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Surface reaction probability during fast deposition of hydrogenated
amorphous silicon with a remote silane plasma

W. M. M. Kessels,a) M. C. M. van de Sanden,b) R. J. Severens, and D. C. Schram
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 24 September 1999; accepted for publication 21 December 1999!

The surface reaction probabilityb in a remote Ar–H2– SiH4 plasma used for high growth rate
deposition of hydrogenated amorphous silicon~a-Si:H! has been investigated by a technique
proposed by D. A. Doughtyet al. @J. Appl. Phys.67, 6220 ~1990!#. Reactive species from the
plasma are trapped in a well, created by two substrates with a small slit in the upper substrate. The
distribution of amount of film deposited on both substrates yields information on the compound
value of the surface reaction probability, which depends on the species entering the well. The
surface reaction probability decreases from a value within the range of 0.45–0.50 in a highly
dissociated plasma to 0.3360.05 in a plasma with;12% SiH4 depletion. This corresponds to a shift
from a plasma with a significant production of silane radicals with a high~surface! reactivity
(SiHx ,x,3) to a plasma where SiH3 is dominant. This has also been corroborated by Monte Carlo
simulations. The decrease in surface reaction probability is in line with an improvinga-Si:H film
quality. Furthermore, the influence of the substrate temperature has been investigated. ©2000
American Institute of Physics.@S0021-8979~00!01307-4#
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I. INTRODUCTION

An important parameter in the fundamental study of th
film growth by means of~plasma enhanced! chemical vapor
deposition is the sticking, or more generally, the surface
action probability of the different gas phase species on
surface. Knowledge of these parameters yields insight in
growth process of the films, which is beneficial for proce
and film quality optimization. Apart from being essential f
modeling studies, knowledge of these probabilities enab
determination of the contribution of different species to fi
growth from density measurements in the gas phase.

Although sticking and surface reaction probabilities d
pend on the nature of the surface, which can in princi
depend strongly on the substrate and gas phase or pla
conditions, multiple efforts have been made in the field
plasma enhanced chemical vapor deposition of hydrogen
amorphous silicon~a-Si:H! to determine both probabilities a
more or less universal constants. This work was largely
into shape by the efforts of Gallagher, Perrin, a
Matsuda.1–5 They have tried to formulate a kinetic growt
model fora-Si:H deposition, in which they concentrated o
the incorporation of SiH3 in the film. From several experi
ments they concluded that this radical is dominantly cont
uting to a-Si:H film growth. They proposed a surface rea
tion probability b of SiH3 which is composed of a
probability for sticking of SiH3 on the surface~probabilitys!
and a probability for recombination of SiH3 at the surface to
form, e.g., Si2H6 with other species on the surface~probabil-
ity g!. In reality, usually onlyb, the probability that a radica
or ion gets lost in its original form at the surface (b5s

a!Electronic mail: w.m.m.kessels@phys.tue.nl
b!Electronic mail: m.c.m.v.d.sanden@phys.tue.nl
3310021-8979/2000/87(7)/3313/8/$17.00
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1g), is or can be experimentally determined. Many tec
niques have been applied to study thisb under all kinds of
circumstances. These techniques vary from relative appr
mate techniques yielding a more macroscopicb to more so-
phisticated methods concentrated on one type of radical.
overview ofb’s determined for silane radicals under diffe
ent conditions is given in Table I.

Several techniques listed in Table I yield in princip
only a compound value ofb ~referred to as ‘‘overall surface
reaction probability’’! because probably several species
the plasma contribute to growth. The value ofb found is
usually assigned to a particular radical by proving or mak
plausible that it is far dominant in the gas phase. This c
however, be troublesome as the dominance of a certain r
cal is concluded from density measurements and the den
itself depends onb. For instance, species with a high surfa
reactivity will not easily build up a large gas phase dens
just because of their high loss probability at the surface,
they can of course contribute significantly to film growth.

