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Plasma generation and the effects of the plasma on SiH, are examined for the remote plasma
enhanced chemical vapor deposition (remote PECVD) process. The electrical characteristics of
two plasma generation techniques using He were compared, one at 13.56 MHz and the other at
2.45 GHz. It has been shown that the plasma generation technique has an effect upon the power
coupling to the discharge in that the 13.56 MHz technique yields a capacitively coupled
discharge, while the 2.45 GHz technique yields an inductively coupled discharge. There are two
distinguishable methods for generating charged species in the main portion of the reactor for
13.56 MHz discharges, electron impact ionization, and Penning ionization. What has been
demonstrated is that SiH, forms polysilanes as a direct consequence of interactions with charge
created with the capacitively coupled discharge (13.56 MHz) by forming polysilanes, however
Penning ionizations cannot sustain appreciable gas-phase SiH, excitation. These polysilanes
account for a significant fraction of the SiH, in the reactor. In fact, due to the chemical similarity
of these polysilanes and their concentration relative to SiH,, they should be considered in
models of silicon thin-film growth in remote PECVD. Hydrogen has been shown to reduce the
presence of polysilane species in the plasma for conditions that are conducive to microcrystalline

Si growth, and cause silane species to exhibit a higher degree of hydrogenation.

I. INTRODUCTION

Remote plasma enhanced chemical vapor deposition
has been used to grow many types of silicon-based thin
films using SiH, as the silicon source gas.'™® The two main
classifications of film growth deposition schemes are (1)
silicon-based semiconductor film growth in which a SiH,
compound and other gases containing nondepositing ele-
ments are injected, and (2) dielectric film growth in which
a second-atom-source gas is also injected into the
reactor.>*® In the first case, the gaseous products of plasma
interactions are only other silane-based compounds. How-
ever, from SiH, there are many forms of semiconducting
silicon that can be grown. By altering the SiH, concentra-
tion, plasma generation method, and Si:H ratio in the gas
phase, the microstructure, electrical properties, and hydro-
gen content can be varied. Therefore developing an under-
standing of how the plasma is generated and how SiH,
interacts with the plasma will be a crucial step in develop-
ing film growth processes. This article characterizes the
plasma generated by the remote plasma enhanced chemical
vapor deposition PECVD system, and how the results of
plasma SiH, interactions affect film growth.

The topics considered in this article concern issues of
generation of discharges in the remote PECVD reactor,
SiH, interactions with the discharge afterglow, and the
products of the SiH, interactions. For plasma-driven tech-
niques, charged species produced by the plasma are known
to be directly involved in certain deposition reactions, and
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indirectly responsible for others.”® It was found that the
2.45 GHz He discharge was not able to support measurable
excitation with SiH,, so only its electrical characterization
is compared to the 13.56 MHz discharge. Excitation fre-
quency and power application geometry can affect the
mode of power coupling with the plasma and to a large
extent determine the spatial and energy distribution for the
majority of electrons. It is also recognized that the method
of charge generation greatly influences the discharge char-
acteristics, and hence the possible reaction pathways. Data
will be presented that demonstrates more than one charge
generation mechanism is present in the reactor. Additions
of H, to the reactor alter the relative concentrations of
SiH, fragments and ensure hydrogen termination of silicon
surfaces. The degree of hydrogen termination determines
the surface reactions that lead to network propagation. For
example, Tanaka and Matsuda showed that as the silicon
surface loses surface bound hydrogen, the films change
from a microcrystalline structure to an amorphous
morphology.’® It is known that H, promotes crystalline
phase formation from PECVD processes and that it plays
a key role in surface processes on the substrate and on the
growing film. The addition of H, suppresses production of
certain species.

Since SiH, is the source of silicon in most of the reac-
tion systems studied for remote PECVD deposition of Si-
based thin films, a clear picture of the SiH, consumption
paths is necessary. While unreacted SiH, and silicon film
growth have been considered the only reaction channels for
SiH, in remote PECVD, evidence will be presented that
shows gas-phase polymerization of SiH, must also be
considered.!!

Three in situ analytical techniques were employed in
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FIG. 1. Schematic diagram of 15 cm diam reactor.

order to characterize the discharge and SiH, interactions
with the plasma: (1) double Langmuir probe, to detect the
charged species within the reaction chamber, (2) mass
spectrometry, to measure changes in the concentration gas-
eous products of plasma and electron impact excitation of
SiH,, and (3) optical emission spectroscopy to detect ra-
diating metastable species. The double Langmuir probe
technique characterized the electrical properties of the dis-
charge and demonstrated differences in the coupling of the
two generation techniques. The mass spectrometry was
used to show the consumption of SiH,, and the presence of
polysilane species in the discharge. Optical emission spec-
troscopy showed how the optical states of He and SiH,
changed under varying processing conditions, as well as
comparing n, with relative changes in metastable concen-
trations.

Il. EXPERIMENT

The chamber used in these experiments has a 14.9 cm
inner diameter and 56 cm length, see Fig. 1. At one end is
a plasma tube flange in which a 3.2 cm inner diameter
fused silica tube is located on the central chamber axis.
Inside the chamber, at 10.2 and 35.6 cm from the end of
the plasma tube, are two sets of double stainless steel gas
rings welded to a conflat flange for downstream injection of
gases. The mass spectrometer sampling stations are located
3.5 cm downstream from the plasma tube flange, position
No. 1, and 3.8 cm downstream from each of the gas injec-
tion rings, positions No. 2 (14.0 cm) and No. 3 (39.4 cm),
respectively. Each station has three ports, two horizontal
ones with pyrex windows, and a vertical one to accommo-
date the sniffer tube for the mass spectrometer. A Leybold
TMP360H turbomolecular pump services the chamber
from a vertically mounted 6 in. flange located 25 cm down-
stream from the plasma tube, capable of achieving a base
pressure of ~3X 108 Torr.

Two excitation frequencies were used for this research,
13.56 MHz, and 2.45 GHz. The 13.56 MHz antenna is a
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ten-turn 4.45 cm inner diameter copper coil wrapped
around the plasma tube. The coil is soldered to a coaxial
connector and mounted within a grounded metal box with
two 4.45 cm diam openings for the plasma tube. The 13.56
MHz power is delivered from an rf generator through a
coaxial cable via a matching network (Plasma Products
model HFS-251 power supply, and MN-500 matching net-
work). The antenna is housed in an aluminum box
mounted on the chamber by stainless steel rods. The an-
tenna terminates in the air, without any connection to
ground.

The 2.45 GHz system is a commercially available unit
consisting of an ASTEX S-250 power supply capable of
generating a 0250 W signal and standard dimension wave-
guide components for the 2.45 GHz band (TE,, waveguide
transmission mode).!? The transmission components are
arranged with a circulator and a dummy load bolted to the
output flange of the power supply, and a waveguide-to-
coaxial converter attached to the output side of the circu-
lator. The coaxial cable is connected to another converter
that is attached to two 50 db directional couplers. A net-
work matching three-stub tuner connects the directional
couplers with the applicator. The applicator is a section of
waveguide with a 3.8 cm diam opening, two resonant Al
wings for the plasma tube, and a tuned shunt termination.
The applicator waveguide is supported by a rigid channel-
bar Al stock mounting frame to prevent movement of the
applicator and damage to the plasma tube. The gas stem
nipple of the plasma tube is supported by a frame mounted
holder that permits three axis alignment.

