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ABSTRACT

Measurements of monosilane and disllane radicals have been made at 
the surface of dc glow discharges (GD) in pure silane and silane-argon 
mixtures. These observations have been interpreted in terms of discharge 
kinetic models, and from this we have inferred that the dominant radi­
cal, SiHg, is produced in the gas and is primarily responsible for film 
growth. We conclude that the heavier radicals observed in the gas are 
primarily a consequence of surface reactions, as is the disllane which is 
a major product of the monosilane decomposition. In addition, we have 
carried out a detailed model of the ion chemistry in the discharge, de­
riving theoretical distributions of ions at the cathodes of low-pressure 
dc discharges.

Chemical vapor deposition rates of silane and disilane, which have 
been measured previously in our laboratory, have now also been inter­
preted in detail to yield a self-consistant model for the CVD process. 
This model identifies and quantifies the role of H2 as an inhibitor of 
silane GD and CVD deposition. Implications of these discoveries to de­
position rates and film properties are discussed.
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SUMMARY

The purpose of this work is to improve the understanding of (a) the 
processes leading to a-Si:H film growth in silane glow discharges (GD), 
and (b) the film characteristics. This is done by observing the gas 
species responsible for the gas chemistry and film growth, particularly 
the neutral radicals.

We have previously reported observation of the nonsilane radicals 
SiHn(n”0-3), and the dominance of SiHg within these f1]. A primary goal 
for this contract year was to increase our sensitivity and discrimination 
for radial detection, to allow accurate measurement of the minor constitu­
ents Si, SiH, and Si!^, as well as of the disllane radicals Si2Hn(n«0-3). 
This was achieved; the results have been reported at the contractors an­
nual revue meeting [2] and are being prepared for publication. Measure­
ments under a variety of discharge conditions and for dc and rf discharges 
are now needed.

A second goal for this contract year (April 1984-April 1985) was to 
utilize this increased radical sensitivity to measure film properties vs. 
different mixtures of depositing radicals. This goal was a logical con­
sequence of the assumption that the radicals were formed in the glow dis­
charge and then deposited on the substrate. Thus, learning to control 
the gas radical mixture should allow control of the depositing species 
and thereby the film properties.

Midway through the year, we compared our newly-measured, complete 
set of radical densities with our discharge chemistry models, and real­
ized that many of the radicals were actually being released from sur­
faces. This must result from surface reactions and sputtering. Thus the 
assumed sequence of radical production in the gas, followed by deposition 
is incorrect, as is the assumption that the gas might be independently 
prepared in mixtures that determine film properties. Instead, the radi­
cals in the gas depend on the film surface properties. Thus, until the 
surface processes are better understood the value of our original goal is 
unclear; we have therefore postponed it. However, this discovery pro­
vides an opportunity to study the film growth itself, as the SixHn mole­
cules released from the surface depend on the species and reactions 
leading to silicon incorportation and film morphology. We have therefore 
shifted the emphasis of the original goal toward developing an under­
standing of the film-growth process, and how this can be controlled to 
optimize film quality.

The thermal decomposition (CVD) of silane on hot a-Si:H surfaces 
involves many of the same surface reactions that occur in GD deposition, 
but for unknown reasons CVD produced photovoltaics are not yet as good 
as those made by glow discharges. To investigate this question and the 
processes involved in film growth we have measured the decomposition of
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silane and hot a-Si:H surfaces. From analysis of a wide range of data we 
have now developed a surface-reaction model that explains the basic steps 
involved in GD depositions of SiHg and in CVD deposition of SiH^. The 
University of Colorado Ph.D. thesis of R. Robertson, containing these 
models and data, has been completed, and a publication is in preparation. 
This model is an Initial step towards understanding the causes of differ­
ent bulk-film characteristics (e.g. the number of Sii^ vs. SiH sites), 
and we have additional studies planned and under way to delineate addi­
tional details in the CVD and GD film-growth processes.

We have completed a calculation of the ion chemistry and species in 
dc silane discharges, with emphasis on those arriving at the cathode.
This calculation is an essential step in understanding cathodic films, 
the sputtering release of radicals from the surface, and discharge 
diagnostics. This calculation required analysis of ion production and 
reactions in the varying elastic field of the discharge sheath. Addi­
tional measurements of the ion energy distributions at the substrate are 
planned, as this is important to film damage, growth and sputtering.
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SECTION 1.0

INTRODUCTION

During the past year we have continued to use mass spectrometry of 
the neutral species produced in silane discharges, for discharge parame­
ters and conditions that match those typically used by various labora­
tories to obtain good photovoltaic devices. We have continued to study 
primarily low-pressure, low power dc discharges rather than rf, since 
these are more readily controllable and have been used by RCA and Solarex 
to produce some of the highest efficiency cells. Based on our models and 
on survey-type measurements, we believe that many of our observations in 
dc discharges also apply, with minor modifications, to rf discharges.

Due to the complexity of the many processes that can occur in these 
discharges, it is important to utilize detailed diagnostics. Conse­
quently, we have developed methods to measure the radical species in 
these discharges. These species are present in very low densities, but 
they are responsible for the neutral chemistry in the discharge and the 
film growth. We have increased our sensitivity for detecting these 
neutral radical species, as well as our ability to discriminate against 
background gas and other interfering signals. In addition, we have ex­
tended our measurements from those of the monosilane radicals, SiHn, to 
the disilane radicals, Si2^. We now have a sensitivity of better than 
one part per million of the total gas pressure, and we can detect radicalOdensities on the order of 10 cm

