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M O D E L I N G  O F  A M O N O S I L A N E  R F - D I S C H A R G E  P L A S M A  

V. A. Shveigert, M. I. Zhilyaev, and I. V. Shveigert UDC 537.525 

A monosilane if-discharge plasma is investigated by numerical methods. The results of Monte Carlo calculations of the 
electron kinetics are compared with the results of calculations in the hydrodynamic approximation. It is shown that the 

hydrodynamic model works well over the entire range of parameters of a plasma-chemical reactor for the deposition of 

amorphous silicon films. Certain plasma parameters of importance from the standpoint of cooling, such as the dissociation 
frequency of monosilane and the energy and flux of ions onto the electrodes, are investigated as functions of the discharge power 
density and the pressure in the reactor in the hydrodynamic approximation. 

1. INTRODUCTION 

The monosilane (Sill4) glow-discharge plasma created in a low-pressure plasma reactor during the deposition of thin 

films of hydrogenated amorphous silicon (a-Si:H) has stimulated considerable interest by virtue of the widespread application 
of such fdms as a technological material in microelectronics. Planar plasma-chemical reactors with two parallel electrodes (diode 

geometry [1]) are most often used to set up the plasma-enhanced chemical vapor deposition (PECVD) of ot-Si:H thin films. A 
mixture of gases is usually delivered through a hole in the upper electrode, and the plate is placed on the lower (grounded) 
electrode. The following parameters are typical of existing equipment: frequency of the applied voltage f = 13.6 MHz; gas 
pressure p = 13.3-133.3 Pa; interelectrode spacing D = 1-5 cm; electrode radius R = 5-15 cm; gas flow Q = 10-500 cm3/min 
at atmospheric pressure; power density of the discharge W = 0.01-1 W/cm 2. 

The optimization of the deposition conditions so as to obtain films having prescribed attributes is a fundamental objective 
of the numerous experimental studies reported to date and also of diverse model investigations in this direction [1]. For the given 
reactor configuration, optimization means to select deposition parameters (discharge power density, chamber pressure, substrate 

temperature, and gas flow through the reactor) that will ensure the deposition of a film of the required quality at an acceptable 

rate and with uniform growth. 
The sum total of the multifarious physicochemical conversions involved in the plasma-chemical reactor can be broken 

down into three stages: 1) the generation of radicals and ions in the discharge as a result of inelastic interactions of electrons 
with molecules and atoms of the primary mixture; 2) homogeneous reactions between the formed radicals and ions and molecules 

of the primary mixture against the background of convection-diffusion transfer (volume chemical kinetics); 3) the kinetics of 

active particles adsorbed on the surface of the growing film (surface chemical kinetics). The if-discharge model used to describe 

the first conversion stage must afford reliable predictions of such important characteristics of the deposition process as the silane 
dissociation frequency and the energy and flux of ions onto the surface of the growing film. 

The most complete model of the plasma-chemical deposition of amorphous silicon from SiI-I 4 has been presented by 

Kushner [4-7], who has developed reasonably well-justified model elements describing the volume and surface chemical kinetics, 

but simulates the rf discharge by a Monte Carlo technique using a model distribution of the electric field, i.e., obtains a solution 

to a nonself-consistent problem. 
The feasibility and sufficiency of the hydrodynamic approximation for describing the rf discharge in the above-indicated 

range of parameters has been discussed at length (in particular, for electronegative gases of the SF 6 and C12 type used in etching) 

have been discussed in the literature [3, 11, 12]. Not all the conditions that formally impose limits on the applicability of the 
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hydrodynamic approximation are necessarily in effect at low pressures (p -- 13.3 Pa). For example, the mean flee path of 
electrons in elastic collisions, l e = 0.1 cm, is small in comparison with the discharge gap D (which is usually a few centimeters) 