Table I shows that a lot of data are available forb of
SiH3 . All data show agreement on the fact thatb of SiH3 is
relatively low compared tob of SiH, which is measured with
high accuracy. For SiH2 up to now less convincing data ar
available, but it is generally accepted that itsb is rather high
and at least higher than for SiH3 ~Robertson and Rossi rea
ize that their value of 0.15 is unexpectedly low12!. Therefore,
in the case ofa-Si:H deposition, usually a division is mad
into very reactive species like SiH2 , SiH, etc., with a highb
~.0.5! and SiH3 with a smallerb ~,0.3!. Furthermore, it is
generally accepted that gooda-Si:H film quality is related to
a dominant contribution of SiH3 to film growth while a con-
siderable contribution of the silane radicals with a high~sur-
face! reactivity is expected to produce films with inferio
quality.1,6,7
3 © 2000 American Institute of Physics
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TABLE I. Overview of the surface reaction probabilitiesb for silane radicals obtained under different expe
mental conditions and by several techniques~RT5room temperature!.

b ~substrate temperature!
Experimental

conditions
~Dominant!

radical Technique applied Ref.

0.1060.01 ~RT!-
0.2160.01 ~350 °C!

Hg photo-CVD,
SiH4 with Hg

SiH3 grid 6

0.2660.02 ~240 °C! rf triode, SiH4 SiH3 grid 2
0.2660.05 ~RT-480 °C! rf triode, SiH4 SiH3 grid and trench 3
0.29 dc triode, SiH4 SiH3 aperture-well 7
0.59 dc cathode, SiH4 ••• assembly
0.33 dc anode, SiH4 SiH3

0.37 rf diode, SiH4 SiH3

~20–250 °C!
0.18 ~RT! rf diode, H2– SiH4 SiH3 infrared laser 8,9

~63%! absorption
0.560.5 ~RT!-
0.760.05 ~500 °C!

rf diode, SiH4 ••• trench 4

0.0560.01 ~RT! microwave, SiH3 appearance potential 10
He–Cl2– SiH4 ~6%! mass spectrometry

0.2860.03 ~300 °C! rf diode ~afterglow!, SiH3 appearance potential 5
SiH4 mass spectrometry

0.15 ~RT! rf diode, SiH3 infrared laser 9
He–SiH4~50%! absorption

0.03 ~RT! in afterglow
0.2860.05 hollow cathode

~CVD-like!, SiH4

SiH3 macroscopic trench 11

0.9560.05 hollow cathode Si,SiH, SiH2
~PVD-like!,Ar–SiH4

~5%!
0.9760.05 remote magnetron Si,SiH
~200 °C! sputtering,

Ar–H2– SiH4

0.15 ~RT! photolysis reactor,
n-C4H9SiH3 /Si2H6

SiH2 resonance enhanced
mulitphoton
ionization

12

0.6 rf diode~afterglow!,
SiH4

SiH2 laser induced
fluorescence

13

.0.94 ~RT! near-effusive beam
from inductively

SiH laser induced
fluorescence

14

0.9560.05 ~RT! coupled plasma,
SiH4

SiH 15

0.18 SiH3 Atomistic 16
0.7 SiH2 simulations using 17
0.95 SiH molecular dynamics 18
~RT!
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Because of this rather clear division in magnitude ofb’s
in the case ofa-Si:H, it can be useful to determine the overa
b. Such technique is usually much easier to apply tha
manifold of techniques, in order to determineb of all differ-
ent species present in the plasma separately. Moreover,
easier to link the overallb directly with film quality. By
comparing the experimentally foundb’s to those listed in
Table I information about the species contributing to fi
growth can be obtained. Starting from this point, an overab
can give insight in film growth and in the contribution o
very reactive species. For this reason, the overallb has been
determined in the expanding thermal plasma~ETP! setup for
different plasma settings. This remote deposition techni
has proven to be able to deposit solar gradea-Si:H at a
growth rate of 10 nm/s.19,20 It uses an Ar/H2 plasma created
in a thermal plasma source~cascaded arc! for downstream
SiH4 dissociation in a low-pressure region. Characteristic
this technique and, as will be shown later advantageous
 2005 to 131.155.151.175. Redistribution subject to A
a
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the determination ofb, is the absence of ion bombardment
the surface due to the low electron temperature.21 The deter-
mination ofb in this plasma is part of a project in which th
plasma chemistry, the fluxes of reactive species like ions
radicals to the substrate and their contribution to film grow
is investigated.20–23 This is subsequently related with th
quality of the films in terms of structural and opto-electron
properties20 yielding more information ona-Si:H film
growth, especially at elevated growth rates.

