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Adding Si,Hg or SizHg additives to SiH4/H, discharges increases the growth rates for thin films of
microcrystalline and amorphous silicon, but the reasons for this increase are not well understood.
To better distinguish the chemical and physical from electrical effects of these additives, a
comprehensive electrical study was performed for mixtures of H,, SiHy, Si;Hg, and SizHg. The
power coupling efficiency, power utilization efficiency, voltage, current, impedance, and phase
were measured as a function of total pressure, electrode gap, gas mixture, rf power, and time. The
measurements identified a regime of pressure and gap in which the electrical behavior is optimized.
In this regime, the power coupling efficiency is quite high and insensitive to gas mixture, and the
power utilization efficiency also does not vary dramatically with mixture. Therefore, in this regime,
chemical or physical effects of additives on growth rates predominate over electrical effects.
Impedance models of the plasma and sheaths provide explanations for the optimized regime and its
correlation with impedance phase. In addition, electrical signals were identified that can be used to
detect a transient in the gas-phase density of silicon-containing molecules during deposition as well
as other transient phenomena. The signals show promise for use in process monitoring and control.

© 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4885368]

. INTRODUCTION

In recent years, thin-film silicon solar cell technology has
seen great improvements.' ™ The use of cells that have multi-
ple absorbing layers, including microcrystalline silicon and
hydrogenated amorphous silicon, has resulted in higher and
more stable power conversion efficiencies.'™ The cost of
producing such cells, however, is still higher than other thin-
film solar technologies.* To become more commercially
competitive, production costs must be reduced. One area for
potential cost savings is the growth of microcrystalline sili-
con films.'*** Such films are usually produced by plasma
enhanced chemical vapor deposition, which requires costly
capital equipment. Also, they tend to have greater thick-
nesses and slower growth rates than other layers. If growth
rates can be accelerated—while maintaining film quality—
one could obtain major savings in production costs.

One way to increase growth rates is to mix additives such
as disilane (Si,Hg) or trisilane (SizHg) into the silane/hydro-
gen (SiH4/H,) plasmas that deposit the films. Only relatively
small and economical quantities of disilane are needed to
significantly increase growth rates.® The cause of the faster
growth rates is not well understood; several different causes
are possible. The additives may participate in chemical reac-
tions that form the precursor molecules that are necessary
for film growth. Alternatively, by interacting with plasma
electrons, the additives may alter the electron energy distri-
bution function, thus affecting the formation of precursors
from silane as well.® Finally, the additives may, via electrical
effects, change the amount of power absorbed by plasma
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electrons, thus affecting the rates of precursor generation
and film growth.

Such electrical effects are well known from previous stud-
ies of other electronegative or attaching gases, which, even
when diluted, dramatically change the impedance, power cou-
pling efficiency, and power utilization efficiency of dis-
charges.” Power coupling efficiency is the fraction of applied
power that is absorbed in the discharge rather than being dissi-
pated in parasitic resistances in the surrounding circuitry.
Power utilization efficiency is the fraction of discharge power
that is absorbed by electrons in the plasma rather than ions in
the sheaths. The electron power is considered useful power,
since energetic electrons collide with gas molecules to produce
reactive precursors necessary for film growth (as well as the
ionization events needed to sustain the discharge). In contrast,
when energetic ions collide with gas molecules or surfaces,
their energy is mostly lost as heat. Ion bombardment may have
harmful or beneficial effects on film properties, but in either
case the power absorbed by ions is—from the point of view of
generating precursor molecules—considered wasted power.

As a prerequisite to detailed investigations of the chemi-
cal and physical effects of the additives, we report here this
comprehensive, quantitative study of their electrical effects.
First, in Sec. II, we describe the experimental apparatus and
methods, including the careful calibration and characteriza-
tion procedures that are needed to assure accurate electrical
measurements. Then, we present and explain measurements
of power coupling efficiency versus pressure and electrode
gap in Sec. III and versus gas mixture in Sec. IV. Section V
reports measurements as a function of rf power, from which
power utilization efficiencies are determined. Section VI
presents electrical parameters that were observed to change

© 2014 American Vacuum Society 041307-1


http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
http://dx.doi.org/10.1116/1.4885368
mailto:mark.sobolewski@nist.gov

041307-2 Sobolewski et al.: Power coupling and utilization efficiencies of silicon-depositing plasmas

versus time during depositions and discusses the use of such
measurements for process monitoring and control. A brief
summary follows in Sec. VII.

Il. EXPERIMENT
A. Cluster tool and deposition chamber

The deposition chamber used in these experiments, shown
in Fig. 1, is part of a cluster tool that is equipped with robotics
for handling silicon wafers of diameter 200 mm. Such wafers
were used as substrates for all depositions. Usually the wafer
surface was bare silicon, but in a few experiments designed to
study deposition on glass, glass slides were mounted and
bonded on top of the wafers. Wafers enter the chamber from
the side and are placed on a grounded susceptor at the bottom
of the chamber. The wafer and susceptor are heated from
below by lamps. A motor raises and lowers the susceptor,
thus varying the gap between the wafer and the powered elec-
trode, which is directly above it.

The powered electrode is an anodized aluminum disk of
diameter 300 mm, driven by a 13.56 MHz generator and
matching network. Water coolant is supplied by plastic tub-
ing so that the electrode remains electrically isolated from
all plumbing. Inside the chamber the electrode is surrounded
by a ring insulator several inches wide. This design seems
preferable to the much narrower insulators used previously,
which can induce plasmas in electronegative gases at high
pressures to "collapse" into a ring-like discharge around the
rim of the electrode.””"" The darkening in the center of the
electrode gap”'® and the shift in the discharge impedance to-
ward more capacitive phases at higher plressures9 that
accompany such collapses were not observed here. The pow-
ered electrode also serves as a showerhead through which
gas flows into the chamber. Gas is pumped out through a
port on the side of the chamber via a pressure control valve.
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Fic. 1. Diagram of deposition chamber showing location of electrical
probes.
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The deposition chamber itself consists of two blocks of
aluminum. One block forms the body of the chamber; the
other is a top piece that supports the showerhead. The two
pieces are connected with O-ring seals to maintain vacuum
and hinges that allow the chamber to be easily opened for
maintenance. The interior surfaces of the blocks, i.e., the
chamber walls, are anodized. Insulating baffle structures
located inward from the walls partially confine the plasma
and separate it from some wall surfaces, but nevertheless
allow gas to flow out the pumping port and allow optical
access to the plasma, via a viewport and an optical fiber (not
shown), which is connected to a spectrometer.