(l e .~ D), but the same is no longer true in relation to the thickness of  the electrode sheaths D k = 0.5-1 cm. There is some 

doubt here as to whether the role of ~/-electrons emitted from the electrode surfaces is adequate described in the hydrodynamic 

model. Strictly speaking, the transition to the ,y-regime requires a sufficient voltage drop across the layer, the precise value of 
this voltage depending on the power input. High-quality ee-Si:H films are known to build up at moderate power inputs (W < 
0.1 W/cm2), but calculations, for example, at W = 0.1 W/cm 2, p = 13.3 Pa, and D = 4 cm have shown that the voltage drop 

across the layer (of thickness D k --- 1 cm) is fairly high ( =  200 V). To circumvent this shortcoming in relation to v-electrons, 
two groups of electrons are considered in the hydrodynamic model proposed below. 

We have performed Monte Carlo calculations of the electron kinetics of an rf discharge, specifically for comparison 
purposes, with a view toward resolving all other conflicting issues concerning the applicability of  the hydrodynamic 
approximation in application to a Sill 4 plasma in the indicated range of parameters. 

2. THE MODEL 

The one-dimensional if-discharge model embodies a hydrodynamic description of electrons and ions. The number-density 

and average-energy transport equations are solved for electrons, and the hydrodynamic equations are solved for positive and 
negative ions: 

ON, 0 (~eENe + O (DeN.)/ Ox) 
dt Ox 

= (v~ - va) N ,  + ~,.N. - voNdVp; (2.1) 
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The potential distribution <I, is described by the 
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Here N e, N n, and Np are the densities of electrons, negative ions, and positive ions; v i, 1, a, v a, and Pu are the frequencies of 
ionization, adhesion, dissociation, and inelastic scattering of electrons; #e and D e are the electron mobility and diffusion 

coefficients; Pb and/3 are the e lect ron- ion and ion - ion  recombination coefficients, tt u and D u are the mobility and diffusion 
coefficients at the average electron energy Lie; and Mp, Mn, Wp, and W n are the masses and scattering frequencies of positive 

and negative ions, respectively. 

To determine the transport coefficients involved in Eqs. (2.1) and (2.2), we use the energy distribution function fo(e) 
of electrons in a uniform electric field, calculating it from the kinetic equation in the binomial approximation: 

- ~ ~ )  = s t  1/01. 

Here a t is the transport scattering cross section, m is the electron mass, and the collision term St{ fo} includes only inelastic 
collisions. The error of  the binomial approximation in nonuniform static electric fields is discussed in [2]. The boundary 
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conditions for Eqs. (2.1) and (2.2) take into account the injection of electrons from the electrodes under the influence of 

ion-electron emission [3]: 

N # ,  OD~N~ 
4 ~ t ,EN,  O.,: - "tNpVp' 

NeVtUe ODuNeUe 
4 ~tuENeUe OX -- "[/VpVpUe' 

where V t is the electron thermal velocity, and 3' is the ion-electron emission coefficient. 

A distinctive feature of  the proposed model is the fact that it treats two groups of electrons. A justifiable objection to 

the conventional hydrodynamic model is that it does not correctly account for the contribution of high-energy 3'-electrons to 
inelastic scattering processes in the plasma. Indeed, electrons emitted from the electrode surfaces pass through the layer virtually 

without collision and can thus build up an energy of the order of the constant plasma potential (which amounts to several dozen 

or even hundreds of  electron-volts). A 3"-electron of such high energy is capable of instigating several ionization events in the 

plasma. However, the hydrodynamic model deprives it of this possibility by averaging the energy U e in Eq. (2.2) over all plasma 

electrons, many of which have energies of the order of the electron temperature, which is far below the plasma potential (in our 

case  T e ~ 1-3 eV) .  

To circumvent this inconsistency, our model isolates 3'-electrons in a special group, for which Eqs. (2.1) and (2.2) are 

solved separately. Electrons generated in ionization involving 3'-electrons have a low energy and therefore belong to the second 

(low-temperature) group of  electrons. 

To include heating of  the gas, we solve the heat-conduction equation at constant pressure 

d), (dT/dx)  
dx = Q '  p = N T  = c o n s t .  

