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SECTION 1

Introduction

This report describes the work performed under the auspice of USAF
contract F33615-83-K-2335 entitled "Studies of the Discharge Effects on Plasma
Assisted Deposition of Semiconductor Materials." The main goal was to
determine the microscopic plasma parameters in typical discharges used for
deposition of semiconductor materials -- in this case hydrogenated amorphous
silicon.

One of the biggest problems in such a task is the fact that the discharge
creates complex radicals in numbers approaching, if not exceeding, that of the
donor molecules (SiHa). Consequently, modeling of such discharges based upon
reaction rates of the donor molecules is less than exact, and even then it is
difficult because of the lack of precise transport coefficient. When the
radicals are folded into the problem, the difficulties become nigh-onto-
unsurmountable at the present time. Consequently, much of our work was aimed
at determining the plasma dynamics directly.

This report, then, is divided along the lines of the various approaches
taken toward these goals. In Section II, the Ph.D. thesis of C. Fleddermann
is presented which discusses the kinetics of the electron density in a hollow
cathode discharge in silane helium mixture, which is very similar to that used
by those working with proximity discharges. Some of that work is summarized
and repeated in Section III, which is the article published in the Journal of
Applied Physics. It was also the subject of paper HA-2 presented at the 37th
Annual Gaseous Electronics Conference in Boulder, CO, Oct. 9-12, 1984.

Sec. IV deals with the dynamics of an RF glow in the simplest of all rare

gases -- helium. Most plasma deposition systems use the planar RF discharge




similar to that studied here.

Ve intentionally avoided the more complex
molecular gases so that the complex chemistry of those discharges would not
interfere with the plasma problem. That section is a preprint of an article
due to be published in the IEEE Transaction of Plasma Science in April 1986.
It wvas also the subject of paper CB-18 presented at the 38th Annual Gaseous
Electronics Conference in Monterey, CA, Oct. 15-18, 1985.

Sec. V is a preprint of an article due to appear in the Applied Physics
Letters in Mar. 1986. In this paper, we showv some rather startling and, as of
yet, unexplained plasma dynamics in response to square-wave-modulating the RF
excitation of silane-helium mixtures. Conventional wisdoms would suggest that
such discharges would reach a quasi-CW state on a time scale of a few hundred
microseconds. Much to our surprise, the electron density is enhanced -- even
on a time-averaged basis, and the silicon deposition rate is also increased.
The physical process for the density enhancement has not been identified, but
it appears to occur in discharges in electronegative gases. While the causes
have not been identified, it may have the practical application of achieving
an enhanced process (i.e., deposition or etching) while minimizing damage to

the semiconductor.




SECTION II

MEASUREMENT OF THE ELECTRON DENSITY AND THE ATTACHMENT
RATE COEFFICIENT IN SILANE/HELIUM DISCHARGES

by
Charles Byrns Fledderman

June 1985
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I. INTRODUCTION

The application of gas discharge technology to problems in the
semiconductor industry has revolutionized the processing of
seaiconductors, contributing in both the areas of etching and deposition
of semiconductor materials. Plasma etching (also known as dry etching)
of silicon using flourine bearing gases has made it possible to build
microelectronic circuits with device dimensions far smaller than is
feasible with conventional wet-etch techniques, and is now an
extensively used integrated circuit processing technique in
1ndustry.1 Deposition of semiconductors using plasma techniques is not
as well developed a technology, although deposition of nitrides for
integrated circuits has been common for some tile.z'n Deposition from a
plasma allows processing at far lowér temperatures than can be achieved
using pyrolytic methods (preventing diffusion of dopants), promotes
chemical reactions that otherwise would not take place, and can even
allow the growth of materials that cannot be produced any other way,
making the gas discharge a very powerful tool in the production of
sesiconductors.

One plasma deposited material that is becoming increasingly
important is amorphous silicon. Indeed, to date, most electronically
useful amorphous semiconductors have been produced by glow discharge
deposition techniques. Amorphous materials have traditionally been

prepared by quenching from the melt, evaporation or sputtering. These

techniques have proven to be inadequate for growing amorphous




semiconductors, since the material produced contains a very high density
of unsatisfied "dangling" bonds which cause a very high density of
states in the band gap. The high density of states pins the Fermi level
near the center of the band gap, precluding doping and the fabrication
of useful devices in amorphous silicon. This situation changed in 1969
when amorphous silicon was first deposited at low temperature from a gas
discharge in silane, a silicon bearing gas.5 During the deposition,
significant amounts of hydrogen were incorporated into the film,
saturating the dangling bonds, ﬁeducing the density of states in the
band gap, and providing material that is suitable for electronic
applications. In 1975 the first selective doping of amorphous
semiconductors was delonstrated,6 thus proving the suitability of
amorphous silicon for device fabrication. Since that time, a great deal
of research has gone into understanding the properties of amorphous
silicon, and many uses for amorphous silicon have been proposed. Chief
among these uses is in the field of solar photovoltaics. Since amorphous
silicon is a disordered solid, the k conservation rules are relaxed,
making amorphous silicon a "pseudo-direct" band gap material, having a
much higher absorbtion coefficient for the solar spectrum than does
crystalline silicon. The difference in absorbtion coefficient is
illustrated in Fig. 1 where it can be seen that the absorbtion
coefficient for amorphous silicon is about an order of magnitude higher
than that for crystalline silicon. Although the electrical properties of
amorphous silicon are not as good as those for crystalline silicon, for
solar cell applications this is sore than made up for by the better

optical absorbtion and greatly reduced production costs of amorphous
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W) materials.” The highest efficiency achieved for these devices is around
y 10$9 (compared to approximately 18% in single crystal silicon
] cells)'o and they have already found commercial application in powering

digital watches and calculators. Other potential applications for

o amorphous semiconductors include photoreceptors, Xerography, FET drivers

11,12

2 for large area liquid crystal displays, and devices where radiation

damage can degrade crystalline semiconductor perfbrnance13 (amorphous

Si materials being already disordered, show negligible effects from
§E exposure to radiation). There has also been some interest in using
S: amorphous semiconductor alloys in semiconductor superlattice

R studies.'“

:E Of great importance to the commercial future of amorphous

.

! seaiconductors is an understanding of the deposition process by which

‘: they are produced. Although this technology has been around for several
I? years, the deposition process remains more in the realm of art than

? science. This is partly due to the wide variety of deposition systems in
;ﬁ use in various laboratories, including rf (capacitively and inductively
é' coupled) and dc systems. Moreover, even for similar types of deposition

= systeas, there 1s a great deal of variation from system to system in

13' disensions, configurations and materials, rendering comparisons between
X .

f\ films grown in different laboratories meaningless. The current "state of

the art” in deposition is knowing how to set the external parameters

§' (voltage, pressure, gas mixture, etc.) to produce a film of given

3* quality in a given deposition system.

2 In order to tie together the results obtained in various

;j laboratories and to show what direction needs to be taken to improve the
:
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films that are produced, it is essential to love‘beyond the macroscopic,
external parameters of deposition systeas, and try to come to some
understanding of the microscopic properties of the deposition plasma
itself. This is no easy task, since deposition discharges typically
contain many different atomic and molecular neutrals, ions, and excited
states. A representative sample of these is found in Table 1. There are
also a large number of possible plasma kinetic processes which affect
the deposition process, some of which are shown in Table 2. Thus, the
deposition plassa is an enormously complex systel; the understanding of
which involves deteramining which of the species and processes mentioned
in Tables 1 and 2 are important, and how they affect the plasma and the
deposition process. Perhaps the most important of the species shown in
Table 1 are electrons since electrons fuel so many of the kinetic
processes sentioned in Table 2. Therefore, understanding the properties
of the electrons in the discharge is a good first step in gaining an
understanding of the deposition process.

There have been several previous studies aimed at understanding
these microscopic properties of the discharge plasma. Many have studied
the properties’of the deposited filas, measuring surface morphology,
hydrogen content and type of bonding, and attempted to correlate these
with external discharge parameters to infer some of the plasma
characteristics. Typical of these studies is that of Knight et
g;;,15 who studied the effect of dilution of silane by noble gases to
determine the effects on growth rate, and the effect of the diluent

specie on the film structure. Potts et al.'® studied the effects of gas

pressure and rf power on the optical absorbtion and hydrogen content of




Table 1t Species present in a typical silane deposition discharge.

Species present:

Neutrals: He, SiH, 5133, eeey Hy, H, Sixﬂy (x22)

Charged particles: e~, He', 51ux*, H*, SiH ~

Excited states: He', 5131', i




Table 2 A sample of possible plasma kinetic processes (with examples),
for deposition discharges.

Plasma kinetic processes:

Dissociation

e + SiHu——-SIH3 + H+ e

Ionization

e~ + He ——He* + 2¢

Recoambination

- +
e + SiH3_——*Siﬂz +H

Attachaent

e + SiH3————51H2" + H

Charge Exchange

. He' + 51}13 ———He + sm3+

11




the films. These types of studies are important in teras of learning how
to get films with specific qualities, but at best yleld only indirect
and incomplete information on the actual deposition process.

More direct measurements of plasma properties that have been
performed include mass spectroscopic studies, optical emission
measuresents, and plasma probe studies. Mass spectroscopic measurements
give information on the dissociation process, allow a determination of
the presence of various species, and permit an inference of the kinetic
processes in the discharge. Drevillon et 31;17 have used a mass
spectrometer in a low pressure dc discharge to study the dissociation
process and compare filas grown from neutrals to those grown from ionic
species. Robertson et 55;18 studied the spatial dependence of species
concentrations and found that 8183 is the predominant radical just above
the substrate. Turban and couorkers,‘q’zo Haller,21 and Weakleim et
g;;?2 have used quadrupole mass spectroscopic techniques to study the
kinetic processes in the plasma and to generate a model of the discharge
plasma. Mass spectroscopy suffers from the drawback that it is a
perturbative technique, and due to sheaths, etc., there is a difference
in what is in the plasma and what winds up going through the quadrupole.
These drawbacks are somewhat mitigated by using a different mass
spectroscopic method, Fourier Transfora Mass Spectroscopy.23
Haalandzu has applied this technique to dissociation experiments in
silane, and is able to find the time dependence of some of the radical
species concentrations. This technique is just beginning to be used for
deposition plasmas.