B. Current and voltage probes

From the matching network, which is mounted below the
chamber, rf power is fed to a vertical post, which passes
through cavities in the body and top pieces into a shielded
box above the top piece. Normally, a short metal strap con-
nects the post to a large plate that powers the showerhead.
Here, the usual strap was replaced by a new one, modified to
accommodate a Bergoz CT-DI1.0-B current probe and a
LeCroy PPE 6 kV voltage probe.'* A flexible piece of sili-
cone foam was used to insulate the case of the current probe
from the strap. The foam also helps to keep the current probe
in a fixed position and orientation. The probes were con-
nected to a digital oscilloscope via wires fed out through
small holes drilled in the shielded box.

Probe signals digitized by the oscilloscope were trans-
ferred to a computer for analysis. Using a curve-fitting algo-
rithm, we extracted the magnitude and phase of each
significant Fourier component, including the components of
voltage and current at the fundamental or driving frequency
(13.56 MHz); voltage and current harmonics up to the fifth,
at 54.24 MHz; and the dc component of voltage, i.e., the dc
self-bias voltage. This article concentrates on the fundamen-
tal components. The harmonics are not discussed, since they
contributed negligible power. Some comments on the dc
self-bias are made in Sec. VL.

The attenuation of the voltage probe was calibrated
against known, standard attenuators connected to the input of
a second oscilloscope. The output voltage per amp of the
Bergoz current probe was checked against a Pearson 2877
current probe,'? which was used in previous work but has too
low a maximum current for this study. Better agreement was
obtained when the Bergoz probe cable was terminated at the
oscilloscope with 50 Q rather than 1 MQ. Thus, all currents
reported here were measured with 50 Q termination. The tim-
ing or phase difference between the voltage and current sig-
nals was calibrated using the stray impedance of the
electrode as a load of known phase, as it has a nearly pure
capacitive impedance over a wide range of frequency. After
calibration, the residual, systematic uncertainty at 13.56 MHz
was = 1% in voltage, =1% in current, and =0.1° in phase.

C. Stray impedance

Although the current and voltage probes were mounted as
close as possible to the discharge, they are nevertheless
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separated from it by some distance. This separation introdu-
ces stray impedance, which can be represented by the simple
circuit model shown in Fig. 2. The port on the left side corre-
sponds to the location of the probes; the port on the right
represents the plasma-exposed, bottom surface of the show-
erhead electrode. The inductance L and resistance R repre-
sent the strap on which the probes are mounted. The
insulators that isolate the electrode from ground contribute
the capacitance C. The conductance G represents all conduc-
tion paths to ground that are in parallel with C, for example,
conductance through the coolant water. Because of L, R, C,
and G, the current and voltage measured by the probes,
denoted 7, and V,,, differ from the current and voltage deliv-
ered at the electrode surface, /3 and V4. To determine /4 and
V4, one must first determine L, R, C, and G.

To determine G, the strap on which the probes were
mounted was disconnected from the matching network and
connected to a dc ohm-meter. The measured dc resistance,
which can be taken to be 1/G, was 0.4 MQ, much larger than
all relevant impedances at radio frequencies. Thus, we can
ignore G here.

To determine C, L, and R, the dc ohm-meter was replaced
by a variable-frequency signal generator and rf amplifier,
which applied a low-voltage (<40 V) sinusoidal signal at fre-
quencies ranging from 0.1 to 100 MHz. At each frequency f,
the current and voltage were measured by the probes and the
impedance Z, =V /I, was calculated (where V,, and I, are
complex Fourier amplitudes, Z, is also complex, and its sub-
script indicates open circuit, i.e., no load connected to the
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Fic. 2. (a) Circuit model of the stray impedance between the probes (the
port on the left) and discharge (the port on the right) including series resist-
ance R, series inductance L, parallel conductance G, and parallel capacitance
C. (b) Circuit model of the discharge itself comprising the resistance R}, and
capacitance Cy, of the bulk plasma in series with the resistance Ry and capac-
itance C; of the sheaths.
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right-hand port in Fig. 2). The measurements were made
with the hinged top of the chamber opened, to prevent the
capacitance of the electrode gap' or other fringing capaci-
tances from acting as a load.

The measured magnitude of Z, is plotted versus
frequency in Fig. 3. For most of the frequency range, we
observed nearly ideal capacitive behavior, i.e., |Z]
=Q2nfC)". Fitting this equation to the |Z,| data from 0.1 to
50 MHz, we obtain the straight-line fit shown in the figure
and a value for C =125 pF. Above 50 MHz, |Z,| diverges
from the fit and undergoes a sharp minimum that is produced
by the series resonance of C and L. The observed frequency
of the resonance, f,=93.5MHz, together with the circuit
model prediction 27f,=w, = (LC) "2, yields a value for
L=23nH.

Estimates for R were obtained at f~f,, where |Z,|~R,
according to the circuit model. Obtaining R from |Z,(f;)| can
be problematical, however, when f; is so high. First, statisti-
cal and systematic uncertainties are larger at high frequen-
cies, and therefore, |Z,(f;)| covered a rather broad range,
0.52 Q-0.97 Q. Second and more importantly, resistances at
radio frequencies have a frequency dependence due to the
skin effect. Thus, 1Z,(f,)] may be a poor estimate of R at
f<f;. Consequently, we scaled the measured values of
|Z(f,)| with the '/ scaling expected for good conductors to
obtain R at our frequency of interest, 13.56 MHz. The result-
ing scaled values were 0.20 Q <R <0.37 Q.

Alternative methods for characterizing stray impedance,
such as unterminating and de-embedding'* or the open- and
short-circuit method,'® are more general than the approach
used here, since they do not assume any particular circuit
model. Such methods require additional measurements at
conditions other than open circuit; one must perform meas-
urements with known loads, a probe, or a short circuit
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Fic. 3. Magnitude of the impedance 1Zol measured by the probes with the
chamber open and electrode open-circuited (symbols) and a fit to the data
for a model with a single constant capacitance (line). An arrow indicates the
resonant frequency f;.
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connected to the right-hand port in Fig. 2. The ideality
observed in Fig. 3, however, suggests that such additional
measurements are not necessary. Furthermore, short-circuit
measurements, in particular, would be difficult to achieve,
since an effective short circuit must have an inductance <
L, and L here is quite small. For example, using a sheet of
metal foil to short-circuit the showerhead to the top wall of
the chamber produced a "short circuit” that had an induct-
ance of ~20nH, comparable to L. Similarly, short circuit
measurements do not yield any precise information about R,
because the resistance contributed by the short circuit is
unknown. Nevertheless, measurements at short circuit (at
13.56 MHz) did provide a value of 0.3 Q for the combined
resistance of the short circuit plus R. This value can be used
as an upper bound for R, thereby reducing our best estimate
for R at 13.56 MHz, and its uncertainty, to R=0.25
Q=*0.05 Q.