Here k is the thermal conductivity, Q is the Joule heat of the gas due to energy losses by ions and electrons, and T and N are 

the temperature and density of the gas. The numerical algorithm used to solve the system of equations is described in [3], in 

which the validity of  the above-described model for modeling a low-pressure (p = 13.3-133.3 Pa) rf discharge in electronegative 

gases is also discussed. 

3. KINETIC COEFFICIENTS 

Transport  Cross Section. The transport cross section from [13] is used in the calculations. Measurements of the 

electron elastic scattering cross sections are also reported in [14-17]. Each cross section has a minimum at energies around 

0.5 eV and a maximum at 2-5 eV. If we throw out the excursion cross section in [17], the other three agree to within 50%. 

Cross Section for the Excitation of Vibrational Degrees of Freedom. In determining the electron distribution function, 

the losses of  electron energy in vibrational excitation are calculated from the cross sections in [16]. The energy losses in the 

excitation of  two levels with energy thresholds e = 0.113 eV and 0.271 eV are taken into account. All the authors [13-16] agree 

on the trLrSt maximum of the cross section. The second maximum is placed at e = 2.5 eV in [13] and at e = 7-8 eV in [14-16]. 

Calculations with the vibrational cross sections from [13] yield excellent agreement with the experimentally measured drift 
velocity. 

Adhesion Cross Section. The dissociative adhesion cross section is taken from [14] in our calculations. The electron 

adhesion cross section given in [17] is in good agreement with the cross section chosen for the calculations. The main 

dissociative adhesion channel is 

SiHa + e = S i l l 3  + H. 

Dissociation Cross Section. The total cross section for the dissociation of silane by high-energy electrons is taken from 

[16]. According to [4, 8], the silane molecule decomposes 75% with the formation of SiI-I 2 (by the schemes Sill 4 + e = Sill 2 + 

H 2 and SiI-I 4 + e = Sill 2 + 2H) and 25 % with the formation of  SiI-I 3 (by the scheme SiI-I 4 + e = Sill 3 + H). The threshold 

energy of  the process is e = 8.4 eV. 
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Fig. 1 

Ionization Cross Section. The total ionization cross section is taken from [13] and is in good agreement with the value 
given in [18]. According to [19], dissociative ionization is predominant in si/ane, and SiH~- ions are virtually nonexistent. The 
threshold energy of the process is e = 11.6 eV. 

Cross Section for the Excitation of Rotational Degrees of Freedom. The SiI-I 4 molecule has neither a dipole nor a 
quadrupole moment, hence the energy losses in rotational excitation are small [17]. 

4. RESULTS OF T H E  CALCULATIONS 

In choosing the parameters for the calculations, we are guided by the experimental work of Braglia et al. [18], who used 
a reactor with two plane-parallel 25 x 25-cm electrodes separated by a distance D = 1-10 cm. Deposition was implemented 

from pure monosilane with a volumetric flow rate Q --- 200 cm 3/rain at atmospheric pressure for a chamber pressure p --- 0.2- 

0.5 Pa, discharge power W = 5-80 W, and substrate temperature T w - 20-230"C. Comparative Monte Carlo calculations of 
the electron kinetics are performed to justify the hydrodyvamie approximation. We investigate the motion of electrons in a 
nonuniform, periodic field approximately characterizing the field distribution in the ff  discharge: 

E(x,t)=E, sin(wt)+ E,(t) ( 1 - - D ~ ( 0 ) ,  0 < x < 1 9 , ,  

E ( x , t ) = E s s i n ( w t ) ,  D ~ < x <  D - D , ,  

E(x,t)=E, sin(~)-Ea(t) ('D--~x-D-- l) ' D - D a < x < D .  