Optical emission spectroscopy is a method whereby spontaneous

12




eaission from the plasma is monitored to determine what species are
present and what effect changes in external parameters have on the
plassa. Kampes et 55;25 studied the emission intensities of various
species in the discharge as a function of silane percentage and rf
voltage. From this they infer the electron density and electron
tesperature dependence in the plasma, and are able to model the product
formation paths. Hirose and coworkers2® and Matsuda et 31427 also
monitored various species in the plasma and tried to correlate their
relative densities with the hydrogen content of films grown in their
systeas. This method of studying plasmas is limited by the fact that
only some of the constituents of the plasma have known eamission spectra.
For example, sxnu and 5133 do not emit line or band spectra, so only an
incomplete picture of the plasma is possible with this technique.

There have been attempts to measure the electron density directly
in the plasma. Kocian et 55428’29 used plassa probe methods to measure
electron density and electron temperature in order to get an idea about
the relative likelihood of various plasma processes. Gleres and his
co-workers3° used the same Langmuir probe techniques and correlated
their results with mass spectroscopic measurements of neutrals in the
plasma. It is important to measure these parameters; however, Langmuir
probes also perturb the plasma, making results difficult to interpret.

This study seeks to increase the understanding of deposition
plasmas by utilizing non-perturbative amicrowave diagnostic techniques to
measure the electron density in silane/helium discharge plasmas. From
these measurements, a determination of the relative importance of some

fundamental kinetic processes can be made. In Chapter 2, the growth

13
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system that was developed for this research is discussed, along with

results of some diagnostics on films grown in the systea. In Chapter 3,

Kl the theory of the microwave measurement technique is described. In
Chapter 4, the results of electron density measurements for a dc

,g discharge are presented, followed in Chapter 5 by measurements using a

"i' pulsed power supply.
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II. FILM STUDIES

The glow discharge growth system used in this study is shown in
Fig. 2 in the configuration for film growth. The discharge is initiated
in a hollow cathode, which is a 9.8 ca inner diameter stainless steel
cylinder, 17.5 ca long. The hollow cathode configuration was chosen for
this work because it facilitates certain plasma diagnostics which will
be discussed in subsequent chapters, and because it is sustained in a
manner similar to that for an rf discharge,3! which is the more commonly
used plasma deposition systea. Thus, results obtained in the hollow
cathode should be equally applicable to rf systems. The hollow cathode
is connected to a turbo-molecular pump capable of evacuating the systea
to 10™2 Torr or better before experiments, and a fore pump is used while
flowing gases. During experiments, helium and 10% silane in helium are
introduced into the systea through a flow controller which provides
reproducible and controlled pressures, flow rates, and flow ratios of
gases, and allows the percentage silane in the discharge gas . e
continuously varied between O and 10%.

Substrates for growth were attached either mechanically or using a
high-vacuum compatible adhesive to a stainless steel substrate holder in
an ars off the hollow cathode. The distance froa the substrate holder to
the hollow cathode can be changed from 0 to 10 ca. The hollow cathode
and the substrate holder have different power supplies, so the current

(and voltage) for the hollow cathode and for the substrate holder can be

varied relatively independently of each other. Figure 3 shows the
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o« current-voltage characteristic for the discharge growth system, with the

ﬁ{ substrate voltage as a function of the current to the substrate holder
e
f' and current in the hollow cathode discharge. For a constant substrate
4y
B

voltage, the current to the substrate is enhanced by an increase in

iy hollow cathode current. The substrates were either glass or crystalline
ﬁ% silicon, depending on the type of film measurements to be made.

B To determine whether the hollow cathode growth system is similar to
) the systems used in other laboratories, films were grown and diagnostics
" performed on thea to determine if the properties of the films are
comparable to those reported in the literature. In general, the films

were brownish in color, adhered well to the substrate when the substrate

ot was biased negatively, were uniform and had a low density of pinholes.
:'(:'

o When the substrate holder was biased positively, the films were powdery,
i&% and easily removed from the substrate. Figure U shows the growth rate of
f'y‘

22@ the film as a function of current to the substrate holder, which was

f measured by masking a part of the substrate during the growth, removing
E&‘ the mask, and measuring the step height using a mechanical stylus

sty

ﬂi surface profiling instrument. The growth rates shown in Fig. 4 are for

! silicon substrates, and are roughly 50% higher than growth rates for
ngv glass substrates under the same discharge conditions. The growth rates
ét
ﬁh shown here are well within the range reported in the literature for both
fv"
_: rf and dc deposition systels.32
Eﬁj Raman scattering experiments were perforamed to determine whether
'.
ﬁ; the films were crystalline, polycrystalline, or amorphous. For

"W

crystalline silicon, only phonons near the zone center contribute to the

’a‘
!23 Raman scattering; therefore, the spectrum of the scattered radiation is
el

;,: .
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narrow. In contrast, in amorphous silicon, all vibrational modes can
contribute to the scattering, and the spectrum is broad.33 Thus, Rasan
experiments give a sensitive measurement of what type of fila has been
grown. Figure 5 shows the Raman spectrum of a typical fila grown in the
hollow cathode system. The broad peak around the origin (0 cn") is due
to Rayleigh scattering from the pu;p laser. For crystalline silicon, the
scattered spectrum should be quite narrow (. 5 cn~') and centered around
520 ca~1.34 For amorphous silicon, the peak is shifted to 480 ca~! and
is considerably broadened.33 In Fig. 5 the spectrum features a very
broad ( ~ 100 ca™') peak centered around 480 ca~', so this film is

M”g}ganlyﬂalocpheas:~fhewﬂalan affect can also give information on
impurities in the sample. There Is astretching mode of the Si-H bond at
around 2100 ca~1,35:36 unich can be seen as a slight, broad bump in Fig.
5. This indicates that there is a small amount of hydrogen present in
the film.

The amount of hydrogen contained in the film is a very important
parameter since the optical absorbtion coefficient and the electrical
properties of the film are determined to some extent by the bonded
hydrogen in the fila. Figure 6 shows the absorbtion coefficient as a
function of wavelength for filas grown at three different substrate bias
currents (and hence three different voltages) near room temperature. A
broad-band light source and an optical multi-channel analyzer are used
to measure the light transmitted by the glass substrate and that
transmitted by both the substrate and film. Ignoring interference
effects due to reflections from the film/substrate interface, the

expression for the absorbtion coefficient is given by
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(1)

where t is the fiim thickness, Io is the intensity of light transmitted
by the substrate, and It is the the light intensity transaitted by the
film/substrate combination. In Fig. 6, it can be seen that there is no
difference in the absorbtion coefficient of the filas grown at different
substrate biases. The optical band gap is determined from the absorbtion
coefficient data of Fig. 6 using the method outlined by Tauc.37 The
square root of the product of the absorbtion coefficient and the photon
energy (mhv)V2 is plotted against the photon.energy (hv), and a
straight line extrapolated from the higher energy data. The intercept of
this line with the energy axis is the optical band gap. A plot of
(¢xh\))1/2 versus hv for the data of Fig. 6'13 shown in Fig. 7, giving
an optical band gap for the filam of approximately 1.75 eV. Figure 8 is a
compilation from the literature of the results of various experiments
correlating the optical band gap with the hydrogen content of amorphous
silicon filns.38 From Fig. 8, the atomic percent hydrogen for the films
in this study is determined to be 12 percent, which is comparable to the
results obtained by Zanzucchi et g;;7 of 10 atomic percent hydrogen for
filas grown in a dc proximity discharge at room temperature.

The results of measurements performed on typical films presented in
this chapter show that although a rather unique growth system, the dc

hollow cathode, was used, the results obtained here are very similar to

those reported by other workers using very different growth systems- our
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filas are amorphous with a fairly low hydrogen content. This indicates
that the processes taking place in plasmas in deposition systeams are
fundamentally system independent. Therefore, the results of experiments
seasuring plassa properties in the hollow cathode systea will be
applicable to other silane discharge systeas as well.

26




?§ III. THEORY OF PLASMA MEASUREMENTS

;ﬁﬁ The process of deposition of amorphous silicon from a silane plasma
N is primarily initiated with the dissociation of the parent

f;£ SiH, molecules by electron impact:

8t

| e + S1H,—=SiH + (4-x)H (2)

P

ot

i

T This reaction, like many others mentioned in Chapter 1, involves collisions of trT
.gt\ electrons with some othep constituent in the discharge; thus, the

éh' density and energy of free electrons in the plasma are very important
&ai parameters. Among other things, the plasma electron density deteraines
' the plasma potential, the thickness of the sheaths, and reaction

§E pathways, and is thus an essential component in realistic models of the
&éﬁ plasma deposition process.

ﬁéi A sensitive, non-perturbative method for measuring the electron

ﬁgf density utilizes the shift in resonant frequency of a microwave cavity
:ik when a dielectric (in this case a plasma) is introduced into it. The

;S$ . apparatus used for this measureament is shown in Fig. 9. This is the same
géﬁi system shown in Fig. 2 modified to form a microwave cavity: the

5?5 substrate holder has been removed, and two stainless steel endplates

éﬁ“ (with 2.5 cm centered holes to allow gas flow) have been attached to

%é. either end of the hollow cathode. The cavity is excited using a loop

:”3: antenna, and another loop antenna is used to detect the electric field
Eg; in the cavity. A wavemeter measures the frequency of the energy from the
L:i‘ 27
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Fig. 9 Experimental apparatus of Fig. 2 modified to measure the plasma
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microwave generator, and a crystal diode is used to detect the signal
from the output loop.