We found some very major surprises from the radical measurements.
In particular, measuring radicals at the cathode of a dc discharge, we ob­
served that very high densities of disilane radicals (larger than the SiHg 
density in some cases) were present. These densities exceeded anything we 
could explain on the basis of gas reactions of the monosilane radicals 
produced in the discharge, or electron collisions with disllane produced 
by the discharge. More detailed measurements are needed to totally sepa­
rate the roles of gas and surface processes, but it has nonetheless become 
clear that we are observing primarily heavy radicals released from sur­
faces of the discharge. (Sputtering from the cathode is probably the 
major cause of the release of these radicals in dc discharges. Sputtering 
from both electrodes occurs in rf discharges.) This surface release of 
radicals complicates the problem of characterizing or preparing the gas 
mixture whose depositing species are responsible for the film charac­
teristics. On the other hand, it allows us the opportunity to observe 
consequences of the film-growth reaction processes, since products of 
these surface reactions are being released into the gas and observed by 
our mass spectrometry. With this opportunity in mind, we are now de­
veloping more detailed models of the surface, its morphology, and its 
interaction with the radical and stable neutral gases in the discharge.
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It is well known that films made at the cathode of dc discharges have 
poor photovoltaic properties; this has been attributed to imperfections 
produced by energetic ion impact on the film [3,4], The use of a cathode 
screen in front of the gounded substrate (a "dc-proximity" discharge) 
eliminates essentially all of the ion bombardment of the substrate and 
yields much better film quality. Substrate ion bombardment also occurs 
in rf discharges, although the ion currents and energies are considerably 
lower than at dc discharge cathodes. Nonetheless, many laboratories have 
grown good photovoltaics on the electrodes of rf discharges. A screen 
above the substrate, electrically connected to the substrate base, also 
eliminates most of this substrate ion bombardment in rf discharges, but 
the reported effect of this on film quality is not yet clear cut. Film 
bombardment by low energy ions could be valuable, for example by removing 
dangling macro-molecules and by assisting rearrangement of highly dis­
torted Si-Si bonds. We think that introducing such a screen and varying 
its rf impedance and/or bias to the substrate base would be an easy meth­
od of controlling the substrate ion bombardment, and perhaps improving 
film quality thereby.

In addition to these direct effects of bombardment of films, our 
observations point to the presence of many radicals in the gas due to 
electrode bombardment and surface reactions. This will occur In screened 
or unscreened dc or rf discharges. If the substrate is protected by a 
screen, these radicals will come primarily from the screen and many will 
deposit on the substrate, often after modification by gas reactions.
If no screen is used, they will be released from the substrate and rede­
posited on it, but often in different form due to gas reactions. As a 
first step in exploring this complicated interplay we have so far con­
centrated on determining which species are released from a dc-discharge 
cathode. We find that these species constitute a significant fraction of 
all radicals in the gas; thus they make an Important contribution to the 
film growth and must be considered in detail.

During the latter part of this year we have put a major effort into 
diagnosing our current and previous data to delineate the reactions that 
occur on the growing amorphous silicon surface. In particular, we have 
attempted to develop a surface model that encompasses CVD as well as 
glow-discharge deposition data. This model is still very preliminary, 
but it includes surface reactions of the silane, disilane, and as well 
as of the radical species. We are now initiating experiments which will 
separate and more accurately delineate these surface processes, which are 
crucial in determining the film structure.

In addition to these studies of the neutral species in the dis­
charge, we are continuing our analyses of the ion species in order to 
verify our understanding of the electron collision and ion collision 
processes taking place in the discharge. In addition, the distribution
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of species and Ion energies of the ions impinging on the substrate sur­
face are believed to be important in understanding the surface growth 
and the release of surface molecules back into the gas. We report here 
the results of a detailed modeling of the electron collision processes 
producing the ions» and of the ion-molecule reactions that take place as 
ions drift to the cathode of a dc discharge. This gives us the capabil­
ity of making quantitative comparisons between theory and measurements of 
the ions impinging on the cathode. This work is reported by Chatham and 
Gallagher in a paper that will appear in the Journal of Applied Physics 
(Ref. 9.).

A detailed description of our silane discharge radical measurements 
is in the University of Colorado Ph.D. thesis of R. Robertson (unpub­
lished) . This was completed in May, 1985. A summary of the essential 
features of these measurements and models is Included here, in the 
following sections.

Under the direction of J. Scott, Raman spectra of a-Si:H and 
a-Si:Sn:H films have been made using films made at SERI. A summary of 
these observations is given below, in Sec. 6.0.
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SECTION 2.0

DISCHARGE MEASUREMENTS

As described previously [1], we utilize an electron-beam ionizer and 
mass spectrometer to detect stable and radical gas species emanating from 
a small sampling hole In the discharge. The stable molecules SixH2x+2 
are easily Identified by their ion masses. The radicals SiH^ (n « 0-3) 
are separated from the much larger density SiH^ by utilizing threshold 
ionization and the typically 4 eV lower threshold for e + SlHn SiH^* 
compared to e + SiH^ > SiHn+ + products. Si2^ radicals (n “ 0-5) are 
similarly separated from signals at the same mass due to dissociative 
ionization of S^Hg.

The most universal index of discharge power and flow is the fraction 
f of silane decomposed while flowing through the discharge. The change 
AN in silane density N, when turning the discharge on, yields a direct 
measure of f = AN/N. We have observed that f * P/F for a wide range of 
discharge power P and flow F, as is expected since the discharge energy 
deposited, per silane molecule, is proportional to P/F. Essentially all 
laboratories report that films with optimum photovoltaic properties are 
obtained at high flows and low powers, and from our observations the 
quoted optimum P and F values correspond to f < 0.1. Thus, we have 
studied small-f discharge conditions, subject to the constraint that 
radical signal sizes are also proportional to f.

In order to observe the initially produced radical species, before 
radical-silane reactions occur, it is necessary to operate at very low 
SIH^ densities, where few radical-SiH^ collisions occur before the radi­
cals reach the surface. In order to operate a discharge at these low 
SiH^ densities, we have studied discharges in Ar/SiH^ mixtures. In Fig. 
2.1 the density of disilane [S^Hg] formed by the discharge Is compared 
to AN in a dc discharge in a 5 mT (millitorr) silane-45 mT argon mixture 
with a room temperature substrate. The ratio 2[Si2Hg]/AN, shown in Fig.
2.1, is the fraction of the Si from decomposed SiH^ that is processed 
into (and pumped away as) S^Hg, As the discharge current i approaches 
zero, this ratio approaches 30%, but as the power increases this disilane 
is decomposed in the discharge and the ratio decreases.

