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1. INTRODUCTION

In the last decades, the semiconductor industry has been
searching continuously for novel materials to be used for high-
tech innovative devices. Among them, silicon carbide (SiC)
presents unique characteristics such as a large band gap, high
thermal conductivity, high breakdown field, and good corrosion
resistance.' > These properties allow the realization of more
reliable and smaller devices that are able to work at higher
voltages and current densities than possible with other
semiconductors. This makes SiC an extremely suitable material
for high-power and high-temperature applications.**> Though
the growth of SiC has been the object of active research for
many years, its use on the industrial scale is still limited by
various difficulties, some of them related to the production of
high-quality single-crystalline ingots from which the substrates
are then cut. Although the possibility of producing large-
diameter wafers has been demonstrated, there are still problems
in producing ingots with diameters larger than 3—4 in., while
the current minimum standard for massive technological
development is considered the 6 in. diameter substrate.’
Moreover, the quality of the substrates available on the market
today does not meet the high standard of thickness uniformity
and the absence of defects (mainly represented by basal-plane
dislocations and micropipes) requested by the microelectronics
and semiconductor industry.”” For this reason, and to allow the
incorporation of dopants, epitaxial single-crystal layers are
usually deposited on the SiC substrates obtained from the SiC
ingots. Chemical vapor deposition (CVD) is indeed the only
route to industrially perform epitaxial single-crystal SiC growth
because of the high temperature involved in the process and the
level of control and purity that is required.>® The traditional

recipe is based on the use of silane and light hydrocarbons as
the Si and C precursors, respectively. Unfortunately, the
maximum concentration of gas-phase precursors that can be
maintained in this process is determined by the need to avoid
the formation of particulates, which nucleate easily even at
relatively low SiH, concentrations. This requirement thus
indirectly imposes a severe upper limit on the film growth rate.
To ensure both high-quality films and high-throughput
production processes, the use of chlorinated precursors has
recently emerged as the most promising route in SiC
technology."”

High-quality models of the deposition process can be
extremely useful in order to optimize the SiC deposition
process. Such models may be centered either on the fluid
dynamics of the CVD reactor or on the kinetics of the growth
process.'®™'> One of the first models of the gas-phase kinetics
active during the growth of SiC from silanes was developed by
Allendorf and Kee,"® and it was more recently updated by
Danielsson et al."* The first detailed mechanism of SiC epitaxial
single-crystal growth involving chlorinated species was
developed by Veneroni and Masi in 2006.” It consisted of a
model of the gas-phase and surface chemistry active during the
deposition of light hydrocarbons, silane, and either chlor-
osilanes and/or HCI as chlorinated species. In the last years
other in silico approaches have been developed with the aim to
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Table 1. Si—H—Cl Gas-Phase Kinetic Mechanism*“

reaction log,o A a E, (kcal/mol) notes
SiH;Cl 2 H, + SiHCl 14.39 0 68.4 b
SiH,Cl, 2 SiHCl+ HCl 14.84 0 75.8 b
Si + HCl 2 SiCl + H 14.98 0 13.6 c
Si + H, 2 SiH, 12.08 0.5 0. d
SiH,Cl, 2 SiCl, + H, 1392 0 774 b
SiCl, 2 Cl + SiCl, 15.68 0 1112 ¢
SiCl, + H, 2 2HCI + SiCl, 743 1.94 622 f
SiHCl; — SiCl, + HCI 12.51 0.65 70.4 g
reverse 3.69 2.52 14.2 h
SiHCL, + HCl =SiCl, + H, 334 2.67 126 g
reverse 6.83 2.11 60.6 h
SiHCl, — SiCly + H 17.77 -0.75 93.8 g
reverse 13.3 0.08 —0.2 h
SiHCl; — SiHCl, + Cl 20.54 —-1.30 110.4 g
reverse 14.53 —0.12 —0.2 h
SiCl, — SiCl, + Cl 22.84 -1.96 1116 g
reverse 12.95 0.23 —0.4 h
SiH,Cl, — SiHCl, + H 17.94 —07 93.1 g
reverse 13.14 0.18 —0.4 h
Si,Cl, — 2SiCl, 22.98 -2.15 79.0 g
reverse 11.58 0.25 0.2 h
CLHSISiHCl, — 2SiHCL, 23.70 237 77.7 g
reverse 12.43 0.17 0.3 h
Si,HCl, — SiCl, + SiHCl, 2372 -236 789 g
reverse 11.41 0.43 —0.1 h
SiHCl, — SiCl, + H 19.11 -125 50.3 g
reverse 12.86 0.35 —0.7 h
SiCl; + HCl — SiHCl; + Cl 6.86 1.56 9.5 g
reverse 11.26 0.74 0. h
SiHCL, + HCl — SiH,CL, + Cl 69 1.63 9.6 g
reverse 11.08 0.94 -0.7 h
SiCly + SiHCl; — SiCl, + SiHCL, 4.58 2.66 18. g
reverse 5.18 2.57 17.2 h
SIHCL+SiHCl— SiCly+SiH,Cl, 3.70 2.98 6.1 g
reverse 3.76 3.04 5.4 h
SiCl, + HCl — SiCl, + H 2.08 3.08 11.8 g
reverse 9.97 147 19.0 h
SIHCL + H — SiCl, + H, 8.87 1.60 2.7 g
reverse S.11 2.44 139 h
SiHCl, + HCI — SiHCl; + H 2.38 3.00 12.0 g
reverse 9.67 1.48 20.1 h
SiH,CL + H — S{HCl, + H, 9.08 162 12.0 g
reverse 5.34 2.39 14.8 h
Si,Clg — SiCl, + SiCl, 12.08 047 483 g
reverse 1.57 3.03 13.0 h
Si,HCl; — SiCl, + SiHCl, 11.79 0.48 45.5 g
reverse 1.60 3.01 12.0 h
CLHSISiHCL, — SiCl, + SiH,CL, 1111 0.65 484 g
reverse 1.08 3.16 15.3 h
CLSiSiCIH, — SiCl, + SiH,Cl, 11.08 0.66 434 g
reverse 0.61 3.24 9.4 h
CLSiSIiCIH, — SiHCI + SiHCI, 10.84 0.62 46.6 g
reverse 1.20 2.99 1.8 h
Si,HCl; — SiHCl + SiCl, 1118 0.60 51.0 g
reverse 2.20 2.93 4.9 h
SiHCI + SiHCL, — Si,Cl, + H, 111 324 8.0 g
reverse 4.11 2.36 6.2 h
Si,Cl, — 2SiCl, 24.14 292 249 g
reverse 13.57 -0.23 0.4 h