Electrical characterization of the plasma was made
with the double Langmuir probe. The technique utilizes
two conductors in contact with the plasma so that a com-
plete current path irrespective of ground may be com-
pleted. This minimizes the disturbance of the plasma by
minimizing displacement charge and allows the electrodes
to follow the varying electric field of rf plasmas.!® The
probe head consists of a 0.953 cm diam pyrex tube, ap-
proximately 10 cm long with two platinum electrodes en-
cased in 1 mm pyrex sheaths. The probes protrude from
the end of the tube with a probe-to-probe spacing of 7 mm.
The electrode dimensions are 0.56 mm (24 gauge) diam
% 1.91 cm long. The exposed probe leads adjacent to the
glass seal are covered with a 3 1 mm? alumina insulator.
The probes are mounted on the baseplate that is a retract-
able rod that can be positioned anywhere along the axis of
the chamber, from just inside the mouth of the plasma tube
to the load lock. The electrical connections are made from
stainless steel conductors of the vaduum feedthrough and
probes with copper connectors in the space behind the
baseplate. The connections are covered with a specially
fitted copper cylinder ground shield. The leads are joined
to two external single strand coaxial copper wires that run
the length of the 91 cm stainless steel feedthrough. The
coaxial ground shielding is tied to the driven-guard con-
nectors of the triaxial pickup cables that connect to the
Keithley 237 source measurement unit. It should be noted
that there was no decoupling of the Langmuir probe from
the source measurement unit. 7", is found from an analysis
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FIG. 2. Diagram of double Langmuir probe I-¥ characteristic.

of the double probe curve by examining the dependence of
current collection as a function of the applied potential
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where the derivative is the slope of the I-¥ curve at V=0
V, and I, and I,, are the magnitudes of the saturation
current in both directions of the trace (see Fig. 2). For
order of magnitude n, estimates, the Bohm, Burhop, and
Massey equation was used.'*

The default conditions used for the Langmuir probe
experiments were He discharges, 200 sccm total gas flow
through the plasma tube, and a pressure of 300 mTorr. No
SiH, was injected into the chamber during measurements
to prevent probe contamination. The power was main-
tained at 25 W for 13.56 MHz, and 170 W for 2.45 GHz.
The high microwave power level was required to maintain
the 2.45 GHz discharge within the waveguide applicator
due to difficulties in impedance matching caused by the
inserted coaxial cable and the high ionization potential of
the He feedstock gas.

The chemical characterization of the reactor gas was
made by mass spectrometry and optical emission spectros-
copy. The quadrapole mass spectrometer is an EXTREL
model C50 housed in a custom-built 10.2 cm diam stainless
steel chamber with dedicated backing pumps, a Leybold
TMP360V turbomolecular pump, and a Leybold D4B ro-
tary vane pump (see Fig. 3). The ionizer of the mass spec-
trometer lies within one flange of a 6 in. gate valve. The
sniffer tube is 1.6 cm in diameter and 8.9 cm long and ends
in a 150 um orifice that admits gas from the reactor. The
sniffer tube is mounted directly to the other gate valve
flange and to a 2} in. diam flange attached to a welded
bellows. When the sniffer is fully inserted it lies about 3.8
cm from the reactor axis. The distance between the sniffer
tube orifice and the ionizer is 7.62 cm. The optical emission
unit used is a Tracor—Northern TN6500, with a Polymicro
Technologies 1148 fiber optic light pipe that transmits the
signal from the Pyrex chamber window to the 0.5 m
Czerny-Turner monochromator. There light passing
through a 25 pm wide slit is reflected by one of three
gratings (150, 300, and 600 lines/mm gratings) onto a 700
channel light-intensified photodiode array.
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FIG. 3. Schematic diagram of Extrel C-50 quadrapole mass spectrometer
inside of its pumping and sniffer tube enclosure.

There are two types of mass scan experiments per-
formed on the afterglow of the plasma for this study, hav-
ing either the ionizer of the mass spectrometer or the
plasma as the sole ionization source. The first method in-
volves turning off the ionizer and drawing ions from the
plasma. Since only externally generated ions are detected,
peak heights are indicative of the relative ion abundance in
the reactor. The second method uses the mass spectrome-
ter ionizer and a magnet placed adjacent to the throat of
the sniffer tube to deflect externally generated ions into the
sniffer tube walls so that they do not enter the mass spec-
trometer. This technique samples only neutral fragments,
and the signal is mutually exclusive from the first method.
It should be noted that the species detected by the mass
spectrometer are those that traverse the sniffer tube. Be-
cause of the length of the tube, the mass spectrometer is
most sensitive to species that have a low sticking probabil-
ity. Therefore, the mass spectrometer is set up to examine
the gas species that tend to be ground-state end products of
gas-phase reactions.'*

For analysis of SiH, interactions with the plasma, the
following default operating conditions were observed: op-
erating pressure of 300 mTorr, flow rates of 200 sccm He in
the plasma tube, and 10 sccm 10% SiH, and 90% He
mixture injected downstream through the gas dispersal
ring. The 13.56 MHz power supply was used with the coil
applicator and a default power of 50 W. All samples were
grown at 250 °C substrate temperature. When H, was used,
the flow rates were 200 sccm total flow with a composition
of 040 sccm H, and the balance of He. In addition, for
0%, 10%, and 30% H, plasma feedstock composition,
mass spectrometry signals were measured between 25 and
65 m/z to detect the presence of polysilane species.

{lil. RESULTS
A. Electrical characterization of the plasma
Electrical characterization of the plasma is necessary

to understand plasma interaction mechanisms with SiH,.
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FIG. 4. Plot of n, as a function of position for 13.56 MHz and 2.45 GHz
excitation frequencies. 200 sccm He, 300 mTorr, 25 W at 13.56 MHz, and
170 W at 2.45 GHz.

Two plasma generation methods are compared, the 13.56
MHz and 2.45 GHz methods described above. Figure 4
shows the », with respect to distance from the opening of
the plasma tube for 25 W at 13.56 MHz, and 170 W at 2.45
GHz. At the plasma tube opening, the electron density #,
for the 13.56 MHz discharge is roughly 2.5 orders of mag-
nitude greater than that of the 2.45 GHz discharge, even
though the applied power level is almost 7 times greater for
the 2.45 GHz discharge. The decrease in n, moving away
from the plasma tube opening is approximately logarithmic
for the 2.45 GHz curve, while the 13.56 MHz has a slight
kink at about 10 cm, the position of the first set of gas
dispersal rings. The 13.56 MHz n, decreases by 4 orders of
magnitude, and the 2.45 GHz n, decreases by ~2.5 orders
of magnitude at the far end of the chamber: Plotting the »,
as a function of power at various distances from the plasma
tube as shown in Fig. 5 demonstrates that more than one
charge generating mechanism is present in the 13.56 MHz
discharge. As the Langmuir probe position increases the
overall magnitude of n, decreases, however the shape of the
curve changes. Figure 5(a) shows that the n, dependence
follows a sublinear power function for positions less than
13.5 cm from the gas dispersal ring position, while posi-
tions greater than 13.5 cm show a superlinear dependence,
as seen in Fig. 5(b). No corresponding plot was made for
2.45 GHz discharges due to the low signal intensity at all
power levels.

Electron temperature as a function of position from the
end of the plasma tube is shown in Fig. 6. Values for T,
range from 3.4 to 4.9 eV for the 13.56 MHz discharge, and
from 1.5 to 3.0 eV for the 2.45 GHz discharge. However
the most interesting feature of the 13.56 MHz curve is its
shape at intermediate distances downstream from the
plasma tube. The curve reaches a local minima at about 10
cm then a maxima at 13.5 cm, which coincides with the
location of the first set of gas dispersal rings, before slowly
decreasing at larger distances. The T, for the 2.45 GHz
discharge is about 30% lower than for the 13.56 MHz
discharge at the mouth of the plasma tube. T, for the 2.45
GHz discharge decreases linearly with respect to distance;
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sccm He, (a) 0,3.81 and 7.62 cm downstream, (b) 19.05, 26.67, and 34.3
cm downstream.

there is no increase in 7', near the first set of gas dispersal
rings as detected for 13.56 MHz discharges. Figure 7
shows the relation of n, at 34.3 cm from the mouth of the
plasma tube related to the optical intensity of the 5015 A
(3 1P-2 18) optical emission line for 200 sccm, 300 mTorr,
13.56 MHz plasmas. The purpose of this plot is to demon-
strate the similarity of the behavior as a function of power
of the relaxation of He optical states and 7, at distances far
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FIG. 6. Plot of T, as a function of position for 13.56 MHz and 2.45 GHz
excitation frequencies. 200 sccm He, 300 mTorr, 25 W at 13.56 MHz, and
170 W at 2.45 GHz.
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FIG. 7. Plot of n, at 34.3 cm downstream, and 5015 A light emission at
15.1 cm downstream as a function of power at 13.56 MHz. The data are
normalized with respect to the 100 W data point.

from the end of the plasma tube. The normalized n, curve
has a slightly lesser exponent than the normalized optical
emission curve, but in general the curves track one an-
other.

