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Chemical vapor deposition of titanium nitride thin films: kinetics and experiments
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Heat and Mass transport model

The governing equations describing flow dynamics, heat and mass transfer are shown in Table
S1. Precursors are very diluted in Hz (more than 90% in mole fraction of the gaseous phase), so values
of the transport properties can be calculated by the kinetic theory of dilute gas[1].

The boundary conditions for heat transfer are: T = T,,, on the surface of substrate and T = T, on
the cooling wall (Tw is measured from IR pyrometer and T. is controlled by a heating and cooling
system); the temperature for initial gas-phase species are room temperature. The boundary conditions
for mass transfer are: the velocity on the wall is 0; the velocity at the inlet is varied to satisfy the
calculated flow rates matching the experimental conditions. Outlet condition is zero pressure
(compared to the reference working pressure).

Table S1. Governing equations of multicomponent mass and heat transfer (notations are at the end of the

document).
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Gas-phase kinetics pathways
From thermodynamic equilibrium calculation in chlorination tube, both TiCls and TiCls should be
considered for the gas-phase reactions. The gas-phase kinetic model involves unimolecular



dissociation reactions (K1-K3) and bimolecular reactions (K4-K17) is summarized in Ref[1] (Table S2).
The rate constant for reaction kk in this work is represented in the standard Arrhenius form:

k= a; TPk exp (— %) (51)

Table S2. The rate constant for reaction K is represented in the standard Arrhenius form: k; =

E . . . . . .
a, TBx exp (— RLT") For unimolecular reactions, the units of a;, are s; for bimolecular reactions, the units

are cm® mol sl. All energies are in k] mol ..

Reaction K ap B E.x
K1: TiCls <-> TiClz + Cl 2.32 E+20 -1.17 387.9
K2: TiCls <-> TiCLl + C1 1.02E+18 -0.742 422.6
K3: TiCl2 <-> TiCl + Cl 3.65E+20 -1.06 509.6
K4: TiCls + H <> TiCls + HCI 5.11E+06 25 12.6
K5: TiCls + H <> TiCl2 + HCI 1.11E+06 2.5 33.5
K6: TiCl2 + H <-> TiCl + HCl1 3.05E+06 2.5 145.2
K7: TiCl +H <-> Ti + HCl 4.09E+05 2.5 24.7
K8: H+Cl+M -> HCl + M 7.20E+21 -2.0 0.0
K9: HCl +M -> HCl + M 7.90E+25 -3.0 445.6
K10: C1+Cl+M <> CL+M 2.00E+14 0.0 -7.5
K11: H+HCl->Cl + H 1.69E+13 0.0 17.2
K12: C1+H2->H+ HCl 2.95E+13 0.0 21.3
K13: Cl2+ H <> Cl + HCl 8.60E+13 0.0 5.0
Ki4:H+H+H.->H.+He 9.70E+16 -0.6 0.0
Ki5:H:+H:->H+H+M 8.80E+14 0.0 402.1
Ki6: H:+M->H+H+M 2.20E+14 0.0 402.1
K17Z2H+H+M->H+M 6.53E+17 -1.0 0.0




Surface kinetics pathways
The surface reaction rate for adsorbed species Cs which absorb the gas-phase molecules A is
expressed as [2]:

Vie = ki [A] X [C(S)] (52)
The rate constant for reaction k« in this work is represented in the standard Arrhenius form:
E
= B _ Lk)
ky = a; TPk exp ( RT (53)
In which,
R 1 (s4)
a, =
T 2mMy (o]
B = 0.5 (S5)

The local gas supersaturation near the growing surface has been defined as the sum of the
reactants pressure divided by the sum of the species at equilibrium pressure [3]:

_ Prici; * Prici, + P,
Pr + ZP;IZ

(56)

where P and P* are calculated pressure of species (TiCls, TiCls, and NHs) contributing to TiN growth
near the growing surface and the equilibrium vapor pressure of gases in a closed volume at the same
temperature calculated with Factsage 7.1.

Table S3. Surface reactions and correspond kinetic parameters used in the simplified model. _s is a
surface site and (B) is the bulk phase. The surface density is 1.8x10° mol cm2.

Heterogeneous reaction unit CGS (cm-g-s)

. a B Eqr/R
£ k k ak
Surface reactions Pre exp. factor Temp. exp. Activ. temp. (K)
TiCl; + NH,_s & N(B) + TiCl,_s + HCI 1E+14 05 4900
NH; + TiCl,_s = Ti(B) + NH,_s + HCI + CI 24F+11 05 4900

NH; + TiCl5(S) = Ti(B) + NH,(S) + HCl + Cl, 2.4F+11 0.5 4900




Supplementary results

Purple TiCl,

Figure S1. Purple TiCls films on the quartz tube.

Figure S1 shows the purple powdered films deposited on the quartz after experiments. In fact,
the color of the quartz varied from light purple, dark purple to black with deposition time because the

thickness increase.
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Figure S2. Polycrystalline TiN with golden color on WC-Co obtained from another CVD system in our lab.
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Notations and units

Rs : surface reaction rate (kg.m=2.s"1)
v velocity vector (m.s™1)
P pressure (Pa)

x

species molar fraction of species i



Eu(k

species mass fraction of species i
temperature (K)

gravity vector (g =9.81 m.s2)
unity tensor

universal gas constant (8.314 J.mol'l.K'l)

molar mass of the mixture (kg.mol'l)

number of gaseous species in the mixture
density (kg.m=3)

thermal conductivity of the gas mixture (W.m-1.k-1)
dynamic viscosity of the gas mixture (kg.m 1.s-1)
specific heat of the gas mixture (J.kg"1.k-1)

unity vector normal

density (kg.m-3)

advection coefficient (W.m?2.K%)

ambient temperature (K)

Stefan-Boltzmann constant (W.m™2.K*)
emissivity

unity vector normal to the wall

3 -
reaction rate of reaction i in the gas phase (kg.m ".s 1)

diffusive mass flux vector (kg.m2.s)

thermo-diffusive mass flux vector (kg.m2.s?)

multicomponent diffusion coefficients (m2.s?)

multicomponent thermodiffusion coefficients (kg. m™.s?)
total surface site concentration (mol m)

Molar mass for gaseous specie A (kg mol?)

activation energy for reaction k (J mol?)

production rate of solid surface for reaction k (mol m?s?)



