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Abstract: monosilane (SiH4 ) chemical kinetics directly depends on the electrons’ energy dis-
tribution as well as from the initial electrons cloud formation by external source of ionization. In
the present paper electrons’ energy distribution calculated from Monte Carlo technique coupled
with chemical kinetics. The proposed statistical calculations validated by correspondent Boltzmann
equation solutions present drastically different picture of chemical kinetics evolution compared with
calculations depicted by Maxwell distribution. The electrons transport coefficients are also evalu-
ated in strong electric fields and analyzed with the accent on the rate of useful chemical reactions
(directly connected with the formation of chemical vapour deposition controlled and managed by
non-Maxwellian electrons energy distribution.
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Introduction. Plasma enhanced chemical vapour deposition (PECVD) was widely used in several
technological devices [1], [2],[3]. There are presented and described the most detailed primary
reactions in SiH4 : H2 plasmas. The formation of chemical bonds and their chemical properties are
also described in [4], [5].

Chemical reactions usually choose the way to the equilibrium state resulting output components
and the most undesirable form [6],and [7]. Electrons due to its small masses are flexible to the
impact and influence of the external electric field which might be applied in several the techno-
logical installations [8] and [9],[10]. Chemical vapour deposition (CVD) of silicon has important
technological application and solar cells are the major of them are in following studies: [11], and
[12],and [13]. Differences and similarities between µ c-Si : H and a − Si : H growth reactions
are analysed in [1]. Homogeneous pyrolysis of silane [14] and detailed research up to 5 eV of SiH4

was theoretically studded decomposition of SiH4 . The mechanism of two following reactions was
studied in [15],[16],[17]:

SiH4 → SiH2 +H2 (1)

and

SiH4 → SiH3 +H (2)

The chemical reactions rate constants are presented in detail in [7], [17],[18]. However,the rate of
chemical reactions should be corrected, especially in plasma with PECVD technologies, where the
electrons are incorporated with active species tending to formation key elementary processes applied
to thin films micro crystalline silicon thin films. Most of them solved by Monte Carlo simulation
technique [14],[19],[6],[20]. It was experimentally confirmed and theoretically shown that the first
reaction plays the dominant role. It should be pointed out that unimolecular decomposition of SiH4
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accompanied by ions and excited states formation. However, the plasma phase within which the
ions and excited states like SiH+

4 , H
+, H∗, H∗2 were not taken into consideration. The authors of

the study analysed the electron-molecule collisions, cluster growth kinetics in dusty in low pressure
SH4 plasma analysed[6],[13].

1. Elementary processes in SiH4 +H2 plasma

In the present work there is presented following kinetic model of elementary processes:

Table 1 - Elementary processes in SH4 +H2 plasma, irradiated by electron beam

№ Reactions Energy(eV) Type Ref
R1 H2 + e→ H2 + e 3kTeme/m(H2) Elastic H2 [21][22]
R2 SiH4 + e→ SiH4 + e 3kTeme/m(SiH4) Elastic SiH4 [7][22]
R3 H2 + e→ e+ 2H 8.9 Dissoc H2 [7][21]
R4 SiH4 + e→ e+ SiH3 +H 5.8 Dissoc SiH3 [21]
R5 SiH4 + e→ e+ SiH2 +H2 10.9 Dissoc SiH2 [7][22]
R6 SiH4 + e→ e+ SiH2 + 2H 7.8 Dissoc SiH2 [7][22]
R7 SiH4 + e→ e+ SiH +H2 +H 16.2 Dissoc SiH [7]
R8 SiH4 + e→ SiH−3 +H 6.5-11 Affinity SiH4 [21][22]
R9 SiH4 + e→ e+ SiHν13

4 0.27 Excitation SiH4 [21]
R10 SiH4 + e→ e+ SiHν24

4 0.113 Excitation SiH4 [21]
R11 H2 + e→ H∗2 + e 11.3 Excitation H2 21]
R12 H2 + e→ Hj02

2 + e 0.0453 Excitation H2 [21][22]
R13 H2 + e→ Hj13

2 + e 0.0727 Excitation H2 [21][22]
R14 H2 + e→ Hν1

2 + e 0.516 Excitation H2 [21]
R15 H2 + e→ Hν2

2 + e 1.08 Excitation H2 [21]
R16 H2 + e→ Hν3

2 + e 1.5 Excitation H2 [21]
R17 H2 + e→ H2

(∑
Rydberg

)
+ e2 15.2 Excitation H2 [22]

R18 H2 + e→ H+
2 + 2e 15.4 Ionization H2 [21][22]

R19 SiH4 + e→ SiH+
3 +H + 2e 11.9 Ionization SiH4 [7][21]

R20 H+
2 + 2e + SiH−3 → H2 + SiH3 ≈ T e Recom H2 [22]

Cross sections for electrons and hydrogen molecules were taken from [18].

