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Abstract - Recent developments in the diagnostics of low pressure plasmas
for the CVD of amorphous semiconductor and insulator films are reviewed.
Stress is placed on the analyses of the temporarily and spatially varying
plasma structure and plasma parameters and the reaction kinetics in the
gas-phase and on the solid surface. Under the knowledge of these
characteristics of the CVD plasmas, some means for controlling the plasmas
are discussed and examples tried recently in Japan for the preparation of
good quality a~Si:H and Si-containing alloys or compounds are introduced.

INTRODUCTION

Low pressure non-thermal plasmas, in which the electron temperature is much higher than the
gas temperature, have been successfully used for the chemical vapor deposition of various
electronic and optical materials such as amorphous silicon and its compounds. The most im-
portant role of the plasma is to initiate the decomposition of source gas molecules like a
powerful hammer utilizing the high electron energy producing chemically reactive species for
the deposition. However, we may become aware that there are so many other roles played by
the plasma in the CVD process; (a) secondary homogeneous (gas phase) reactions in which the
primarily produced ions and radicals change their relative abundances or produce new kinds of
ions and radicals, (b) transportation of the ions and radicals produced in the plasma to the
substrate surfaces and (c¢) initiation of the surface reactions for the deposition of the
films. All of these roles must be controlled carefully in order to prepare films of desired
compositions and properties.

Since 1985 we have organized a group in Japan under the name of "Plasma Electronics Society",
and have been holding a Symposium on Plasma Processing every year for a systematic study of
the characteristic properties of such non-equilibrium plasmas. Our aim 1is to clarify the
relations of the external controlling parameters such as gas species, pressure, flow rate,
input electric power, frequency and dimensions of the apparatus with the spatially and tem-
porarily varying internal plasma parameters such as electric potential or field strength,
electron temperature or energy and the density. On the basis of these systematic investiga-
tions we believe that we can understand the roles of plasmas in the CVD processes and can
give guiding principles to the finer control of the plasmas for any desired purposes.

In this talk we will review mainly the present status of activities of our group for the
diagnostics and control of the low pressure plasmas restricting ourselves to the field re-
lated to the CVD of amorphous silicon and its compounds. This has a purpose of introducing
some of our latest results which have been published in the proceedings of our conference
written in Japanese. However, some interesting results published in foreign countries will
also be reviewed, from which the members of our group must learn and get hints for the future
developments.

INITIAL PROCESSES

Potential distribution and EEDF in plasma—theoretical analysis

Let us consider a typical diode type apparatus equipped with parallel plane electrodes. When
it is powered by an RF generator through a DC-blocking capacitor, an electric potential dis-
tribution across the electrodes is formed to sustain the discharge and to balance the net
currents for electrons and for ions to the both electrodes. Temporal and spatial variations
of this potential, or the electric field strength given by the gradient of the potential,
govern the electron and icon energy distribution functions and their densities in the plasma.
This in turn affects probabilities of the electron collision events such as the
decomposition, the excitation and the lonization of source molecules. Especially the struc-
ture of the sheath near the electrodes where ionic space charge 1is formed is important be-
cause it determines the extraction fluxes of ions due to drift and neutrals due to diffusion
to the substrate and the energy of ions impinging upon the substrate. Therefore, much atten-
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tion has been paid for the systematic analyses of this plasma structure (refs.t-4).

Theoretical approach for analyzing the potential distribution is usually based on the coupled
equations composed of the Poisson's equation, the continuity equations for electrons and ions
and the energy and momentum conservation equations. However, it 1s difficult to solve the
coupled equations directly, so that in a specific model some simplifying assumptions are
usually made, which restrict the generality of the model. A continuum model was  developed
by Graves and Jensen (ref.1) for an RF discharge in a diode type reactor, where the mean free
paths of electrons and ions are assumed to be much smaller than the characteristic length
such as the sheath thickness. This model is very interesting because it shows clearly the
dynamic behaviors of the potential and electric field strength distributions, the electron
and ion densities and the probability distributions for electron collision events over a
cycle of the RF discharge. Many other models, on the other hand, assume the collisionless
sheath (refs.2-4). However, in a typical plasma used for the CVD of amorphous silicon and
its compounds the situation lies between the two extreme conditions.

Ichikawa et al.(ref.5) have reported a simplified sheath model under the following
assumptions: the electric field strength is divided into the DC component E_. and the RF com-
ponent Epp, E = B + Ep cos(wt); positive ions can not respond to the Bf frequency; the
ionization within ghe sheath region is negligible. The resulting equations becomes
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where n.s j_and n_ are respectively the density, +the flux and the mobility for electrons,
n,, ji dnd W, are fhose for ions and D_ is the diffusion coefficient for electrons. Here,
tﬁey Imposed a condition that the electron and ion fluxes must be equal over one RF cycle;

T

d =
Tf Jedt'JO- (5)
0
Then, the DC component of the electric field strength is given by
J
2 0 1/2
E(x) = (=== x+C) "%, (6)
DC €y Hy
where C is an integration constant. The equation for the electron density becomes
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Using the obtained n over one
cycle, J., C and E are determined

by eq.(5). An example of the
results for E and n, i sho in
Fig.] where Jo'= 7.5_:1{110?3 cm-ﬁ?",
E. . (x=0) = 90 Vem  are given as
initial conditions.