The technique used to determineb is the so-called
‘‘aperture-well assembly,’’ which has been explored
Doughtyet al.7 Its principle and design are described in Se
II as well as the method of analysis. A Monte Carol meth
is presented to obtain theoretical insight in the resultingb
when for example different species contribute to film grow
~Sec. III!. In Sec. IV,b is given for different plasma condi
tions as well as for different substrate temperatures. Th
results and their implications fora-Si:H film growth in the
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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expanding thermal plasma are discussed in Sec. V follow
by conclusions in Sec. VI.

II. EXPERIMENT

In the ‘‘aperture-well assembly’’~see Fig. 1!, a well is
created by two substrates with in the upper substrate an
erture ~slit!.7 Species in the plasma can enter the w
through the aperture and collide with the bottom substr
assuming no gas phase collisions to occur inside the we
only one type of radical~or ion! with b51 is present in the
plasma, all radicals~ions! entering the well are lost at th
lower substrate and only deposition takes place at the bo
of the well ~assuming a sticking probabilitysÞ0). If b,1,
the radicals can undergo reflection~probability r 512b) to-
wards the underside of the upper substrate where they
deposit or reflect once again to the bottom substrate, etc.
a flux F of one type of radicals entering through the apert
of areaA, the number of radicals deposited at the botto
substrateMb and at the underside of the top substrateMt can
be calculated by summing up the different contributions:

Mb5
sFA

12r 2
and Mt5

srFA

12r 2
. ~1!

The surface reaction probability can now either be calcula
from the ratio of the total amount of film deposited inside t
well and the amount which would have been deposited at
area of the aperture if it had not been there (sFA):

b512r 5
sFA

Mt1Mb
~2!

or by comparing the amount of film deposited at the und
side of the top substrate to the amount of film deposited
the bottom substrate:

b512r 512
Mt

Mb
. ~3!

Doughty et al.7 has applied the first method, in this articl
the second method is chosen.

Several criteria have to be met in the design of
aperture-well assembly for applying above equations. A 0
mm thick copper spacer ring~see Fig. 1! separates the two
stainless steel substrates creating the well. The distand
between the two substrates is therefore smaller than the m
free path for momentum transfer of the species in the
panding thermal plasma avoiding gas phase collisions~the
mean free path is 1.3 and 2.5 mm when the gas tempera

FIG. 1. Schematic illustration of the ‘‘aperture-well assembly’’ to determ
the overall surface reaction probabilityb of the depositing species in a SiH4

plasma. The figure is not to scale.
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is set equal to the temperature of the substrate or to
temperature in the center of the plasma beam, respectiv!.
A comparison with experiments withd is 0.25 and 1.00 mm
is made. The distance between the center of the well an
edges~formed by the copper spacer ring! is 30 mm, such that
film deposition at the edges can be neglected. The apertu
the top substrate is a slit with a width of 0.10 mm and
length of 8 mm. This is sufficiently small to limit ‘‘bouncing
out’’ of reactive species in a sufficient extent as evidenced
a three-dimensional Monte Carlo simulation~see Sec. III!.
Although the information onb can be obtained by applying
Monte Carlo simulations when above-mentioned restrictio
are not satisfied, a method yielding direct information onb
has been preferred. The top substrate is rather thick~0.50
mm to improve heat conduction and temperature cont
The heat flux~;0.4 W cm22) in the expanding therma
plasma will heat up to a too thin top substrate considera
during deposition leading to substrate fracture. Furtherm
the films deposited on top of the well need to be thick~10
mm! to obtain a considerable amount of film inside the w
through the small aperture and this leads consequently
high stress. The slit in the upper substrate is knife-ed
shaped~at an angle of 60°! at the side facing the plasma
This reduces the effective thickness of the upper substra
less than 0.1 mm at the position of the slit. In this way, t
angular distribution of the species arriving inside the well
not disturbed seriously. Furthermore, it reduces deposi
on the edges of the slit. The latter can lead to a distor
composition of the flux of reactive species inside the well
the most reactive species will be lost more easily on th
edges and will be filtered out.

