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Improvement of hydrogenated amorphous silicon properties
with increasing contribution of SiH 3 to film growth

W. M. M. Kessels,a) M. G. H. Boogaarts, J. P. M. Hoefnagels, D. C. Schram,
and M. C. M. van de Sandenb)

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 15 June 2000; accepted 19 February 2001!

From cavity ring down spectroscopy and threshold ionization mass spectrometry measurements in
a remote Ar–H2–SiH4 plasma it is clearly demonstrated that the properties of hydrogenated
amorphous silicon~a-Si:H! strongly improve with increasing contribution of SiH3 to film growth.
The measurements corroborate the proposed dissociation reactions of SiH4 for different plasma
settings and it is shown that film growth is by far dominated by SiH3 under conditions for which
solar grade qualitya-Si:H at deposition rates up to 10 nm/s has previously been reported. ©2001
American Vacuum Society.@DOI: 10.1116/1.1365131#
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For hydrogenated amorphous silicon~a-Si:H! deposited
by means of plasma decomposition of SiH4 , it is commonly
accepted that the high quality of the films is directly relat
to a dominant contribution of SiH3 to film growth.1,2 This is
mainly attributed to the relatively low sticking probability o
SiH3 and its high surface mobility on an almost fully hydr
genateda-Si:H surface. To obtain more evidence for th
aforementioned relationship, also under the less studied
technologically very interesting conditions of high rate dep
sition, the contribution of SiH3 to film growth is investigated
for the expanding thermal plasma~ETP! and related to the
film properties obtained. With this remote deposition tec
nique solar gradea-Si:H can be obtained at deposition rat
up to 10 nm/s,3,4 and, as will be shown in this article, unde
conditions where film growth is by far dominated by SiH3 .

The ETP technique is based on dissociation of SiH4 in a
low pressure deposition chamber by means of an Ar–2

plasma generated in a high pressure cascaded arc pl
source.5,6 Recently, it was shown that the film properties o
tained by this technique depend strongly on the amoun
H2 admixed in the cascaded arc.3,7 Figure 1 shows that the
deposition rate decreases drastically when a small H2 flow is
admixed, whereas the film quality, here only illustrated
the photoconductivity, improves significantly. This behav
has been attributed to the dissociation processes of SiH4 and
the radicals generated. Due to the low electron tempera
in the downstream deposition chamber,5,6 SiH4 dissociation
is governed by reactions with reactive ionic and atomic p
ticles emanating from the cascaded arc. At very low H2 flows
these are mainly Ar1,6 which leads to dissociative charg

a!Electronic mail: w.m.m.kessels@tue.nl
b!Electronic mail: m.c.m.v.d.sanden@tue.nl
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exchange with SiH4 followed by ~fast! dissociative recombi-
nation with electrons:

Ar11SiH4→SiHn
11pH21qH1Ar

~n<3, 45n12p1q!,
~1!

SiHn
11e→SiHm1sH21rH ~m<2, n5m12s1r !.

Initially, this leads dominantly to SiHm (m<2) radicals
which are highly reactive, both with thea-Si:H surface as
with SiH4 ~leading to reactive polysilane radicals!.5,8 When
increasing the H2 flow, the amount of ions from the cascade
arc decreases considerably and mainly H emanates from
arc as reactive species. Therefore the reaction5,8

H1SiH4→SiH31H2 ~2!

takes over at high H2 flows. The improvement of the film
properties with increasing H2 flow has therefore been attrib
uted to the transition from a high contribution of very rea
tive ~poly!silane radicals to a dominant contribution of SiH3

to film growth. Furthermore, the drastic decrease in dep
tion rate at low H2 flows can be understood from the fa
diminishing importance of the efficient ion-induced rea
tions, while the gradual increase at higher H2 flows can be
attributed to an increasing H flow from the cascaded a
Ion–molecule reactions also play a role, but the contribut
of SinHm