Figure 1 – Cross sections for electron impact reactions for SiH4 and H2 from R1 to R10 (table 1)
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Figure 2 – Cross sections for electron impact reactions for SiH4 and H2 from R11 to R20 (table 1)

.

The plots corresponding to calculated with data to the cross sections for SiH4 and H2 are
presented in figure 1 and figure 1, respectively.

2. Boltzmann equation for e-beam

We should enumerate some innovative publication to adjust Boltzmann equation to study for-
mation of micro structural chemical plasma deposition devices and theoretical methods like in
[23],[24],[25],[26].Following to the earlier made studies [27],[28],[24],[21] the Boltzmann equation for
electron beam in the gas mixture we are presenting in the following way:

∂efe(t,
−→r ,
−→
ξ ) = Sebe + Spee (fe)+S

ion
e (fe) +

∑
k

Sexce,k (fe)+

+Sele (fe)−
∑
k

Sdise,k (fe)− Srece (fj ∗ fe)
(3)

here fe(t,
−→r ,
−→
ξ ) is distribution function of electron beam in the SiH4 : H2 plasma by time,

radius vector and velocity. It should be known that the variables t and −→r are hydrodynamic, but
they microscopic variables and the

−→
ξ should be considered as the velocity of a particle (fission

fragments). Se(fe) is the collisional member according to elementary processes.∫ ξmaxe

0
fe(t,

−→r ,
−→
ξ ) d

−→
ξ = ne(t,

−→r ) (4)

here ne(t,
−→r ) is concentration of particles in plasma by time and radius vector.

∂e =
∂

∂t
+ ξi

∂

∂xi
+ ai

∂

∂ξi
. (5)

Equation 5 is an auxiliary mathematical apparatus that includes the characterization of particles in
a plasma.

fpe (t,−→r ,
−→
ξ ) =

∫ ξmax
I Ωion

j (4Ej , ξj)feb(t,−→r ,
−→
ξ )d(4Ej)

(6)

Here Ωion
j is the source j-type of fragments on full differential cross-section for ionization proses, I

- is ionization potential, 4Ej is energy loss, that is equal an energy received by allocated electron
and total amour of ionization potential. Further solution looks like this∫ ∞

0
δ(
−→
ξ −
−→
ξ 0
e) d
−→
ξ = 1 (7)
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here δ(
−→
ξ −
−→
ξ 0
e) is a delta function that represents at the point of the initial energy a fission fragment

by the energy distribution.Based on the above data the energy of the primary electron with the law
of conservation of energy for a charged electron has the form of kinetic energy as follows:

εesce =

∫ ξmax

0
fpee (t,−→r ,

−→
ξ )
meξ

2

2
dξ (8)

here me is effective mass of primary electrons. The function of distribution of electron beam is
following:

feb = n0

(me

Eeb

) 3
2
δ(ξ − ξeb0 ) (9)

then we have collisional member for ionization:

Sione (fe(t,
−→r ,
−→
ξ )) =

∑
{

k

nk

∫ ξmaxe

ξ+
√

2Ik
me

δ(ξ
′
j −Gione,k (ξ

′
j , ξj)p

ion
j (E

′
e)dξ

′
e∗

∗
∫ E0−Ik

Ik

fj(ξ
′
j)ξ
′
jΩ

ion
e,k (ξ

′
e,4Ee)d(4Ej)−

−nk
∫ E0−Ik

0
pione,k (Ej)fe(ξe)ξeΩ

ion
e,k (ξ

′
e,4Ee)d(4Ee)}

(10)

Following to [29] and [30] the primary electrons energy distribution equals:

fpee (ε) = n0e

{
me
Eq

}
∗G(ε)

G(ε) = I3

(I+ε)2Eq


I + ε

I
+

4

3
(1−

I + ε

I
Ln(2.7+(

Eq − I − ε
I

)0.5)

1+
1

3
Ln(2.7+(

Eq − I
I

)0.5


Eq = me(ξebe )2

2

(11)

here G(ε) is collision integral of primary electrons, Eq is kinetic energy of primary electrons with
hydrodynamical variable by velocity.