The magnitude of the resonant freguency shift of the cavity caused
by the introduction of the plasma can be determined using a simple
perturbation theory.39 Assuming that for low electron densities the
field configuration in the cavity is not significantly altered by the
plasma compared to the empty cavity, the shift in resonant frequency for

the cavity is

(3

where fo is the resonant frequency, 4 fo is the resonant frequency
shift, and "e is the spatially averaged electron density in the cavity.
Equation (3) indicates that the electron density is directly
proportional to the shift in resonant frequency of the cavity. The
electron density “e is not spatially uniform, so the average electron

density is obtained by weighting Ne by the electric field:

N ‘____O ((0)

In order to deteraine "e using Equations (3) and (4), the fleld
configuration (Eo) for the resonant mode and the spatial variation of
"e sust be known. Since the resonant frequency shift is due to the
interaction of free electrons in the plasma with the microwave electric

field, measurements of Afo for modes with different field

29




configurations will yield information on the spatial variation of
"e. The microwave generator frequency was swept over a broad range, and
two high Q cavity modes were observed. To determine what these two modes
were, and thus to determine the associated field configurations, the
frequency generator was set to a resonance, a piece of plexiglass
inserted into the cavity to perturb the electric field and hence the
output signal at the detector, and the perturbations mapped out as a
function of r, ¢ , and z. Figure 10 shows the result of these
measuresents for one of the cavity modes with variations characteristic
of the TE111 mode. Similarly, Fig. 11 is assigned to the
TE311 mode. In this cavity, the TE11' oscillates at 1.955 GHz and the
TE311 mode at 4.071 GHz, with cavity Q's of 980 and 580 respectively.
Having identified the resonant modes of the cavity, the electric
field configuration for both modes can be readily deteramined. The
electric field components for a TE mode in a cylindrical wave guide

areuo

Ez =0 (5a)
- —jeun

Er hz 3 Can(hr) sin(n¢) (5b)
o —Jwun !

I-Z¢ hz _ Can(hr) cos(nd) (5¢)

where n is the first digit in the mode number, Cn is a constant, and
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Jn is the nth order Bessel function of the first kind. Eo2 is the sum of

the squares of the field components:

g2 = 2 + B2 + E2 (6)
o z r [
Using the identity
! 1
J ) =303 0 - J 4 (] (7)
we get
g2 - Wn ’ c232(hr) sin’(nd) +
o th nn

2

wun 2 2 2
;5: C. {Jn_l(hr) - Jn+l(hr)) cos (nd) (8)

Equation (8) has been plotted as a function of r for both the

TE mode and the TE mode in Fig. 12, where it is seen that the

11 31
electric field distribution for each of the two modes is very different.
The TE111 mode emphasizes the central core of the electron density
distribution, whereas the TE311 mode emphasizes the electron density
closer to the wall. Hence, measurements of the resonant frequency shift
for both modes under the same discharge conditions are complementary,

and allow an inference of the spatial variation of the electron density.

The final steps in using Equations (3) and (4) to determine the
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12 Rad%al distribution of the square of the electric field
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"
;Qﬁ. electron density are to assume a functional form for the spatial
- variation of "e and use the frequency shift data for the two cavity
'.!f‘
ai' modes to determine the parameters of the functional form. For this
.
.:ﬂl , study, the electron density was assumed to be of the form:
)
\g 2m
e N=N(~ (£/R)") (9
Koy °
'.I"
o
-
g? where No is the axial electron density (the density down the axis of the
9,
ﬂﬁ' cavity at r=0), R is the radius of the cavity, and m is an integer. For
\’;I'Q
:5? this distribution, the electron density is highest at the center of the
R
hr* cavity and drops off to zero at the wall. The value of m determines how
.
i\;: rapidly the electron density drops to zero. It is also assumed that the
i"
' variation of the electron density in the z direction can be ignored
’ .‘-
Jﬁﬂ since the cavity is long compared with the sheath thickness at the
X
'*ﬁ endplates. Using Equations (3), (4), and (9), and the experimental data
hEA
) for the frequency shift for both modes, a computer was used to determine
"!.’
ﬁgf No and m for all discharge conditions.
"
kﬁ In this chapter, the theoretical basis and the experimental
l'a"_
caa procedure for measuring the electron density in the hollow
%
i:; ' cathode/microwave cavity have been discussed. In the following chapters,
b L
"; results of electron density measurements performed in discharges with
o helium and silane diluted in helium will be presented.
s1-
o
"\
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f‘ IV. DC MEASUREMENTS
;i
3
1 The method outlined in Chap;er 3 was used to determine the electron
- density in the hollow cathode discharge system. The shift in resonant
EEZ frequency was measured as a function of gas pressure, discharge current
é% and gas mixture for both the TE,,, and TE3,, Bodes. For these
‘, experiments, pure helium was used as a baseline with which to compare
i:& the results for silane diluted in helium. The resonant frequency of the
.if empty cavity is determined by adjusting the frequency of the microwave
: generator, observing the peak in the detector signal, and using the
wavemeter to determine the frequency. The procedure is identical when
there is a plasaa in the cavity, except that as the electron density
. increases, the cavity Q decreases, which makes the frequency more
;.‘\: difficult to determine.
gif Typical data for these measurements are shown in Fig. 13, a plot of
_) the shift in resonant frequency of the cavity for both modes as a
i%; function of hollow cathode current for a 1% SiHy in helium mixture at
E 300 aT. As expected, increasing the discharge current increases the
@ electron density due to increased ionization in the plasma. Also, the
ééé magnitude of the frequency shift is much smaller for the
::_; TEj,, wode than for the TE,,, mode, which indicates that for these
P discharge conditions, the electron density is auch higher in the center
jf; of the cavity than towards the wall. More will be said about this later.
ig Data such as that in Fig. 13 are analyzed, as discussed in Chapter
?ﬁ 3, using a computer to calculate the values for "o and m in Equation
.
y
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Fig. 13 Resonant frequency shift as a function of current for the

14V, "' s' .
.:0. TElll and TE311 modes in 300 mT of 1% 1H4 in helium
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K (9). The results of this calculation for pure helium are shown in Fig.
;.4 14, where the axial electron density (the density of electrons at the
b center of the hollow cathode cylinder, or N,) 1s plotted as a function
&7 of discharge current and helium pressure. The electron density increases
%?; ‘ linearly with discharge current, and is in the 1010 electrons/ca3 range,
?s which is approximately as expected for a partially ionized medium at

'&h these pressures. Figure 14 also shows that the electron density

‘e increases approximately linearly with pressure in the systeam (for

pressures in this range). This is also expected since increasing the

N pressure increases the density of neutrals available for ionization.

gf‘ Figure 15 is a plot of the same type of data presented in Fig. 14,
2‘5 with the additional variable of percentage silane diluted in helium. The
W results are basically the same as before: there is a linear relationship
f‘é between the electron density in the plasma and the discharge current.
i}; However, the effect of the addition of silane to the discharge is quite
b)f dramatic: the electron density is greatly reduced even for very samall
gﬁ percentages of silane. Compared to 100% helium, there is approximately
iﬁa an order of magnitude decrease in electron density for just a 2% silane
W in helium mixture. This indicates that adding silane to the gas mixture
3 : greatly accelerates the loss rate for electrons in the discharge.

é‘% In order to understand the nature of this increased electron

'fé density decay, the functional dependence of the electron density with
::- silane percentage must be considered. The increased density decay might
J:' be attributable to a difference in diffusion coefficient of the silane
?L or silane product ions compared to helium lons, thus changing the rate

: ; of ambipolar diffusion of the electrons to the wall. The expression for
i

ot
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Fig. 14 Electron density vs. discharge current for pure helium discharge.
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Fig. 15 Electron density vs. discharge current for helium and various
concentrations of silane diluted in helium.
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the ambipolar diffusion constant for electrons in a multi-species

discharge isu'

(He') [sm:]

D +
a,He+ N
e e

03’51H: (10)

where (He*) and [Slﬂx*] are the concentrations of helium ions and silane
product ions, respectively. The rate equation for the electron loss,

assuming a diffusional loss process, is

dNe Ne
— = P - — 11
dt T

1 and * s the

where P is the electron production tera in cl'3 sec”
diffusion time constant. For steady state (dc), the time derivative is

zero and

N = Pt (12)

Substituting for t gives

P

e
A[YDa,He+ + (I_Y)Da,SiH:]

where A 1s a geometrical constant and vy is the percentage helium in the
gas mixture. From Equation (13), the variation in Ne with silane

percentage for the low percentages shown in Fig. 15 would be quite
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small, certainly smaller than the order of magnitude change shown in
Fig. 15.

This suggests then, that the increased electron decay is instead
attributable to a volumetric loss process such as recombination or
attachment. At these pressures, recombination is an unlikely process, so
we attribute this increased electron loss to dissociative attachment.
Ignoring diffusion but including attachment, Equation (11) can be

rewritten

dN

—£& = p - k[X]N (14)
e

dt

where k is the rate coefficient for the attachment process and (X] is
the concentration of attaching species, which is directly related to the
percentage silane in the gas mixture. Again, for steady state

dNe/dt is zero, so the solution for Equation (14) is

1 k(X]
N (15)
N P

e

which indicates a straight-line relationship between 1/Ne and percentage silane.

Figure 16 is a plot of I/Ne versus percent SiHu and, indeed, it is a

straight line, which indicates that the predominant loss mechanisa in 1

the discharge is attachment, rather than diffusional losses to the wall.
Further evidence for the volumetric nature of the electron loss

process is provided by consideration of the spatial electron density

distribution, which is determined by the method outlined in Chapter 3.
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Fig. 16 Reciprocal of the electron density as a function of percentage
silane.




Figure 17 shows the results of the computer analysis of the raw data and
the deteraination of values for "o and a in Equation (9) for 100% helium
at 300 aT for a hollow cathode current of 25 mA: electron density is
plotted as a function of radial distance froa the center of the hollow
cathode, normalized to the radius of the hollow cathode. The profile
shown {n Fig. 17 indicates that the major electron loss process is due
to diffusion to the walls, which is expected since helium i{s not an
attaching gas and recombination is not a significant loss process in
helium at 300 aT. In terams of the raw data, this radial profile is
indicated by the much larger resonant frequency shift for the
18111 aode compared to that for the TB311 mode. This indicates a auch
larger density of electrons in the center of the cavity than out toward
the walls. Consequently, the value for m is one, and the radial density
distribution is rounded as expected for a diffusional loss process.
Figure 18 shows the same type of results as Fig. 17, except in this
case silane is added to the discharge. In contrast to Fig. 17, in Fig.
18 there is a very noticeable flattening in the electron density profile
as silane is added, in addition to the reduction in the overall
magnitude of the electron density. In this case, the magnitude of the
frequency shift for the TE311 mode becomes closer to that for the
TE111 mode as silane is added to the discharge, indicating that the
relative density of electrons near the walls is becoming comparable to
the axial electron density. As the density of silane in the gas mixture
increases, the value for m in Equation (9) increases, which is shown by
the flattening of the curves. The type of profile shown in Fig. 18 is

not characteristic of diffusion, but rather indicates that electrons are
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being lost before they have a chance to diffuse. In other words, there
is a large volumetric loss of electrons in this discharge when silane is
added to the gas mixture, which is indicated in Fig. 18 by the reduction
in axial density compared to the density for r “R.

