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Hydrogen poor cationic silicon clusters in an expanding
argon–hydrogen–silane plasma

W. M. M. Kessels,a) M. C. M. van de Sanden,b) and D. C. Schram
Department of Applied Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

~Received 26 January 1998; accepted for publication 6 March 1998!

Cationic silicon clusters SinHm
1 with up to ten silicon atoms have been detected mass

spectrometrically in an expanding argon–hydrogen–silane plasma used for fast deposition of
amorphous hydrogenated silicon. A reaction pathway is proposed in which initial silane ions are
produced by dissociative charge exchange between argon and hydrogen ions emanating from the
plasma source and the admixed silane followed by chain reactions of the created ions with silane.
The silicon clusters are hydrogen poor, which is ascribed to the high gas temperature as the initial
argon–hydrogen plasma is thermal in origin. ©1998 American Institute of Physics.
@S0003-6951~98!00819-5#
as
n
fl
te

ch
-
o
n
l

th
a

a

a
o
1

a
ha

-
a

s
ec
d-
go
d

ar
la

e
he
e

ho
er

. In
unt
and
ms.
it is
ith
en
ich
n,
ro-

ons
cies
ed
ane

ed
mi-
cia-
tion

ill
si-

n of
mass
The formation of large positive ions in silane plasm
used for the deposition of amorphous hydrogenated silico
of interest as they are expected to have a detrimental in
ence on the film quality. These ions, or more appropria
cationic clusters can lead to disturbances in the film sto
ometry and to defects.1 Until now several authors have re
ported about the detection and formation of positive silic
ions and clusters in mainly conventional dc and rf sila
discharges.2–4 To our knowledge, only Theil and Powel5

report about the detection of positive silicon clusters in
remote type of plasma, but do not deal with their grow
mechanism. This letter deals with the detection and form
tion of positive silicon clusters in an expanding therm
plasma.

The expanding thermal plasma is a remote plasma
sisted deposition technique that allows for the deposition
solar grade quality amorphous silicon at a growth rate of
nm/s.6 In this technique~cf. Fig. 1! a thermal argon–
hydrogen plasma~electron density'1022 m23, electron tem-
perature'1 eV! is created in a dc arc discharge operating
subatmospheric pressure and expanded into a reactor c
ber at 0.2 mbar. The argon flow is 55 sccs~standard cubic
centimeters per second! and the hydrogen flow is varied be
tween 0 and 15 sccs. Silane is admixed by means of
injection ring at 6 cm from the arc exit at a flow of 10 scc
No power is coupled in downstream leading to a low el
tron temperature ('0.2– 0.3 eV) in the expansion. The a
mixed silane is therefore ionized and dissociated by ar
and hydrogen ions as well as by atomic hydrogen create
the arc. The electron density downstream ranges from 1019 to
1016 m23 depending on the admixed flows of molecul
gases. For the present study the substrate holder is rep
by a Hiden Analytical EPIC 300 mass spectrometer.

In Fig. 2 positive ion mass spectra are shown obtain
with ionizer off for 1 and 10 sccs hydrogen admixed in t
arc. Both spectra, which are not corrected for mass dep
dent gas extraction and spectrometer transmission, s
positive ions with up to 10 silicon atoms whereby the obs

a!Electronic mail: w.m.m.kessels@phys.tue.nl
b!Electronic mail: m.c.m.v.d.sanden@phys.tue.nl
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vation is limited by the mass range of the spectrometer
the condition with 1 sccs hydrogen admixture the ion co
rates are smaller than with 10 sccs hydrogen admixture
the smallest clusters observed contain four silicon ato
Compared to the spectra obtained in rf and dc plasmas
striking that the clusters are relatively hydrogen poor w
the higher silicon ions containing dominantly one hydrog
atom. The ion spectra presented by Theil and Powell, wh
have a similar silicon number distribution as in our situatio
suggest the dominance of the clusters containing two hyd
gen atoms.5