Figure 3 – Primary electrons energy spectra,calculated by formula-(11)

.
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From equation we may deduce the hydrodynamical equation for SiH4 + H2 plasma, irradiated
by electron beam:

∂ne(t,
−→r )

∂t +∇−→j e(t,−→r ) = Sebe (t,−→r ) + Spee (t,−→r ) + kT (t,−→r )ne(t,
−→r )−

− kaff (t,−→r )ne(t,
−→r )− krec(t,−→r )n2e(t,

−→r )

−→
j e = −De∇ne + bene

−→
E −DT

e ∇Te

∇
−→
E = −4π(ne + n− − n+)

(12)

∂

∂t

{
3

2
nekTe

}
= Seb ∗ Eeb − SpeEave − λ∇Te − χ(Te − T0) (13)

This curve (figure 3) can be compared [21] for reasons, the primary electron loses energy or it can
be assumed that at the birth of the secondary electron this spectrum decreases, our model places
the ionization peak at a slightly higher height more precisely showing the peak at high energy.

3. Electrons Boltzmann equation solution. Time dependent case

We should select three time scale in the evolution of electrons beam energy to local Maxwellian
distribution. The first one, the fast time scale lasts from zero to 10−11sec - 10−9sec [31] and con-
nected with the fast transformation of mono energetic electrons energy of the electrons beam to the
formation of primary electrons energy spectra and exciting neutrals of the testing gas. The second
time scale is the slow time scale and it will be characterized by small parameter ε , which is to

ε = δ

√
Eeav
Eq

, δ =
me

M
(14)

here M, m earemasscollidingatom
′s.Therelationbetweenthesetwoscalesisasfollows : tslow scale =

tfast scale

ε (15) The third time scale is slower than the second one and rings the local Maxwellian
energy distribution related with the further transformation electrons energy to heating neutrals and
recombination and affinity processes. The relation of the slow elastic degradation and its corresponds
to the very slow time scale last around 10−9sec till 10−7,−3sec and related with the first fast time
scale as follows:

tmaxwellization = tfast scale

ε2
(16)

So, we may present these three types of energy distribution function as the following series:

∂fe(t, ξ)

∂t
=

(
∂f

∂t

)(0)

+ ε

(
∂f

∂t

)(1)

+ ε2
(
∂f

∂t

)(2)

+ ... (17)

For quick, slow and Maxwellian time relaxation we may present The Boltzmann equation slitted
into three equation:

(
∂f
∂t

)(0)
= Seb(t, ξ0(t)) + nebe

(
me
Eeb

) 3
2
∫ ξ0
ξ

∫ Eeb
I Ωion(4Eξ′)δ(ξ′ − ξ0)d(4E)

∗δ(ξ −Gion(ξ
′
, ξ))ξ

′
dξ
′ − nebe

(
me
Eeb

) 3
2
∫ Eeb
I Ωion(4E, ξ)ξf(t, ξ)d(4E)

(18)

Over time, electrons from the electron beam are converted into primary electrons, which complete
the rapid passage of time. By introducing a deceleration function G(t) we obtain the evolution of
the electron energy distribution on this timescale as follows:

ffast scale(t, ξ) = ne0

(me

Eeb

)
δ(ξ − ξ0) + fpe(ξ)− fpe(ξ)e−

t
τ (19)
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fslow scale(t, ξ) = ne0
(
me
Eeb

)
δ(ξ − ξ0) + fpe(ξ)− fpe(ξ)e−

t
τ + fM (ξ)− fM (ξ)e

− t
ετ1

fM (ξ) = ne

(
me
kTe

) 3
2
e−

meξ
2

kTe

(20)

Figure 4 – Secondary electrons energy spectra evolution in SiH4 : H2 plasma, generated by e-beam

.

Monte Carlo simulation allowed us to get the evolution. The secondary electron, the mathemat-
ical solution are equations (19) and (20). Figure 4 shows the theoretical calculation obtained by
simulation. It shows that the red line corresponds to (TED9=9ns) in the ninth nanosecond time
interval and shows that the electron energy has the maximum value in this interval. We consid-
ered the ten-time interval for numerical calculation and derived only (TED1=0.1ns, TED5=5ns,
TED10=10ns) these intervals in graphical form. In different time intervals, the energy and number
of electrons change periodically.