“Kinetic constants are high-pressure limits and are expressed as k = AT* exp(—E,/RT), with A in units consistent with cm, s, and mol and E, in kcal/
mol. ®From Su and Schlegel.z'9 “From Kunz and Roth.*> “From Veneroni and Masi.® The rate constant is a collisional value. This reaction has been



Table 1. continued

introduced to enforce the attainment of equilibrium between these species. “From Valente et al.*® JFrom Cavallotti and Masi.*! ¥From Ravasio et
al.3* "The backward rate constant was estimated from detailed balance using CCSD(T) energies calculated with extrapolation to the complete basis
set limit and with vibrational frequencies calculated in the harmonic oscillator approximation, except for low-frequency vibrational modes
degenerating into rotations, which were treated using a 1D hindered rotor model.**

describe the impact of the addition of chlorine precursors on
the SiC gas-phase chemistry and growth rate. In particular
several kinetic analyses have been performed to investigate the
deposition of SiC from different precursors, such as HCL>*
SiHCl,,* and CH,CL'® Recently Leone et al.> compared the
kinetics of five different silicon precursors (SiH,, SiH,Cl,
SiHCl,, SiCl,, and CH,SiCly), thus allowing further progress of
our understanding of the SiC growth process to be obtained.
An additional improvement in the modeling of the SiC growth
can be obtained through the inclusion of n- and p-doping
mechanisms in the kinetic scheme.'¢™'® Indeed, because SiC is
a semiconductor, it is of high technological interest to grow p-
doped and n-doped films by the addition of a controlled
amount of the dopant element precursor to the deposition
recipe. However, only a few doping models have been reported
in the literature, so there is still much to understand in the SiC
doping kinetics, particularly in the presence of chlorinated
species.'”197*

The purpose of the present study is to present a widespread
analysis of the chemical kinetics active during the epitaxial CVD
of SiC when chlorine is present in the gas phase, including
mechanisms for p and n doping. The specific problems that we
address in the present paper include the following: an accurate
investigation of the gas-phase reactivity of Si—H—CI mixtures,
which is in our opinion underestimated by the existing models;
the identification of the key reactions active during N doping of
SiC films, as in our opinion some important reaction channels
have not yet been identified; and the proposal of a predictive
kinetic model for Al doping in SiC thin films, which is presently
missing in the literature. The predictions of the kinetic models
presented in this work are compared with experimental results
measured in an industrial reactor.'**>~*°

2. METHOD

Simulations were performed using a 1D model developed by us
that has been described in detail in our previous works.*’
Briefly, the model solves the mass and energy conservation
equations along the flow direction while the mass and energy
transfer to the reactor walls, susceptor, and growth surface are
solved using boundary layer theory. The model equations are
reported in the Supporting Information, together with a
discussion of the expected accuracy of the model. For the
experimental runs considered in the present study, the
Reynolds number is between 10 and 20, so the growth is
always performed in the laminar regime. The mass and energy
transfer coefficients are determined using the Luikov
expressions for fully developed flows in rectangular ducts.*!
Diffusion and thermal diffusion coeflicients are calculated from
Lennard-Jones parameters. Because of the high-dilution
conditions, the conductivity and viscosity of the gas-phase
mixture are assumed to be equal to those of hydrogen. The
surface reaction kinetics is solved in the pseudo-steady-state
approximation together with the homogeneous mass and
energy conservation equations, which makes the problem a
differential algebraic one. The numerical integration was
performed using the daspk 2.0 solver.’>*?

The gas-phase and surface kinetics are described using a
kinetic mechanism consisting of three parts: the mechanism for
SiC deposition from chlorinated species, the n-doping
mechanism, and the p-doping mechanism. As most of these
mechanisms have been published in the literature, it would be
redundant to report and discuss them here explicitly. Thus,
most of them are reported in the Supporting Information, while
the elements of novelty are discussed in detail for each
submechanism in the following.