Tagashira et al.(ref.6) have modeled
the RF discharge using a Monte Carlo
simulation technique similar to the
one developed by Kushner (ref.7).
In their treatment, however, the
temporal change of the sheath thick-
ness L is considered by assuming a
constant gradient m of the electric
field in the sheath as follows:

m = 2(VSDC +VRF/2)/(Ls(maX))
172 x (mm)
L, = (v /m) %, (9)

S Fig.1. Calculated spatial distributions of the e%75tric

where V is the applied RF voltage, field strength Epg and t?e ion density nys C was
Vo, 16 the DC self-bias voltage determined to be 30 Vem™' (ref.5).
]
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determined in the calculation by the
balance of electron productions and
losses, and V_ is the sheath voltage

given by V cos(wt)
Their typlcai resui% for tﬁe spatial
dependent excitation events in a

nitrogen plasma is shown in Fig 2.
Comparing the result with a simula-
tion with fixed sheath thickness
like the earlier work of Kushner
(ref.7), their treatment produces
more realistic results which can ex- 1eV
plain the experimental observation.
The effect of wave-riding electrons :I
powered by the movement of the
sheath edge and transported into the
bulk plasma 1s reflected on the
distribution.

2nd positive
band 33714

The electron energy distribution
function (EEDF) has been calculated
by the Monte Calro simulation and
the spatial and temporal behavior
has been discussed(ref.8). Using

the Boltzmann equation analysis, energy

Makabe et al.(ref.9) has calculated sion

the chaﬁge_zg the EEDF as a function plasma at v

of the RF frequency w and found that = 0.9 cm

the average electron energy

decreases as w becomes larger than

the electron collision frequency v_. Mase et al.(ref.10)

taining the discharge by the continuity relation
n and the sheath thickness LS;

= (eg T /efw (P /L))

0
Itatani (ref.?1) tried to formulate the conditions
for sheath formation in a plasma which contained
negative ions at a density n~ using relations similar
to the Bohm criterion considering a transition region
between the plasma and the sheath. He has concluded
that the potential energy at the edge of the transi-
tion ﬂs must fulfill the conditions

ng >(1/20 1+ (y=1) o 17, (11)
P+ (= 1) o 1

DR CF)

where Y is the ratio of the electron temperature T
to the negative ion temperature T and a_ is given by
the value of n /(n” + n_) at the sheath &dge. These
two conditions never —cross with each other and a
stable sheath is formed when Yy is within the region

5-V2, < vy < 5+v20 .

Outside this region the plasma can take one . of the
two different sheath structures as follows. An ex-
ample of the calculated results at y = 20 is shown in
Pig. 3 for relations of Ng with a4 calculated at
boundaries given by eqs.(11)%and (12) together with
the relations of n_ with o, which is given by the
value of n /(n~ + n:) in the bulk plasma, obtained by

(13)

o= o exp(—ns)/[as exp(-n,)

+ (1 - o) exp(-yn,)] (14)

From this figure we can see that there is a region
where three different values of n_ correspond to a
value of &, while one of the ns's (fiddle value) can

of plasma density and the
equation, and found a simple relation between the electric input power P, the

1.5
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Fig.2. Spatial distributions of the mean electron
, the electron density n_ and the emis-
intensity of 2nd positive band
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Fig.3. Relations of n_ vs a_ and
n ve & calculated a% boungarles
glven by (11) and (12) for Y=20.

Two curves for n_ vs cross
8 ) = (0.356, 0885 and
(0.006,0.240) The corresponding

values of 0 become 0.635 and
0.969, respectively (ref.11).
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not be realistic because the calculated electric field becomes imaginary.

Another interesting behavior, i.e., plasma instability, is suggested by Suganomata et al.
(ref.12) in a plasmas including negative ions.

Potential distribution and EEDF in plasma—measurement

Most convenient method for the measurement of potential or electric field distribution across
the electrodes is to use an electro-static probe., However, many problems arise inherent to
the RF discharges for CVD. Some of the most important problems which have been discussed are
as follows; (a) a problem caused by the rectifying current due to the non-linear probe
characteristics to the fluctuating RF potential(ref.13), (b) a problem caused by the probe
surface contamination due +to the film deposition (ref.14), and (c) a problem due to the
presence of negative ions (ref.15).

100 T ) 1 ) l L) L L) L) ‘ T 1 ¥ L ] L) T 1 L
Sugawara et al.(ref.16) measured the
time averaged potential distribution
in a diode type reactor wusing a
shielded single-probe in an argon
plasma. Their result for the DC
sheath  voltage shows that VSDG
remains constant below p = 0.3 Torr
but starts to drop as becomes % Dog
higher according to p‘2/ . They T Wmogog&m 7
measured also the spatial dependence -@L‘¢“
of the time varying component of the 0 e |
potential v using an capacitive 0 5 10 15 20
probe. Typical results are shown in x/L
Fig.4 as a function of position nor- 8
malized by the sheath thickness.

T

Fig.4. Time varying component of the electric

Seto et al.(ref.17) proposed that potential v normalized by the applied RF
the time varying vpotential and voltage V. as a function of the distance x
electric field strength in an RF from the cathode normalized by the sheath
plasma could be measured from the thickness L, at an RF power of 15 W and at
probe characteristics by a simple some values”of the gas pressure:(D,1;0,0.1;
analysis similar to the theory of 4,0.01 Torr (ref.16).