At the low density chosen for this experiment, SiHn radicals produced 
in the discharge diffuse rapidly to the surface, so that radical densities 
are small and radical-radical reactions do not occur in the gas. Of the 
SiHn radicals formed in electron collisional dissociation of silane, only 
SiH2 can react with SiH^ to form Si2Hg. The rate for this reaction is 
very slow at these low pressures, and in addition we expect SiHg to be 
a minor constituent of the dissociation products [1]. Thus, the ob­
served S^Hg cannot be attributed to this reaction. Si is also a very 
minor initial dissociation product, and can only form Si2Hg by multiple
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0.04 x

Fig. 2.1. Silane depletion fraction (f, left scale), Sl2Hg pressure
(right scale), and fraction of Si atoms from depleted silane 
that are incorporated into SigHg, for a dc discharge in 
5 mTorr SiHi, and 45 mTorr Ar.
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reactions. SiH and SiH^ do not form in gas reactions. One con­
cludes that almost all is formed by surface reactions and released
into the gas. Consistent with this, Longeway et al. [5] have recently 
inferred that a great detail of SijHg is formed on the a-Si:H surface.

As we have previously reported [6], ~60% of the Si from decomposed 
silane is pumped away as S^Hg in low-power pure silane discharges, with 
the remainder primarily incorporated into film. It is not yet determined 
if this increase from 30% to 60% is due to gas or surface reactions.

The SiHn (n = 0-3) radical densities at the cathode surface of a dc 
discharge in silane-argon mixtures have been measured as a function of 
discharge power and silane/argon ratio. We observe that SiHg is the domi­
nant SiHn specie under all conditions. Within experimental uncertainties 
of about a factor of 2 we have also observed that for fixed gas flow the 
ratio [SiHjl/AN is independent of gas mixture and power. The ratios of 
other radical densities [SiHn]/[SiHg], as a function of gas mixture, are 
shown in Fig. 2.2.

Our interpretation of these data is that about 90% of the SiH^ disso­
ciations by electron impact leave the Si atom in an SiHn+ ion or in SiH^. 
In pure silane the ensuing fast S1H2+ + SiH^ * SiH^* + SiHg reaction makes 
still more SiH^, and many H atoms released in the initial silane decompo­
sitions undergo H + SiH^ * SiHg + reactions to make still more SIHg. 
Overall, we conclude that in pure silane more than 90% of the SIH^ radi­
cals produced in the gas should be SiHj. This is consistent with the 
right side (pure silane) of Fig. 2.2. The increase in Si, SiH, and Si^ 
at the left side of Fig. 2.2 (primarily Ar) is partly due to loss of SiH2+ 
and H at the wall before reacting to form SiHg. It might also be partly 
attributed to Ar+ + SiH^ or Arm + SiH^ (metastable Ar) collisions, but our 
previous drift-tube experiments [7] rule out the former and present knowl­
edge of e + Ar -► Ar® and Ar® + molecule dissociation cross sections make 
the latter unlikely [8]. Overall, it appears just possible to explain the 
SiH2 at the left side of Fig, 2.1, but not the large amounts of Si and 
S'iH, Thus, these data suggest that most of the observed Si and SiH and 
possibly also SIHq are being released from the surface, probably due to 
ion-bombardment sputtering.

No reactions of SIHg with SiH^ are exothermic, while SiHg + SiH^ + 
S^Hg + H2 has AH ~ 0 (see Table 2.1). Thus, we attribute the nearly con­
stant ratio [SiHgJ/AN in pure silane to the fact that about 2/3 of the SI 
atoms from decomposed SiH^ become SiHj (the rest are SiHn+), and this SIHg 
reacts slowly with SIH^, thereby reaching the surface as SiHg. In a pure- 
silane, deposition discharge a major fraction of the SI, SiH, and Si^ 
initially produced by electron collision reacts with SiH^ before reaching 
a surface. Thus, almost all surface deposition is due to SiHg, with a 
small fraction from heavier radical products of gas reactions.
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0.5

Fig. 2.2* Ratio of the SiHn to the dominant SiHs radical, for n - 0-2, 
at the cathode of a dc discharge in 80 mTorr of gas silane. 
The abscissa is the fraction of silane in the silane/Ar 
mixture. The discharge power and flow were adjusted to 
produce ~10% silane depletion.
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Table 2.1. Gas and surface reaction of monosillcon radicals. Reaction
enthalpies are given in kcal/mole; those shown in parentheses 
are estimated. The reactions are numbered in the right 
column.

Si + S1H4 * Si2H4* -51.4 1
> 2SiH2 +1.3 2

Si2^2 ^ ^2 -12.9 3

SiH2 + SiH^ Si2H6* -47.7 4

Si2H6* + M > Si2H6 5

Si2H6* + Si 2^4 ^2 -2.3 6
♦ ^■^2^2 ^2 +36.2 7

H + SiH4 > sih3 + h2 -13.9 8

■¥ SiH + 2H2 +22.7 9

SiH + SiH4 ^ Si2H5* -37.9 10
Si2H3 + H2 -7.2 11

SiH3 + SiH4 -»• SiH4 + SiH3 0 12

4- Si2H6 + H +16.6 13
4* Si 2H5 H2 -1.3 14

Si2H5 + SiH4 -*• Si3H7 + H2 ___ 15

S12H6 + SiH3 +4.0 16
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Table 2.1. (continued)