The well is mounted on top of a substrate holder in t
expanding thermal plasma setup, described in detail in R
21 and 22. An adequate temperature control of the substr
between 100 and 500 °C is usually obtained by using a sm
helium back flow. The temperature control in the apertu
well assembly is inferior and therefore the temperature
both substrates was monitored by means of thermocou
under similar, but nondepositing plasma conditions. Fo
substrate holder temperature of 400 °C, the temperatures
357 and 384 °C for the upper and lower substrate, resp
tively, before plasma ignition. After plasma ignition, bo
substrates increase less than 40 °C in temperature on the
scale for deposition~6–10 min!, while the difference remains
smaller than 30 °C. This is supposed to be a fairly go
temperature control~during the greater part of the depositio
time the substrate temperatures are close to 400 °C!. The
determination ofb is most probably not disturbed, anticipa
ing on the fact thatb is not heavily temperature depende
~see Sec. V!. Most experiments have been carried out
400 °C, which yieldsa-Si:H with optimum structural and
opto-electronic properties for the ETP technique. At low
temperatures~250 and 325 °C!, the temperature control is
somewhat poorer than at 400 °C especially in the initial
riod of deposition.

The amount of film deposited inside the well at bo
substrates is determined by means of an optical techn
schematically represented in Fig. 2. Diffusive, monoch
matic light is projected at the substrate with film and t
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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reflected light is projected by means of a beam splitter o
lens focused at a charge coupled device~CCD! camera. Mul-
tiple reflections within the film lead to interference and the
fore regions with maximum and minimum intensity are o
served in the CCD video frame. As the cross sections of
deposition profiles perpendicular to the slit’s long dimens
are independent of the position along this dimension~except
for the slit’s ends!, the deposited profiles are analyzed at on
three positions. This is done by reading out one pixel line
the CCD array, corresponding with a cross section of
profile, by means of an oscilloscope. Accurate positioning
the substrate is achieved by the computer video frame.
observed oscilloscope image shows fringes correspondin
differences in thickness24 of the profile as illustrated in Fig
3. The film thickness is obtained from the fringes by usi
Eq. ~4!, where the thickness between a maximumdmax and a
minimum dmin of a fringe is given by

udmax2dminu5
l

4n
, ~4!

with l the wavelength of the light used andn the correspond-
ing refractive index of the material. From this, a cross s
tion of the deposition profile can be obtained~see Fig. 3! by
assuming that that thickness ofa-Si:H is zero at the edges o
the profiles where the light is reflected by the stainless st
Two monochromatic light sources have been used: a sod
lamp (l5584 nm! leading to a large number of fringes b

FIG. 2. Setup used for analyzing the deposited film profiles on the s
strates. The light source is either a sodium or infrared lamp.

FIG. 3. ~a! Fringes in intensity of light reflected from a substrate due
multiple reflection ina-Si:H film and~b! the corresponding thickness profil
of the film. The symbols are the data points extracted from~a! and the line
is a fitted Lorentzian.
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suffering from absorption for thicker parts of thea-Si:H and
an infrared source. The latter is composed of light emitt
diodes~LEDs! (l5950 nm!. This combination leads to an
unambiguous interpretation of the fringes. The thickness p
files are fitted with Lorentzians from which the total amou
of film is calculated. The refractive index and waveleng
drop out in the calculation ofb as only the ratio of the
material deposited at both substrates is considered. Using
refractive index as obtained from ellipsometry (l5632.8
nm! from Fourier transform infrared~FTIR! spectroscopy,
the increase in thickness between a minimum and maxim
in intensity is approximately 34 and 69 nm for the sodiu
and infrared source, respectively~for a-Si:H deposited at
400 °C!. Furthermore, for one experiment, the depositi
profiles at both substrates have also been determined
particle-induced x-ray emission~PIXE! analysis.25 As shown
in Fig. 4, the thickness profiles obtained show a very go
agreement with those obtained by the optical technique d
onstrating the adequacy of the optical analysis.