Short-circuit measurements can also be used to detect the
impedance of insulating layers on electrode surfaces.'' Here,
such measurements indicated that the anodization layer on
the showerhead electrode had a negligible (<0.1 Q) imped-
ance at 13.56 MHz. This result is explained by the thinness,
high dielectric constant, and large area of the layer.

D. Discharge current, voltage, impedance, and power

Once the stray impedance has been characterized, the dis-
charge current and voltage are obtained as follows. First, the
complex Fourier components V,,, and 7, measured during dis-
charge operation are operated on to account for magnitude
and phase calibration. Then, the calibrated V,, and [, are
inserted, along with C, L, and R, into the circuit equations

Vi =Vm — (R +ioL)ly, (1)
and
Iy = —ioCViy + (1 + iwRC — i’ LC)Iy, )

to obtain /4 and Vj, the corresponding complex components
of current and voltage at the surface of the rf-powered show-
erhead electrode. Here, @ = 2nf, where f is the frequency of
the components /,,,, Vi, 14, and V4. From /4 and V4, we obtain
the impedance Zy3=Vy/ly, its magnitude 1Z4l, its phase ¢g,
and the delivered power

Pd = (1/2)|Vd||1d‘COS(f)d. (3)

For comparison, we also calculate the total impedance seen
by the probes, Z,, = V,,/I,, its magnitude 1Z, |, its phase ¢,,,
and the power flowing past the probes

Pn = (1/2)|Viu||Im| cos ¢y, €]

For our experimental conditions, Zy is the sum of a largely
resistive impedance contributed by the plasma in series with
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a largely capacitive impedance contributed by the sheaths.
Therefore, it is useful to define two additional parameters:
the equivalent series resistance

Rq = Re(Za) = |Za| cos ¢y, ®)
and the equivalent series reactance
Xd = Im(Zd) = ‘Zd‘ sin ¢d, (6)

where Zd = Rd + le

Here Id, Vd’ |Zd|3 d)d’ Pd, Rda and Xd are called the
“discharge” or “delivered” parameters. They do not include
the stray impedances in Fig. 2 and are therefore—compared
to the measurements I, V,,, etc.—more representative of
the discharge itself. Strictly speaking, however, they include
everything on the discharge side of the circuit in Fig. 2.
Thus, they (and the dc self-bias voltage) may contain small
contributions from the wafer, the susceptor on which it is
placed, the gap between them,'” layers on chamber surfaces,
and the return current path through the chamber.

The uncertainty of each parameter was obtained by propa-
gating through Egs. (1)-(6) the statistical uncertainty in
measured |V, [Im|, and ¢, data as well as the systematic
uncertainties in the magnitude and phase calibrations, C, L,
and R. Statistical uncertainties were usually small.
Systematic uncertainties were almost always dominant.

E. Deposition process

For each deposition, the same sequence of steps was per-
formed. First, the wafer from the preceding run (if any) was
removed, and the chamber was cleaned by an NF; plasma.
The endpoint of the clean was monitored by the optical
emission spectrometer. Next, a chamber "seasoning" step de-
posited a small amount of film on chamber surfaces, to give
these surfaces a reproducible starting condition for the depo-
sition and to immobilize any particulates that may have been
liberated during the clean. After seasoning, a wafer was
loaded into the chamber and a brief H, pretreatment was per-
formed, followed by a deposition. The wafer temperature
during deposition was always 220 °C. Following each depo-
sition, the wafer was removed, and the cycle began again
with another clean.

lll. RESULTS VERSUS PRESSURE AND GAP
A. Power coupling efficiency

Before investigating the effects of varying gas mixtures
and additives, we first characterized the effects of electrode
gap and total pressure, for a single mixture of 25 SCCM
SiH,4 and 250 SCCM H,. The rf power applied at the genera-
tor, P,, was held constant at 100 W, while the gap was varied
from 4 to 23 mm and the pressure was varied from 133 to
667 Pa (1 to 5Torr). Pressures higher than this range were
not investigated, since they were known to produce dusty
plasmas and low quality films.

Results are shown in Fig. 4. The power P,, measured at
the probes, shown in Fig. 4(a), and the power P4 delivered to
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FiG. 4. Electrical parameters as a function of electrode gap and pressure, all
at 25 SCCM SiHy, 250 SCCM H,, and generator power P, = 100 W, includ-
ing (a) the power P, at the probes, (b) the power P4 delivered to the dis-
charge, (c) the impedance phase ¢,, at the probes, (d) the impedance phase
¢4 of the discharge, and (e) the equivalent series resistance R4 and reactance
X4 of the discharge. Uncertainties that are not shown are smaller than the
symbol size.

the discharge, shown in Fig. 4(b), have qualitatively similar
behaviors. Both P, and P, increase slightly with increasing
pressure and tend to increase with increasing gap, except
when going from 13 to 23 mm at 667 Pa (5 Torr). The differ-
ence P,—P,, where P,=100W, represents power losses
occurring between the generator and the probes (most likely
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in the matching network) whereas P,,—P is the power dissi-
pated in the strap resistance R. Comparison of P,—P,, with
P.,—P4 shows that both types of losses have roughly similar
behaviors. They also have roughly comparable magnitudes,
although P,—P,, is, throughout Fig. 4, always larger.

The best coupling obtained in Fig. 4 was at 667 Pa and
13 mm. Those conditions gave a coupling efficiency Py/P,,
including uncertainty, of 0.95-0.98. Consequently, that pres-
sure and gap were chosen for the subsequent measurements
in Secs. IV-VL

B. Impedance and phase

The changes in P,, and P4 in Figs. 4(a) and 4(b) are
related to changes in the impedance phases ¢, and ¢4. The
phase ¢, of the total load downstream of the probes, shown
in Fig. 4(c), is strongly correlated with P, in Fig. 4(a). The
highest value of P,, is obtained at the most resistive, i.e.,
least negative, value of ¢,,. Conditions that make ¢, more
negative produce smaller P,,,. The phase ¢4 of the discharge
impedance, shown in Fig. 4(d), displays behavior different
from ¢, but similar to previous experiments’'® that found
peak power coupling efficiencies for ¢4 at or near —45°.
Here, in Fig. 4, the peak P, and P4 both occur when
¢a= —47.6°, the closest point to —45°. When ¢4 shifts away
from —45°, toward either more negative or less negative val-
ues, both P, and Py decrease.

The shifts in ¢4 seen in Fig. 4(d) are explained by consid-
ering the equivalent series resistance and reactance, Ry and
X4 from Egs. (5) and (6), shown in Fig. 4(e). There, Ry
increases and X4 becomes more negative at wider gaps or
higher pressure. The changes in Ry and X4 act in opposite
directions on the overall phase ¢4. The percentage changes
in Ry are larger than in X4, however, and therefore Ry domi-
nates, making the overall phase ¢4 shift away from —90° to-
ward 0° as the pressure or gap increases.