The SiC mechanism is composed of (i) the mechanism
proposed by Danielsson et al.'* for the gas-phase Si—C—H
kinetics, (ii) a part of the Si—H—Cl gas-phase mechanism we
developed recently on the basis of ab initio and transition-state
theory calculations,® and (iii) the surface mechanism for SiC
deposition of Veneroni and Masi.” The Danielsson mechanism
has been slightly modified in regard to the CH, decomposition
rate constant, for which the high-pressure data of Baulch et al.*®
were used; the rate constants for decomposition of C,H, to
C,H, and C,H,, for which the data of Baulch et al.** were used;
and the important rate constant for the reaction between CH,
and H to give CH; and H,, which rules the equilibrium
between the two relevant gas-phase chemical species and for
which the accurate estimation of Michael and co-workers®® was
used. Differently from Danielsson et al,** all of the reactions
were considered as reversible with backward rate constants
determined using detailed balance, except for the hydrogen
decomposition rate constant, for which explicit expressions
were used for the forward and backward processes to correctly
account for third-body efficiencies. In regard to the Si—H part
of the Danielsson mechanism, only the SiH, decomposition
rate constant was changed, as it was substituted with the 0.1 bar
value calculated by Barbato et al®>’ using RRKM/master
equation simulations. It is noteworthy that this is the only rate
constant in the kinetic mechanism for which the pressure
dependence has been explicitly taken into account. A
preliminary sensitivity analysis of the rate constants that may
be in fall off under the considered operating conditions, notably
that for the CH, unimolecular decomposition, showed that the
slowdown effect given by fall off on decomposition rates may
impact the simulation results in the first part of the susceptor, in
which the temperature changes are most significant, while at
the highest temperatures, after the radical reactions have been
initiated and the gas phase is mostly at equilibrium, the
sensitivity to pressure is reduced. On the whole, it could be
concluded that the pressure dependence of the rate constants
should be considered if quantitative modeling of the growth
rate and doping profiles is needed, while this dependence may
be neglected if only average growth rate and concentration
values are desired. The Si—C—H mechanism used in the
simulations is reported in Table S1 in the Supporting
Information.

The Si—H—Cl mechanism we originally proposed,” which
was based on the study of Valente et al,>® was significantly
modified with the inclusion of the gas-phase Si—H—CI
mechanism we recently proposed to describe the chlorosilanes’
gas-phase reactivity. The mechanism upgrade is likely to lead to
a significant enhancement of the gas-phase reactivity of



Table 2. N-Doping Mechanism”

reaction log;y A a E, (kcal/mol) notes
Gas-Phase Reaction”
Si, + N, 2 28iN 13.0 0. 0 p
Surface Reactions

N + §1 — N* 11.95 0.5 0 d e
NNH + 2$1 — N* + NH* 21.06 0.5 0 d, e
2NH* — 2N* + H, 22 0 81.2 d
N* + Si* — SiN(b) +$1 19 0 60 d
N* + SiH* — SiN(b) + 0.5H, + $1 19 0 60 d
N* + SiH,* — SiN(b) + H, + $1 19 0 60 d
N* + H, - NH, + $1 19 05 110 d
N* + N*¥ - N, + 2$1 19 0 60 d
SiCl* + N* — SiN(b) + Cl + $1 + $2 19 0 60 d
NH, + $1 —» NH* + H* 11.92 0.5 0 d, e
SiN + $2 — SiN(b) + $2 11.7 0.5 37 d f

“Kinetic constants are expressed as k = AT* exp(—E,/RT), with A in units consistent with cm, s, and mol and activation energies in kcal/mol. $1
represents a free Si surface site, while $2 represents a free C surface site. “The mechanism is completed for gas-phase reactions by Table S2 in the
Supporting Information. “The rate constant is a collisional value. This reaction has been introduced to enforce the attainment of equilibrium between

S d . i 20
these species. “From Fiorucci et al.™ ©

Table 3. Al-Doping Mechanism®

Collisional with sticking coefficient equal to 1. FCollisional with fitted activation energy.

reaction log,o A a E, (kcal/mol) notes
Gas-Phase Reactions
Al(CH,), — Al(CH,), + CH, 15.53 0 762 a
reverse 12.34 0 0 a
Al(CH,), — AICH, + CH, 15 0 39.8 a
reverse 12.52 0 0 a
AICH, — Al + CH, 1426 0 66.3 a
reverse 12.1§ 0 0 a
AICH, + H — Al + CH, 14 0 15.1 a
reverse 15.43 0 534 a
AICl + H - Al + HCl 14 0 17.3 a
reverse 14.36 0 3.2 a
AICl + HCI 2 AICL, + H —1.328 3.98 54 b
AICl; + H 2 AICL, + HCI 8.889 1.63 20.5 b
AlH + Cl 2 AICl + H 13 0 0 b
AlH + Cl 2 Al + HCI 13 0 0 b
Surface Reactions
Al + $2 — Al* 11.81 0.5 0 c
AICI + $2 — AICI* 11.6 0.5 0 c
Al* + C* - AIC(b) + $1 + $2 19 0 60 d
Al* — Al + $2 13 0 60 e
AICI* — AICI + $2 13 0 30 d
Al* + CI*C — AICI* + $1 19 0 25 f

“Kinetic constants are expressed as k = AT* exp(—E,/RT), with A in units consistent with cm, s, and mol and activation energies in kcal/mol. $1
represents a free Si surface site, while $2 represents a free C surface site. “From Cavallotti et al.* “From Swihart et al.*” “Collisional. “Assumed to be
fast. “Assumed to be slow. ] Rate-determining; the activation energy was obtained by fitting of experimental data.

chlorinated species as it contains two different reaction routes,
one based on the formation of disilanes as intermediate species
and the other on SiH,Cl, radicals, that are significantly faster
than those present in the original mechanism. The Si—H—Cl
mechanism used in the simulations is shown in Table 1.