Si3H7 + SiH4 

SiH3 + SiH3 

Si2H6^

812=6** + M

SiH3 + Hwall

\all + S1H3 ads
SiH4 ads + b

SiH3 ads + b 
S1H3 adg + SiH3 adg

b + b

- Si4H9 + H2 —— 17
> SijHg + SiH3 — 18

♦ si2<* -73.7 19

-*• SiH2 + SiH4 -26.0 20
> SiH2 + S1H4 -26.0 21

+ Si 2^ + H2 -29.1 22

Si2H2 2H2 +9.4 23

> Si2Hg 24

^ SiH3 ads + Hwall (-12) 25

♦ SiH4 ads + b (0) 26
SiH4 + b (+12) 27

+ SiH3 wall + H (+15) 28

" SiH2 wall + H2 (0) 29

* SiH3 wall (-90) 30
**Si_H, ,2 6 ads (-80) 31

+ Si-Si bond (-90) 32
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The same threshold-ionization technique has been used to measure the 
S>i2**n (n « 0-5) radicals produced in the discharge (see Fig. 2.3). How­
ever, in this case the e + + Si2Hn+ signals must be separated from a
e + SigH^ background due to Si2Hg made in the discharge. Turning
the discharge off removes the background as well as the radicals, so
we have instead used a beam-alignment method to separate these signals. 
Moving the discharge aperture out of alignment with the mass-spectrometer- 
ionizer apertures eliminates the radicals signals, as the radicals do not 
survive many surface collisions. The S^Hg still reaches the mass spec­
trometer ionizer as background gas. These "in" and "out-of" alignment 
signals are shown at the right side of Fig. 2.4 for the ion. The
difference is due to a (constant) leakage of ions from the dis­
charge , plus the e + -► SijH^'4’ signal, with a threshold at ~8 eV.
The signals obtained in this manner for all of the radicals (after
subtraction of the discharge-ion background) are shown on the left side of 
Fig. 2.4. The slope of each of these signals and the SiHg+ signal in the 
region 1 eV above threshold yields, with a minor adjustment for expected 
relative cross sections, these radical densities relative to SiH^. This 
ratio, for each mass, is shown in Fig. 2.5 for discharges in pure silane 
and in a silane-argon mixture. Each mass M can be identified primarily 
with Si2Hn, with n “ M-56, as indicated in Fig. 2.5. A correction of ~10% 
due to heavier isotopes is necessary for M > 56, and the "radical" signal 
seen at M “ 62 is attributed to such heavier isotopes.

The most impressive and surprising characteristic of the data in Fig. 
2.5 is that the total radical density exceeds the SiHg, or total
SiHn, density for the silane-argon mixture. This measurement was made 
with very low silane density, such that a major fraction of the SiHn radi­
cals reach the surface before reacting with SIH^. The most abundant SiHn 
radical, SiHg, can form S^Hg in a gas reaction, possibly explaining some 
of the observed S^Hg (M = 61). However, the observed densities of the 
other Si2Hn radicals in the silane-argon case exceed those attributable to 
gas reactions by about a factor of 10 (see Sec. 3.0). Electron collision­
al dissociation of is another possible source of these heavier radi­
cals . If SigHg and SigH^ had a very small wall reaction rate, compared 
to SiHg, this might explain their large densities. However, sputtering 
from the growing a-Si:H surface is a much more likely explanation. As 
discussed further below, surface reactions can also cause release of SigHg 
and of SigH^ radicals. We are initiating experiments designed to separate 
these different sources of the observed radicals.

The radical densities observed in Fig. 2.5 from the pure silane dis­
charge can be partly a result of gas collisions, partly due to electron 
collisional dissociation of SijHg, and partly from surface release of the 
radicals. Only highly endothermic gas reactions can produce the observed 
Si2 and S^H, so these are not a result of gas reactions. Measurements as 
a function of [S^Hg]/iSi^], time, and gas mixtures are planned to iso­
late the sources of these radicals.
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Fig. 2.3. Apparatus used to measure neutral and radical species at the substrate of silane dis­
charges , approximately to scale. The discharge region is shown as set up for rf and 
dc discharges; an additional screen is introduced for dc proximity discharges.
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Fig. 2.4. e + Si2Hn + Si2Hn signals (left figure) from radicals produced in a 70 mTorr dc silane 
discharge. Except for ~10% isotopic correction, Si2Hm occurs at mass 56 + ra. An 
example of the method used to separate the e + S^Hg * Si2H+ and discharge-ion 
background is shown for the M — 59 case in the right figure.



70 ml S1H4 
f • 0.24

i i 1
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n 0 1 2 3 4 5 6
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Vcolc 7.3 6.1 8.1 7.4 8.9 7.7 10.15

Fig. 2.5. Ratios of Si2Hn densities relative to SiHs, vs. mass, for dc 
discharges in silane and a silane/Ar mixture. The observed 
apparent threshold energies are shown as V0bs, and that calcu­
lated as Vcaic. Both numbers are uncertain by a large 
fraction of 1 eV in many cases. The signal at mass 62 is 
attributed to heavier isotopes of Si2Hn with n * 2-5.
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SECTION 3.0

RADICAL PRODUCTION IN GAS REACTIONS

In low-pressure discharges used for production of a-Si:H films the 
cathode sheath fills a large part of the discharge volume, and most of
the electrical energy is depositing in this sheath region. Our knowledge 
of electron energy distributions and collision processes in these dc dis­
charge sheaths has been greatly improved over the last few years by de­
tailed calculations; these are discussed by Chatham and Gallagher [9] 
relative to ion chemistry in silane dc discharges. Here we are inter­
ested in the neutral radical production in dc discharges, since this is 
the initial step in the discharge neutral chemistry that leads to film 
production. The discharge issues are very similar to those involved in 
the ion production, since the threshold for silane dissociation to neu­
tral radicals is ~8 eV and to ions is ~12 eV. Thus, as in the ion pro­
duction situation only the distribution of electron energies greater than 
~10 eV in the sheath is relevant. The sheath calculations obtain a very 
broad distribution of energies above 10 eV, and we expect this to hold 
for the these silane discharges as well. Thus, most of the silane dis­
sociation in the neutral radicals is induced by relatively high energy 
electrons, with energies in a broad distribution from 10-100 eV. The 
available data on dissociation in other molecular species, as well as 
qualitative models for this process, lead us to expect that the distribu­
tion of fragments is relatively independent of electron energy across 
this range.

Melton and Rudolph [10] have measured the dissociation of CH^ into 
the CHn radicals by 100 eV electrons. The fractionation pattern observed 
was that CHg constitutes 80% of the CHn radicals and that atomic hydrogen 
exceeds the sum of all of the SiH^ radicals by about a factor of 2. We 
believe that this distribution is also appropriate for high-energy elec­
trons on silane, particularly as it is dominated by the production of 
single hydrogen and SiHg radicals as we expect for high-energy electron 
collisions. That is, the probability of stripping one hydrogen atom from 
the molecule is much greater than the probability of any multiple break­
up processes. This break-up pattern is shown at the right side of Fig.
3.1, corresponding to a pure silane discharge. This break-up pattern is 
quite different from that proposed by Perin and Schmitt [11] from com­
parison to the ion fractionations in silane. We believe this is due to 
a misinterpretation of the source of the SiHj* in their interpretation 
of the ion fractionation pattern.