Here Ek(t) ---- 4~reNiD k and Ea(t) = 4~reNiD a are the fields at the electrodes, Dk(t) and Da(t ) = Dmin + 0.5(Dma x - Drain)J1 + 
cos (wt)] are the thicknesses of  the electrode sheaths, N i is the density of ions in the sheaths, and E s is the field in the plasma. 
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TABLE 1 

P. Pa 

26,7 
40 

53,3 
66,7 

W e, % 

90 

95,5 

97.3 
98,2 

w=o~5 W/cm 2, D= t~ cm 

Wi" % I v, SeC- 1 t i, eV 

10 I 0,68 18,5 
4,5 0,43 9,8 
2.7 0.3 6.5 
1,8 0,23 4,6 

i i. A/cm 2 

3.10 -s 
1 , 9 . 1 0  -5 
1 , 4 . 1 0  - 5  

1,1 �9 1o  - 5  

TABLE 2 

w,W~m 2 

0,05 
0,07 
0,09 
0,128 
0,2 

We, 96 

88,3 
85 

80,7 
73,8 

64,4 

p-66.7 Pa, D = 1.5 cm 

W i, % [ v, sec- i ti, eV 

 157 I 069 I 0,94 I 11,6 
19,3 1.2 14,2 
26,2 1,75 18,8 
35,6 2,7 25,6 

Ji. A/cm 2 

3,7' 10 -5 

5,4.10 -5 

7,5- I 0 -5 

I .I �9 10 -4 

1,8.10 -4 

If the values of the density Ni, the average potential U of the plasma relative to the electrode, and the electron temperature Tr 

in the quasineutral plasma are given, the sheath parameters Dmin and Dma x are determined from the condition that the total ion 

and electron currents onto the electrode are identical. The field in the column is usually determined by the balance between 

electron creation and annihilation processes. The electron kinetic equation is solved by the Monte Carlo method. The electrons 

are assumed to be uniformly distributed in the space between the sheaths at the initial time. 
Formal restrictions are imposed on the hydrodynamic approximation at low pressures. Figure 1 shows three important 

discharge characteristics: the distributions of the electron energy E e in the discharge gap (a), the power input per electron Pc 

(b), and the rates of dissociation Rdi s (c), calculated in the hydrodynamic approximation and by the Monte Carlo method (curves 
1 and 2, respectively) for parameters consistent with the experimental work [18] at p = 13.3 Pa, W = 0.05 W/cm 2, and D = 

4 can. The good agreement of all the curves in Fig. 1 leads to the conclusion that the hydrodynamic approximation is valid for 

just about all regimes in which the plasma-chemical reactor operates for the deposition of a-Si:H fdms. 
We now analyze the results of the calculations for an rf discharge in monosilane according to the one-dimensional 

hydrodynamic model with two groups of electrons taken into account. As mentioned above, the constants of inelastic processes 

involving electrons are found by solving the kinetic equation in the binomial approximation in a uniform static electric field. 
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Fig. 3 

Figure 2 shows the average electron energy (curve 1), the ionization frequency (curve 2), the adhesion frequency (curve 3), and 

the dissociation frequency (curve 4) for values of the normalized electric field E/N encompassing all operating regimes of the 

reactor. 
To discern regular patterns of variation of the main characteristics of the rf discharge, we perform series of calculations 

at various values of the power input and pressure in the reactor chamber. The results are given in Tables 1 and 2, where W is 

the discharge power density, p is the reactor pressure, D is the interelectrode spacing, W e and W i are the fractions of the power 
input to the electronic and ionic components of the plasma, respectively, v is the average dissociation frequency of monosilane, 

and e i and Ji are the ion energy and ion current on the electrodes. 

The discharge power inputs to the ionic and electronic components of the plasma are, in the final analysis, spent in the 
ionization and dissociation of the gas by electrons, in the formation of ion fluxes in the electrode sheaths, and in heating of the 

gas. We now analyze the behavior of the period-average dissociation frequency of monosilane. Figure 3 shows the distribution 

of the dissociation frequency Vdi s in the discharge gap (total over all channels) for various pressures and power inputs. Figure 