4. Monte Carlo programming code description

The series of works were undertaken to analyse the chemical kinetics in SiH4 +H2 mixtures by
Monte Carlo technique like [7], The programming complex described in the present paper consists
of three main parts:initial data input INDATA , life history trace of SiH4 + H2 fragments and
electrons degradation spectra in subroutine MKN
and recording all output data DATAOUT in files with intention txt . One of the electron’s history
in any elementary process starts in subroutine BEGHIS . In the case when ff is not the subject
of external field their initial energy of the played electron equals to the energy released from e-
beam source. Because of the isotropic space distribution the secondary electrons directions are
taken randomly. It also should be noted that initial coordinates are taken within a given volume.
Intensity of directly connected with neutron flux energy and space distribution of e-beam source.
The main program MCN has two loops; first one counts the number of played histories, the second
loop traces the electron life history till its energy decreases to the defined minimum limit or crosses
the boundaries of the given volume. Within the second loop whatever electron energy is, the integral
cross section recalculated and free flight length is defined:

R = −ALOG(CL)

S
, S =

∑
i

Niσij(SiH4, H2, e) (21)

here CL -is random number with equal probability within 0,1, S - is total cross section. If during
electron free flight charged particles are not affected by external electric field electrons come to target
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atom and calculation procedure addresses to the subroutine ELACT . In the presence of external
field the fission fragments accelerate or lose their energy. In subroutine ELACT one of a number of
elementary processes choice is realized by the following rule. The normalized ladder of all possible
interactions cross sections corresponding to the current value of fission fragment energy is compiled.
Then the successive comparison with random number brings lucky choice for fission fragment or for
electron. The block scheme of the programming code is presented below:

in SiH4.png

Figure 5 – Block diagram of the calculation of the energy spectrum of the e-beam electrons by the Monte Carlo method
in the SIH4 : H2 excited plasma, placed in the core of a stationary electron beam

.

After the elementary process has been chosen the loss of energy, intensity and other collision
parameters are booked and returned to the main program (figure 5). In case of three body collision
the energy loss of initial particle compiled from three parts. Firstly, recoil loss, secondly, ionization
potential and thirdly the energy of third created particle (primary electron) which has sufficiently
large range of captured energy from zero up to the total particle energy. Probability of this process
inversely proportional to energy loss taken proportional to loss of energy, taken in the negative
second power. The subroutines responsible to make these calculations are in TWOW,TWOR . The
acquired energy of primary electrons as well as other parameters like position coordinates, directions
recorded and primary electron’s histories successively played as in the fission fragments manner. The
calculation code was compiled on the time depending scheme allowing and handling the processing
circuits synchronized in the given time intervals and branching process for two and more generations.
After each act of ionization created the primary electrons’ history (independently of source-heavy
fission fragments or born fast primary electron) traced during its full life. The energy of secondary
electrons created by primary ones are also randomly played and memorized in queue arrays which
then they are used to trace secondary electrons histories by the LIFO rule (last in, first out). There
was carried out tracking the trajectories of the primary electron’s energy was carried out up to
0.1 eV. Recombination of positive particles, protons and tritium nuclei played and tracked up the
thermal region and ends counting in thermal region until all electrons are taken from the present
energy distribution of histories of electrons. Integral cross section of recombination needs the total
eISSN 2663-1296 Bulletin of L.N. Gumilyov ENU. PHYSICS. ASTRONOMY Series, 2021, Vol. 135, №2
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concentration of positive ions in plasma which was calculated from ionization rate and lifetime of
the ion’s history.

5. Chemical kinetics

The numerical models review [32], [33] shows the vital interest to the formation of of thin film and
plasma chemistry around the surface boundaries. However, for the physics of a gas phase, it is often
necessary to know the rate of occurrence or death of a particle of a specific sort in the plasma or the
rate of reaction flow. The reaction rate refers to the number of elementary acts of birth or death of
a particle per unit volume of plasma per unit time. This value is proportional to the concentrations
of the particles involved in the reaction. In the future, to denote the concentration of particles, we
will enclose the corresponding particle symbol in square brackets.

d
dt [H+] = k11(t)ne[H2]− k12[H+][SiH4]− k13[H+][SiH3]
−k14[H+][SiH2]− k15[H+][SiH]

k12(t) =
∫ ξmax
0 σion(ε)

√
2ε
me
fe(t, ε) d ε

(22)

d
dt [H∗1 ] = k21(t)ne[H2]− k22[H∗1 ][SiH4]− k23[H∗1 ][SiH3]
−k24[H∗1 ][SiH2]− k25[H∗1 ][SiH]

k21(t) =
∫ ξmax
0 σexc1 (ε)

√
2ε
me
fe(t, ε) d ε

(23)

here σ - is interaction cross-section of electron-atomic collisions in gas-kinetic theory

d

dt
[H∗1 ] = k21ne[H2]− k22[H∗1 ][SiH4] (24)

d

dt
[H∗2 ] = k31ne[H2]− k32[H∗2 ][SiH4] (25)

The proportionality coefficients K1n,K2n included in these expressions that characterize the
collision process are called reaction rate constants. The rate constant of the two-particle process has
the dimension K [cm2/s] .