Boschi et al.(ref.18) They

measured the probe characteristics in their specially
designed apparatus in which they could produce either
the time varying space potential or the time varying
electric field depending on the position. A typilcal

characteristics is shown in Fig.5 where they claim that B=225G.
the distance between the two deflecting points cor- P=4.3 x 10" Tarr
responds to the amplitude of the varying potential.

The value of the electron saturation current Ies was Z20cm
time varying, when it was measured at a position Wwhere
only the variation of the electric field strength
existed; E (%) = Eocos(wt). The difference of the
values at w% = 0 and /2 is given by

I S(wt=ﬂ/2) = (2 - cos(ae)]Ies(wt=O), (15)

e

where a_ = eE_ /mwv,,, and v is the thermal velocity f

of electrons. From this relation the electric field L '
strength can be deduced. 0 50 100
Another interesting method for the measurement of local Ve (V)

electric field strength is to use the laser induced
fluorescence (LIF) such as performed by Gottscho st
al.(ref.19) in a BCl, plasma for etching, where the
Stark effect on a %bYand spectrum of BCl has been
utilized. A similar way has ever been tried by Oda et
al.(ref.20) in a theta-pinch plasma where a He forbid-
den line has been used. However, detection sensitivity
in the experiment of Gottscho et al. was higher because
of the larger Stark effect. Some methods suitable for the CVD plasma in such gases as silane
and methane must be developed as a non-disturbing electric-field measurement.

Fig.5. Example of the time av-
eraged probe characteristics
measured at p = 4.3 x 10 7
Torr., Arrows show the deflec-
tion points described in the
text (ref.17).

Electron impact dissociation of source gas molecules

Since electron impact dissoclations and ionizations are the primary processes in the CVD,
much research has been stimulated and basic data have been compiled recently for many com-
monly used gases such as CH,, SiH, and so on. Goto et al. have been performing a series of
measurements of the effecti&e emiésion cross sections for electron collisions producing some
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of the electronically excited states of Si and SiH in SiH (ref.21), NH in NH, (ref.22) and Ge
and GeH in GeH,(ref.23), respectively, by an electron beaé experiment. Recegtly they estab-
lished a delayéd—coincidence photon-counting method and deduced the level excitation cross
section for some of the Siratomic levels by eliminating the cascade effects from higher lying
levels (ref.24). On the other hand, dissociation processes in which neutral species are
produced in their ground states are quite difficult Dbecause the detection of non-light-
emitting radicals is not simple, especially when the densities are low, as will be mentioned

in the next section.

Using a Boltzmann analysis Tagashira et al. derived recommended sets of creoss sections for
electron collisions with SiH,(ref.25) and CH,(ref.26), with which they could reproduce swarm
parameters consistent with thé measured ionizdtion and attachment coefficients.

Detection of the dissociation degree of source gases

As a first step to the understanding of the CVD plasmas +the dissociation degrees of the
source gases have to be measured. Tachibana et al.(refs.27,28) have developed a laser ab-
sorption method using a He-Ne laser{(3.39 um) for CH, and CO, laser(10.59 wm) for SiH, for in
situ monitoring of the partial pressures of the parént gases under the CVD condition, They
investigated the dissociation degree of CH, and SiH, as functions of the external parameters
such as the RF power, the gas flow rate aﬁd the gaé pressure. They also studied the dis-
sociation rate constant, which means the product of dissociation rate constant and electron
density, from the speed of the initial decay of the source gases in a sealed-off system.

Hata et al.(ref.29) have used a coherent antistokes Raman spectroscopy (CARS) method and
measured the temporal and spatial variation of the source gas densities in the plasma of
SiHA, Si2H6 and Gell,. A typical result is shown in Fig.6 where the density distribution of
SiH betweén the électrodes is shown together with the result of LIF measurements of Si.
The§ also observed in a silane plasma a slight increase of H, density near the electirode
surface from which the elimination of H2 from the surface was Suggested (ref.30).

T [

GAS-PHASE REACTIONS

Detection of ions and radicals in the plasma

Primarily Eroduced ions and radicals, for ex-
ample SiE ~ and SiH_ (n=0-3) in silane plasma,
and other fragments such as H and H, perform
further reactions in the gas-phase where they
change their relative densities or produce new
ionic and neutral species before reaching the
substrate surface. Therefore, the identifica-
tion and the quantitative detectlion of the
chemically reactive species are very important
for understanding the plasma chemistry in the
CVD processes. Recently much attention has
been paid to the non-perturbing spectroscopic
methods such as OES(optical  emission
spectroscopy), LIF and CARS. 0 10 20 30

AXIAL POSITION (mm)
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Tachibana et al,(ref.31) detected Si atom by a

conventional 1line absorption technigue in a Fig.6. Spatial distributions of SiHé é’%
i

SiH, (5%)-Ar plasma produced by an RF discharge measured bY_CARS’ 5i1(0) by LIF an -
in "a diode type reactor, where, the density (A) by OES in an RF plasma of 100% SlHé
reached to the order of 10~ em ’. But ina at a pressure of Q.1 Torr, a flow rat
plasma of SiH,(10%)-H,, which is preferable for of 10 standard cm”min ' and an RF power
better qualit§ of the“deposited film, the same of 5 W (ref.29).