As can be observed, for many reactions the rate constants are
explicitly given as forward and backward rate parameters,
therefore without enforcing detailed balance. This was done
because the rate parameters were calculated using high-level
first-principles calculations®* based on CCSD(T) theory with
extrapolation to the infinite basis set, and we felt that for some
of the rate parameters the backward rate constants estimated
from first principles were more accurate than those that could

be determined using the available thermodynamic parameters.
This is consistent with the recent finding of Danielsson et al.**
that the predictions of SiC kinetic models may be significantly
affected by the choice of the thermodynamic data set used in
the calculations. The surface mechanism used to model the SiC
growth is the same described by Veneroni and Masi’ and is
reported in Table S3 in the Supporting Information. As it is
well-described in the original paper, it will not be further
discussed here, apart from a reminder that it was successfully
used to model the growth measured using two different SiC
growth reactors in which growth was performed under different
operating conditions, thus proving its suitability to simulate
different SiC deposition conditions and confirming the



consistency of the chemical and physical assumptions on the
basis of which it was developed.

The kernel of the N-doping mechanism was taken from
Fiorucci et al?® and Meziere et al,”! with respect to which it
was modified in regard to the addition of one gas-phase
reaction and part of the surface mechanism, from which was
removed the reaction of dissociative adsorption of N,. In
addition, the rate constant estimated by Caridade et al.** was
used for the reaction between N, and H to give N,H. The gas-
phase mechanism is reported in Table S2 in the Supporting
Information, while the surface mechanism and the gas-phase
reaction introduced in this work are reported in Table 2. The
structure of the mechanism is described in the Results and
Discussion, which seemed more appropriate since the
motivations behind the modification of the N-doping
mechanism originated from a preliminary analysis of the
comparison between the simulated and experimental data.

The Al-doping mechanism used for the simulations is
presented here for the first time. It is therefore reported fully
in its gas-phase and surface parts in Table 3. The mechanism is
composed of the gas-phase mechanism for AI(CHj,),
decomposition proposed by Cavallotti and co-workers*** to
describe the gas-phase reactivity active during the AlGaAs
deposition process performed in the presence of HCI and of a
few selected reactions taken from the computational studies of
Swihart and co-workers.***’ The reactions taken from the
AlGaAs gas-phase kinetic mechanism were estimated using a
combination of the kinetic theory of gases and transition-state
theory using DFT data determined at the B3LYP level. As
explicit rate constants were provided for the forward and
backward reactions, detailed balance was not enforced, thus
implicitly using the DFT thermochemical parameters. The
AlGaAs reaction set describes the decomposition of Al(CHj)4
into AI(CH;), and AICH; and the successive conversion of
AICH; into Al and AICL. The conversion of AlCl into AICl, and
AICl; was described introducing a set of four reactions taken
form the work of Swihart and co-workers, which were also
computed from first principles using transition-state theory.*’
In this case, however, as no explicit expressions for the
backward rate constants were given, all of the reactions were
considered as reversible, with backward rate constants
computed using the NIST—JANAF thermochemical tables.*®
The surface mechanism will be described and discussed in
section 3.3.

All of the experimental data reported in this paper were
measured in an industrial hot-wall reactor suitable for SiC
deposition that was built by LPE, an epitaxial technology
company. These data have been published in several different
papers in the last years, to which we refer the reader for a
detailed description of the measurement methods that were
adopted to determine the growth rates and doping levels as well
as for details concerning the deposition protocols.'”**~* The
same reactor was used for all of the depositions, and it is
characterized by a reactor height of 2.5 cm and a 21 cm wide
susceptor and can accommodate up to six 2 in. wafers and three
3 in. wafers at the same time.> The 4H-SiC(0001) wafers are
placed on a graphite susceptor, which is 20 cm long and
positioned S0 cm from the point of entrance of the gases into
the growth chamber. The SiC film and doping precursors are
fed into the reactor diluted in a hydrogen carrier gas at a flow
rate varying between 100 and 150 slm. The Si precursor was
SiHCl;, while the C precursor was C,H, The n-doping
precursor was N, while AI(CHj;); was used for p-doping. All of

the depositions were performed at a pressure of 0.1 bar, which
enhanced the gas-phase diffusion and slowed the gas-phase
reactivity. Doping and growth experiments were performed
with susceptor temperatures varying between 1550 and 1650
°C.

3. RESULTS AND DISCUSSION

3.1. SiC Growth Mechanism. The simulations were
performed using an imposed temperature profile, which for a
susceptor temperature of 1600 °C is shown in Figure 1 together
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Figure 1. Surface (imposed) and gas-phase (calculated) temperature
profiles above the susceptor used in the simulation of SiC growth at a
susceptor temperature of 1600 °C.

with the gas-phase temperature computed for a feed of 100 slm
H,. The adopted temperature profile of the deposition surface
is expected to give an adequate description of the real
temperature distribution on the basis of preliminary calcu-
lations that took into account the reactor internal structure and
the inductive heating of the susceptor and on the basis of in situ
pyrometric measurements of the susceptor temperature profile.