Figure 6 – Chemical kinetics scenario in SiH4 : H2 plasma, generated by e-beam

.

However the detailed mathematical models describing these diffusion processes and why the species
likeSiH3 that play a key role in these processe have not been discussed. Nevertheless we present
one of the possible scenario (figure 6) of kinetics evolution in such a plasma taking the kinetics
coefficients as functional from electrons energy distribution as a functions dependent from time and
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energy. Questions about the kinetics at the boundary surface where the crystallizations of micro-
crystalline silicon µc − Si : H and amorphous silicon a − Si : H are beyond the scope of this
article.

Conclusions

• There has been defined time dependent solution of Boltzmann kinetic equation solution for
electrons function of energy distribution
• There has been developed Monte Carlo technique applied to the simulation of the electron’s
energy spectra evolution the Maxwellian one
• Relaxation of electrons energy spectra to the local Maxwellian distribution, carried out by the
Monte Carlo method, demonstrates a similar time dependence and confirms time dependent
solution for electron beam Boltzmann kinetic equation

• Chemical kinetics shows a sharp dependence of ion formation from on time-time dependent electron
energy spectra in PECVD technology for SiH4 : H2 plasmas.
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Электронды сәуле арқылы шығарылған моносилан плазмасының SiH4 кинетикасы және электрон
энергиясының таралуының кремнийдiң бу фазасыда тозаңдануына әсерi

Аннотация. Моносиланның химиялық кинетикасы SiH4 тiкелей электрон энергиясының таралуына, сонымен
қатар сыртқы иондану көзi арқылы электрон бұлтының пайда болуына тiкелей байланысты. Бұл жұмыста электронды
энергияның таралуы Монте-Карло әдiсiмен химиялық кинетикамен ұштастыра есептеледi. Больцман теңдеулерiнiң
сәйкес шешiмдерiмен расталған ұсынылған статистикалық есептеулер Максвелл үлестiрiмiмен салыстырғанда химиялық
кинетика эволюциясының мүлдем басқа көрiнiсiн бiлдiредi. Электрондардың берiлу коэффициенттерi күштi электр
өрiстерiнде де бағаланады және пайдалы химиялық реакциялардың жылдамдығына баса назар аударылады және
химиялық будың тұндыруымен тiкелей байланысты, басқарылатын және бақыланатын Максвеллианнан тыс электрондар
энергиясы.

Түйiн сөздер: электрондардың энергия бойынша таралу функциясы-ЭЭТФ, моносилан SiH4 , Монте-Карло әдiсi,
бу фазасында химиялық қондыру (PECVD), Больцман теңдеуi, Максвелл таралуы.
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Кинетика плазмы моносилана SiH4 , генерируемой электронным пучком, и влияние распределения
энергии электронов на химическое осаждение кремния из паровой фазы

Аннотация. Химическая кинетика моносилана SiH4 напрямую зависит от распределения электронов по энергиям,
а также от образования исходного облака электронов внешним источником ионизации. В данной статье распределение
электронов по энергиям рассчитывается методом Монте-Карло в сочетании с химической кинетикой. Предлагаемые
статистические расчеты, подтвержденные соответствующими решениями уравнения Больцмана, представляют
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кардинально иную картину эволюции химической кинетики по сравнению с той, которая изображена распределением
Максвелла. Коэффициенты переноса электронов также оцениваются в сильных электрических полях и анализируются с
акцентом на скорость полезных химических реакций (непосредственно связанных с образованием химического осаждения
из паровой фазы, контролируемого и регулируемого немаксвелловским распределением электронов по энергии.

Ключевые слова: функция распределения электронов по энергии-ФРЭЭ, моносилан SiH4 , метод Монте-Карло,

химическое осаждение из паровой фазы (PECVD), уравнение Больцмана, распределение Максвелла.
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