method failed in the detection, suggestigg 3

that the density was lower than about 107 cm . TABLE 1. Quenching rate constants for
After the introduction of the LIF method as a SiHZ(X1A1) and for CH,(ala,) meas-
diagnostics tool, Si atom has been successfully ured in various gases at goom
detected in various types of discharges for the temperature in wunits of cm™ g
CVD of a-Si:H, Takubo et al.{ref.32) have (ref.34).

measured the spatial distribution of Si atoms

in a DC discharge and in an RF discharge as SiH (X1A1) CHz(a1A1)
well. Their result shows a density peak just 2

in front of the substrate surface implying an -13 -10
evidence of the spattering of Si atoms from the % 1.0£0.4(10777)  1.320.1(107 )
substrate. CE, 1,0£0.3(1071%)  7.3:0.6(107"")
Incue et al.(ref.33,34) have applied the LIF . -10 -10
method o the detestion of Sil, produced by the St  1+120:2(107°7)  2.4x0.4(107 )
photodissociation of phenylsilane and measured . =10y  _____

the quenching rate constant of SiH, in various SiyHe 5.7£0.2(107 )

2
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gases. Their results are shown in Table 1 in comparison with the reported results for CH,.
They tried the detection of SiH2 in a CVD plasma but were unsuccessful due to the background
emission from the plasma.

Hirota et al, have established a method for the detection of CH,(ref.35) and SiH (ref.36) by
an absorption method with a tunable infrared diode-laser. Appiication of the fiethod to a
real CVD plasma is expected. A problem common to the absorption and LIF methods at present
is the lack of spectroscopic data such as the absorption oscillator strength for the deriva-
tion of absolute densities from the observed signals. Theoretical and experimental studies
of such basic data are also required.

Matsumi et al,(ref.37) have detected Si, SiH and SiH, in a diode type CVD system by LIF.
They measured the spatial distribution of these radicals. Moreover, they studied the RF
power dependence of the densities in comparison with the results of OES where only the light-
emitting excited species were monitored, and found an  evidence that Si, SiH and SiH, are
produced by electron collisions in one step. A decreasing tendency similar to the deposItion
rate was observed for the densities of the SiH _(n=0-2) as the gas pressure increases. This
suggests that the contribution of these radicals in the deposition is not negligible because
the density of other presumably predominant radicals such as SiH3 may increase as the pres-
sure increases.

Another interesting method for the detection of ions and radicals is the mass spectrometry.
This method has Ybeen applied by many authors to the detection of +the ionic species in the
real CVD situations (refs.38,39). Gallagher et al.(ref.40) applied this method to the detec-
tion of the neutral radicals in a DC proximity discharge in silane by using a threshold
ionization technique. The principle is based on the small difference in the energies
required for the direct ionization of radicals and for the dissociative ionization of the
residual parent molecules by a few eV. According to their result the most predominant
species in the silane plasma is SiH, and the densities of the aggregated radicals such as
Si H_ reach nearly the same amoun% depending on the pressure, but the densities of Si, SiH
and SiH, are usually much smaller than that of SiHB.

2

A multi-photon ionization (MPI) method is also interesting when it is combined with a mass
spectrometry. CH, radicals have ever been detected by this method (ref.41). Recently SiH
was detected by pgoto—ionization with VOV light source and the threshold ionization potgntia%
for SiH, was found to be 8.01 eV compared to the 12.086 eV for production of SiH, from
SiHA(re%.42). 3
Simulation of the gas-phase reactions

Under the compilation of the ex-

perimentally  and theoretically TABLE 2. Examples of gas-phase reactions and the
Obtélned rate ?onstants for parameters A and E for the §ate ?on§tants as
Yarlous reactl?n processes .of given by K = A exp(-E/RT) em”mol” s~ ', where
ions and  radicals, simulation R is the gas constant and T is the gas tem-
techniques for the gas-phase perature. Numbers in ( ) mean the power of 10

reactions have been developed. . . R
For & methane plasma used for the by which each entries must be multiplied.

CVD of a-C:H Tachibana et
al.(ref.27) calculated the dis-

N - Reactios A E/R
sociation degree of CH, using the
electron-collision deéomposition H + siH4 > SiH3 + Hy 3.6(13) 1250
rates‘measured by their laser ab- si + SiH, > SiHy, + H, 4.5(12) 0
sorption method. They calculated ) ] . ]
also the densities of ions, radi- SiH + SiHy SigHs 5.6(13) 1000
cals and stable molecules produced SiH2 + SiH, he Si2H6 2.1(12) 1000
in the plasma as a function of SiH, + SiH, > SiH, + H, 7.2(12) 3000
the RF power. According to their , . 4
estimation +the most predominant H + SiyHg > Sif, + SiHg t.0(14) 1500
radical is CH,, but CH, and CH H + Si,H, *  Si,H; + H, 2.0(14) 1500
can also coftribute to the SiH + Si.H - Si.H 3.7(13) 2000
deposition if the sticking prob- g 2 . gim 0 o+  eim 2.7(13) 2000
ability of CH, is small. A large 2 4 38 .
amount of H a%oms produced in the S8i,H, + Si,H, > SiH,, 2.0(13) 2000
plasma is expected to contribute H + Si.H + SiH + SiH 1.0(14) 1500
to the surface reactions that H + Si3HB > Si2H6 + Si g 2.0(14) 1250
eliminate hydrogen from the sur- ) 4 10 - '2 6 _2 5 .§¢§
face and promote C-C bondings. SiHy + SiH, SiH, + SiH, 1.8(13) 0