1 ions to film growth is small~,10%! and almost
independent of the H2 flow.6 It is therefore not responsible
for the observed trend in film quality. The above mention
reaction pathway has been proposed on the basis of se
plasma diagnostic investigations reported previously.5,6,8 In
this article clear evidence will be presented by direct Si3

measurements using cavity ring down spectroscopy~CRDS!
and threshold ionization mass spectrometry~TIMS!.
10271Õ19„3…Õ1027Õ3Õ$18.00 ©2001 American Vacuum Society
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The CRDS and TIMS measurements have been
formed under experimental conditions identical to those
Fig. 1. With CRDS, the line-of-sight integrated absorption
SiH3 has been measured for an axial position of 0.6 cm fr
the substrate holder. This was done by probing the S3

Ã2A1←X̃2A1 transition which has a broad absorption ba
ranging from;200–260 nm due to the predissociative n
ture of the upper state.9 In Fig. 2, the parts of the absorptio
spectrum measured with CRDS are given for two differ
conditions and compared with the spectrum reported
Lightfoot et al.9 The experimental setup and procedure
the CRDS measurements are presented in detail in Ref
The line-integrated density of SiH3 is calculated from the
absorption cross section estimated for 215 nm (
310221m2!,9 while the local axial value of the density i
estimated from Abel inverted lateral absorption profi
yielding the radial distribution of SiH3 .11 The TIMS mea-
surements have been performed with a Hiden analytical m
spectrometer at the position of the substrate.8

FIG. 1. Deposition rate and AM1.5 photoconductivity~100 mW/cm2! for
a-Si:H films deposited at a substrate temperature of 400 °C and with a
and SiH4 flow of 55 and 10 sccs, respectively, an arc current of 45 A, an
chamber pressure of 0.20 mbar. The H2 flow in the Ar–H2 operated cas-
caded arc plasma source is varied.

FIG. 2. Parts of the SiH3 absorption spectrum as measured by cavity ri
down spectroscopy for a H2 flow of 0 and 10 sccs. The absorption values f
0 sccs H2 are multiplied by a factor of 0.49 and the spectrum reported
Lightfoot et al. ~Ref. 8! is given in arbitrary units.
J. Vac. Sci. Technol. A, Vol. 19, No. 3, May ÕJun 2001
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In Fig. 3, the axial density of SiH3 as obtained by CRDS
and TIMS is given as a function of the H2 flow for positions
close to the substrate. For high H2 flows, both techniques
yield a gradually increasing SiH3 density with increasing H2
flow as is expected from reaction~2! and from the increasing
deposition rate in Fig. 1. At very low H2 flows, where SiH4
dissociation is governed by ion-induced reactions, the re
tively high SiH3 density seems contradictory to the abo
presented reaction mechanism. This high density can, h
ever, be understood from the very high SiH4 consumption8

~up to 60%! and growth rate~see Fig. 1! at very low H2

flows. Under these conditions, a significant amount of Si3

can be produced indirectly, for example, by H generated
reactions~1! while the relative importance of SiH3 in the
deposition process remains small as illustrated below.
small discrepancy between the TIMS and CRDS data in r
tive behavior at low H2 flows, can most probably be attrib
uted to experimental error in the TIMS measurements cau
by clogging of the mass spectrometer’s orifice due to
very high growth rate under these conditions. A significa
contribution to the absorption signal by other plasma spe
at very low H2 flows is not expected because the measu
parts of the spectrum perfectly overlap with the absorpt
band reported in the literature for all H2 flows ~see Fig. 2!.
This also makes a possible influence of absorption or s
tering by dust particles in the plasma, as observed in, e
radio-frequency~rf! SiH4 plasmas,12 improbable.

Concerning the differences in absolute density, these
among others, be attributed to the fact that the densities r
to different positions from the substrate holder. The Si3

density in front of the substrate can decrease due to sur
loss and therefore lead to a lower density in the TIMS m
surements. Furthermore, for both techniques the abso
scale of the density also suffers from experimental unc
tainty. For CRDS, this is mainly due to the procedure
obtaining the radial distribution of SiH3 in order to calculate
the local density,12 as well as due to the uncertainty in a
sorption cross section, which is only an approximate va
~an upper limit!.9 The accuracy of the absolute density det

r
a

y

FIG. 3. The axial SiH3 density as obtained from TIMS and CRDS as
function of the H2 flow. The TIMS data refer to the position of the substra
while the CRDS data refer to a distance of 0.6 cm from the substrate.
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mined by TIMS is considerably limited by estimations ma
in the calibration procedure.8 It has to be stressed that th
relative values are reliable, as also indicated by the exp
mental error.