III. MONTE CARLO SIMULATION

A three-dimensional model for the aperture-well asse
bly using the Monte Carlo method to simulate the trajector
of reactive particles~radicals or ions! has been set up to ge
acquainted with the influence of different parameters and
test assumptions important for correct interpretation of
experimental data. The simulation itself is not used to
trieveb from the experimental data. Several fluxes of diffe
ent reactive species with different surface reaction probab
ties b and sticking probabilities s (s<b) can be
implemented to get insight in the resulting overallb. Only
interactions of the reactive species with the surfaces
taken into account: the particles can either react or refl
from the surface. For the latter, the cosine distribution
assumed.14,26 The reaction probability at the surface is a
sumed to be independent of the angle of incidence of
particles and no surface diffusion is taken into account. Ty
cally, 106– 107 particles are used per calculation and fro
the distribution of the particles deposited at both substra
the ~overall! b is calculated. The simulation has been tes
for different cases. The cross sections of the distribution
the deposited particles can very well be approximated
Lorentzian profiles. As expected the number of partic
bouncing out of the well through the slit decreases for
creasingb. For b.0.2, less than 6% of the particles boun

b-

FIG. 4. Comparison between thickness profiles obtained by the optical t
nique using interference~open symbols! and by particle-induced x-ray emis
sion ~PIXE! ~closed symbols and in arbitrary units! for the ~a! top and~b!
bottom substrate.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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out and no significant influence of this effect on the calc
latedb has been found. Yet it illustrates the necessity of
aperture being as small as possible. Also a consider
amount of particles reach the edges of the well for very l
values ofb and this amount increases with increasing w
height ~distance between the two substrates!. The width of
the profiles of deposited materials show a linear incre
with increasing well height. The increasing importance
gas phase reactions can however not be observed in
simulation, as these are not taken into account. The dete
nation ofb is hardly influenced by the fact that the top su
strate is not infinitesimal thin. Furthermore, the overallb
obtained from simulations taking several species into
count with different combinations ofb ands showed excel-
lent agreement with theoretical calculations.

IV. RESULTS

Depositions with the aperture-well assembly have b
performed under different conditions. An arc current of 45
and an Ar, SiH4 , and H2 flow of respectively 55, 10, and 1
sccs ~standard cubic centimeters per second! are standard.
The corresponding downstream pressure is 0.20 mbar
the substrate temperature is set at 400 °C. This param
setting with a resulting growth rate of 10 nm/s yields the b
film quality.20 The typical deposition time for the apertur
well assembly is 10 min. No significant dependence of
deposition time onb has been observed, but shorter tim
lead to less material deposited inside the well troubling d
interpretation~the growth rate is of course much smaller i
side the well than at the side of the upper substrate facing
plasma!. A typical distribution of thea-Si:H deposited inside
the well at both the upper and lower substrate is given in F
5. The value ofb, calculated from Eq.~3!, is 0.36. The
results of the Monte Carlo simulation using one single spe
with b50.36 are given in the same figure. The simple, is
tropic cos~u! distribution for the angular distribution of th
species entering the well leads to too broad profiles. Top
bottom profiles are almost 1.5 times broader than their
perimental counterparts, also for the distances of 0.25
1.00 mm between the substrates. A ‘‘narrower’’ cos4(u) dis-
tribution leads to a good agreement between the full width
half maximum of the simulated and experimental data. T
anisotropy can be due to the presence of the ‘‘absorbing’’
or be due to beam properties of the downstream plasm23