Having established that dissociative attachment is a very
significant process in silane glow discharges, which causes a large
reduction in the electron density, it is important to ascertain which of
the species in the discharge is responsible for the attichlent, and what
the rate coefficient for the process is. In the next chapter, these

issues will be addressed using the same microwave diagnostic technique

with a pulsed hollow cathode discharge.
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V. PULSED MEASUREMENTS

The attaching specie in the silane/heliua discharge and the rate
coefficient for the attaching process were determined by replacing the
dc power supply used in Chapter U4 with a pulsed power supply. By pulsing
the hollow cathode to create a plasma and measuring the resonant
frequency of the cavity as a function of time in the afterglow, the time
history of the electron density can be obtained.

Figure 19 shows typical oscilloscope tracings of the discharge
current and the microwave detector voltage when the hollow cathode is
pulsed. In Fig. 19, the aicrowave generator is set at the resonant
frequency of the empty cavity, indicated by the negative voltage on the
oscilloscope trace before the current pulse. When the hollow cathode is
pulsed and a plasma is created, the resonant frequency of the cavity is
shifted, so that the detector voltage goes to zero. Eventually, the
electron density in the cavity decays and the cavity returns to
resonance indicated by the return of the detector voltage to its initial
negative value. If the frequency of the microwave generator is increased
during the pulsed experiments, there is a dip in the oscilloscope trace
which is due to the cavity becoming resonant at the electron density
corresponding to the frequency of the microwave generator, giving a
simultaneous measure of the electron density and the time at which that
density occurs. By changing the frequency of the microwave generator and
measuring the time of the corresponding dip in the detector voltage, the

electron density as a function of time can be determined. From the time
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Fig. 19 Oscillograms of the microwave detector voltage for pulsed
discharge experiments.
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history of the electron density in the afterglow, information about the
nature of the attachment process can be obtained.

Figure 19a shows the results of these measurements for 100% helium.
The time for the electron density to decay to zerc is about 3 msec, in
contrast to Fig. 19b where a 2.5% silane/helium gas mixture has been
used, and the decay time is greatly reduced to around 0.2 msec. This
supports the results obtained in the previous chapter that the presence
of silane greatly increases the electron loss rate in the plasma. This
is shown more clearly in Fig. 20, a plot of the time dependence of the
electron density for pure helium and for a 5% SiHu/He mixture, both at
300 aT. The time constant for the decay in pure helium is on the order
of hundreds of microseconds, characteristic of electron loss by
ambipolar diffusion to the walls. When silane is added to the gas
mixture, even in small amounts, there is a very noticeable increase in
the rate of electron density decay. In Fig. 20, the decrease in decay
time constant is over an order of magnitude for a 5% silane in helium
mixture.

For a given SiHu concentration in the input gas mixture, the decay
time was found to be a function of the pulse width and the pulse
current. The time history of the electron density for different
excitation pulse widths i{s i{llustrated in Fig. 21, which shows that the
decay time constant is very dependent on pulse width. This dependence is
plotted in Fig. 22 for 300 aT of a 5% SIHu/He mnixture, showing that an
increase in the pulse width applied to the discharge causes a decrease

in the decay time constant. Similar behavior is observed when the

current in the pulse is increased while holding the pulse width and




a
WY

H.

2

't l"

®)
TTTr—TT =TT T T [Ty T T z
o Q 1
I o
N ] o
5 8 °
- D 10
R T 0w J -
T 3 o
- w0 % 1®
= °\° " o
B n = Q
L 1€
L - S?
n 410
N
MUY S U R ¥ 1 Lot g 1 Il baaa 01 1 1 . ®)
- Q o0 L ]
o o o o
(cW2) ALISN3Q NOYL1D373
ervv T T v v lvvvv T L v+ l'l‘ LANE NN 4 A L z
o »
n vt gy
! @ I
I 8 . o
Y 1=
g (@) " h
L Q w 13
I 1o
10
N 1<
O
P -
- Jo
i {°
P W S R A | DU T G N T it a4 2 2 I O
= =) o ©
© 1= Q o
(¢Wd) ALISNIA NOMLI3T3
51
ORI AN L DD LT W ,o. . .,-‘y: s L N S.ﬂm,

\
n

TIME (pu sec)

TIME (msec)

- ../".(\

;A.A.A..._n-!

(b)

(a)

'-

_L" "

Fig. 20 Time dependence of the electron density in the afterglow of He

‘.1.\

and 5% SiHn in He discharges.

:.'Pi "m | "HL‘)C:]




TN W T T OV T W T TP T T Ty TRV W Ty - —— .,1

o
T T ml T
5% SiHe/He at 300 mT
150 mA
'?E 100} SOus pulse —
L T:= 3';.;5
O
>
=
)
<
W
o
<
o 150us pulse
x T:105us
&}
W
|
W 109+
10® 1 | | |
0 10 20 30 40 50
TIME (us)

Fig. 21 Time dependence of electron density for two different excitation
pulse widths.

52
l'
L0 »
4
a0y
) : - . .on A - - e 16 0 00 ‘ : Y O O
PR O MR S RSN : T S8 0% b ), £ MR AR A b S S SN R P S D R




|

5% SiHq/He
300 mT

l

1

EA

SLLEI

- - *atat .t

‘., L ,‘\‘ 2 RS AN

Jj.‘,’. e ﬂ.“ Vg
-4 Cui)

50

PULSE WIDTH (usec)

53

x

100

Fig. 22 Functional dependence of electron density decay time constant
on excitation pulse width.

AL T P AT RS T

"n,(_,

Pl e AN Y *‘-;,.\._,'.! . .
o { !



voltage constant: the decay time decreases with increasing current. The
effect of increasing pulse width and pulse current is to increase the
dissociation of the parent Siﬂu molecules, thus reducing the

Siﬂu molecule density in the plasma. Since the decay constant increases
as the dissociation of Siﬂu increases, it is concluded that the electron
attachment is due primarily to some product specie of the dissociation
of Slﬂu (Smx or Hz), and that attachment to Siﬂu is not significant in
these experiments.

A quadrupole mass spectrometer was used to deferline the relative
concentration of the various dissociation products of silane. Distinct
peaks were observed for H, Hz, SiH, Siﬂz, and Siﬂ3. The height of the
peak corresponding to molecular hydrogen indicated that 32 is a major
dissociation product of silane in this discharge, so experiments were
performed to determine whether dissociative attachment to 82 is a factor
in the large electron loss in silane discharges. The silane/helium
mixture used previously was replaced by molecular hydrogen diluted in
helium. The result of measurements of the reciprocal time constant vs.
percent H2 is shown in Fig. 23, and shows that as Hz is added to helium,
the time constant for electron decay increases, which is readily
accounted for by the lower diffusion constant of Hz* in helium compared
to He*.uz Similar experiments were performed by adding H2 to the 5%
SiHu/He mixture, with the result that again the time constant for
electron loss increased. This indicates very clearly that dissociative
attachaent to Hz produced from the dissociation of Siﬂn is not a
significant process in silane discharges. The mass spectroscopic

measurements also showed that the peak corresponding to SiH was very
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4 small, but those for Sin and SiH3 were roughly equal in height, and

over an order of magnitude higher than that for SiH. From this we

o conclude that the primary dissociative attachment process is to

E'|

;g SiH,, SiHy, or possibly both. 4
© The functional dependence of the time constant on pulse width can

(*‘ 4
:\ be calculated by considering the rate equations for dissociation and

L)

:

attachment in the plasma. It is assumed that the major dissociation
process is electron impact dissociation of silane (Equation (2), where

SiHx is the attaching specie SIH2 or SiH3). The pertinent rate equations

are

;‘

&8

N d[siH,]
A ——— = -CI [SiH,] (16a)

*; dt

N
d d[siH_)

o, —>X = cI (siH,] (16b)
8y dt

LB

& dNe

N — = <k [SiH_] N (16c)

- X e

n

(1)
1be

3 where I is the discharge current, C is a constant, and k is the 1
:a attachment rate coefficient. Equations (16a) and (16b) describe the

I’. “
; dissociation process, and (16c) describes the attachment of electrons by
fj the dissociation product. In using Equation (16), it is assumed that
W

v these processes are fast compared to the flow of gases in the system.

Experimentally, this means that the pulse repetition rate has been
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slowed sufficiently to ensure that there is a fresh fill of gas every
time the hollow cathode is pulsed. The solution to Equation (16a) is

(S1H,] = [SiH,]_ e CIt a7
Substituting (17) into Equation (16b) gives
d[S1H. ] N
= cI [si,] e CIt 18)
[o]
de
so that
“p
[SiH ] = CI [SiH,] f e CIt 4¢ a9)
X [o] o

where tp is the duration of the current pulse, leading to a value for

the attaching species density of

-CIt
[51Hx] = CI [51H4]o (1-e P) (20)
The solution to Equation (16¢c) is
-k[S1iH
N, = N, o ISt @1)

Thus, the time constant for the electron density decay due to attachment

may be written
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'. K, l ‘CIt

i — = k[S1H ] = k [SiH ] (1 - e "°°P) (22)
9 T

'.\_‘\

) '.

s‘

,Qs which expresses the time constant in terms of the external discharge
MMy

g“ parameters. A comparison of this theoretical expression with

0

R experimental results is shown in Fig. 24. The data points were obtained
" using the method outlined previously, and the solid lines were obtained
B,

5, by using a least squares fit to the 0.5% silane data in order to obtain
R

iﬁy a value for CI, and then generating the curves for the other three

4;{ silane percentages using Equation (22). The agreement between the

R

;;? theoretical and experimental values in Fig. 2U is excellent, further
ned

gl confirming that dissociative attachment to a product specie of the

ﬂf; silane dissociation is the predominant electron loss process in silane
By

éai discharges. The 0.25% experimental results are slightly higher than the
]

~b theory predicts, which is attributed to the fact that at such a low
:*“ percentage silane, the losses due to diffusion start to become

o

;:ﬁ comparable to those for attachment, thus lowering the time constant

)

R below the expected value.