Since we had to use a SiH^/Ar mixture to operate a self-sustained 
discharge at very low SiH^ densities, we must also consider the SiHn 
radical production which results from collisions with argon metastables 
and ions. In addition, in pure and mixed silane discharges, ion-molecule
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Fig. 3.1. Calculated Initial rates of production of the SiHn and H radi­
cals in a dc discharge in an 80 mTorr silane-argon mixture, as 
a function of mixing fraction.
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reactions as well as atomic hydrogen reactions can produce SiHn radicals. 
Considering first the argon metastable reactions, we note that Balamuta 
et al. [8] have studied the analogous reaction of argon metastables with 
CH^ and proposed that the dominant reaction channels are to Cf^, CH^ and 
H. Taking the cross section for argon metastable production by high- 
energy electrons as that given by Chutjian and Cartwright [12] we find 
that this source of radicals becomes significant for silane fractions 
below 20% in the argon silane mixtures (Fig. 3.1). However, from the 
proposed break-up fractions its primary effect is to produce SiH^ and H, 
which are already the dominant radicals in the discharge due to direct 
electron collisions. Thus, this argon metastable reaction has a rela­
tively minor effect on the radical mixture.

Electron impact produced Ar* can react exothermically with SiH^ 
to yield SiHn+ ions plus H or H2, or endothermically to yield SiHn radi­
cals plus H+ or H2*. The latter endothermic reactions can occur in the 
discharge due to the ion kinetic energy gained in the discharge sheath 
field. Chatham et al. have measured the Ar+ + SiHA reaction coefficient—_1 1 OH 1 .and found it to be quite slow, i.e., 2 x 10 cm s The Ar ions 
spend ~1 ys in the discharge on the average, and this rate coefficient 
times the silane density and the Ar* dwell time yields a small reaction 
probability. Thus, only a few of the argon ions undergo these ion- 
molecule reactions before leaving the discharge. Overall, this is a 
minor source of neutral radicals compared to the direct electron pro­
duction of such radicals (Fig. 3.1).

The ion-molecule reactions of SiHn* are well known [131. Only one 
of these reactions produces significant amounts of SiHn radicals, l.e., 
the SiH2* reaction with silane forms SiHg + SiHg*. (The other ion- 
molecule reactions produce disilane ions without forming SiH radicals.)1 l*Since Si^ is initially produced at nearly the same rate as SiHg, this 
reaction is a major contributor of additional SiHg to the radical mix­
ture. The ratios of these different sources of SiHn radicals is sum­
marized in Fig. 3.1.

We will now discuss the reactions of the H and SiHn radicals in the 
gas phase, first considering the atomic hydrogen reactions, and then the 
SiHn reactions. These are listed in Table 2.1 along with reaction en­
thalpies, which are estimated in some cases.

Hydrogen atoms are known to rapidly abstract an H atom from silane, 
with a rate coefficient of 1 x 10”^ cm s_*. This is process 8 of Table
2.1, which we will label R8. Similar notation, referring to Table 2.1 
reactions, is used in the following discussion. As will be noted later 
in discussing the surface model, any H atoms that reach the surface be­
fore undergoing this abstraction reaction will abstract hydrogen atoms 
from the surface, leaving a dangling Si bond which will frequently ab­
stract an H from SiH^. Thus most of the H atoms reaching the surface
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have the same effect as they do in the gas; they abstract the hydrogen 
from SiH^ leading to SiH^. As a consequence nearly all H atoms produced 
in the discharge are processed into SiHg radicals, effectively tripling 
the SiHj density. When all the sources of SiHj radicals are considered, 
SiHj represents'more than 90% of the total SiHn radical production 
(Fig. 3.1).

The reactions listed in Table 2.1 for atomic silicon are exothermic 
and are expected to be rapid, causing a rapid loss of Si In the gas.
They are expected to have rate coefficients of about 3 x 10"*^ cur s-* 
and to primarily form or two S1H2 radicals. This adds perhaps
20% more Sifih, to that initially produced by electron collisions. Sil^ 
readily undergoes an insertion reaction with SiH^, forming highly excited 
disilane that can be stabilized by a third body, but at these low pres­
sures may frequently dissociate back to SiH^ before stabilization. It 
might also stabilize by dissociating into Si2^ + H2, although this is 
not generally considered likely in the pyrolysis literature. Overall, Si 
and S1H2 can react to form heavier even-hydrogen radicals, but will not 
form any odd-hydrogen radicals.

The significant reactions of SiH are RIO (of Table 2.1), with sta­
bilization, and R11. Perrin and Schmidt [11] have recently reported that 
the SiH loss rate is fast (k ~ 3 x lO”1^ cm^ s”*), which is to be ex­
pected since SiH can Insert readily into SiH^. Thus SiH reacts quickly 
to form odd-hydrogen disilane radicals.

The SiHg loss reactions are R13 and R14. R13 has been discussed
in pyrolysis experiments [14] and is expected to be negligible under dis­
charge conditions because of the enthalpy of reaction. R14 has been 
excluded from consideration in a large number of H-atom initiated decom­
position and photolysis experiments [15,16], This exclusion has not been 
due to the enthalpy of reaction, but is apparently because of the intui­
tively unreasonable transition state that the reaction implies. However, 
reactions R14 through R18 are included here because they might occur and 
because they may be Important even if they are slow. In particular, R14 
and R16 or R14, R15 and R18 are chain reactions which may be important in 
surface pyrolysis [17 ], A direct experiment on these reactions would be 
important. In summary, there are no known fast silyl loss reactions with 
silane, and most of the SiH^ produced in the discharge is expected to 
reach the surface.

It is important to note that in these low-pressure discharges the 
radicals diffuse to the surface in a typical time of a millisecond, 
whereas the silane is dissociated with a characteristic time of 10 s.
As a result, typical radical densities are less than 10“4 of the neutral 
silane density and for these very low densities gas-phase radical-radical 
reactions are negligible, l.e., their probability of occurring during the 
millisecond diffusion time to the surface is expected to be less than
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10 . Thus these deposition discharges represent a very different situa­
tion than is often considered in photolysis and other homogeneous decom­
position experiments, in which radical-radical reactions are often the 
dominant radical loss mechanism.