The angular distribution has no influence on the value ob

FIG. 5. Data points show experimental cross section of the thickness pr
for both the~a! upper and~b! lower substrate. The correspondingb is 0.36.
The profiles obtained from a Monte Carlo simulation are given by lines
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obtained from the simulated profiles. The fact that the
perimentally obtained profiles are less broad cannot be at
uted to the fact that the involved simulations use one spe
~with the experimentally foundb!, while the experimentally
observedb is a compound value made up by different sp
cies ~including for example, ions withb51).By using dif-
ferent species in the Monte Carlo simulation, it has be
shown that the width of the profiles obtained is not grea
influenced by the fact how the fluxes of different species le
to the overall value. The width of the profiles does howev
decreases with increasing~overall! b. Furthermore, Fig. 5
also shows that the simulated data drop slower to zero t
the experimental data. This can be attributed to the difficu
in the interpretation of the experimental data at very sm
film thickness~very slight changes in reflectivity!.

To obtain an indication of the accuracy of the techniq
and to eliminate possible artifacts in the interpretation of
separate data, the aperture-well assembly experiment
been repeated at least three times for every condition.
experiment has been repeated 14 times for the standard
dition. From the distribution of the values ofb, the uncer-
tainty in the data has been estimated.

The obtainedb’s are shown in Fig. 6 for different H2
flows in the plasma source while the other parameters
kept fixed at their standard values. The figure shows a
creasing overallb with increasing H2 flow. Changing the H2
admixture in the cascaded arc leads a drastic change in
downstream plasma chemistry.20–22 It has been shown tha
increasing the H2 flow leads to an increase in the contrib
tion of SiH3 to film growth. The latter is created by hydroge
abstraction of SiH4 by atomic hydrogen emanating from th
cascaded arc. The ion fluence from the arc is low for th
conditions and the SiH4 consumption is;12%. At low H2

flows however, a large fraction of SiH4 is dissociated
~;60%!, mainly due to the large ion fluence emanating fro
the source. Under these conditions, very reactive~poly!silane
radicals, created by ion induced reactions, contribute sign
cantly to growth.21 The relative contribution of SiH3 is sig-
nificantly smaller than for high H2 flows. The contribution of
silicon containing positive ions or cationic clusters SinHm

1 ,
created by sequential ion-silane reactions, is rather indep
dent of the H2 flow as discussed in Ref. 21. The decreas
value ofb is in qualitative agreement with the fact that wi

le
FIG. 6. Overall surface reaction probabilityb as a function of H2 flow
admixed in the plasma source. The Ar and SiH4 flow are, respectively, 55
and 10 sccs. The arc current is 45 A, the downstream pressure 0.20 m
and the substrate temperature is 400 °C.
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increasing H2 admixture the contribution of very reactiv
~poly!silane radicals, with highb’s, decreases strongly. Th
lowestb is obtained at the plasma settings with the high
SiH3 contribution (H2510– 15 sccs!. Under these conditions
also the besta-Si:H film quality, both in terms of structura
and opto-electronic film properties is obtained. Furthermo
the film surface roughness, as determined from simulati
of in situ ellipsometry data,27 decreases with increasing H2

flow. This also suggests an increasing importance of spe
with a lowb. The interpretation of the absolute values ofb is
somewhat more complicated as the experimentally fo
values are overall values depending on the fluxes of the
eral species towards the substrate. For the standard cond
~10 sccs H2!, b is relatively close to some of the literatur
data on SiH3 .2,3,5,7,11This would suggest that under this co
dition, the deposition is by far dominated by SiH3 , however,
some other data on SiH3 ~Refs. 6,8–10! would suggest a
considerable contribution of species with a higherb. A dis-
cussion about this interpretation, possible consequences
e.g., the influence of species withs,b will be given in Sec.
V with the help of Monte Carlo simulations.