3a shows the results of the-calculations for a discharge power density W = 0.05 W/cm 2, an interelectrode spacing D = 4 cm, 

and various chamber pressures: 1) p = 40 Pa; 2) p = 53.3 Pa; 3) p = 66.7 Pa. Figure 3b shows the results for p = 66.7 Pa, 
D = 1.5 cm, and various power inputs: 1) W = 0.05 W/cm2; 2) W = 0.07 W/cm2; 3) W = 0.09 W/cm2; 4) W = 0.13 

W/cm 2. It is evident from Fig. 3a that a reduction in the pressure at a given power density causes the dissociation frequency 
to increase. The reason for the this trend is that the average electron energy actually increases. On the one hand (see Table 1), 

the fraction of the power input to electrons decreases as the pressure is lowered (particularly when low pressures are attained) 

and, on the other, the electron energy is determined by the balance of their creation and annihilation or, in our situation, by the 
equality of the frequencies of ionization and diffusion transfer to the walls. As the pressure is lowered, the ambipolar diffusion 
coefficient and (to offset the increasing diffusion losses) the ionization frequency increase; this trend, in turn, indicates an 

increase in the electron energy. It is evident from Fig. 2 that the foregoing considerations essentially come down to the fact that 

we actually shift toward larger values of E/N along the horizontal axis with decreasing pressure. As the discharge power density 

increases, the fraction of the energy input to the electronic component of the plasma decreases; however, the electron energy 
increases despite this process, maintaining an essentially linear dependence of the dissociation frequency of silane, averaged over 
time an space in the discharge gap, on the discharge power density. 

The calculations reveal the nonuniformity of the distribution of electron energy in the discharge gap (Fig. la), and this 
naturally affects the maxima at the edges of the sheaths in the frequency responses associated with inelastic collisions, such as 

dissociation (Fig. 3), ionization, etc. Kushner [4] attributes the high-energy tail of the electron distribution function at the 
boundaries between the sheaths and the plasma column to the presence of secondary electrons and the "wave riding" effect. 

Special calculations have brought us to the conclusion that wave riding is a purely model phenomenon associated with the 

solution of the nonself-consistent problem, as in electron-kinetic calculations for a model profile of the electric field by the Monte 

Carlo method. This phenomenon does not occur in a consistent calculation of "riding" of the electron-density and electric field 

profiles in the sheaths. A more plausible explanation, in our opinion, is one in which the nonuniform heating of electrons is 
identified with the abrupt decrease in their density at the boundaries of the sheaths, which causes the conductivity of the plasma 
to drop sharply in these locations and therefore intensifies the Joule heat [I lL 
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The flux of high-energy ions onto the surface of a substrate situated on the electrode can significantly influence the film 
growth processes. The poor quality of amorphous silicon fdms grown at high discharge power densities (>  0.1 W/cm 2) is 
customarily attributed to an increase in the ratio of the volume densities of the radicals SiH2/SiH 3 and the unfavorable surface 
kinetics of Sill 2 radicals from the standpoint of film quality [4, 8, 10]. Our calculations show (see Table 2) that large power 
densities are accompanied by substantial flows of ions with energies much greater than the binding energy of particles in the 
film (Si-Si ~ 3 eV; S i - H  -~ 3 eV); such flows, of course, influence the surface kinetics, even though the mechanisms of this 
influence (other than the obvious possibility of etching of the film) are not altogether clear. 

The reported numerical investigations of a monosilane if-discharge plasma in the range of parameters used in the 

deposition of amorphous silicon films in plasma-chemical reactors lead to the following conclusions: 
1. Despite its formal limitations, the hydrodynamic approximation provides a good description of processes occurring 

in the plasma, even at very low pressures. 
2. The power input is spent mainly in heating electrons, and this accounts for the increase in the rate of dissociation 

of Sill 4 as the pressure is lowered at a given power density and also for the linear relation between the discharge power density 
and the dissociation frequency at a given pressure. 

3. The nonuniformity of the distribution of electron energy in the discharge gap is dictated by the abrupt decrease in 
the density at the boundaries between the electrode sheaths and the plasma column. 

4. Flows of high-energy ions onto the surface of the growing film occur at high if-discharge power densities, and this 
can significantly influence the deposition process. 
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