SiH + SiH g Si,H + H 1.2(12) 0
. R : 3 3 274 2

For simulations of SiH, plasma Si.H. + Si.H + Si.H. + Si.H 1.0(13) 0
used for the CVD of a—Si:ﬁ, there - 2"5 275 - . ‘2 4
are less reaction data than for + SijHg SlZHG + SiHg 1.0(14) 1500

CH available at  present. SiH2 + Si3H8 hd Si4H6 3.4(13) 2000
Ta#nibana et al.(refs.43-45) have :
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started to compile a self-consistent set of reaction 1.5 T
data for SiH,. In order to check the validity of the
compiled daté for reaction kinetics, they have tried two
kinds of simulations; one for a thermal CVD system where
SiH, is assumed to be the predominant primary radical
(re%.AA) and the other for a Hg-photosensitized CVD
where SiH, is predominant (ref.45). The calculated '
results i both cases explain the measured depletion SigH (5x10
rate of SiH, and time evolution of reaction products mH2H012) ﬁ
such as Si2H6, Si_H, and H,« The main part of the com-

Si Hqat8x1010)
piled set 2s°listddsin Table 2. ﬁ\
Recently similar calculations have been performed by 0 |

1
many authors for CH, plasmas (see, e.g., ref.46) and for 0 0.25 0.50 0.75
SiH, plasmas (see, é.g., ref.47). The result of Kushner POSITION (cm)

(re?.47) for a SiH, plasma shown in Fig.7 is very inter-

-
o

9,

DENSITY (cmS)
o
L4 ]
T

esting because it éualitatively represents typical fea~ (a)
tures of opreviously reported experimental results ‘
(refs.37,40). 2.0 T T T
SipH . (109)
Makabe et al.(ref.48) have built up a simple model for a
silane discharge in a coaxial cylindrical reactor, which ~ 1.5} -
consists of the basic discharge equations and the g _,.8
Boltzmann equation for EEDF. They simulated the deposi- A SiH3 (107)
tion rate of a-Si:H and the efficiency of gas utiliza- > 1.0} 8 —
tion taking into account the effects of negative ionms. E StH7 (107
E 0.5 SIH3 (5x107) |
TRANSPORT AND SURFACE REACTIONS OF '
IONS AND RADICALS
0 1 1

Transport of ions and neutral radicals to the substrate 0 0.25 O.ISO 0.75
The growth rate of deposited film is mainly determined

by the flux of neutral radicals from the plasma to the POSITION (em)
substrate, although the quality of the film 1is affected (b)

by the ion flux. The neutral radical +transportation is
governed by the diffusion due to the density gradient
near the substrate surface when the continuum approxima-
tion holds. Therefore, the measurements of density
profiles of important neutral radicals have been tried
by many authors (refs.29,32,37).

Fig.7. Calculated radical (a)
and ion (b) densities in a
discharge gf 0.5 Torr SiH
at 50 mWem ~. The electrodé
is at x=0 and the midplane
is at x=0,75 cm.The numbers
in ( ) are mnultiplication
factors for the vertical
scale (ref.47).

Takubo et al.(ref.32) measured the density of Si atoms
by LIF in a DC discharge. If we estigate_%he Si atom
flux from the maximum density of 4 x 107 cm ~ at a dis-
tance 3 mm from the cathode using a reporteq1dif£Es§?n
coefficient (ref.31), it becomes about 5 x 10 ecm s ,
which is lower than the total radical flux estimated from the deposition rate by about three
orders of magnitude. Matsumi et al.(ref.37) also measured the spatial distribution of Si,
SiH and SiH, by LIF in a conventional diode type RF discharge. However, they did not deduce
the absolute densities of the radicals.

Some part of the transported radicals to the substrate is incorporated into the substrate but
other part is reflected back into the plasma. Here we define the sticking probability B as
the ratio of the part contributing to the deposition to the total incoming flux of a specific
radical. If B is less than unity, it is reflected in the spatial distribution of radicals

through the boundary condition for the density N at the substrate surface X, (ref.49);
dN (x) 2\ 2 =B
N(XO) = T x=x0( 3 ) ( 8 ) (16)

where A is the mean free path of the radical. The absolute radical density in the plasma
also becomes high if B is much less than unity and affects the total gas-phase reaction
scheme « It 1s worth while noting the result in the measurement of the spatial distribution
of O atoms in an oxygen plasma by Selwyn (ref.50), in which is shown clearly the dependence
of the reactivity of O atoms on the substrate materials.