B. Effects of the plasma on SiH,

Figure 8 shows the intensities of two species that come
from the injection of SiH, into the reactor, the 6561 A
(32D-2%" of H) and 4142 A (4 %A-X I of SiH) lines
with respect to the SiH, source gas flow rate measured 2.45
cm downstream from the plasma tube.'!® The signal in-
tensities reach background levels above 10 sccm 10% SiH,
and He in the downstream gas flow. It appears that the
6561 A line reaches its intensity maximum at lower flow
rates than the 4142 A line. The intensity 5876 A
(3 3p-23P) and 5015 A lines (not shown) decrease from
10° to 6000 cps, a 17-fold drop, and 20500 to 2500 cps, an
8-fold drop, respectively.'>!¢ The ratio of 5876 A/5015 A
declines from 5 to 2.5 for 0 and 25 sccm SiH,, respectively.

Figures 9(a)-9(c) are mass spectrometer plots of
reactor-generated ions between 20 and 320 m/z [Fig. 9(a)
m/z 23-123, Fig. 9(b) m/z 123-243, and Fig. 9(c) m/z

700
600 1
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2 300 + —a—6561A
g 400 41428
=
£ 300
g
g 200 4 R N
= 100 /.—-.\-“ o
0 + ; At :
0 5 10 i5 20 25

10% SiH4 + He Flow Rate (sccm)

FIG. 8. 4142 and 6561 A optical emission spectroscopy signals as a
function of 10% SiH,+He flow rate injected downstream. 13.56 MHz
discharge, 200 sccm He in the plasma tube, 300 mTorr, 50 W, sampling
from the first viewport, intensifier gain 6.0, 0.1 s sampling time, 1000
cycles. .
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FIG. 9. (a) Mass 31 normalized mass specira of multiple Si atom mo-
lecular ions, 23-123 m/z. 10 sccm 109% SiH,+He flow rate injected
downstream, 13.56 MHz, 75 W, 200 sccm He in the plasma tube, 300
mTorr, mass spectrometer port No. 1, ionizer turned off. (b) Mass 31
normalized mass spectra of multiple Si atom molecular ions, 123-243
m/z. 10 sccm 10% SiH,+He flow rate injected downstream, 13.56 MHz,
75 W, 200 sccm He in the plasma tube, 300 mTorr, mass spectrometer
port No. 1, ionizer turned off. (c) Mass 31 normalized mass spectra of
multiple Si atom molecular ions, 243-343 m/z. 10 sccm 10% SiH;+ He
flow rate injected downstream, 13.56 MHz, 75 W, 200 sccm He in the
plasma tube, 300 mTorr, mass spectrometer port No. 1, ionizer turned off.

243-363]. The chamber conditions are 300 mTorr pres-
sure, 200 sccm He plasma feedstock gas, 10 sccm 109%
SiH, and He, and 50 W power. Peak groups corresponding
to Si,H, (n=1) starting at mass 28 m/z to peak groups at
308 m/z (n=11) are spaced at about 28 m/z intervals,
where n is the number of Si atoms in the cluster. At 110 W,
it is possible to detect peak groups up to 336 m/z (n=12).
The average peak intensity declines as the number of sili-
con atoms in each peak group increase. Under certain con-
ditions, it was observed that the peak group at 140 m/z
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tends to be 33%-50% larger than the next lighter peak
group at 112 m/z. This evidence of Si-cluster formation is
similar to that of Ambacher et al.!” For peak groups where
n ranges from 2 to 4, the number of peaks present is equal
to 2n+4-4, one peak extra than a normal silicon alkane an-
alog chain number having 2743 mass peaks.

Figure 10 shows the effect of plasma power upon the
relative peak heighis within each cluster peak group for
m/z 23-98, demonstrating how the degree of hydrogena-
tion changes as power increases. The conditions are 200
sccm He plasma feedstock, and 10 sccm 10% SiH, and
90% He mixture. The power levels are 10, 50, 75, and 110
W. The spectra are normalized with respect to the maxi-
mum intensity of mass 31, the three higher power spectra
are offset from the base line for viewing clarity. For each
peak group there is a tendency for the lower mass peaks to
increase at higher power levels as the higher mass peaks
decrease. At 10 W, there are peaks that exist at masses
63-65 that disappear at higher power levels (these corre-
spond to Si-Cl groups attributed to residue from previous
experiments). For the first peak group (28-33 m/z), the
peak intensity of mass 28 increases with increasing power,
until it becomes larger than mass 31 at 110 W,

In order to see at what rate SiH, is consumed as a
function of power, Fig. 11 shows the 30 m/z signal inten-
sity as a function of power normalized with respect to the
0 W signal level. The 30 m/z signal is a good measure of
changes in SiH, concentration in the reactor, as the disi-
lane peak intensity of 30 m/z is only 10% of its highest
peak intensity at 60 m/z.'® It shows that the SiH, signal
intensity drops logarithmically as a function of power for
each sampled position. In addition when the plasma is ig-
nited, the normalized SiH, signal intensities track each
other for positions 2 and 3, but position 1 shows a 40%
decrease. Figure 12 compares the effect of deposition rate
and change in mass 30 signal loss as a function of plasma
power. This demonstrates that the two phenomena are not
directly related to one another. The mass 30 loss is calcu-
lated by normalizing the curve at position 2 in Fig. 11 with
respect to the 0 W power intensity, and subtracting it from
unity. The deposition rate shows an approximately linear

J. Appl. Phys., Vol. 75, No. 5, 1 March 1994

09 4
08 1
07 +

Sampling Position
e

Bt 7]

Normalized Intensity
& 8
y.
|
&

04 1 ™~
03 L \9
02 I
or 1
0 +— t
o 10 20 30 40 50 60 70 80
Power (W)

FIG. 11. Normalized 30 m/z mass spectrometry signal based upon neu-
tral species as a function of power at all three sampling positions. 13.56
MHz discharge, 200 sccm He in the plasma tube, 10 sccm 10%
SiH, -+ He, 300 mTorr. The three sampling positions are (1) 2.45 cm, (2)
13.35 cm, (3) 39.37 cm.

dependence on power. The signal loss percentage is defined
as the amount of signal decrease for a mass signal between
plasma off and plasma on conditions. The plot shows a
saturation in the loss of the mass 30 signal of about 75%
around 50 W.

Figure 13 is a series of mass spectrum plots from 25 to
95 m/z in which the plasma gas H, composition is 0%,
10%, and 30% for 200 sccm total gas flow (0, 18, and 58
scem H,, respectively), 50 W 13.56 MHz power. The spec-
trometer is set up to detect only the fragments of neutral
species. The peaks around 30 m/z are attributed to SiH,
fragmentation and those centered around 60 m/z are at-
tributed to disilane. Most noticeably, the disilane and tri-
silane peaks decrease with increasing H, content in the
plasma gas. On the 10% H, spectrum, there is an increase
in m/z 63 (also attributed to residual Si-Cl fragments), but
the ratios of peak intensities of 0% and 30% H, are sim-
ilar. However, there is no change in the peak ratios of the
disilane associated peaks. The ratio of 30/31 goes from 0.5
at 0% H, to 1.3 at 30% H,, which is the ratio of m/z 30
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and
% Signal Decrease 0.1x
(=3

0 10 20 30 40 50 60 70 80
Power (W)

FIG. 12. Deposition rate and decrease in mass 30 loss as a function of
power. 50 W, 13.56 MHz discharge, 300 mTorr, 200 sccm He in the
plasma tube, and 10 sccm 109 SiH,+ He in the plasma tube.
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FIG. 13. Mass spectrum plots of a 10 sccm 10% SiH,+He, 300 mTorr,
50 W 13.56 MHz power, and a plasma gas of H, composition is 0%, 10%,
and 30% and the remainder He for 200 sccm total gas flow.

to 31 for the SiH, cracking pattern. Mass 63 appears in this
data, however it is due to the presence of chlorosilane res-
idue in the reactor from a previous experiment. It should
be noted that the 30% H, composition is sufficient to grow
pc-Si, while a-Si:H was grown at the other H, concentra-
tions. Figure 14 is a plot of the disilane peak intensities as
a function of the fraction of H, in the plasma feedstock gas.
It shows that the m/z 58-60 intensities decrease by a factor
of 3. The change in disilane peak mass intensities between
0 and 18 sccm H, show that mass 60 (Si,H; ) decreases by
at least 50%, while masses 58 and 59 (Si,H; and Si,Hj")
decrease by 80%. This is evidence that as the hydrogen
concentration in the plasma increases, the silane species
produced become more highly hydrogenated.