The result of these considerations is summarized in Fig. 3.2, where 
the calculated Si, SiH, and Si^ densities (dashed lines) are compared to 
the measured densities (solid lines). These calculated densities come 
from consideration of only gas production and gas reactions. Thus, the 
much larger measured, vs. calculated, Si and SiH densities in Fig. 3.2 
indicate that the principal source of Si and SIH is release from the 
surface. This is almost certainly due to sputtering, as these radicals 
cannot be produced by surface reactions due to their high enthalpies.
This interpretation is also consistent with the increase in these radical 
densities, relative to SiH^, at the left side of Fig. 3.2, i.e. surface 
sputtering will become more important relative to gas dissociation of 
SiH^ as the SiH^ density decreases. The measured Si^ density is also 
significantly larger than the calculated density, but this difference is 
within the uncertainty in our calibration procedures and calculation.
We have not indicated the measured and calculated SiHg densities in Fig.
3.2, as they are much larger. The above considerations lead to a calcu­
lated SiHj/ASiH^ = 3 * 10-^, while the measurements yielded about 1.5 x 
10' for all si lane/argon ratios. As with Si^, this factor of 2 differ­
ence between measured and calculated densities is within the uncertain­
ties in the measurements and the assumptions used to reduce the raw data 
to densities. Thus, we conclude that most (or all) of the observed SIH^ 
and SiHg is due to gas production and gas processes.

From these results, it is apparent that film growth is almost 
entirely due to SIH^ incorporation into the surface, particularly in the 
pure silane discharges normally used for production of photovoltaics.
The manner in which this incorporation can occur will be discussed in the 
next section. A relatively small percentage of the film growth is also 
due to incorporation of Si^, SiH, Si, and heavier radicals S^H^, etc., 
and sputting of the film surface plays a major role in producing these 
Si, SiH and heavier radicals. Since the photovoltaic quality of the bulk 
film depends on very low trap densities, incorporation of these minor 
radical constituents could play a major role in determining film quality.

-“2
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[SIH4]/([SIH4] + [Ar])

Fig. 3.2. Calculated relative radical densities, [SiH ]/[SlHtf] for n ■ 
0-2, shown vs. fraction of silane in the silane-argon mixture 
(dashed lines). Smoothed data from dc discharges in ~80 iff 
total pressure, with silane depletion f s 0.1, are represented 
by the solid lines.
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SECTION 4.0

There is little direct evidence regarding the reactions of radicals 
and neutral silane species with a growing a-SisH surface. Measurements 
of reactions on crystal silicon are only slightly relevant, due to the 
completely different structure of the growing amorphous surface. The 
radicals and ions initially incorporated into the a-Si:H surface have a 
H/Si ratio of 2 to 3, while the ratio in bulk a-SisH films is known to be 
0.03 to 0.3 for substrate temperatures of 300 to 0°C. We expect this 
transition from a hydrogen-rich surface to a hydrogen-poor film to occur 
in several atomic layers, with gradually increasing Si-Si bonds accom­
panied by H2 elimination with increasing depth.

To discuss gas-surface reactions, a model of the wall will now be 
proposed in which the surface and first several monolayers below the 
surface are considered. Each surface silicon atom has at least one Si-Si 
bond connecting it to the film and the remaining one, two, or three bonds 
are assumed to be saturated with H atoms. (A very small fraction of the 
silicon surface atoms will have an unsaturated bond, as will be discussed 
below.) This top monolayer will have an H-content of several hundred 
atomic percent (relative to silicon), while successively deeper layers 
will have lower H-content until the bulk material value of 3-30% of sili­
con is reached. The gradient in H-content will depend on the rate of 
removal of the H atoms through several possible reactions.

One reaction that eliminates H from the film involves the breaking 
of two neighboring Si-H bonds below the surface and the formation of an 
H-H bond and a Si-Si bond. This reaction is exothermic, although it does 
require a four-atom transition state. The rate of this reaction is un­
known. The analogous gas reaction, 2 SiH^ Si2^ + H2 is slow, but in 
the solid-state the species are confined and this reaction can easily be 
faster than the deposition rate of typically one monolayer per second.

Another possible reaction that removes hydrogen from the film in­
volves the catalytic behavior of free H atoms or dangling bonds within 
the solid [18]. (The presence of free H atoms or dangling bonds in the 
solid will be discussed below.) A free H atom can abstract a bound H 
atom, forming H2 and a dangling bond. The dangling bond then reacts with 
an Si-H bond forming an Si-Si bond and a free H atom. The equivalent 
gas-phase reaction (R13) is endothermic by ~16 kcal/mole, which suggests 
that this could be an important cause of H2 evolution. However, Hg 
evolution from post-discharge heated films have been observed to have 
smaller activation energies [19].

SURFACE REACTION MODEL
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The well-known H-content dependence on wall temperature [4] Is pre­
sumably determined by the enthalpies of this hydrogen removal process.
If the H2 removal process is slow relative to the growth rate (typically 
one monolayer per second), the top several monolayers are expected to 
have a polymeric type structure, (SiH2)n. A faster removal rate or 
slower growth rate should allow more Si-Si bonding from shorter chains, 
presumably resulting in different film structure.

Under the conditions of discharge deposition we expect almost all 
of the dangling silicon bonds on the surface to be attached to hydrogen 
atoms. Such a region of the surface is shown dlagrammatically at the 
upper left of Fig. 4.1. Here the gas-phase Si atoms are indicated as 
large, open circles and the H atoms as small solid circles. The surface 
Si atoms connected to the film are Indicated as semicircles protruding 
above a line. Each of these surface Si atoms is assumed to have three 
filled bonds that are not shown, of which one or more is to other Si 
atoms in the film. A line corresponding to the fourth bond is drawn up­
ward, toward the gas. We label these upward bonds as b or 6 when empty 
or occupied by an H atom.