As can be observed, it was assumed that inductive heating of
the SiC-coated graphite susceptor will lead to an almost
uniform temperature above the substrates, which will however
drop rapidly immediately before and after the deposition zone.
Also, the gas-phase temperature was calculated to be about 30
°C lower than that of the surface, which, on the basis of full 3D
simulations and experimental measurements, is determined by
the fact that the hot wall above the susceptor is expected to
have a temperature that is about 100 °C lower. This will give
rise to a limited temperature gradient above the deposition
surface, but in view of the small height of the reactor, this will
not considerably affect the diffusion of the precursor through
thermal diffusion effects.

The growth rate profile calculated for the given temperature
profile using the Si—C—H—Cl mechanism for a feed of 100 slm
H,, 30 sccm SiHCl,, and 22.5 scem C,H, is shown in Figure 2.
The results reported in Figure 2 show that the agreement
between the model and experiment is good, although the
calculated deposition profile seems to be slightly sharper than
that measured experimentally. However, considering the several
approximations on which the model is based, most notably the
use of a 1D fluid dynamic model rather than a more proper 2D
or 3D model, the results may well be considered as satisfactory.
An important aspect that was observed while performing a
sensitivity analysis of the growth rate over the gas-phase
mechanism is that the computation of the backward reactions
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Figure 2. Growth rate calculated using the Si—C—H—Cl mechanism
for a feed of 100 slm H,, 30 sccm SiHCl,, and 22.5 sccm C,H,.

of the hydrocarbon chemistry from detailed balance rather than
using the explicit expressions given by Danielsson et al.'* has a
non-negligible impact on the growth rate profile, which would
be smoother using the Danielsson et al. kinetic mechanism. The
reason is that this change in the gas-phase mechanism affects
the gas-phase concentration of some of the main SiC carbon
precursors, such as methyl and acetylene. Though the
difference between the two mechanisms is limited (the
deposition profile changes by no more than 20%), this result
suggests that some improvement in the hydrocarbon gas-phase
mechanism may still be possible.

In order to test the impact that the inclusion of the new Si—
H—-Cl mechanism we recently developed®® has on the gas-
phase chemistry, two different simulations were performed, one
with the original mechanism® and the other with the updated
mechanism. The concentration profiles computed for the main
gas-phase species are shown in Figures 3 (old mechanism) and
4 (new mechanism). As can be observed from a comparison of
the two sets of results, the differences are significant for some
chemical species, while the concentrations of some key Si
growth precursors, such as SiCl,, are almost untouched. The
result is that the impact of the new mechanism on the growth
rate is almost negligible with the current model, as the
concentrations of the main chemical precursors to the film
growth are not modified. On the other hand, it can be observed
that the gas-phase concentrations of many relevant species are
considerably changed.

Comparison of the results obtained using the two kinetic
models clearly shows that the original kinetic model, which
lacks the radical and disilane conversion pathways, significantly
underestimates the gas-phase reactivity. The result is that the
extent of SiHCl; decomposition is overestimated by a factor of
3, the extents of SiH,Cl,, and SiH;Cl formation are
underestimated by factors of 20 and 30, and the SiCl,
concentration is overestimated by a factor of about 1000.
The reason for this behavior is that the original Si—H—CI gas-
phase model misses some key reaction pathways for the
interconversion of the main SiH,Cl,_, chlorinated species. The
most relevant pathways introduced by the radical submechan-
ism of the new model are composed by a series of reactions that
determine the interconversion of the precursors through a
radical chain mechanism. Examples of such reactions are given
by the following reaction set:

SiHCl, — SiCl, + HCI (R1)
SiHCI, + SiCl, — Si,HCl; (R2)
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Figure 3. Mole fractions of relevant species above the susceptor for the
same conditions as in Figure 2 calculated using the old Si—H-Cl
mechanism”® to describe the conversion of the chlorinated precursors.

Si,HCly — SiCl; + SiHCl, (R3)
SiHCl, + SiCly — SiCl, + SiHCl, (R4)
SiHCI, + SiHCl, — SiH,Cl, + SiCl, (RS)

In reaction R1, SiHCl; decomposes to give SiCl, and HCI.
Once formed, SiCl, can react with SiHCl; to form the Si,HCI;
disilane species, which rapidly decomposes to generate two
radicals: SiCl; and SiHCL,. SiCl; can then react with SiHCI; to
form SiCl, and SiHCL,, the latter of which can react with
another SiHCl;, leading to the formation of SiH,Cl, and SiCl;
and thus closing the SiCl; catalytic cycle. As the temperature
grows, SiHCl, starts to decompose rapidly in the gas phase (see
Figure 4b), thus providing a route to form SiCl, and atomic H,
which can as well lead to the production of SiCl; through the
following two reactions:

SiHCI, — SiCl, + H (R6)
SiHCL, + H — SiCl; + H, (R7)

In parallel to the radical mechanism, conversion between
chlorinated Si species can also take place through the disilane
mechanism, according to which the system reactivity is
enhanced through the formation of intermediate disilane
species. An example is given by the following reaction set:

SiHCl, — SiCl, + HCI (R1)

SiHCI, + SiCl, — Si,HCly (R2)
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Figure 4. Mole fractions of relevant species above the susceptor for the
same conditions as in Figure 2 calculated using the new Si—H—Cl
mechanism® to describe the conversion of the chlorinated precursors.