To investigate the influence of the substrate tempera
on b, the aperture-well assembly experiment has been
formed at different substrate temperatures. This is done
fixed plasma parameters, i.e., at the standard condit
where SiH3 is dominant. In Fig. 7~a!, b is given for 250, 325,
and 400 °C. Although the figure shows an increase inb from
325 to 400 °C,b is constant within the experimental unce
tainty. No significant temperature dependence ofb has been
observed in literature for cases where SiH3 is the only de-
positing radical@the temperature dependence in Ref. 6
attributed to parasitic catalytic chemical vapor deposit
~CVD!3# and this has been explained by surface diffusion
SiH3 .2,3,7 For the case that also other species contribute
film growth,b increased from 0.5 at room temperature to 0
at 500 °C.4 The Si growth flux or Si incorporation flux a
determined from a combination of elastic recoil detect
~ERD! and Rutherford backscattering~RBS!28 is given for
the same plasma setting in Fig. 7~b!. Assuming that the
fluxes of species are independent of substrate tempera
Fig. 7~b! suggests a slightly decreasing sticking probabili
The decrease is less than 8% between 250 and 400 °C.
growth flux does not show an abrupt increase at temperat
over 350 °C as observed by Matsudaet al.3,4,29 and which
has been attributed to additional creation of growth sites

FIG. 7. ~a! Overall surface reaction probabilityb and~b! Si growth flux as
a function of substrate temperature. The plasma settings are equal to th
Fig. 6 with 10 sccs H2 .
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to thermal desorption of hydrogen at the surface. An infl
ence of thermal desorption is also not expected: the gro
rate for the ETP technique is much higher~10 nm/s! than for
the technique of Matsudaet al.3 This means that therma
desorption will only become significant at very high tem
peratures and that it also cannot explain the possible incr
of b for temperatures over 325 °C.

V. DISCUSSION

It has been shown that the aperture-well assembly
relative simple technique yielding the overallb with a fairly
good reproducibility. Yet the variation ofb with H2 flow or
substrate temperature is relatively small such that the in
pretation of the data is somewhat limited by the experimen
uncertainty. It has also been shown that the experimen
rather sensitive to certain assumptions setting critical
mands on the design of the experiment and complicating
interpretation of the data. Some final aspects should stil
addressed. First, it is assumed that the substrate material
not influence the experiment, which is plausible as no s
nificant difference ina-Si:H growth rate on stainless ste
and crystalline silicon substrates has been observed. Fur
more, it is assumed that the probabilitiess andb are growth
flux independent. It is, e.g., assumed that thermal desorp
of surface hydrogen is also negligible for the film deposit
inside the well as the growth rate in that region is still larg
than 0.1 nm/s. At last, it should be remarked that the abse
of a severe ion bombardment on the surface in the expan
thermal plasma is favorable for the aperture-well assem
experiment. Due to the low electron temperature in
downstream region, the energy gained by the ions in
plasma sheath is less than 2 eV,21 and therefore the experi
ment is not disturbed by the fact that such a bombardm
would only take place at a small region of the bottom su
strate directly in line of sight with the plasma. A sudde
increase in thickness at the center of the bottom profile
to enhanced growth site creation by ion bombardmen
therefore also not observed in Figs. 4 and 5.

In Sec. IV, it has been shown thatb decreases with
increasing H2 flow in agreement with a decreasing contrib
tion of very reactive radicals~as measured indirectly! and an
increasing contribution of SiH3 ~measured directly!.20,30 The
interpretation of the overallb is complicated by the fact tha
no absolute fluxes of species contributing to film growth a
known yet. It is nevertheless possible to go more into de
on basis ofb’s for the different species available in litera
ture. For that, it has to be assumed thatb does not depend
heavily on the nature of the film surface but mainly on t
species contributing to growth. In literature it is assumed t
b is rather temperature independent and mainly determi
by steric factors of the radicals as long as the hydrogen c
erage of the surface is high.3,7 This means that the obtaine
values ofb can be compared to those obtained in other
periments where also high qualitya-Si:H is obtained.