The behavior of the delivered power P4 can be explained
by the changes in Ry. At low pressures or narrow gaps, an
increase in Ry causes more of the total voltage drop to occur
across Ry rather than the strap resistance R (or other series
resistances upstream of R) thus increasing Py. When Ry
becomes too large, however, further increases in Ry shunt
more current through the parasitic parallel capacitance C (as
indicated by the shift in measured phase ¢,, toward more
negative values when the gap is increased from 13 to 23 mm
at 667 Pa). This shunting decreases the discharge current /g,
thereby decreasing the power P4. Thus, there is an optimal
value of Ry, and, in turn, an optimal value of the phase ¢q.
The remainder of this section presents model equations nec-
essary to provide quantitative explanations of the behavior in
Fig. 4 (and other results in subsequent figures) as well as pre-
dictions for the value of the optimal phase.

C. Impedance of the plasma and sheaths

For our experimental conditions, the plasma contributes
an impedance that is predominantly resistive. For a spatially
uniform region of bulk plasma of length D and cross sec-
tional area A, this ohmic resistance is given by
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Ry = mereD/ (nee®A), (7

where e, m., n., and v, are the charge, mass, number density,
and collision frequency of electrons. The plasma also has an
inductance due to electron inertia, but this can be neglected
if o < v..” Values of v, for silane-hydrogen discharges
obtained by Amanatides er al.'” show that this criterion is
easily satisfied. Here, /v, ranges from 0.017 at 133 Pa to
0.003 at 667 Pa. In addition, the plasma has a non-negligible
bulk capacitive impedance

Xy = —i¥y ! = —i(wCp) ™" = —iD/(wepA), (8)

which arises from the flow of displacement current through
the plasma. Because the ohmic current and displacement
current flow in parallel, Ry, and iX,, add in parallel, yielding a
combined impedance

Zy = Ry(1 —iRyYy)/(1 4+ Ry*Y?) ~ Ry — iRy’ Yy, (9)

Here, we have used the approximation R,’Yy”> < 1, which
can be shown to be valid using estimates for Y}, obtained by
setting D in Eq. (8) equal to the electrode gap.

Additional impedance is contributed by the sheaths. In
the high-frequency limit, where o is much higher than the
ion plasma frequency everywhere in the sheath, the displace-
ment current dominates the electron and ion currents, such
that the sheath impedance is nearly entirely capacitive.
Using the Lieberman model for high-frequency, high-pres-
sure, collisional sheaths,18 the sheath impedance Z; can be
expressed as'®

Z, = iX, = —0.803i (edi/m) " IT*° (Vg JAgo)* P!,
(10)

where /; is the ion mean-free-path, m; is the ion mass, /; is
the ion current, Vg is the fundamental amplitude of the
sheath voltage, and ¢ is the permittivity of vacuum.

The sheaths are in series with the plasma. Thus, the total
discharge impedance is

Z4 =7y — 2iXs ~ Ry — 2iXs — iRy2Ys,. (11)

Here, we have assumed that the two sheaths are symmetric,
i.e., each has impedance iXj.

The behavior of R4 in Fig. 4(e) can now be explained using
Egs. (5), (7), and (11). Because of the factor D in Eq. (7), Ry,
and thus R4 are roughly proportional to the electrode gap.
Departures from a direct proportionality, e.g., the positive cur-
vature of the Ry versus gap plot at 667 Pa, arise because part
of the gap is occupied by the sheaths, not the plasma. The
increase in Ry with increasing pressure is explained by the
factor v, in Eq. (7), although, apparently, part of this effect is
canceled by an increase in n, with pressure, as has been previ-
ously been noted by Amanatides et al."”

As for Xy, its behavior is explained by Egs. (6)—(11). At
narrow gaps or low pressures, the —2iX; term dominates the
—iRy%Y, term in Eq. (11). For such conditions, X4 does not
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vary much with gap or pressure, because X, in Eq. (10) has
no dependence on D and only a weak 4;'”° dependence on
pressure. At wide gaps or high pressures, however, the
—iR,%Y,, term dominates, resulting in an X, that, according
to Egs. (6)—(8) and (11), varies linearly with D and quadrati-
cally with pressure.

D. Optimal coupling criterion

Here, we obtain quantitative predictions for the value of
phase ¢, that yields optimal power coupling. Specifically,
we use the circuit in Fig. 2 to calculate the phase that mini-
mizes losses in the strap resistance R. Essentially, the same
circuit?® and equations can also be used to consider losses in
the matching network. In that case, R instead represents the
series resistance at the output of the matching network, while
C represents the total capacitance to ground of the shower-
head and all other points in the circuit back to the matching
network output.

We start with the discharge impedance Z4 from Eq. (11).
In the narrow-gap or low-pressure limit, the —i R,”Y} term
in Eq. (11) can be neglected, since it is dominated by the
—2iX, term. Taking the parallel combination of Z4 and the
parasitic capacitance C, one obtains a total impedance Z.
and an equivalent series resistance R given by

R. +Re(Z:) = Ryp/[(1 + C/Cs)* + 0?Ry2CY, (12)

where Cy= (—2wX,) "' is the combined capacitance of both
sheaths. In terms of R, the discharge power P4 can be
expressed as (1/2) 1,,°R., whereas the power Py lost in R is
(1/2) 1,R. Thus, P4/Pr = R./R, and the power coupling (for
constant R, C, and C,) is maximized when dR_./dR, =0, i.e.,
when

tan g = —C/(C + Cs). (13)

If C > C,, this equation reduces to ¢4 = —45°, the value
suggested by previous empirical studies.”'® If C ~ C,, how-
ever, the optimal coupling occurs at ¢4 > —45°. On the other
hand, if the analysis is repeated for wider gaps or higher
pressures, by retaining the third term in Eq. (11), a more
complicated result is obtained, which allows solutions at
¢a < —45°, as well. Thus, the point of optimal coupling
should not be expected to always exactly equal —45°,
although one may expect it to be fairly close.

IV. RESULTS VERSUS GAS MIXTURE AND TOTAL
FLOW

Measurements were performed for a wide range of gas
mixtures. For some mixtures, electrical data showed a tran-
sient or time-dependent behavior, which is discussed in Sec.
VL. First, however, we describe the steady-state results that
were observed after any such transients had stabilized.

A. Power coupling efficiency

Figure 5 shows results for varying gas mixtures and total
flows, all at a source power P, =400 W, a total pressure of
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FiG. 5. Discharge electrical parameters for varying gas mixtures, all at 667
Pa, 13 mm gap, and applied power P,=400 W, plotted vs silicon atomic
flow ratio rg;. The legend gives the H, flow and total flow; within each series
rs; was varied by adjusting the flows of SiHy, Si,Hg, and SizHg. The data are
(a) power Py, (b) phase ¢4, (c) equivalent series resistance Ry, (d) equivalent
series reactance Xg4, and (e) impedance magnitude 1Z4l. Uncertainties, which
are dominated by systematic factors that affect all points nearly equally, are
indicated by error bars on a single point per subfigure, at rs; = 0.014.

