies from 1-4 X 10- 10 cc/molecule s 
( 10-30% of the Langevin collision rate) for the mixed isotope ions SiH2 D + and SiHD2+ to 
12-18 X 10- 10 cc/molecule s (100%-150% of the Langevin collision rate) for the isotopically 
pure ions SiH3+ and SiD3+ . The faster than Langevin reaction rates lower the expected low 
field mobility of SiH3+ in silane plasmas by 70% to - 340 cm2 TorrlV s. 

I. INTRODUCTION 

Silane chemical vapor deposition is used in the electron
ics industry to deposit silicon films with superior purity than 
bulk silicon. Use of a plasma [plasma enhanced chemical 
vapor deposition (PECYD)] allows for lower deposition 
temperatures for temperature sensitive features. The events 
in plasmas which lead to silicon deposition are complex with 
many factors coupled together; changing an operating pa
rameter will have a somewhat unpredictable result on the 
film quality and deposition rate. Events in plasmas and on 
surfaces are being modeled to understand how the different 
parameters are coupled and thereby aid in optimizing the 
deposition process. 1-4 A major goal is to uncover the mecha
nism responsible for the growth of deleterious hydrogenated 
silicon microparticles in the gas phase. Formation of this 
silicon "dust" is currently a major problem that will become 
more devastating as device features shrink. 5-6 

We have previously examined the gas phase ion chemis
try of many bare and hydrogenated silicon cluster cations 
with silane7

-
1O with the intent of finding an ion/molecule 

reaction pathway leading to formation of silicon dust in si
lane plasmas. These studies have provided product distribu
tions and reaction rates which are vital to models of the si
lane plasma chemistry. Reactions of the ions with silane 
produce hydrogenated silicon clusters, SimHn+ , containing 
no more than six silicon atoms. Thus far we have not found 
an ionic pathway for production oflarge gas phase hydroge
nated silicon clusters in silane plasmas. 

The ionic mobility within the plasma determines the ion 
residence time and energy, characteristics which are vital to 
a complete understanding of the plasma. 11 The most abun
dant ion in the plasma, SiH3+ , has been observed to react 
with SiH4 at a rate greater than the collision rate due to a 
long range hydride stripping reaction. This high reaction 

rate has not been accounted for in silane plasma models but 
would lower the expected diffusion rate and thereby increase 
the residence time of SiH3+ in the plasma. 

In this study we have obtained the relative contributions 
of the hydride stripping reaction vs the ion-molecule com
plex formation reaction for thermal (300 K) ions in the ob
served hydride exchange reaction 

SiH3+ + SiH4 ..... SiH4 + SiH3+ ( 1) 

Isotopic labeling of the silicon or hydrogen was used to dif
ferentiate the two mechanisms. For a pure stripping mecha
nism, statistical hydrogen isotopic scrambling will not oc
cur, whereas a pure complex formation mechanism would 
have a statistical distribution of isotopes in the product ions. 
Experimentally we observe all possible mixed and unmixed 
isotopic products with a preferred formation of the isotopi
cally unmixed ion, SiH3+ or SiDt , indicating that the two 
mechanisms compete. Using information from phase space 
calculations and high level ab initio calculations,12 we have 
estimated the rates for each mechanism. The rate for hydride 
exchange via the complex formation mechanism is between 
75% and 90% of the Langevin collision rate, whereas the 
rate of the stripping mechanism exceeds the classical colli
sion rate for isotopically pure reactant ions. 