C. Film deposition

Figure 15 is a plot of the deposition rate (from Fig. 12)
for a-Si:H films at 14 cm downstream as a function of #n,
(shown in Fig. 5) derived from double Langmuir probe
measurements under similar operating conditions dis-
cussed above, except that there is no SiH, present. The
relation follows a logarithmic behavior with a correlation
coeflicient of 0.954. Figure 16 demonstrates the relation

0.14

- Mass (m/z)
012 J —.— g

Intensity (atb.)

H, Flow Rate (sccm)

FIG. 14. Plot of the mass 58-63 m/z peak intensities as a function of the
fraction of H, in of the plasma feedstock gas. Same conditions as
in Fig. 13.
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FIG. 15. a-Si-H deposition rate as a function of #,. 13.56 MHz discharge,
300 mTorr, 200 sccm He in the plasma tube, 10 sccm 10% SiH,+He
injected downstream.

between the deposition rate of a-Si:H as a function of
plasma tube to sample growth distance. The deposition
rate decreases logarithmically as a function of substrate
distance, with a correlation coefficient of 0.993. The loga-
rithmic relation holds even for samples grown upstream
from the SiH, injection point. A logarithmic regression fit
of the curve gives the relation

d(x)=dp exp(—_;;), ' (2)

where d is the deposition rate, x is the distance from the
end of the plasma tube, dj is the deposition rate at the
plasma tube, 233.3 A/min,' and A is the characteristic
length, 4.476 cm. Figure 17 shows the relation between
deposition rate and SiH, gas flow, at 50 W power, and at a
13.4 cm distance between the plasma tube and the sample
holder. The curve shows a deposition rate maxima around
10 sccm 10% SiH, and 90% He mixture, with a rapid drop
toward lower flow rates and a gradual decrease at higher
flow rates. ,

Infrared spectroscopy can be used to measure [H] in
thin films. The infrared spectrum of @-Si:H films has the
following bands: the Si-H bending mode, SiH(b), at 630
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FIG. 16. Deposition rate as a function of the plasma tube opening film
growth position distance. 200 sccm He in the plasma tube, 10 sccm 10%
SiH,+He, 50 W, 13.56 MHz, 300 mTorr.
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FIG. 17. a-Si:H deposition rate as a function of 10% SiH,+ He flow rate.
13.56 MHz discharge, 50 W, 300 mTorr, 200 sccm He in the plasma tube,
13.3 em downstream sample growth position.

cm~!, and the SiH stretching mode, SiH(s), at 2000
cm ™Y For heavily hydrogenated films there is a SiH,
stretching mode, Si-H,(s), at 2100 cm~’, and two chain-
like SiH, scissors wagging modes, at SiH,(w), at 850 and
900 cm™!. While the data are not presented here, it is
worth mentioning the behavior of the SiH content as a
function of plasma power and He flow rate. In ¢-Si:H films,
as a function of plasma power for samples grown 13.3 cm
downstream from the plasma tube with the standard pres-
sure and flow rates, the silicon-bound-hydrogen content
abruptly increases in between 20 and 27 W, with a maxi-
mum hydrogen content of about 1.9 10”2 cm™3, ~27%.
Above 27 W the hydrogen content remains relatively con-
stant, but below 20 W there is a positive relation between
power and hydrogen content. The hydrogen content [H] of
a-Si:H films grown under the standard power and pressure
conditions drops approximately linearly with increasing
He flow rate. Figure 18 is a plot of the silicon dihydride
group concentration [SiH,] in various films as a function of
the film deposition rate. The films were grown at different
powers and growth positions, but at the standard flow rates
and pressure stated above. The [SiH,] increases linearly as
a function of deposition rate, and has a linear regression
correlation coefficient of 0.994.
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FIG. 18. Plots of the silicon dihydride group concentration in various
films as a function of the films deposition rate.
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V. DISCUSSION
A. Charged species generation

The most significant observation of the electron tem-
perature profile is that T, increases between 8.5 and 15 cm
for 13.56 MHz discharges (Fig. 6). The two electrodes are
the rf coil and grounded chamber surfaces. This mode of
coupling is consistent with the following observations: (1)
the end of the coil that wraps around the plasma tube is not
electrically connected to ground, yet it is still possible to
ignite and sustain the plasma, (2) if the plasma is ignited,
and then the end of the coil is grounded the plasma is
extinguished, and (3) the ac impedance for coupling of the
rf power to the plasma has capacitive reactance. At 13.56
MHz there is an electric field between the powered elec-
trode and the grounded chamber that is able to generate
charge in the reactor. :

The lower n, for the 2.45 GHz discharge compared to
the 13.56 MHz discharge, shown in Fig. 4, seems to con-
tradict direct PECVD results, but it is explained by the
differences in coupling between the plasma and the cham-
ber for these two plasma generation techniques.’®?! It has
been established that n, is significantly higher for the 2.45
GHz than for 13.56 MHz discharges.?** However for the
2.45 GHz remote PECVD technique, the excitation region
is confined to the waveguide cavity, whereas for the 13.56
MHz discharge, the antenna and the interior of the reactor
define the plasma generation region. This is a direct result
of the different electrode configurations and discharge ex-
citation frequencies used for initiating and maintaining the
plasma discharge.* Figure 4 shows that the 2.45 GHz dis-
charge does not have the same degree of charge transport
into the chamber, demonstrating that electric fields extend-
ing into the chamber are reduced to negligible levels com-
pared with 13.56 MHz discharges. For the 2.45 GHz dis-
charge, charge can only be transported into the chamber
by thermal diffusion and gas flow. Thus it can be concluded
that electrons are more likely to play a role in deposition
reactions for the 13.56 MHz excitation than for the 2.45
GHz excitation, simply because of the electrode structures
and excitation frequencies used to sustain the plasmas.

The plots of Fig. 5 show that there are two distinct
mechanisms for creating charged species in the chamber
from the fact that the function of n, versus power changes
only with distance. One mechanism must be electron im-
pact ionization, since that is the mode by which the plasma
is sustained. Charged species from electron impact ioniza-
tion occur only in regions of significantly high electric
fields, since these fields accelerate electrons to sufficient
energy to cause ionization. Penning ionization, the forma-
tion of an ion/electron pair through metastable neutral
collisions, is the other likely mechanism. The shape of the
curves shown in Fig. 5(b) shows roughly the same behav-
ior that is seen with light emission as a function of power.
The behavior of light emission, a result of electronic relax-
ation of He excited atoms (He*), is similar to », at posi-
tions further from the plasma tube, as shown in Fig. 7.
Since the two phenomena behave similarly and He* decay
is the only method by which 5015 A photons are formed in
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this plasma, it is reasonable to say that they are dependent
upon He* concentration. For Penning ionization, the con-
centration of product is partially related to the square of
[He*], since two metastables are required. The reaction
rate for electron generation by the Penning ionization
equation follows the form

dn, - , ‘
— =KIHeT?, 3

where k is the Penning ionization rate constant. The plots
of Fig. 5 can be viewed as steady-state concentration plots
of the products versus the reactants, because the #, is the
concentration of the product, and power is roughly pro-
portional to the concentration of He¥*, assuming voltage is
constant and r, is negligible relative to neutral density. At
positions closer to the plasma generation region, for the
13.56 MHz discharge, the effect of Penning ionization be-
comes swamped by electric-field electron impact ioniza-
tion.