667 Pa (5 Torr), and a gap of 13 mm. The data are plotted as
a function of the silicon atomic flow ratio, rg;, defined as the
total flow of silicon atoms in all feed gases divided by the
total flow of all atoms, Si and H. Measurements in pure
SiHy, SioHg, and SizHg (at 25 SCCM) yield the three right-
most points, at rg; =0.20, 0.25, and 0.27, respectively. In
addition, at 0.04 <rg;<0.1, are data from each of the
silicon-containing gases (and mixtures thereof) diluted 10:1
with H,, at total flows of 275, 550, and 825 SCCM. Finally,
at rg; <0.02, are data from the silicon-containing gases and
mixtures diluted 100:1 (or for one point 200:1) at a total
flow of 1010 (or 2010) SCCM. For clarity, the uncertain-
ties—which are dominated by systematic factors that affect
all points in each subfigure nearly equally—are indicated by
error bars on a single point per subfigure, at rg; = 0.014.
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The power P4 delivered to the discharge, shown in
Fig. 5(a), was quite high for all mixtures. All the data are
within a few watts of 380 W, which gives a power coupling
efficiency Py4/P,=0.95. Even including the uncertainties, all
P4 data fall in the range P4 > 360 W, i.e., P4/P, > 0.90. The
power P, measured at the probes (not shown) was about
5—7 W higher than P4 but was otherwise quite similar.

In Fig. 5(a), there is little variation in P4 with rg;, or
with total flow at constant rg;, or on substituting one
silicon-containing gas for another at constant rg; or constant
total flow. Any differences in Py with respect to these varia-
bles are on the order of 1%, comparable to the reproducibil-
ity of the measurements. If there is a dependence of P4 on
the gas mixture or total flow it is too small to be detected
within the reproducibility of the measurements.

B. Impedance and phase

Unlike the power Py, the phase ¢4, shown in Fig. 5(b),
does vary significantly with gas mixture. For rg;>0.02,
par —48°, but at rs; < 0.02, ¢4 shifts to more negative val-
ues, eventually reaching as low as —57.5°. But ¢4 never
reaches the ranges (>—40° or <—65°) that were in Fig. 4
associated with a decline in power coupling efficiency.
Apparently, the dependence of P4 on ¢y is not sharply
peaked; rather it has a broad and flat maximum with very lit-
tle change in P4 over a range of at least 10°.

Over the range of rg; where ¢4 becomes more negative in
Fig. 5(b), R4 in Fig. 5(c) becomes smaller and X4 in Fig. 5(d)
becomes more negative. These changes in R4 and X, act in
the same direction on ¢yg; both contribute to making ¢4 more
negative. But they act in opposite directions on the imped-
ance magnitude, 1Z4l, shown in Fig. 5(e), which thus remains
relatively constant. This behavior differs from the results
versus gap in Fig. 4, where increases in R4 coincide with Xy
becoming more negative. Those results, as explained previ-
ously, arise from the plasma capacitance and the —i RyY;
term which it contributes to Eq. (11). Here, however, at
P,=400 W, the sheath term, —2iX,, dominates.

The decrease in Ry at low rg; can be explained by a
decrease in v, or an increase in 7. [see Eq. (7)] as mixtures
become more rich in hydrogen, as will be discussed further
in Sec. IVC. Also, hydrogen-rich mixtures should have a
lower average ion mass m; in Eq. (10), which would make
X4 more negative. Any of these changes in v, n., and m;
would alter the way the voltage is divided between the
plasma and its sheaths, producing an increase in sheath volt-
age Vi1, which would act in Eq. (10) to make X4 even more
negative. These changes also affect how the power Py is uti-
lized within the discharge, as will be discussed in Sec. V.

C. Explanation and discussion

The behavior of Ry for different mixtures—in particular,
its decrease at low rg; in Fig. 5(c)—is ultimately caused by
differences in the cross sections of the collision processes
through which plasma electrons interact with gas molecules.
One possible contribution to changes in R is a change in the
collision frequency, v., which can be expressed as
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where u, and E are the speed and energy of electrons, N,
and g, are the number density and momentum transfer cross
section of the mth molecular species, and the sum is over all
molecular species. The momentum transfer cross-section of
H, has a peak value, denoted ¢, of only 1.8x10°"
(:mz,zl’22 while SiH, peaks at 1 =3.0 x 10" cm2,23’24 and
SioHg peaks at g, =16.3 x 107" ¢m?.?*?*° Thus, dilution of
SiH, or Si,Hg with H, reduces scattering, producing a
decrease in v, and thus in Ry, and R4 as well.

Of course, fragmentation of the feed gases occurs in the
plasma, and scattering from the fragments must also be consid-
ered. Scattering from H and H, are roughly comparable, judg-
ing from measured differential and integral cross sections for
elastic scattering, which, at electron kinetic energies E. < 2 eV
are higher for H than H,, but at E.>?2 eV are higher for
H2.26’27 Calculated total elastic cross sections of SiH, SiH,,
and SiH; are slightly below SiH, and about half of Si,He.?®
Taken together, these results suggest that v, (in Hy/SiH,4/Si,Hg
mixtures) should roughly scale as Nyoy+ Nyo| + N,o,, where
Ny, N1, and N, are the total number density of all molecules
containing zero, one, or two silicon atoms, respectively. When
operating at constant total pressure, fragmentation produces a
decrease in N; and N, and an increase in Ny, which should
reduce v, relative to the pure, unfragmented feed gases and
make the variation in v, with hydrogen dilution weaker than
would be expected for unfragmented feed gases.

The electron density n. may also vary with gas mixture,
via the ionizing collisions that produce electrons or attach-
ment processes which remove them. Total cross sections for
ionization have peak values of 1.2 x 10~ em? for Si,Hg; >’
5x 107 cm? for SiH,>°?° SiD, SiD,, and SiD;;*' and
1 x 107'° ¢cm? for H, (Refs. 21 and 22) and H.*? Therefore,
dilution of Si,Hg or SiH, with H, should tend to decrease the
ionization rate and n.. On the other hand, attachment would
act in the opposite direction, since cross sections for disso-
ciative attachment are ~10~'®cm? for silane® and disi-
lane,** but <2 x 1072° ¢cm? for H2.2l’35 These values for
feed gases in the ground state may not be so relevant, how-
ever, since attachment is believed to be dramatically
enhanced for electronically® or vibrationally®” excited mol-
ecules, radicals,*®* or "dust" particles.*° It appears that ion-
ization effects dominate attachment, since microwave
measurements of n, show a weak decrease when SiH, is
diluted by H,.*' This weak decrease in n. would act to
increase Ry, but it is apparently dominated by the larger
decrease in v, upon dilution discussed above. lonization
effects may also cause the ion current to decrease with H,
dilution, which, according to Egs. (10) and (11), would con-
tribute to the change observed in Xg.