i'. Using the data from Fig. 24, it is possible to estimate the rate
' 1

p coefficient (k) for the dissociative attachment process in this plasma.
A0

f" The density of the Siﬂu parent molecule is known from the pressure and
\gs the percent silane in the gas mixture. Using Equation (22) for large

L] N

G~‘~ values of tp, k is determined by dividing the reciprocal time constant
A by the silane density. Using the large pulse width values of 1/ t froa
¢

3:4 Fig. 24, we estimate a rate coefficient for this process of

:Ej

A,

,;;
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Fig. 24 Variation of electron density decay time on pulse width and
percentage silane for very low silane densities.
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2.65+0.19 x10~10 ca3/sec. The assumption that all the input silane is
dissociated into an attaching specie, which is implicit in Equations
(16a) an (16b), is only an approximation, so the density of attaching
species is likely to be somewhat smaller than the input silane density.
Thus, the estimate obtained is a lower bound on the real value of k.
However, since the mass spectrometric measurements show an equal amount
of SIH2 and SIH3 and very little SiH, this value for k is probably off

by no more than a factor of 2.
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VI. SUMMARY AND CONCLUSIONS

The work described in the previous chapters was undertaken to
measure the electron density in silane/helium plasmas, and from these
measurments to identify important kinetic processes and reaction
pathways in the silane discharge. The major results of these
measurements can be summarized as follows: the electron density in
silane/helium discharges decreases dramatically when silane is added to
helium; the larger the silane percentage, the larger the decrease in the
electron density. Since silane and many of its dissociation products are
electronegative, this phencmenon can be readily accounted for by a
process of dissociative attachment of electrons. Studies using a pulsed
discharge show that silane itself is not the dominant specie responsible
for the attachment, but rather the attachment is through some product of
the dissociation of silane. Molecular hydrogen is also ruled out by
similar pulsed studies, and SiH is an unlikely candidate due to its
relatively low density in the discharge. This suggests that the

dissociative attachment process is to SIHZ, SIH3, or both, and 1is

described by

.‘ - - 2
b e + SiH ——=SiH , + H (23)
e

%
fj: where x is either 2 or 3. The rate coefficient for this process was
N
h measured to be 2.65 x 10~ '0 ca3/sec.

W, These results have very important implications for the

8 n'i .'l .C -’t.a'l Q.!'l‘n.l (A N o‘! ».



understanding and modeling of silane discharges and the deposition
process. A decrease in electron density fundamentally changes the plasma
environment by lowering the plasma potential, changing the electron
energy distribution, and thus altering reaction pathways. The rate
coefficient determined in this study for the dissociative attachment
process is a significant fraction of the value derived from the .
literature for the rate coefficient for electron impact dissociation of
silane ('\‘10'9 cl3/sec).”3 Thus, the attachment process described by
Equation (23) is in direct competition with the dissociation of silane,
which provides the raw material for amorphous silicon film growth.
Clearly, the loss of electrons due to this process has a significant
effect on the properties of the discharge plasaa and the films grown in
discharge systems, and should be included in comprehensive models of the
silane glow discharge. Moreover, the fact that relatively large
densities of negative ions are being formed in the plasma might have
some bearing on the differences between films grown on the cathode and
the anode, and also on the possibilities of reactions between negative
ions and neutrals in the discharge, both of which have only been
speculated upon in the literature.

The work reported here has shown that dissociative attachment is a
very important process in silane discharges, one that has been virtually
ignored in models of silane plasmas. The inclusion of this process
should lead to more realistic (and one hopes, more useful) models of the

deposition of amorphous silicon from glow discharges.
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Measurement of the electron density and the attachment rate coefficient in
silane/helium discharges

:,):; C. B. Fleddermann, J. H. Beberman, and J. T. Verdeyen

A y Department of Elecirical and Computer Engineering, University of Illinois at Urbana-Champaign. Urbana,
¥yl Hllinois 61801

o (Received 11 February 1985; accepted for publication 17 April 1985)

o Measurements of the electron density in dc and pulsed silane/helium discharges show that the
o addition of silane 1o the gas mixture causes a large reduction in the electron density. By
:'t... monitoring the electron decay time in the afterglow, it is found that the dominant electron loss
Pl mechanism in silane/helium is not ambipolar diffusion to the walls, but instead is a volumetric

loss process, most likely dissociative attachment of electrons to a product of the silane
dissaciation. A lower bound for the rate coeflicient for this Joss process has been determined 1o be

:‘:: y 26510 "em'/sex.
A
RXK
-:Ss, |. INTRODUCTION mentary and allow an inference of the spatial distribution of
The use of glow discharges for the deposition of amor- the electron den.sfty. For the measurements repor)ted.herc,
. phous silicon has spurred many studies of deposition plas- the current densities ranged from 40 to 2004 A/cm ,wnh.dc
10 mas, including studies of the positive ionic species.'”s How-  8nd pulsed voltages of between 500 and 1000 V (depending
AR ever, negative ions in silane plasmas have becn largely O% the composition and the pressure of the gas) applied to the
) ‘.,,'-.'ﬁ: ignored. This is a significant omission since the formation of hollow cathode. o ) ,
3.0 X negative ions can greatly affect the plasma kinetics by reduc- ] Thc electron density is dcterrmr?cd by measuring the
) ‘\ ing the electron density, lowering the plasma potential, and :_h'ﬂ in resonant frequency 9f the caylty due to the interac-
. by altering reaction pathways. In silane deposition plasmas, ion of the microwave electric field W.Ith the fres electrons in
e there are several possible negative ion formation paths, and  th¢ Plasma. Using asimple perturbation theory” the electron
) these processes should be accounted for in any complete density is found to be dilrec?tly proportional to the shift in
i model of the deposition of amorphous silicon. In this paper,  resonant frequency and is given by
4 we describe experiments using microwave diagnostic tech- N = 2me (2mf,)’ af ()
Yot Vy niques to measure the electron density and the decay rate of < Pl f
. the clectron density in silanc/helium discharges to deter- ywhere N, is the spatially avernged clection density. /, is the
R, :;.. mine what negative ion formation processesare taking place,  cagonang frequency of the cavity, and Afis the resonant fre-
Y ,:: and to determine the rate coefficients for these processes. quency shift. Due to the nonuniformity of the electron den-
Ty sity NV, the average electron density is obtained by weighting
¥, " ). EXPERIMENTAL APPARATUS N, by the electric field
o The experimental apparatus used in this study is shown
) . schematically in Fig. 1. The electron density was measured
A ” in adischarge in a hollow cathode that also serves as a micro- O i o
p Pl wave cavity. The hollow cathode configuration was chosen (s} }
‘:.-‘ both to facilitate the microwave measurements and because Lr'f.fm 1 He
‘ ‘i‘c the hollow cathode discharge is sustained in a manner some- l T" L .
il what similar to the rf discharge.® Thus, the results obtained . S
here should be equally applicablie to rf deposition systems. L R H rer ‘
K The hollow cathode/cavity is a 9.8 cm inner diameter stain- M [ ( ‘
% " less steel cylinder, 17.5 cm long, with two stainless steel end o
.:n‘ g plates, each with a 2.5 cm centered hole to allow gas flow. ¥
‘.2'0 Loop antennae are used to excite the cavity, to detect the Pump 1 =
'ﬁ.e‘ microwaves in the cavity, and also serve as grounded anodes. ° r 8
= s Two cavity modes were used in making these measure- ‘ ’
I ments: the TE,,, mode with a resonance at 1.955 GHz and 1 J
: s \: the TE,,, mode at 4.071 GHz. The cavity Q was measured to . ! ' J
o be 980 and 580 for the 111 and 311 modes, respectively. The réj J':H e
p _.: TE,,, and TE,,, modes have very different field configura- . e neutator
' ': tions, shown in Fig. 2. The TE,,, mode emphasizes the cen-
Ll tral core of the clectron density distribution, whereas the Lo
o TE,,, mode emphasizes the cl?CtrO“ density closer to the F1G 1 Experimental setup for measuring electron density i a hollow cath-
:::‘ ::. wall. Hence, measurements using both modes are comple- ode hscharge
AU
n',:::§ 1344 J Appl Phys 58 (3). 1 August 1985 0021-8978/85/151344 05802 40 ¢ 1985 American inshtute of Physics 1344
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FIG. 2. Sum of the radial and circumferential electric field components for
the TE,,, and TE,,, modes.
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N, == —- . (2)
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We assume a radial distribution given by
N, =N[1 —(r/R )™, (3)

where N, is the electron density at the central axis of the
cavity and R is the radius of the cavity. (For this distribution
the electron density is highest at the center and decreases to
zero as r approaches R.) It is also assumed that the variation
of the electron density in the z direction can be ignored since
the cavity is long compared to the sheath thicknesses at the
end plates. Using Eqs. (1}-{3) and the resonant frequency
shift measurements for the two modes, a computer was used
1o determine the values for N, and m, and hence the spatial
distribution for all discharge condition-.

Iil. dc MEASUREMENTS

The resonant frequency shift as a function of discharge
current for a typical discharge is shown in Fig. 3. This is the
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raw data that is fed into the computer to determine N, and
m. The result of that computation is shown in Fig. 4 for pure
helium and various silane percentages. As expected, the elec-
tron density increases with increasing current. However, the
electron density decreases very rapidly as silane is added to
the discharge, being reduced by nearly an order of magni-
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FIG. 5. Radial electron density distribution for silane/helium mixtures.

tude for as little as 2% silane. This indicates that the addition
of silane greatly accelerates the loss of electrons in the dis-
charge.

The nature of this increased loss mechanism can be de-
duced from Fig. 5, which is the spatial variation of the elec-
tron density as a function of silane percentage obtained from
Eq. (3). Assilane is added to the discharge, the overall elec-
tron density goes down as shown before in Fig. 4. In addi-
tion, as the silane percentage increases, the profile becomes
more uniform with r. In terms of the raw data (e.g., Fig.3),
this is indicated by a decrease in the frequency shift for both
modes (reduced electron density) and a proportionately larg-
er decrease for the TE, ,, mode, indicating that the reduction
in axial electron density is larger than for that near the wall,
hence the more uniform profile. This flattening is indicative
of an increased volumetric loss process caused by the addi-
tion of silane. At these pressures, volumetric recombination
is not likely to be a significant electron loss process, so we
attribute the increased electron losses to dissociative attach-
ment to silane or one of its dissociation products. To deter-
mine the rate coefficient for this process, the dc power supply
was replaced by a pulsed supply, and the electron loss rate
measured.