II. EXPERIMENTAL 

The studies were performed with a Nicolet FTMS-l 000 
Fourier transform mass spectrometer modified to include a 
differentially pumped dual trapped ion cell. Silane (Scott, 
99.99%) and SiD4 (MSD, 99.7 + at %) were admitted to 
different sides of the differentially pumped chamber. Ions 
were formed by electron impact with 14 e Y electrons to 
minimize fragmentation and reduce the percentage of ions 
with excess energy. Ions were transferred from the trapped 
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ion cell in which they were formed, through a 2 mm conduc
tion limit, to the second trapped ion cell for reaction. Un
wanted ions were ejected by standard double resonance tech
niques to isolate the reactant ion SiH3+ or SiD3+ for further 
study. The conductance limit also allowed some gases to 
transfer from one cell to the other, thereby complicating the 
kinetics study. This problem was minimized by adjusting the 
pressures to ensure a greater than 40: 1 ratio of the reactant 
neutral to the interfering neutral. Other conditions were: 
3.2-4.2x 10- 7 Torr total pressure; 32k to 64k data points; 1 
V trapping voltage; 100 spectra summed; trapping times of 
0.005 to 3 s. 

The ion gauge pressure readings were corrected to abso
lute pressures so that observed reaction rates could be con
verted to absolute reaction rates. Pressure corrections were 
made by comparing our measured rates for reaction ofCH3+ 

and CH4+ with CH4 to literature values and correcting the 
ion gauge response factor using the molecular polarizability 
of silane and methane. 13 Electron ionization energy was a 
crucial factor in this study. For energies greater than 14 eV, 
nonexponential decay of the SiH3+ /SiD3+ reactant ions was 
observed. This is due to excess energy in the ion which is 
observed to slow down the reaction. In some studies, ther
malization of the ions through collisions might be possible, 
but in this experiment the facile reactions (at or near the 
collision rate) and the difficulty of the experimental setup 
precluded such an option. 

A. Kinetic evaluation 

The isotopic exchange reactions involve both parallel 
and sequential formation of product ions as shown in 
scheme. 1. 
The kinetic expression for three sequential reactions have 
been derived. 14 For four sequential reactions as in scheme 1, 

k1 
------------------.. B 

, ;/ '. 
'/'6 
o •• ----~-----

the kinetic expressions are similar. They are presented here 
for the reader's convenience. For the initial reactant ion A: 

(2) 

where A is the reactant ion intensity [SiH3+ in reactions 
(7)-(12) or SiD3+ in reactions (13 )-08) ), Ao is the initial 
intensity of A, and kl ,kl' and k3 are the reaction rates shown 
in scheme 1 [they represent the reaction rates for reactions 
(7)-(9) or(13)-(15), respectively). For B, the kinetic 
expression is 

B= k2 AO (e-(k l +k2 +kJ )I 

[(k4 + ks ) - (k1 + k2 + k3 ) ] 

-(k.+k,)I) -e , (3) 

where B is the reactant ion intensity [SiH2 D + in reactions 
(7)-(12) or SiHDt in reactions (13 )-(18)] and k4 and ks 
represent the reaction rates shown in scheme 1 [they also 
represent the reaction rates for reactions (10)-( 11) or 
( 16 )-( 17), respectively J. The kinetic equation for C is 

(4) 

where Cis the reactant ion intensity [SiHD/ in reactions (7)-( 12) or SiH1D + in reactions (13 )-( 18)] and k6 represents 
the reaction rate shown in scheme 1 (it also represents the reaction rate for either reaction ( 12) or ( 18). In fitting Eq. (4), the 
standard deviation ofthe variables kl' k4' and k6 are minimized to obtain the best fit in the tables. The other variables are set 
equal to the values obtained from fits to Eqs. (2)-(3). Finally, the rate expression for the final ion, D, is 

( {

k k2k4 k2k4 

I + (k4 + ks ) - (k l + k2 + k3 ) _ (k + k + k )1 (k4 + ks ) - (kJ + k2 + k3 ) (k + k )1 D Ao 1 - e I 2 J + e - -. " 
k6 - (k l + k2 + k3) - k6 + (k4 + ks ) 