Cross-section data are not available for SizHg.
Nevertheless, one may estimate them by extrapolating from
SiH4 and Si;Hg. Such extrapolations would suggest that v,
and n.—and thus Ry, R4, and P4—for mixtures containing
SizHg would be similar to other mixtures having the same
I'si, as is observed in Fig. 5.
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The gas mixture effects seen here are smaller than those
observed previously’ in NFs/Ar discharges. There, a strong
dependence of impedance and phase on NF;/Ar ratio pre-
sumably results from the very high attachment cross sec-
tion*? of NF;. Here, however, all relevant molecules are
much less electronegative than NF3. The size of gas mixture
effects are further limited here for the reasons discussed
above. First, the relevant cross sections of silicon-containing
molecules and molecules containing only hydrogen are not
so very different. Second, the effects of scattering and
attachment act in a different direction from ionization, and
therefore they partially cancel each other out. Third, even
pure silicon-containing gases, once they have been dissoci-
ated in the plasma, are to some extent diluted by H or H,.
Fourth and finally, the possibility that gas mixture effects
could be amplified by positive "feedback" from changes in
power coupling was minimized here by choosing appropriate
values of the electrode gap and total pressure.

The relative weakness of gas mixture effects seen here
should not be interpreted, however, as suggesting that the
choice of mixture or additive is unimportant. Gas mixture
does affect the efficiency with which power is used in the
discharge, as will be shown in Sec. V. It also has other im-
portant effects to be discussed there.

V. RESULTS VERSUS POWER
A. Power utilization efficiency: Analysis

So far the discussion has focused on power coupling effi-
ciency, which only concerns power losses outside of the dis-
charge. Here, we consider the mechanisms by which power
is absorbed within the discharge itself, either by electrons in
the plasma or by ions in the sheaths. As discussed in Sec. I,
the power absorbed by electrons, P., is considered useful
power; the power absorbed by ions, P;= P4 — P,, is consid-
ered wasted; and the power utilization efficiency is therefore
given by P./Pg.

Analysis”**™*7 shows that P, and P; can be distinguished
by measurements made at varying rf powers. First, consider
P.. Here (except at the widest gap), one may neglect dis-
placement current in the plasma and assume that only ohmic
current flows there. Thus,

P. = 14°Ry,. (15)

Furthermore, because plasma electrons are produced by P.,
one may assume that their density n. should vary in direct
proportion to P, when the source power is varied. This con-
dition, plus Eq. (7) indicates that*’

P :keld; (16)

where the proportionality factor k. is independent of power,
current, voltage, and electron density (although it may vary
with gas mixture or total pressure).

The ion power P; can be derived from sheath models. At
high frequencies, the ion current /; does not vary over the rf
cycle. Therefore, P;=1I;Vy, where Vy, is the dc sheath
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voltage. Furthermore, at high frequencies, the sheath dis-
placement current dominates /;, and thus the sheath imped-
ance is nearly entirely capacitive, such that Vg; = iX /4, with
X, given by Eq. (10). Using the sheath model'® from which
Eq. (10) is derived to relate Vi and Vy, we obtain
P, =kl "%, where the factor k; is independent of voltage,
current, power, 7., and /;, but may vary weakly with pressure
and gas. Thus,

Py = Pe +P; = kel + ki), (17)

So far, we have assumed very asymmetric sheaths, such that
all of P; is contributed by one sheath, but Eq. (17) is equally
valid if the sheaths are symmetric or if each sheath voltage is
a constant fraction of their total voltage. The latter condition
is roughly satisfied here, based on estimates of the sheath
voltages obtained from the measured total voltage, dc self
bias voltage, estimated plasma voltage V4l cos(¢g), and
Ref. 48. These estimates also show that the sheath voltages
are in the high-voltage range'® over which Eq. (10) is valid.

Using Eq. (17), the current-dependence of P4q—or related
parameters such as Ry from Eq. (5) or the resistive voltage
V4l cos(¢pg)—can be fit by the sum of two power laws to
determine P, and P;. " Alternatively, one can obtain P,
and P; from the log—log slope, Oln(Py)/0In(I4).° That
method, however, tends to give noisy results, since comput-
ing a slope or derivative amplifies noise. Thus, here, we
instead used a curve-fitting method.

B. Power utilization efficiency: Results

In Fig. 6(a), measurements of the discharge current /4 are
plotted as a function of discharge power P4. Results were
obtained for a variety of mixtures, but the only significant
variation in /4 or P4 with gas mixture was that /4 was slightly
higher for mixtures at low silicon atomic flow ratios,
rs; < 0.02, compared to mixtures at rg; >0.02. Therefore,
results for all mixtures within each range were averaged,
and, for clarity, only the average values are plotted in
Fig. 6(a). Data were obtained and are shown at applied
powers P, of 100-800 W for rg; > 0.02; and at 400-700 W
for rg; < 0.02. The total uncertainty in the data points (before
averaging mixtures) as well as the variations with mixture
within each range are comparable to the size of the symbols.

Also shown in Fig. 6(a) are two fits of Eq. (17) to the
data, one for each range of rg;. From the values of the fitting
parameters, k. and k;, we determined the electron power P,
the ion power P;, the power utilization efficiency P./P4, and
the fraction of discharge power lost to ions P;/P4. These are
all plotted in Figs. 6(b) and 6(c), for both ranges of rg;. For
either range of mixtures, P./P4 in Fig. 6(b) declines from
near 95% at P3=100 W to slightly above 50% at
P4=2800W. This decline indicates that power is being used
less efficiently at higher powers. Nevertheless, as shown in
Fig. 6(c), P. itself continues to increase with increasing
power and it still has an appreciable slope at Py=800 W.
The slope suggests that it may be worthwhile to increase the
power above 800 W, to further increase P, and presumably
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the deposition rate as well. In practice, however, this poten-
tial benefit is outweighed by other, more important consider-
ations such as the unwanted formation of “dust” particles,
which has been observed at high applied powers.