IV. PULSED MEASUREMENTS

The electron loss rate was determined by pulsing the
hollow cathode to create a plasma, and measuring the reso-
nant frequency shift as a function of time in the afterglow.
Figure 6 is a plot of the time dependence of electron density
for pure helium and for a 5% SiH,/He mixture, both at 300
mT. The time constant for the decay in pure helium is on the
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FIG. 6. Time dependence of electron density in the afterglow for 300 mT of
100% He (a) and 5% silane in helium at 300 mT (b).

order of hundreds of microseconds, characteristic of elec-
tron loss by ambipolar diffusion to the walls. When silane is
added to the gas mixture, even in small amounts, there is a
very noticeable increase in the rate of electron density decay.
In Fig. 6, the decrease in decay time constant is over an order
of magnitude for a 5% silane in helium mixture. This indi-
cates that the addition of silane increases electron losses in
the plasma; the major loss process is no longer diffusion to
the walls, but is instead a volumetric loss process. Given the
electronegative nature of silane and silane radicals, this volu-
metric loss is most likely due to negative ion formation by
dissociative attachment.

The dependence of the electron decay time constant on
the pulse width of the excitation is shown in Fig. 7, a plot of
the electron decay time constant versus pulse width for 300
mT of a 5% SiH,/He mixture. An increase in the pulse
width applied to the discharge causes a decrease in the decay

10 x |04 T T T R

5% SiHg/He
300 mT

(sec™")

1
T

1) L,, . 1 1 i
N

50 100 150

PULSE WIDTH (usec)

FIG. 7. Vanation of the inverse time constant with pulse width for S%
silane in helium
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time constant. Similar behavior is observed when the current
in the pulse is increased while holding the pulse width con-
stant: the decay time decreascs with increasing current. The
effect of increasing pulse width and pulse current is to in-
crease the dissociation of the parent SiH, molecules, thus
reducing the SiH, molecule density in the plasma. Since the
decay constant increases as the dissociation of SiH, in-
creases, we conclude that the electron attachment is due pni-
marily to some product specie of the dissociation of SiH,
(StH, or H,), and that attachment to SiH, is not significant
in these experiments.

A quadrupole mass spectrometer was used to determine
the relative concentration of the various dissociation pro-
ducts of silane. Distinct peaks were observed for H, H,, SiH,
SiH,, and SiH,. The height of the peak corresponding to
molecular hydrogen indicated that H, is a major dissociation
product of silane in this discharge, so experiments were per-
formed to determine whether dissociative attachment to H,
is a factor in the large electron loss in silane discharges. The
silane/helium mixture used previously was replaced by mo-
lecular hydrogen diluted in helium. The resuit of measure-
ments of the reciprocal time constant versus percent H,
show that as H, is added to helium, the time constant for
electron decay increases, which is readily accounted for by
the lower diffusion constant of H ,* in helium compared to
He * .* Similar experiments were performed by adding H, to
the $% SiH,/He mixture, with the result that again the time
constant for electron loss increased. This indicates very
clearly that dissociative attachment to H, produced from the
dissociation of SiH, is not a significant process in silane dis-
charges. The mass spectroscopic measurements also showed
that the peak corresponding to SiH was very small, but those
for SiH, and SiH, were roughly equal in height, and over an
order of magnitude higher than that for SiH. From this we
conclude that the primary dissociative attachment process is
to SiH,, SiH,, or possibly both.

These measurements make possible an estimate of the
rate coefficient for the dissociative attachment process in
this plasma. Assuming that the attachment process is fast
compared to diffusion, and that recombination of electrons
and positive ions is negligible at these pressures, the decay
process can be described by

dN,/dt = — k [SiH,]N,, (4)

where k is the rate coefficient for the process and [SiH, ] is
the density of the attaching specie (SiH, or SiH,), which gives
a time constant for the process of

r = 1/k [SiH, ]. (5)

Increasing the pulse width increases the dissociation of the
parent SiH, molecule into SiH,, SiH, and other dissociation
products. As the pulse width is increased to large values,
nearly all of the parent SiH, molecules become dissociated,
and the electron decay time constant no longer decreases
since an increase in pulse width does not create any more of
the attaching specie. Figure 8 shows results of measurements
similar to those of Fig. 7 except that the percentage silane in
helium has been reduced to one percent or less. As the pulse
width is increased (with the current and voltage held con-
stant), the inverse decay time constant initially increases, but
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then levels off and remains constant as the pulse width be-
comes large enough to dissociate most of the parent SiH,
molecules. The 1/7 for 0.25% silane is slightly higher than
expected, which is attributed to the fact that at this low per-
centage, the decay rate of the electron density due to attach-
ment becomes comparable to that for diffusion to the walls,
so both processes contribute to the measured decay. When
the pulse width is large enough to dissociate all of the silane,
it is possible to obtain an estimate for k. The density of the
SiH, parent molecule is known from the pressure and the
percent silane in the gas mixture. Using the assumption that
for large pulse widths, all of the parent silane molecules are
dissociated in the discharge into an attaching specie (so
[SiH, ] equals the input silane density), k can be determined
by dividing the reciprocal time constant by the silane den-
sity. Using the large pulse width values of 1/ from Fig. 8, we
estimate a rate coefficient for this process of
2.65 + 0.19 10” ' cm*/sec. Since the density of attaching
species is likely to be somewhat smaller than the input silane
density, the estimate obtained is a lower bound on the real
value of k.

V. CONCLUSION

In conclusion, a pulsed hollow cathode discharge has
been used to investigate the time dependence of the electron
density in SiH,/He deposition plasmas. Addition of silane
greatly decreases the electron decay time constant due to
volumetric attachment of electrons. Varying the pulse width
and current show that the attachment is due mainly to a
product of the dissociation of silane, and is not due 1o SiH,
itself. Further mcasurements show that H, 1s not the major
attaching specie. Thus, we conclude that attachment is an
extremely important process in silane discharges, and most
likely proceeds through the silane dissociation products
SiH, and SiH .

Fleddermann, Beberman, and Verdeyen 1347
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SECTION IV

THE SPATIAL AND TEMPORAL EVOLUTION
OF THE GLOVW IN A RF DISCHARGE

by

G. A. Hebner
J. T. Verdeyen
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The Spatial and Temporal Evolution of the Glow in
an RF Discharge

G. A. HEBNER anp J. T. VERDEYEN. $I-NIOR MEMBER, IFEE

Abstraci—The temporal and spatial evolution of the glow in a 1.0-
and 2.6-MHtz radio-frequency (RF) excited discharge has been photo-
graphed with a high-speed framing camera. Evidence is presented
showing electrons with a ballistic behavior in the body of the glow and
a time delay between the maximum optical intensity of the glow and
the maximum RF voltage. The effect of the dc seif-bias on the glow is
also shown. The implications of these observations on the dynamics of
the ion motion in the plasma are discussed.

1. INTRODUC TTON
ADIO-FREQUENCY (RF) plasma ctching and de-
position of semiconductor materials has found in-

creasing use inandustry [1], [2]. However, the basic dy-
namics of the RF plasma arc not completely understood.
Thus in recent years there has been increasing interest in
studying the tundamental dynamics of the RF plasma in
etching. depositton, and noble gases

Early studies ot the RF plasmia have examined the for-
mation and charactenstics of the sheaths [3), the energy
distribution of the 1ons stnking the cathode [4]. and the
plasma potential {S], {6 in hehium, neon, and argon. More
recent studies have tocused on the temporal and spatial
evolution of the plasma. Several techmiques such as Lang-
muir probes to observe electron properties | 7], [8], optical
cmission actinometry to estimate relative radical concen-
trations (9] [11]. ume-resolved LIF to observe 1on con-
centrations and motion [12], and field-induced state mix-
ing 10 measure electnic fields and potentials {13] have
proven usctul Al of these studies have helped 1o increase
the understanding of RE plasmas and o develop uscful
modes {14 16 11

Fhus in order to understand the dynannes of the RE
discharge tis important to observe both the temporal and
spatial evolution of the plasma To achiceve this, we have
used g framing camera to photograph the evolution of a
heltum plasma The use of the framing camera allows one
to obsenve the eftect ot bias, power. and pressure on the
development of the entire plasma In order to 1solate a
single spectral line, an anterference filter was used for
some photographs to observe the S875-A (3 'D + 2 'p)
hine of hehium  The hifetime of this state, 14 ns [15], s
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relatively short compared to the RF period (400 ns and
1 us). By using the framing camera, we have observed
cvidence of electrons with a ballistic behavior in the body
of the giow and a time delay between maximum light from
the glow and the maximum RF voltage.

II. EXPERIMENTAL APPARATUS

The parallel-plate RF circuit and the camera system are
shown in Fig. 1. The RF system consists of a parallel-
plate discharge tube, matching network, and power sup-
ply. Two matching networks are avatlable at 1 0 and 2 6
MH:z. The aluminum electrodes are 10 cm in diameter and
3 ¢m thick and are mounted in a Pyrex tube. Electrode
separation is 3 8 cm. The rear side of the driven electrode
is separated from a ground plane by a 1.5-mm-thick Tef
lon sheet to confine the discharge to only one side of the
dnven clectrode  Hehum flows through the system at
pressures of 300 mT to | T.

The applied RF voltage 1s monitored by a calibrated
capacitance voltage divider and the current is monitored
with a Tektronix current probe. Voltage and current wave-
forms (Fig. 2) are digitized and muluplied by a computer
to obtain the instantancous power The power becomes
negative during portions of the RF cycle since the dis-
charge 1s reactive. The power peaks at the same time that
the current reaches a maximum. However, the voltage
peaks after the current and the maximum light output
peaks after the voltage peak (see Figs 5-7) These points
will be discussed in detail later The de self bias s mea
sured through o 200 mH choke 1o hlier the RE compo-
nents of the voltage  Bias voltages are generally in the
range of 0 to 120 V with short-circunt currents of 09
mA  Opcerating power levels are 2 20 Wanto the plasma

The high speed camera consists of a standard camera
lens (SO mm. (2). a gated image intensifier tube, and a
conventional osailloscope camera to collect and record the
image  When used. the S87S-A interference hilter s
mounted 1n tront of the lens. To synchronize the camera
to the RE penod. the RE signal from the capacitance volt
age divider s divided digntally to approximately 400 He
This wignal tnggers a digital delay generator, which s
used e vary the position of the tngger of the high-voltage
pulser over the RE cycle The high-voliage pulses have a
25-ns width and an R0O0-V amplitude with less than 10 ns
of pier Sinee the voltage across the microchannel plate
determuinces the pan of the tube, the voltage pulse creates

loxe Ik
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a very fast shutter, as well as amplifying the available
light. By observing both the RF discharge voltage and the
high-voltage pulse applied to the image tube, the ponion
of the RF cycle that is being photographed can be deter-
mined and adjusted with the delay generator. The images
are recorded on 400 ASA Tn-X. The negatives are ana-
lyzed with a microdensitometer to deternine the optical
density through the middle of the discharge.