_ kJ + (k4 + ks ) - (k l + k2 + k J ) + (k4 + ks ) - (k 1 + k2 + k3) e - k6 t • 

[ 

k2k4 k2k4} )] 

k6 (k l + k2 + k3) - k6 + (k4 + ks ) 
(5) 
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These equations assume no back reaction occurs. In prac
tice, this is not correct, but it is minimized through use of the 
differentially pumped dual cell to produce a > 40: 1 ratio of 
reactant neutral to neutral from which the reactant ion was 
derived. A slight residual back reaction was removed for 
ions A, B, and Cby adding the term xDo to the kinetic equa
tion which accounts for the equilibrium of the ions with the 
final product ion. This simply sets the equilibrium long time 
value of an ion to a fraction of the intensity of D. A slower 
reaction of D with silane to produce Siz H5+ or Si2 D 5+ is also 
present. A simpler rate expression for D is used: 

D = Ae - (k, + k2 + k,)t + Be - (k. + k,)I 

(6) 

where kx is the rate for formation of Si2 (H/D)5+' These 
preexponential factors are not evaluated in terms of kinetic 
parameters; this equation is merely used to demonstrate a fit 
with the evaluated reaction rates. These equations are then 
fit to the intensity variations with time to extract the kinetic 
information reported. The rate constants in Eqs. (2)-(6) 
are pseudo-first-order because the neutral reactant 
(SiD4 or SiH4 ) is present in great excess relative to the reac
tant ions. The true bimolecular rate constant is obtained 
through dividing the observed rate constant by the absolute 
pressure of SiD 4 • 

The four kinetic equations above are insufficient to de
termine the six reaction rates k l -k6 • The product distribu
tions are used as additional information to fully evaluate the 
rate constants. 

III. RESULTS 
A differentially pumped dual trapped ion cell of a Four

ier transform ion cyclotron resonance mass spectrometer is 
used to study the HID exchange reactions (7)-( 12) and 
(13)-(18). 

k, 

SiH3+ + SiD4 -+SiH2D+ + SiHD3 (7) 

k, 

-+ SiHDt + SiH2 D2 (8) 
kJ 

.... SiD3+ + SiH3D, (9) 

k. 

SiH2 D+ +SiD4 .... SiHDt +SiHD3 (10) 

k, 

.... SiD3+ + SiH2 D2, (11) 

k6 

SiHD2+ + SiD4 ..... SiD3+ + SiHD3 , (12) 

k, 

SiD3+ + SiH4 .... SiHDt + SiH3D (13) 

k, 

.... SiH2D+ + SiH2D2 (14) 

k, 

.... SiH/ + SiH3D, (15) 

k. 

SiHDt + SiH4 .... SiH2 D + + SiH3 D (16) 

500~----------------------------~ 

400 

>-
I- 300 c;; 
z 
w 
~ 200 

100 

o 0.5 1.0 1.5 2.0 2.5 
TIME (sec.) 

FIG. 1. Time plot for the intensity variation ofSiH/ in its reaction with 
SiD. from reactions (7)-(9). The solid line is the kinetic fit to the intensity 
using Eq. (2) and considering a small eqUilibrium contribution as discussed 
in Sec. II A. 

k, 

.... SiH3+ + SiH2 D2, (17) 

ko 

SiHzD+ + SiH4 .... SiH3+ + SiH3D. (18) 

The ion intensities as a function of time for reactions (7)
(12) and (13 )-( 18) are plotted in Figs. 1-4 and 5-7, respec
tively. Superimposed on the ion plots are the calculated in
tensities which have been fit to the kinetic equation discussed 
in Sec. II A. Extracted kinetic parameters for a reactant ion 
were used to constrain kinetic fits of each product ion. The 
fitted rates are presented in Table I along with the calculated 
Langevin collision rate. Also presented in Table I are our 
previously reported reaction rates for isotopically labeled 
29SiH3+ and 29SiD3+ with SiH4 and SiD4 , respectively. 

Product distributions were calculated by phase space 
theory,15,16 statistical mixing of the isotopes, and reaction 
energies, l!..Grxn. The results of these calculations along with 
the observed product distributions are presented in Table II. 