In a silane plasma the effective sticking probability for the total incoming flux was es-
timated by Schmitt et al.(ref.51) to be about 0.7, using a fine grid placed at a short dis-
tance (less than the mean free path) from the substrate. However, similar measurement in a
Hg-photosensitized CVD by Perrin et al. (ref.52) predicted a value of about 0.1. In the lat-
ter case the predominant depositing radical is SiH3, while in the former case other radicals
such as Silly, SiH and aggregated Si-containing radicals may contribute to the deposition for
which the sticking probability is considered to be nearly unity.
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Recently  Muracka et al.
(ref.53) measured the density 50 SiH4/Ar=1/3 87%
of H atoms in a cylindrical DC E—
discharge in hydrogen by LIF 1 8iHg/H2-1/3 =

at a wavelength of Lg(121.6 40 A SiHg =
nm). From the balance equa~ . .

tions for H atoms in qthe (IR SiHa/SigHg=1/1
plasma they estimated a }oss
probability of 6,7 x 1077 at
the Pyrex glass surface due to
the recombination forming H,.
This kind of measurement must
be interesting for a typical
CVD plasma in a diode type
reactor because the reactivity
of H atoms must be quite dif-
ferent on the growing a-Si:H
surface.
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plasma Kushner has calculated SiHg SiHg K SigHy/SigHg SipHm
the flux of various kinds of n>2
radicals as shown in Fig.8

(ref.47). It is seen from the Fig.8. Fractional radical fluxes for discharges at_g
figure that the compositions pressure of 0.5 Torr and an RF power of 10 mW cm
of the flux differ by the calculated for various gas mixtures (ref.47).

kinds of gas mixtures.

Surface reactions and film growth

Some surface reaction models have been proposed for the explanation of the deposition
processes of a-Si:H in silane plasma (refs.54-56). Recently Kushner (ref..7) demonstrated a
phenomenclogical model for a description of the surface reactions in which seven types
species were taken into account: (1) gas-phase radicals which are fluxes onto the surface; (2)
immobile adsorbed radicals; (3) mobile adsorbed radicals; (4) desorbed gas-phase molecules;
(5) active surface sites; (6) silicon atoms bonded to the lattice but still on the surface;
(7) silicon atoms incorporated into the film and buried beneath the surface. By this model
he deduced not only the deposition rate but also the H-content and the H-bonding types in the
deposited film. Calculated results can explain reported experimental results fairly well
without any normalization parameters other than the sticking probability of Si_H (n>2) which

X nm

has been adjusted to 0.07.

Gallagher (ref.56) proposed a surface reaction model for SiH considering some types of
structures of a-Si:H surface. Tsuda et al.(ref.57) explained by g+quantum chemical calcula-
tion a mechanism for the formation of diamond structure by a CH ion on the —CH3 covered
surface or by a neutral CH3 radical on the charged surface of the same kind.

On the experimental side there are no direct measurement of individual reactions on the grow-
ing surfaces. However, the effects of impinging ions onto the surfaces have been inves-
tigated by many authors. Matsuda et al. (ref.58) studied the effect of ions in the formation
of micro-crystal structures in a-Si:H films and concluded that ion collisions at high energy
led to destruction of the micro-crystal structure. Sugai et al.(ref.59) studied the ion col-
lision effects on the H-bonding structure using a magnetic deflectign method for removing im-
pinging ions and obtained a conclusion that the bombardment of H ions reduced the >Si-H
bonds but increased -Si-H bonds. Tagashira et al.(ref.60) showed in an AC discharge at 50 HZ
for the deposition of a-SiN:H films that the secondary electron emission by ion collision
helped sustenance of the discharge, while no damages like pin holes were produced by the ion
collisions.

Hirose et al.(ref.61) tried to extract the radicals from the plasma into an ultra high vacuum
chamber where a substrate was held. In their experiment a lower temperature epitaxial-growth
of Si film ‘was observed than in the usual plasma CVD. The reason is attributed to the slower
deposition rate due to the smell incoming fluxes, that is, surface migrations, hydrogen
elimination reactions and bond formation reactions for adsorbed radicals have enough time to
form tetrahedral structures before burial,

CONTROL OF REACTIVE PLASMAS FOR THE CVD

Plasma control for a-Si:H deposition in a diode type reactor

Although much empirical knowledge has been compiled for controlling the plasma for the CVD of
a-Si:H in individual reactors, we need systematic guiding principles for the plasma control
applicable to any reactors based on the physico-chemical processes in the plasma. From the
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experimental and theoretical ar- external controlling parameters
guments described above we can POWER SUPPLY REACTOR SOURCE GASES
drew a scheme as shown in Fig.9 POWER VOLTAGE FREQ. [VOLUME AREA LENGTH | PRES. COMPO- FLOW
on the relations of the external W Vpp W v s L p SITION Q
controlling parameters such as T [APPARATUS }
the gas pressure and flow rate, ] R | e
the RF input power and the dimen- o NTary IDISTAIE. related parameters
sions of the reactor with the in- Vg Ly Ep ete. o /w
ternal plasma parameters which T e
govern  the processes in the ¥ Ey/p
plasma and on the surface. plesma paremeters ELECTRON
ENERGY  DENSITY A/l (GAS PHASE]

For the control of the initial (e Ng T
processes triggered by electron DECOMPOSITION lMTEkj
collisions, the energy and den- Py —— INITIAL
sity of electrons must be con- PROCESSES
trolled in the first place. Yo Ay/L
Changes in the gas pressure p, | I /s
the applied voltage V__, the L, &
frequency w and the characteris-