. Risut s aND IDiscossion

Two representative framing photographs of the RF
plasma are shown in Fig. 3. The T above one of the clec-
trodes marks the driven electrode. while the unmarked
electrode is grounded. The clectrode locations are marked
by the white bands. In Fig. 3(a), the driven clectrode is
the cathode. Note the well-defined cathode-sheath region
and the way the lighi intensity lecreases towards the an-
ode. The discharge does not fill the catire volume be-
tween the electrodes. but instead tends to form a truncated
cone with the base at the cathode. In Fig. 3(b), the un-
marked plate is now the cathode and the marked plate s
the anode. Again, the glow has a well-defined sheath with
the light intensity decreasing towards the anode in a trun-
cated cone. This general shape was common to all the
photographs.

The cone shape has several possible ongins. The fin
i1s that the discharge volume is circular. The second is that
the ion spatial distribution is nonuniform duce to diffusion.
As a result, the electrons produced by 1on bombardment
of the cathode should have a distribution that peaks w the
center of the discharge and decreases radially . Further-
more, the field due to the wall sheaths tends to deflect the
electrons towards the center of the glow . Duce to the dif-
ficulty in isolating all the possible causes. no aticmpt was
made in this study to identify the dominant mechanism

The shape of the glow in Fig. 3 appears to be similar
to the shape of the negative glow n a parallel-plate de
discharge. It has been hypothesized that the RE discharge
18 similar to a hollow cathode discharge with alternating
cathode dark spaces and a common negative glow {1 If
this is the case, then the electrons from the cathode waill
have a ballistic component. An object placed in the elec-
tron beam should cast a shadow since the clectrons that
are accelerated from the cathode are intercepted by the
object and are removed from the downstream discharge
process. The clectrons below the object, which are left
from the previous halt cycle. expenence insutheent tickd
to accelerate and produce @ glow  Consequently. the re
gion downstream from the obstacle will be relatively dark
Those electrons that do not strike the object should con
tinue relatively straight towards the anode and not be af-
fected by the obstruction. Thus the glow trom the cathode .
to the object will be sirular 1o the glow without the ob- .
ject. However, there should be an abrupt decrease in op
tcal emission below the object creating o shadow effect

To 1est the theory that the exetation results from thos:
clectrons that have a baltistic component, g quarntz shde |
(2.5 x 8B x 1 mm) resting on three smuadl quanz legs was ‘
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; Fig 1 Framing camera photographs of the 5875 A glow at two times of .
el the RF peniod The dniven plate s marked with a 7 In (a) the dniven \

LY clectrode s at the mavimum negative voltage  For (b) the dnven clec L
) tnuic s al the maximum positive voltage  The intensity difference (s due |

1o the printing process  Discharge conditions are S00-mT helium, 4 S W
L into the plasma. RF voltage 350 V_,,. and | 0 MHz Electrode sepa-
raton1s 6 1 cm
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24 big 4 Framing camera photographs of the SR7S A glow with a quartz
N shde 10 the middle of the discharge [n (4} the driven clectrode 1s at
- manimum ncgative volltage while (hy 1« al maximum posinive voltage
o Pincharge conditinns are the same as b 3
..n
< inserted into the nuddle of the discharge. The photo-
e graphs are shown in Fig. 4. In Fig. 4(a). the dnven elec-
) trode 1s the cathode  Note the very distinct vertical shadow
d cast below the shde  The opposite half-cycle 1s shown in ®
"W Fig 4(h) A« cxpected, the shadow now extends up to the ®)
i dnven electrode which s the anode  Except for the dark Fig. S Threc-dimensional plots of the evolution of the glow in a parallel
" space on the anode side of the shde. the glow with and plate RF system The voltage reference 1s shown in (b} Conditions are
L without the shide (Fig 31 does not appear to be signifi- S00 V,__.A, I-T hetium, -20 V self-bias, 4 W into the piasma, and 2 6
cantly different In addition, the relatively straight sides MHz Electrode scparation is4 1 cm Al aptical lines are photographed
: of the dark space indicate that the clectrons that do not
\_ intercept the shide continue relatively straight towards the  multiplication in the sheath, the transit ume of an on
| ':‘ anode. and the dark space implies that the electnic field in - across the sheath will affect the temporal evolution of the
" the dark space 1w insathcient to accelerate electrons to pro-  glow. To address the question of ion motion affecting the

duce a glow Thus these distinet shadows tend to indicate  glow, microdensitometer scans of the negatives are used

that the body of the glow s produced by a beam of elec
trons which 1s consistent with the previous simple model
of the RF plasma

1o construct a three-dimensional picture of the plasma
emission. The results of one of these scans is shown in
Fig. 5. The microdensitometer is scanned from the drniven

However. this simple model must be expanded in the  electrode to the grounded electrode through the middle of

- RF plasma tonclude the dynamics ot the 1on motion since  the discharge. Proper spatial alignment 1s ensured by the
the ime required for an ion to traverse the sheath s sig reference marks on the electrode bands which also serve
nificamt when compared to the RE penod  Because the  as a constant intensity reference point for comparison of
.
‘;\' clectrons that produce the glow are the result of both 1on photographs The lines at v = 0 mm and r = 46 mm
‘:l bombardiment ol the cathode and clectron ionization and — represent the reflected hight from the reference bands Duc
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to a shight defocusing and the resolution of the microden-
sitometer, the driven electrode edge s located at «
2.5 mm while the grounded electrode is at x = 43.5 mm.
The fast slope down from the reference bands provides a
measure of the microdensitometer spatial resolution. To
allow a comparison between the applied voltage and the
light intensity, the RE voltage applied to the driven elec-
trode is shown i Fig. S¢b).

Once can observe m Faig. S that the hight peaks after the
voltage maximum. In addition, the glow continues to grow
over the entire cathode cycle of the electrode. The growth
of the glow and the relative delay between the maximum
voltage and light can be attributed to the transit time of
ons across the sheath and the presence of relatively long
hfetime states in the following way. At low potentials,
the electrons produced by ion bombardment of the cath-
ode will have relatively low energy. Consequently, they
will make only a few ionizing and exciting collisions be-
fore their energy is reduced to a low value. Since the elec-
trons are unable to penetrate very far into the gas, the
glow will initially be relatively close to the cathode. As
the potential increases, the energy and number of elec-
trons will increase. As a result, the electrons will pene-
trate farther into the gas and the peak of the glow will
move away trom the cathode. The movement of the glow
peak away from the cathode is observed in Fig. 5(a) be-
tween the times of 100 ns < 1 < 140 ns and 260 ns < ¢
< 300 ns. The different starting times for the growth of
the glow are due to the effect of the dc self-bias. When
the voltage waveform in Fig. 5(b) is offset by the bias
voltage, the growth of the glow begins at approximately
the same time after a zero-voltage crossing. At sull higher
potenuals, the energy and number of the electrons cross-
ing the sheath continues to increase. The electrons now
have sufficient energy to cause ionization and excitation
in the :heath and the maximum in light intensity begins
to move towards the cathode. as shown in Fig. 5(a). At
the maximum cathode potential, large numbers of ions are
created which take time to drift across the sheath. Thus
the maximum n hght, which s the result of clectrons pro-
duced by 10n bombardment of the cathode, will be de-
layed with respect to the voltage  As the potential de-
creases, the number of jons and the number and cenergy
ot clectrons decreases and the glow intensity decreases.
The decay of the light after this point 1s due to the rela-
tvely fong hifctimes of strong emission lines such as the
SO1S A line (1 = 75 ns) [15] and the cascading of higher
cnergy. long-hifetime states

The movement of the S875- A glow ncar the clectrodes
at 1 O MHz s shownan Fig. 6. The reference points used
for these measurements are described in Fig. 6(a). Bricfly.
L the distance from the electrode edge to the intercept
of the curve determined by the microdensitometer reso
lution and the increase of the light due to the discharge.
This intercept 1s a convement measure of the intensity of
the glow near the clectrode since the exact location of the
peak excitation as ditheult to locate
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Fig. 6 Movement of the 587S- A glow ncar the driven and ground clec-
trodes  (a) shows a portion of a microdensitometer scan of a nepative
The location of the band describing the electrode 1s as marked /.18 the
distance from the electrode edge to the intercept of the extrapalated hnes
determined by the microdenatometer resolution and the increase i the
glow (b} shows the evalution of the glow acar the driven (@) and the
ground (a) electrodes  The voltage apphied (o the duven clectoode s as
shown (arbitrary units) The discharge condions are the same as b
3

Many of the features of Fig. S are also observable in
Fig. 6. As the driven electrode becomes more negative,
the glow increases in antensity and moves towards the
cathode as previously observed. Later, the glow at the
ground electrode begins to grow as the clectrons penctrate
the gas from the cathode. At the maximum voltage, many
1ons are formed, and since these ions take tme to drift
across the sheath, the glow continues to increase at the
cathode and anode as observed in Fig. S. As the potential
goes to zero, both glows move away from their respective
electrode since the number and encrgy of the clectrons is
reduced. This 1s in contrast to Fig. S, where the glow
continues into the next half-cycle due to long-hfetime
states. However, both Figs. § and 6 display the basic
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by 7 Thiee dunensional plots of the evolution of the S¥75 A glow 1 a
paraltcl plate system showang the eftect of the do self bias on the glow
tay s buned o 20 Vi while (h) s shorted 1o ground (0 9 mA shont-cercun
carrent)  Fhe voltage relerence s as shown The driven electrode s o
valed at 2 mm while the ground electrode iy at © = 54 mm. Dis
charge conditions are S00 V(. 1-T hehium. 5 W nto the plasma, 2.6
MH;. and § 2 ¢m plate separation for both hgures. The hght intensity
ivn arbitrany units

property of the voltage maximum leading the maximum
hight intensity of the glow.