The basic difference between the two plasma conditi
in Fig. 2, as reported in Refs. 7 and 8, are the reactive spe
emanating from the arc. If a small hydrogen flow is admix
the ion fluence emanating from the arc is large and the sil
dissociation~dissociation degree about 50%! is dominated by
argon and hydrogen ions. If the hydrogen flow is increas
the ion fluence is effectively quenched and silane is do
nantly dissociated by atomic hydrogen. The silane disso
tion degree is reduced to about 10% due to a smaller reac
rate of atomic hydrogen with silane.9

In both conditions in Fig. 2, ions that leave the arc w
undergo dissociative charge exchange with the admixed
lane leading to silane ions, dominantly SiH3

1.9 These silane

FIG. 1. The expanding thermal plasma setup used for fast depositio
hydrogenated amorphous silicon. The substrate holder is replaced by a
spectrometer with a similar geometry.
7 © 1998 American Institute of Physics
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ions can either recombine dissociatively with electrons
react with silane. The latter reaction will be favored if th
electron density is or gets sufficiently low. In both conditio
the reaction pathway proposed for the creation of the catio
silicon ions is the chain reaction:

SinHm
11SiH4→Sin11Hp

11qH2, ~1!

wheren>1 andm145p12q. Reactions in which atomic
hydrogen is created are neglected as they are energeti
less favorable. The direct ionization of higher silanes is ru
out due to the fast fall off in the density of these high
silanes.8 From the proposed point of view the cluster si
depends on the product of the silane density and the dist
between the point where the initial silane ion is created
the mass spectrometer. In the case of 1 sccs hydrogen ad
ture dissociative recombination with an electron will
much larger as the initial ion and electron fluence emana
from the arc is larger.8 This, in combination with a smalle
silane density due to the higher dissociation degree, lead
smaller cluster count rates than for the condition in whic
smaller ion fluence emanates from the arc as is observe
Fig. 2. The ions with less than four silicon atoms are pro
ably absent due to their higher recombination rate with e
trons in comparison with larger ions.

To produce more evidence for the reaction pathway
simple computer code was written for the reactions of
cationic clusters with silane, regardless of the number of
drogen atoms present in the clusters. The distance betw
the arc outlet and the mass spectrometer was divided in
large number of points and at every pointx1Dx the fluxfn

~i.e., product of density and velocity! of a certain cationic
cluster with n silicon atoms was calculated from the flu
both surviving and created while traveling the distanceDx.
This was done by the following discretized mass bala
equation:

wn~x1Dx!5wn~x!S 12
knNSiH4

nn
DxD

1wn21~x!
kn21NSiH4

nn21
Dx. ~2!

In Eq. ~2!, Dx is the distance between two successive poin
kn andnn are, respectively, the reaction rate with silane a
the directed velocity of the cationic cluster or ion withn
silicon atoms, andNSiH4

is the silane density which is as
sumed homogeneous. Outward diffusion turned out to
relatively unimportant and was therefore not taken into
count. The code was applied to the condition of 10 s
hydrogen admixture as in this case the ion–silane chain
actions are believed to be dominant and the assumption
homogeneous silane density (1020 m23) is best fulfilled due
to the small silane dissociation degree. The ion flux into
reactor is dominated by hydrogen ions8 and was set equal to
831020 m22 s21 @the measured hydrogen ion density and
rected velocity are respectively 831017 m23 ~Ref. 8! and
1000 m/s~Ref. 10!#. The reaction rate of hydrogen ions wit
silane was set to 5310215 m3 s21.9 Taking 1000 m/s as an
upper limit for the directed velocity of the clusters it can
shown that the observed positive ion mass spectrum can
well be obtained by the proposed reaction pathway if re
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tion rates for the chain reactions are of the order
10216 m3 s21. Smaller rates would not lead to the large ca
ionic clusters observed while larger rates would lead to
relative smaller abundance of the smaller clusters. Althou
the simplifications and the lack of data allow no further co
clusions, these reaction rates correspond very well with th
as proposed by Weakliem3 and Kushner.11 On the other hand
Mandich and Reents, who determined various silicon clus
ion-silane reaction rates either experimentally or theor
cally, distanced themselves from these proposed rates. T
measurements revealed reaction rates that depend stro
~from 10215 to 10219 m3 s21! on the number of silicon and
hydrogen atoms present in the cluster and on its isom
state.12 According to Mandich and Reents simplifying an
generalizing assumptions on the rates should be postpon13