The uncertainty in the absolute scale of the SiH3 density
nSiH3

close to the substrate, complicates an accurate calc
tion of theabsolutevalue of the contribution of SiH3 to film
growth by the expression13

Contribution of SiH35
1

4
nSiH3

v
s

12b/2

1

NSi

1

Rdep
, ~3!

where v is the thermal velocity of SiH3 in front of the
substrate,s and b the SiH3 sticking and surface reactio
probability, respectively,Rdepthe deposition rate, andNSi the
Si atomic density in the film~dependent on plasma cond
tions!. Moreover, the parameters in Eq.~3! are not all known
with a high accuracy~especiallyv, s, and b! preventing
precise determination of the contribution of SiH3 within a
factor of 2.

Therefore, here another method is used to calculate
absolute contribution of SiH3 . Because at high H2 flows ~.5
sccs! mainly H emanates from the arc as reactive specie
is very plausible that the increase in deposition rate betw
10 and 15 sccs H2 in Fig. 1 is caused by an increase of the
flow ~ion flow from the arc is very small and decreases w
H2 flow!6 and consequently by an increase in the SiH3 pro-
duction by reaction~2!. This increase in SiH3 production is
observed in both the TIMS and CRDS measurements, m
ing that the~identical! relative increasein TIMS and CRDS
signal can be correlated directly with therelative increasein
deposition rate. From this relation, the absolute contribut
of SiH3 can be calculated with a much higher accuracy, as
information about absolute densities is required. It o
needs to be assumed thatv, s, andb are independent of the
H2 flow, but these assumptions would be used when ap
ing Eq. ~3! as well. Furthermore, it is important to note th
the latter method would give the samerelative dependence
of the SiH3 contribution on the H2 flow. The uncertainty in
the contribution is now mainly determined by the reprodu

FIG. 4. The contribution of SiH3 to a-Si:H film growth as calculated from
the CRDS and TIMS measurements.
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ibility of the plasma conditions since the CRDS, TIMS, a
deposition rate measurements have been performed at d
ent times.

As shown in Fig. 4, the contribution of SiH3 increases
with increasing H2 flow and saturates for flows larger tha
;7.5 sccs. This is in perfect agreement with the propo
SiH4 dissociation mechanisms. Despite the relatively h
SiH3 density at very low H2 flows, the contribution of SiH3
is relatively small because the ion-induced reactions lead
tially mainly to radicals other than SiH3 , whereas the con-
tribution of SiH3 to film growth increases with increasing H
flow and decreasing ion flow from the cascaded arc wh
going to higher H2 flows. Under the H dominated condition
where the optimal film properties are obtained, the contri
tion of SiH3 is dominant and about constant. From Fig. 4,
is estimated that film growth is approximately 90% due
SiH3 with a balance by a small contribution of othe
~poly!silane radicals and ions. This high contribution is
very good agreement with the value for the surface reac
probability~;0.3! obtained at high H2 flows8 and it is higher
than the reported contribution of SiH3 to a-Si:H growth in
low power rf plasmas.13,14

In summary, two diagnostic techniques have been in
pendently applied for SiH3 detection and have revealed sim
lar results for the SiH3 density and its contribution toa-Si:H
film growth. The results corroborate the proposed react
mechanisms in the expanding thermal plasma and a d
correlation betweena-Si:H film quality and the contribution
of SiH3 to film growth is unambiguously shown. Furthe
more, it is demonstrated that the previously reported plas
settings yielding solar gradea-Si:H at deposition rates up 1
nm/s correspond to by far SiH3 dominated film growth.
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