45.-~=-------------------------' 

>- 30 
'= Ul 
z 
w 
I-
z 15 0 

0 0 

O~-,--.--,--.--,---.--r--r--r-~ 

o 0.5 1.0 1.5 
TIME (sec) 

2.0 2.5 

FIG. 2. Time plot for the intensity variation of SiH, D + in its formation 
from reaction ofSiH/ with SiD. and its reaction with SiD. from reactions 
(7 )-( 11 ). The solid line is the kinetic fit to the intensity using Eq. (3) and 
considering a small equilibrium contribution as discussed in Sec. II A. 
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FIG. 3. Time plot for the intensity variation ofSiHD,+ in its formation from 
reactions ofSiH,+ and SiH2 D + with SiD. and its reaction with SiD. from 
reactions (7)-( 12}. The solid line is the kinetic fit to the intensity using Eq. 
( 4) and considering a small equilibrium contribution as discussed in Sec. 
II A. 

IV. DISCUSSION 

Typically, ion-molecule reactions proceed through an 
intermediate complex which is bound by ion-dipole forces. 
For the reaction ofSi(D/H) 3+ withSi(HID)4 asymmetric, 
strongly bound hydrogen bridged complex forms (Fig. 8) 
with a calculated binding energy of 35 kcal/mol.l2 Facile 
hydrogen/deuterium exchange occurs through a readily 
accessible transition state ( T 1 ), lying 18 kcal/ mol below the 
energy of the reactants. Since this transition state is well 
below the transition states leading to products (T 2) or back 
to reactants, there is a complete mixing of the isotopes result
ing in a distribution of isotopically labeled products. 12 Cal
culated product distributions based upon a simple statistical 
mixing compares well with the more sophisticated phase 
space and thermodynamic calculations in Table II. How
ever, there is poor agreement with the experimentally ob
served distributions. Furthermore, the absolute reaction 
rates for these reactions exceed the Langevin collision rate in 
some cases by a factor of 2. 

The product distribution discrepancies in Table II can 

640 

480 
>-
t: 
en 
z 320 
w 
I-z 

160 

0 
0 0.5 1.0 1.5 2.0 2.5 

TIME (sec.) 

FIG. 4. Time plot for the intensity variation ofSiD,+ in its formation from 
reactions ofSiH,+, SiH2 D + ,and SiHD/ with SiD. from reactions (7)

(12). The solid line is the kinetic fit to the intensity using Eq. 6. 

750v-----------------------------~ 
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)0-

I- 450 en z w 
~ 300 

150 

234 
TIME (sec) 

5 6 

FIG. 5. Time plot for the intensity variation of SiD/ in its reaction with 
SiH. from reactions ( 13 )-( 15). The solid line is the kinetic fit to the inten
sity using Eq. (2) and considering a small equilibrium contribution as dis
cussed in Sec. II A. 

be rationalized in terms of a stripping reaction mecha
nism. 17

•
18 In a stripping reaction, transfer of a small particle 

(e.g., electron, H + ,H, or H -) occurs over a distance 
greater than that required for complex formation. Also un
like complex formation, there is no momentum transfer 
between the ion and neutral. Thus, stripping reactions are 
known to efficiently produce thermal ions from a fast ion 
beam. The stripping reaction has been observed by Mayer 
and Lampe with an ion beam apparatus for SiH 3+ reacting 
with SiD4 19 and CH3 SiHt reacting with CH3 SiD3 .20 In our 
experiments the stripping mechanism competes with com
plex formation to produce the convoluted distributions. 