When stable neutral silanes collide with this H-coated surface, they 
bounce off or are adsorbed very weakly. When an Si, SiH, or Si^ radical 
collides with this surface, it can incorporate immediately with a Si-H 
bond, as indicated in the top row of Fig. 4.1 for the Si^ case. (We use 
(SiH^g to indicate an SiHg Incorporated permanently onto the surface 
with a Si-Si bond.) When an SiHg arrives at the surface, as indicated at 
the left of the second row of Fig. 4.1, it forms a weakly bonded surface 
state, labeled A, that is shown in the third row. As indicated in the 
figure, this intermediate state A can return an SiHg or SiH^ to the gas, 
or incorporate as (SiHg)g with the release of H or Hg. All of these 
states contain one dangling bond, hence have nearly the same enthalpy, 
i.e., b, A, and SiHg each contain one dangling Si bond. Several SiHg and 
SiH^ releases may occur before incorporation. This would lead to a low 
effective sticking coefficient for SiHg, and homogeneous surface cover­
age, as observed Knights [20] under low-power conditions. However, the 
SiHg density we observe corresponds to few such desorptions, and Knight's 
observations could instead be explained by rapid surface hopping of 
dangling bonds.

A second channel for incorporation of SiHg into the surface is by 
the interaction of two radicals on the surface, i.e., if A + b, A + A, 
b + SiHg, or A + SiHg can arrive at the same or adjacent sites, then 
these can recombine. These two-radical processes are indicated diagram- 
matically on the right side of Fig. 4.1. These incorporation reactions 
release the energy of two bonds ('-180 kcal/mole), as in the gas reaction 
2SiHg S^Hg. Thus, Si2Hg released during incorporation may be highly 
excited, and could dissociate into Si2H^ + H2 or even Si2H2 + 2H2. This
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Si^I^ and SI2^, although more stable than the odd-H radicals due to the 
even number of bond pairs, should Incorporate fairly readily into the 
surface. Certainly once a surface dangling bond is freed by hydrogen 
abstraction, this should happen rapidly. Thus this source of and

(at most one from each pair of SiHg consumed) is' also insufficient 
to explain the observed densities. Energetic ion surface bombardment 
thus appears still more likely as the primary cause of radical release.

An H atom, formed in the discharge or released from the surface can 
also abstract an H atom from the surface, forming an H2 molecule and an 
open site (H + B H2 + b). Thus, H atoms reacting with the surface in­
duce film growth equivalent to SiHg. The SiHg and SiH^ in the second 
row, left side of Fig. 4.1, can be replaced by SigHg and SigHg, respec­
tively. Thus any S^Hg formed by SiHg + SiH^ reaction can be converted 
to SijHg at the surface while assisting film growth (SigHg + B SigHg + 
b). This and the process 2SiHg + 2B 2A SigHg + 2B diagrammed in Fig. 
4.1 could convert a large fraction of the SiHg into SigHg, and this ap­
pears a very probable source of much of the observed SigHg.

Following the incorporation of these heavily hydrogenated forms of 
SixHm> with the average m/x in excess of 2, Hg must be released by simul­
taneously breaking two Si-H bonds to form an H-H and a Si-Si bond, until
the surface ultimately reaches the m/x * 0.03-0.3 ratio of the amorphous 
silicon film. This Si-Si bonding can also be initiated when a radical 
abstracts a hydrogen from the surface, since the resulting dangling bonds 
can migrate below the surface as well as along it. Note also that some
incorporation, such as the SiH^ + b + 2B -► A + 2B H2 + (SiHg)g + b 4- 25
steps on the left side of Fig. 4.1, preserve dangling bonds and can act 
as chain reactions.

This very preliminary picture given for the surface reactions does 
not yet propose different roles that the different radicals might play 
in determining film quality. We are currently at the stage where we have 
identified what we believe to be the dominant species and processes re­
sponsible for deposition and film growth, but we have no quantitative 
data or models for the important mechanisms leading to the film charac­
teristics. Perhaps the greatest progress is in the types of measurements 
which we are now capable of doing and have achieved. If we can now meas­
ure detailed dependences of the radical mixtures on parameters such as 
pressure, pumping speed, discharge current, discharge type and shape, 
surface temperature, time and other factors, this should allow a better 
separation and understanding of the gas and surface processes.
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SECTION 5.0

CHEMICAL VAPOR DEPOSITION MEASUREMENTS

The surface reactions occurring in glow discharges (GD) may be 
closely related to those occurring in chemical vapor deposition (CVD), 
and comparisons of GD and CVD data may illucidate our surface model.
For example, we have observed SiH^ released from heated surfaces exposed 
to S^Hg, and (in lesser amounts) S^Hg from surfaces exposed to SiH^. 
Farrow [21] has also observed S^Hg from SiH^ decomposition on silicon. 
The surface processes we must invoke to explain this are very similar to 
those needed to explain the discharge data. Thus, we plan to continue 
measurements of decomposition on hot surfaces to improve our 
understanding of these surface reactions.

In Fig. 5.1 the rate kj of SiH^ decomposition we measured [22] at 
710 K is compared to the pyrolysis measurements of Purnell and Walsh 
[23] (line) and of Ring and O'Neal [17] (point), at the same temperature. 
Our data are due to surface decomposition, whereas Purnell and Walsh and 
Ring and O'Neal attribute their observed decomposition to homogeneous 
decomposition. Both of these are plotted in Fig. 5.1 as an effective 
rate kj ■ d£n[SiH^]/dt by assuming a typical volume/surface ratio. The 
expected pressure dependence of the homogeneous decomposition calculated 
by Ring and O'Neal [17], is shown as a dashed line. We have also in­
cluded in Fig. 5.1 measurements of silane decomposition on a crystal 
Si surface by Gelain et al. [24] and by Farrow [21] at ~1200 K, and a 
shock-tube pyrolysis measurement by Ring and O'Neal (attributed to homo­
geneous decomposition) at a similar temperature [17]. As can be seen, 
the heterogeneous (surface) decomposition dominates at pressures below 
10 Torr at either temperature, for this typical Volume/Surface ratio.
This fact is accepted by researchers in this field [17,25], but the 
decomposition initiation mechanism above 10 Torr is still in dispute; 
whether the homogeneous mechanism or a heterogeneous mechanism is 
dominant [17,22,25].