0 rgj<0.02
O rgj>0.02

Iy(A)

0.5

Pe/Pd or Pi/Pd

0.0

400

power (W)

200

400
Pq (W)

FiG. 6. (a) Measurements of discharge fundamental current /4 vs discharge
power Pg4, for mixtures with silicon atomic flow ratio rg; <0.02 (circles)
and > 0.02 (squares), all at 667 Pa and 13 mm gap. Also shown are fits of
the rg; <0.02 (dashed) and rg; > 0.02 (solid) data by Eq. (17), and results
obtained from the fits including (b) the power utilization efficiency P./Pq4
and fraction of power lost to ions P;/Pg4, and (c) the electron power P, and
ion power P;. Uncertainties in the measurements are the same size as the
symbols.
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The differences between the two ranges of rg; are rather
small, less than 0.06 for P./P4 in Fig. 6(b) and less than 12%
for P, in Fig. 6(c). These differences are related to the mix-
ture effects discussed in Sec. IV. The decrease in R4 (or
increase in —Xy) for mixtures at low rg;, seen previously in
Fig. 5, must produce a decrease in P, and an increase in P;,
if the total power Py is to remain constant.

Considering P, alone, only a 12% difference in growth
rates is expected going from rg; < 0.02 to rg; > 0.02. The ob-
servation that the actual difference in growth rates is much
larger can be attributed to chemical or electron energy
effects. Differences in P. and P; within each range of rg;
were even smaller and are indeed insignificant. Thus, differ-
ences in growth rates within each range can be attributed
entirely to nonelectrical effects.

The analysis given here has neglected a third mechanism
for power absorption: the heating of electrons emitted from
the wafer or electrode surfaces. Ion-induced electron emis-
sion is expected to be weak. Ion energies and thus ion-
induced yields should be very low at the pressures used here,
based on ion cross section data* or extrapolations from
measurements ' made at lower pressures. Photoemission
of electrons may be more significant, however. Either emis-
sion process would result in power absorption with the same
current-dependence as P;.°% Thus, it is possible that some of
the power identified as P; in Fig. 6 is in fact not wasted but
represents a useful heating of emitted electrons. This possi-
bility would tend to make power utilization efficiencies even
higher—and the variation of useful power with mixtures
even smaller—than seen in Fig. 6.

VI. RESULTS VERSUS TIME
A. Power and phase transients

One type of transient we observed was associated with
imperfections in the control system of the rf generator and
matching network. This type includes underdamped or over-
damped responses in P, and P4 when the rf power was
turned on and, more rarely, oscillations in P,, and P4 during
processing. These changes in P,, and P4 were mirrored (in
the opposite direction) in Ry, IX4l, and 1Z4l, but the phase ¢4
was not much affected.

In contrast, a second and more interesting type of tran-
sient was most visible in ¢4. One example is shown in
Fig. 7, for a mixture of 1000 SCCM H,, 4 SCCM SiHy, and
6 SCCM SizHg (such that r5;=0.011) at P,=400W.
Starting at time r=0, when the rf power was turned on,
slow changes were observed in all the parameters. The
change in P4 in Fig. 7(a) was rather small, only 2%, while
the change in ¢4 in Fig. 7(b) was quite large, —5°. For Ry,
X4, and |Z4|, shown in Figs. 7(c)-7(e), the changes—5%,
13%, and 6%, respectively—were all larger than the 2%
change in P4. The change in P is too small to account for
the changes in ¢g4, Ry, X4, and |Zy|, and for Ry it is in the
wrong direction. A decrease in P4 should reduce the elec-
tron density in the plasma, causing R4 to increase, not
decrease. Thus, the changes in Figs. 7(b)-7(e) cannot be
attributed to fluctuations in power.
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Fic. 7. Discharge electrical parameters vs time during deposition of a micro-
crystalline silicon film for 1000 SCCM H,, 4 SCCM SiH,4, 6 SCCM Si;Hg,
P,=400 W, 667 Pa, and 13 mm gap. The data are (a) power Py, (b) imped-
ance phase ¢y, (c) equivalent series resistance Ry, (d) equivalent series react-
ance Xg4, and (e) impedance magnitude |Z4l. Uncertainties, which are
dominated by systematic factors that affect all points nearly equally, are
indicated by error bars on a single point of each curve.

Transients similar to those seen in Fig. 7 were observed
for all highly diluted mixtures having a silicon atomic flow
ratio rs; < 0.02. All showed transients in the same directions
and with the same time-dependence as Fig. 7, although their
magnitudes were not always the same. For silicon-rich mix-
tures having rg; >0.02, however, no such transients were
observed.

Exponential fits of the transients in Fig. 7 give time con-
stants of about 100 s. Such a slow time scale may at first sug-
gest the hypothesis that the transients are related to a change
occurring on the wafer, electrode, or chamber surfaces,
which influences the plasma via electron emission. Closer
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examination shows this emission hypothesis is unlikely. The
yield of ion-induced emission is expected to be small for rea-
sons already discussed, whereas photoemission would pro-
duce behavior opposite to that observed. Because amorphous
and monocrystalline silicon have different bandgaps, one
might expect a change in photoemission yield at high rg; as
the amorphous film begins to cover the crystalline substrate.
In contrast, microcrystalline and monocrystalline silicon
have similar bandgaps, and therefore little change in photo-
emission would be expected at values of rg; low enough to
produce microcrystalline films. Furthermore, the same tran-
sients were observed even when glass slides were mounted
on top of the silicon substrates.

A better explanation for the transients is a decay in the
gas-phase density of silicon-containing molecules, as has
been observed previously by optical emission,”” infrared
absorption,”® and mass spectrometry.>® This explanation is
consistent with the data in Fig. 7, as can be seen by compar-
ing with the (steady-state) mixture-dependences in Fig. 5.
When rg; approaches the steady state value of 0.011 from
above in Fig. 5, all the changes seen in Fig. 7 are reproduced.
The absence of transients for mixtures at rg; > 0.02 can also
be explained. For such mixtures, the gas-phase density of
silicon-containing molecules may still be varying, but,
according to the data in Fig. 5, the electrical parameters are
not sensitive to changes in rg; for rg; > 0.02.

To account for their optical emission transients, which
show SiH emission intensity falling with time both abso-
lutely and with respect to H emission, Van den Donker
et al® propose two mechanisms. The first is a “transient
depletion” or diffusion process, which occurs on a time scale
<100 s. In this mechanism, which has been thoroughly stud-
ied and modeled, silicon-containing feed gas that is initially
present in regions where no plasma is ignited takes time to
diffuse into the volume occupied by plasma and be dissoci-
ated there. The plasma is therefore initially rich in silicon
feed gases. As diffusion proceeds the silicon content in the
plasma falls until finally the diffusion process is completed
and a steady-state silicon content is established. To account
for decreases in SiH emission intensity observed on longer
time scales, 10%-10% s, Van den Donker et al. propose a sec-
ond mechanism, "long-term drift,"” which is not well under-
stood but may be related to a gradual heating of the chamber
wall by the plasma.’ Presumably, surface reactions that
remove silicon from (or release hydrogen to) the gas phase
proceed faster as the walls gradually become hotter.