The surface reaction probability for the plasma sett
yielding the best film quality is 0.3360.05. It approaches the
reportedb’s for SiH3 in literature ~see Table I!. Especially
when the temperature effect onb in Fig. 7~a! is real: for

e in
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lower temperatures~but typical fora-Si:H deposition! even a
lower b is obtained. It is, however, not reasonable to assu
that the deposition under this condition is completely due
SiH3 . It is, e.g., known that for this plasma setting, the to
contribution of cationic silicon clusters is about 7% of t
growth flux.21,23 This percentage is based on the assump
that for the cationic clusters and ionss5b51,which is a fair
assumption as concluded from a classical molecular dyn
ics study.31 The influence of these clusters and other ve
reactive species on the overallb can be illustrated by Monte
Carlo simulations. These showed that a flux of 5% of spec
with s5b51 with a main flux of SiH3 with b50.30 leads
to an overall value of 0.33. In this case, the contribution
the very reactive species to film growth is 15%. Under th
suppositions, theb at H250 sccs can be explained by
contribution of 50% by species withs5b51. For both
cases, a possible larger contribution of very reactive~poly!si-
lane radicals can be compensated for by ab,1 for these
species. This illustrates that the obtained overallb for the
settings yielding the best film quality can very well be e
plained by a flux of mainly SiH3 with a minor contribution of
other radicals and ions.

Up to now, it has been assumed that for all species c
tributing to film growth s5b. But what are the conse
quences if for one type of speciess,b? For example, from
experiments by Matsudaet al.3 it has been concluded tha
s/b is ;0.4 for SiH3 at substrate temperatures lower th
350 °C.32 This means that 60% of the SiH3 lost at the surface
does not contribute to deposition but leads for example
SiH4 and Si2H6 generation at the surface. From Monte Ca
simulations, it has been derived that assumings50.12 and
b50.30 (s/b50.4) the allowable flux of very reactive spe
cies is only 2% of the total flux to obtain an overallb of
0.33. Yet the resulting contribution of species withs5b
51 to film growth in terms of Si atoms deposited is st
about 15%. From more simulations using other values for
probabilities and fluxes, it is concluded that this is genera
true: the fact that for some speciess,b does not lead to
other conclusions about the contribution of the specific s
cies to film growth. It only influences the ratio of fluxe
towards the substrate as the reactive species can get lo
recombination as well.

VI. CONCLUSIONS

The aperture-well assembly technique has been use
gain information about the~overall! surface reaction prob
ability in a remote SiH4 plasma generated by the expandi
thermal plasma setup. It has been shown that caution in
design and the interpretation is required for this sim
method but that it nonetheless gives considerable insigh
the a-Si:H film growth. Especially, when the data are com
bined with data on fluxes or densities of species in
plasma.

For the expanding thermal plasma setup, it has b
shown that the overallb increases with decreasing contrib
tion of SiH3 and increasing contribution of radicals with
high surface reactivity such as SiHx ,x,3. The overallb at a
substrate temperature of 400 °C is 0.3360.05 for plasma set-
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tings in which thea-Si:H film quality is optimal~solar grade
quality!. For these settings, the deposition can be explai
by a dominant contribution of SiH3 with a minor contribu-
tion of radicals and ions with a high surface reactivity
corroborated by Monte Carlo simulations. For conditio
with a higherb, relatively poora-Si:H is obtained corre-
sponding with higher contribution of very reactive specie
This shows that there is a relation between a smallb, high
contribution of SiH3 and a higha-Si:H film quality, for films
deposited at much higher growth rates than by conventio
techniques as well.

The experiments suggest a somewhat lowerb at sub-
strate temperatures of 250 and 325 °C than at 400 °C, h
ever, not unambiguously due to the relative large experim
tal uncertainty. The total Si growth flux decreases slightly
increasing substrate temperature at constant plasma se
suggesting a decreasing sticking probability with tempe
ture. However, no increase in deposition rate~Si growth flux!
due to thermal desorption of hydrogen at the surface
been observed, which is explained by the high growth ra
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