On the other hand, the conditions under which our exp
ments were performed are quite distinct from theirs. Mo
over, our results are difficult to reconcile with their observ
tions. For example, a termination in the chain reactions a
certain isomeric state or cluster size~they observe no cluster
containing more than six silicon atoms!12 is not observed in
our spectrum. The results in Fig. 2 only suggest a bottlen
in the reaction from Si4Hm

1 to Si5Hn
1 . Kushner11 already

mentioned that possible activation barriers in the reaction
silicon ions and clusters with silane can be overcome
internal energy of particles in a plasma. Such a possible
fluence was also suggested by Mandich and Reents who
tained their results at low pressure and at room temperat
In our plasma the kinetic and internal energy of the specie
even higher than in conventional silane plasmas due to
fact that the argon–hydrogen plasma is thermal in origin10

This is probably also the reason of the specific hydrog
distribution observed in the clusters as will be discuss
next.

In Fig. 3 the distribution in hydrogen content of cation
clusters containing six silicon atoms is given at a high
resolution. This distribution is typical for the clusters co
taining more than three silicon atoms: the clusters with o
numbers and even numbers of hydrogen atoms are decou
due to the fact that no atomic hydrogen can be created in

FIG. 2. Positive ion mass spectra as obtained in the expanding arg
hydrogen–silane plasma for~a! 1 sccs hydrogen and~b! 10 sccs hydrogen
admixed in the arc. The most dominant ions are indicated. The spectra
corrected for a small background level caused by photons.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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chain reactions@cf. Eq. ~1!#. Furthermore, the clusters ar
hydrogen poor and those with only one hydrogen atom
dominant. Although this is in relative agreement with t
observations of Theil and Powell5 it is totally different com-
pared to rf or dc silane plasmas.2–4 For example, Haller re-
ports a mean hydrogen to silicon ratio of 1.5 for cation
silicon clusters.2 In these types of plasmas normally the a
dition of SiH2 is proposed in the chain reactions accomp
nied by the loss of one hydrogen molecule@i.e., p5m12,
q51 in Eq. ~1!#. Our results indicate that the addition o
only Si atoms with the release of two hydrogen molecule
by far dominant. This was confirmed by a simple compu
code which showed that the probability for only Si-ato
addition is larger than 95%. This code was started at clus
containing four silicon atoms and not at the initial silane io
as their distribution in hydrogen content suggests also o
ion–molecule reactions than given in Eq.~1!. We will not go
into these reactions but it should be mentioned that a cer
ion or cluster can be dominant either due to a high prod
tion rate or due to a reduced reactivity of the ion or clus
and thus a lower loss rate. However, if, e.g., the large b
silicon clusters Sin

1 would have a reduced reactivity the di
tribution in hydrogen content for larger clusters would imp
that even more than two hydrogen molecules are release
the reaction with silane.

In summary, it has been shown that cationic silicon cl
ters are present in an expanding argon–hydrogen–si
plasma having possible implications for other remote pl

FIG. 3. High resolution mass spectrum of six silicon atoms containing c
ters.
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mas. These clusters are inevitably created if the produc
the silane density and the geometrical interaction pathwa
large, even when the ion fluence emanating from the plas
source is relatively low. Furthermore, our results suggest
the reaction rates as determined by Mandich and Reents
not appropriate for our plasma conditions due to the hig
gas temperature, the latter probably leading also to hydro
poor clusters. Future studies of cationic silicon cluster f
mation are in progress as well as the determination of th
influence on the quality of amorphous hydrogenated silic
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