Si,HCI; — SiCl, + SiHCI (R8)
SiHCl, + SiHCl — H,CISiSiCl, (R9)
H,CISiSiCl, — SiH,Cl, + SiCl, (R10)

The difference between the radical and disilane mechanisms is
given by reactions R8—R10, according to which the formation
of SiH,Cl, and SiCl, does not need the formation of an
intermediate radical species. According to the simulations we
performed in our previous study,34 these two mechanisms are
active contemporarily. For the system under consideration in
the present study, however, it is likely that the enhancement of
the gas-phase reactivity given by the inclusion of both
mechanisms will lead to a gas-phase composition governed
by thermodynamic equilibrium. In fact, it can be observed that
the concentration of the SiH,Cl,_, gas-phase species follows
the order of abundance predicted by thermodynamic
equilibrium for chlorosilanes diluted in H,: SiH;Cl > SiH,Cl,
> SiHCI, > SiCl,.” As can be observed, this is not the case when
simulations neglecting the disilane and radical pathways are
performed (Figure 3). In regard to two other key species, SiH,
and HCI], the two mechanisms predict very similar concen-
trations, indicating that in both cases the reaction kinetics is
sufficiently fast to lead to a substantial equilibrium.

The concentrations of the Si radicals and reactive
intermediates generated by the decomposition of the SiHCl;
precursor predicted using the two kinetic models are shown in

Figures 3b and 4b. As can be observed, both mechanisms
predict that the most abundant active species generated in the
gas phase are atomic H and Si. However the mechanisms differ
in the prediction of the formation of the third most abundant
active species, which is predicted to be SiCl, by the old
mechanism and SiHCI by the updated mechanism. This is a
relevant finding, as according to the present simulations SiHCI
is together with SiCl and SiCl, an important Si precursor to the
growth of SiC, though the most important contribution comes
from atomic Si. The inclusion of atomic Si in the film is
controlled by an adsorption/desorption equilibrium that is
established at the growth surface. As the growth rate is sensitive
to the Si desorption rate, which in the model of Veneroni and
Masi® was determined through fitting of sublimation pressure
data, it is suggested that a higher-level study of this important
reaction and of the surface dynamics of atomic Si may lead to a
better understanding of the SiC growth mechanism.

As a final remark about the discussion reported here, it is
important to point out that the gas-phase reactivity analyzed in
this and the following section is significantly influenced by the
presence of a reactive surface, which acts as a source or sink of
some chemical species. This aspect must thus be considered
when extrapolating the results of this study to different systems
where the surface may play a less (or more) active role.

3.2. N-Doping Mechanism. The N-doping kinetics was
investigated using three different sets of data collected in the
same reactor. The first set of data was obtained by measuring
N-doping profiles on SiC substrates that were grown using a
feed composed of 100 slm H,, 30 sccm SiHCl;, 22.5 scem
C,H,, and 13 sccm N,. The substrate was maintained at a
temperature of 1550 °C.*® The N-doping mechanism used in
the simulations is reported in Table 2 and Table S2 in the
Supporting Information. With respect to the N-doping
mechanism we previously proposed, this mechanism differs
by including in the gas phase a reaction for the formation of the
SiN radical, which we propose in the present study to be the
main gas-phase precursor for the incorporation of nitrogen in
SiC. The motivation to include a new gas-phase reaction and
hypothesize that SiN may play a key role in the N-doping
mechanism comes from the experimental observation that the
N atomic density measured in a SiC film grown in the presence
of a gas phase containing N, is proportional to the square root
of the gas-phase concentration of N,. This was found for the N-
doped films grown using the reactor studied in the present
work as well as for a certain N, gas-phase concentration range
in the experimental study of Forsberg et al.>* The mechanism
we previously proposed to describe the N, incorporation
kinetics, however, predicts that more than 95% of the nitrogen
found in the film comes from dissociative adsorption of N, on
the SiC film surface. The rate of this reaction is directly
proportional to the gas-phase N, concentration, which is in
contrast with the experimental evidence. To recover the square-
root dependence of the N incorporation rate from the N,
concentration, however, it is sufficient to postulate that the N-
doping precursor is a chemical species that is formed in the gas
phase with stoichiometric coeflicient of 2 from a reaction that
reaches equilibrium and in which N, appears as a reactant with
stoichiometric coefficient of 1. This is for example the case if we
postulate that in the gas phase a mechanism is active through
which N, and atomic Si react to give SiN as a final product. The
global reaction for this process would have the following
expression:



N, + 2Si 2 2SiN (R11)

The free energy change for this reaction computed at 1500 °C
and 1 bar is slightly positive, about 8 kcal/mol, which
corresponds to an equilibrium constant of 0.08. This means
that, given the relatively high concentrations of N, and Si, the
equilibrium concentration of SiN will be just a few orders of
magnitude smaller than that of Si. Indeed, the simulations
revealed that the equilibrium mole fraction of SiN above the
susceptor is about 1077, which is more than sufficient to justify
the N atomic densities measured in the film. As reaction R11 is
termolecular and thus unlikely from a mechanistic standpoint, it
was decided to implement in the model the reaction between
disilane and N to give two SiN molecules:

Si, + N, 2 28iN (R12)