. . R IONS ~ pee=sedeseees RADICALS ~ [r-=-escocemeocoees
tic length L produce changes in SPECIES, DENSITY, SPECIES, DENSITY,
the internal parameters such as REAC. RATE Ny K% | MuTUAL REAC. RATE Ny K, o Noan
SNAOR EB/p, A /L, where v, is the REACTIONS
electron collision frequéncy, EB :
is the electric field strength in SPACE CHARGE REGION , ] LSPATIAL DENSITY f:fl W
the bulk plasme and A is the (TN, SHEATH) . DISTRIBUTION bl 53
electron mean free path. In vy/w DRIFT DIFFUSION TRANSPORT
general, increases in these in- 7 317175
ternal parameters lead to en- SPUTTERING DESQRPTION | etc. gg‘gggggm
hancement of the higher energy
part of EEDF in the bulk plasma MIGRATION, ADSORPTION, REACTION, LATTICE FORMATION, [ggriﬁcm
and in turn make changes in the BURIAL etc.  84(Tg)
rate constants for electron col-
lision procegses. However it is Fig.9. Schematic representation for the correlations
also important to see the divi- between the external controlling parameters and the
sion of the deposited energy be~ internal plasma parameters and kinetic processes.

tween the sheath region and the

bulk plasme. If we decrease p keeping V F and W constant, the sheath voltage V_ as well as
the length will increase and the energy geposition in the sheath becomes predomInant. Then
the discharge becomes like a hollow cathode discharge, and high energy electrons will be in-
jected from the sheath into the plasma in comparison to the opposite case where the discharge
becomes like a positive column. Similar changes will be caused when we increase V__ keeping
the other two parameters constant. These rough schemes conceivable from Fig.9 must” be fol-
lowed up quantitatively by detailed simulation as tried by Kushner (refs.8,47)., It is also
pointed out by Kushner {(ref.8) that the presence of negative ions affects the features of the
discharge.

EEDF can also be changed by wusing diluent gases +to the source gases because the apparent
cross sections can be changed for electron collisions., If EEDF is modified, the differences
in the threshold energies for each electron collision processes produce changes in the ini-
tial fragmentation pattern of source gases. Other elaborate means have also been tried by
many authors in order to have selected initial decomposition reactions. In an example, ex-
cited species such as the metastable rare-gas atoms (ref.62) or reactive species such as H
(refs.63,64) and F (ref.64) are produced separately and transported to the place where the
secondary reactions and deposition take place. In another example, though which is not
categorized into the plasma CVD, the direct photodissociation or photo-sensitized reactions
are utilized as the selective initial decomposition reactions.

The relative weight for the secondary gas-phase reactions can be controlled by changing the
internal parameters such as AM/L and T,, where AM is the mean free path of radicals and T, is
the residence time in the plasma, by cﬁanging the external parameters such as p, L and the
volume to surface ratio V/S of the system. The extraction rates of ions and radicals from
the plasma to the substrate change not only the surface reactions and the deposition rate but
also the secondary reactions in the gas-phase because the absolute densities of ions and
radicals in the plasma are determined from the balance between the production rates and the
extinguishing rates. Control of the extraction rates for neutral radicals is possible
through the modification of their spatigl distributions.

Hirose et al.(ref.65) modified the sheath thickness L_ by using an external inductance in-
serted between the substrate electrode and the ground. When +the inductance was in series
regonance with the sheath capacitance, L _ decreased due to the decrease in the sheath im-
pedance and then the rate of diffusional fransfer increased while the density of radicals was
kept low. In this way they succeeded in the high speed deposition, suppressing the aggregat -
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ing reactions in the gas-phase which deteriorate

the film gquality. Another way for realizing a 10 b ..
high deposition rate is suggested from the above . PEPOSTTION RATE?E/:;i?H
argument. If we decrease the electrode separation - 4} §
d keeping the product pd constant, we can expect 5
the same effects as can be seen from the results é 2
of Ishihara et al.(ref.66) shown in Fig.10. Wl
=1

The surface reactions can be controlled wupon a @ 0.5 |
principle that the flux composition depends on the & 5,3} 1.7 2.3 1.6 1.4 0.9
kind of source gases and the diluent gases. As
can be seen from the simulation given in Fig.8
above, the expected most predominant component of 0.1 Z rRTED G PP é ;
the fluxes i1is SiH, for a SiH, -Ar mixture, while
the relative weigh%s of SiHl, afd Si H (n>2) fluxes ANODE-CATHODE DISTANCE {mm)
increase for other mixtures? Use of & triode type . .
reactor (ref.67) also changes the flux composition Flg.10.‘Measured deposition rate as
as a function of the substrate distance from the functions of the pressure and the
grounded mesh electrode by decreasing A /L. electrode distance in a 1007 SiH

e plasmae at g gas.flow rate of 66
The quality of the deposited film is affected more standard cm’min * and an RE power
significantly by the balance between the radical of 24 W. The electrode diameter
transport rate and the deposition rate. Since the was 30 cm (ref.66).

migration and some of the surface reactions do

need activation energies, the substrate temperature T_ 1is an important external controlling
parameter for the surface reactions. The energy of ions bombarding the substrate also con-
tributes to the activation of surface reactions. Application of a DC blas to the substrate
electrode and application of a magnetic field perpendicularly to the electrode axis are
listed as some of the trials of controlling the effects of ion bombardment.