In the 2.45 GHz discharge, the n, in the reactor may be
solely due to He* Penning ionization. Since no electric field
exists in the reactor to form ionizations through electron
impact, only Penning ionization and unrecombined charge
that diffuses from the plasma generation region are the
sources of charge. It should be noted that the unrecom-
bined charge diffusing from the plasma tube may be small,
since at distances of 34.3 cm in the 13.56 MHz discharge
charge appears to be primarily generated by Penning ion-
ization, as shown by Figs. 5 and 7. The slightly smaller
exponent of the n, curve with respect to the 5015 A curve
in Fig. 7 may be due to a residual n, component from
field-induced electron impact ionization. Since the slope of
the logarithm of n, versus position for 2.45 GHz is con-
stant, then it may be argued that it is dominated by Pen-
ning ionizations. Therefore, it is possible to describe the
system with the continuity equation at steady state based
upon Penning ionization

ane—o Dazn” Pe | k[He*]?—k n2 4
at——ag;f—vax-i-[e]—r”e’ (4)

where D, is the ambipolar diffusion coefficient for charged
particles, v is the thermal plug velocity of the flowing gas,
and k, is the electron/ion recombination rate. It is likely,
from the argument above, that 7,3 k.

* The similarity of the absolute value of T, for both 2.45
GHz and 13.56 MHz discharges, shown in Fig. 6, is some-
what puzzling. It would be expected that the microwave T,
be almost an order of magnitude lower.?> One explanation
is that a high energy tail of electrons exists in the discharge
due to He Penning ionization reactions. Such reactions
emit electrons with high energy compared with the bulk
energy, 15-20 eV, versus 0.1-2 eV. The rate coefficient for
Penning self-ionization is? :

He*+ He* - He+Het 4™, 5)

k=1.8%x10"% cm3s~ L
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The cross section for a room temperature gas is 4.5 10~ 1°
cm?. A high energy electron tail in the distribution would
shift 7', estimates of Langmuir probe data to higher values.

The double Langmuir probe data has shown that the
plasma generation technique has an effect upon the power
coupling to the discharge and that it has a strong effect of
the charged species density in the reactor. The coaxial
cable/13.56 MHz power application technique leads to a
capacitively coupled discharge, while the TE,, waveguide/
2.45 GHz power application technique leads to an induc-
tively coupled discharge. This effect is a combination of the
applied electromagnetic radiation and the method in which
the radiation is brought into contact with the plasma gen-
eration region, i.e., the transmission mode. In addition, it
shows that there are two distinguishable methods for gen-
erating charged species in the plasma, electron impact ion-
ization and Penning ionization. Also, the primary mecha-
nism for charge generation in the 2.45 GHz discharge in
the reactor is from Penning ionizations. Finally, the simi-
larity of T', between the two generation methods may in-
dicate the presence of very high energy electrons in the
discharge, from the result of superelastic collision, or Pen-
ning ionization.

B. Silane interactions with the plasma

It is clear from Fig. 8 (SiH and H) that the plasma
undergoes chemical changes upon the addition of SiH,.
The most notable change is that intensities of all He lines
decrease because energy is being diverted into the excita-
tion of SiH,. The change in intensity ratio of the two He
lines reflects a change in the excitation/relaxation path-
ways of He. The two methods that could account for this
change are either a decrease in the generation rate of the
excited species, or relaxation through a nonradiative pro-
cess. It is likely that both processes occur at low SiH,
concentrations—the reaction rate is limited by SiH,, which
may limit He* relaxation. At higher SiH, flow rates, en-
ergy is diverted to other channels such as SiH, fragmenta-
tion which may lower He* formation. SiH, Penning exci-
tation, which would require that He*/SiH, cross sections
be the He* Penning self-ionization cross section, is one
example of a nonradiative relaxation process. Yoshida
et al. measured deexcitation reaction cross sections for He*
and SiH, to be on the order of 0.5 to 1X10~!* cm? that
roughly translates into a rate coefficient of 4.8 101
cm®s™! assuming room temperature gases. This value is
about 25% the rate of Eq. (5).%" It has been shown that the
metastable density can approach the charged particles den-
sity in a discharge, so using #, as an upper limit there may
be as many as 10'° cm™3 He* in portions of the reactor.
The Sng injected partial pressure is about 1.5 mTorr or
4.7x 10" cm ™3, Therefore the relative populations of He*
and SiH, illustrate that this could be a deexcitation path-
way for He*. However due to the lack of deposition in the
downstream portion of the main reactor where Penning
processes dominate, it appears that Penning processes do
not measurably contribute to film growth.

The ion mass spectrometer data presented in Fig. 9
demonstrate that the ionization source in the afterglow
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FIG. 19. Cracking pattern of silane. 70 eV electron beam.

discharge is not the same as single-collision electron impact
ionization, because the plasma excitation pattern of SiH,
species is much different from that of the neutral SiH,
cracking pattern. The most important feature is that mass
31 is about 100% larger than mass 30. Mass 30 of the
cracking pattern of neutral SiH, is normally 20% larger
than mass 31 (Fig. 19). There are some physical differ-
ences between the ion generation of the mass spectrometer
ionizer and the plasma. First, the electron energy is 70 eV
in the mass spectrometer and is approximately monoener-
getic, but the average electron energy in the reactor is less
than 5 eV in the reactor. Furthermore, species in the mass
spectrometer undergo at most one ionization event, while
in the reactor, multiple collision events occur. The crack-
ing pattern is not caused by the decomposition of polysi-
lanes. A plot of electron impact ionization cross sections
for SiH, shows that the cross section for SiH; is always
greatér than that for SiH; .2® This means that the SiH;
signal must be greater than the SiH3 signal if electrons are
the primary SiH, ionization source. Disilane and other pol-
ysilanes (polysilanes are defined as all Si-H compounds
with at least 2 Si atoms) have been shown to produce a 2:1
ratio of SiH; to SiH when fragmented by electrons.!®%

If 90% of the mass 28-31 signals were coming from pol- -

ysilanes (the required concentration to obtain the 2:1 ra-
tio), the disilane signal would be at least 5 times larger
than the mass 28-31 signal.

The increase in applied power alters the fragmentation
channels of the SiH, and polysilane ions produced in the
plasma. As the power increases there is shift in the relative
ratio of species produced, as seen in Fig. 10. Since the
electron temperature remains effectively constant as a
function of power, power is nominally proportional to n,.
The implication is that at higher »,, SiH, products become
less hydrogentated. The process of increased dehydrogena-
tion is simply a result of a multicollision reaction sequence
between excited species and the silicon-containing frag-
ments.

It might be argued that SiH;" could be selectively re-
moved from the sampling gas as it travels the length of the
sniffer tube due to wall collisions, since it has a greater
sticking coefficient than SiH; . However the mass spec-
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trometer only samples ions with line-of-sight trajectories,
since the probability of electrical neutralization with the
walls is unity. In addition, the low operating pressures
within the sniffer tube ensures that gas-phase collisions are
negligible. Thus sniffer tube wall collisions reduce all ion
populations proportionally to their initial concentration. It
is therefore necessary to consider multicollision mecha-
nisms that contribute to SiH, ion formation.

What has been demonstrated is that polysilane frag-
ments form as an effect of SiH, interactions with the dis-
charge. The ion spectra produced by the plasma is not the
same as seen from electron impact ionization. It has been
argued that the process is either a multicollision one or
nonelectron excitation. The fact that the interaction cross
sections of He*/SiH, and He* Penning self-ionization are
similar in size means that non-ion processes could also be
considered along with charged species production when
examining He* relaxation. Because of the high pressure
and slow plug velocity of the gas traversing the reactor, it
must be considered likely that multicollision excitation
processes occur in the reactor in measurable quantities.