The effect of the dc self-bias on the driven electrode at
2.6 MHz can be observed in Fig. 7. With the bias present
(Fig. 7(ayn. the 5875- A plow next to the driven electrode
when s the cathode is much wader and bighter than the
plow that lorms when the ground plate 1s the cathode. In
addivon, the glow extends further towards the anode when
the driven clectrode is negative. If the bias is shorted to
ground (Fig 7(b)), the shape of the glow at the driven
and ground clectrodes is approximately the same.

There are two possible explanations for the enhance-
ment of the glow when the de bias s present and the
driven clectrode is the cathode. The first is that the driven
plaic is negative longer than it is positive as a result of
the negative bias. This allows the creation of additional
clectrons due to a longer period of ion bombardment of
the cathode. The second possible explanation is that there
may be an increase of the electric field at the driven elec-
trode duec 1o a difference in the ratio of cathode area to
effective ground area when the driven electrode is 1 cath-
ode as compared to when the ground electrode is the cath-
ode [1], [5]. In practice, the enhancement of the glow
when the driven electrode is a cathode is probably the re-
sult of a combination of these two effects. However, the
increase of the glow due to electric field enhancement at
the driven plate ts thought to be minimized in ovs system
stnce the electrodes are mounted in a Pyrex tube with little

carcnading maternl
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IV. CONCLUSION

In order to understand the dynamics of thec RF plasma,
it is important to study both the temporal and spatial
evolution of the plasma. The framing camera, which pro-
vides spatial and tempoial resolution, as well as spectral
sensitivity, has allowed the observation and mcasurement
of the growth of the glow and the effect of the de sclf-bias
on the shape of the glow. We have noted that the body of
the glow appears to be excited by a beam of clectrons with
a batlistic component produced by 10on bombardment of
the cathode and that the shadow s consistent wath the the
ory that the body of the plasma is similar to a negative
glow. The photographs also show that the maximum light
from the glow follows the peak cathode voltage and the
current and power maximum. Duc to the delay in the glow
peak, the ion transit time across the sheath appears 10 be
an important factor in the dynamices of the glow.
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SECTION V

ENHANCEMENT OF THE PLASMA DENSITY AND DEPOSITION RATE
IN RF DISCHARGES

by

L. J. Overzet
J. T. Verdeyen

79

B ">

S o ", .
o 2 O s O RO A S O N AR Ao D R e Nl iy

D)

A SR Ry Qo Y AN

A Ay



TN O WY W T W w o W e w ww e ,<1

il
i3 []
N
Enhancement of the plasma density and deposition rate in rf discharges
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R, The peak and time averaged electron density in rf excited silane-helium mixtures increased

N significantly above the cw value by square wave modulating the source. The deposition rate of
".:',' amorphous hydrogenated silicon films is also enhanced and apparently follows the electron
e-‘ density. Attachment to the discharge products appears to be responsible.

L ‘g

\ ) . . . . .

J The properties of rf glow discharges in silane and heli-  a 0.5% silane mixture in response to a SQWM excitation
.::‘-l um, as well as the materials deposited from these discharges, (100% modulation depth and 50% duty cycle) ts compared
-":"‘ have been the focus of extensive research.' ' One of the  in Fig. 2 to that of a cw discharge at the same peak power
; major mmpetus for research on the deposition kinetics of  (and consequently twice the average power). The results for

amorphous hydrogenated silicon has been the desire to pro-
duce high quality films at enhanced deposition rates. We
have uncovered a process which enhances deposition in low

a helium discharge, shown in Fig. 2(a), follow intuitive log-
ic. The square wave modulated source produces an essential-
ly square wave modulated electron density, and the identical

$ power rf discharges significantly. Both the deposition rate  peak power to the discharge produces the same peak electron

-\; and the time averaged electron density have been enhanced density. Obviously, the decreased average power to the
:;-*', by square wave amplitude modulating (SQWM) the excita-  SQWM glow produces a corresponding decrease (by a fac-
o tion of the silane-helium mixture (i.e.. 100% mocdulation tor of 2) in the time averaged electron density.

depth and 507 duty cycle). Even though this work has con-
cerned deposition, the data suggest that this phenomenon
may be found in other attaching gases including those used
for etching.

The experimental apparatus in Fig. 1 is conventional in
its essential features excepting perhaps our use of 2.9 rather
than 13.56 MHz. Power is coupled capacitively to the glow

The electron density in a 0.5% silane mixture does not
follow this intuitive logic as is illustrated in Fig. 2(b). The
time dependence of the electron density in the SQWM glow
1s no longer nearly square wave in shape, and despite having
the same peak power, the instantaneous electron density is
radically different from the cw value. Indeed, Fig. 2(b)
shows that the electron density has a rather complex and

_,:L through the matching network shown in the upper section  contorted time behavior, and has not reached the cw equilib-
e and the incident/reflected values are measured with a Bird

_::-_. wattmeter. An MKS 254A flow controller determines and

N monitors the flow of gas through the plasma volume and also ‘
R controls the fractional silane content of the total. Typical e A 6&“,'[',11»

) flows are in the range of 30 sccm for pressures on the order of r Gy = l
‘.c' 0.6 Torr of 0.5% SiH., in helium.‘ o o m;‘(;‘{‘ T, () R¥ sOURCE
Y A double pass microwave bridge circuit, shown below r."rs I 7 (29 MHn)
T the discharge section in Fig. 1, is used 1o measure the elec- [ J I o

:-:; tron density within the 9 cm diameter < 5 cm discharge vol- w(‘;‘g";i\'v‘é
Yy ume. The microwave circuit involves a standard measure- REFLECTOR

ment technique which has been discussed extensively in the T

,. literature.'"'* Only the general idea is stressed here; namely, Loy Sem
:-_: the change in the detector output is directly proportional to

the electron density. Electron densities greater than 10"
cm ' were measurable using this circuit at a microwave
frequency of 8.558 GHz.

o

¥,

Fuliy The electron density is emphasized because of its micro-

s scopic nature within the glow discharge and because it yields
i) information on a time scale which is short compared to most

MICROWAVE SOURCE

kinetic reactions. By way of comparison, the macroscopic 18558 on)

growth rate or film quality are integrations over large time
periods of complex and often competing processes. Despite
this difference in the nature of these observables, we have
found that the deposition rate follows the dependence of the
time averaged electron density, in agreement with Turban®'
and Kampas.”

The time evolution of the ciectron density in helium and

Ay A
A

DISPL Av}

F1G. 1 rf matching network (upper), plasma region (center), and micro-
witve bridge circint (lower)
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FIG. 2. Time dependence of the electron density for a square wave modulat-
ed excitation source (SQWM) (100% modulation depth and 50% duty
cycle) and a continuous wave source (cw) in (a) helium and (b) 0.5%
silane in helium.

rium value even in the 50 ms on time. Consequently, the
density averaged over the period of modulation is consider-
ably larger for the SQWM excitation as can be deduced from
Fig. 2(b).

The dependence of the electron density on the modula-
tion frequency is shown in Fig. 3. For a constant peak power
of 18 W, the time averaged electron density can be enhanced
by as much as a factor of 2-3 in the SQWM glow. For low
( <5 Hz) and for high ( > 5 kHz) modulation frequencies,
the time averaged electron density in the SQWM glow ap-
proaches the expected 1/2 of the cw value. The film thick-
ness (for a 15-min deposition time) is shown in Fig. 4 along
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FIG. 3. Dependence of the time averaged electron density on the square

wave modulation frequency in a 1% silane discharge (0.6 Torr) The peak
poweris ~ 18 W,
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FIG. 4 Total film thickness after 15 min and time averaged electron density
during the growth as a function of the modulation frequency. The peak
power varied between the data points, but remained sn the {5-18 W range.
All discharges were 19 silane in helium at approxi ly 0.6 Torr.

with the time averaged electron density during the growth.
These films were grown on quartz substrates placed on the
driven electrode (in Fig. 1) and the film thickness was mea-
sured with a Dektak profilometer. Note that the data points
shown in Fig. 4 were not all taken at the same peak power
and thus the densities shown in Figs. 3 and 4 cannot be com-
pared: however, the correlation between electron density
and deposition in Fig. 4 is significant. The deposition rate
can be seen there to follow the magnitude of the electron
density.

Both the contorted time evolution shown in Fig. 2 and
the enhancement of the time averaged electron density in
Fig. 3 indicate a complex interrelationship between the elec-
tron density, ion density, and the depositing species. While
the exact electron-ion kinetics are not clear from the data
presented in Figs. 2 and 3, one may speculate based upon
these data. In Fig. 2(b), the electron density increases to a
high value initially and then decreases to a quasi-equilibrium
value. This time dependence is consistent with the results of
Fleddermann et al.* who demonstrated that the products of
silane dissociation attached electrons faster than silane itself.
These products are not within the discharge when it is first
turned on; therefore the electron density rises quickly. As
the discharge proceeds, however, silane is dissociated into
these attaching products, and attachment produces the rap-
id decay of the electron density after its initial rise. Unfortu-
nately, the secondary increase of electron density [in Fig.
2(b) Jand the approach to the cw value are not understood at
this time.

The fact that the deposition rate increases in the SQWM
discharge even though the time averaged power is halved
may indicate that the products—possibly even the negative
ions—of the initial silane dissociation are involved in deposi-
tion. These negative ions are confined by the sheaths in the
same manner as are electrons in the cw glow. Hence the
enhanced growth rate in the SQWM glow may be partially

L J Overzetand j T Verdeyen 696




due to deposition by the negatively charged radicals in the
afterglow when such sheaths are greatly reduced. This spec-
ulation regarding the enhancement remains to be proven.

Even though the detailed processes are not known at the
present time, it is surely true that the enhanced electron den-
sity in the SQWM glow permits an increase in the neutral
and 1onic products along with an enhanced deposition rate.
Similar effects may be found in etching discharges; indeed,
there may be a hint of this in a recent paper.'* The authors
have also observed a similar (although somewhat less pro-
nounced) enhancement n the electron density in a CF,
glow.

This work was supported by the U.S. Air Force Aero-
nautical Systems Division (AFSC) Wright-Patterson Air
Force Base.
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