The product distribution observed by Lampe and 
Mayer for reactions (7}-(9) is reproduced in Table III for 
an ion beam apparatus'as a function of reactant ion energy. 19 
Only SiD3+ and SiHDt were observed; both SiH2 D + and 
SiH3+ were obscured by the primary SiH3+ beam. The inten
sity of SiD 3+ relative to SiHDt is significantly less than our 
result (2: 1 vs 6: 1 ). This disagreement with our observations 
(Table II) lies in the lack of momentum transfer for the 
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FIG. 6. Time plot for the intensity variation ofSiHD,+ in its formation from 
reaction ofSiD,+ with SiH.and its reaction with SiH. from reactions (13)
(17). The solid line is the kinetic fit to the intensity using Eq. (3) and con· 
sidering a small equilibrium contribution as discussed in Sec. II A. 
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FIG. 7. Time plot for intensity variation ofSiH2 D + in its formation from 
reactions ofSiDt and SiHD,+ with SiH. and its reaction with SiH. from 
reactions (13) -( 18). The solid line is the kinetic fit to the intensity using 
Eq. (4) and considering a smalI equilibrium contribution as discussed in 
Sec. II A. 

hydride stripping reaction. The ion beam apparatus ineffi
ciently extracted low velocity ions from the reaction tube 
resulting in a proportionally enhanced signal ofSiHD2+ .21 

The complex formation reaction rate cannot be extract-

TABLE I. Estimated reaction rates for complex formation and stripping 
mechanisms. 

Reaction rate (X 1010 cclmolecule S)f 

Reactants klotal kcomp,cx a kSlripping 
b 

kLangevin C 

SiH3+ + SiD. 26.1 ± 1.0 8.2 ± 1.1 18.1 ± 2.1 12.3 
SiH2D+ + SiD. 14.4 ± 1.0 14.9~1~ 1.4 ~ t:· 12.2 
SiHD2+ + SiD. 11.2 ± 1.0 4± 3' 12.1 

SiD3+ + SiH. 23.1 ± 1.0 11.2 ± 2.1 12.1 ± 3.1 12.4 
SiHD,+ + SiH. 15.0 ± 1.0 13.3~n 3.6:'::; 12.5 
SiH2D+ + SiH. 10.3 ± 1.0 3 ± 3' 12.6 

29SiH3+ + SiH. 11 ± Id (12.5)e se 12.5 

29SiDt + SiD. 8.S ± 0.7d (12.0)e 2.5' 12.0 

• Complex formation rate for the mixed HID exchange reactions is calculat· 
ed based upon the expected fraction of their formation from Table II com
pared with the observed fraction of their formation. In these instances the 
single exchange product fraction is divided by the thermodynamic product 
fraction and multiplied by the total rate. Reactions whose kcnmpl<x is omit
ted do not have a unique nonstripping reaction product. 

b This is calculated from the total measured reaction rate less the calculated 
complex reaction rate plus the rate for back reaction which cannot be ob
served experimentally. 

C Langevin ion-molecule collision rate, 211"q( al fl) 1/2. 

d From Ref. 10. Note that these rate constants do not include the back reac
tion of the complex formation pathway. So that these values may be com
pared with the other k lOt• , , one half of kLan • .,;n should be added to account 
for the unobserved back reaction. 

e The complex formation reaction rate cannot be calculated; it is assumed to 
be equal to one half of the Langevin collision rate (this is the experimental
ly observable part of the complex formation pathway). That value was 
subtracted from ktntal to obtain k,,,;pp;ng. Thus kcnmplex is assumed to equal 

kLangevin· 

fListed errors are relative. Absolute errors are ± 20%. 
g Estimated by taking the thermodynamic calculated distribution for forma

tion of SiHt or SiD3+ , multiplying by kLangev;n to get an estimate for the 

observable kcnmplex. and subtracting ktntal. 

ed from the total reaction rate solely through kinetic analy
sis. However, if the product distribution for complex forma
tion can be estimated, then its absolute reaction rate can be 
calculated based upon the product distribution and forma
tion rate of a nonstripping reaction product. For Table II, 
the observed product ratios of SiH2 D + to SiHD2+ for reac
tions (7)/(8) and (13)/(14) agree within experimental er
ror with the calculated values. Using the thermodynamic 
distributions for the products of reactions (7), (10), (13), 
and (16), the calculated reaction rates for complex forma
tion and stripping are shown in Table I. [Reactions (7) and 
( 13) were used rather than (8) and (14) because of the 
smaller relative error in the distributions.] 