C. Silane consumption pathways

Previous experiments have shown that ¢-Si:H films can
be deposited by extracting active species from rf-excited He
discharges in remote PECVD reactors.>!® The microwave
discharge glow region is maintained only within the por-
tion of the plasma tube enclosed by the waveguide and its
wings. It has been observed that ¢-Si:H films can be depos-
ited from He discharges using rf excitation, but that these
films cannot be deposited using microwave discharges. On
the basis of Fig. 4, these results are consistent with the
conclusions of previous studies.®*® The density of charge
particles, i.e., electrons, transported out the plasma excita-
tion region of the rf plasma due to the electrode geometry
is sufficiently high to promote measurable film deposition,
while the density of electrons extracted from the micro-
wave plasma is insufficient. .

The mass spectrometer data, when compared with the
deposition rate data, show that the injected SiH, is being
converted into other nondepositing compounds when the
plasma is ignited (see Figs. 11, 16, and 12.) Figure 11
shows that the decrease is substantially larger at position 1
compared with the other sampling positions. This is caused
by the higher charge concentration in the vicinity permit-
ting a higher reaction rate with SiH,. It is not, however, an
effect of the lower SiH, concentration upstream of its in-
jection point, since the curves are normalized to their
plasma off condition for each position. The 2-Si:H deposi-
tion reaction is not SiH, limited but rather charge limited,
since the deposition rate is highest at positions closest to
the plasma tube, as shown in Fig. 16. Figure 12 demon-
strates that deposition rate and the mass spectrometer sig-
nals. do not track as a function of power either, i.e., the
mass 30 intensity is not a direct indication of the deposition
rate. This independence demonstrates that there is another
SiH, consumption channel.
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Conversion into silicon thin films. Before examining the
additional consumption channel, it is necessary to estimate
the magnitude of the known pathways, such as film depo-
sition. In order to determine the total fraction of SiH,
consumed through deposition throughout the reactor, it is
necessary to develop a procedure to determine the steady-
state loss rate. One method is to estimate the equivalent
flux required to sustain the measured deposition rate, how-
ever, as shown in Fig. 16, the deposition rate is not con-
stant throughout the chamber. For example, at 50 W the
signal intensity of the daughter species decreased by about
75% throughout the chamber and the measured deposition
rate is 103 A/min at 2.5 cm downstream. The flux of SiH,
injected into the reactor is 4.08 107 s~!. Assuming that
the density of incorporated Si is 5.00X 10?2 cm ™3, then the

maximum incorporation volume rate is 8.17X 106
cm?® s~ 1. If this is material deposited evenly across the en-
tire surface area of the reactor, then the deposition rate
would be 17.6 A/min.

Figure 16 can be used to estimate the average deposi-
tion rate of material throughout the reactor. The flux den-
sity of consumed Si;H, species in the chamber can be sim-
ply stated as the average incorporated flux density in the
chamber, {(j;,.)={(d) p, where {d) is the spatially averaged
steady-state deposition rate, and p is the atomic density of
Si. Assuming that the deposition rate is a function of the
linear distance from a surface point in the reactor and the
center of the opening of the plasma tube, the average dep-
osition rate is

J:‘ &2 r (P P)dz+ f " arrd(rdr+d(z)m P
rl -

(d)=

2 zir. 427 r%

where z, is the chamber length, r; is the plasma tube ra-
dius, and 7, is the chamber radius. This method accounts
for the fact that the samples used for measuring the depo-
sition rate were not at the same position as the walls of the
reactor. This approximation is required because a straight
correlation of distance from the end of the plasma tube and
the sample growth position implicitly assumes that the re-
actor diameter is the same as the sample diameter. Because
the deposition rate at the far end of the reactor z; is small
(0.007% of the near-end deposition rate) the third term of
the numerator is neglected. Integrating the second term of

the numerator yields
v )l( : -l)

=N

Solvmg Eq. (6) for d(z) from Eq. (2), where dj is 233
A/min, r,is 7.62 cm, A is 4.476 cm, and z; is 43 cm, r; is
1.91 cm plasma tube radius; numerically integrating the
first term of the numerator by the method of Gaussian
quadrature; and d1v1d1ng the entire numerator by a surface
area of 2788 cm?, yields (d)=11.3 A/min [depositing flux
of 2.64x 10V ‘1] Given that the injected SiH, flux is
4.46Xx10'7 s~ 1, the conversion of SiH, into solid thin film
material in this remote PECVD reactor is about 65%. This
simple estimate does not account for the spatial concentra-
tion gradient of SiH, and n, in the reactor, nor does it
account for nonuniformity caused by shadowing and the
extra surface area of the sample holder, ports, and gas
dispersal rings. The effect of elevated substrate temperature

Te
27Tf rdoexp( 7 )dr 2ar dpA?

n
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, _ ' (6)

should not make a major correction to the deposition rate,
since it is not normally measurable for temperatures less
than 300 °C.'"?!

Polysilane formation. 1t has been shown that v1rtually
all of the SiH, injected into the reactor is converted into a
solid product. Furthermore evidence has been presented
that shows that measurable quantities of SiH, are con-
verted into polysilanes. The question prevails of the mag-
nitude of this gas-phase polymerization to determine its
significance to the deposition reactions. By examining the
mass spectra of the polysilanes it is possible to find the
limits of relative concentration of polysilanes to the in-
jected silane signal.- Polysilane species can contain a large
fraction of Si atoms while having small signal levels com-
pared to SiH,. There is the linear relation between each
particle for species Si, H, detected (the number of Si atoms
n.) A corollary to that is # is the number of SiH, molecules
consumed to manufacture each Si,H,. Assuming that the
ionization cross sections are similar for the polysilanes as
they are for SiH,, a mass spectrometer signal for a Si;H,
species that is 4 times smaller than the equivalent SiH,
signal, represents the same number of Si atoms. Therefore,
the average branching ratio would be the inverse of the
number of possible H bonds on the material + 1, or 2n43,
where n is the number of Si groups in the chain. The signal
defining the number of Si atoms in each unit of the signal
is

signal X No. of Si atoms in chain

No. of Si atoms= ; -
average branching ratio

(3)

or
No. of Si atoms=signalXn(2n+3). 9)
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For example, for a peak group SigH,, the average signal
intensity for the peak group would be multiplied by a fac-
tor of 90 to account for all of the SiH, molecules con-
sumed. The following example illustrates the determina-
tion of the ratio of Si within the polysilane species to the Si
within the SiH, source. Figure 9 shows the mass spectrum
ion signal normalized with respect to mass 31. The spec-
trum shows the relative ion fluxes for all Si-containing spe-
cies generated in the chamber from neutral precursors. The
relative size of the Si,H, species is found by adding all of
the terms for all of the Si,H, peaks for the equation. For all
of the peaks for peak groups larger than SiH, itself, using
the method described previously, the total count is 7.2,
while the SiH, peaks yield a count of 2.8. This indicates
that about 2.6 times more Si atoms reside in the multi-Si
ion clusters than in the SiH, when the plasma is on. Fur-
thermore since the externally generated ions are indicative
of the concentration of neutral particles in the plasma, it
may be said that ~60% of the gas-phase Si atoms reside in
polysilane neutral molecules and fragments.

The gas signal mass balance between SiH, and polysi-
lanes balances when comparing Fig. 11 and the mass spec-
trometer signal levels of polysilane and SiH,. As shown in
Fig. 11 the mass 30 signal, which represents SiH,, drops by
about 75% when the plasma is at power levels similar to
the 65% of Si that is deposited. This demonstrates that
most of the loss of SiH, from the gas phase is converted
into solid material. Even though there is considerable error
in the total film production rate estimate, the fact that not
all of the consumed SiH, is converted into a solid product
implies that some of the polysilane species are pumped
from the reactor. Therefore it shows that polysilane species
must be accounted for in remote PECVD processes utiliz-
ing SiH,.