Besides the commonly used diode type RF discharge many other types of discharge such as a
coaxial-line type microwave discharge (ref.68) and a microwave ECR (electron cyclotron
resonance) discharge (ref.69) have been proposed recently for the CVD of a-Si:H and its
compounds. Itatani et al. (ref.70) tried a PIG (Phillips Ion Gauge) type discharge which
could be operated even at very low pressures. They claimed that the discharge was very ef-
fective as a method for the treatment of exhaust gases from a CVD reactor. Film deposition
by this type of discharge is interesting, although the properties of depcsited film have not
been studied as yet.

Plasma control for the CVD of Si-compounds

For the plasma CVD of Si-compound amorphous semiconductors such as SiC, SiGe and insulators
such as 810, and Si. N,, we have 1o use mixtures of source gases of different physical and
chemical propertieg.4 Therefore, we need more precise plasma control in order 1o obtain
desired film compositions and electrical and optical properties. Let wus take up some com-
pounds and consider specific problems to their preparations.

For the CVD of a—SiXCW_X:H a mixture of silane gas and hydrocarbon gas is used. In general,
silanes (SiHA, Si H, etc.) are more easily decomposed by electron collisions than hydrocar-
bons (CH,, 02H s 6 g y C,H, etec.). Therefore, the initial gas composition must be adjusted

properly  for a desiFe fiimzcomposition. Many selections of the gas pairs have also been

tried for the same purpose. From the standpoint of plasma control, the modification of EEDF
for controlling the initlial decomposition pattern is more interesting. This is realized,
e.g., by using diluent gases (ref.71), or separating the plasma chambers for each source

gases (ref.72).

In the gas-phase reactions some intercom- TABLE 3. Examples of the intercombination
bination reactions of Si-containing radi- gas-phase reactions and the parameters
cals with hydrocarbon molecules or those L and E for the rate constants given by
of C-containing radicals with silane mole- K = A exp(-E/RT) as in Table 2.

cules such as listed in Table 3 may occur.
But the contributions of these reactions

to the decomposition of the source gas Reactions A E/R

molecules are small due to the small rate - -

constants or due to the small radical CH, + SlH4 -> CH381H3 1.4(14) 0
densities, although small amounts of in- SiH. + CH + CH.SiH 6.0(11) 0
terconnected products such as SiCH, have 2 4 3 3_

been detected in the plasma (réf.73). CH3 + SiHA > CH4 + SlH3 7.8(11) 3490
Therefore, as mentioned by  Catherine CH + SiH & C.H, + SiH 5.4(11) 3620
(ref.72) we can imagine a scheme that each 275 . 4 276 . 3

source gas 1s  decomposed separately by CH3 + S1H, ~ CH4 * 512H5 7.9(11) 2780
electron collisions in the plasma and the CHE +SiH, +C.H, +8i.H 5.6(11) 2830
produced radicals are transported separa- 275 276 276 25

tely to the substrate, where the compound
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film is deposited via surface reactions.

The difference in the reactivities for C-containing radicals and for Si-containing radicals,
however, causes degradations of the film properties. Matsuda et al.(ref.74) assumed that CH
(n = 0-3) radicals tend to abstract surface bonded H atoms and lower the hydrogen coverage o
growing surface. This causes a large number of defects left in the film. Under this assum-
ption they tried to dilute the gas mixture with hydrogen for a compensation of the hydrogen
coverage by expecting an enhanced H-atom flux, and obtained a film of fairly high photo-
conductivity.

For the CVD of a-Si_Ge :H the situation reverses; Gell, is more easily decomposed than SiH,.
For the control of ‘the_éecomposition pattern some metﬁod for decreasing the higher energy
tail of BEDF must be considered. Intercombination reactions in the gas-phase in this system
also seem to be negligible. But other problems arise due to the small diffusibility and high
reactivity of Ge-containing radicals GeH (n<2) on the growing surface. Matsuda et
glL(ref.74) tried to eliminate those radicals and enhance GeH3 by using a triode type
reactor, and succeeded in preparing fairly good gquality films.

In plasmas for the preparation of insulator films such as SiO, and Si N,, gas mixtures of
silane with NZO’ 0,, NH_, N, and so on are used, where intércombindtIon reactions must be
more significént. %heref%re, %hese systems are more interesting from a viewpoint of the gas-
phase reaction modeling. Plasma simulations for these systems remain as future problems.

CONCLUDING REMARKS

In this talk the present status of the activities of Plasma Electronics Society in Japan in
the field of diagnostics and control of CVD plasmas has been reviewed with some complementary
introduction of advanced studies in other countries. The diagnostics of the processing plas-
mas has been tackled both theoretically and experimentally, and some guiding principles for
the control of the plasmas have become clear. However, the results are far from satisfaction
at present because of the lack in the basic data compilation for the reaction kinetics, the
crude approximations in the simulation, the poor experimental diagnostics, especially, on the
densities of important radicals, the sheath structures and the electric field strength in the
plasma. This situation motivated us to organize a project study on "Control of Reactive
Plasmas" conducted by Prof. Itatani of Kyotoc University under the support of a Grant-in-4id
for Science Research on Priority Areas from Japanese Ministry of Education, Science and Cul-
ture for three years starting from 1988.
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