If a collisional rate constant of 10 is implemented and the
backward rate constant is computed using detailed balance, it is
found that this process proceeds rapidly until the equilibrium
between the forward and backward processes is reached, at
which point the concentration of SiN is proportional to the
square root of the product of the concentrations of Si, and N,,
thus giving the expected dependence on the N, gas-phase
concentration. While reaction R12 may be oversimplified in
order to describe properly the process of SiN formation, it is
however reasonable that at the high temperatures at which this
process is performed a fast reaction route leading to the
formation of SiN probably exists. It is also here important to
point out that the route leading to the formation of SiN may
involve the formation of HSIN, which is thermodynamically
considerably more stable than SiN, as an intermediate species.
Here, however, SiN was considered a more likely precursor to
N-doping since, being a radical, it has a much higher reactivity
than HSiN. Finally, it is also worth noting that the square-root
dependence on the N, concentration would be obtained also if
the N-doping precursor were any of the species atomic N, NH,
NH,, or NH; and if these species were at equilibrium with N,.
However, the reaction mechanism we implemented includes
the most known routes for the formation of these species from
N, in a hydrogen environment, so the negligible calculated
concentrations of such species above the susceptor indicates
that there is a considerable kinetic limitation to their formation.

The comparison between the calculated experimentally
measured N-doping profiles is reported in Figure Sa, while
the concentration profiles of the most abundant gas-phase
nitrogen species along the susceptor are shown in Figure Sb.
The N-doping profile was determined using a SiN incorpo-
ration rate having a pre-exponential factor determined from
collision theory and an activation energy obtained by fitting of
the experimental data. The fitted activation energy is 37 kcal/
mol, which indicates that the gas-phase concentration produced
at equilibrium for SiN is more than sufficient to account for the
measured doping levels. The data in Figure 5b show that the
computed mole fraction of SiN in the gas phase is in fact
significantly larger than those of all other species that can
originate from the reactions of N, with hydrogen. Notably, the
computed ammonia mole fraction is well below the
thermodynamic limit, thus showing that its formation is
hindered by kinetic limitations, as pointed out above.

The developed kinetic model was successively used to
simulate a second batch and a third batch of experimental data
measured from films deposited in the same reactor but under
different operating conditions. The growths were performed at
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Figure S. (a) N-doping and (b) gas-phase composition profiles
calculated for a deposition performed at a substrate temperature of
1550 °C with a feed composed of 100 slm H,, 30 sccm SiHCI;, 22.5
scem C,H,, and 13 scem N,

a susceptor temperature of 1650 °C with a SiHCl; flow rate of
90 sccm. In the first set of experiments, the N, flow rate was
varied between 80 and 1750 sccm while the C,H, flow rate was
fixed at 33.75 sccm; in the second set of experiments, the N,
flow rate was fixed at 1000 sccm and the C/Si ratio was varied
by changing the C,H, flow rate between 27 and 33.75 sccm.
The comparisons of the calculated (averaged between S5 and
70 cm, where the substrates are usually positioned) and
experimental data® for these two different sets of experiments
are shown in Figures 6 and 7, respectively. As can be observed,
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Figure 6. Comparison of the calculated and measured* average N-
doping levels as a function of the N, flow rate on SiC thin films
deposited at a susceptor temperature of 1650 °C using a SiHCI; flow
rate of 90 sccm and a C,H, flow rate of 33.75 sccm diluted in 150 slm
H,.
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Figure 7. Comparison of the calculated and measured* average N-
doping levels as a function of the C/Si ratio in the feed on SiC thin
films deposited at a susceptor temperature of 1650 °C using a SiHCl,
flow rate of 90 sccm, a N, flow rate of 1000 sccm, and a C,H, flow rate
varied between 27 and 33.75 sccm, diluted in 150 slm H,.

the calculated and experimental data are in remarkable
agreement, especially considering that no fitting parameters
were used. This supports the hypothesis that the N-doping gas-
phase precursor is a gas-phase species containing a single N
atom that is in equilibrium with N,.

3.3. Al-Doping Mechanism. The Al-doping mechanism
was investigated using the mechanism reported in Table 3. The
mechanism was used to simulate data measured in the same
reactor adopted to study the N-doping mechanism under
similar operating conditions: a susceptor temperature of 1650
°C, a SiHCI, flow rate of 90 sccm, and a C,H, flow rate of
33.75 sccm, all diluted in 150 slm H,. The Al(CH;); flow rate
was varied between 0.01 and 0.225 sccm. The doping profile
calculated for a nonrotating susceptor and the gas-phase
concentrations of the main Al-containing gas-phase species are
shown in Figure 8a,b, respectively. As can be observed, the Al-
doping profile exhibits significant variations along the susceptor
length, which would not be acceptable for microelectronic
applications. However, it should be remembered that the
present simulations were performed in order to enhance the
effect of the kinetics without considering the rotation of the
susceptor, which would however be activated and would lead to
much smoother profiles in case a high-quality film would be
desired.

Analysis of the gas-phase composition reveals that, as
expected, AICI is the most abundant gas-phase species, followed
by atomic Al, AICl,, and AIH. The high concentration of atomic
Al calculated to be present in the gas phase led us to postulate
that, thanks to its high reactivity, it may be the main precursor
for incorporation of Al into the film. For this purpose it was
assumed that Al may stick on the SiC surface with collisional
efficiency and be successively incorporated into the film
through a successive surface reaction with a neighboring C*
surface species (ie, a C atom sitting on a Si site). As it was
found that this process leads to incorporation of Al in the film
that is in excess with respect to the experimental evidence, it
was decided to limit the incorporation rate by introducing a
reaction through which a surface CI* species may etch surface
Al to give AICI*, which would then desorb into the gas phase. It
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Figure 8. (a) Al-doping profile and (b) gas-phase composition
calculated for a deposition performed at a substrate temperature of
1650 °C with a feed composed of 150 slm H,, 90 sccm SiHCl;, 33.75
scem C,H,, and 0.1 sccm Al(CHj);.