The formation of polys11anes in direct glow discharges
by radical insertion reactions: with SiH, has been well
documented.’?~3% Kushner has modeled the production of
these species in PECVD systems for ¢-Si:H growth and
discussed that (1) polysilanes form through substitution
reactions of radical and ion silane species, and (2) the
observed Si;H anamalous concentration is due to the pres-
ence of an activation energy barrier to the formation of
longer chains.’? These modeling results are supported by
the work of Weakliem ef ol in that these species were
produced in glow discharges.> It is reasonable to therefore
extrapolate the notion that similar processes are possible in
the remote PECVD, since electrons are drawn into the
reactor, and large dimension volumes (several centime-
ters) exist.

Barlier work on a-Si:H production by remote PECVD
did not detect polysilanes in a 5.1 cm diameter reactor.*°
There are four reasons that they were not detected in ear-
lier remote PECVD experiments. First of all, it is possible
that'the narrower reactor inhibited measurable polysilane
formation. SiH, fragments are quite reactive, since they
have the ability to insert themselves in silanes.’?¢ There-
fore they react as readily on a silicon surface as with an-
other Si-containing species in the gas phase. If a SiH, mo-
lecular fragment collides with another Si-containing
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molecule before encountering a surface, the molecular frag-
ment reacts with the it, thus removing it from the deposi-
tion reaction as a single SiH, molecular fragment. Since the
volume/surface area ratio decreases with diameter, a 5.1
cm diam reactor has a higher SiH, insertion rate into the
film than the 15 cm diam reactor. The second possibility is
that experiments in the 5.1 cm reactor used SiH, diluted in
Ar instead of He. Argon competes with SiH, for reactions
with excited He, thus limiting SiH, molecular fragment
production. Thirdly the narrower reactor diameter leads to
a gas plug velocity that is an order of magnitude higher.
When the plug velocity increases then the degree of reac-
tion completion of any point along that reactor drops,
though it is admittedly small when the reaction rate con-
stants are orders of magnitude larger than the plug veloc-
ity. All three factors inhibit the production of the polysi-
lane molecules. The fourth reason is that most of the
detection of SiH, in remote PECVD discharges utilized the
mass spectrometer ionizer. This method of detection can
fragment polysilanes into smaller species and swamp the
chamber-generated ion signal with the mass spectrometer-
produced ion signal.

Similar geometric arguments may be proposed for di-
rect PECVD reactors. Until recently, most direct PECVD
studies have not been able to detect polysilanes. Most par-
allel plate reactors have a 2-5 cm spacing between the
electrode plates. This spacing may be too small to permit
measurable formation rates of polysilanes due to SiH, con-
sumption by surface sites, because of the proximity of the
surface to the generation of SiH,. Polysilane species have
recently been reported in direct PECVD discharges, in
which Si;H . species also showed higher than expected
concentrations.!’ .

Thin film conversion efficiencies. By curye fitting the
appropriate functions from Figs. 15 and 17, it is possible to
empirically determine the relative efficiencies of electrons
and SiH,, respectively, for growing a-Si:H films. By con-
verting the deposition rate and steady-state SiH, partial
pressure as determined from the mass spectrometer data,
and using the n, estimate from the Langmuir probe data, it
is possible to empirically determine the reaction orders
with respect to each reactant. Equation (10) is the loga-
rithmic regression fit for the deposition rate as a function of
n,. The prefactor for Eq. (10), 3.79 A/min, translates into
a sticking Si precursor flux density of 3.16 X 10'* cm~2s~!
assuming a unity sticking coefficient,

s e
d=8.73 A/min loglo(m) (10)

(for comparison, the SiH, flux density in the downstream
sections of the chamber without a discharge is 5.45x 107
cm™? s”‘l). The Si precursor concentration térm can be
used instead of the deposition rate to find the number of
source gas molecules consumed for a given n, value. For
example, for 10 sccm SiH, flow rate, if the #, in the vicinity
of the sample is 10° cm >, the flux density of the incorpo-
rated SiH, precursor is 1.34X 10 cm™%s~}, or a deposi-
tion rate of 16 A/min.
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FIG. 20. Schematic diagram of Si mass balance between injected silane
and Si film growth.

The SiH, efficiency relation is higher than first order
due to the parallel consumption of SiH, into larger polysi-
lane. The equation has the form

Psin,

d=Kk7——=—

5 ) (11)
,1+KPsiH4

where « and k' are fitting parameters for the equation, and
DPsin, is the partial pressure of SiH,y, see Fig. 17. This equa-
tion accounts for the increasing likelihood of Si cluster-
forming reactions, at the expense of film deposition. The
SiH, partial pressure may be determined by multiplying
the percentage decrease in the mass 30 signal between dis-
charge on and off levels by the SiH, partial pressure with
discharge off. Fitting Fig. 17 to this equation yields k=2.5
A min~!scem™!, and k' =10"2 sccm ™2

D. Mass balance model

There are several outcomes of the interaction of SiH,
molecules with a discharge afterglow in the remote
PECVD reactor. The first step in understanding the pro-
cess is to enumerate these channels, which are shown in
Fig. 20. The overall mass balance of the equation is given
in Eq. (13), where (1) is the injected SiH, flow rate, (2) is
the film growth rate, (3) is the unconsumed SiH, flow rate,
and (4) is the flow rate of Si,H, clusters

(D=02)+3)+(4) (12)

or
SiH,(in) = Film 4 SiH,(out) +Si,H,(out). (13)

Equation (13) is different from previous discussions of the
remote PECVD process in that it includes a term for the
polysilane reaction product. The significance of the Si,H,
(polysilane) term is that these species can contribute to the
deposition of a-Si:H. Larger cluster polysilanes (say
Si,, > 4) may inhibit the ability to grow crystalline materi-
als through lowered surface mobility of silicon and the
creation of defect sites by clusters. The model presented
here reflects the presence of these polysilane species.

As shown above, the polysilane channel is large
enough that it must be added to the mass balance. Even
though ground-state neutral disilane species are about as
reactive as ground-state neutral SiH,, the polysilanes are
subjected to the same excitation processes as SiH,. It is
reasonable to argue that if polysilane can be so excited,
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they can be as reactive as decomposed monosilane frag-
ments. Since they exist in a similar concentration as SiHy,
it is reasonable to conclude that they contribute to e-Si:H
film growth for remote PECVD. Therefore it is necessary
to include the contributions of polysilane in the mass bal-
ance

Film Mass Balance:

Film =S8iH4(Film) 4-Si,H,(Film), (14)
Cluster Mass Balance:

Si,H,=S8i,H,(Film) +Si,H,(out), (15)
Silane Mass Balance: '

SiH,4(in) =Si,H, + SiH,(Film) +SiH,(out). (16)

Equation (14) shows the contribution of the two silicon
sources, Eq. (15) shows the balance of polysilane forma-
tion and consumption, while Eq. (16) shows the sources
and sinks of SiH,. To confirm the validity of Eq. (13) it is
necessary only to add the contributions of each consump-
tion channel to the mass balance. Even though the net
result is the same, it shows polysilanes need to be included
when performing the mass balance on a-Si:H deposition.

The calculation of the fraction of SiH, consumed in
thin films and polysilane production can be used in Egs.
(12) and (13). The amount of material that is converted
into a solid product (Film) has been calculated at 65% of
the total injected SiH, [SiH,(in)] which is 100%. From
Fig. 11, it has been shown that the SiH, level drops to 25%
when the plasma is ignited. This value appears constant at
both positions No. 2 and No. 3 which implies that 25% of
the SiH, is consumed, especially since there is little reac-
tion at position No. 3. If the assumption that the plasma
produces silane and polysilane ions in proportion to their
neutral population, then the exhausted polysilane fraction
[Si,H,(out)] is ~65%. When these three terms are added
together they obviously exceed 100%. The sources of error
in the estimates of the actual fraction of polysilanes pro-
duced and exhausted SiH,, must be atiributed to different
excitation cross sections for the different species. In any
case, the polysilanes must contribute to growth since they
are chemically similar to SiH,.