We have now analyzed a large array of silane CVD data from our 
laboratory, for surface temperatures of 700-2000 K, silane pressures of 
10”3 to 10Z Torr, and various silaneHE^ mixtures. (Some of these data 
and preliminary conlusions were published in Ref. [22]). Most results of 
these extensive measurements, taken with four different apparatus con­
figurations and including detailed product-specie measurements, can be 
explained by a relatively simple model for the gas-surface interactions. 
These measurements and their interpretation are discussed in detail in 
R. Robertson's thesis, which was submitted to the University of Colorado 
on May 30, 1985 (unpublished). Here we will give a very brief summary of 
this model, since it will be described in detail in future publications.
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As described in the previous section and shown dlagrammatically in 
Fig. 4.1, almost all surface Si atoms have their surface bonds filled 
with H atoms. If the typical Si-H bond energy is 80 kcal/mole, or 
slightly less than the gas value, then H atoms are very infrequently 
released at pyrolysis temperatures below 1500 K. However, a pair of 
surface H atoms will occasionally vibrate into close proximity, allowing 
the formation of H2, which is released into the gas. This leaves two 
dangling Si bonds, which require 2 x (~80 kcal/mole), while the H2 bond 
(104 kcal/mole) is regained. Thus the net enthalpy change for H2 release 
is (2 x 80-104 -> 56) kcal/mole. As these dangling Si surface bonds 
migrate separately about the surface, an SiH^ from the gas occasionally 
collides with one and is adsorbed. If a second dangling bond migrates to 
this adsorbed SiH^ before desorption, the SiH^ can be incorporated into 
the surface, as SiHg, while the two dangling bonds are refilled with H 
atoms. This is an exothermic reaction, but requires dangling Si bonds 
at adjacent sites. At high pressure and low temperature, the rate- 
limiting step in this CVD of silane is the H2 elimination necessary to 
free dangling Si surface bonds. Thus, a 56 kcal/mole activation energy 
and pressure-independent rate is observed for CVD at temperatures below 
900 K and pressures above 1 mTorr. At higher temperatures and low pres­
sure, the H2 elimination is faster than SiH^ arrival at the surface, and 
a CVD rate proportional to pressure with a lower activation energy is 
observed.

If there is H2 as well as SiH^ in the gas, each surface Si dangling 
bond may adsorb H2 as well as SiH^. If a second dangling bond migrates 
to an adsorbed H2, then it may incorporate back into the surface as two 
Si-H bonds, releasing 56 kcal/mole into the solid. This reverse of the 
^-release step competes with SiH^ incorporation as a sink for dangling 
Si surface bonds, j}o_ H2 gas Inhibits the CVD process. This inhibiting 
only occurs at the lower temperatures and higher pressures, where H2 
elimination is the CVD rate-limiting step. Thus, we observed it in our 
lower T data, but we and other researchers failed to observe it at higher 
temperatures. This simple model can now quantitatively explain essen­
tially all of our CVD data, as well as that of earlier researchers, and 
it logically resolves several apparent contradictions between reported 
pressure, temperature, and H2 dependences. We believe this is an essen­
tial, major step toward developing a detailed understanding of a-Si:H 
film growth, in discharges as well as in CVD reactors.
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SECTION 6.0

RAMAN SPECTRA
Under the direction of J. Scott, the Raman spectra of several types 

of a-SisH films produced at SERI have been measured. Raman shifts of 50- 
1100 cnT* were obtained from 0.1-0.5 pm thick films. A spectrum from an 
a-Si:Sn,H film is compared to that of an intrinsic a-SisH film in Fig. 
6.1. This comparison shows that the a-SiiSn,H film contains many more 
SiHjj sites (seen [26] at 600-700 cm”*) and Sij-SiH sites (seen [27] at 
210 cm"1) than the a-SiH film.

700 §00 §00 400 §00 100
WAVE NUMBER SHIFT tenf8)

Fig. 6.1. Raman spectrum of an intrinsic, Tg - 230 C, a-SitH film 
(#1640), and a silicon-tin alloy film.

-34-



SECTION 7.0

CONCLUSIONS

We have been able to increase the radical-detection sensitivity of 
our apparatus, allowing radical densities as low as lO^/cm^ to be mea­
sured. We have also devised a method to separate Si2^ radical signals 
from S^Hg produced in the discharge, and we can now detect radical/SiH^ 
ratios as low as IQ”*’. Using these improved sensitivities we have meas­
ured the SiHn and Si2^ radicals from dc discharges, for pure silane and 
silane-argon mixtures. From these data and our models, we have concluded 
that the SiHg radical is formed in the gas and is primarily reponsible 
for film growth. One consequence of this, rather than Sifl^, SiH and Si 
deposition, is a propensity for a smoother, more uniformly structured 
film due to surface diffusion of SiHg before incorporation by pair- 
reactions. Most of the other radicals seen in the gas, particularly Si, 
SiH, and Si2Hn(n=0-4), are not a result of gas-phase collisions, but are 
released from the surface due to a combination of chemical reactions and 
ion sputtering. The S^^ and Si2^ radicals in particular are present 
at a large fraction of the SiHg concentration in a pure silane discharge. 
Since even a small concentration of deleterious sites in the bulk film 
can critically affect solar-cell efficiency, deposition of these other 
radicals are potentially very important, as are surface sputtering proces­
ses, in determining film quality. In a dc proximity or an rf screened- 
substrate discharges, these radicals sputtered from the screen can react 
in the gas to form long chains, which then deposit on the substrate.
Also, mild sputtering of the substrate may be advantageous through the 
removal of long chains, or the breaking of highly-distorted Si-Si bonds 
to allow repositioning before they are overlaid and frozen into the bulk 
material.

We have developed a surface-reaction model that explains the basic 
steps involved in a-SisH film growth in glow discharges and in CVD.
This model, which includes an H2 inhibiting reaction with the surface, 
explains a wide range of CVD data on a-SisH from our laboratory as well 
as studies on crystalline silicon from other laboratories. This model 
can also explain glow-discharge deposition, and the resulting S^Hg re­
lease from the surface which we and Longeway and Wiekliem have observed. 
Many details of this model, such as surface diffusion rates, need to be 
filled in, and we are devising and carrying out experiments for this 
purpose. When more details are understood, we should have a basis for 
understanding of the causes of SiHg, SiH2, SiH, and dangling-bond struc­
tures in the film.

We have completed and published a calculation of the ion production, 
reaction chemistry, and species reaching the surfaces of dc silane dis­
charges . We do not yet know the effect these various ions have on the
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structure and photovoltaic quality of the a-Si:H film, but this calcula­
tion provides a basis for understanding and varying this ion mixture in 
a systematic fashion, and for using ion measurements as a tool for dis­
charge diagnostics.
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