There are several observations to be highlighted con
cerning the observed reaction rates. First, complex forma
tion occurs at the Langevin reaction rate (within experimen
tal error). This observation increases our confidence of the 
results. Second, ktotal decreases linearly with decreasing 
number oflabeled atoms in the ion. This is a combination of 
our reduced ability to monitor the complex formation reac
tion with decreasing isotopic label and a smaller kstriPPing' 

Third, kstripping is comparable to or greater than kcomplex for 
the isotopically pure reactant ions but diminishes signifi
cantly when the isotopically mixed ions are reacted [reac
tions (10) and (11) and (16)-(18). This maybe due to the 
reduced free energy of reaction (cf. Table IV) for these latter 
reactions. The reactant ion must approach closer to the neu
tral to overcome an equivalent energy barrier. Note that 
kstripplng for the 29Si labeled reactants are comparable to those 
for the isotopically mixed ions SiH2 D + and SiHD2+ . Final
ly, the stripping reaction occurs most readily for reaction 
(7). Transfer of the lighter H - in reaction (13) would be 
expected to proceed more rapidly; even !:.Grxn favors reac
tion (13) . We have no explanation at present for this dis
crepancy. In contrast, with the 29Si labeled reactants the per
deuterated system has the expected slower ktotal and kstripping 

compared with the per-protiated system. Note that kstripping 

for the 29Si labeled reactions, which are thermoneutral, are 
comparable to kstripping for the slightly exothermic SiH2 D + 

and SiHD2+ reactions. 
The rapid reaction rate of SiH3+ with SiH4 will influ

ence the results of modeling silane plasma chemistry. The 
current low-field mobility estimate of 1180 cm2 TorrlV s 
for SiH3+ is too high due to an underestimation of this hy
dride exchange reaction rate. 4 We have recalculated the low
field mobility using the relation4 

6.36X 10 - 24 

f-lP = (mkT) 112Q ' 
(19) 

where f-lP is the low field mobility, m is the mass of the ion in 
kglmol, k is the Boltzman constant in Joules, T is the tem
perature in Kelvin, and Q is the reaction cross section of the 
ion given by 

Q=kv, (20) 

where k is the bimolecular reaction rate constant and v is the 
ion velocity in cm/s.22 From our measured reaction rate for 
SiH3+ of 2.2 X 10 - 9 cclmolecule s at room temperature the 
calculated low field mobility is 340 cm2 TorrlV s assuming 

J. Chern. Phys., Vol. 93, No.5, 1 September 1990  This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

147.143.2.5 On: Sat, 20 Dec 2014 09:33:12



W. D. Reents, Jr. and M. L. Mandich: Isotope exchange reaction of SiHt 3275 

TABLE II. Product distributions· for HID exchange. 

Distribution (%) 
Product 

Reactants ion Observed Phase space Statistical Thermodynamicb 

SiH3+ + SiD. SiH/ 0.8 2.9 2.3 
SiHzD+ 11 ± 1 33 34 35 
SiHD2+ 13 ± 5 54 51 54 

SiD/ 76±6 12 11 8.0 
SiHzD+ + SiD. SiH,D+ 14 13 

SiHDt 59 ± 12 57 57 
SiD/ 41 ± 12 29 30 

SiHDt + SiD. SiHDt 43 43 
SiD,+ 100 57 57 

SiD3+ + SiH. SiD,+ 3.1 2.9 2.1 
SiHD2+ 14±2 36 34 29 
SiH2D+ 12± IO 50 51 57 
SiH3+ 74± 12 IO 11 11 