E. Film growth

The reactive SiH, species that are formed have differ-
ent reaction rates in the gas phase and on the surface of the
growing films.>”3® Changes in the concentration of hydro-
gen in o-Si:H films highlight the difference in the reaction
rates. The abrupt increase of silicon-bound hydrogen con-
centration [SiH] as a function of power shows a discontin-
uous increase that may be argued along the lines of multi-
ple deposition species competing in film growth by varying
concentrations.

Tanaka and Matsuda proposed that the deposition
mechanism governing a-Si:H film morphology is based on
the surface mobility of reactive SiH, species, and that hy-
drogen termination of the network permits increased mo-
bility for certain molecular fragments.’”*® They theorized
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that SiH; incorporation requires a hydrogen-free surface
site, while the SiH, molecular fragment can abstract hy-
drogen and insert itself. They further showed that in the
gas phase, the SiH; molecular fragment has a longer life-
time compared with other SiH, molecular fragments be-
cause of its relative unreactivity with other SiH, species,
thus it can diffuse farther. SiH,, on the other hand, is likely
to react with the first Si-containing particle it encounters
whether it is on the surface or in the gas phase. Therefore
SiH, needs to be generated in the vicinity of the growing
film to be incorporated.

This theory explains the change in [SiH] as a function
of power, as mentioned in Sec. III C. At lower power lev-
els, the survival rate of SiH, to the substrate is too low to
be significant hence deposition is driven by SiH,. However,
once the plasma intensity is great enough to generate SiH,
in the vicinity of the growing film, the surface state of the
film is no longer an issue to film growth. Network propa-
gation no longer requires hydrogen removal, so the hydro-
gen incorporation rate increases. It has been shown in Fig.
10 that the power increases the amount of less hydroge-
nated silanes, which are a source of surface-insensitive dep-
osition species. The incorporation of SiH, groups in the
films appears to be a function of surface reaction Kinetics
since it is only dependent upon the deposition rate at a
constant temperature, but independent of power and gas
concentrations, as shown in Fig. 18. One explanation is
that SiH), has a finite lifetime on the surface. The deposi-
tion rate is proportional to an encapsulation rate of the
SiH,, so higher deposition rates lead to higher SiH, con-
centrations. Knowledge of the infrared correlation con-
stant for [SiH,] in a-Si:H would determine the concentra-
tion of SiH, and make it possible to determine the
encapsulation rate coefficient.

Growth of microcrystalline silicon in remote PECVD
has been shown to require H, injected into the reactor.
There are three possible mechanisms by which it affects the
growth of microcrystalline silicon, suppression of forma-
tion of low-mobility deposition molecular fragments, hy-
drogen termination of the growing crystal surface, and
etching of off-crystal-site silicon atoms. These latter two
mechanisms have been discussed in the literature and re-
late to the surface chemistry of the growing film. The first
mechanism, however, would require a change in the gas-
phase chemistry of the process. There are two general
methods by which hydrogen suppresses a-Si:H precursors.
Such suppression can be expected as the system strives to
achieve chemical equilibrium between SiH,, SiH,
(0<x<3) and hydrogen. In the first mechanism as the H,
concentration increases, the gas-phase chemical equilib-
rium of the SiH,/H, system shifts towards the SiH, species
with higher degrees of hydrogenation (Le Chatelier’s
Principle).3*3° The second mechanism involves the pres-
ence of H, in the afterglow (58:1 H,/SiH, ratio) as shown
by the decrease in disilane peaks in the mass spectra. Hy-
drogen dissipates the discharge energy through either vi-
brational excitation, Penning ionization with He* or frag-
mentation from electron impact. This hydrogen shielding
can lower the SiH, fragmentation and ionization rates.
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The most notable feature in Figs. 13 and 14 is the
decrease in the disilane signal with increasing H, concen-
tration. There are two explanations for the relationship
between the disilane signal level and pc-Si film growth.
First, it is possible that disilane contributes to a-Si:H
growth, and that lowering its concentration permits pc-Si
growth. While neutral disilane is not reactive, molecular
fragments of disilane and polysilanes are. Large polysilane
groups will have a relatively lower surface mobility than
monosilane groups, and will act as nucleation sites, so pol-
ysilane incorporation will be more likely to lead to a-Si:H
network propagation. Reducing the polysilane concentra-
tion reduces the a-Si:H growth reactions. The second ex-
planation is that the disilane concentration is merely an
indication of the SiH, concentration. SiH, incorporates it-
self into existing silicon networks through insertion reac-
tions forming either multiple silicon atom molecules or
silicon films. Such SiH, insertion leads to a-Si:H formation.
If the disilane signal decreases it indicates that the SiH,
concentration has also fallen.

The etching of silicon surfaces by hydrogen has been
demonstrated in Fig. 13. It shows that mass 63 increases
up to an intensity that is almost as great as mass 60 at 18
sccm Hj, but it is not identifiable as a Si,Hg peak. The peak
can be attributed to an experimental artifact, SiCl. SiCl
removed from the chamber walls is a remnant of SiH,Cl,
decomposition in the chamber prior to this experiment.
Monochlorosilanes have masses ranging from 63 to 67,
considering **Cl and ¥’C, so there is no signal overlap with
disilane. It is unlikely that Cl is merely removed from the
reactor walls and reacts with gas-phase SiH,, because of
the absence of significant of Cl and HCI peaks in the spec-
tra. At 0 sccm H,, the mass 63 peak indicates a lower rate
of monochlorosilane removal from the walls, even though
the concentration of these species is higher, since the spec-
trum was collected before the 18 sccm spectrum. The in-
crease in the mass 63 intensity upon addition of H, shows
that H, is stripping SiCl from the reactor walls. The drop
in mass 63 at higher H, flow rates is merely caused by
depletion of chlorosilanes from the walls, since the 58 sccm
H, scan was made after the 18 sccm H, mass scan. This
indicates that addition of H, enhances etching of the sili-
con surfaces.

V. CONCLUSIONS

It has been shown that the plasma generation tech-
nique has an effect upon the power coupling to the dis-
charge and that it has a strong effect of the charged species
density in the reactor, in that the 13.56 MHz technique
leads to a capacitively coupled discharge, while the 2.45
GHz technique leads to an inductively coupled discharge.
There are two distinguishable methods for generating
charged species in the plasma, electron impact ionization
and another mechanism, Penning ionization. The primary
mechanism for charge generation in the reactor using 2.45
GHz discharges is Penning ionization. In addition, it has
been shown, that while Penning ionization is a measurable
phenomenon, as an excitation mechanism its rate is too low
to significantly affect a-Si:H deposition.
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What has been demonstrated is that SiH, is affected by
the discharge, by forming polysilanes. In light of the fact
that two charge production mechanisms are detectable in
this process, it can be stated that ¢-Si:-H growth is stimu-
lated by field-accelerated electron impact of SiH, in remote
PECVD processes. It is possible to produce polysilane spe-
cies from a He/SiH, afterglow in a remote PECVD system.
What has also been shown is that these polysilanes account
for a significant fraction of the gas-phase SiH, conversion
in the reactor. A simple model incorporating the effect of
polysilane presence has been presented. In fact, due to the
chemical similarity of these polysilanes and their concen-
tration relative to SiH,, they should be considered in mod-
els of silicon thin-film growth in remote PECVD.

Hydrogen has been shown to reduce the presence of
polysilane species in the plasma for conditions that are
conducive to uc-Si growth. In addition, the silane species
exhibit a higher degree of hydrogenation at the hydrogen
flow rate is increased. This increased hydrogenation is
likely to inhibit the production of SiH, species. The impli-
cation is that hydrogen may affect the pe-Si process in the
gas phase as well as through possible surface reactions. The
effect of hydrogen on silicon surfaces was made apparent
by the liberation of chlorine-containing silane species upon
the addition of hydrogen to the plasma. In discharges with-
out hydrogen present, the presence of SiH, in the films
appears to be a purely surface kinetics phenomena, since it
is only dependent upon the deposition rate for a constant
temperature. In addition, it was demonstrated that H, can
etch silicon surfaces by the increased removal rate of
monochlorosilanes from film surfaces when hydrogen is
present in the afterglow.
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