To test these and other possible mechanisms, additional
experiments were performed, as shown in Fig. 8. First, a nor-
mal deposition process was run, for a mixture of 1400
SCCM H,, 18 SCCM SiHy, and 2 SCCM Si,Hg at ~600 W.
The transient in ¢4 for this normal process is shown in
Fig. 8(a). Then, in Fig. 8(b), the process was repeated, but at
150 s, the rf power was turned off for 60 s. If the transient
were caused by some problem with the flow control system
one would expect it to continue even when the plasma was
off. In other words, ¢4 at 210 s would be more negative than
¢q at 150 s, but this is not observed. If the transient were
solely dependent on the thickness of the film deposited on
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FiG. 8. Phase of discharge impedance vs time during deposition of micro-
crystalline silicon films for 1400 SCCM H,, 18 SCCM SiH,, and 2 SCCM
Si;Hg, P,~ 600 W, 667 Pa, and 13 mm gap. (a) Normal deposition process,
(b) process with rf power interrupted for 60 s, (c) process with delayed intro-
duction of silicon-containing gases. Uncertainties are +0.5°.

the wafer or chamber surface, one would expect ¢4 to be the
same at 210 and 150 s, but this, too, is not observed. Instead,
¢q at 210 s is less negative than 150 s, i.e., the transient
reverses itself when power is off and the plasma extin-
guished. This observation is consistent with either the "tran-
sient depletion" or "long-term drift" mechanism, with the
reversal being caused either by the inflow of fresh, unreacted
feed gas or the cooling of the chamber wall, respectively.

In Fig. 8(c), the plasma was ignited with only H, flowing,
until, at time 60 s, the SiH, and Si,Hg flows were started.
Otherwise, the conditions were the same as in Fig. 8(a). No
transient was observed when only H, was flowing. As soon
as the other gases were introduced, however, the transient
began as usual and followed its usual course. This behavior
cannot be explained by the "transient depletion" mechanism.
Delaying the onset of silicon-containing feed gas should pre-
vent the "transient depletion" phenomena, as shown by van
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den Donker et al.’ In contrast, transients related to heating of
the chamber walls would perhaps not be too much affected
by running 60 s of H, plasma. Thus the best explanation for
our results is a "long-term drift" mechanism.

B. Process monitoring

Measurement of the transients discussed above would be
useful not only in research studies but also in process devel-
opment and manufacturing. Monitoring the delivered power
P4 provides a means of detecting faults in the rf generator or
matching network that might otherwise go unnoticed.
Transients in the gas-phase density of silicon-containing
molecules are also important, as they degrade the quality of
the films being grown.’” Perhaps it is possible to eliminate
such transients, by appropriate design of chambers’ or proc-
esses.’ The measurements of phase and other electrical pa-
rameters presented here (either in addition to or as a
substitute for optical emission) provide a useful means of
monitoring how successful such design efforts are.

Additional information can be obtained by monitoring the
dc self-bias voltage V(, which is related to the spatial charac-
teristics of the discharge. The sign of V, indicates which
electrode—powered or grounded—has the larger effective
area. For example, at low pressure (133 Pa) V|, <0, indicat-
ing that the plasma has expanded radially outward and come
into electrical contact with a large area of the grounded
chamber walls. At 667 Pa, however, the plasma contracts to-
ward the radial center and no longer contacts a large area of
wall. The wafer still acts as a grounded electrode, but its
area is smaller than the rf-powered showerhead electrode,
and therefore the opposite sign, Vo > 0, is observed. In addi-
tion to pressure, changes in the extent of plasma expansion
or contraction with gas mixture or time have also been
detected by monitoring V. Such monitoring may provide
useful information about the radial uniformity of the plasma
and of the deposited film.

The dc bias may also provide a means of detecting "dust"
particles. Some conditions at high rf power produce large
amounts of particles, which eventually are incorporated in
the growing film, giving it a cloudy appearance. We found
that the cloudiness of films was correlated with the ampli-
tude of noise in the dc bias, but additional experiments are
needed to further verify and explain this correlation.

VIl. CONCLUSIONS

The power coupling efficiency of the silicon-depositing
plasmas studied here depends on the ohmic resistance of the
bulk plasma. If the plasma resistance is very low, either
because the pressure is too low or the electrode gap too nar-
row, an excessive voltage drop and power loss occurs in par-
asitic series resistances. In such cases, power coupling is
improved by increasing the pressure or gap. If the pressure
becomes too high or the gap too wide, however, an overly
high plasma resistance causes current to be shunted across
parasitic parallel capacitances rather than passing through
the plasma, thereby increasing the power losses. Thus, there
is an optimal value of the plasma resistance, which coincides
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with the impedance phase of the discharge being close to,
but not necessarily exactly equal to, —45°. At and near this
optimal condition, the power coupling efficiency is high,
~0.95, and insensitive to variations in gas additives and mix-
tures or to other perturbations.

Variations in gas mixture do nevertheless affect the im-
pedance of the discharge and its power utilization efficiency.
When silicon-containing feed gases are sufficiently diluted
by hydrogen to cause the silicon atomic flow ratio to fall
below 0.02, the plasma resistance falls and the sheath capaci-
tive impedance increases in magnitude. The fall in resistance
is explained by decreased scattering and decreased attach-
ment, but is partially compensated by decreased ionization.
The increase in capacitive impedance is explained by a
reduction in the average ion mass, a decrease in ion current,
and a redistribution of voltage between the plasma and
sheaths. These changes in turn cause a change in the power
utilization efficiency. For dilute mixtures at silicon atomic
flow ratios below 0.02, the useful power absorbed by elec-
trons in the plasma is as much as 12% lower than mixtures
that are more silicon rich. Thus, changes in power utilization
can account for variations in growth rates of only 12% for
different mixtures; the remaining, larger variations must be
attributed to chemical or electron energy effects.
Furthermore, changes in gas mixture do not cause large
changes in silicon atomic flow ratio—for example, the sub-
stitution of Si,Hg or SizHg additives for comparable amounts
of SiH,—had no significant effect on power coupling or uti-
lization efficiencies. Thus, the resulting effects of Si,Hg or
SizHg additives on growth rates can be attributed purely to
chemical or electron energy effects.

The determination and optimization of the power cou-
pling and power utilization efficiencies made here will ena-
ble more conclusive evaluation of different gas additives and
mixtures and more quantitative and detailed study of their
chemistry. As an added benefit of this work, electrical sig-
nals were identified that can be used to detect a transient in
the gas-phase density of silicon-containing molecules, faults
or nonidealities in the rf power control circuitry, and changes
in plasma radial uniformity. Such signals warrant further
study and development, as they show promise for use in pro-
cess monitoring and control.
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