SiHDt + SiH. SiHDi" 14 13 
SiH2D+ 48 ± 10 57 54 
SiH/ 52 ± IO 29 33 

SiH2D+ + SiH. SiH2D+ 43 42 
SiH/ 100 57 58 

"These are the expected equilibrium distributions based upon the free energy of reaction. The enthalpies of 
reaction are the differences in zero point energy from ab initio calculations. The reaction entropies were 
obtained from the scaled rotational and vibrational constants derived from ab initio calculations (Ref. 23). 
Only vibrational frequencies less than 1000 cm - I were considered since they represented> 95% of the vibra
tional entropy. 

b Based on free energy of reaction, Table IV. 

a thermally averaged cross section. This value is based on 
collisions which equilibrate the kinetic energy of the ion. 
However, the hydride stripping mechanism, which is a sig
nificant fraction of the total reaction, forms an ion fully ther
malized with the background gas and a neutral with the ki
netic energy of the reactant ion. Thus the average kinetic 
energy and the low field mobility may be even lower. Never
theless, this value greatly reduces the ambipolar diffusion 
loss ofSiH3+ from the plasma thereby increasing the expect
ed concentration of SiH3+ and its reaction progeny in the 
plasma. 

Low field mobilities for all Six H/ ions in silane plasmas 
may be overestimated. For example, complex formation of 

o 
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w 
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FIG. 8. Potential energy surface for reaction ofSiH,+ with SiD. from Ref. 
16. HID exchange between the low energy complexes occurs via transition 
state T 1 which is 18 kcal/mol below the reactants energy. 

ions such as Si + , SiH +, and SiHt with SiH4 have been 
found to occur with unit efficiency even where the forward 
reaction efficiency is much less. Formation of a complex 
causes thermalization of the ion even where this complex 
falls apart to reactants, thus lowering its mobility. 

V. CONCLUSIONS 

The hydride exchange reaction of SiH3+ with SiH4 oc
curs at greater than the Langevin collision rate. Reaction via 
a conventional collision complex occurs at or near the colli
sion rate. A second mechanism involving hydride stripping 
at long distance is also present. The combination of the two 
mechanisms yields an observable rate greater than the colli
sion rate. Through isotopic labeling, the two mechanisms 
were differentiated. The hydride stripping mechanism ac-

TABLE III. Product distribution" observed in ion beam experiments on the 
reaction ofSiH,+ with SiD. 

Collision energy (eV) 

Product 0.54 1.07 2.15 3.22 4.30 

SiD,+ 68 76 86 83 88 
SiHDz+ 32 24 14 17 12 
SiHzD+ obscured by primary ion beamb 

SiH,+ obscured by primary ion beamb 

"From Ref. 19. 
"This was omitted from Ref. 19: F. W. Lampe (private communications). 
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TABLE IV. Free energies of reaction for HID exchange. 

Product A.Grxn 
Reactants ion (kcal/mol) 

SiH,+ + SiD. SiH,+ 0 
SiH,D+ - 1.63 
SiHD2+ - 1.89 
SiD,+ -0.75 

SiH2D+ + SiD. SiH2D+ 0 
SiHD,+ -0.88 
SiD,+ -0.49 

SiHD,+ + SiD. SiHD,+ 0 
SiD,+ -0.15 

SiD,+ + SiH. SiD,+ 0 
SiHD,+ - 1.58 
SiH2D+ - 1.98 
SiH,+ -0.99 

SiHD2+ + SiH. SiHD,+ 0 
SiH,D+ -0.85 
SiH,+ -0.58 

SiH2D+ + SiH. SiH,D+ 0 
SiH,+ -0.19 

counts for 70% of the reactivity ofSiH3+ with SiH4 at room 
temperature. 

The overall hydride exchange reaction rate of SiH3+ 

with SiH4 significantly alters the estimated mobility of 
SiH3+ in silane plasmas. Our estimate of 340 cm2 Torr/V s 
for the low field mobility of SiH3+ (T = 298 K, thermal ve
loci ties) is much smaller than the current estimate of 1180 
cm2 Torr/V s. This change increases the predicted concen
tration of SiH3+ and its reaction progeny in the silane plas
ma. 
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