was decided to control the Al incorporation in the film using a
surface-etching process rather than introducing an activation
energy in the sticking coefficient or assuming that Al may
desorb into the gas phase, which would give similar results. This
choice was dictated by the fact that it was experimentally found
that the amount of Al that can be incorporated in a SiC film
when the growth is performed in presence of chlorine is
significantly smaller than the Al-doping levels that can be
obtained in the absence of chlorine,'”*® thus suggesting that Cl
etches Al. The rate constant for the surface-etching process was
thus fitted over the experimental data to reproduce the Al-
doping levels found at low Al(CH,), flow rates. The fitted
activation energy for the Al etching process is 25 kcal/mol.
Comparisons of the experimental and simulated data (data
labeled as Simulation A) are reported in Figures 9 and 10.

As can be observed, the agreement is good only at low
precursor flow rates. This is determined by the fact that at high
flow rates the film approaches its Al saturation limit' and the Al
incorporation rate decreases. The alteration of the kinetics of
heavily doped semiconductors is a fact that is well-known in the
literature and is often explained in terms of an alteration of the
Fermi level of the growth surface.>® This leads to a modification
of the surface reactivity in the direction of a decrease in the
rates of the reactions leading to the incorporation of the dopant
and of an increase in the rates of the reactions leading to
desorption of the dopants that are present on the surface. To
prove whether this may be the case, we modified the activation
energy for the reaction of etching of surface Al by adsorbed
chlorine. We were able to obtain a quantitative fit of the
experimental data by decreasing the activation energy for this
process by S kcal/mol for a AI(CHj,); flow rate of 0.225 sccm
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Figure 10. Comparison of the calculated and measured*’ average Al-
doping levels as a function of the C/Si ratio in the feed on SiC thin
films deposited at a susceptor temperature of 1650 °C using a SiHCI;
flow rate of 90 sccm, a TMAI flow rate of 0.1 sccm, and a C,H, flow
rate varied between 18.9 and 22.5 sccm, diluted in 150 slm H,.

and by 4 kcal/mol for a flow rate of 0.1 sccm. These changes
are within the range by which the activation energies of surface
reactions can be modified by dopant effects.’® With the
introduction of this modification in the model, it is possible to
obtain a quantitative agreement between calculated and
experimental data (see the results reported as Simulation B in
Figures 9 and 10), but the slightly different trend observed for
the dependence of the Al incorporation level on the C/Si ratio
in the feed suggests that the surface chemistry may be more
complex than described through the present model.

4. CONCLUSIONS

The chemical kinetics active during epitaxial CVD of SiC thin
solid films performed in the presence of chlorine has been
investigated using a kinetic model composed of a gas-phase and
surface mechanism that incorporates two submechanisms able
to describe p and n doping. The predictions of the model have
been compared with experimental data collected in an industrial
reactor produced by LPE. With respect to existing literature

kinetic schemes developed to describe the chlorine SiC
deposition process, the present model proposes an updated
kinetic mechanism for the chlorosilanes’ gas-phase reactivity, an
update of the n-doping mechanism we proposed a few years
ago, and a new model for Al doping in SiC films. The main
results of the present kinetic analysis are the following:

(1) The inclusion of the radical and disilane mechanisms in
the SiC deposition model considerably enhances the gas-phase
reactivity, so the gas-phase composition now approaches the
thermodynamic limit. SiH;Cl is predicted to be the main
chlorosilane byproduct, followed by SiH,Cl,, SiHCl;, and SiCl,.
SiHCl is now predicted to be among the most abundant
chemical species that are present in the gas phase, though the
main precursor to the film growth is atomic Si. Our simulations
predict that the surface kinetics of atomic Si can influence the
SiC deposition profile, so it is suggested that its surface
reactivity should be investigated in higher detail.

(2) Analysis of the N-doping kinetics suggested that because
the N incorporation rate is proportional to the square root of
the N, partial pressure under the experimental conditions being
investigated, the gas-phase kinetics most likely involves a gas-
phase decomposition reaction in which N, is dissociated to
form a chemical species that is in equilibrium with N,. Here the
hypothesis that this chemical species is the SiN radical is
advanced. Simulations performed under the assumption that
SiN is in equilibrium with N, allowed us to obtain a
quantitative fit of three different sets of experimental data
using as the only fitting parameter the activation energy for
inclusion of SiN in the SiC film.

(3) A new kinetic scheme composed of a gas-phase and a
surface mechanism is proposed to describe Al doping. It is
proposed that the main doping precursor is atomic Al, which is
formed in a significant concentration in the gas phase, and that
its incorporation into the film is limited by an etching reaction
leading to the formation of AICI, which is assumed to be
unreactive on the surface. It is also proposed that the inclusion
of Al in the film is limited by an alteration of the surface
reactivity that takes place once the Al concentration in the film
reaches a critical threshold.

To conclude, we believe that the kinetic schemes proposed
here may be used as valuable tools to model the epitaxial SiC
deposition process in any CVD reactor. The present
mechanism may be used to model processes taking place on
substrates with surface temperatures between 1550 and 1650
°C in reactors operating at pressures between 0.1 and 1 bar,
which are the operating conditions over which some key
parameters of the kinetic model have been fitted.
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